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ABSTRACT

Parametric Paraglider Modeling

Peter Frank Heatwole

Dynamic simulations are invaluable for studying system behavior, developing control
models, and running statistical analyses. For example, paraglider flight simulations could
be used to analyze how a wing behaves when it encounters wind shear, or to reconstruct
the wind field that was present during a flight. Unfortunately, creating dynamics models
for commercial paraglider wings is difficult: not only are detailed specifications unavailable,
but even if they were, a detailed model would be laborious to create. To address that
difficulty, this project develops a paraglider flight dynamics model that uses parametric
components to model commercial paraglider wings given only limited technical specifications
and knowledge of typical wing design. To validate the model design and implementation,
an aerodynamic simulation of a reference paraglider canopy is compared to wind tunnel
measurements, and a dynamic simulation of a commercial paraglider system is compared
to basic flight test data. The entirety of the models and example wings are available as an

open source library [1] built on the Python scientific computing stack.
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Chapter 1

INTRODUCTION

1.1 Overview

The objective of this paper is to create a set of parametric models that can estimate the
flight dynamics of commercial paraglider wings using only limited technical specifications.

In this paper, modeling refers to creating a mathematical representation of a physical
characteristic or behavior. A dynamics model is a mathematical function that computes
the acceleration of an object given the forces that act on it, as described by Newton’s 2nd

law of motion (1.1):

Translational F =ma
(1.1)

Angular M=Ju

These equations show that to compute the translational acceleration a and the rotational

acceleration «, a dynamics model requires:
1. The mass m and mass moment of inertia J
2. The forces F' and moments M

For a paraglider, the forces and moments that act on it are determined by its current
velocity, the relative wind flowing past the glider, air density, gravity, and the pilot control
inputs. The motion that is produced are the flight dynamics, and the equations that
represent how those inputs produce the accelerations are called a flight dynamics model:

Translational velocity
Angular velocity
Wind velocity ——|

Glider controls

Translational acceleration

Flight Dynamics Angular acceleration

Fig. 1.1: Flight dynamics model block diagram

The purpose of these flight dynamics models is to enable dynamic simulations. A dy-

namic simulation is when acceleration is integrated over time to produce a record of the
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object’s velocity and position. The ability to simulate a system’s behavior provides oppor-
tunities such as studying that behavior, developing control models, and running statistical
filtering pipelines. In fact, the inspiration for this project was a question whether statistical
flight reconstruction could be used to recreate the wind fields present during a paraglider
flight given only a record of its position, in much the same way as researchers attempted to
locate the lost Malaysia Airlines Flight 370 [2].

The steps to producing a dynamic simulation can be summarized as follows:
1. Understand the physical system
2. Model its inertial properties and forces
3. Develop the equations of motion (Newton’s 2nd law)
4. Integrate the equations of motion over time

The majority of the work for this project is in step 2 (estimating the inertial properties
and forces) because the estimation process requires accurate models of the mass distribution

and aerodynamics of each component of the glider.

1.2 Modeling challenges

The existence of this project suggests that existing (and freely available) tools for aircraft
simulations are inadequate for simulating paragliders. The reason is that paragliders have
a variety of unique characteristics that make them difficult to model using tools built for

conventional aircraft:

1. Highly curved shape

Aerodynamics models must simplify the Navier-Stokes equations in order to produce a
tractable system of equations. Those simplifications frequently make them incapable

of representing the flow field around a nonlinear wing.

2. Low airspeed
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Paraglider airspeeds are typically in the range 24-72 [km/h]. They also have relatively
short wing sections, with chord lengths ranging from 0.5-3 [m]. These characteristics
combined with the reduced airspeed at the inside wingtip during a turn means that
the canopy (and the wing tips in particular) are frequently operating at Reynolds
values in the 300k range, far below the Re = 10° range where where viscous effects

start to become significant.

. High angles of attack

Compounding the issue of operating at low Reynolds values, paragliders frequently
operate at high angles of attack, leading to flow separation and the dramatic nonlinear
aerodynamic behavior that results. As they approach stall conditions, simple aircraft
simulators that rely on linear aerodynamics can dramatically overestimate the true

lift produced by the wing.

. Flexible

Paragliders are constructed from flexible nylon sheets and rely on air pressure and
suspension lines to maintain their shape. Their internal cells billow and wrinkle while
the canopy twists and bends in the wind. It can even collapse entirely. Systems
that rely on a predetermined geometry are fundamentally incapable of modeling such

behavior.

. Air intakes

To produce the internal pressure that forms the canopy, paragliders use air intakes at
the leading edge which pressurize its volume. These air intakes violate the expected
pressure gradients predicted by analyses that use the idealized airfoils used to define
the section profiles. As a result, theoretical aerodynamic coefficients underestimate

the section drag.

. Lightweight

A paraglider canopy is a large volume with a small amount of solid mass. Its low den-

sity means that a naive application of Newton’s 2nd law will overestimate acceleration
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because it fails to account for the momentum of the fluid surrounding the glider, an

effect known as apparent mass.

In addition to these characteristics, there is another issue that is relatively unique to
gliding aircraft:
7. Pilots care about the details of the wing behavior in non-uniform wind fields.

The reason is that glider pilots rely on the ability to determine the structure of the
wind field by sensing the imbalanced forces produced by differences in relative wind

vectors across the wing.

Each of these characteristics introduce modeling challenges. The modeling require-
ments will depend on which of these characteristics the dynamics model attempts to cap-

ture.

1.3 Modeling requirements

The nuances of paraglider behavior are dominated by subtle interactions. The design phi-
losophy for this project was to avoid simplifying assumptions whenever reasonable to avoid
accidentally masking those subtle interactions. This approach was driven by a desire to

answer questions such as:

e How much drag comes from each individual component?
o How important are section-specific Reynolds values?
o How important is apparent mass?

e How does a paraglider react when one side of the wing is in a stronger thermal than

the other side?

The desire for accuracy must be balanced with practical limitations, choosing which

characteristics to include and which to simplify away. Having considered the tradeoffs, this
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project chose the following set of modeling requirements, beginning with the fundamental

challenges of the previous section:

1. The aerodynamics method must use the true, nonlinear geometry. It must not flatten

the canopy geometry in any dimension.
2. The aerodynamics method must support variable Reynolds values.

3. The aerodynamics method must provide graceful degradation as it approaches high
angles of attack. (A decrease in accuracy is acceptable, but assuming linear aerody-
namics up to high alpha is not. The goal is to fly the wing into strong thermals which
will rapidly increase angle of attack, so the method must at least approximate those

conditions. )

4. Canopy deformations due to flexibility will be neglected. This means that glider
controls that use non-brake-line manipulations will also be neglected (since they rely

on canopy deformations).

5. The aerodynamics method must support empirical viscous correction factors to mit-
igate the issues caused by a mismatch between the theoretical and actual section

profiles.
6. The system model must support apparent mass (in order to verify its significance).
7. The aerodynamics method must support non-uniform vectors along the span.
In addition to those characteristic behaviors, this project had an additional goal:

8. Computationally fast

The fundamental goal of this project is to enable people to create models of commercial
paraglider wings, and that process requires iteration, so the software should pursue

simulation speed that would allow rapid iteration.



1.4 Roadmap

The majority of this work is spent producing the models that estimate the inertial properties
and resultant forces for each component, but it also develops the additional models necessary
to generate flight simulations. For reference, a complete flight simulation architecture is

shown in Fig. 1.2. This paper will develop everything inside the “State dynamics” block.

Simulator
’ Environment ‘
] ’ Glider controls ‘ =7
] Glider state ‘
Model State
inputs derivatives

State dynamics

Payload

Fig. 1.2: Flight simulation block diagram

The modeling process begins by developing a novel Foil geometry with increased flex-
ibility compared to other open source wing modeling tools, enabling simple, parametric
representations of typical paraglider canopies. It then chooses a Foil aerodynamics method
that satisfies those Modeling requirements that relate to the canopy aerodynamics. Next, it
develops a set of parametric Component models using parametrizations that simplify cre-
ating models of commercial paraglider systems. Finally, System dynamics models combine
the components into complete flight dynamics models, and State dynamics shows how to
define the derivatives of a set of state variables in terms of those system dynamics. Having
completed the model derivations, the paper provides a complete demonstration of how they
can be used to model a commercial paraglider wing. The penultimate chapter provides Val-
idation data of the aerodynamics method by comparing wind tunnel measurements for a

scale-model paraglider wing against simulated results, as well as comparing simulated polar
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curves for the demonstration model against basic flight test data. Finally, the Conclusion
revisits the questions from the Modeling requirements and proposes how this material may

be used in future work.



Chapter 2

RELATED WORKS

2.1 Flight simulation

This paper develops paraglider flight dynamics models that can be used for flight simula-
tion, which means that this paper is built on the foundations of flight simulation. Flight
simulation is simply the specific name of a dynamic simulation that involves a flight dy-
namics model, and developing a flight dynamics model follows the structure outlined in the
Overview: understand the system, model the inertia and forces, develop the equations of
motion, and integrate them over time.

The first step to creating a model of an aircraft is a familiarity with the physical
system and how it behaves. Key concepts in the context of this paper include characteristics
of wing geometry; conventions for axes and relative motion; flow angles (angle of attack
and sideslip); aerodynamic coefficients; and control inputs, actuators, and surfaces. An
approachable starting point is [3], which provides a thorough discussion of the terminology
and significance of the major wing design characteristics. Another ubiquitous resource is
[4], which may be more suitable to in-depth study.

Next, to model a behavior you must be able to explain the behavior. The unique
characteristic of aircraft dynamics is that they experience aerodynamic forces due to their
motion relative to the air. The aerodynamic forces on the surfaces of an aircraft are the
results of the geometry, relative motion, and characteristics of the fluid. Key concepts
include the characteristics of the flow (inviscid versus viscous, laminar versus turbulent,
compressibility, etc) and the modeling intuition of Prandtl’s seminal work on boundary
layers [5] (both 2D and 3D, which are vital to understanding some of the aerodynamic
difficulties in simulating flow around a paraglider canopy). When selecting and working with
aerodynamics models, it is highly beneficial to have a general awareness of the complexity
of Navier-Stokes, and how the variety of aerodynamics models are the result of attempts to
produce tractable systems of equations by applying different simplifying assumptions. An

excellent introduction to these topics is [6], which provides an approachable introduction to

8
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the underlying physics, overviews of the core aerodynamic models, and how they’re derived.
Another prevalent work is [7] (or any of Anderson’s works). For more targeted discussions,
[8] provides clear insight into the theoretical details of common aerodynamics models, and
[9] provides a guide to their computational aspects. For a less conventional approach,
[10] provides a unique perspective of these aerodynamics models and the assumptions that
underlie them, including an excellent discussion of some issues with the NLLT that may
shed light on the difficulties that arise when using that approach.

Once the inertial properties, forces, and moments can be determined, they must be
synthesized into a complete system dynamics model, which in this case are known as the
equations of motion. Unlike the simple equations in the Overview, the equations describing
the translational and angular accelerations of an aircraft cannot always be decoupled; the
equations must be solved simultaneously. Producing the equations of motion when such
relationships exist involves writing equations for the translational and angular momentum
of the system and taking their derivatives with respect to time (since acceleration is the
time rate of change of momentum). For a thorough explanation with a focus on aircraft
dynamics see [11]; although the notation can be opaque, it provides an excellent develop-
ment for conservation of momentum of multi-body systems, which is especially useful for
understanding the derivations of system models that include degrees of freedom between
the paraglider harness and the rest of the system.

Once the equations of motion are known, they can be used to generate simulated trajec-
tories of the aircraft in response to different environmental and pilot inputs. Key concepts
include the choice of state variables, coordinate systems and their relative advantages,
encoding geometric orientation, representing the environment, and applying numerical in-
tegration to the equations of motion to produce the simulated result. For this work I found
a complete reference in [12]; the opening chapters provide a masterful introduction to these
key concepts, including a principled mathematical notation (adopted by this paper, see
Notation and Symbols) and a thorough review of vector calculus (especially the counter-
intuitive results of taking the derivative of a vector with respect to an accelerating reference

frame, which is important when defining the State dynamics).
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2.2 Paraglider modeling

In addition to the general knowledge of aircraft behavior, it is necessary to understand
the unique characteristics of paraglider flight. For practical knowledge, recreational pilot
materials make excellent resources. One thorough introduction targeting beginner pilots
[13] provides a tour of the components of a paraglider, their function, behavior, and an
admirable review of their aerodynamics; if any of the paraglider-specific terminology in this
paper is unclear, this book will likely clear up the confusion.

Beyond recreational sources, academic literature relevant to paraglider modeling is
typically from one of two branches: parafoil-payload systems, and paragliders. Parafoil-
payload systems usually (but not always) refer to large-scale ram-air gliding parachutes
intended for heavy payload applications such as cargo delivery and vehicle-recovery (such as
landing the X-38 experimental space plane [14], or the more recent work by SpaceX to catch
rocket fairings on a boat), while the term “paraglider” usually (but not always) refers to the
recreational aircraft. Although the physical characteristics of parafoil-payload systems differ
significantly from paragliders due to their scale, carrying capacity, and control schemes,
their similarities make much of the research informative, albeit not directly applicable.
As a result this section will mix the two groups, noting their differences when significant.
Also, as this project has chosen to neglect the effects of canopy deformations, research into
modeling those deformations will not be discussed.

The first topic of research is on the aerodynamics of arched, inflatable wings. Their
nonlinear geometry made analyses difficult, so early studies were limited to their longitu-
dinal dynamics (fore-aft two-dimensional motion). Alternatively, simple models of their
3D dynamics divide the wing into several discrete segments that act independently (thus
neglecting the 3D flow interactions of a real 3D model) [15]. Attempts to account for the
full 3D aerodynamics typically involved either measuring the longitudinal and lateral aero-
dynamic coefficients experimentally [16], or estimating them using vortex lattice and panel
methods that can account for their nonlinear geometry by neglecting viscous effects. The

significance of the viscous effects led to attempts to incorporate experimental aerodynamic
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coefficients via extended lifting-line models; two important works regarding this approach
were [17] and [18], which could estimate the 3D aerodynamics of wings with circular arcs,
but were unable to account for sweep. As nonlinear lifting-line theory (NLLT') models con-
tinue to be developed, their applicability to paraglider wings has greatly improved [19]; for
example, [20] successfully applied the method from [21] to a reference paraglider wing in a
static flight test, confirming the merit of the of a modern NLLT to this application.

Another significant characteristic of paraglider canopies is their low density, which
makes them sensitive to the effects of apparent mass [22]. Early attempts to model the
apparent mass of a paraglider simplified the wing as an ellipsoid with a single center of
rotation [23]. Further developments recognized the inadequacies the ellipsoid model, and
adjusted the estimates to account for two separate centers of rotation for rolling and pitching
motions [24]. Both models are limited by their assumption of steady flow [25] so their
adequacy for simulations involving dynamic maneuvers is unclear; nevertheless, the adapted
model is assumed to be adequate for the purposes of this paper.

The last major topic of research is the system model. There are many system models
in literature, but their key differentiating factors in the context of this project are whether
they incorporate apparent mass and how they model the attachment of the harness to the
suspension lines. The inclusion of apparent mass appears to be a modeling decision driven
by whether the author expected the effect to be significant; papers that exclude apparent
mass do so without explicit justification. For the harness connection, models are categorized
by their degrees of freedom (DoF) and the character of the connection points; a 6-DoF model
does not allow the payload to move at all, a 7-DoF allows the payload to translate or rotate
(relative to the suspension lines) in one dimension, an 8-DoF adds two degrees of freedom,
etc. For a general understanding of the impact, [26] provides a comparative analysis of a
fixed (6-DoF) model versus a 9-DoF system model. For a more thorough review of the many
available system models, [27] has a seemingly exhaustive list of the models through 2005,
including a discussion of those models that account for apparent mass. Two informative
models that incorporate apparent mass are [15] (which used the older method in [23]) and

[28] (which used the adapted apparent mass model from [24]).
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In addition to topical works, there have been several more comprehensive studies. The
best place to start is [29]: although it has a parafoil-payload perspective, this approachable
paper is a thorough introduction to the terminology, geometric parameters, choice of airfoil,
and control schemes of parafoils (which it calls a “ram-air parachute”); this paper also used
geometric simplifications to study the canopy aerodynamics and drag contributions, and
developed linear models of the longitudinal and lateral dynamics to study performance and
stability. Next, for a paraglider perspective, [30] provides a compact survey on the sources
of aerodynamic drag; it reviews the impacts of arc, flexibility, air intakes, lines, and pilot.
Worth reading immediately after is [20], as it is essentially an updated revision of [30].

The most comprehensive work on paraglider flight dynamics to date is the dissertation
[31] that inspired the general structure of this paper. First, it provides an overview of
paraglider geometry, construction, and behavior. It then develops a foil geometry that uses
the locus of quarter-chord points to position the sections, as well as intuitive parametric
definitions of the underlying paraglider canopy structure. For the paraglider components, it
develops a model to position the harness as a function of the accelerator control, a continuous
brake deflection distribution using both brakes, and the spherical harness model used by this
paper. Next, for the canopy aerodynamics it develops a pseudo-LLT (which it acknowledges
is an approximation in deference to the project’s primary focus on stability and control)
using constant 2D aerodynamic coefficients. From the complete aerodynamics model, it
then estimates the 3D aerodynamic coefficients and stability derivatives for a linearized
model that is used for the remainder of the work, which is focused on performance aspects
(such as glide ratio versus equilibrium pitch angle), stability analyses (such as longitudinal
stability versus riser position, and roll stability versus sideslip), and controllability (takeoff,

maneuvering, and landing).
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2.3 This work

As mentioned in the previous paragraph, this project began with [31] as its starting point.
While attempting to use those models to recreate commercial paraglider wings, this work
identified a collection of improvements that led to newly derived models.

First, it improves the canopy geometry by developing a novel foil geometry model
inspired by a suggestion in [32] that allows independent reference points for the z- and yz-
positions. This increased flexibility allows accurate representations of existing wings using
simple parametric equations, which this work uses to replace the parametric design curves
in [31] with new parametrizations that are easier to estimate for an existing paraglider
canopy. It also replaces the approximate inertia calculations for the canopy surface and
volume with a mesh-based method that can account for different upper and lower surface
densities, and the extra solid mass from vertical ribs.

For the canopy aerodynamics, it replaces his pseudo-LLT with a full NLLT ([21], [33])
that supports arbitrary arc, sweep, twist, specific (nonlinear model) aerodynamic coefficients
for each section as a function of Reynolds number and deflection distance, and non-uniform
wind vectors along the span. Also, instead of modeling trailing edge deflections as section
rotations (by adding the deflection angle to the section angle of attack, effectively shift-
ing the coefficient curves), this model uses section coefficients generated from the actual
deflected geometry, and accounts for the effects of Reynolds number.

Next, it completely redesigns the suspension line model, keeping only the intuition to
replace the “rigging angle” with a displacement vector in the body axes. The new model
improves the representation of the brakes by first calculating the deflection distance before
calculating the true change in angle of attack (which depends on the section chord), as well
as improving the accuracy of the deflection distribution itself. The new model improves
the representation of the accelerator by parametrizing the fore and aft connection points
instead of fixing them at the leading and trailing edge of the canopy, thus allowing accurate
models of commercial wings. Lastly, the new model moves the line drag away from canopy

centroid and distributes it into lumped points that can model asymmetric forces between
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each semispan.

For the harness, the only minor change was to separate the weight shift distance from an
absolute distance to a proportional one controlled by a harness parameter for the maximum
displacement. Although functionality equivalent, I personally felt that this change makes
simulation scenarios easier to write and understand.

For the system model, this paper derived 6-DoF and 9-DoF models (the 9-DoF is
a rederivation of the model used in [34] and [35]) that may optionally incorporate the
apparent mass estimates from [24]. The 9-DoF model is included for demonstration and
testing purposes, and is not used in any analyses.

The implementation of all models are available as an open source library [1], including
example wing models, and the simulations used in this paper are available as part of the

open source materials used to produce this paper.


https://github.com/pfheatwole/glidersim
https://github.com/pfheatwole/thesis

Chapter 3

FOIL GEOMETRY

The essential components of any flying object are the lifting surfaces, or foils: by redirecting
airflow, a foil exchanges momentum with the air, producing a lifting force that allows the
object to fly. The dynamics of a foil depend on its inertial properties and its aerodynamics,
both of which can be estimated from its shape.

A foil geometry model describes the shape of a foil by defining the positions of all the
points on the foil’s surfaces. Although those positions can be defined as an explicit set of
points (with interpolation in between), it is much more convenient to decompose them into
a set of variables that represent distinct characteristics of the foil’s shape. Similarly, those
variables may be defined using explicit values, but it is much more convenient to define
them using design curves: parametric functions that encode that underlying structure of
the foil with a small number of intuitive parameters.

This decomposition is essential to this project, because the foils of interest are com-
mercial paraglider wings, and manufacturers do not provide explicit geometry data; at best,
marketing materials and user manuals provide basic summary specifications, which means
the majority of the geometry is unknown. Generating a surface model from summary infor-
mation requires making educated guesses about the missing structure in order to generate
a complete geometry. That assumed structure takes the form of domain expertise encoded
in the design curves, which augment the summary data to produce a fully specified model.

The difficulty with this approach is that the choice of variables in a geometry model
controls how a designer must specify the structure. More variables increase model flexibility
at the cost of increased complexity, so the goal is to choose the smallest number of variables
that provide the designer with adequate flexibility. FExisting foil models are inflexible,
making strong assumptions about how foils are most naturally defined, and that inflexibility
forces the remaining complexity into the design curves. This unnecessary complication
makes it difficult to describe a parafoil using simple parametric functions: they must not

only encode the fundamental structure, they must also translate that structure into the

15
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variables that define the model. Instead of the geometry model adapting to the needs of
the design curves, the design curves must adapt to the inflexibility of the model.

The solution developed in this chapter is to reject the assumption that predefined
reference points are the most convenient way to position the elements of a foil surface. The
result is a novel foil geometry that fully decouples the design curves, allowing each variable
to be designed independently. It also presents a simplified model that eliminates most of
the additional complexity of the expanded model. The simplified model is both flexible and
intuitive for designing highly nonlinear foil geometries (such as paraglider canopies) using
simple parametric functions.

But first, a remark on notation: in this chapter, the lifting surface of an aircraft is
referred to as a foil instead of using the conventional terms wing or canopy (for traditional
aircraft or parafoils, respectively). This unconventional term was chosen to avoid two gen-
eralization issues. First, although wing is the conventional term for the primary lifting
surfaces of non-rotary aircraft, the paragliding community already uses the term paraglider
wing to reference not only the lifting surface but also the supporting structure connected
to it, such as suspension lines, risers, etc. Second, although this project is primarily con-
cerned with parafoils, the content in this chapter is not limited to parafoil canopies, making
“canopy” a poor choice.

In addition, note that these are idealized geometry models, not detailed structural
models. Structural models include physical details that can be used to simulate effects
such as internal forces and wing deformations [36]. Unfortunately, as discussed earlier, such
details are not available for commercial paraglider wings, and such analyses would be time
prohibitive even if they were. Instead, this design will model only those details of the shape
that can be approximated from the available data. It does not model internal structures,

in-flight deformations, or surface deviations from the idealized design target.
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3.1 Modeling with wing sections

At its most basic, a foil geometry is the surface of a volume. Points on the surface can
be defined with explicit coordinates, or they can be generated using functions that encode
aspects of the surface’s structure. Explicit geometries are extremely flexible (since they
can encode arbitrary amounts of detail), but refining an explicit mesh can be very time
consuming (in addition to requiring highly detailed geometry data). Conversely, parametric
geometries model the surface mesh indirectly using parametric functions which encode
structural knowledge of the shape. In effect, the parameters summarize the structure:
a structural parameter communicates more information than an explicit coordinate, which
means less work (and less data) is required to specify a design.

The standard first step towards parametrizing a foil geometry is to define it in terms
of wing sections ([37]; [6], Sec. 5.2). The foil is modeled as a sequence of sections (typically
arranged spanwise, left to right) over some continuous section index s. Each section is
assigned a 2D cross-sectional profile, called an airfoil, which lies perpendicular to the local
spanwise axis. Each airfoil is scaled, positioned, and oriented to produce the section profile.
Together, the section profiles produce a continuous surface that defines the complete 3D
volume.

Wing design using airfoils is thus decomposed into two steps:
1. Specify the scale, position, and orientation of each section
2. Specify the airfoil at each section

In some literature [3] these two steps are described as designing the planform and the
profile, but this description is problematic due to inconsistent uses of the term planform
across literature. Specifically, in some cases the planform is the complete surface produced
by the section chords, and in others “planform” refers to a projected-view of the chord
surface onto the xy-plane. Due to this ambiguity, this paper avoids the term planform
in preference of explicit references such as chord surface, mean camber surface, or profile

surface.
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Fig. 3.1: Wing section profiles.

Note that section profiles are not the same thing as the ribs of a parafoil. Parafoil ribs are the
internal structure that produce the desired section profile at specific points along the span.

3.1.1 Section index

In order to generate a foil from discrete wing sections (and to support queries about their
individual properties) each section must be assigned a unique identifier which this paper
refers to as a section index s. This term is deliberately generic. Some aeronautics literature
use the term spanwise station, but “spanwise” is ambiguous: some papers use “spanwise” to
refer to the absolute y-coordinate of some reference point embedded in each section, while
others refer to the linear distance along the curve through those reference points. The term
section index generalizes these concepts and provides an arbitrary reference to any choice
of unique identifier over the set of sections.

However, avoiding ambiguity is the not the primary purpose of this generality. The real
goal is to avoid unnecessary coupling of the design curves that define the geometry. Instead
of committing to a definition immediately, delaying the choice of section index allows a
designer the freedom to define the section index in terms of the geometry, or the geometry
in terms of the section index, or a even a mixture of the two. This freedom will be used

later by the Simplified model to enable particularly simple parametric design curves.



19
3.1.2 Airfoil

The building block of each section is its dimensionless cross-sectional profile, called an
airfoil. The volume of the wing is generated by the continuum of neighboring airfoils, so
the choice of 2D airfoils is vital to designing the flow field characteristics over the 3D wing.
The choice involves trade-offs specific to the application (for example, thicker airfoils tend
to offer more gentle stall characteristics in exchange for a small increase in drag); as a result,

the variety of airfoil designs is very diverse.
NACA 4412 NACA 24018 NACA LS(1)-0417

Fig. 3.2: Airfoils.

Airfoils are conventionally described using terms that assume the airfoil can be divided
into upper and lower surfaces. The upper and lower surfaces are separated by two points
defined by a straight chord line that runs from the rounded leading edge back to the sharp
trailing edge. The curve created by the midpoints between the upper and lower surface

curves is the mean camber line.

—— chord line

fffff mean camber line
—— upper surface
— lower surface

Fig. 3.3: Components of an airfoil.

Another standard design parameter for an airfoil is its thickness distribution. Unfortu-
nately, the mean camber line and thickness distribution are not universally defined, because
there are two conventions for measuring the airfoil thickness: perpendicular to the chord
line (sometimes referred to as the “British” convention), or perpendicular to the mean
camber line (the “American” convention). The thickness convention also determines what
point is designated the leading edge. For the “British” convention the leading edge is the

point where the curve is perpendicular to a line from the trailing edge. For the “Ameri-
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can” convention, the leading edge is the “leftmost” point with the smallest radius (greatest

curvature).

Vertical convention.

Fig. 3.4: Airfoil thickness conventions.

As a result, the exact value of the mean camber line and thickness depends on the
thickness convention, but in general the mean camber line will lie halfway between an
upper and lower surface whose separation distance is specified by the thickness distribution.

Fortunately, this ambiguity is irrelevant except when comparing airfoil design parameters.

3.1.3 Scale

By convention, airfoils are normalized to a unit chord length. Similarly, the aerodynamic
coefficients associated with an airfoil are also dimensionless. To generate the geometry and
compute the aerodynamic forces associated with a wing segment, both the airfoil and its
aerodynamic coefficients must be scaled in units appropriate to the model.

Although conceptually simple, section scale plays a large role in controlling the aerody-
namic behavior of a wing segment; in fact, all but the most basic foils have variable section
chord lengths. The only fundamental requirement is that the sections collectively produce
enough aerodynamic lift to support the aircraft, but beyond that a foil designer is free to

use use spanwise variation to control behavior such as:

o Spanwise loading (the chord lengths are one factor, along with choice of section profile
and orientation/twist, that can be used to encourage an elliptical load distribution,

thus minimizing induced drag)

e Weight distribution
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» Relative importance of wing segments (if the wingtips are smaller then they contribute
less to the loading, making the loading is less sensitive to wingtip stalls, leading to

“gentler” stall characteristics)

3.1.4 Position

The relative position of the sections is fundamental to controlling important foil charac-
teristics such as span, sweep, and arc [3]. Span (the width of the wing, roughly speaking)
together with the chord distribution determines the aspect ratio of a foil, which impacts
characteristics such as aerodynamic efficiency and maneuverability. Sweep (the fore-aft
relative positioning of the sections) is important for controlling spanwise airflow. Arc (the
vertical relative positioning of the sections, roughly speaking) is primarily used to increase
the roll stability of conventional wings, although for parafoils the arc anhedral is essential
to designing the spanwise loading across the suspension lines.

To define their layout, each section must be positioned by specifying a vector in foil
coordinates of some reference point in the section’s local coordinate system. For example,
the most common choice of reference point is the leading edge of the section profile; by
convention the section leading edge will coincide with the origin of the airfoil coordinate
system, which means no additional translations are required to position the profile. This
conventional but inflexible choice is demonstrated by the Basic model, then relaxed by the

FEzxpanded model, and made convenient by the Simplified model.

3.1.5 Orientation

The last degree of freedom for a wing section is its orientation. Instead of pointing straight
ahead, the can roll and twist to change their angle of attack in different flight conditions.
Changing the wind angles affects both their aerodynamic coefficients as well as the direction
of the force and moment produced by that section. Controlling the strength, magnitude,
and orientation of the section forces can be used to control characteristics such as the zero-

lift angle of the wing, spanwise loading (the lift distribution, which also affects the induced



22

drag of the wing), stall profile (how stall conditions develop across the span), and dynamic

stability (such as the roll-yaw coupling exhibited by wings with arc anhedral).

3.2 Basic model

Choosing to model a foil using wing sections means that the surfaces are defined by 2D
airfoils. The 2D airfoil curves must be converted into a 3D section-local coordinate system,
then scaled, positioned, and oriented relative to the foil coordinate system. This “basic”
model describes how that is done by conventional wing modeling tools, which position the
sections by their leading edge.

First, let P represent any point in a wing section (such as points on the chord, mean
camber line, or profile), and LE be the leading edge of that section. It is conventional to
share the origin between the airfoil and section coordinate systems, and specify the section
position using the section leading edge, so using the notation of this paper, a general
equation for the position of that point P with respect to the foil origin O, written in terms

of the foil coordinate system f, is:

o _f !
Tpio =Tp/LE T TLE/O

(3.1)
Assuming the foil geometry is symmetric, designate the central section the foil root, and let
the 3D foil inherit the 3D coordinate system defined by the root section. Points in section
(local) coordinate systems s must be rotated into the foil (global) coordinate system f.

Given the direction cosine matriz Cy,; between the section and foil coordinate systems,

position vectors in foil coordinates can be written in terms of section coordinates:

T{D/LE =Cy/sTp/E (3.2)

Because airfoil curves are defined in the 2D airfoil-local coordinate system a, another trans-
formation is required to convert them into the 3D section-local coordinate system s. The
convention for airfoil coordinates places the origin at the leading edge, with the z-axis
pointing from the leading edge towards the trailing edge, and the y-axis oriented towards

the upper surface. This paper uses a front-right-down convention for all 3D coordinate
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systems, so the conversion from 2D airfoil coordinates a to 3D section coordinates s can be

written as a matrix transformation:

Ts/a = 0 0 (33)

Next, the airfoil must be scaled. By convention, airfoil geometries are normalized to a unit
chord, so the section geometry defined by the airfoil must be scaled by the section chord c.
Writing the points in terms of relative position vectors defined in the foil coordinate system

produces:

T{D/LE:Cf/STs/acraP/LE (3.4)
The complete general equation for arbitrary points P in each section s is then:
150(5) = Cp/a()Taja o) 715 () + 71 0 (5) (3.5)

In this form it is clear that a complete geometry definition requires four design curves that

define the variables for every section:
c(s) Scale
TI{E/O(S) Position
Cy/s(s) Orientation

T0E(s) Airfoil

3.3 Expanded model

The basic equation (3.5) is an explicit mathematical equivalent of the approach used by
most freely available wing modeling tools. However, although it is technically sufficient
to describe arbitrary foils composed of airfoils, its inflexibility can introduce incidental
complexity into what should be fundamentally simple design curves.

For example, consider a delta wing with a straight trailing edge:
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Fig. 3.5: Ogival delta wing planform.
Figure by Wikimedia contributor “Steelpillow”, distributed under a CC-BY-SA 3.0 license.

The wing geometry is fundamentally simple. Its specification should be equally simple,
but defining this wing with a model that is only capable of positioning sections by their
leading edge makes that impossible. Instead, the position curve must be just as complex
as the scale function (chord length) in order to achieve the straight trailing edge. The
simplicity of the model has forced an artificial coupling between the design curves.

The problem becomes much more severe when section section chords no longer lie in
the xy-plane, because the trailing edge position is no longer a simple x-coordinate offset;
instead, all of the scale, position, and orientation design curves are coupled together, making
design iterations incredibly tedious. Whether the adjustments are performed manually or
with the development of additional tooling, the fact is the extra work is unnecessary.

The solution is to decouple all of the design curves by allowing section position to be
specified using arbitrary reference points in the section coordinate systems. This can be
accomplished by decomposing their positions into two vectors: one from the section leading
edge LE to some arbitrary reference point RP, and one from the reference point to the foil
origin O:

!

_ S f
Tre/0o = TLe/rp T TRP/O (3.7)

Although this decomposition increases model complexity, the additional flexibility allows
a designer to choose whichever point in each section’s coordinate system will produce the

simplest geometry specification. The basic model (3.5) is replaced by an expanded equation


https://en.wikipedia.org/wiki/File:Wing_ogival_delta.svg
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with a new set of design curves:

1L 16(8) = Cp/o(8)Tasa o(8) T 15(8) + 71 5 rp(5) + Thp 0(5) (3.8)
c(s) Scale
rép/o (s) Position
Cy/s(s) Orientation (3.9)
TLE(S) Airfoil
TLE/R p(8) Reference point

3.4 Simplified model

The Basic model is adequate to represent wings arbitrary foils composed of airfoils, but
its inflexibility forced incidental complexity into the design curves. The Fxpanded model
provides additional flexibility, but it’s generality can make it difficult for a designer to
identify which aspects of the foil structure result in a simple parametric representation. This
section identifies several simplifying assumptions that provide a foundation for a particularly
concise representation of many foils (parafoils in particular). The result is an intuitive,
partially-parametrized foil geometry model that decouples the design curves and allows a
parafoil to be rapidly approximated using only minimal available data, even if that data

was obtained from a flattened version of the parafoil.

3.4.1 Section index

Although most tools do not explicitly announce to their choice of section index, there are
two conventions in common use: the most common is to use the reference point y-coordinate
(s = y, or its normalized version s = b/%) Although simple and intuitive for flat wings,
defining a nonlinear geometry in terms of y can become unwieldy, so another common choice
is to use the linear distance along the locus of reference points rpp/o (or its normalized
version that ranges +1). Unfortunately, both are problematic for modeling a paraglider

canopy using the most readily-available data.
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When trying to create a model of a flexible wing like a paraglider canopy, it is much
easier to take measurements when the wing is stretched out flat. When the canopy is flat
it is possible to measure ¢(s) and z(s) directly, whether from the physical wing or from
photos (such as are found in user manuals). Also, it is trivial to measure the flattened span
compared to trying to measure the span of an in-flight canopy. The solution is to use the

normalized section y-coordinates from the flattened foil:

s — Yflat
bflat/2

(3.10)

Not only does this choice make the section index easy to measure from a flattened paraglider
canopy, but with a careful choice of reference points it also decouples the yz-coordinates
of the reference positions (yz(s)) from all the other design curves, which is a key aspect
of this model’s ability to define complex nonlinear foils using simple parametric functions.
The next section explains the process in detail, but the key idea (and why this choice
of section index is so important) is that using this definition of s and choosing the same
chord position for the y and z components of the reference point you can simply “wrap”
the flattened paraglider canopy around yz(s) to produce the final geometry. It becomes
possible design the flattened foil geometry before designing its arc, a natural process that
enables the direct use of the most readily available measurements for commercial paraglider

canopies.

3.4.2 Reference point

The Basic model positions each section using the section origins (the leading edges). The
Ezxpanded model allows the sections to be positioned using arbitrary reference points any-
where in the 3D section coordinate systems. Although flexible, the freedom of the expanded
model does not address the problem of choosing good reference points.

One intuitive choice is to use points on the section chords, in which case the reference
point is a function of a chord ratio 0 < r < 1. The chord lies on the negative section z-axis,
so a reference point at some fraction r along the chord is given by r7,, JLE = T c & (where

s &f [10 O]T, the z-axis of section s in that section’s local coordinate system). Substituting
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TLE/RP = —Trp/LE Nt (3.8) produces:

f _ . !
TLE/O = Cyjsreig+ TRP/O

Simple and intuitive, this parametrization captures the choices used by every foil modelling
tool reviewed for this project. Models that position sections by their leading edge (XFLRS5,
AVL, MachUpX) are equivalent to setting 7 = 0. Another (less common [31]) choice is to
use the quarter-chord positions, in which case r = 0.25. The problem with the constraint
that reference points lie on the section chords is that it couples the position functions for
all three dimensions. For many foil geometries it can be significantly more convenient to
use different chord positions for different dimensions.

For example, suppose an engineer is designing a foil with an elliptical chord distribution
and geometric twist, and they wish to place the leading edge in the plane x = 0 and the
trailing edge in the plane z = 0. Although the intuitive specification of this foil would be
z(s) =0, z(s) =0, it cannot be used because it needs to position different points on each
section chord: the z(s) = 0 design requires r = 0, but the z(s) = 0 design requires r = 1.
One of the position curves must be changed, introducing unnecessary complexity to make
up for this inflexibility.

For another example, a foil designer may want to arc an elliptical planform such that
the y- and z-coordinates of the quarter-chord (r = 0.25) follow a circular arc while the
x-coordinate of the trailing edge (r = 1) is a constant. Because of the elliptical chord
distribution, the x-coordinates of the quarter-chord that would produce a straight trailing
edge are distinctly non-constant; if geometric twist is present the issue becomes even more
severe. What should be a simple z(s) = 0 to specify the straight trailing edge must become
a complex function with no simple analytical representation.

The underlying problem is that the designer cannot specify their design directly us-
ing a shared reference point that lies directly on the chord; instead, they must translate
their design into an alternative specification using positions that accommodate the shared

reference point.
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The solution is that instead of using a shared reference point directly on the chord for
all dimensions, allow each dimension to choose independent reference points along the chord,
and associate each dimension of the position design curve with that dimension’s coordinate
of that dimension’s reference point. The z(s) design curve specifies the z-coordinate of the
reference point for the xz-dimension, etc.

Fortunately, providing this flexibility is easier to implement and use than it is to de-
scribe. Instead of a shared r for all three dimension, allow an independent r for each

dimension of the reference point:

where 0 < ry,ry, 7, < 1 are proportions of the chord, as before. The coordinates of
the leading edge relative to the reference point are now the displacement of the section
origin relative to the {z,y, z} components of the {rs,r,,r.} positions along the chord. The
resulting equation, which allows completely decoupled positioning for each dimension, is

surprisingly simple:

TiE/O = RCyscis + r{%P/O

This choice of reference point makes the earlier examples trivial to implement. For the first,
which was struggling with the fact that geometric twist has coupled the z and z positions is
solved with {r; = 0,7, = 1} (because the foil is flat, every choice of r, is equivalent). The
second example, which was struggling to define an z(s) to achieve a straight trailing edge,
the answer is simply {r, = 1,7, = 0.25,7, = 0.25}. In both cases, the designer is able to
specify their target directly, using simple design curves, with no translation necessary. The
reason is that (3.10) combined with r, = r, means that changing yz(s) does not change

the section index; having designed the orientation and fore-aft position x(s) of a section,

changing yz(s) will not affect that design. The curves have been decoupled.

TéE/RP = RCy/sci; (3.11)
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ry, 0O 0
def
RE 0 ry. O (3.12)
0 0 7y

3.4.3 Orientation

The expanded model (3.8) uses a direction cosine matriz (DCM) to define the orientation
of each section; the problem is how to define that matrix. A natural parametrization of
a DCM is a set of three Euler angles (¢,0,7), corresponding to roll, pitch, and yaw. The

R3*3 matrix with a 3-vector — three parameters — but

Euler parametrization replaces the
the structure of typical parafoils can provide further simplifications.

In particular, observe that when a parafoil is flattened out on the ground, the sections
are (essentially) vertical, with no relative roll or yaw. Inflating the parafoil and using the
suspension lines to form the arc will naturally roll the sections without affecting the section
yvaw. These observations reveal that the section orientation produced by inflating a parafoil
is well approximated by a single degree of freedom, resulting in a minimal parametrization
with a single design variable for section pitch 0(s).

For the section roll ¢(s), observe that inflating the foil to produce the arc does not
produce a shearing effect between sections; instead, the sections roll jointly with the arc.

This relationship can be encoded using the derivatives of the (y(s), z(s)) components of the

position curve rrp/o(s):

¢ = arctan (ZZ) (3.13)

For the section yaw ~(s), inflating the parafoil to produce the arc anhedral will roll the

sections in the foil’s yz-plane and does not affect the section yaw, which remains zero:

v =0 (3.14)

The remaining degree of freedom is the rotation about each sections y-axis. This pitch
angle 6(s), conventionally known as geometric torsion, is produced when the wing is man-

ufactured, and is not affected when the flattened wing is shaped into its final arched form.
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Fig. 3.6: Geometric torsion.

Note that this refers to the angle, and is the same regardless of any particular rotation point.

3.4.4 Summary

In conclusion, the simplifications identified by this model not only reduced the number
of parameters of the expanded model (3.9), it also replaced the arbitrary and unwieldy
3D reference points with simple ratios of the section chords. It allows rapid and intuitive
conversion of measurements from a flattened paraglider canopy to a foil geometry, and
decoupled the design curves to allow the design of each variable to be manipulated without
affect the others. In short, it provides the flexibility of the expanded model but without its

complexity.

c(s) Scale
rz(S) Chord ratio for positioning RP,

Ty=(S) Chord ratio for positioning RP, and RP, (3.15)

rgp/o(s) Position
0(s) Pitch

Th/LE(S) Airfoil

3.5 Examples

These examples demonstrate how the simplified model makes it easy to represent nonlinear
foil geometries using simple parametric functions, such as constants, absolute functions,
ellipticals, and polynomials. For a discussion of the elliptical functions for the arc and
chord distributions, see Parametric design curves.

All examples show a wireframe view of the chord surface because it is easier to visualize

the foil layout. The green dashed lines are projections of the section quarter-chord positions
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(shown because of their use in analyzing aerodynamics). The red dashed lines are the

projections of the r, and r,. chord positions.
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3.5.1 Delta wing

A delta with with a linear chord distribution and straight trailing edge can be defined with
r, = 1 and a piecewise-linear ¢(s). Unlike conventional wing modeling tools, because the
trailing edge is used directly for position in the z-direction, the x(s) curve does not need

to be coupled to ¢(s) to compute offsets for the leading edge.

t i > 5 t > 5 ] > 5
—1 1 -1 1 -1 1
% T z
A | o
I >y
i 5 >S5
—1 1 —1 1

Fig. 3.7: Chord surface of a delta wing planform.
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3.5.2 Elliptical wing

Similarly, a flat wing with an elliptical chord distribution and fore-aft symmetric is trivial

to define using r, = 0.5 and an elliptical chord function.

C Ty Tyz
A A
14 1T
/—\. >3 > 5 ] > 5
—1 1 —1 1 —1 1
4 T z
A A N | L
f > 1
> 5 > 5 l
—1 1 -1 1

Fig. 3.8: Chord surface of an elliptical wing planform.
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3.5.3 Twisted wing

Wings with twist typically use relatively small angles that can be difficult to visualize.

Exaggerating the angles with extreme torsion makes it easier to see the relationship.

c Ty Tyz
A
1T 1T
: 5 : i > 5 : i > 5
—1 1 —1 1 —1 1
4 T z
4 . | .
I | B
> S } T > S l
—1 1 -1 1

.

Fig. 3.9: Chord surface of a wing with geometric twist.
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3.5.4 Manta ray

The effect of changing the reference positions can be surprising. A great example is a “manta
ray” inspired design: each model uses the same piecewise-linear chord distribution and
circular z(s), changing only the constant value of r,. These examples clearly demonstrate
the flexibility of the Simplified model: four of the six design “curves” are merely constants,

and yet they enable significantly nonlinear designs in an intuitive way.
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Fig. 3.10: “Manta ray” with r, =0
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>
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Fig. 3.11: “Manta ray” with r,
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Fig. 3.12: “Manta ray” with r,
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3.5.5 Parafoil

Lastly, as this project is primarily focused on paragliders, these examples would not be
complete without showing how the Simplified model allows two simple elliptical functions

and 7, = 0.75 to easily produce an accurate generalization of a paraglider canopy.
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Fig. 3.13: Chord surface of a simple parafoil.
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In addition to the surface produced by the section chords, it may be helpful to see the
upper and lower profile surfaces produced after assigned every section an airfoil (NACA

23015):

Fig. 3.14: Profile surface of a simple parafoil.



Chapter 4

FOIL AERODYNAMICS

For the purposes of this chapter, an aerodynamics model provides the instantaneous forces
and moments produced on a foil when it moves relative to air. In a rigorous modeling
process the aerodynamic forces and moments would be measured experimentally, either
in a wind tunnel or with flight tests, but that rigor is time consuming, expensive, and
requires physical possession of the wing. Instead, this paper is concerned with estimating
the dynamics of commercial paraglider wings from basic technical specifications, and so it
must rely on theoretical methods that predict the flow-field surrounding a foil by combining
fundamental equations of fluid behavior with the foil geometry.

This chapter suggests performance criteria for simulating paraglider aerodynamics,
and selects a theoretical method capable of simulating those dynamics under the typical
flight conditions. It presents a derivation of the method, modifies the method to improve its
behavior in the context of flight simulation, and validates the modified method by comparing
its predictions against wind tunnel measurements of a representative parafoil model from

literature.

4.1 Aerodynamics models

Classical aerodynamics predate the modern computing era, and were forced to prioritize
simplifying assumptions that would enable analytical solutions of the governing equations;
those assumptions placed heavy restrictions on what geometries could be analyzed and what
characteristics of the flow-field must be neglected. These simplifying assumption made the
problems tractable in a surprising variety of situations, but — despite their elegance —
such analytical solutions are inadequate for analyzing the geometry and flight conditions of
a paraglider.

In contrast, modern computational aerodynamics [9] solve the equations numerically,
relaxing the need for analytical solutions. As a result, modern methods can analyze signif-

icantly more complex foil geometries over the entire set of flow-field characteristics. How-

40
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ever, even with modern computers the fluid equations are too difficult to solve in the general
case, so simplifying assumptions are still required to produce a tractable system of equa-
tions. This modeling process has led to a wide variety aerodynamic models built on different

simplifying assumptions regarding the geometry and the characteristics of the flow-field.

4.1.1 Model requirements

The introduction to this paper established a set of Modeling requirements, which determine
the choice of aerodynamics method. Summarizing those requirements here for convenience,

the model must account for the following characteristics:
e Nonlinear geometry
o Viscosity
o Non-uniform wind field (different relative wind angles at different sections)
Where “viscosity” is elaborated as a collection of requirements:

e The model should account for the decreased lift and increased drag due to flow sep-
aration across individual wing segments (at least approximately). This requirement
is due to paraglider’s tendency to fly at relatively high angles of attack, and for in-
dividual sections to experience high angles due to the arc anhedral (especially during

turns).

o The model must demonstrate graceful accuracy degradation approaching stall (but is
not required to model post-stall). The goal is not to simulate with absolute accuracy

through stall, but the flight simulator should tolerate brief moments near stall.

e The model should accept empirical corrections to viscous drag to individual wing

sections to incorporate experimental wind tunnel results.

o The model should use section-specific Reynolds values (not a wing average) since the
sections of a paraglider canopy can vary from 300k to 2M during a turn (thus spanning

the transition regime of Reynolds values)
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There was also an optional, but desirable, goal that the method should be fast enough

for real-time simulations to support rapid iteration during parameter estimation.

4.1.2 Model selection

Despite the wide variety of options for choosing a theoretical aerodynamics model, in prac-
tice the Modeling requirements makes the selection process rather straightforward. The first
requirement — to support nonlinear foil geometries — eliminates the classic LLT. Several
authors have developed extensions of the LLT that are able to account for circular arc ([17],
[18]), but are unable to model a swept quarter-chord.

The practical answer to nonlinear geometries is to switch to a vortex lattice method or
panel method [8], which place the aerodynamic singularities on the nonlinear camber sur-
face, or the profile surface itself, and apply the inviscid flow approximation to reformulate
the problem as an instance of Laplace’s equation. Unfortunately, the inviscid assumption
necessary to produce those solutions violate another of the modeling requirements: the
ability to model viscous effects. Although extended models may apply strip theory to in-
corporate viscous drag coefficients (through lookups based on the estimated section angle of
attack or lift coefficient), the inviscid methods fail to provide graceful accuracy degradation
near stall. Because the inviscid solutions rely on linear relationships that are assumed to
hold indefinitely, they are incapable of capturing the aerodynamic nonlinearities that arise
at high angles of attack.

The next level of aerodynamic models are the computational fluid dynamics [9] meth-
ods. Instead of limiting the singularities to points on (or inside) the foil, CFD methods
simulate the dynamics of the entire volume surrounding the object. In this way they are
able to capture the entire array of flow characteristics such as viscosity, turbulence, and
compressibility. Unfortunately, CFD methods have the downside of violating another of
the modeling requirements: the requirement for speed. The purpose of this project is to
enable a user to rapidly iterate the parameters of a model in order to improve the accuracy
of a model. Individual CFD simulations at this level are commonly measured in seconds, if

not minutes, rendering the fundamentally unsuitable.
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Fortunately, there is yet another category, numerical lifting-line methods, which has
progressed sufficiently to introduce a method suitable for wings with arbitrary camber,

sweep, and dihedral while also supporting (some) viscous effects.

4.2 Phillips’ numerical lifting-line

Phillips’ numerical lifting-line method (NLLT) [21] is an extension of Prandtl’s classic lifting-
line theory (LLT) to account for the effects of a curved lifting-line.

Unlike the classical LLT, this numerical approach supports the characteristic nonlinear
geometry of parafoils by decomposing the foil into discrete wing segments, each with their
own scale, position, orientation, and profile. It can also be adapted to non-uniform wind
vectors, allowing it to analyze non-uniform, non-longitudinal scenarios involving wind shear
and wing rotation.

Unlike pure potential flow solutions, such as traditional vortex lattice and surface panel
methods, it is able to approximately account for the effects of viscosity through its use of
section coefficients (critical for incorporating viscous drag corrections and approximating
flow behavior at high angles of attack).

And unlike full CFD solvers, the implementation is relatively simple, requires minimal
manual configuration, and is computationally efficient (a critical point when generating

iterated solutions for flight simulation).

4.2.1 Derivation

For the purposes of discussion, the derivation of Phillips’ NLLT is briefly repeated here
using the notation of this paper. Note that to avoid confusion, this derivation breaks the
convention of this paper and instead uses Phillips’ convention of a capital V' for velocity,
and a lowercase v for the induced velocities.

The goal is to establish a system of equations by equating two measures of the aero-

dynamic force applied to discrete segments of a wing. One uses the 3D vortex lifting law
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Fig. 4.1: Wing sections for Phillips’ method.

(4.1) and the other uses the local section lift coefficients (4.2):
dF, = pT;V; x di; (4.1)

1
[dE ] = 5 pair IVilI* Cr, (e, 6:) Ai (42)

The net local velocity V; at control point ¢ is the sum of the freestream relative wind velocity
Vo at the control point and the induced velocities from all the other segments:
N
V.=V, + ijvﬁ (4.3)
j=1

where vj; are the velocities induced at control point 7 by horseshoe vortex j:

o= L Uoo X Tjyi =65 (rjui 4 i) (Pjui X Tjni) Uso X Tjyi
T A 1y (Tyi — Uoo - i) T iy (Pt joi + T Tini) T (Tjri — Woo - Tjii)
(4.4)
and ¢;; is the Kronecker delta function:
1 i=j
5 < (4.5)
0 i#Fj

Solving for the vector of circulation strengths can be approached as a multi-dimensional
root-finding problem over f, where f is a vector-valued function of residuals, and the

residual for each horseshoe vortex 7 is the difference between the two measures of section

lift, (4.1) and (4.2):

fi (T;) = 2Ly |[W5|| — || V3|2 AiCrLi (i, 0;) (4.6)
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where

W, =V, x dl; (4.7)

The set of residuals f; (I';) represent a system of nonlinear equations that can be solved

numerically to produce an estimate of the spanwise circulation I';. In order to solve the

system, Phillips suggests gradient descent using the system Jacobian J;; def glfz, which
J

expands to:

w;
Jij = 03 2[Will +2Liyry - (v5s x dli)

Il
OCL;i Vayi (Vji - Ung) — Vi (Vi - Ua i)
—IVi|I* A; L St : A7) : 4.8
IViIP A e (1)
—2A,Cr (i, 0:) (Vi - vji)
with the effective wind speed in the normal and chordwise directions
o
Cf/sz == Uq,i Usi Upj (49)
o
Va,i = ‘/z *Uq i
(4.10)
Vn,i = ‘/1 cUnjg
and the effective local angle of attack «;
Va %
; = arct _at 4.11
a; = arctan <Vn,i> (4.11)

After solving for the circulation strengths, the 3D vortex lifting law (4.1) is used to compute
the inviscid forces at each control point, and the viscous drag and pitching moments are

computed as in standard strip theory using the effective angle of attack (4.11):

1 -
dFisci = o Pair hals ¢iCp.i (04,6;) V; (4.12)

1
dM; = — 5 Pair IVill? AiciOnri (i, 8:) ws i (4.13)
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4.2.2 Modifications

Although the original derivation is suitable for simple, static scenarios, it is inadequate for
simulating dynamic conditions that commonly occur during paraglider flights. This section
presents a number of modifications to improve the usability, functionality, and numerical

stability of the method that greatly extend its applicability.

4.2.2.1 Control point distribution The paper recommends placing the control points using
a cosine distribution over the 3D spanwise coordinate y, but that recommendation assumes
a predominantly flat wing; cosine spacing generates a poor distribution when the wing tips
are nearly vertical, which is common with parafoils. Instead, distributing the control points
according to the section index s will maintain spacing along the foil’s yz-curve regardless
of the arc. (Note that although this works well for parafoils, other foil geometries may be

better suited to either a different section index, or some nonlinear spacing in s.)

4.2.2.2 Variable Reynolds numbers Lifting-line methods typically assume the section co-
efficient data is an explicit function of angle of attack a, and possibly some sort of control
deflection §, but assume the coefficients are constant with respect to Reynolds number.
For relatively high Reynolds regimes this is reasonable since the airfoil data is essentially
constant, but parafoil sections under typical flight conditions experience Reynolds numbers
in the range from roughly 150,000 to 3,000,000, spanning the transitional regime where
viscous effects can be significant. To verify whether section-local Reynolds numbers have
a significant effect on parafoil aerodynamics, the coefficients should be an explicit function

of Reynolds number.
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4.2.2.3 Non-uniform upstream velocities Phillips’ original derivation [21] assumes uniform
flow, but [33] relaxes that assumption by replacing the uniform freestream velocity Vi, with
the relative upstream velocity V,e¢ ; that “may also have contributions from prop-wash or
rotations of the lifting surface about the aircraft center of gravity.” (Compare Phillips Eq:5

to Hunsaker-Snyder Eq:5.) The result is that (4.3) is replaced with:

N
Vi=Viei + Z L'jvj (4.14)
=1

In [33] they are concerned with accounting for propeller wash, but for a parafoil the upstream
velocity is simply the local wind velocity at control point ¢ combined with the velocity

produced by the control point CP,i rotating about the glider center of mass CM:

V;“el,i = Voo,i + Tcpi/cM X Wy/e (4.15)

This change enables the method to approximately accommodate non-uniform wind condi-
tions, such as from wind shear, turning maneuvers, etc. This flexibility should be used with

caution, however; see Straight-wake assumption for a discussion.

4.2.2.4 Better solver To solve for the circulation strengths I';, the Phillips paper suggests
using Newtons’ method, which computes the zero of a function via gradient descent. Gra-
dient descent has several practical issues, but the most important problem in this case is
that it fails to converge if the gradient goes to zero. For this application, the function under
evaluation is the residual error (4.6), and its gradient (4.8) depends on derivatives of the
section lift coefficients. When a wing section reaches the angle of attack associated with
C'L,maa the section has stalled, its section lift slope is zero, and gradient descent will fail to
converge. Phillips suggests switching to Picard iterations to deal with stalled sections, but
it is unclear whether the target function reliably produces fixed points; a simple prototype
failed to converge.

An alternative is to use a robust, hybrid root-finding algorithm that uses gradient de-
scent for speed but switches to a line-search method when the gradient goes to zero. The

implementation for this project had great success with a modified Powell’s method, which


https://en.wikipedia.org/wiki/Powell%27s_method
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“retains the fast convergence of Newton’s method but will also reduce the residual when
Newton’s method is unreliable” (see the GSL discussion or MINPACK’s hybrj documen-
tation for more information). This method not only mitigates the convergence issues near
stall, but it is also significantly faster: it does not depend on fixed step sizes (which must be
inherently pessimistic to encourage convergence) and is able to use approximate Jacobian

updates instead of requiring full Jacobian evaluations at each step.

4.2.2.5 Reference solutions The root-finding algorithm that solves for the circulation
strengths requires an initial proposal for the circulation distribution I'(s). Poor propos-
als produce large residual errors that can push Newton iterations into unrecoverable states,
so it is preferable to use prior information to predict the true distribution. The original
paper suggested solving a linearized version of the equations, but that choice is only suitable
for foils with no sweep or dihedral. Another common suggestion from related methods is
to assume an elliptical distribution; for most foils, an elliptical circulation distribution is a
reasonable guess during straight and steady flight, but it is a poor proposal for scenarios
that include non-uniform wind or asymmetric control inputs, such as during flight maneu-
vers. It is clear that generating suitable proposals for nonlinear geometries under variable
flight conditions requires a different approach.

For sequential problems, such as the sequence of states in a flight simulator or the points
of a polar curve, an effective solution is to use the solution from the previous iteration as
the proposal. Provided the time resolution of the simulation is reasonably small then the
state of the aircraft should be similar between each timestep, so the proposal will be very
close to the target. An added advantage of using a prior solution is an ability to capture

hysteresis effects [38].


https://www.gnu.org/software/gsl/doc/html/multiroots.html#c.gsl_multiroot_fdfsolver_hybridsj
https://www.math.utah.edu/software/minpack/minpack/hybrj.html
https://www.math.utah.edu/software/minpack/minpack/hybrj.html
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4.2.2.6 Clamping section coefficients A major issue with the method is a tendency to
produce fictitious “infinite” induced velocities under certain conditions, causing convergence
to fail. This tendency increases as the grid resolution is refined, and is most commonly
observed at the wing tips, especially during turning maneuvers. The cause is apparent in
equation (4.4), where the induced velocities between bound segments increases as the inverse
of their separation distance; as the separation distance goes to zero, the induced velocity
goes to infinity. In most cases, the induced velocities from the left and right neighbors of a
segment mostly cancel, but if the foil has discontinuities (such as at the wingtips, where the
outer segment has only an inboard neighbor) then cancellation may be incomplete, leaving
a large imbalance. It can also occur due to numerical issues at very fine grid resolutions.

For parafoils the most significant discontinuities are at the wingtips, where the effect of
the induced velocity spike is to dramatically overestimate the effective angle of attack. The
NLLT relies on accurate section coefficient data, and if that coefficient data is unavailable
(such as at high angles of attack) then the numerical routine cannot continue, causing
convergence to fail.

Clearly the lack of coefficient data is not a valid reason to abort, since the large induced
angle of attack is fictitious. To mitigate the issue when it occurs at the wingtips, assume
the true « is less than or equal to the maximum « supported by the coefficient data, and
clamp C7, to its value at that maximum «. In the case where the high « is fictitious, the C'p,
will be incorrect but will at least remain relatively close to the true value, and will allow the
simulation to continue. In the case where « is genuinely large, then the unclamped inboard
segments will also lack coefficient data and the method will correctly fail.

It is important to note that this is a practical mitigation, not a theoretically-justified
solution. The point is not to “fix” the method, the point is to limit the magnitude of
the error and allow the simulation to continue with reasonable accuracy. However, despite

lacking a theoretical basis, there are several strong justifications:

1. If the outer segment is small, then its contribution to the error is expected to be small.

For example, if the outer segment represents the last 5% of the wing span means then
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the error from much less than 5% of the total aerodynamic contributions (since the

area of that wingtip segment is very small).

2. If the outer segment is small, you wouldn’t expect a significant change in alpha from
the wingtip to its neighbor, so if the inboard neighbor is in the valid range you can

expect that the wingtip alpha is (relatively) close to the valid range.

4.2.3 Limitations

4.2.3.1 Assumes minimal spanwise flow This method argues that the derivation of the
3D vortex lifting law in [39] proves that “the relationship between section lift and section
circulation is not affected by flow parallel to the bound vorticity.” In other words, it relies
on the fact that the 3D vortex lifting law holds even in the presence of spanwise flow. What
this does not account for, however, is the effect of spanwise flow on the section coeflicients.
Wing analysis using section coefficients relies on the assumption that each wing segment
acts as a finite segment of an infinite wing, provided the spanwise flow is negligible ([6], p.
356). Although the 3D vortex law holds in the presence of spanwise flow, solving for the
circulation strengths using section coefficients does not.

A similar discussion can be found in [38], who apply a similar NLLT to a flat wing with
45° sweep. They acknowledge that although the sweep introduces significant 3D flow-field
effects, the method “shows very good agreement” versus experimental measurements. Their
success offers some confidence that the effects of spanwise flow may indeed be negligible,
but it is unclear whether the effect has more significance once continuous arc anhedral is

involved.

4.2.3.2 Straight-wake assumption A common aerodynamic modeling approximation is to
assume that vorticity is shed into the wake as a trailing vortex sheet; the strength of the shed
vorticity varies with the local variation of lift along the span. In a rigorous analysis, the
trailing vorticity should follow a curved path ([6], p. 390), but this produces an intractable

nonlinear system of equations. Instead, models apply a further simplification known as the
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straight-wake assumption: that the trailing wake vortex sheet streams straight back from
the lifting-line. The straight-wake assumption is an important step in linearizing the system
of equations to allow mathematically tractable solutions.

For a discretized method, such as Phillips’ or Weissinger’s LLT [40], the vortex sheet
is lumped into a series of shed vortex filaments whose strength is proportional to the dif-
ference in local lift of neighboring segments. Under the straight-wake assumption, the
trailing legs of all horseshoe vortices extend from the nodes in straight lines parallel to
some freestream velocity direction uq, (see (4.4)). This is clearly invalid for a rotating wing
where a freestream velocity is ambiguous.

Despite this limitation, this project assumes that as long as the rotation rates remain
small enough that relative flow angles remain small the method still provides useful approx-
imations. This assumption is made without theoretical justification; instead, this paper
relies on the superior aerodynamics knowledge of its sources. First, the use of this method
with non-zero rotation is explicitly mentioned in [33]. Also, this assumption is shared with
the vortex-lattice model used in AVL [41], although in that method the trailing legs are
aligned with the foil xz-axis, regardless of freestream flow. In Phillips’ method the trailing
are aligned to the freestream, which for this work is defined as the local upstream velocity
Uso 0 Of the central section under the assumption that it minimizes average deviation.

For a related technical discussion that incorporates rotation rates into a vortex lattice
method, refer to [8] Sec. 6.5; in particular, Eq. 6.33 for aligning the trailing legs with the
z-axis, Eq. 6.37 for accounting by adding it to the flow tangency equations, and Eq. 6.39

for incorporating the rotation rates into the aerodynamic influence coefficients matrix.

4.2.3.3 Reliance on section coefficients A significant limitation of aerodynamic methods
based on the theory of wing sections their assumption that the section coefficient data is
accurate and representative of the flow conditions during a flight. In practice, section coeffi-
cient data is notoriously optimistic, relying on idealized geometry, negligible spanwise flow,
a uniform flow-field across the segment, steady-state conditions, etc. These assumptions

are strong to begin with, and become particularly questionable near stall, especially when
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using simulated airfoil data.

Not only do these methods assume the section coefficient data is accurate for each
individual section in isolation, they also assume the flow conditions of each section will
have a negligible impact on the coefficients of neighboring sections. In reality, development
of 3D flow-field conditions such as separation bubbles is significantly impacted by such
neighboring sections. Part of the interaction can be captured by the induced velocities,
but section coefficients are ultimately incapable of modeling effects such as turbulence, 3D
separation bubbles, significant spanwise (or “cross”) flow, etc. Such effects seem likely to

be even more prominent given the significant arc of a parafoil.

4.2.3.4 No unsteady effects This method produces a steady-state (non-accelerated) solu-

tion. It does not include unsteady (time-varying) effects, such as ([8], p. 149):
e Unsteady foil motion
e Unsteady foil deformation
e Spatially-varying or unsteady atmospheric velocity field

Thankfully, the (arguably) most important unsteady effect for the purposes of
paraglider simulation under typical flight conditions can be accounted for by the simulator

itself; see Apparent Mass.
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4.2.3.5 Non-unique solutions Gradient descent will find a zero of the residual, but it is
not guaranteed to be unique, especially given that the numerical solver relies on tolerances
instead of exact solutions. Depending on the initial conditions, the solver may converge to

different circulation distributions.

4.2.3.6 Sensitive to initial proposal This method relies on a good proposal (an initial
“guess” of the circulation distribution) to encourage convergence while minimizing opti-
mization runtime. The root-finding problem uses the residual error (4.6) which is likely a
non-convex function, in which case a global optimization method such as gradient descent
is not guaranteed to find the global minimum for a non-convex function, so the solution
is sensitive to the starting point (the initial proposal). In practice this issue is not a ma-
jor problem when the intended use is flight simulation; solutions are generated iteratively,
in which case the previous solution is a natural choice for minimizing the initial residual
error (see Reference solutions). As an added bonus, using the previous solution adds the
capability of capturing hysteresis effects [38]; for example, in [42] they discuss a wing that
demonstrates hysteresis depending on whether data were generated with increasing versus
decreasing alpha. Nevertheless, the fact that the method has a tendency to produce differ-
ent solutions for different proposals mean the method will exhibit hysteresis effects which

may or may not be physically accurate.

4.2.3.7 Unreliable near stall Phillips suggests that this method can be used up to stall
“with caution”. Closely related to the issues of spanwise flow, the development of stall
conditions along a wing has a high likelihood of violating the assumptions used to generate
the section coefficients. Worse, the flexible nature of a parafoil will exacerbate the effects
of section stall, which cause the profiles to deform and wrinkle even more than normal.
Nevertheless, this project attempts to apply the method to “near stall” conditions under
the belief that, for the purposes of flight reconstruction, it is preferable to get a low-quality
estimate as opposed to no estimate at all. It is vital, however, for the filtering architecture

to model the increased uncertainty as sections approach stall conditions.



Chapter 5

COMPONENT MODELS

A paraglider can be modeled as a system of three components: a canopy, a harness, and

suspension lines that connect the canopy to the harness.

Lines

Harness

Fig. 5.1: Paraglider component breakdown

Diagram remixed from a Wikipedia contribution by user Mysid.

To compute the dynamics of the composite system, each component model must define

three things:
1. Control inputs
2. Inertial properties
3. Resultant force

This chapter develops basic models for each component, favoring simplicity whenever
possible. In particular, all models are based on a quasi-rigid body assumption; unlike a
true rigid-body model where no component is allowed to move, these models (and their
connections) are treated as “instantaneously rigid”, where they are allowed specific recon-
figurations based on the control inputs (moving the pilot in the harness, or deflecting the

trailing edges of the canopy). This may seem like a major oversimplification, but in practice
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it works quite well: although nearly every component of a paraglider is made from highly

flexible materials, they tend to remain relatively rigid during typical flight conditions.

5.1 Canopy

A paraglider canopy (or parafoil) is a kind of ram-air parachute: inflatable lifting surfaces
manufactured from nylon sheets with air intakes at the leading edge that pressurize their
internal volume. The shape of an inflated parafoil is determined by a combination of surface
materials, internal structure, air pressure, and suspension lines. Because the canopy is
flexible, pilots can manipulate the suspension lines to change the shape of the canopy,
allowing them to control its aerodynamics.

To model a parafoil, it is helpful to think of the canopy as a physical realization of
some idealized foil geometry. The physical canopy is significantly more complex because
it must attempt to create the foil geometry using flexible materials that deform once the
canopy is pressurized (as well as meeting requirements such as weight, physical reliability,
manufacturability, etc). Modeling the deformations that occur during flight (cell billow-
ing, profile flattening, surface wrinkling, etc) are exceptionally difficult to model without
resorting to complete material simulation [36], which is why this project does not consider
any deformations other than deflections of the trailing edge due to brake inputs (which are
calculated separately).

Instead, this model assumes that the foil geometry is an exact representation of the
physical canopy, then adds small empirical corrections to account for the most significant
error. It models the canopy volume with smooth upper and lower surfaces, whose extents
also serve to define the section air intakes. It does not model individual cells, but it does
incorporate an estimate of the additional inertia from the internal ribs between each cell.
The only deformations included in the model are trailing edge deflections due to pilot control
inputs, which are accounted for with precomputed section aerodynamic coefficients; it does
not support manipulation via load-bearing lines (used by pilots for maneuvers such as “big

ears”, C-riser control, etc) or the stabilo lines.
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5.1.1 Controls

A paraglider canopy is controlled by changing its shape through manipulation of suspension
lines. In theory, any of the suspension lines can be used to alter the positions, orientations, or
profiles of its wing sections, but this model only supports trailing edge deflections produced
by the lines connected to the left and right brake handles.

When a pilot applies the brakes, they generate a continuous deformation along the
trailing edge of the canopy. In terms of the individual sections, this results in deformed
variants of the undeflected section profiles. Because this canopy model does not perform
material simulation, it requires that each variant has been precomputed and assigned a
unique airfoil index that associates it with a given brake input. The choice of section index
has a significant impact on the design of the suspension line model, and should be chosen
thoughtfully.

A simplistic (but not uncommon) approach is to model the trailing edge deflection as
a global rotation about some rotation point, and completely ignore profile deformations.
The airfoil index in this case is the deflection angle measured between the deflected and
undeflected chords. The rotation point is typically implicit; for example, lifting-line models

that assume a fixed quarter-chord are implicitly rotating about the quarter-chord position.

1

Fig. 5.2: Deflection as a rotation of the entire profile.

By ignoring deformations of the profile geometry this model assumes the shape of the
aerodynamic coefficient curves do not change with brake deflections. Instead, the deflection
angle d; is added directly to the angle of attack, meaning the control input produces a
simple translation of the section coefficients. The appeal of this model is the fact that it
only requires the section coefficient data from the undeflected profile. Unfortunately, the

accuracy of the model degrades rapidly as the deflection angle is increased.
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A more accurate model that is extremely common for wings built from rigid materials

is to use a discrete flap which rotates about a hinge point at some fixed position along the

chord:

2

Fig. 5.3: Deflection as a rotation of a rigid flap about a fixed hinge point.

Fixed-hinge flaps are ubiquitous due to their simplicity and acceptable accuracy for
rigid wings. Unfortunately, this model is troublesome for flexible wings because there are no
fixed hinge points: parafoil edge deflections develop as a variable arc, not a rigid rotation.
Also, explicit deflection angles are problematic because parafoil brake inputs cannot control
the deflection angles directly; they can only control the downward deflection distance dq of

the trailing edge:

Z

Fig. 5.4: Deflection as a vertical displacement of the trailing edge.

Because airfoils and section coefficients are conventionally normalized to a unit chord,
the natural choice of airfoil index for a parafoil is the normalized deflection distance 04, a

function of the deflection distance 04 and the chord length c:

by Lt 9 (5.1)

c

The normalized deflection distances are unusual in that, although they are control inputs to
the canopy aerodynamics model, they are not direct inputs to the system model. Instead,
they are computed indirectly using values provided by the suspension lines and the foil
geometry so that the deflection distribution along the span is a function of section index

and brake inputs:

= da (5, Op1, Oprr)

0 (8, 6bl; Obr) = () (5.2)
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5.1.2 Inertia

For a parafoil canopy in-flight, the effective inertia is produced by a combination of three
different masses: a solid mass, from the structural materials, an air mass, from the air
enclosed in the foil, and an apparent mass, from the air surrounding the foil. (Some texts

refer to the combination of the solid and enclosed air masses as the real mass [24].)

5.1.2.1 Solid mass The solid mass is all the surface and structural materials that comprise
the canopy. A rigorous model would include the upper and lower surfaces, ribs, half-ribs,
v-ribs, horizontal straps, tension rods, tabs (line attachment points), stitching, etc, but for
this model the calculation is restricted to the upper and lower surfaces and internal ribs.
The internal ribs are assumed to be solid (non-ported), resulting in an overestimate that is
somewhat mitigated by the absence of accounting for the other internal structures.

It does, however, account for the extents of the upper and lower surfaces along the
section profile. This extent will be used to calculate the inertial properties of the upper and
lower surface materials, as well as to calculate empirical viscous correction factors for the
section drag coefficients. For this model, the extent of the upper surface and lower surface
can be defined using the normalized distance along the section profile, with —1 < 7gwer <

Tupper < 1, with their symmetric spanwise extent controlled by a section index 0 < s¢pg < 1.

Fig. 5.5: Air intake parameters

Assuming the material densities are uniform, the inertial properties of the materials
can be determined by first calculating the total area a and areal inertia matrix J for each
surface (using the method in Area), then scaling them by the areal densities p of each

surface. The result is the total masses for the upper surface, lower surface, and internal
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ribs:

My = Pulu
m = pa (5.3)
my = praGy

And their mass moments of inertia about the canopy origin O:

Juo = puda, /0
Jyjo = mda 0 (5.4)
Jrj0 = prda, /0
In theory the inertial properties are functions of the brake inputs since they alter the
distribution of mass, but in practice the effect is negligible. For this project the centroids

and moments of inertia for the solid mass are calculated once using the undeflected section

profiles.

5.1.2.2 Air mass Although the weight of the air inside the canopy is counteracted by its
buoyancy, it still represents significant mass. When the canopy is accelerated the enclosed
air is accelerated at the same rate, and must be included in the inertial calculations. (This
model neglects surface porosity; although the canopy is porous, and thus constantly receiv-
ing an inflow of air through the intakes, in a properly functioning wing the leakage is slow
enough that the volume of air can be treated as constant.)

Similar to the surface masses, the internal volume and its unscaled inertia about the
canopy origin is easily computed from the Foil geometry using the method in Volume. Given
the internal volume v and the current air density p.ir, the total mass of the enclosed air

Mair 1S simply:

Mair = PairV (55)

Similarly, for the inertia matrix of the enclosed air about the canopy origin O:

Jair/O = pairJv/O (56)
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5.1.2.3 Apparent Mass Newton’s second law states that the acceleration of an isolated

object is proportional to the net force applied to that object:

_LF

m

a

This simple rule is sufficient and effective for determining the behavior of isolated objects,
but when an object is immersed in a fluid it is longer isolated. When an object moves
through a fluid there is an exchange of momentum, and so the momentum of the fluid must
be taken into account as well. In fact, it is this exchange of momentum that gives rise to
the aerodynamic forces on a wing. The difference is that apparent mass is an unsteady
phenomena that is not accounted for by simple aerodynamic models, such as Phillips’
numerical lifting-line.

In static scenarios, where the vehicle is not changing speed or direction relative to the
fluid, this exchange of momentum can be summarized with coefficients that quantify the
forces and moments on the wing due to air velocity. But for unsteady flows, where the
vehicle is accelerating relative to the fluid, the net force on the vehicle is no longer simply
the product of the vehicle’s “real” mass and acceleration. Instead, when a net force is
applied to an object in a fluid, it will accelerate more slowly than the object would have in

isolation, as if the vehicle has increased its mass:

Y. F

m + mg

This apparent mass mq (or added mass [25]) tends to become more significant as the density
of the vehicle approaches the density of the fluid. If the density of the vehicle is much greater
than the density of the fluid then the effect is often ignored, but for lightweight aircraft the
effect can be significant.

Because apparent mass effects are the result of a volume in motion relative to a fluid, its
magnitude depends on the volume’s shape and the direction of the motion. Unlike the real
mass, apparent mass is anisotropic, and the diagonal terms of the apparent inertia matrix
are independent. Calculating the apparent mass of an arbitrary geometry is difficult. For

a classic discussion of the topic, see [22]. For a more recent discussion of apparent mass in
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the context of parafoils, see [23], which used an ellipsoid model to establish a parametric
form commonly used in parafoil-payload literature

This paper uses an updated method from [24] which added corrections to the ellipsoid
model of [23]. (For a replication of the equations in that method but given in the notation of
this paper, see Apparent mass of a parafoil.) The method uses several significant simplifying
assumptions (the dynamics reference point must lie in the zz-plane, the foil has circular
arc, uniform thickness, uniform chord lengths, etc), but the effects of deviations from the

method’s assumptions are negligible for typical parafoil models.

5.1.3 Resultant force

A method for estimating the canopy aerodynamics was presented earlier. An advantage of
that method is that it does not assume any particular functional form of the aerodynamic
coefficients (linear, polynomial, etc), allowing their definition to use whatever form is con-
venient. This model uses that flexibility to compose the section coefficients as a two step

process:

1. Design a set of airfoils associated with the range of trailing edge deflection, and

estimate their aerodynamic coefficients.

2. Apply correction factors to each section to account for physical inaccuracies in the

idealized airfoils.

The airfoils are indexed by their normalized deflection distance (5.1), which appears
in Phillip” NLLT as the control input §;; the indexed airfoils allow the brakes to control
the canopy aerodynamics with no modifications to the NLLT. This section index allows
each section to provide its own section coefficients, as well as empirical correction factors.
One correction factor included in this model, Cp gurface, is for “surface roughness” ([43],
[30]), and the other, Cp intakes, is for the additional viscous drag due to the air intakes
[30]. (See the demonstration for an example.) Given the foil geometry and aerodynamic

coefficients, the aerodynamics model estimates the aerodynamic forces ffaeron (4.1) and
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moments gf aeron (4.13) for the N foil sections.

ff,weight = mpg (57)
N
ff,aero = Z .ff,aero,n (58)
n=1
N N
gf/R = Z (TC'PTL/R X ff,aero,n) + ng,aero,n + TS/R X ff,weight (59)
n=1 n=1

5.1.4 Parameter summary

In addition to the design curves that define the Foil geometry, the physical canopy model

requires additional information about physical details associated with that geometry:

Tupper Profile extent of the upper surface
Tlower Profile extent of the lower surface
Send Section index where air intakes end
Pu Areal density of the upper surface material
Or Areal density of the internal rib material (5.10)
ol Areal density of the lower surface material
Neells Number of internal cells
CD intakes Drag coefficient due to air intakes
CD surface Drag coefficient due to surface characterstics

5.2 Suspension lines

The suspension lines connect the canopy to the harness and pilot. The lines are convention-
ally grouped into load-bearing sets (labeled A/B/C/D, depending on their relative positions
on the section chords), brake lines (that produce the trailing edge deflections), and stabilo
lines (that assist in preventing the wing tips from curling into a dangerous cravat). Starting

from the canopy, the lines progressively attach together in a cascade that terminates at two
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risers which connect the lines to the harness. The lines are responsible for producing the
arc of the canopy, suspending the harness at some position relative to the canopy, and
allowing the pilot to manipulate the shape of the canopy.

For rigorous models the line geometry is a major factor in wing performance, but for
this project a fully-specified suspension line model would be both tedious and redundant.
It would be tedious because it would require the lengths of every segment of every line, and
it would be (mostly) redundant because the canopy model is a quasi-rigid body whose arc
is already defined by the yz-curve of the idealized foil geometry. As a result, the suspension
lines can only affect the riser position and trailing edge deflections, so this model can

reasonably use simple approximations that do not depend on an explicit line geometry.

5.2.1 Controls

The suspension lines provide two primary methods of controlling the paraglider system:
through brakes, which change the canopy aerodynamics, and the accelerator, which reposi-

tions the payload underneath the canopy.

5.2.1.1 Brakes A parafoil canopy can be manipulated by pulling on any of its many suspen-
sion lines, but two of the lines in particular are dedicated to slowing the wing or controlling
its turning motion. Known as the brakes or toggles, these controls induce downward trailing
edge deflections (see Fig. 5.4) along each half of the canopy, increasing drag on that side
of the wing. Symmetric deflections slow the wing down, and asymmetric deflections cause
the wing to turn.

A physically accurate model of the deflection distribution would need to model the
length and angle of every line and how the angles deform during braking maneuvers. Be-
cause the line geometry was not a focus for this project, an approximation is used instead.

First, observe that as brakes are progressively applied the deflections will typically
start near the middle and radiate towards the wing root and tip as the brake magnitude is
increased. For small brake inputs the deflections are zero near the wing root and tip, but

for large brake inputs even those sections experience deflections.



Fig. 5.6: Asymmetric brake deflection.

Photograph by Frédéric Bonifas, distributed under a CC-BY-SA 3.0 license.
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Fig. 5.7: Symmetric brake deflection.

Photograph by Wikimedia contributor “PiRK” under a CC-BY-SA 3.0 license.

To approximate this behavior, start by assuming the deflection distances from each
individual brake input are symmetric around some peak near the middle of each semispan
and vary as a quartic function ¢(p). Define the polynomial coefficients such that the function
value and slope are zero at p =0 and p = 1 and a peak at p = 0.5. The result is a quartic
that is symmetric about p = 0.5 with a peak magnitude of 1.

16p* —32p3 +16p> 0<p<1
q(p) = (5.11)

0 else

Next define two variables for the section indices near the canopy root and tip that
control the start and stop points of the deflection. Representing the start and stop positions

as variables allows modeling how the deflection distribution changes with the brake inputs.


https://commons.wikimedia.org/wiki/File:ApcoAllegra.jpg
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1.0

0.0 ~

0.0 1.0

Fig. 5.8: Truncated quartic distribution

For both sgtart and Ssiop, define their values when 5, = 0 and 3, = 1. Then, using linear

interpolation as a function of brake input:

Sstart = Sstart,0 T (Sstart,l - Sstart,(]) 3
(5.12)

Sstop = Sstop,0 T (Sstop,l - Sstop,O) O
The start and stop points can be used to map the section indices s into the domain of the

quartic p, such that s = sgpart — p = 0 and s = sgop — p = 1:

S — Sstar
pls) = ——— (5.13)
Sstop — Sstart

The quartic output for each brake is unit magnitude, which should be scaled by the brake
input. Summing the two scaled outputs represent the fraction of maximum brake deflection
distance over the entire span. The maximum brake deflection distance is a constraint set
by the suspension line model parameter kp, the maximum length that the model will allow
the pilot to pull the brake line (although on a physical wing there isn’t a clear limit to how

far the brakes can be pulled).
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Finally, the total brake deflection distance is the sum of contributions from left and

right brake:

0d(8, Get, Obr) = (0p1 - q(P(—5)) + 0 - q(p(5))) - Ko (5.14)

A feature of this design is that setting ssiart,1 < 0 allows deep brake inputs to deflect the

opposing semispan, and sgop,1 > 1 allows deflections at the wing tips, as shown in Fig. 5.9.

Fig. 5.9: Quartic brake deflections, dy; = 1.00 and dp,. = 1.0

Together with the Foil geometry, the absolute brake deflection distances can be used

to compute each section’s airfoil indezx (5.1).

5.2.1.2 Accelerator Paragliders are not powered aircraft, but pilots can increase their air-
speed by adjusting how the payload is positioned relative to the canopy. The accelerator
or speed bar is positioned under the pilot’s feet, and by pushing out they can shift the riser
position RM forward and up. The canopy pitching angle, angle of attack, and airspeed
must adjust to the new equilibrium, changing both the airspeed and the glide ratio.

The goal is to model how the riser position changes as a function of the accelerator
control input 0 < §, < 1.

For notational simplicity, define A and C as the lengths of the lines connecting them

to the riser midpoint RM:

— def
A= |rasru|
— def
C= |lre/rul|
The default lengths of the lines are defined by two pairs of design parameters. First, the

default position of the riser midpoint RM is defined with k, and k; this is the position of
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RMy = (—ky, k2)

Fig. 5.10: Paraglider wing accelerator geometry.

RM when §, = 0. Second, two connection points along the canopy root chord are defined
with k4 and k¢; connecting lines from these points are the physical means by which RM
is positioned underneath the canopy. The A lines connect near the front of the wing, and
are variable length; the pilot can use the accelerator to shorten the lengths of these lines.
The C lines connect towards the rear of the canopy, and are fixed length.

Geometrically, shortening A will move RM forward while rotating the C' lines. Aero-
dynamically, shortening A effectively rotates the canopy pitch down about the point C,
decreasing the global angle of incidence of the canopy; decreasing the angle of incidence
decreases lift, and the wing must accelerate to reestablish equilibrium.

A fifth design parameter, the accelerator length kq, is required to define the maximum
length change produced by the accelerator; this is the maximum length that A can be
decreased. This value is limited by the physical geometry of the pulleys that give the pilot
the leverage to pull the canopy into its new position. The pilot uses the accelerator control

input 64, a value between 0 and 1, to specify the total decrease in A:

A(da) = Ay — daka (5.15)
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For deriving the basic geometric relations, it is convenient to normalize all the design
parameters by the central chord. This avoids the extra terms in the derivation and allows
a wing design to scale naturally with the canopy.

The goal is to use the physical geometry, where the risers position is determined by A
and C, to define the position of RM a function of §,. The first step is to determine the

default line lengths by setting d, = 0 and applying the Pythagorean theorem:

Ay = \/m§+(mx—f1A)2

(5.16)
Co = \//@g + (ke — Kz)?
In the general case, the line lengths are functions of d,:
A(0a)* = RM? + (RM — 4)°
(5.17)

C(54)? = RM? + (k¢ — RM,)? = Gy
Where C = Cj due to the physical constraint that the length of the C' lines are constant.
Subtract the two equations in (5.17):
A(6,)2 — Ty = (RMy — k4)? — (ke — RM,)?

Finally, substitute (5.15) and solve for RM, and RM , as functions of d,:

(Ao — bukia)’ = Co” — K2 + K2

2(/4;0 — IQA)

RM ,(8,) =

(5.18)

RM.(6,) = /5% — (5 — RM,(6,))?

The final position of RM with respect to the leading edge (which is also the origin of the

canopy coordinate system), scaled by the length of the central chord ¢j of the wing, is then:

ot yne(8a) = co - (—RM4(84),0, RM .(64)) (5.19)

Where RM , was negated since the wing z-axis is positive forward.
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5.2.2 Inertia

This simplistic model assumes the inertia of the lines is negligible compared to that of the
canopy; in particular, inaccuracies in the simplified canopy inertia are more significant than

the line inertia, so this model simply defines the translational and rotation inertia as zero.

5.2.3 Resultant force

Although the lines are nearly invisible compared to the rest of the wing, they contribute a
significant amount of aerodynamic drag. Because the total system drag of a paraglider is
relatively small, even a small increase can have a large impact on sensitive characteristics
such as glide ratio; in fact, paraglider suspension lines contribute upwards of 20% of the
total paraglider system drag ([30], [20]), and should not be neglected.

This model does not provide an explicit line geometry, so it can’t compute the true line
area distribution. Instead, it lumps the entire length of the lines into configurable control
points; for example, given the total line length and average line diameter, the line area can
be lumped into singularities such as the centroid of line area for each semispan. As with
other similar designs [20], this model treats the drag as isotropic (because the operating
ranges of alpha and beta are so small the line drag is effectively constant, and what little
force exists along the z-axis is negligible compared to the lift of the canopy). Given the
total area Sjines represented by each singularity the total aerodynamic drag at some control

point L can be calculated as in [20] or [30]:

Sl — KL K4 (5.20)
1 2 N
fl,aero,n = §pair HUW/LnH SlCd,l,n'UW/Ln (5.21)
1 N
fl,aero = N nz:l fl,aero,n (522)

N
1
gi/r = N Z Tcr,/R X fl,aero,n (523)
n=1
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5.2.4 Parameter summary

For the harness position:

KA Chord ratio to the A lines

KC Chord ratio to the C lines

Ky Chord ratio to the z-coordinate of the riser midpoint (5.24)
K Chord ratio to the z-coordinate of the riser midpoint
Ka Accelerator line length
For the brakes:
Sstart,0; Sstart, 1 Section indices where deflections begin for &, € {0, 1}
Sstop,0s Sstop,1 Section indices where deflections end for §, € {0,1} (5.25)
Kp Maximum trailing edge deflection distance

For the aerodynamics:

KL Total line length

Kd Average line diameter
(5.26)
TCP,/R Position of lumped control point n
Cain Line drag coefficient for control point n

5.3 Harness

A paraglider harness is the seat for the pilot, which is suspended from the risers. Safety
straps over the legs and chest ensure the pilot cannot fall from the harness in turbulent
conditions or during unsteady maneuvers. A tensioning strap in front of the pilot’s chest
controls the horizontal riser separation distance, which allows the pilot to adjust the balance
between stability (sensitivity to turbulence) and wing responsiveness to weight shift control.
In addition to giving the pilot a safe place to sit, the harness also provides places to store
the pilot’s gear, a pouch to contain the emergency reserve parachute, and optional padding

to protect the pilot in the event of a crash.



72

Instead of attempting to capture all the geometric irregularities of paraglider harnesses,
this model calls upon a time-honored solution from physics: it considers the harness as a
sphere. Moreover, the pilot, gear, and reserve parachute are accounted for by simply adding
their masses to the mass of the harness. The harness, pilot, and gear are collectively referred

to as the payload.

5.3.1 Controls

Paraglider harnesses allow pilots to shift their weight left and right, causing an imbalanced
load on each semispan. (For a real wing this maneuver also causes a vertical shearing stress
along the center of the foil, but due to the rigid body assumption of the canopy model this
deformation will be neglected.) The weight imbalance causes the canopy to roll towards
the shifted mass, resulting in a gentle turn in the desired direction. Although the turn rate
is less than can be produced by the brakes, this maneuver causes less drag and is preferred
(when suitable) for its aerodynamic efficiency.

The movement of the pilot can be arguably described as occurring inside the volume of
the harness, so weight shift control can be modeled as a displacement of the payload center
of mass P. Given that the pilot can only shift a limited distance k. in either direction,
a natural choice of control input is —1 < d,, < 1. With the harness initially centered in
the canopy zz-plane, the displacement due to weight shift control is Ay = dykyw. The
displacement of the payload center of mass produces a moment on the risers that rolls the
wing and induces the turn.

Defining the riser midpoint RM as the origin the harness-local coordinate system, the

position of the displaced center of mass is then:

rp/rRM = Tp/rM + (0, Swhiuw, 0) (5.27)
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5.3.2 Inertia

As in [44] (and similarly in [20]), the payload is modeled as a solid sphere of uniform density.
With a total mass m,,, center of mass P, and projected surface area .S;,, the moment of inertia

about the payload center of mass is simply:

Jozw 0 0
Jp/P = 0 Jyy 0
0 0 J,.

where

5.3.3 Resultant force

Harness drag coefficients were studied experimentally in [44]. The author measured several
harness models in a wind tunnel and converted the results into aerodynamic coefficients
normalized by the cross-sectional area of the sphere. For a more sophisticated approach
the coefficient can be adjusted to account (approximately) for angle of attack and Reynolds

number [20], but this model simply treats the drag coefficient as a constant.

fp,weight = mpg (5.28)

1 2 N
fp7aero = §Pair H'UW/PH SpCDJ,UW/P (529)
9p/rR =TcP/R X fp,aero + Tp/R X fp,weight (53())

Note that the spherical nature of the model implies isotropic drag. Although this is clearly
a poor assumption for such a significantly non-spherical object, the fact that the wind is
rarely more than 15 degrees off the x-axis means the such a “naive” drag coefficient will
remain fairly accurate over the typical range of operation (regardless of the poor geometric
accuracy). This assumption also has the downside that it will never produce an aerodynamic
moment about the payload center of mass, but in the absence of experimental data on the

magnitude of the missing moment, this model continues to ignore it.



5.3.4 Parameter summary

my Total payload mass
Tp/RM Payload center of mass default position
Kw Maximum weight shift distance

Sp Projected payload area

Cap Payload drag coefficient



Chapter 6

SYSTEM DYNAMICS

This chapter combines the individual component models into composite system dynamics
models. In this paper, a system dynamics model is a set of derivatives that define the
translational and angular acceleration of groups of components that represent an aircraft,
specified using a coordinate system attached to the aircraft. Developing a system model

can be roughly described as a sequence of steps:
1. Choose a set of components to represent the aircraft
2. Characterize their connections
3. Choose a dynamics reference point for the composite system

4. Develop the system of equations for the accelerations

6.1 Components

The previous chapter defined component models for the canopy, suspension lines, and har-
ness; in the system models, these are lumped into two quasi-rigid-body groups called the
body and the payload. The body of the glider is the combination of canopy and suspension
lines. The payload includes the harness, pilot, and their gear (in this simplified model, the
pilot and their gear are treated as additional masses that are added to the mass of the
harness).

These models are quasi-rigid because the dynamics equations will only consider their
instantaneous configurations when calculating their accelerations; conservation of momen-
tum requires accounting for redistributions of mass, but doing so would require inertia
derivatives as functions of time derivatives of the control input (such as weight shift, accel-
erator, etc), which would significantly complicate the model. Because the redistributions of
mass are relatively small for typical scenarios, these models assume the affect of violating

conservation of momentum is negligible.

75
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It is important to note that the unfortunately ambiguous terminology of body is de-
liberate. The paraglider community typically refers to the combination of canopy and
lines as a paraglider wing, but the “body” convention improves consistency with existing
parafoil-payload literature (which in turn inherited the term from conventional aeronautics
literature). Some texts prefer the term parafoil, but having the same prefix p for both
parafoil and payload makes subscripting the variables unnecessarily difficult. Similarly, us-
ing “wing” would be preferred in this context, but subscripting with w causes confusion
when discussing wind vectors. Referring to whatever group of components include the

canopy as the body was a compromise chosen for consistency with existing literature.

6.2 Connections

Next, the system model must characterize the connection between the body and payload.
In literature, parafoil-payload models are commonly categorized by their degrees-of-freedom
(DoF): the total number of dimensions in which the components of the system are free
to move. The body has 3-DoF for translational motion and another 3-DoF for rotational
motion, and if the payload is allowed to translate or rotate relative to the body, those
additional DoF are added to the total DoF of the system model. For example, in a 6-DoF
model, the body and payload are connected as a single rigid body, with no relative motion

between them.

Fig. 6.1: Diagram for a 6-DoF model.

For typical paragliding flight maneuvers, assuming a fixed payload orientation is rea-
sonably accurate, but with one significant failing: although the relative roll and twist are

typically negligible, relative pitch about the riser connections is very common, even during
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static glides. Friction at the riser carabiners (and aerodynamic drag, to a lesser extent)
dampen pitching oscillations, but the payload is otherwise free to pitch as necessary to
maintain equilibrium. Assuming a fixed relative pitch angle introduces a fictitious pitching
moment that disturbs the equilibrium conditions of the wing and artificially dampens the
pitching dynamics during maneuvers. To mitigate that issue, the obvious solution is to
add an additional DoF, but for demonstration purposes it is simpler to define a full 9-DoF
model, where the body and payload are connected at the riser midpoint RM. The con-
nection is modeled as a spring-damper system, which produces an internal force Fr and

moment Mpg:

Fig. 6.2: Diagram for a 9-DoF model with internal forces.

6.3 Reference point

Each dynamics model must choose a reference point about which the moments and angular
inertia are calculated. A common choice for conventional aircraft is the center of real mass
because it decouples the translational and angular dynamics of isolated objects. For a
paraglider, however, this is not possible: paragliders are sensitive to apparent mass, which
depends on the direction of motion, so there is no “center” that decouples the translational
and rotational terms of the apparent inertia matrix [24]. Because the system matrix cannot
be diagonalized there is no advantage in choosing the center of real mass. Instead, the

reference point can be chosen such that it simplifies other calculations.
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In particular, the method to estimate the apparent inertia matrix requires that the
reference point lies in the xz-plane of the canopy. Two natural choices in that plane are
the leading edge of the central section, or the midpoint between the two risers. The riser
midpoint RM has the advantage that is a fixed point in both the body and payload coor-
dinate systems, which means it does not depend on the relative position or orientation of
the payload with respect to the body. (This choice simplifies the equations for the 9-DoF

model while maintaining consistency with the 6-DoF model.)

6.4 System inputs

The inputs u to the system model the control inputs for each component (with the excep-
tion of the trailing edge deflection distances d4(s) which are computed internally using the
suspension lines and foil geometry models), the wind velocity vy /., air density pair, and

the gravity vector g.

u = {(5(17 6bl> 6b7“7 5wav€/[//evpairagb7 } (61>

Here the wind field is assumed to be uniform so the wind velocity at every control point is
defined by a single, constant vector, but for non-uniform wind fields there will be a unique

wind vector for each aerodynamic control point.

6.5 Equations of motion

The equations of motion are developed by solving for the derivatives of translational mo-
mentum °p = > F = mo and angular momentum ¢h = > M = Jw for each group of
components [11]. In addition to requiring the forces, moments, and inertia matrices for each
component, each system model must choose a dynamics reference point and whether to ac-
count for the affects of apparent mass. The appendiz includes derivations demonstrating
different choices for several each model.

For the 6-DoF model, the most complete is Model 6a which accounts for the effects of

apparent mass, while Model 6b and Model 6¢ have the advantage of simplicity (making them


https://en.wikipedia.org/wiki/Equations_of_motion
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easier to implement and useful for validating implementations of more complex models).
The derivation produces a system of equations (2.13) that can be solved for the two vector
derivatives that describe the accelerations of the body relative to the earth frame F. taken

with respect to the body frame F;:

Y Je translational acceleration of the riser midpoint RM 6.2

b Je angular acceleration of the body

Similarly, for the 9-DoF model, Model 9a also develops a complete system of equations
(2.32) that account for apparent mass of the canopy, but with the addition of a separate

angular acceleration for the payload with respect to the payload frame F,:

bo RM /e translational acceleration of the riser midpoint RM
b Je angular acceleration of the body (6.3)
Pwy, /e angular acceleration of the payload



Chapter 7

STATE DYNAMICS

The System dynamics defined the instantaneous accelerations of the aircraft in terms of
local reference frames traveling with the aircraft. To record the behavior of an aircraft
over time, a set of variables must be chosen to encode the state of the system relative to
some global reference frame. The state dynamics — time derivatives of the state variables
— encode the dynamic behavior of the aircraft in that global frame. A flight simulator
integrates the state dynamics to generate a state trajectory: a record of how the state of
the aircraft evolved over time.

This chapter develops state dynamics models for the paraglider system models. For
each system model, it chooses a global coordinate system, defines a set of state variables x
in terms of that global coordinate system, and defines the state dynamics & in terms of the

system dynamics.

7.1 State variables

To track the position of the glider, the state models must choose a reference point in the
glider’s local coordinate system. It does not have to be the same reference point used to
calculate the system dynamics, but it turns out the riser midpoint RM is also good choice
for tracking the glider position. Because the riser midpoint is close to where a pilot would
likely mount their flight recorder, it is likely to be representative of the data in a flight track,
which makes it the most convenient point for comparing real flight data to simulated data.
Another advantage is that the riser midpoint is typically very close to the glider center of
mass, which makes the position data easier to understand when developing the models.
Next, the state model must choose a coordinate system for the position. Most GPS
applications, including paraglider flight records (IGC files), encode position using the WGS-
84 geodetic datum, which uses the geocentric coordinates of latitude, longitude, and altitude.
However, positioning on the global spheroid is overkill for these simulations, so to avoid the

complexity involved with angular coordinates the state models here use a tangent-plane (tp)
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approximation ([12], p. 27) that records position as a linear displacement from an arbitrary
origin.

For orientation, there are two common representations: Fuler angles and quaternions.
Euler angles have the advantage of being easier to understand, but they can experience
an issue known as Gimbal lock which prevents their use in situations where the aircraft
rotates to extreme angles. Although the limitations of the paraglider aerodynamics make
it unlikely for the simulator to encounter situations in which the glider is facing straight up
or straight down, quaternions provide peace of mind and a minor improvement in compu-
tational efficiency.

Given these choices, the state variables of the 6-DoF models are four vectors:

TRM/O absolute position of the riser midpoint RM
UVRM /e translational velocity of the riser midpoint RM
Qv/tp orientation of the body to the tangent plane

Wy/e angular velocity of the body

Similarly, the 9-DoF models use the same four vectors, plus an additional quaternion and

angular acceleration vector for the payload:

TRM/O absolute position of the riser midpoint RM
VRM /e translational velocity of the riser midpoint RM
Qv/tp orientation of the body to the tangent plane
p/tp orientation of the payload to the tangent plane

Wp/e angular velocity of the body

w.

/e angular velocity of the payload
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7.2 State derivatives

Next, define the derivatives of the state variables in terms of the current state and the
system derivatives. The derivative of state variable for position is straightforward since it
uses the same reference point as dynamics. The only modification is that the derivatives
calculated by the system dynamics models were taken in the body and payload reference
frames, F3, and F,, but tracking the position and orientation of the aircraft relative to the
tangent plane requires derivatives taken with respect to the inertial frame F.. To provide
the simulator with the proper derivatives, the state dynamics models must use the equation
of Coriolis ([12], Eq. 1.4-2) to calculate the derivative of velocity taken with respect to the
inertial frame:

eing/e =Cuppp - (b’b%M/e + wg/e X U%M/e)

“Wpje = "Wy

e p

WP = DPgP
p/e

p/e

For the orientation state variable, the time derivative of a quaternion q that is tracking
the orientation of an object can be calculated using the object’s angular velocity vector
w = {p,q,r} in the coordinate system attached to that object (wg/6 for the body, or wg/e

for the payload) ([12], Eq. 1.8-15):
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The complete set of state dynamics equation for the 6-DoF models in terms of the system

derivatives (6.2) and state variables (7.1) are then:

2P — tP

eTRM/O = YRrM/e

-t bb b b
e"’ng/e =Cuppp - ( VRM e T Wpye X ”RM/e>
(7.3)
e . 1

Qv/tp = §Qb/tp “Qy/tp

ewll;/e = bwb/e
Similarly, the complete set of state dynamics equation for the 9-DoF models in terms of the

system derivatives (6.3) and state variables (7.2):

-t
6,,,]7

tp
RM/O = YRM /e
-t bb b b
e"sz/e =Cipp - < VRM e T Wpye X vRM/e)
. 1
eqb/tp = iﬂb/tp “Qv/tp

. 1
“Qpip = §Qp/tp “dp/tp

(7.4)

b-b

e-b _b;
wb/e - wb/e
ep _p.;DP
w = "W
p/e p/e

The state dynamics models in (7.3) and (7.4) are ready to be used with a suitable numerical
integration method to generate the state trajectories. Due to the significant nonlinear
behavior of the dynamics, the implementation for this project uses a standard 4th order

Runge-Kutta method.


https://en.wikipedia.org/wiki/Runge%E2%80%93Kutta_methods

Chapter 8

DEMONSTRATION

The motivation for this project was a need for paraglider flight dynamics models for com-
mercial paraglider wings. The goal of this project was to build those system models by
creating parametric component models that augment the limited available specifications
with assumptions of the unknown structure. This chapter demonstrates one possible work-
flow to estimate the parameters of those component models by combining publicly available
technical specifications and photographs with knowledge of typical paraglider wing design.

The paraglider wing used in this example is a Niviuk Hook 3. With forgiving flight
characteristics targeting advanced beginners, this wing is not intended for acrobatics, so
the limitations of the aerodynamics method are not an issue when simulating the majority
of flights produced by this wing.

Wing data for a commercial wing is typically limited to four sources:
1. Technical specifications and user manuals
2. Flight test data from certifications and reviews

3. Pictures and videos

W

. Physical measurements

For this chapter, only the first three will be utilized. Although physical measurements
are ideal, they are frequently difficult to obtain (especially for older wings). Instead, this
demonstration is focused on showing that it is feasible to create an approximate wing model

even if physical measurements are unavailable.
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Fig. 8.1: Front-view of an inflated Niviuk Hook 3

8.1 Technical specifications

The following sections demonstrate how to estimate the parameters for a size 23 version of
the wing. The same process is used (but not shown) to create models of the size 25 and 27
wings to validate the modeling choices and implementation.

The process begins with the primary technical data from the official technical specifi-

cations manual:


https://niviuk.com/niviuk/customer_pdf/Descatalogado/Hook%203/Datos%20t%C3%A9cnicos/HOOK3_TECNIC_ENG.pdf
https://niviuk.com/niviuk/customer_pdf/Descatalogado/Hook%203/Datos%20t%C3%A9cnicos/HOOK3_TECNIC_ENG.pdf

Table 8.1: Wing data

Property [unit] Size 23 | Size 25 | Size 27
Flat area [m?] 23 25 27
Flat span [m] 11.15 | 11.62 | 12.08
Flat aspect ratio 5.40 5.40 5.40
Projected area [m?] 19.55 | 21.25 | 22.95
Projected span [m] 8.84 9.22 9.58
Projected aspect ratio 4.00 4.00 4.00
Root chord [m] 2.58 2.69 2.8
Tip chord [m] 0.52 0.54 0.56
Standard mean chord [m] | 2.06 2.14 2.23
Number of cells 52 52 52
Total line length [m] 218 227 236
Central line length [m)] 6.8 7.09 7.36
Accelerator line length [m] | 0.15 0.15 0.15
Solid mass [kg] 4.9 5.3 5.5
In-flight weight range [kg] | 65-85 | 80-100 | 95-115
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Recall that a “paraglider wing” includes both the canopy and the suspension lines,

so the technical data describes both components. It also includes the weight range that

the wing can safely carry while retaining control authority, which will be used to define a

suitable payload.
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8.2 Canopy

The first component model of the paraglider system is for the canopy. The canopy model
combines an (idealized) Foil geometry model with physical details to estimate the aerody-
namics and inertial properties of the canopy. For the canopy model parameters, it’s easiest

to think of them in two groups:

1. Parameters for the design curves that define the variables (3.15) of the foil geometry

model.

2. Parameters for the physical details (5.10)

8.2.1 Foil geometry

Layout The first part of specifying a foil geometry is to layout the scale, position, and
orientation of its sections.

For a parafoil, it’s easiest to start by describing the geometry of the flattened (un-
inflated) canopy before dealing with the arc. This approach is made much easier by the
choice of the Simplified model to define the section index as the normalized distance along
the yz-curve. When a parafoil is flattened the section index corresponds to the normal-
ized distance along each semispan, which allows the z-positions and chord lengths to be
measured directly without regard for the arc.

First, consider the chord length distribution ¢(s). The technical specifications only
list the root, tip, and mean chord lengths, so more information is required. Thankfully,
for parafoils a reasonable guess is that the wing uses a truncated elliptical distribution.
(Paragliding wings commonly use truncated elliptic functions because they encourage ellip-
tical lift distributions, thus reducing induced drag.) Such a truncated elliptical distribution
can be easily parametrized by the wing root and wing tip section chord lengths, as shown
by the FElliptical chord design curve. The technical specs list these two parameters as
Croot = 2.58 and cyip = 0.52, respectively. Using those values produces a standard mean

chord length of 2.06, which exactly matches the value listed in the manufacturers specs,
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so the assumption was justified. An additional check is to compare the area of the flat-
tened chord surface projected onto the zy-plane; for these values the truncated elliptical
produces a flattened area of 22.986 compared to the true specification of 23.0, which further
confirms the design. (The small discrepancy may be explained by differences in measuring
methodology or by the current absence of any geometry twist, but in practice the effect is
negligible.)

Next is the fore-aft positioning of the sections, which are controlled by the r,(s) and
x(s) design curves. Although traditional wing geometry models would effectively choose
rz(s) = 0 and measure the z-offsets of each section’s leading edge, that choice often produces
an unnecessarily complicated z(s) function. Instead, paragliders can often be described with
constant r,(s) and x(s) = 0. As with the chord lengths, the value of r;(s) is easiest to
estimate from the flattened wing; in fact, flattened drawings are commonly available in
technical manuals, making them especially convenient. (Admittedly, such drawings do not
always maintain the true aspect ratio, and so should be used with caution.) For this wing, a
small amount of trial and error using a top-down view from the wing user manual suggests
a constant r,(s) = 0.7 gives a strong agreement with the drawing in the manual, as seen in

Fig. 8.2.

Fig. 8.2: Top-down outline of flattened canopy

The black outline is the boundary of the model’s flattened chord surface. The colored background
is taken from the user manual for the wing.

With the flattened chord surface completed, the next step is to define the arc (position

in the yz-plane) to bend the flattened surface into its characteristic shape. Photos of the

wing suggest that an elliptical arc segment is likely. The exact value of the arc reference

points 7y.(s) has a minimal impact for typical parafoils (which have relatively small geo-
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metric twist), but a reasonable guess is to use the quarter-chord position r,,(s) = 0.25.
For the arc positions yz(s), an Elliptical arc can be defined using three parameters: two
for the normalized shape (I'yip and ¢tip) and one for the scale (bga). There are several
ways to estimate the elliptical arc parameters of the physical wing, such as the width to
height ratios, or visual estimation of the arc angle, but since the specs included both the
flattened and projected spans, the simplest method is to guess a value for ¢, and increase
I'tip until the projected span matches the expected value. Starting with an initial guess of
brip = 75, a few iterations shows good agreement with I'yj, = 32. Checking the fit shows
a projected span of b = 8.845 (versus the true value of b = 8.840) and a projected area of
S = 19.405 (versus the true value of S = 19.550). As with the flattened values, the small
discrepancy may be explained by differences in measurement methodology, and likely isn’t
worth optimizing further.

After the relatively straightforward process of positioning the sections is the more
difficult task of estimating their orientation. In the simplified model, section roll ¢(s) is
defined by the curvature of the yz-curve and the section yaw ~(s) is defined as zero, but
the section pitch 6(s) (or geometric torsion) can be difficult to determine (even with a
physical wing in hand). Relying on the fact that parafoils commonly benefit from a small
amount of increasing geometric torsion towards the wing tips (or washin), a conservative
guess of 4° at the wingtip should be reasonably accurate [32]. For lack of better information,
this demonstration chose a piecewise linear model that grows 0-4° degrees over the range

0.05 < |s| < 1.

Profiles Having finished defining the section layout (scale, position, and orientation), each
section must be assigned an airfoil [37]. The most accurate way to determine the section
profiles would be to cut open the wing and trace the outline of the internal ribs, but in
this case that’s not an option. Another option would be to search an airfoil database, but
the simplest approach is to use a choice from literature. When using literature, it’s impor-
tant to keep in mind that although papers discussing “parafoils” and “ram-air parachutes”

have much in common with paraglider canopies, those papers are typically analyzing large
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canopies designed for heavy payloads.

From the ram-air category, [29] observes that many “older designs” use a Clark-Y airfoil
with 18% thickness; it also mentions that “newer gliders” have been design with “low-speed
sections”, such as the LS(1)-0417 (for example, see [45]). For literature targeting paragliders
specifically, one option is the NACA 23015: a classic, general purpose airfoil used in the wind
tunnel model [19]. Another paraglider-specific option is the “Ascender”: an 18% thickness
airfoil developed for an open-design paraglider [32]; for an example of literature using that
airfoil, see [46].

The criteria for selecting an airfoil is beyond the scope of this demonstration, but a
key observation is the tendency for paragliders to use unusually thick airfoils. The rea-
son for this is that thick airfoils tend to have more gentle stall characteristics, since their
low-curvature leading edges encourage flow attachment as the angle of attack increases.
Higher performance wings may select thinner airfoils to reduce drag, because the Hook 3
is a beginner-friendly wing this model uses a NACA 24018; it’s similar to the 23015 used
by the wind tunnel model but with 18% thickness. (For the curious reader, using the As-
cender airfoil barely changes the equilibrium conditions for the wing; small changes to the
equilibrium pitch angles and a small increase in the range of airspeeds, but otherwise the
change had a surprisingly small effect.)

After choosing an airfoil, the next step is to modify it support the brake inputs. The
unmodified airfoil defines the section profiles when no brakes are applied, but a paraglider
must deform those profiles in order to turn and slow down. This poses a significant difficulty
with modeling a paraglider, since the deformation is a complex process. Unlike wings made
from rigid materials with fixed-hinge flaps, the brakes produce a continuous deformation
along variable-length sections of the profile. Instead of dealing with that complexity, this
project uses a strategy to simply guess the deflected geometry.

To begin, observe that the trailing edge of a braking paraglider typically exhibits a
transition region followed by a gentle curve. In the interest of practicality, model the
transition and trailing regions as circular arc segments. (This modeling choice is made with

no theoretical justification beyond the recognition that spherical shapes tend to appear
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as the energy-minimizing state of a flexible surface under tension.) Because this is not
a theoretically well-justified model the algorithm will not be covered in detail, but this

“two-circle model” can be used to generate a set of deflected airfoils.
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Fig. 8.3: Two-circle model to generate an airfoil with a smoothly-deflecting trailing edge.

For the upper surface, first choose a point (a) at some distance from the trailing edge
(c) and attach a circle C2 tangent to the airfoil at a and replace the transition region of the
airfoil with an arc from a to b; then, place a second, larger, circle C1 tangent at b and draw
another arc for the remaining length of the upper curve. For the lower surface, choose a
point d some distance roughly equal to the modified length of the upper surface and use
a Bézier curve to draw a deflected lower surface between d, the new trailing edge c, and
the point where the deformed upper surface curve crosses the original (undeformed) lower
surface curve. The radius of the smaller circle C2 controls the sharpness of the transition,
and the radius of the larger circle C1 controls the maximum steepness at the trailing edge.
This procedure maintains the length of the upper surface, but neglects the wrinkling that

normally occurs along the lower surface.



92

Using this procedure with the NACA 24018 as the baseline produces a set of reasonable-

looking curves:

0.1 A1

oo+
-0.1 -

-0.2 bq = 0.203

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 8.4: Set of NACA 24018 airfoils with trailing edge deflections.

At this point the reader should be highly skeptical of this airfoil set. The choice
of airfoil, and how the airfoil deforms in response to trailing edge deflections, is full of
assumptions. Nevertheless, these results will be used for the remainder of this chapter as a
means to demonstrate the working of the model. As a result, an important thing to keep in
mind when interpreting the results of these choices is that choosing such a large radius for C2
is wildly optimistic, but was chosen anyway to reduce the curvature of the transition region.
For small brake inputs the transition curvature is negligible, but becomes progressively
sharper as deflection increases. High curvature can be a problem for some theoretical
models used to estimate the section coefficients (including the viscous/inviscid coupling
method in XFOIL [47]), since the high curvature inhibits the method from converging
on a solution when viscosity is taken into account. Softening the curvature allows the
estimate to converge, but at the cost of hiding convergence failures that typically suggest
flow separation. As a result, this profile set is likely to overestimate lift and underestimate

drag.

8.2.2 Physical details

In addition to a foil geometry, a canopy model requires details of physical attributes such
as surface material densities and air intake extents in order to calculate inertial properties

and viscous drag corrections.
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Surface materials In this case, the surface material densities can be read directly from the

materials section of the user manual:

Table 8.2: Hook 3 material densities

Surface Material Density [%l
Upper Porcher 9017 E77A | 0.039
Lower Dominico N20DMF | 0.035

Internal ribs | Porcher 9017 E29 0.041

In addition to the material densities, the canopy model requires the number of cells to
determine the distribution of mass for the internal ribs. The specs lists Ncens = 52, which
implies the wing has 53 ribs (including the wing tips). In reality the ribs are ported (holes
that allow air to flow between cells) so assuming solid ribs is an overestimate, but since
the canopy model is neglecting the mass from the remainder of the internal structure the
discrepancy should (partially) balance out.

For the air intakes, the model must know the spanwise extent (since sections near
the wing tips typically do not include air intakes). The user manual provides a projected
diagram (Fig. 11.4, p. 17) which shows that the air intakes start at the 21st of 26 ribs (the
27th “rib” in the diagram is part of the stabilizer panel) spreading out from the central rib;
assuming a linear spacing of the ribs this would correspond to s = 0.807, S0 Seng = 0.8 is a
reasonable guess.

The other dimension of the air intakes is the size of their opening, which is determined
by the extent of the upper and lower surface for each section profile. This value is difficult
to determine precisely from photos, but thankfully its effect on the solid mass inertia and
viscous drag is relatively minor; in the absence of physical measurements, a reasonable guess
is rupper = —0.04 and rigwer = —0.09 for an air intake length roughly 5% of the length of
the chord. For a related discussion, see [46].

At this point the canopy can compute the total mass, which is another opportunity to

sanity check the approximations. The technical specs list the total wing weight at 4.9kg,
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— D

Fig. 8.5: NACA 24018 with air intakes

but the canopy materials included in this model only account for 2.95kg. This highlights
the fact that the model neglects the extra mass due to things like the lines, riser straps,
carabiners, internal v-ribs, horizontal straps, tension rods, etc. Fortunately, a significant
amount of that missing mass is near the system center of mass and does not impart a
major weight moment, so for the goals of this project the discrepancy is assumed to have a

negligible impact on the overall system behavior.

Viscous drag corrections The last step is to add the empirical corrections to the section
viscous drag coefficients. The first is a general factor applied to all the sections evenly
to account for “surface characteristics”, as estimated during wind tunnel measurements of

parafoils in [43]:

Cd,surface = 0.004 (81)

The second correction is to account for the additional viscous drag due to the presence of
air intakes at the leading edge of some of the sections. In [30] they propose a simple linear

relationship between the length of the air intake:

h
Cd,intakes = 0.07 E (8.2)

where h is the length of the air intakes and c is the length of the chord. This model
assumes the air intakes constant (but proportional) size along the entire span between from
—Sstart < 8 < —Sgtart- As seen in Fig. 8.5, the air intakes are roughly 5% of the chord, for a
value of roughly Cp intakes = 0.0035. (The precise value is computed automatically by the

implementation.)
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8.3 Suspension lines

The second component model of the paraglider system is for the suspension lines. The
behavior of the lines is deceptively complex, so the numerous parameters of the model were

grouped by related functionality to (hopefully) make their relationships more intuitive.

8.3.1 Riser position

The first group of parameters (5.24) for the suspension line model determine the position
of the harness (and pilot) underneath the canopy as a function of d,, the control input for
the Accelerator.

Typically the most straightforward parameter to procure is k,: the vertical distance
from the riser midpoint to the canopy as a ratio of the central chord c;o0t; for this wing,
the technical specs listed this value as the “Central line length” and can be used directly,

SO Ky = 2%%[%} = 2.64. Similarly, the accelerator line length (the maximum amount the

accelerator can decrease the length of the central A lines) can also be read directly from
the technical specs as kg = 0.15 [m].

Next, the canopy connection positions of the A and C lines as fractions of the central
chord, k4 and k¢, are frequently visible in the line diagrams of the user manual; a quick
measurement of the “Line plan” diagram (Sec. 11.4, p. 17) suggests k4 = 0.11 and
ko = 0.59.

The remaining parameter, k., determines the fore-aft position of the riser midpoint.
At first glance, this value can seem elusive, since it is difficult to determine precisely using
any of the data in the technical manual; in fact, this value is also difficult to measure
accurately from the physical wing, diagrams, or pictures. However, a useful strategy is to
simply delay fixing the value of this parameter until the glider model is complete. The key
insight is to recognize how the position of the harness impacts the equilibrium pitch angle
of the wing, which in turn affects the equilibrium glide ratio of the complete glider. A
simple rule of thumb is that modern paragliders are designed to maximize their glide ratio

at “trim” conditions (that is, when no controls are being used), so choosing a value for x,
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can be accomplished iteratively by choosing the value that maximizes the glide ratio with
zero control inputs. If maximum glide requires braking, increase kappa,; if maximum glide
requires accelerating, decrease kappa,. The exact value will depend on the type of harness
and the weight limit the designer was using as the optimization target, but a reasonable

starting point is k; = 0.5.

8.3.2 Brakes

The second group of parameters (5.25) for the suspension line model determine how the
trailing edge of the canopy is deflected as a function of {8y, 0y}, the control inputs for the
Brakes.

The first four parameters determine how the deflection distribution develops along the
trailing edge as the brake lines are pulled. (Recall that the brake distribution is centered
about Sgtart and sgop, Which are interpolated between their zero- and maximum-brake val-
ues.) Estimating these parameters starts by finding a view of the trailing edge when brakes
are being applied:

First, the zero-brake values. From this picture the deflection appears to begin near
the middle of each semispan. Adding a symmetric margin softens the distribution while
keeping the starting point centered at s = 0.5, S0 Sgtart,0 = 0.3 and Sstop,0 = 0.7 look about
right.

The maximum-brake values are more difficult, since they must coordinate with the
value of k3, but from safety training footage it can be seen that maximum brakes produce a
deflection from roughly sgtart,1 = 0.08 to Sstop,1 = 1.05 (where the stopping position exceeds
the wing tip to indicate that the wing tip itself experiences a small deflection).

Next, the model needs the maximum distance the brake lines can be pulled. On a real
wing the brake lines effectively don’t have a well-defined limit, since a pilot can literally
wrap the brake lines around their hand to pull the trailing edge all the way back to the
risers, but in practice the airfoil set Fig. 8.4 that defines the deflected profiles is limited to
some maximum deflection distance. For that reason, the Suspension lines model uses brake

inputs on a scale from 0 to 1, with a maximum brake deflection distance k. The value of


https://www.youtube.com/watch?v=D-OyGZbOmS0
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Fig. 8.6: Rear-view of an inflated Hook 3 with symmetric brake deflections

should maximize the usable range of the brakes without causing the normalized deflection
distance 64 (5.1) of any section to exceed the distance supported by the airfoil set. Written

a