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Abstract—This project outlines a cost-effective numerical
simulation method for the analysis of the longitudinal mechanics
of paraglider systems. It is built on static stability methods for the
analyses of low subsonic aircraft, non-linear lifting line methods
for aerodynamic parameterization, and frequency domain
analysis methods derived from system theory. Paragliders
possess a glide polar in the range of ≈ 25-60 km.h−1 and
display underdamped dynamic responses dominated by a
long-period mode. The simulation results for performance and
dynamic response are qualitatively valid relative to experimental
data and in the same order of magnitude.

Projektet handlar om utveckling och utvärdering av en kost-
nadseffektiv simuleringsmodell för longitudinella frihetsgrader
av skärmflyg. Modellen är byggd med fundamentala metoder för
stabilitetsanalys av låghastighetsflygplan, ickelinjära lifting-line
metoden för aerodynamikanalys samt frekvensanalys från sys-
temteori. Ett skärmflygs glide-polar är definierad på hastighetsin-
tervallet ≈ 25-60 km.h−1 och visar ett underdämpat dynamiskt
svar med lång period. Simuleringsresultaten för prestanda och
dynamisk stabilitet är kvalitativt giltiga i förhållande till exper-
imentella data och visar samma magnitud.

I. INTRODUCTION

The open distance paragliding world record was set by
foot launching from a 160 m tall hill in the Brazilian desert
and gliding 546.3 km through the turbulent lower bounds
of the troposphere [20]. From a distance perspective - and
assuming a glide ratio of roughly 15:1 for a commercial jet
- this would be roughly equivalent to cutting an airliner’s
engines at the height of the Eiffel Tower above Paris and
then gliding it to Stockholm. Relative to their passenger-
carrying counterparts however, paragliders are designed with a
minute budget and their designers largely use their empirical
knowledge and a specialized computer aided design (CAD)
suite to define geometry; the implementation of cost-effective
numerical simulations is an ongoing competition within the
industry. This project will compile the relevant theory nec-
essary to run longitudinal flight mechanics simulations and
implement them using numerical methods capable of being
run on freeware such as Octave [15], Xfoil [6], and XFLR5
[21]; thus providing designers with a cost effective simulation
method to buttress their existing design tools.

A. Definition

Paragliders are defined as foot-launched ultralight aircraft
[13], are largely used for recreation, and are technically
classified within the family of ram air parafoils. As shown
in figure 1, pilots fly in specialized flight harnesses and are
suspended below the canopy by a line gallery made from high
strength-to-weight ratio synthetic fibers. The canopy is the
primary aerodynamic surface of a paraglider and is constructed
by stitching panels of specialized rip-stop nylon to achieve the
desired aerodynamic shape. Airfoil shaped panels are placed
chordwise throughout the span of the canopy - along with
other panels - to constrain the structure, and an opening near
the leading edge permits air to inflate the canopy when there is
incident airflow; providing internal pressure. Between any two
airfoil panels, the resulting cell will have a tendency to balloon
from both the internal air pressure as well as the aerodynamic

Figure 1. A typical single-person paraglider system showing three main
components: the canopy, the line gallery, and the pilot/payload in a ‘light
pod’ type flight harness.

forces acting on the outer surface of the canopy. As such,
there is constant iteration between the structural constraints
of a design and the aerodynamics as they pertain to flight
mechanics and performance.

Designers are faced with the task of creating flexible struc-
tures that will result in the most aerodynamic shape possible
- relative to the glider’s general design requirements - with
the exclusive use of materials that lack the capacity to carry
compression loads. Furthermore, the resulting design must
also posses characteristics of structural integrity, control, and
recovery from adverse flight conditions that adhere to a set
of certification requirements defined by standards EN-926-
1 and EN-926-2 [16]. Structural integrity tests are pass/fail
whereas the control and recovery tests result in a classification
for the tested glider from EN-A through EN-D; provided the
glider passes all pass/fail criteria. EN-A gliders are charac-
terized by “maximum passive safety and extremely forgiving
flying characteristics [with] good resistance to departures
from normal flight”, whereas EN-D gliders are characterized
by “demanding flight characteristics and potentially violent
reactions to turbulence and pilot errors [where] recovery to
normal flight requires precise pilot input” [16].

Pilots have five means of control at their disposal: a speed
system, symmetric break application, asymmetric break appli-
cation, lateral weight shifting, and ballast. The speed system
permits the pilot to manipulate the line gallery mid-flight and
thus shift their weight longitudinally relative to the canopy’s
aerodynamic center, resulting in a form of longitudinal control.
The break system consist of two sets of lines independently
connected to either half of the canopy’s trailing edge. Pulling
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a line deflects the connected trailing edge by an amount
roughly equivalent to the length of break line that is pulled;
the resulting shape being analogous to gurney flaps [18]. The
break lines permit the pilot to control the canopy longitudinally
when they are deflected symmetrically whereas asymmetric
break application controls motion laterally [3]. A lateral weight
shift is performed by a pilot displacing their weight to either
side of the canopy’s center, resulting in a form lateral control.
Finally, ballast - in the form of water - can be carried and
subsequently jettisoned to manipulate the system’s overall
airspeed and sink rates, which affects behavior in all degrees
of freedom. The lateral control methods were mentioned here
for context but are otherwise outside the scope of this project.

B. Theory Overview

The theory used in this project is a subset of that used for the
study of atmospheric aircraft operating in low-subsonic speeds.
The study of parafoils has largely focused on their use as aero-
dynamic decelerator systems for delivery applications ranging
from small-scale autonomous research-oriented payloads [8]
to NASA’s X-38 Crew Return Vehicle [10]. Paragliders are
comparable in scale to personnel delivery systems with the
distinction that they are optimized for glide performance
rather than deceleration. As such, this project compiles the
necessary theory for the analysis and simulation of recreational
paraglider flight mechanics, a focus not prevalent in existing
research.

In the realm of aerodynamics, H. Belloc performed a series
of wind tunnel experiments on paragliding equipment. One
catalogued the drag areas of different pilot harnesses [1]. The
other presents wind tunnel results for a representative 3D
model of a canopy, yielding a catalogue of aerodynamic data
that could be used to compare results from analytic methods
on the same reference geometry [2].

The method outlined by Bernard Etkin in ‘Dynamics of
Atmospheric Flight’ [7] is widely applicable to the study of
parafoils. However, as shown by Gil Iosilevskii [12], the equa-
tions must be redeveloped to include terms that are necessary
due to the large separation between the main aerodynamic
surface (i.e. the canopy) and the system’s center of gravity
(CG); as compared to traditional fixed-wing aircraft.

The low wing loading of parafoils neccessitates the inclu-
sion of apparent mass terms in the equations of motion, a
need identified and theoretically addressed by Lissaman and
Brown [14]. This is further emphasized by the large separation
between the CG and the volumetric centroid of the canopy,
which is the point of action for the apparent mass terms.

C. Toglia and M. Vendittelli [19] along with Gonzalez et
al. [8] ran simulations with models of varying degrees of
freedom (DoFs) and found that a 6DoF model is sufficient
for qualitative analyses of parafoil flight mechanics.

In the realm of validation, Iacomini and Cerimele [10]
outlined a general method for the extraction of longitudinal
aerodynamic coefficients from flight test data generated using
readily available instrumentation.

Figure 2. Simulation Procedure Workflow

II. METHOD

Figure 2 outlines the implemented simulation strategy. Ex-
isting tools readily permitted the generation of the system’s
geometric data, which was processed to create a numerical
model for the system; where an airfoil design is a part
of the geometric model, but the corresponding aerodynamic
coefficients are a part of the numerical model. The numerical
model was used to run a set of analyses to yield results
which were compared to corresponding experimental data
from flight tests; hence the corresponding two-sided arrow in
the flowchart. The green arrow represents the feedback loop
consisting of the designer’s interpretation of the numerical and
flight test results to adjust the geometry for better congruence
with a design’s requirements.

The overarching assumption used in the method presented
was that we could analyze the system as a rigid body.
While paragliders arev particularly susceptible to aeroelastic
effects due to their flexible structure, they appear to achieve a
sufficiently static shape in their steady flight states to permit
rigid body analysis. Nonetheless, the main limitation of the
assumption is that the numeric results will suffer from systemic
errors in cases where aeroelastic effects are significant.

The nomenclature for all parameters used in the project are
outlined in table I and a representation of the two frame of
reference (FoR) types used throughout the project - body-fixed
(FB) and wind-fixed (FW ) - are outlined in figure 3; noting
that paragliders are symmetric about the xz plane. All FoRs
used are right-handed and Cartesian; furthermore, each has its
origin attached to the system at an arbitrary user-defined point
that is best suited for a particular analysis. The origin of a
given FoR is denoted by a secondary subscript; for example,
the body-fixed and wind-fixed FoRs attached to a system’s
center of gravity would be denoted by FB,CG and FW,CG,
respectively. Specific FoR instances will be outlined where
relevant throughout the project.

The tow point is a common reference point in industry and it
is defined as the xz plane projection of the geometric point on
a paraglider where the lines connected to the canopy come to a
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Table I
PROJECT PARAMETER NOMENCLATURE

Symbol Description
- Frames of Reference, Secs. II & III

FB,X Body Fixed FoR with Origin at Point ‘X’
FW,X Wind-Fixed FoR with Origin at Point ‘X’

- Canopy Geometry Parameters, Sec. II.A.1
Sref Reference Area (m2)
bref Reference Span (m)
Sprj Projected Area (m2)
bprj Projected Span (m)
aprj Projected Height (m)
tavg Average Chord Thickness (m)
cmac Mean Aerodynamic Chord (m)
cctr Center Chord (m)
Rflt Flat Aspect Ratio (-)
Rprj Projected Aspect Ratio (-)
REF Chord Line Reference Point (%)

- Line Gallery Geometry Parameters, Sec. II.A.3
δbrk,max Break Line Deflection, Stall (m)
δacc,max Accelerator Movement Range (m)
θinc Center Chord Incidence Angle (rad)

[ATTCH] Center Chord Line Attachment Point Array (%)
[TOW ] Tow Point Array (%)

- Rigging Parameters, Sec. II.B.1
θr Nominal Rigging Angle (rad)

θr,acc Fully Accelerated Rigging Angle (rad)
- Aerodynamic Parameters, Sec. II.B.2 through II.B.4
α Wind-Fixed Angle of Attack (rad)
CL Lift Coefficient (-)
CL,0 Zero Angle of Attack Lift Coefficient (-)
CLα Lift Coefficient Derivative w.r.t. α (rad−1)
CD Drag Coefficient (-)
CD,0 Zero Lift Drag Coefficient (-)
k Lift Dependent Drag Factor (-)
CM Pitch Moment Coefficient (-)
CM,0 Zero Angle of Attack Pitch Moment Coefficient (-)
CMα Pitch Moment Coefficient Derivative w.r.t. α (rad−1)
ACc Canopy Aerodynamic Center Coordinates (m)
CPl Line Gallery Center of Pressure Coordinates (m)
CPp Payload Center of Pressure Coordinates (m)

- Inertial Parameters, Sec. II.B.3
I Moment of Inertia Tensor (kg.m2)
g Gravitational Acceleration (m.s−2)
m System Mass (kg)
CG Center of Gravity Coordinates (m)

- Apparent Mass Parameters, Sec. II.B.4
mapp,A Apparent Mass, Surge (m3)
mapp,C Apparent Mass, Plunge (m3)
Iapp,B Apparent Inertia, Pitch (m5)

- Performance Parameters, Sec. II.C.2
V∞ True Airspeed (m.s−1)
γ Flight Path Angle (rad)
ZE System Altitude (m)
XE System Longitudinal Ground Track Position (m)
ρ Air Density (kg.m−3)
- Dynamic Stability Parameters, Sec. II.C.3
u x-axis Airspeed (m.s−1)
w z-axis Airspeed (m.s−1)
q Pitch Rate (rad.s−1)
θ Body Fixed Pitch Angle (rad)
θc Canopy Center-Line Pitch Angle (rad)
αx Body Fixed Angle of Attack (rad)
ntot Total G-Force (−)
η Damping Factor (rad.s−1)
ω Frequency (rad.s−1)

single point. It is therefore also a projection of the connection
loops on the riser bundles: the pilot’s physical attachments to

Figure 3. An xz plane projection of the system’s center chord geometry. The
FoRs FB,CG, and FW,CG are shown along with auxiliary variables.

the line gallery and canopy.
A baseline body fixed frame of reference FB,T was adapted

from that which was developed by Iacomini and Cerimele
[10]. The origin was placed at the tow point and tied to a
user defined reference point on the center chord line to create
the z-axis; which is positive when pointing downward from
the chord reference point to the tow point. A right handed
system is created by a perpendicular x-axis which is positive
when pointing forward from the pilot’s head to the pilot’s
feet; the resulting y-axis is aligned spanwise and positive per
convention when pointing from the xz plane to the right hand
wingtip. The body fixed FoR with its origin at the center of
gravity - FB,CG - is parallel to FB,T but translated such that
its origin is placed at the center of gravity rather than the tow
point.

The project adopted Etkin’s convention for both wind-fixed
and body fixed systems so that transformations between FoRs
could be readily performed using the standard linear algebra
methods outlined in chapters four and five of ‘Dynamics of
Atmospheric Flight’ [7].

A. Geometric Model Parameterization

The geometry defining the canopy, line gallery, and tow
point were extracted from David Aberdeen’s purpose built
GliderPlan CAD software [11]. This is a tool already widely
used within the paraglider industry and the only one referred
to in this project that is not open source. Given the project’s
longitudinal focus, the exclusive use of xz plane projections
meant that we often had to calculate projections from the data
available.

1) Canopy Geometry: The canopy geometry extracted from
GliderPlan was divided into three categories: flat geometry,
projected geometry, and center chord geometry.
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Figure 4. Top and back views of the projected canopy geometry i.e. of the
canopy in flight.

The flat geometry is that defining the canopy if it were a
planar wing. Of this subset we required the flat surface area
and flat span, which by industry convention, also represent the
reference surface area Sref and span bref , respectively.

The projected geometry is that defining the canopy when it
is in the arched flight configuration and outlined in figure 4.
Of this subset, we required the projected span bprj , projected
canopy height aprj , and projected area Sprj (not shown).

Post-processing of GliderPlan’s ‘*.wpa’ projected geometry
file with XFLR5 permitted the extraction of our final reference
geometry variables, the mean aerodynamic chord cmac and
average chord thickness tavg

Finally, the center chord geometry is that of the cell on
the wing’s xz plane. Of this subset we required the center
chord cctr, and the user-defined reference point on the center
chord line REF - which is used to define FB,T in conjunction
with the line gallery geometry. REF is a standard GliderPlan
variable.

2) Airfoil Geometry: Due to the canopy’s flexible structure,
pulling the break lines attached to the trailing edge deflects it
downward - into a shape similar to a gurney flap [18] - by
an amount proportional to the break line length pulled. The
gurney flap style deflection produces fairly abrupt angles in the
order of ≈ 90o at relatively large chord percentage deflections.
Due to the difficulty of generating aerodynamic data for these
geometries using XFOIL, an alternative method was devised to
approximate the progressive break deflections. A visualization
of both the gurney style deflection, and the alternative method
are outlined in figure 5.

The alternative method limits the maximum angular deflec-
tion to 45o as this was found to be a reasonable practical limit
such that XFOIL would still converge in the angular range
required. However, given that the percentage of chord deflected
is proportional to the length of break line pulled, the hinge
point also moves. A study of a small sample of certification
reports and the geometries of the corresponding gliders seemed
to indicate that the stall point is generally found when a break
line length corresponding to ≈ 20% of cctr is pulled; noting

Figure 5. Top: actual deflection when the break lines are pulled. Bottom:
approximation of deflections when break lines are pulled with blue showing
no break application and red showing full break application.

that this should not be taken as a hard rule.
The percent of chord deflected was thus defined by trans-

forming the corresponding break line deflections in a range
from no break line deflection to the stall point deflection.
A series of airfoil files were then produced using XFOIL by
placing the hinge point at the bottom surface and progressing
the angular deflection from 0o to 45o - proportionally - with the
percent of chord deflected in the aforementioned range. The
reference chord line was kept as that of the non-deflected chord
line, so as to prevent unnecessary angular transformations.

3) Line Gallery Geometry: The GliderPlan data points
necessary for the method outlined in this project were the line
gallery ‘*.csv’ file, the accelerator movement range (δacc,max),
the break line deflection length required to stall (δbrk,max), the
center chord projections of the line gallery attachment points
([ATTCH], given as a set of percentages of the center chord),
the center chord incidence angle (θinc), and the center chord
projection of the tow point ([TOW ]). The interpretation of
this data will be further elaborated in section II.B.1.

4) Payload Geometry: Due to the multitude of harnesses
available on the market, each with their own particular ge-
ometries - and thus resulting aerodynamic properties - the sole
geometry defined for the payload was the type of harness that
would be used for a given analysis. The harness types can be
broadly categorized into four separate categories as outlined
below and in figure 6:

• Open Harness - The most commonly found harness type.
Pilots flying this harness type generally sit upright with
their legs in open air. They generally have a posterior
storage area which can give a pilot the appearance of
having a turtle-like shell on their back. They tend to be
bulky and generally lacking of streamlining.

• Light Pod Harnesses - Pilots flying this harness type
generally sit semi-upright with their legs out front. These
harnesses have a pod for the pilot to store their legs
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Figure 6. General outline of the four harness category geometries. Clockwise
from top left: Open, Light Pod, Race Pod, Tandem [1].

in, and also include a posterior storage area. The com-
bination of the leg pod and storage area permits some
streamlining.

• Race Pod Harnesses - Pilots flying this harness type
generally sit supine. These harnesses have a pod for the
pilot to store their legs in, and the posterior storage area
is encased in an aerodynamic fairing. The combination of
the leg pod, supine position, and posterior fairing permit
maximum streamlining.

• Tandem Harnesses - These harnesses consist of two
longitudinally staggered open harnesses such that a pilot,
who sits in the rear position, can carry a passenger sitting
in the front position.

B. Numerical Model Parameterization

1) Rigging: The primary rigging calculations served the
function of compiling the relevant data to define the baseline
FoR - FB,T - and all geometry relative to it. They consisted
of the transformations outlined below, with reference to figure
3:
• A temporary, body-fixed FoR FB,temp,1 was defined by

placing the origin at the leading edge of the center chord
airfoil, an x-axis pointing forward along the chord line
from trailing edge to leading edge, and a z-axis pointing
downward from top to bottom surface.

• The [TOW ] values provided by GliderPlan are given
relative to FB,temp,1 such that the x-position is expressed
as a percentage of cctr, and the z-position is expressed
as a percentage of bref . Performing these multiplications
yielded coordinates for the tow point relative to Ftemp,1.

• A new temporary, body-fixed FoR FB,temp,2 was defined
by translating the origin from the leading edge to REF
and then rotating the frame by θinc per right handed
convention. While the airfoil chord line was also rotated
by θinc about REF , the tow point stayed ‘fixed’ in space.

• After the rotation about REF , both the center chord line
and the tow point were fixed in space, which permitted
the definition of the rigging angle (θr) and thus FB,T by
use of the appropriate transformations.

While the transformations above were cumbersome, they were
necessary in order to create a frame of reference tied to a
physical geometry point. They are reflective of the conflicts
that arise when an FoR best suited for geometric design does
not match that which is best suited for anlalysis.

With all geometry defined relative to FB,T , the next step
was defining the geometry resulting from the application of
the speed system. Referring again to figure 3, the speed system
is a reversible mechanism that manipulates the relative lengths
of the forward-most line gallery and the rear-most line gallery
by either shortening the forward-most lines (a ‘speed bar’), or
lengthening the rear-most lines (‘trimmers’), by a maximum
length δacc,max. The net effect is the translation of the tow
point - and the payload attached to it - relative to the rest of
the system; moving the CG, respectively.

The parameters [ATTCH], [TOW ], cctr, and θr were
used to define a system of triangles with which to calculate
the system’s range of movement due to accelerator system
application. Given that δacc,max is generally much shorter than
the length of the corresponding line galleries, the translation
was approximated as a change in the rigging angle solely,
with θr,acc defining the rigging angle of the fully accelerated
system. As such, applying the accelerator system from 0% to
100% results in a proportional change of the rigging angle
from θr to θr,acc.

2) Canopy Aerodynamics: The canopy aerodynamic anal-
yses were performed using a combination of XFOIL, and an
Octave based academic non-linear lifting line (NLL) program
built on the principles outlined by Mark Drela in ‘Flight
Vehicle Aerodynamics’ [17] [5].

XFOIL was used to generate the raw aerodynamic data for
the airfoils representing the range of break line applications
that were outlined in figure 5 and section II.A.2. These analysis
were performed for all break deflections in a Reynolds number
(Re) range representative of a respective paraglider’s general
speed range and spanwise chord sizes, typically between Re ≈
(0.3 −→ 3) ∗ 106. However, in light of XFOIL’s limitations, a
minimum Re of 0.5 ∗ 106 was imposed.

The airfoil data was fed to the NLL code along with a
respective paraglider’s 3D geometry - including the spanwise
variation of break fan influence - to generate aerodynamic
data for the canopy in a wind-fixed angle of attack (α) range
corresponding to normal flight across the entire break range.
Due to their flexible structure, paraglider’s are incapable of
sustaining negative lift coefficients (CL) as these result in a
deflation of the leading edge, a potentially hazardous departure
from normal flight. As such the α range needed is defined from
the angle of attack corresponding to CL = 0 to that resulting
in a stall, typically α ≈ 15o.

In addition to being stored in the form directly output by
the NLL code, the data was also linearized for the purpose of
static stability analyses It was thus necessary to numerically
estimate the location of the canopy’s aerodynamic center, a
process done under the assumption that it exists on the center
chord line. The data was then linearized about the aerodynamic
center in the form:
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CL,c = CL,0,c + CL,cαα (1)

CD,c = CD,0,c + kcC
2
L,c (2)

CM,c = CM,0,c + CM,cαα (3)

where the subscript c indicates a coefficient pertains to the
canopy. Coefficients used without a subscript correspond to
those of the overall system.

Data was also generated for CL,c as a function of pitch
rate (q) about the system’s center of gravity. This was done
by setting α = 0 and generating data across the pitch rate
range ±30 deg/s in the paraglider’s general speed range and
taking the mean to produce a reference data table. Dynamic
terms, like CL,cq were excluded from the aforementioned
linearization for the static stability analysis.

NLL methods are generally inappropriate for analyzing
wings with significant spanwise flow [5], a phenomenon likely
inherent in paraglider canopies due to their relatively large
arch and flight path angles. However, in the absence of other
methods - and the lack of readily available access to wind
tunnels in the industry - NLL methods are the best available
option, despite the assumptions we are likely violating by
using them. As such, the wind tunnel data presented by H.
Belloc in his paraglider canopy wind tunnel experiment [2]
was used as a reference and used to perform aerodynamic
corrections on the NLL outputs; all analyses were run with
and without these aerodynamic corrections for the purpose of
comparison.

3) Line Gallery Aerodynamics: The line gallery can gen-
erally be broken down into 4 sections: the top gallery, mid
gallery, bottom gallery, and riser gallery. The line gallery’s
‘*.csv’ file contains the length of each line in the gallery within
these categories and the corresponding material used for each
line component - which permitted the extraction of material
diameter and weight-per-unit length from manufacturer cat-
alogues. Per consultation with Hoerner’s fluid dynamic drag
catalogue [9], a drag coefficient of CD,l = 1.17 was assumed
for the line gallery. The subscript l indicates a coefficient
pertains to the line gallery..

The line gallery was modelled as a series of circular arc
sections under the assumption that each line gallery’s line area
is evenly distributed across the respective section, as shown in
figure 7. The angle of all sections was taken as that defined by
an arc length bref and an arc radius defined by the distance
from the tow point to the center chord mid-point between the
forward-most line gallery attachment point and the trailing
edge. The gallery’s center of pressure (CPl) was also assumed
to be on this mid-line.

The average length of each section was computed and
projected onto the previously defined arc radius to produce
a virtual radius for each gallery section. This permitted the
computation of the centroid corresponding to each gallery area
using standard geometry computations. By computing the total
incident area of each line gallery area, CPl was estimated by
weighing the centroids with each respective area and taking
the average.

Figure 7. Back and side views of the line gallery model showing the dissection
of the gallery sections into circular arcs to approximate the position of the
line gallery’s center of pressure.

Table II
PAYLOAD AERODYNAMIC AND INERTIAL DATA. ALL COORDINATES

GIVEN RELATIVE TO FB,T IN (x,z) FORMAT.

Harness Type SCD,p (m2) CPp (m) CGp (m)
Open 0.440 (0.0, 0.3) (0.0, 0.3)

Light Pod 0.220 (0.0, 0.3) (0.0, 0.4)
Race Pod 0.165 (0.0, 0.3) (0.0, 0.4)
Tandem 0.660 (0.0, 0.7) (−0.1, 0.7)

4) Payload Aerodynamics: A wind tunnel study performed
by H. Belloc at the Institut Superieur de l’Aeronautique et
de l’Espace in Toulouse, France compiled data for the drag
coefficient of a variety of harnesses [1]. Cross referencing
their findings with Hoerner’s fluid dynamic drag catalogue [9]
resulted in the drag areas outlined in table II per the categories
defined in section II.A.4.

The centers of pressure for each harness type (CPp) were
estimated by the physical measurement of images for different
harnesses under the assumption that CPp is found at the
geometric center of the harness’ incident area. The values
are again outlined in table II. The subscript p indicates a
coefficient pertains to the payload.

5) Inertial Parameters: The system’s center of gravity
(CG) was calculated using standard centroid theory in FB,T .
This permitted the translation of the origin from the tow point
to the CG so as to define the body fixed FoR FB,CGl which
is parallel to FB,T . However, in order to calculate the system
CG location, the individual CGs of the canopy, line gallery,
and payload had to be found first.

The canopy’s CGc was readily calculated using XFLR5,
which was provided a respective canopy’s geometry in a
‘*.wpa’ file along with the corresponding mass. The line
gallery CGl was calculated using the same circular arc approx-
imation outlined in section II.B.3 but taking an average of the
centroid locations weighted with each section’s total line mass
- again assuming an equal distribution of mass across each
respective gallery section. Finally, the CGp for the different
payload types was estimated using a similar inspection method
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as was outlined in section II.B.4 for the estimation of CPp.
This was done under the assumptions that the CG of a human
pilot is found at their navel [4] and that the weight of a flight
harness is small relative to the pilot weight and therefore has
no significant effect on this placement. The values used are
outlined in table II.

The system’s 3x3 inertia tensor (I) about the system
CG was compiled from the three system components us-
ing standard inertia calculations, rotations, and parallel axis
translations. The canopy’s individual inertia tensor was again
calculated using XFLR5 and Gliderplan’s ‘*.wpa’ outputs. The
line gallery has a small enough mass relative to the system -
and even, the canopy - that it’s inertia tensor was neglected; the
corresponding inertia was instead accounted for using a point
mass approximation about the line gallery’s CGl. Finally,
the payload’s inertia tensor was calculated using a library
of inertial data for the human body compiled by the U.S.
Defense Documentation Center for Scientific and Technical
Information [4] and rotated/translated as necessary.

6) Apparent Mass Terms: The apparent mass terms were
implemented through exclusive reference to Lissaman and
Brown’s ‘Apparent Mass Effects on Parafoil Dynamics’ [14].
The authors motivate the need for the inclusion of these terms
in the analysis of lightly loaded vehicles with a wing loading in
the order of less than 5 kg.m−2, particularly when “the lifting
surface is significantly displaced from the major mass”; both
criteria present themselves in paragliders. These terms account
for the inertial effects of accelerating the mass of air that is set
in motion by the paraglider as it moves through an airmass;
these terms do not exert any influence when the system is in
a steady state.

The main assumption in the analysis was that the canopy
could be approximated by a rectangular planform with two
planes of symmetry xz and yz, a chord cmac, average chord
thickness tavg , projected span bprj , and projected height aprj .
Furthermore, given that the apparent mass forces act on the
volumetric centroid of the canopy, it was also assumed that this
could be taken as the canopy’s center of gravity, due to the
relatively uniform distribution of mass in the canopy geometry.

As the analyses were restricted to the longitudinal terms,
the terms required were:

mapp,A = 0.666tavgbprj(1 +
8

3
(
aprj
bprj

)2) (4)

mapp,C = 0.785bprjc
2
mac(

Rprj
1 +Rprj

)√
1 + 2(

aprj
bprj

)2(1− (
tavg
bprj

)2)

(5)

Iapp,B = 0.0308c3macSprj(
Rprj

1 +Rprj
)

(1 +
π

6
(1 +Rprj)Rprj(

aprj
bprj

)2(
tavg
cmac

)2)
(6)

where Rprj is the projected aspect ratio
b2prj
Sprj

. Keeping the
convention used by Lissaman and Brown and shown in figure

Figure 8. A visual representation of the apparent mass and inertia terms along
with the convention used by Lissaman and Brown [14].

8, these terms represent the apparent masses in surge (mapp,A)
and plunge (mapp,C), as well as the apparent inertia in pitch
(Iapp,B).

All terms must be multiplied by the local air density to
achieve the required units of kg, and kg.m2, respectively. It
should be noted that the apparent mass terms presented here do
not behave like scalars, but rather like vectors depending on the
direction of acceleration: surge or plunge. Like normal scalar
mass, they tend to resist the respective acceleration and thus
introduce inertial terms to the dynamic equations of motion.
Furthermore, they do not add weight to the system as their
gravitational acceleration is countered by their buoyancy.

Given that these terms act on the volumetric centroid,
the apparent inertia had to be translated to the system CG
using a parallel axis translation. Furthermore, the forces exert
moments relative to the center of gravity which must also be
accounted for.

Finally, per Lissaman and Brown, modern potential flow
methods will produce better quality apparent mass terms and
“correct results are likely to be lower than those calculated by
this method because of loss of two dimensionality near the
tips”; we are therefore most likely overestimating apparent
mass effects in this analysis [14].
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C. Analyses

With the geometric and numerical models fully defined,
a series of analyses could now be run to characterize the
longitudinal flight mechanics of paraglider systems.

1) Static Stability Analysis: The static stability analysis was
performed as a reproduction of the methods outlined by Gil
Iosilevskii in his paper “Center of Gravity and Minimal Lift
Coefficient Limits of a Gliding Parachute” [12] and using
the equations outlined therein. The method is essentially an
expansion of the static stability method outlined by Etkin [7]
which accounts for the large relative separation between the
system CG and the individual aerodynamic points of action
for each respective sub-component. The drag contributions
towards pitching moment cannot be neglected in paraglider
systems.

The main assumptions are that the system possesses: a
linear lift slope, a parabolic drag polar, a fixed shape canopy,
fixed line lengths, plain flaps for elevons, and that the canopy
aerodynamic forces can be taken exclusively at the presumed
aerodynamic center. This last assumption theoretically reduces
the canopy’s pitch moment to a constant CM,0,c.

An additional body-fixed FoR (FB,LE) - outlined in figure
9 - is introduced here for direct interpretation of the equations
presented hereon. This FoR has its origin at the leading edge of
the chord line, x-axis on the chord line pointing forward from
trailing edge to leading edge, and z-axis pointing downward
from top to bottom surface. The dimensions denoted by a
bar, such as x̄, are dimensionless per the reference dimension
cmac and the coordinates denoted by the subscripts c, l, p, cg
correspond to those of the canopy aerodynamic center, line
gallery center of pressure, payload center of pressure, and
system center of gravity, respectively.

Every combination of control inputs δbrk and δacc results in
a unique aerodynamic state. The full pitching moment equation
for the system in an aerodynamic state respectively defined by
a particular combination of control inputs is therefore given
as

CM = CM,0,c + (CL,c cosα+ CD,c sinα)(x̄c − x̄cg)
+(CL,c sinα− CD,c cosα)(z̄c − z̄cg)

−CD,l(z̄l − z̄cg) cosα+ CD,l(x̄l − x̄cg) sinα

−CD,p(z̄p − z̄cg) cosα+ CD,p(x̄p − x̄cg) sinα

(7)

where α is the wind-fixed angle of attack. Taking α << 1
and introducing the linearized forms of the aerodynamic coef-
ficients outlined in equations 1 through 3 for each aerodynamic
state reduces equation 7 to a function of CL,c such that

CM ≈ [(x̄c − x̄cg)− (
1

CL,cα
)CL,0,c(z̄c − z̄cg)]CL,c

+
1

CL,cα
(1− CL,cαkc)(z̄c − z̄cg)C2

L,c + CM,0

(8)

where

CM,0 = CM,0,c − CD,0,c(z̄c − z̄cg)− CD,l(z̄l − z̄cg)
−CD,p(z̄p − z̄cg)

(9)

Figure 9. Outline of the FB,LE FoR - used for the static stability analysis -
showing the representational placement of the respective centers of pressure,
canopy aerodynamic center, and system center of gravity for an arbitary
paraglider model.

It is noted that the reduced pitch moment equation 8 is a
second order polynomial, implying two possible trim points
where CM = 0. As such, the roots are taken where the system
is statically stable such that ∂CM∂CL

< 0. This results in analytic
formulae for the trimmed lift coefficient

CL,c,trim =
1

2(1− CL,cαkc)(z̄c − z̄cg)
(−CL,cα(x̄c − x̄cg) + CL,0,c(z̄c − z̄cg)

−{[CL,cα(x̄c − x̄cg)− CL,0,c(z̄c − z̄cg)]2

−4CL,cαCM,0(1− CL,cαkc)(z̄c − z̄cg)}
1
2 )

(10)

and pitch moment derivative w.r.t. the lift coefficient at CL,c =
CL,c,trim

∂CM
∂CL

≈ −{[(x̄c − x̄cg)−
1

CL,cα
CL,0,c(z̄c − z̄cg)]2

− 4

CL,cα
CM,0(1− CL,cαkc)(z̄c − z̄cg)}

1
2

(11)

While it is not clear from these equations alone when solutions
exist for equation 8, Iosilevskii outlines a series of conditions
that must be met in order for them to do so. The detailed
derivation - found in the paper - will be left out of this
section. The summary of what is shown however, is that
for paraglider systems we generally have CL,cαkw < 1 and
(z̄c − z̄cg) < 0. As such, the result is that when CM,0 ≥ 0,
solutions exist unconditionally i.e. there is no theoretical
longitudinal limitations on CG placement, and CL limitations
are structural; a paraglider cannot structurally sustain CL < 0.
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However, if CM,0 < 0, there exists a longitudinal limit on the
CG

¯xlim = x̄c −
1

CL,cα
CL,0,c(z̄c − z̄cg)

− 1

CL,cα

√
4CL,cαCM,0(1− CL,cαkc)(z̄c − z̄cg)

(12)

and a minimum lift coefficient

CL,c,trim ≥

√
CL,cαCM,0

(1− CL,cαkc)(z̄c − z̄cg)
(13)

The above equations result in a series of theoretical obser-
vations outlined by Iosilevskii. The first is that loss of stability
imposes a respective forward limit on the CG, and therefore
a minimum limit on the achievable CL; if a theoretical limit
for the CG exists. Iosilevskii’s view is that a system’s CM,0 is
likely almost always negative, and that a theoretical forward
limit therefore exists correspondingly. In addition, it would
be expected that “moving x̄cg backward has a stabilizing
effect” [12]. However, in the absence of a theoretical CG
forward limit, the minimum lift coefficient limit is imposed
by the structural inability of a paraglider to sustain CL < 0.
Furthermore, the upper CL limit is imposed by the canopy’s
stall point.

Moreover, Iosilevskii proposed a series of requirements,
which were slightly adapted for the purposes of this project
per the standards for control set in the governing certification
requirement EN-926-2 [16]:
• R1: There should exist a trim condition for each break

deflection in the control range up to the stall point.
• R2: The lift coefficient at trim should be an increasing

function of elevon deflection for adequate control feed-
back.

• R3: The aft CG limit should be determined by the
minimum elevon deflection range required for control
before stall is achieved.

As such, the equations outlined were applied to each re-
spective paraglider model so as to evaluate the satisfaction of
the claims and requirements outlined above.

2) Performance Analysis: With reference to figure 3, the
performance analysis was performed in a wind-fixed frame of
reference about the system’s CG using the system of ordinary
differential equations (ODEs)

˙V∞ = (−D −mg sin γ)/m

γ̇ = (−L+mg cos γ)/mV∞

ŻE = V∞ sin γ

ẊE = V∞ cos γ (14)

outlined in section 5 of Etkin’s ‘Dynamics of Atmospheric
Flight’ [7] and the governing assumptions therein; mainly
that the atmosphere is at rest relative to the earth, and that
the vehicle can be treated as a rigid body. Additionally, the
performance analysis was performed assuming an altitude of
1000 m in an ISA Standard Atmosphere. The ODEs were

supplemented with the trimming problem characterized by
equation 7, the full pitch moment balance problem outlined
in section II.C.1.

The state space problem was further defined by a state
vector x̂ = {V∞, γ, ZE , XE} containing the system’s air-
speed, flight path angle, atmospheric altitude, and longitu-
dinal ground track position. Furthermore, the control vector
ĉ = {δbrk, δacc,m} was defined to contain the system’s
break deflection, accelerator deflection, and mass. As such,
for a given control input, and resulting state, an output vector
ŷ = {α,CL, CD} was defined containing the system’s angle
of attack, lift coefficient, and drag coefficient.

The system was trimmed by solving for ˙V∞ = 0, γ̇ = 0,
and CM = 0. For a given combination of control inputs δbrk
and δacc, the first step was to solve the system pitch moment
equation, yielding a resulting α, CL, and CD for the system.
Given that L = 1

2ρV
2
∞CL and D = 1

2ρV
2
∞CD, the remainder

of the ODE system could now be solved for the state vector
x̂.

The solutions of the ODE system were used to generate
glide polars with the respective solutions for ŻE and ẊE

across the entire range of control deflections and for a set of
prescribed masses within a glider’s certified weight range. This
yielded the first basis of comparison between our numerical
results and flight test validations.

3) Dynamic Stability Analysis: Again referring to figure 3,
the dynamic analyses were performed in the body fixed FoR
FB,CG about the system’s center of gravity using the system
of ODEs:

u̇ = (Fx −mg sin θ)− (m+ ρmapp,C)qw

m+ ρmapp,A

ẇ = (Fz +mg cos θ) +
(m+ ρmapp,A)qu

m+ ρmapp,C

q̇ =
My − (ρmapp,Cqwzcg,c) + (ρmapp,Aquxcg,c)

(Iyy + ρIapp,B)

θ̇ = q

ŻE = sin θu− cos θw

ẊE = cos θu+ sin θw (15)

outlined in section 5 of ‘Dynamics of Atmospheric Flight’
[7] and adapted to include the apparent mass terms per
‘Apparent Mass Effects on Parafoil Dynamics’ [14] with all
the assumptions outlined in the previous discussion of these
theory subsets.

A traditional 6 DoF model was chosen as it was found
adequate for qualitative analyses by Gonzalez et al. [8] as well
as C. Toglia and M. Vendittelli [19]. Models which represent
the rotational degrees of freedom found in the attachment
points produce more quantitatively accurate results when they
are properly tuned. However, they add significant complexity
to the modelling effort. Furthermore, given that the payload
has a small separation relative to the tow point and dominates
the placement of the system CG, it was determined that
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these additional DoFs would not contribute significantly to
the simulation results relative to the difficulty of effectively
implementing them.

The initial value problem was defined in state space terms
by the vector x̂ = {u,w, q, θ, ZE , XE} containing the sys-
tem’s x-axis velocity, z-axis velocity, pitch rate, body fixed
angle of attitude, atmospheric altitude, and ground track posi-
tion. Additionally, the control vector ĉ = {δbrk, δacc,m} con-
tained the system’s break deflection, accelerator deflection, and
mass. Finally, the output vector ŷ = {α, αx, θc, CL, CD, ntot}
contained the aerodynamic angle of attack, body fixed angle
of attack, canopy center-line angle of attitude, lift coefficient,
drag coefficient, and total g-force; all of which could be
computed using conversions and rotations outlined in section
5 of ‘Dynamics of Atmospheric Flight’ [7].

The forces were defined by

Fx = −D cosαx + L sinαx (16)

Fz = −L cosαx −D sinαx (17)

L =
1

2
ρV 2
∞SCL,c{α, δbrk, q} (18)

D =
1

2
ρV 2
∞S(CD,p + CD,l + CD,c{α, δbrk, q}) (19)

where the canopy’s aerodynamic coefficients - CL,c and CD,c
- were parameterized using tabulated NLL generated data for
respective combinations of α, δbrk, and q. The moment term

My =
1

2
ρV 2
∞ScmacCM{α, δbrk, q} (20)

was also parameterized using tabulated NLL generated data for
the aforementioned combination of inputs but also factored the
geometric effects of θr resulting from an application of δbrk;
it is essentially an expansion of equation 7 which includes the
aerodynamic effects of pitch rate.

The dynamic simulations consisted of trimming for a given
altitude and control variable combination through the use of
Newton-Rhapson methods, which permitted the extraction of a
Jacobian matrix at a given trim state. The trim states were used
as initial values with which to run ODE solvers for a set of
time domain simulations; namely control input step responses.

Frequency domain analyses were performed using small
disturbance theory methods - outlined in section 9 of ‘Dynam-
ics of Atmospheric Flight’ [7] - as well as direct extraction
methods for step response data using Fast Fourier Transform
(FFT) analyses and Least Square Quadratic (LSQ) curve
fitting. Eigenvalue extraction - regardless of methodology -
permitted the computation of the system’s: response period,
time to half/double, and damping ratio.

The small disturbance analyses consisted of transforming
a Jacobian matrix for the system in a given trim state
to a representational state space model, and extracting the
system’s eigenvalues. For direct extraction methods, a given
step response was approximated by a decaying, phase-shifted
sinusoid defined by:

y(t) = Aeηt sin (ωt+ φ) (21)

where A is the amplitude, η the damping coefficient, ω the
response frequency, and φ, the phase shift. Furthermore, η
and ω define the real and imaginary parts of an eigenvalue
λ = η ± iω, respectively. Although LSQ methods provide an
approximation of both η and ω, FFT methods were deemed a
more appropriate method with which to extract ω for a given
response.

D. Flight Testing

Data acquisition flight tests were conducted - using equip-
ment readily available within the paragliding industry - to
provide a basis of comparison for the numerical results of the
steady state performance and dynamic response simulations.
The methods used were based on those outlined by Iacomini
and Cerimele in their paper ‘Longitudinal Aerodynamics From
a Large Scale Parafoil Test Program’ [10].

1) Equipment: The primary instruments used were a Fly-
master ‘LIVESD’ flight computer and ‘TAS’ true airspeed
probe. Longitude/latitude coordinates, GPS altitude, baromet-
ric altitude, sink rate, and airspeed were logged in a ‘*.csv’
file at a rate of 1 Hz; the fastest sample rate available. The
barometric altitude measurements are based on an ISA stan-
dard atmosphere model. These two instruments did provide a
reading for air temperature but had no option for logging it.
Furthermore, these measurements were supplemented with a
smart-phone based application for logging 3-axis accelerome-
ter data at a rate of 400 Hz.

The airspeed probe was suspended below the flight harness;
its vane tail is designed to self-orient the instrument with the
free-stream flow and thus yield a reading for true airspeed.
The variometer and and accelerometer were mounted on a
flight deck which was placed at the approximate location of
the system’s tow point. For most of the systems analyzed -
with the notable exception of tandem wings - the tow point
coincided closely with the system CG.

Tests were recorded with a helmet mounted camera and
marks were made every 10 and 5 cm on the break and accel-
erator lines, respectively. This permitted event time-stamping
and control input estimation. Furthermore, the stall point was
tested and recorded to provide a basis for the percentage of
break line being applied. The accelerator device has a hard
stop at it’s full application point.

All flights were conducted without manipulation of ballast
mass and the total flight mass was recorded upon landing. The
primary instrumentation used is outlined in figure 10.

2) Atmospheric Considerations: Data collection is ideally
conducted in completely still air. Given the relatively low
airspeeds of paragliders and operations in low atmospheric
altitudes, convective disturbances are a challenge. Further-
more, mechanical turbulence and venturis are exacerbated in
the narrow, mountainous valleys of the southern French Alps
where the tests were conducted.

Test flights were pursued at dawn - in the transition period
between katabatic and anabatic phenomena - when the air is
most still. Furthermore, they were conducted in high atmo-
spheric pressure conditions on days when the lapse rate was
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Figure 10. Marked controls, instrument suite, airspeed probe (note the vane
tail), and helmet mounted camera.

inverted, or at least isothermic; so as to further suppress any
convective effects.

Logs from local meteorology stations and model based
skew-t charts for the region were consulted to retroactively
build a model atmosphere, and to verify that conditions were
in accordance with the previously outlined criteria.

The model atmosphere was built by logging the temperature
at take off and landing, and assuming a linear variation with
altitude between the two. Given that the variometer’s baromet-
ric altitude reading is based on an ISA standard atmosphere,
the corresponding air pressure could be extracted for a given
altitude. Cross referencing the air pressure and temperature
from the model atmosphere for a given altitude, permitted an
approximation of the local air density using the ideal gas laws.

3) Glide Polar Data Extraction: Data samples for polar
generation were generated by holding a single control position
for at least 30 s - after letting dynamic effects settle -
so as to obtain an adequate sample for averaging at each
control position. The parallel accelerometer and video data
time samples were monitored in post-processing to verify the
absence of dynamic effects and/or atmospheric disturbances.
The ground speed data - generated by post-processing of GPS
coordinates - was also monitored to verify the absence of wind
effects.

Taking an average of the sink rate and airspeed, the flight
path angle could be approximated as

γ = sin−1(
ŻE
V∞

) (22)

An average of the barometric altitude for the corresponding
time sample permitted an approximation of the local air den-
sity which in turn permitted the experimental approximation
of the longitudinal coefficients

CL =
mg cos γ
1
2ρV

2
∞S

(23)

CD =
mg sin γ
1
2ρV

2
∞S

(24)

and the calculation of the parameters

V∞,1000 =

√
mg cos γ

1
2ρ1000CLS

(25)

Table III
SIMULATION STUDY GLIDER PARAMETERS.

Certification Rflt (-) V∞,trim (km.h−1) Harness
EN-A 4.67 43 Open
EN-B 5.42 44 Light Pod
EN-C 6.75 40 Light Pod

˙ZE,1000 = V∞,1000 sin γ (26)

corresponding to glide polar data normalized to 1000 m in an
ISA standard atmosphere.

4) Dynamic Response Data Extraction: Dynamic response
data was generated by achieving a given steady state (e.g. no
control input) and letting any dynamic effects settle before
applying a target control input as quickly as possible; so as
to simulate a step input. The accelerometer and video data
time samples were monitored in post-processing to verify
the absence of asymmetric control applications and/or lateral
effects, to the extent possible. The data samples were extracted
and processed using the LSQ and FFT methods previously
outlined in section II.C.3 to generate frequency domain data
for the accelerometer measurements. Furthermore, an average
of barometric altitude was taken throughout a data sample to
yield a corresponding approximation of local air density.

The video time samples were processed to approximate how
quickly a control input was applied and thus produce the
corresponding simulations at a given local air density. This
permitted the comparison between experimental and numerical
data in both time and frequency domains.

III. RESULTS

A. Simulation Study: Comparison Across the Certification
Range

The glider parameters for the simulation study are presented
in table III. While other factors are relevant, the certification
rating increases from A to C with increasing aspect ratio.
The simulations were all run with the aerodynamic corrections
relative to H. Belloc’s wind tunnel experiment [2]. The designs
studied are all market-release gliders; as such, the simulations
were run in the configurations that the gliders would typically
be flown in, controlling for wing loading across the range at
3.4 kg.m−2.

1) Static Stability: The systems’ pitch moment values inde-
pendent of angle of attack (CM,0) vary with break application
and have values that are both positive and negative across this
range. No change in CM,0 is observed across the accelerator
range for any of the gliders. The EN-B and EN-C gliders
generally possess more negative values for CM,0 than the EN-
A glider (figure 11).

The system lift coefficients (CL) are increasing functions
of break application and decreasing functions of accelerator
application; they are thus a decreasing function of airspeed
across the control range. No significant differences exist be-
tween the gliders in this regard (figure 12).

For all gliders, the system’s static stiffness ( δCMδCL
) is neg-

ative across the control range. It is a decreasing function of
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Figure 11. Simulation Study: CM,0 vs. Control Position

Figure 12. Simulation Study: Trim Lift Coefficient (CL) vs. Control Position

Figure 13. Simulation Study: Static Stiffness ( ∂CM
∂CL

) vs. Control Position

break application and an increasing function of accelerator
application. The EN-A glider shows the least negative values
across the control range while the EN-C glider shows the most
negative (figure 13).

2) Steady State Performance: Across the control range,
the EN-A glider shows the highest sink rates, widest speed
range, and lowest glide ratios; while the EN-C glider shows
the lowest sink-rate, narrowest speed range, and highest glide
ratios. The EN-B glider however, shows the flattest glide ratio
across the accelerator range (figures 14 and 15).

3) Dynamic Stability: The system eigenvalues for all glid-
ers show two distinct modes: a short period mode, and a long
period - or phugoid - mode. Across both modes, there is a
trend between an increase in certification rating, increase in
response frequency, and decrease in damping (figure 16).

Figure 14. Simulation Study: Glide Polars, 1000 m ISA

Figure 15. Simulation Study: Glide Ratio vs. Control Position

Figure 16. Simulation Study: System Eigenvalues.

The short period mode frequency shows a slight increasing
trend across the control range and thus airspeed. The EN-A
has the lowest short period frequency with full breaks and the
highest when fully accelerated; vice-versa for the EN-C. The
phugoid mode frequency is a decreasing function of control
range and thus airspeed. In this case the EN-A has the lowest
frequency, and the EN-C the highest; across the entire control
range (figure 17).

The short period time-to-half shows a slowly decreasing
trend across the control range whereas the phugoid time-to-
half decreases with break application, and - to a lesser extent
- with accelerator application. Across both modes, the highest
time-to-half is shown by the EN-C and the lowest by the
EN-A (figure 18). The EN-A is thus the most pitch-stable
of the gliders, and the EN-C the least; consistent with the loci
placement on the root locus plot (figure 16).
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Figure 17. Simulation Study: Response Frequency.

Figure 18. Simulation Study: Response Time-to-Half.

Figure 19. Simulation Study: Normalized Pitch Rate Response to 1 m.s−1

vertical gust at trim position (i.e. no applied control deflections).

The dynamic responses are dominated by the phugoid mode
as shown by comparison to a non-linear impulse response
simulation in pitch rate for a 1 m.s−1 vertical gust distur-
bance. The trend of increasing phugoid frequency and time-
to-half with increasing certification rating is also shown in the
response (figure 19).

In addition to a higher time-to-half and increased frequency
shown by the EN-C response versus the EN-A, a higher
maximum pitch rate and total angle of attitude disturbance
is also shown; the EN-C (relative to the EN-A) has a 44 %
faster pitch rate response and 67 % larger attitude displacement
(table IV).

Table IV
SIMULATION STUDY PITCH RESPONSE DATA FOR 1 m.s−1 VERTICAL

GUST DISTURBANCE RESPONSE AT TRIM POSITION.

Certification qmax (deg.s−1) ∆θmax (deg)
EN-A 18 6
EN-B 21 8
EN-C 26 10

Table V
TEST FLIGHT GLIDER PARAMETERS.

m
S

(kg.m−2) Rflt (-) δbrk,stall (m) Harness
3.86 5.42 0.65 m ≈ 23% cmac Light Pod

Figure 20. Experimental Steady State Performance Comparison: Glide Polar.

Figure 21. Experimental Steady State Performance Comparison: Glide Ratio
vs. Airspeed.

B. Flight Test Data Comparison

The glider parameters for experimental flight tests - used
as simulation inputs for comparison - are presented in table
V. The simulations run with and without the aerodynamic
corrections based on H. Belloc’s wind tunnel experiments [2]
both produce results in the same order of magnitude as the
experimental data.

1) Steady State Performance: Simulations run with aero-
dynamic corrections produce better results for sink rate and
airspeed range (figure 20), glide ratio (figure 21), and drag
coefficient (figure 22) but produce a 12 km.h−1 overestima-
tion of airspeed at the trim position (no breaks or accelerator)
relative to the experimental data.

Simulations run without the aerodynamic corrections under-
estimate sink rate, speed range, and drag while overestimating
glide ratio but produce no difference in the trim position
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Figure 22. Experimental Steady State Performance Comparison: Drag Coef-
ficient vs. Airspeed.

Figure 23. Experimental Steady State Performance Comparison: Lift Coeffi-
cient vs. Airspeed.

Figure 24. Experimental Dynamics Comparison: Frequency vs. Control
Position.

airspeed.
Both types of simulations produce results that agree with the

experimental lift coefficient curve (figure 23) and are shifted
along it respective to the airspeed ranges they produce.

Experimentally, best glide was achieved with some acceler-
ator application, a phenomenon not reflected in either of the
simulations.

2) Dynamic Step Input Simulations: The frequency of step
input oscillations generally decreases with less break and
more accelerator. Both types of simulation underestimate the
frequency from trim to full accelerator, and have a trend
toward overestimation with the increased application of break
deflection (figure 24).

Time-to-half reaches a maximum in the trim position,

Figure 25. Experimental Dynamics Comparison: Time to Half vs. Control
Position.

decreases with break application, and also decreases with
accelerator application; though to a lesser extent. Both types
of simulation show a trend towards underestimation of time-
to-half with increased break application, and a trend towards
overestimation with increased accelerator application. In the
transition, the experimental data is found between the two
(figure 25).

While both types of simulation reflect the general quali-
tative trends observed, the dynamic simulations run without
aerodynamic corrections generally produce better numerical
agreement with the experimental data.

IV. DISCUSSION

A. Simulation Study: Comparison Across the Certification
Range

1) Static Stability: The static stability requirements - R1
through R3 - proposed by G. Iosilevski and outlined in
section II.C.1 are reflected in the simulation study. Linearized
aerodynamics proved adequate for static stability analyses as
shown by their agreement with the trim position coefficients
found using non-linear simulations.

Iosilevski’s proposal that system CM,0 values for a
paraglider are likely almost always negative was shown to be
overarching. All gliders analyzed showed CM,0 values across
their aerodynamic states - defined by a given combination of
δbrk and δacc - that were both positive and negative. This is
due to the dominant positive contributions to CM,0 from line
and canopy drag and their relatively large separations from
the system CG; the canopy CM,0,c could either be positive
or negative depending on its camber design. The negative
contribution from payload drag was largely negligible.

All gliders analyzed had positive CM,0 values for the trim
position and all accelerator positions, implying no forward
limit for their CG placement in this control region; from a
stability standpoint.

A negative static stiffness ∂CM
∂CL

is necessary for a stable
system. Applying breaks leads to more negative static stiffness
values across all gliders analyzed. Applying the accelerator
translates the system CG forward which leads to less negative
values for static stiffness; observing that there is no theoretical
stability limit in the accelerator control range for the gliders
analyzed given their positive CM,0 in this region. There
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appears to be a correlation between a glider’s certification
rating, and the magnitude of static stiffness across the control
range.

2) Steady State Performance: The performance results
show a correlation between aspect ratio and better perfor-
mance; particularly lower sink rates and better glide ratios
across the control range.

Nonetheless, it was unexpected to see a large disparity
between the speed ranges as this is generally not reflected
in the certification reports for the given gliders. It is however
consistent with the higher lift coefficients that the higher aspect
gliders seemed to achieve numerically; a higher lift coefficient
for a given surface area implies less airspeed is needed to
achieve the lift required for a given payload.

Given that the speed ranges are consistent on the slow end
when full breaks are applied, but inconsistent across the accel-
erator range, it is likely that the rigging angle approximations
for accelerator application need further refining. Particularly,
chordwise aeroelastic deformations of the canopy are likely
given the chordwise change in loading across the line gallery
as the accelerator is being applied; increased camber with
increased accelerator application is a possibility given the
increased loading of the forwardmost line gallery.

3) Dynamic Stability: The time-domain responses show
that the phugoid mode is dominant in paragliders and that
they can be generally categorized as under-damped systems.
Furthermore, an increase in certification rating is also reflective
of faster responses and larger attitude changes for a given
disturbance.

Assuming they are negative to begin with, larger static
stiffness values are akin to greater spring stiffness in an anal-
ogous spring-mass-damper system. As such, while negative
static stiffness values are necessary for dynamic stability, other
factors such as total mechanical energy, pitch inertia, and pitch
damping forces are also relevant.

An interpretation of system stability based solely on static
stiffness - as suggested by G. Iosilevskii [12] - seems overar-
ching as shown by:

• The relatively unchanging times-to-half as accelerator
is applied across all systems. If larger static stiffness
magnitudes solely resulted in greater system stability,
the decreasing static stiffness magnitudes coupled with
increasing accelerator application would result in higher
times-to-half; we instead achieve lower ones.

• The longer times-to-half of the EN-C wing relative to its
counterparts. If larger static stiffness magnitudes solely
resulted in greater system stability, the EN-C wing would
have the shortest times-to-half due to its largest static
stiffness magnitudes; which is not the case.

Furthermore, an increase in aspect ratio - which increases
with certification rating - was correlated with a decrease in
damping forces from the NLL results. Noting that higher
certification ratings were also observed to be correlated with
increased static stiffness magnitude, it would seem that higher
static stiffness results in greater response frequencies, while

lowered damping results in larger times-to-half. The combina-
tion of these two factors thus moves the loci further from the
real axis and closer to the imaginary axis with an increase in
certification rating.

B. Flight Test Data Comparison

Performance simulations run without aerodynamic correc-
tions based on H. Belloc’s wind-tunnel experiment overesti-
mate glide ratio while underestimating sink rates and drag.
This is reflective of a lack of accounting for cell-ballooning
as well as other geometric and aeroelastic phenomena in
the NLL methods used. These phenomena reflect real-world
aerodynamic inefficiencies which result in higher drag and less
lift.

The performance simulations run with aerodynamic correc-
tions yield better performance data but overestimate the trim
speed to a large degree. While the results are encouraging, it
would be negligent to ignore the potential pitfalls of extrap-
olating results from a wind tunnel study based on a single
design to correct data for a wide range of glider designs.

The dynamic response results build qualitative confidence in
the simulations because they reflect the overall trends that one
would expect from them, despite being quantitatively offset.
Furthermore, simulations run both with and without aerody-
namic corrections are reflective of these qualitative trends.
However, in contrast to the performance simulations, they
present better quantitative results without the aerodynamic
corrections.

Overall, the experimental results are reflective of the qualita-
tive characteristics that one would expect from the simulations
and build confidence in the utility of the simulations for
qualitative design decisions. The quantitative offsets are unsur-
prising given the degree of approximations and simplifications
used throughout the project as well as the lack of inclusion
of aeroelastic phenomena. Nonetheless, the simulation results
are in the same order of magnitude as the experimental data;
an encouraging result.

C. Design Implications

While static stiffness is not the sole determinant of system
stability, it is an important parameter which can be more
readily manipulated than the damping terms (e.g. apparent
mass), or the system’s inertia and mechanical energy; these
last two largely being products of the speed ranges required for
adequate control and the weight ranges required for marketable
certification ratings across different sizes.

Airfoil camber can be modified to affect the pitch be-
havior of the overall system; noting that it will also affect
performance and achievable speed range. Moving the tow
point on the xz plane is also a viable option, noting that
it will affect where the system finds its trim state and thus
also affect performance and speed range. Furthermore, it is
well documented by Peter Crimi in his ‘Lateral Stability of
Gliding Parachutes’ study that the z position of the tow point
is particularly important for spiral stability [3].

15



Aircraft are largely cross coupled across their degrees
of freedom and paragliders are no exception. Their design
is further constrained by the unique considerations of their
inflatable structure. Pitch stability is an important parameter
in certification and the trade-offs between performance and
ease-of-piloting are made apparent by this study.

V. CONCLUSION

• The method presented produces results for steady state
performance and dynamic response that are qualitatively
reflective of experimental data and quantitatively within
the experimentally observed orders of magnitude.

• The dynamic response of paraglider systems can be char-
acterized by an analogous mass-spring-damper system
which is largely under-damped and dominated by a long-
period response mode.

• Negative static stiffness is necessary for system stability
but not the sole defining factor. It contributes to the
analogous ‘spring stiffness’ and largely contributes to the
resulting response frequencies.

• There is a correlation between aspect ratio and increased
performance as well as lower damping in the form of
higher times-to-half.

• The increase in certification rating - partly a reflection
of an increase in difficulty of piloting - reflects higher
aspect ratio and higher static stiffness values. These
two combine to create a dynamic response with lower
damping, higher frequencies, and faster, larger responses
to disturbances.

• The method presented is limited by the analytic meth-
ods available for aerodynamic parameterization and the
absence of aeroelastic considerations.
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