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ABSTRACT

The School of Graduate Studies
The University of Alabama in Huntsville

Degree Doctor of Philosophy

College/Dept. Engineering/Mechanical and Aerospace Engineering

Name of Candidate Chrystine M. Gorman

Title Modeling, Comparison and Analysis of Multi-body Parafoil Models with Varying
Degrees of Freedom

Guided parafoils are comprised of two primary bodies, a payload and parafoil.
While the parafoil generates the majority of aerodynamic loads, the sensor systems
used for guidance are located away from the parafoil near the payload. Using
Newtonian dynamics, models ranging from six to nine degrees-of-freedom were
developed in parallel. For the first time, miniature wireless sensors were developed to
investigate the canopy and payload during flight and to directly measure the parafoil-
payload relative motion to verify the models. Experimental data was compared to
models to investigate and determine system configuration dynamics that could affect
the parafoil control system and its corresponding degree-of-freedom model. In addition,
classical flight modes similar to those in aircraft flight dynamics were developed for the
conventional rigid parafoil-payload system for the first time which include short period
and phugoid longitudinal modes and roll subsidence, spiral, and dutch roll lateral
modes. Similar linearization of a seven degree-of-freedom model was shown to have an

additional lightly damped lateral payload mode.
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CHAPTER 1

INTRODUCTION

Parafoils are similar to airplane wings but are made of light weight flexible
material. Parafoil canopies are generally constructed of nylon and have a rectangular
planform with an upper and lower surface that forms an airfoil shape. The front of the
canopy is open to airflow which moves down fabric channels running between front and
back. The airflow exiting is restricted. These channels create cells that inflate when air
pressure is greater on the inside than the atmospheric pressure on the outside of the
airfoil. Parafoils are a type of decelerator that uses aerodynamic forces to decrease
velocity and allow for a softer payload landing. In other words, parafoils use their own
weight, aerodynamic forces and geometry to control their decent and trajectory.

As seen in Figure 1.1, parafoils contain several components. The canopy attaches
to the suspension lines. The suspension lines are in turn fixed to risers which connect the
lines to the payload. A slider generally keeps the suspension lines from getting tangled

upon canopy inflation as well as slows the inflation event.



Canopy

Fabric Cell

Suspension ———>
Lines

Payload —

Figure 1.1 Onyx Ultra Light (Onyx UL) [20].

Parafoils can cover large distances both vertically and horizontally to reach their
target area at low speeds. Parafoils have been used to perform resupply missions,
humanitarian aid, and charting expeditions with reduced danger to the deploying aircraft.
They are generally lightweight and display good performance in most standard drop
conditions. Other advantages which grant the parafoil widespread usage are its small
preflight size and low overhead.

Many aspects of parafoil systems, from the canopy to the payload, make them
difficult to accurately model. For instance, the parafoil itself is a flexible fabric airfoil
allowing the possibility of changing aerodynamics and canopy shape. In addition, the
canopy has a small mass-to-volume ratio resulting in apparent mass forces and moments.

Another significant complication is the payload and canopy interaction.

Suspension lines between the parafoil and payload are flexible and can be connected



using many configurations that allow a range of motion from free rotation of the payload
with respect to the parafoil to a rigid canopy-payload connection. In some applications,
certain characteristics of the parafoil and payload can be ignored resulting in a range of
models with varying degrees-of-freedom (DOF). The existence of multi-body parafoil
models with varying DOF raises the question, “which one is the most appropriate?”

The simplest model that captures all significant dynamics is desired in
engineering applications. In order to provide answers to the above question, the various
DOF models must be compared. However, as can be seen in the existing literature,
previous models use their own methods and nomenclatures so that each model often has
different payload and aerodynamic models, different geometric definitions, and different
assumptions and will be difficult to compare. A conventional 6-DOF rigid model is
developed in parallel to 7/8/9-DOF models using Newtonian methods and a consistent
canopy and payload aerodynamic model along with one set of geometry definitions.
Varying DOF models are then developed only by changing the kinematic constraints
between the payload and canopy.

A comparison of these models with experimental data determines which models
capture the significant dynamics. For autonomous parafoils, control algorithms use
parafoil yaw to obtain correct course trajectory and any dynamics which significantly
contribute to payload or parafoil yawing can be considered significant. However,
measurement of parafoil-payload relative motion is challenging due to the flexible nature
of the canopy and requires a sensing system that does not interfere with canopy packing,
does not significantly increase the canopy mass, and does not requires physical

connection between the canopy and payload.



Miniature low power wireless inertial sensors were developed to be placed in the
canopy. After release, the canopy sensors transmit inertial data to a main payload flight
computer in flight. Information provided from each sensor includes orientation, angular
velocity, and accelerations. The six through nine DOF models are compared with
experimental data to show how well each model performs compared to the test system.
Furthermore, the 6- and 7-DOF models are investigated in depth using linearization and

classical flight dynamics.



CHAPTER 2

BACKGROUND

2.1 Legacy

Leonardo da Vinci is credited with the first recorded design of a decelerator in
1514 [1-2] although he never built his device. His notebook contains a sketch of a
parachute with a rigid pyramid frame covered in cloth and can be seen in Figure 2.1. In
1617, Fauste Veranzio jumped from a tower in Venice using a parachute based on

da Vinci’s design.
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Figure 2.1 Drawing from Il Codice Atlantico di Leonardo da Vinci [21].

In the next century, the main use of decelerators was limited to daredevil
entertainment such as lowering animals from rooftops [1] and a jump from a balloon in
Paris [2]. However, in 1785, the value of a parachute as more than entertainment was
demonstrated by Jean Pierre Blachard whose hot air balloon exploded and he used a
parachute to escape with his life [1].

Until this time period the parachute design did not differ greatly from da Vinci’s

design. Blachard worked on a folded silk chute with no rigid frame and in 1797, Andrew



Garnerin is reported to have made the first jump without a rigid frame. Later his
parachute made use of a vent, a hole cut in the apex of the canopy, to reduce oscillations.
During WWI, the parachute gained a wide spread usage in Europe, Russia and the United
States and saved pilot lives [2].

Eventually, the age of modern decelerators begin in the 1930’s, when parachutes
begin deployment at high altitudes and speeds [1]. In 1963, a kite maker Domina Jalbert,
invented the first ram air parafoil [3]. A diagram of that parafoil can be seen in
Figure 2.2. The parafoil was described as a “flexible canopy constituting an upper skin”
and “including extending ribs” that provide “channels for the flow of air” [4]. The term
“parafoil” was coined by researchers at the University of Notre Dame; a combination of

the words parachute and airfoil [3].

Figure 2.2 Diagrams in Jalbert’s patent submitted in 1963 [3].



In 1967, the Air Force Flight Dynamics Laboratory (AFFDL) demonstrated a
steerable parafoil/payload system for Project Pin Point [3]. That parafoil carried a 500 Ib

payload in a controlled flight seen in Figure 2.3.

Figure 2.3 Project Pin Point parafoil with 500 Ib payload [4].

After the 1970’s, parafoils were used for a variety of tasks one of which was
payload recovery for sounding rockets. The addition of technology and therefore
expense to rockets payloads gave motivation and interest in payload recovery. Other
tasks include gathering atmospheric data of Earth’s upper atmosphere and military target
practice for various weapons [4].

In current parafoil events, the National Aeronautics and Space Administration
(NASA) began testing controlled ram-air parafoils for use in spacecraft landing [5] and
the United States Military began testing controlled autonomous parafoils for precision
troop cargo drops [6]. Parafoils have also begun to have a potential role in the

exploration of outer planetary environments, such as the Jupiter atmosphere [7].



2.2 Modeling Literature

Parafoil models have been developed covering a range of DOF approximations.
Generally, a low fidelity model such as a kinematic model, reduced order model, or
linearized model is used in the design of the Guidance, Navigation and Control (GNC)
algorithms. Subsequently, higher fidelity models are employed to evaluate performance
in simulation or alternatively in real flight tests.

Simple models include 3-DOF and 4-DOF model developed by Jann [8]. The
3-DOF model is comprised of horizontal ground motion and system heading while the
4-DOF model integrates system roll. The 4-DOF model shows a passable comparison
with real flight data.

The next level of complexity is a 6-DOF model where the payload and parafoil
are considered one rigid body. A 6-DOF model was developed by Slegers and Costello
for use in predictive control [9]. In this model, the parafoil/payload is regarded as a rigid
body but the canopy of the parafoil has a small mass-to-volume ratio which results in
forces and moments that the model did not include. Barrows developed these apparent
mass forces and moments and also accounted for spanwise camber effect [10]. The
canopy incidence of a parafoil can also be used for control with Slegers, Beyer, and
Costello developing a 6-DOF model that includes changing canopy incidence [11].

Another aspect of parafoil/payload systems is the suspension lines and
connection between the canopy and payload. These lines are flexible and can change the
geometry and aerodynamics of the parafoil in flight. The variable structure of the
parafoil-payload can be simulated by the addition of a confluence plane, axis or point

which allows payload and canopy interaction. Figure 2.4 illustrates two different



connections configurations which could be modeled with different DOFs. The possible
configurations and their corresponding DOFs will be discussed in greater detail in

Chapter 3.

Figure 2.4 Examples of different parafoils, left Guided Parafoil Air Delivery System (GPADS) [21],
right is the Joint Precision Air Drop System (JPADS) [22].

Mdller, Wagner, and Sachs used an 8-DOF model to evaluate simple maneuvers
such as symmetric braking, wind gusts, and payload twist [12]. Redelinghuys developed
an 8-DOF model using analytical dynamics which requires artificial constraint
stabilization adding differential equations to artificially enforce the constraint forces and
moments [13]. Slegers developed an 8-DOF model that allowed the payload to yaw and
pitch while solving for constraint forces and moments analytically [14].

Separation of the parafoil and payload by a confluence point instead of a plane
allows the payload to freely rotate with respect to the canopy resulting in 9-DOF model.

Both Slegers and Costello then Mooij, Wijnands, and Schat developed 9-DOF models for



parafoil systems using different approaches [15-16]. Slegers and Costello used
Newtonian dynamics to form the equations of motion resulting in the internal constraint
forces at the parafoil and payload connection being automatically solved during
simulation. Mooij, Wijnands, and Schat used analytical dynamics requiring artificial
constraint stabilization to satisfy the constraint at the point.

Interaction between the parafoil and payload can potentially contribute to system
control performance because the system sensors are typically located away from the
parafoil canopy. In 2005, Strickert and Jann [16] successfully used video-image
processing techniques to measure parafoil-payload relative motion. Post flight analysis
demonstrated the difficulty in estimating the differences in the orientation of the payload
and canopy.

A noted absence in the literature is that of the 7-DOF model. The following
chapter rectifies the lack and develops the 6/8/9-DOF models in parallel to be used for

rigorous comparison in the results chapter.

10



CHAPTER 3
DYNAMIC MODELS

3.1 Model Configuration

Parafoil-payload models can be represented with a variety of different rigging
geometries to produce different DOF systems. A 6-DOF model is treated as a rigid body
where the connection lines are considered inflexible and solid. The degrees include
three inertial position components of the connection point C and three Euler orientation
angles of the body. As rigging geometry and riser connection change, the connection
points to the payload can restrict payload motion. The 7-DOF model payload, Figure 3.1,
is connected by four points to the payload at a confluence plane, this connection prohibits
roll and pitch relative motion but allows for yawing motion requiring an Euler yaw angle
about the z-axis. The 8-DOF two point connection in a confluence axis and permits a
yawing and pitching motion but prevents rolling motion and the 9-DOF single point
connection and confluence point and allows for all three motions. The degrees of

freedom for each model are stated in tabular format in Table 3.1.

7-DOF 8-DOF 9-DOF

| ® o 0 o ‘0
i o

Figure 3.1 Payload top view showing connection points.

Jr
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Table 3.1. Degrees of Freedom for Each Model

Model Body Payload
6-DOF Xc, Yo, Zc, @B, OB, Ws -
7-DOF Xc, Y, Zc,  ¢B, Og, ¥B Ws
8-DOF Xc, Yo, Zc, @B, Oz, VB Os, Ws
9-DOF Xc, Yo, Zc, @B, Oz, VB @s, Os, Ws

If the parafoil-payload system is considered a rigid body as in the 6-DOF model,
the parafoil and payload are a single body as seen in Figure 3.2a with only one center of

mass. For the 7/8/9-DOF models, Figure 3.2b, the model is considered to have two

bodies: the parafoil and the payload with respective centers of mass.

centers located at point B are not in the same location and will be discussed in more detail

in the next section.

Figure 3.2. Side view showing the difference between the 6-DOF (a) and the 7/8/9-DOF (b).

Payload

12
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3.2 Coordinate Frames

Using the 9-DOF two body parafoil-payload system as the base example, shown in
Figures 3.3 and 3.4, there are three main coordinate frames required to develop the model.

These frames appear in all general parafoil-payload models.

Figure 3.3 Parafoil-payload side view. Figure 3.4 Parafoil-payload front view.

For the 6-DOF model, a body frame (B) is fixed at the mass center that includes
the canopy, suspension lines, risers and payload. For the 7/8/9-DOF models, the body
frame excludes the payload. The body frame orientation is obtained by the conventional
aerospace sequence of three body-fixed rotations using Euler yaw wy, pitch 6y, and roll ¢y,
starting from the inertial frame. A visual sequence of these rotations can be seen in

Figure 3.5.

13
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Figure 3.5 Rotations between inertial frame (I) and parafoil body frame (B).

The transformations from the inertial to body frame can be written using common
shorthand notation for trigonometric functions of sin(a) = s,, cos(a) = c,, and tan(a) = t,.
CopCyp CopSyp —Sop

Tig = [S¢s505Cys — CoppSyp  SppS05Syp t CopCyp  S¢pCop (3.1)
CopSopCyp + SppSyp  CopSopSyp ~ S¢pCyp CopCop

A parafoil canopy frame (P) is fixed to the canopy aerodynamic center. Orientation
of the parafoil canopy frame with respect to the body frame is defined as the incidence
angle 7" about the point R and is a constant for the system which can be seen in Figure 3.3.
Similar to the transformation in Equation (3.1) the body frame to parafoil canopy frame

can be written as

TBp: 0 1 0 | (32)

The payload frame (S) is fixed at the mass center of the payload and its orientation
is dependent on the connection geometry. In the 6-DOF model, orientation angles
between the parafoil and payload are considered zero in keeping with the rigid body
assumption. However, for the 7-DOF model, payload orientation is obtained by a

body-fixed rotation through a Euler yaw angle starting from the body frame.
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Qv+ Q

Figure 3.6 Rotations between body frame (B) and payload frame (S) for the 7-DOF system.

The transformation matrix is written as

Cps Sy, O
TBS = —Sws C‘I’s 0] (33)
0 0 1

The 8-DOF payload orientation can be found by two body-fixed rotations, yaw s, and
then pitch &s while the 9-DOF is rotated by three relative body-fixed Euler motion angles,

s, 93, and ¢s.

Q‘/’sks eesh 6

Figure 3.7 Rotations between body frame (B) and payload frame (S) for the 8-DOF system.

Q’/’skB eesia °¢si4 e

Figure 3.8 Rotations between body frame (B) and payload frame (S) for the 9-DOF system.
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These rotations resulting in the following body to payload frame transformations:

CosCyps  CosSys 565
TBS = _Slps Cl/)s 0 ] (34)
S6sCps  S6sSys  Cos
CosCys CosSys —Sos
Tgs = [S¢SS‘95C¢S ~ CosSs  SpsS0sSps T CosCug S¢sces]- (3.5)
CpsSosCs T SpsSys  CosSosSps — SpsCys  CopsCos

3.3 General Equations of Motion

3.3.1 Kinematics and Dynamics

The velocity vector of the connection point C and the angular velocity component

of the parafoil body with respect to the inertial frame (I) are defined in the body frame (B)

uC

Vc = uciB + ijB + WCkB = {UC} (36)
WC
Ps

W = pBiB + qBiB + erB = {qB} (37)
s

Translation and rotational kinematic equations for the parafoil body can be obtained for

each of the 6/7/8/9-DOF systems by using Equation (3.8) and (3.9).

X U,
{Yc} =Tg" {UC} (3.8)
2, W
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¢')B 1 SgBth CgBth

b, 0=|0 s TSes gyl (3.9)
; 0 ¢z b5 (1
lpB CQB CGB

In the 6-DOF model, the parafoil-payload relative motion is zero and Equations (3.7)
and (3.9) adequately represents the motion of the payload as well as the parafoil body.
Alternatively, when the relative motion is not negligible the payload will have a different
angular velocity. An angular velocity of the payload with respect to the inertial frame (1)

can be defined in the payload frame (S) and written as

bs
Wg = pSiS + quS + Tsks = {qS} (310)
Ts

The angular velocity for the payload can also be expressed as the combination of angular

velocity of the body and the angular velocity of the payload with respect to the body.
wg = psis + qsjs + rsKg = Tpswp + wg/p. (3.11)
The relative angular velocity can then be written as
wg/gp = Wg — Tgswp. (3.12)

For each DOF model, the relative angular velocity can be described using Euler angular
rates about each rotation axis as seen in Figures 3.6-3.8 and can be written in the payload

frame as for the 7/8/9-DOF models respectively.

Wg/p = (l/.)s)ks (3.13)
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Wg/g = (—Seslps)is + (és)l's + (Ceslps )ks (3.14)

ws/ = (s — so,P5)is + (co,5p,Ps + cp05)is
. . (3.15)
+ (co,C4:¥s — Sps0s)Ks

Equating Equation (3.12) to Equations (3.13)-(3.15) respectively, then placing them in

matrix format results in

Ps DB 0
st — Tps 198 = 0 (3.16)
Ts g Ys
Ds DB —Sgsljls
{qs} — Tgs {qB} =<{ b (3.17)
s "5 Ces’l’s
Ds DB C[’S - Seslps
{qs} - TBS {CIB} = Cgssd)sljls + C(I)SéS . (318)
Ts Tg

Ces%s‘ps - S¢sés

From Equation (3.16) and (3.17), expressions for two constraints on the payload roll and
pitch rate and one payload rotation kinematic equation for the 7-DOF system and a single
constraint on payload roll rate and two payload kinematic equations for the 8-DOF system

can be found. The 7/8-DOF kinematics and constraints can be written in matrix form as

18



Psy -1 0 0]/(0 2
{qs} = [ 0 -1 0] ({0} — Tgs {%}) (3.19)
s o o 1l\lx "5

PS _1 0 _tes O pB
s 0 0 1/cg | \\rg Tg

In the 9-DOF system, the payload is not constrained and can rotate freely with respect to

the body. Therefore, rotation kinematics equations from Equation (3.18) are

: 1 sp.t Cg.t
4?5 0 BCS Os f; Os Ps P
Og ¢ = Os s (| {gst — Tes {4aa7 |. (3.21)
1[} 0 “*s s Ts s

S CgS CQS

Translation and rotation dynamic equations of motion are formed by equating the
time derivative of linear momentum with total forces and equating the time derivative of
angular momentum with the total moment. In other words, the 6-DOF Free Body Diagram

(FBD) related to the 6-DOF Kinetic Diagram (KD) results in two equations

FA + FAM + FWB + Fs = (m, + mB)aB/I (322)

M, + Sp.,Fa + May + SE., Fam + SB.Fs + Sp._Fu,

rca rcm I'cs I'c
(3.23)

d
= EHE/I + (m; + mg)Sg,ap)1.

It should also be noted that the body weight acts on the body center of mass and includes
both the parafoil weight and the payload weight. The convention for the vector cross

product of two vectorsr =[x 7y "z]Tand F = [F, F, FE]T both expressed in an A
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reference frame is written as

0 -n n
SAF=|n, 0 -—n]| (3.24)
-n, Iy 0
Equations of motion for the 7/8/9-DOF model are formed by separating the
parafoil body and payload at the confluence exposing the constraint forces Fc and
moments Mc. Four vector equations can be formed, two by equating the time derivative
of linear momentum with total forces on each body, and two by equating the time

derivative of angular momentum with the total moment on each body about point their

respective mass centers.

Fp + Fam + Fy, + Fc = mpag), (3.25)

M, + SB_Fp + May + SE, Fay + M¢ + SB_Fc = %Hgﬂ (3.26)
Fw + Fs + Fc = mgag), (3.27)

M + S5 Fc = = HE . (3.28)

The required accelerations of the body frame (B) and payload frame (S) for all

models are

ag; = V. + S8, V. — SB

rce

A + S(]?)BS(]?)BI'CB (329)

as/l = TBS (Vc + SE)BVC) - SS Og + S(SOSSE)Srcs. (330)

Ics
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The derivative of angular momentum for the parafoil body and payload in their respective

frames are expressed as

d

d_tHB/I = IBd)B + SE)BIB(A)B (331)
d .

aHS/I = Is(l)s + S(Sl)sls(l)s. (332)

In the previous equations, known derivatives of kinematic constraints ps and qs for
the 7-DOF and ps for the 8-DOF models appear. These derivatives can be found by
differentiating the kinematic constraints in Equations (3.19) and (3.20). Each derivative
can be written in compact as seen below where Equation (3.33) is for the 7-DOF and

Equation (3.34) for the 8-DOF.

Ps P
st = G+ Ky75s + K2 {gp (3.33)

Ts ":'B

g1 0 Cys Sy 0
G:{O},Klz 0 ,Kzz _Sll)s C¢,S 0
0 1 0 0 0

g1 = (%) [505 (Cll)spB + 5¢SQB) qs +2 (C¢SQB - SszPB) Ts
S

— (sTs + Cog (SwspB - C¢SQB) 4]

+ 250,5ysCps (03 — 4B) + 2Palaseg(sh, — 3]
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IjS q IjB
s = G+ K {1} + Ky fas (3.34)
. Ts .

Ts ;]

—Sy, (rs —15)pp + Cy, (rs —18)q5

G = —Cy (rs — 18)DB — Sy, (s — 78G5 (»
0
Sys  Svs
0 —tg, 0
Ki=11 0 [ Ka=fy o o
0 1 0 0 0

The mass center acceleration of the payload and the time derivative of angular momentum

combined with the kinematic constraints in (3.33) and (3.34) become

P
as;1 = Tps(Ve + SB,Ve) — S5 <G + K75 + Ky {QB})

"s (3.35)
+ SE)SSE)SI'CS
. b
aHS/I = IS G+ Kli‘S + KZ C.IB + Sg)sls(l)s (336)
7B
for the 7-DOF model and
. qs Y]
as/[ = TBS(VC + SE)BVC) - SECS G+ K1 {rs} + K2 C'IB
"s (3.37)

S ¢S
+ S‘”S S‘”S Ics
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d ds Py
dt HS/I = IS G+ Kl {T } + KZ dB + S(Sosls(l)s (338)
S .
g

for the 8-DOF model.

3.3.2 Forces and Moments

3.3.2.1 Aerodynamic Forces and Moments

The aerodynamic forces and moments do not change between the 6- to 9-DOF
configurations. Velocities of the parafoil aerodynamic center and connection point are

expressed in the canopy and body frames while the payload velocity is expressed in the
payload frame.

VX = uAip + UA]-p + WAkp

VSS = usis + Usis + WSkS (339)

V8 = u.ig + v.jg + w.kg.
The aerodynamic velocity of the parafoil can be found by expressing the parafoil velocity

in the canopy frame and subtracting inertial winds. In more detail, the equation becomes

V ="Tgp (Vc + SE)B (rCR + TBPTrRP) - TIBVA/I) (3.40)

with the aerodynamic angles being defined as

a = atan(

|

) (3.41)
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B = asin (VL), (3.42)

A

where a is the angle of attack that can be seen in Figure 3.3 and £ is the side slip angle that

can be seen in Figure 3.9.

Figure 3.9 Side slip angle definition.

The aerodynamic forces of the parafoil expressed in the body frame can be written as

CDO + CDL‘(Z az
1
FA = EpVAZSATBPTTAP Cyﬁﬁ y (343)
where Tap is the transformation of the aerodynamic frame to the parafoil frame by the
angle o [11, 18]. Similarly for the payload drag,
Us
Fs = —% pVsSsTgs! Cps {Us}. (3.44)
Ws
Aerodynamic moments on the parafoil and payload can be expressed in their respective

and are given in (3.45) and (3.46).
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(3.45)

(9}
N—"
N———
v~

1 _ B _

3.3.2.2 Apparent Mass Forces and Moments

Apparent mass forces and moments are generally negligible for most bodies.
However, for parafoils, where the internal air mass is equivalent to the mass of the
parafoil, forces and moments generated from accelerating the parafoil through air are
significant. Similar to the aerodynamic translational velocity, the angular velocity of the
parafoil is expressed in the parafoil frame
14 (4}

{q} = Tgp {QB}. (3.46)

i s

Forces and moments from apparent mass and inertia are found by relating the fluids

Kinetic energy to the resultant forces and moments [1]. The apparent mass terms are

) e

P
MAM = —TBPT IAI q + SE)BIAI{ } ) (348)
r

expressed in the body frame and can be written as

- -

Fam = —Tgp’ (IAM{ . } + S5z 1am {

§2
SN )

=t -Ql"@l

where the apparent mass and inertia matrix are
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(3.49)

0 Q O
0 0 R

lAl = (350)

POO]

The constants A, B, C, P, Q, and R can be calculated for simple shapes or approximated
[1]. For the assumed configuration, the apparent mass forces and moments act at the

apparent mass center and do not change with rigging configuration.

3.3.2.3 Weight Forces and Moments

The weight of the body is written in the body frame (B). The weight forces are of
each DOF is dependent on the definition of mass, mg, which in Equation (3.51) includes
the canopy, lines, rigging and payload for the 6-DOF combine model and excludes the
payload for the 7/8/9-DOF.

_563
Fw, = mpg S¢pCop (- (3.51)
C¢BC93
The 7/8/9-DOF model includes the weight of the payload expressed in the payload frame
(S) given as
_593

Fy, = msgTgs{ So5Co5 (- (3.52)
C¢B C9B
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3.3.2.4 Constraint Forces and Moments

The internal constraint forces and moments expressed in the body frame are

different for each model based on geometry of the connection lines and are defined as

FCX
F. = F,ig + FcyiB + Fkg = E:y (3.53)
F,
M., 0
M. = TBST{MCy} +{ 0 } (3.54)
0 M,
MCX O
M. = TBST{ 0 }‘F{ 0 }, (3.55)
0 MCZ

where Equation (3.54) defines Mc for the 7-DOF system and Equation (3.55) defines Mc¢
for the 8-DOF system. The 7/8-DOF models have two and one unknown constraint
components, respectively, which may be solved with the dynamic equations. The
components of Mc can be separated into components which must be solved, M., and

M., and known moments, M., as

cy

0
Mc :{ O }+TBST
M,

0 1 0
M, = { 0 }‘I' TBST 0] {Mc} = { 0 }‘l' TBSTEl{Mcx}- (3.57)
M, 0 M.,

where M., is the known line twist moment and is dependent on the parafoil-payload

connection and riser geometry and can vary dramatically from system to system. In this
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case, the line twist is modeled as a nonlinear rotational spring and damper where both the

stiffness Ky, and damping coefficients K, may be functions of

M., = Ktp(l/}s)l/)s + K (Ys)7s. (3.58)

3.3.3 Final Equations of Motion

The dynamic equations of motion, constraint forces, and moments may be found
using Newtonian dynamics in the Force/Acceleration Method as previously discussed and

can be written as a condensed matrix of the form
Lx = B, (3.59)

where each row equation is found by either equating the sum of forces to the derivative of
linear momentum or equating a moment summation forces to the derivative of angular
momentum. The 6-DOF dynamic equations of motion can be written in matrix form as
six equations which can be partitioned into a block 2 x 2 L matrix and a block 2 x 1 B
matrix. The first row equation can be found by summing the forces on the parafoil body

and second equation is obtained by summing the moments about the connection point C.

Ds
ds
14 ! ’ B
—LAmSEy — Mp+1Sry Mp4ilaxs + Iam T > (3.60)
Ig + Iy — SB I4wSE  —my,,SB SB  my,,SB —SB 1hul). [ ' '
B Al rcm AMVYrcm B+I1°rcgrc B+IYrcp rcm AM uc BZ
Ve
"
where
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By = Fj + Fs + Fy, + mB+ISE)BVC - mBHSE)BSE)Bch

o (3.61)
— my Top' SoIamV — IamSE TigVas
Bz = MA + SEC,\FA + SIBCSFS + SIBCBFWB - SIBCMTBPTSE)BIAMV
(3.62)

T ~ ’
—Tgp S(l:)BlAlw - SPCMIAMSE)BTIBVA/I - SE)BIB(“B-

The common convection of I, = Tgp' I, Tgp is used for simplicity. Also, the shorthand
notation for (m; + mg) is mg,; and is used to describe the included and parafoil body
mass together. The 6-DOF equations of motion for the parafoil/payload body can be
determined by solving the above dynamic equations in combination with the kinematic
equations in (3.8) and (3.9).

The 7/8-DOF model’s L matrix is partitioned into a block 4 x 5 matrix. The vector
including state derivatives and constraints is 12 x 1 in both cases. The vector includes the
seven dynamic state derivatives and five unknown constraints for the 7-DOF system and
eight dynamic state derivatives and four unknown constraints for the 8-DOF system. The
combined equations are formed in (3.63) for the 7-DOF model and (3.68) for the 8-DOF
model, where the first and second row equations are found by summing the forces on the
parafoil and payload, in their respective frames, and the third and fourth are obtained by

summing the moments about parafoil and payload, also in their respective frames.
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[—mssﬁcs

0351
LKy

0351

where

K,

7,
D
;]
1
2 B,
_mssfcus mgTgs —Tgs O3y | u, [B]
_mB+ISll'3cB - I."\MSII?CM mB+113x3 + IAM 13x3 03x2 1'7c _ { 2 } (3 63)
LK, 0343 Se Tes —Eq || We B, '
Ig + Iy — S8, IanSE, S8 Thm ~SB TiE] £ lJ
B
Fcy +
FCZ
MCx
Mcy
— S ¢S B
B1 = Fs + FWS + mSSESG — msswsswsrcs - msTBsSvac (364)

— B B ¢B
BZ - FA + FWB - mB+IS(.oBVC - mB+IS(.OBS(l)BrCB

o (3.65)
— Tep' SeplamV — IamSe, TieVasi
0
B; = —IsG — Sp, Isws + Tgs{ 0 (3.66)
MCZ
0
By =M, +SB Fy —SB Tgp'SP IamV—1 0
MCZ

— Tep' SopTa1® — Shy, TamSo, Tis Va1 (3.67)

B
— SeplB®WB
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T
D
o
[—mSS§CSK1 -m,Ss K m,Tgs —Tgs 0351 ]
0352 —mpSpy — IamSty  Meelaxs +Iam Iaxs 0351 U - {BZ } (3.68)
| LK, LK, 0343 SfcsTBs —E; 1.75 B; '
’ ’ ’ w,
l 03X2 IB + IAI - SPBMIAMSPCM SIBBMIAM _SII?CB TBSTEIJ C lJ
B
FCX 4
F,
Fe,
\M,
where
— N N B
B1 = FS + FWS + mSS§CSG - mSSmSSmsrcs - mSTBstBVC (369)

_ B B oB
B; = Fp + Fyw, — Mg 1S4 Ve — Mp41SepSwsTcB

- (3.70)
- TBPTS(I:)BIAMV — IamSos TisVas
0
B3 = —IsG - Sﬁ)slsws + TBS Mcy (371)
M.,
0
B, = My + S5, Fa =SB, Tep" SO, IamV — {Mcy ¢t —

M, (3.72)

Tep' ShglaiV — SE

e IamSe; TisVa1 — So,Isws.
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The 7-DOF equations of motion for the parafoil/payload body can be determined
by solving the above dynamic equations (3.63-3.67) in combination with the kinematic
equations in (3.8), (3.9), and (3.19). The 8-DOF equations of motion for the
parafoil/payload body can be determined by solving the above dynamic equations
(3.68-3.72) in combination with the kinematic equations in (3.8), (3.9), and (3.20).

The payload is allowed to rotate freely in the 9-DOF system therefore the internal
constraint moments are absent. The L matrix is partitioned into a block 4 x 4 matrix and
the vector to be solved includes twelve state derivatives. The dynamic equations are
provide in (3.73-3.77). As with the 7- and 8- DOF models, the first and second row
equations are found by summing the forces on the parafoil and payload in their respective
frames, and the third and fourth are obtained by summing the moments about parafoil and

payload mass centers, in their respective frames.

Ds
gs
Ts
Pel (B
[~™MsSt 0343 mgTgs —Tgs 7| 45 [ ]
0343 —MpyShy —IamSey  Mpalas +Iam  Iags rB B BZ (3.73)
I 0 0 S5 T T '
S 3x3 3x3 res *BS U, B3
| 0ss  Tp+Iy—SE TawsE,  SE.w  -SElfs | |
FCX
F,
E.,)
where
By = Fs + Fy, — msS5, S5, res — MsTpsSe . Ve (3.74)
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r -
B, = Fy + Fy, + mp, S, Ve — My So,Se,Tce — Top' SoplamV

, (3.75)
— LamSes TisVas
Bz = M, — S5, Isws (3.76)
B, =M, + S5, Fa — SPBMTBPTSE)BIAMV - M. - TBPTSE)BIAI(T’ -
(3.77)
SPBM Tam SE)BTIBVA/I - SE)BIB(‘)B-

The 9-DOF equations of motion for the parafoil/payload body can be determined by
solving the above dynamic equations in combination with the kinematic equations in

(3.8), (3.9), and (3.15).
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CHAPTER 4

EXPERIMENTAL PLATFORM

4.1 Miniature Parafoil-Payload

The deployed experimental parafoil system is shown in Figure 4.1 and is similar to
the system used in [13] and [14]. The payload is rectangular with a drag area of 0.45 ft* a
depth of 0.4 ft, has a weight of 4.23 Ibf, and contains the flight computer and all auxiliary
electronics. The parafoil canopy and suspension lines have a combined weight of 0.45 Ibf.
The 7-cell canopy has a span of 4.25 ft, mean chord of 2.5 ft, /" of -12 degrees, and

maximum control deflection of 0.75 ft.

-

?

Figure 4.1 Parafoil-payload test platform.
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Connection of the parafoil canopy and payload is achieved through a four point
riser connection as shown in Figure 4.2. The geometry of the four connection points can
significantly alter the relative motion between the parafoil canopy and payload. If all
four connections coincide at the center then an ideal confluence point of the 9 DOF model
is closely represented.

In contrast, if the width and length of the connections are sufficiently large, then
no significant payload relative yaw, pitch or roll is allowed unless the risers, twist, stretch
or become slack and the 6-DOF model connection is closely approximated. When
connection distances are moderate, the payload may be able to twist about its vertical axis
without risers stretching or becoming slack and an ideal 7-DOF model with only relative
parafoil-payload twist is closely represented.

If the connections coincide as two pairs, with no separation in either the fore-aft or
left-right direction, connections mimicking free pitching or rolling are created,
respectively. Such configurations are represented by 8-DOF models which include relative

twist and relative pitch.

5.7in ‘I

|
(o

°/

l Forward
G

Figure 4.2 Payload top view showing connection points.
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Inspection of the experimental riser connection demonstrates that none of the ideal
confluence configurations are represented. While connections are as far apart as physically
possible they are still relatively close. The experimental configuration was chosen because
it achieved a high level of restriction to parafoil-payload relative motion for the system. In
general, modelers could reasonably justify any of the models ranging from 6 to 9-DOF.

The entire sensor system is made up of two components; the first is the main flight
computer in Figure 4.3 and the second will be discussed in more detail in the next section.
The flight computer attaches to a main sensor board which includes three accelerometers,
gyroscopes and magnetometers, a global positioning system (GPS), barometric altimeter,

mid-range wireless transceiver and ultra low power transceiver.
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Figure 4.3 Flight computer.
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Figure 4.4 Payload container.

The navigation box, Figure 4.4, contains the flight computer with sensor board,
external memory, servos and controllers. The control lines are connected to winches
(mechanical device that increase or decrease the length of the line) that control the canopy
yaw angle. To bank right, the winches decrease the length of the right control line.
Similarly, to bank left, the length of the left control line is decrease while the right remains

constant.
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4.2 Bantam Sensor Board
The second component is the developed Bantam sensor which was created to

measure parafoil-payload motion without interfering with general operations. The Bantam
is 1.7 in?; roughly the size of a US quarter, and weighs about 0.02 Ibs including the
battery, which is less than the weight of two quarters. The board is fitted with a 32-bit
microprocessor, temperature sensor, three gyroscopes, three accelerometers, three

magnetometers, and a low power wireless transceiver with 65 ft range.

Figure 4.5 Bantam sensor board.

The Bantam has two modes, online and sleep. In the online mode, the sensor
calculates orientation and temperature compensated data at 100 Hz. In sleep mode the
system maintains an ultra-low power state waiting for a prompt from the flight computer
which then initiates online mode. The battery life of the sensor while sleeping is about
12-36 hours depending on the desired sensor activation response time which allows the

system to be packed in the canopy overnight. When the sensor is fully online, the Bantam
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can run continuously for about 2 hours. The Bantam has the same inertial sensors and
ultra-low power wireless transceiver as the Flight computer.
The Bantam sensors were sewn to the canopy inside the cells as seen in Figure 4.6

using small holes around the sensor edge visible in Figure 4.5.

Figure 4.6 Bantam sensor in canopy.

Two Bantam sensors were placed inside cells three and five at a quarter chord of
canopy, 0.89 ft away from the canopy centerline as shown in Figure 4.7. This setup
provided the ability to measure canopy movement in port and starboard sides and

redundancy for robustness.

Figure 4.7 Location of Bantam sensors in canopy.
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CHAPTER 5

RESULTS
5.1 Simulation Results

5.1.1 Initial Conditions and Model Variables

The 6/7/8/9-DOF models are numerically integrated using a fourth order
Runge-Kutta algorithm with time step of 0.01 seconds. Flight test initial conditions and
the miniature parafoil system discussed in the previous section were employed in the
simulation. The simulation is started at zero cross range and down range, from 1300 ft
above sea level, with payload and parafoil pitch angles of -0.50 degrees and 1.7 degrees,
respectively, the velocity components are u,. being 25.71 ft/s, w being 13.62 ft/s, and all
other states zero. The payload was also described in Chapter 4 and its measurements are
used in the simulation. All aerodynamic coefficients and apparent mass coefficients for the

canopy are provided in Table 5.1 [11, 18].

40



Table 5.1. Parafoil and Payload Physical Parameters

Parameter Value Units Parameter Value Units
Cho 0.15 - C. -0.02 -

C,.2 0.90 - C.. 0.004 -

Cys -0.15 - Cos 0.40 -

Clo 0.25 - A 0.00084 slug
C., 0.68 - B 0.0022 slug

Cs -0.355 - C 0.0290 slug
Cis —0.00032 - P 0.040 slug - ft?
C., 0.0 - Q 0.010 slug - ft?
o -0.265 - R 0.0018 slug - ft?

Inertia matrices for both the parafoil and payload are provided below with both

having units of slug-ft®.

0.031 0 —0.005
Ig = 0 0.020 0

—0.005 0  0.040 (5.1)
0.0075 0 0
Is=| 0 000675 0 (5.2)
0 0 0.0051

Vectors from the point C to the payload mass center, parafoil mass center, and canopy
rotation point are rcs =0.3 is ft, rcg =0.5 ig - 2.25 kg ft, and rcg = -0.5 ig - 2.7 kg ft.
Vectors from the canopy rotation point to the parafoil aerodynamic center and apparent
mass center are rrp =0.33 ip ft and rrm =0.59 ip + 0.2 kp ft, respectively. The rotational
stiffness and damping from risers are assumed to be constant with values of 0.19 Ibf-ft/rad

and 0.0 Ibf-ft-s/rad.
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5.1.2 Simulation in MatLab

The simulation run in MatLab was similar to the situation experienced by the
parafoil/payload body in the flight test with a series of 44% left and right brake deflection
as shown in Figure 5.1. The resulting trajectory is a maneuver shown in Figure 5.2. The
ground track illustrates the slight difference between the 6/7-DOF and the 8/9-DOF model
trajectory. For the test system, relative payload motion displays little effect on the

trajectory.

50 | T T

50 1 i i | | 1
0 5 10 15 20 25 30 35
Time (s)

Figure 5.1 Brake deflection.
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Figures 5.3-5.5 show angular rates of the 6/7/8/9-DOF system for the parafoil and
payload. Each figure is divided into three plots. The first plot is the 6-DOF motion while
the second plot is the difference between the 6-DOF parafoil motion and that of the
7/8/9-DOF parafoil motion. The third plot is the relative motion of the payload with
respect to the parafoil.

In Figure 5.3, the parafoil yaw rate oscillates at a significantly lower magnitude
than the payload yaw rate. The parafoil steady state yaw rate is equivalent; however, the
yaw rate for the 6-DOF which does not take into account relative payload yaw rate has
substantially lower motion. For parafoil and payload pitch rate in Figure 5.4, the
7/8/9-DOF models show only small differences when compared to the 6-DOF model. It
can be observed, since the 7-DOF model does not include relative payload pitch, the
difference in trajectories are due to yaw roll coupling excited by the relative payload
yawing. Similar to the pitch rate, payload roll rate in Figure 5.5, is very similar for the
7/8/9 DOF models. Difference between 6/7- and 8/9-DOF models are small and generated

mainly from the coupling of relative yawing motion of the payload.
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Figure 5.3 Parafoil and payload yaw rate.
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The following figures illustrate simulated Euler angles of the parafoil and payload.
In Figure 5.6, difference between 6 and 7/8/9 DOF model yaw angles are slight. Minimal
variations in the 7/8/9-DOF models indicate that all can accurately represent relative
parafoil-payload twist and relative pitch and roll are not significantly couple to payload
yaw. The payload yaw has oscillations that are about 4 times the magnitude of the parafoil
oscillations. If payload sensors are used for control, this difference can generate changes
in the close loop turn trajectory. Figure 5.7 shows that the differences between pitch in
the models are small. Ability of the payload to pitch with respect to the canopy, however,
allows a slight variation in the steady state pitch of the canopy in the 8/9-DOF models.
Roll in Figure 5.8 similarly shows negligible variations in the parafoil while allowing the

payload to remain closer to vertical during the turns.
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5.1.3 Large Payload Inertia Case

Generally, a canopy carries a payload that is much more massive than the canopy.
For instance, the Joint Precision Airdrop (JPADS) Mega-fly, Figure 5.9, carries up to a
30,000 Ibs payload which can twist freely. The dynamics of a system with a larger
payload and different configuration would change the trajectory more than that of the test

system discussed in Chapter 4.

Figure 5.9 JPADS MegaFly [23].

To simulate a larger freely twisting payload, the inertia component I, is increased
by a factor of twenty while all other components remain the same. Also, the spring
constant K,, which is used to represent the twist in the lines, is set to zero.

Figure 5.10 shows the cross range of a system with a large freely twisting payload.
The 6-DOF trajectory is significantly different from the 7/8/9-DOF model trajectory.
Since the 7/8/9-DOF model trajectories are similar, the 7-DOF could then be assumed to

include the minimum number of degrees of freedom to capture important motion.
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In further detail, the first brake deflection is displayed in Figure 5.11 which
illustrates the difference in yaw and yaw rates that cause the divergence between the
6- and 7-DOF trajectories. The steady state turn angle for 6-DOF lags behind the 7-DOF
and by the second maneuver is 20.4° offset. This effect can also be seen in the yaw rate,
where the 7-DOF increases faster than the 6-DOF but both reach the same steady state
turn rate. Figure 5.12 demonstrates the correlation between steady state turn lag and the
inertia ratio of the parafoil and payload which is a linear trend with a slope of 5.2 deg.

The inertia ratio can be found by

IZZS

Inertia Ratio = .
(IZZB+C)

(5.1)
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5.2 Experimental Results
5.2.1 Experimental Initial Conditions

The experimental parafoil system was released from an altitude of 1300 ft and data
was recorded from both canopy sensors and the payload at 12 Hz. During the
approximately 80 seconds before touch down, a series of left and right turns was made

using brake deflections ranging from 40% to 60% of the maximum range.

Altitude

Figure 5.13 Experimental test parameters.

5.2.2 Model Frequencies

Figures 5.14 and 5.15 show the amplitude spectrum of measured angular velocities
for both the payload and parafoil canopy, respectively. From Figure 5.14, it is observed
that the payload roll and pitch rate amplitude spectrums have similar components at
2.1Hz and 2.2 Hz. The payload yaw rate has two components, a low frequency
component at 0.05 Hz from the control input, and a dynamic twisting mode at 1.05 Hz.

The angular velocity amplitude spectrum for the total canopy is found by combining data
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from both canopy sensors into one signal representing the average canopy motion. The
canopy pitch rate amplitude spectrum in Figure 5.15 has a peak at 2.2 Hz, near that of the
payload pitch rate but of lesser magnitude and is a result of the two body’s pitch coupling.
Both the canopy roll and yaw rates have a significant component at 0.05 Hz related to the
control input and shows the coupling between rolling and yawing of the canopy during

turns. The 1.05 Hz payload twist mode does not appear in the parafoil yaw rate.
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Figure 5.15 Parafoil canopy angular velocity amplitude spectrum.




Canopy sensors located symmetrically on the left and right side of the canopy
provide the potential to identify symmetric bending dynamic modes. In contrast to the
angular velocity amplitude spectrums in Figures 5.14 and 5.15 where the total canopy
angular velocity is the average of left and right sensors, the amplitude spectrum of
individual sensors can be investigated. If the canopy rotates as a rigid body then the left
and right side sensors would have the same angular velocity with the average having the
same amplitude spectrum as each sensor. When the canopy bends, left and right sensors
have opposing angular velocities which negate each other as the average is taken. The
result being that the bending mode frequency is absent from the average amplitude
spectrum but present in the individual sensors. This later case is demonstrate in
Figure 5.15 for the canopy bending about its vertical axis where, Rg, R, and Ry, are the
right side canopy rate, left side canopy rate, and average canopy rate amplitude

spectrums.
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Both left and right sensors exhibit a 0.05 Hz component from the yaw rate
commanded by control inputs and smaller 2.2 Hz yaw rate component. When the time
domain signals are averaged, the 2.2 Hz components negate each other and only the
0.05 Hz yaw rate mode remains, demonstrating that the canopy has a 0.05 Hz rigid body
turning mode and a 2.2 Hz symmetric bending mode. Figure 5.17 illustrates a top view of
the canopy motion for this bending phenomenon where the canopy symmetrically bends

fore and aft.

T N
I Y

Figure 5.17 Top view of symmetric canopy bending.

The phenomenon is commonly referred to as canopy "breathing.” As the canopy
breathes in and out, the angle of attack in the tips may change affecting the canopy
performance. The inflated fabric airfoil is not a rigid ‘enough’ structure. Fabric is woven
in two directions with deformation of that fabric happening mostly diagonal to the
weaving directions. The fabric is light weight but the compromise is structure rigidity is
lost. Construction of the weave in the fabric leaves weak points around some more rigid
points which act like pivot points allowing canopy movement. The canopy breathing
frequency is the same as the payload roll and pitch rate frequencies which demonstrate

that the payload relative motion may help excite this phenomenon. Analysis of the canopy
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roll and pitch rates failed to identify and similar symmetric bending modes suggesting that
the canopy is effectively rigid with the exception of a higher frequency symmetric bending
or “breathing” mode about its vertical axis, which is small in magnitude compared to the

rigid mode.

5.2.3 Parafoil/Payload Motion After Inflation

Comparisons between the payload and parafoil measurements are shown in
Figures 5.18 through 5.21. The yaw and yaw rate are separated in two figures because of
large twisting motion just after the canopy inflates. During canopy inflation it is common
for the payload to twist multiple times before reaching equilibrium. Figure 5.18, starting
immediately after canopy inflation, shows the payload yaw rate oscillating with an initial
amplitude of 400 deg/s and damping out in 6 to 7 cycles. The parafoil oscillates in
response to the payload and line twisting, lagging behind 90 deg in phase, and having

significantly smaller initial amplitude of approximately 50 deg/s.
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Figure 5.18 Parafoil-payload relative twisting immediately after canopy inflation.



Payload and canopy yaw, yaw rate, and control deflection after the initial payload
untwisting are shown below in Figure 5.19. The 1.05 Hz payload twisting mode is clearly
evident in the payload yaw rate, rs, and persists with amplitudes ranging from 20 to
30 deg/s. The payload twisting mode amplitude is on the same order as the main yaw rate
during turning. The parafoil also exhibits a small 1.05 Hz oscillation in response to the
payload but its amplitude is, 5-10 deg/s, and is very small compared to the larger
amplitude yaw rate during turning.

Pitch rates of both the payload and canopy primarily exhibit a 2.2 Hz oscillation
that is excited during most of the flight. Throughout most of the turning, the pitch angle
remains close to -3 and -10 deg for the payload and parafoil with only small variations as
seen in Figure 5.19. Rolling dynamics are shown in Figure 5.20 where differences in the
payload and canopy roll rate frequencies can be seen. In contrast to the pitch angle, the
payload roll varies by approximately 10 deg as the system turns, with positive roll during
a right turn (positive control) and negative roll during a left turn (negative control). The
parafoil roll exhibits a similar trend to pitch but experiences more variation.

Common to all measured payload and parafoil angular velocities are the persistent
oscillations throughout the flight. In Figure 5.18, the initially large payload yaw rate
decays from 400 deg/s to 30 deg/s in 6 to 7 cycles but does not continue to decay to zero.
Similarly both pitch and roll rates experience persistent oscillations. This observation is
explained by continual disturbance from turbulence and variable winds during flight as
evidenced by the many pulses in payload yaw rate in Figure 5.19. As the payload yaw rate
begins to decay over 7 cycles it is excited again before reaching equilibrium. Similar

dynamics are seen in the pitch and roll rates.
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5.3 Experimental and Simulation Comparison Parafoil/Payload Motion

When comparing the simulated results with experimental data, the appearance of
persistent oscillation in the experimental data while the simulation decay to a steady state
is observed. In the model, only pristine atmospheric conditions were simulated. During
experiments, the parafoil experiences changes in wind magnitude, wind direction,
updrafts, and turbulence, all exciting motion continually. To simulate a realistic
environment experienced in the flight test, a simulated wind profile with turbulence was
developed to further validate and compare the model data to the experimental data. The

wind profile can be seen in Figure 5.22 and 5.23.
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Figure 5.22 Wind direction.
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Figure 5.23 Wind velocity magnitude.

The 9-DOF model was chosen to display the results of the addition of atmospheric
disturbances and turbulence. When the payload motion is excited in the simulation, the
natural oscillations of the parafoil-payload can be seen in Figure 5.24-5.26 below. Similar
to the experimental data, the new simulation output demonstrates the 2.2 Hz frequency of
the roll rate and pitch rate of the payload and the 1 Hz frequency of the parafoil roll and
pitch rate. The coupling between parafoil yaw and roll rate can be seen as the motion is
excited by continual changes in the wind. Both the parafoil and payload yaw rate have a

frequency of 1 Hz from the twist of the lines.
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CHAPTER 6

LINEARIZATION

6.1 Linearization

As seen from the previous chapters, only payload relative yawing motion affect the
trajectory of the system. This effect is particularly pronounced in the case of large inertial
ratio. It can be assumed that for these cases, the 6-DOF and 7-DOF models will be the
most concise while still representing all significant motion. Equations of motion for the
parafoil models were derived using the same states and procedure as conventional aircraft
flight mechanics. In addition, the aerodynamic model takes the same form as conventional
aircraft with the addition of apparent mass, which could be modeled using standard
aerodynamic coefficients with a conventional aircraft. The following systems are

linearized about the initial condition discussed in the previous results.

6.2 Test System
The 6-DOF parafoil model can be separated into a fourth order longitudinal system
(uc, we, gg, #s) and a fifth order lateral system (vc, és, Ps, ¥s, r's) When linearized. The

6-DOF longitudinal system can be described by the following equation.

Uc)  [-0542 0619 -10.7 —30.3] Uy [0
Wel _[-1.032 —211 297  2.72|)we( |0
. = 6.1
q5 1293 —1622 —542 -372|)4=( " [o[% ©3
65 0 0 1 0l \6s 0

with eigenvalues of -3.33 £ 7.72i and -0.71 + 1.22i representing both a short period and

phugoid mode, respectively. The short period mode has a natural frequency and damping
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ratio of 1.34 Hz and 0.39 while the phugoid mode has a natural frequency and damping
ratio of 0.23 Hz and 0.50.

Similarly the lateral dynamics become

(Ve 389 30.4 123 —31.67 (Ve —0.027

¢B| [ 0 1 —0.141] qu [ 0
$ —0.248| +[-0.101]4, (6.2)
sl 1.01 ItlfB OJ

—2.43 LTB} 0.524

—2.87 —-6.61
0 1

pB [—
l0295 —0.230 -2.05

SO O OO

)

and have four nonzero eigenvalues, two real and one complex conjugate pair, representing
the typical roll subsidence, spiral, and dutch roll modes. The roll subsidence and spiral
mode eigenvalues are —6.85 and -0.716 with a time constant of 0.15 s and 1.40 s,
respectively. Dutch roll eigenvalues are -0.93 + 4.51i representing a natural frequency
and damping ratio of 0.91 Hz and 0.17.

As seen in the first section of Chapter 5, a 6-DOF model would be adequate to
capture the motion of a system with if the inertia of the payload is not too much larger
than that of the parafoil. If the inertia is larger, the 7-DOF is the minimum degree that
captures the change in trajectory. This case will be discussed in the next section, however,
for all practical purposes only the linearization of the 7-DOF need be considered.

The 7-DOF parafoil model can also be linearized and separated into a fourth order
longitudinal system (uc, Wc, Os, 6). Linearizing the 7-DOF model about the same initial

conditions results in the longitudinal system

122 —-1.03 -2.12 297  2.72|)w.
129 —-1.62 -5.41 -3.72|)4s
(9'3) 0 0 1 ol \p

U —0.542 0.619 —10.7 —30.3] ,Uc 0
+ 8 8q, (6.3)
0
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where the short period mode eigenvalues -3.34 = 7.71i and a natural frequency and
damping ratio of 1.34 Hz and 0.39 while the phugoid mode eigenvalues are -0.71 + 1.22i
and have natural frequency and damping ratio of 0.23 Hz and 0.50. The 7-DOF lateral

dynamics now include two additional states, ws and rs, and is a seventh order system (vc,

d8, P8, W8, I, Ws, Is)

(Ve  1—0.391 304 123 0 —31.6 —0.236 07 [Vc)
o 0 0 1 0 —0.141 0 0| %=
1 -0.735 -2.86 —-6.58 0 -—0.214 -0.702 Of|Ps
(¥ = 0 0 10 1.01 0 0l{¥s}
Tg 0329 —0.256 —-228 0 —271 434 0|i7s
W 0 0 0 0 -1 0 1||¥s
() b 0 0 0 0 0 -—-373 ol\rs/
-—0.031- 64)
0
—-0.110
+ 0|8,
0.584
0
0-

having six nonzero eigenvalues, two real and two complex conjugate pairs, representing
the roll subsidence, spiral, dutch roll, and an additional payload twist mode. The 7-DOF
roll subsidence and spiral mode eigenvalues are -6.92 and -0.72 with a time constant of
0.15sand 1.40 s. The dutch roll eigenvalues of -0.79 £ 4.41i with a natural frequency and
damping ratio of 0.71 Hz and 0.09, In addition, there is an extra second order mode from
the payload relative twist which has eigenvalues of -0.230 £ 6.59i representing a natural
frequency and damping ration of 1.05 Hz and 0.04. For further comparison, these values

have been placed in Table 6.1.
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Table 6.1 Comparison of Flight Dynamic Modes

6-DOF 7-DOF
Second Order First Order Second Order First Order
®n On
(s t. (s
(H2) ¢ (s) (H2) ¢ (s)
Longitudinal Modes
Short Period 1.34 0.40 - 1.34 0.40 -
Phugoid 0.23 0.50 - 0.23 0.50 -
Lateral Modes
Roll Subsidence Mode - - 0.15 - - 0.14
Spiral Mode - - 1.40 - - 1.40
Dutch Roll 0.73 0.11 - 0.71 0.09 -
Payload Twist - - - 1.05 0.04 -

The 7-DOF longitudinal modes and the first order lateral modes remain virtually
unchanged from the 6-DOF system. In contrast, by including payload relative twist, the
dutch roll natural frequency and damping ratio of 3% and 18% reduction, respectively.
For our test system, neglecting the relative payload-canopy twist results in a slight
overestimation of dutch roll mode damping which can be ignored. All other modes remain
essentially unchanged which often leads to the assumption that a 6-DOF model can be

effectively used for guidance development as in [2] and [11].

6.3 Large Payload Inertia Case
As discussed in Chapter 5, the payload is generally much more massive than the
canopy. Using the same method above, a system with a large payload was linearized and

a table of comparison can be seen below.
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Table 6.2 Comparison of Flight Dynamic Modes for Large Payload System

6-DOF 7-DOF
Second Order First Order Second Order First Order
O®n On
(s t. (s
(H2) ¢ (s) (Hz) € (s)
Longitudinal Modes
Short Period 1.34 0.40 - 1.34 0.40 -
Phugoid 0.23 0.50 - 0.23 0.50 -
Lateral Modes
Roll Subsidence Mode - - 0.17 - - 0.15
Spiral Mode - - 1.84 - - 1.75
Dutch Roll 0.49 0.08 - 0.21 0.02 -
Payload Twist - - - 0.82 0.19 -

In this case, the difference between parafoil and payload motion is more obvious.
The 6-DOF model overestimates dutch roll natural frequency by 57% and the damping by
75%. Sensors in the payload will greatly underestimate the movement of the payload
when the payload inertia is greater that the parafoil. When guidance feedback is derived
from sensors (usually yaw and yaw rate) in the payload, the sensors will be acutely
sensitive to the payload oscillatory mode which is very lightly damped and care must then

be taken to include the payload oscillatory mode during guidance design.
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CHAPTER 7

CONCLUSIONS

While the parafoil/payload system can be modeled with various degrees-of-
freedom based on the connection configuration and rigging geometry of the two primary
bodies, the complexity of these models may not add value to the control of the system.
Many different DOF models have been developed in literature with the absence of the 7-
DOF model. The difference in convention and variable definition make comparison of the
models in literature difficult. The 7-DOF model was developed to fill in the gap in
literature and the 6/8/9-DOF models were generated in parallel to ensure general similarity
in development for comparison. The models created were able to simulate parafoil and
payload dynamics similar to data gathered by miniature wireless inertial sensors.

The Bantam sensors were developed and used to measure the relative canopy-
payload motion. For the first time, direct data from the canopy was obtained and used to
verify and analyze multi-body models. For instance, canopy ‘breathing’ motion can be
seen from the gathered data which can change the periphery angle of attack affecting the
canopy performance. It is theorized that relative payload motion may excite this

phenomenon due similarities in the breathing, roll and pitch rate frequencies.
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The experimental data also showed persistence oscillations due to wind changes
which have not been seen in models generated. The addition of a wind profile and
turbulence to the simulation provided a realistic view of effect of wind on dynamics which
can be further developed in the future.

From the experimental data, significant yawing motion between the parafoil and
payload could be seen while many of the other dynamic modes exhibit little change for
this canopy/payload rigging connection. If the system uses only GPS for its trajectory
control, then the 6-DOF model is adequate. However, if control is based on yaw and yaw
rate information from payload sensors, the motion of the payload becomes significant as
the payload oscillates and may give incorrect readings.

For a common parafoil system with a large payload, the 7-DOF models included
all significant dynamics, mainly the payload twist. Other dynamic motion may be
important for a different payload connection configuration or if a payload is oddly shaped
causing different forces to move the payload. In such a case, the Bantam sensor data
would be an immense assistance.

Classical flight dynamic modes were also developed for the rigid (6-DOF) and the
relative yaw (7-DOF) parafoil-payload system which was not previously considered by
literature. The 6-DOF model has conventional flight modes including, short period and
phugoid longitudinal modes and roll subsidence, spiral, and dutch roll lateral modes, like
an aircraft. The 7-DOF model is shown to have an additional lightly damped lateral
payload mode. This additional mode introduces reduced damping of the payload
compared to the rigid model which is important in payload senor controlled guidance.
The 7-DOF mode also demonstrates a much lower dutch roll mode than the 6-DOF model.

Therefore, the 6-DOF model will overestimate dutrch roll in the system.
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