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Effects of Canopy-Payload Relative Motion on Control of
Autonomous Parafoils

Nathan J. Slegers”
University of Alabama in Huntsville, Huntsville, AL, 35899

An 8 degree-of-freedom model is developed that accurately models relative pitching and
yawing motion of a payload with respect to a parafoil. Constraint forces and moments are
found analytically rather than using artificial constraint stabilization. A turn rate controller
common in precision placement algorithms is used to demonstrate that relative yawing
motion of the payload can result in persistent oscillations of the system. A model neglecting
relative payload yawing failed to predict the same oscillations. It is shown that persistent
oscillations can be eliminated by reduction of feedback gains; however, resulting tracking
performance is poor. A reduced order linear model is shown to be able to adequately predict
relative payload dynamics for the proposed turn rate controller on the full 8 degree-of-
freedom system.

Nomenclature
A,B,C,P,0,R = Lamb’s coefficients for apparent mass.

d,,,dg, = Mass center accelerations of the parafoil and payload.

b Canopy span.

c = Canopy main chord.

Cpys = Payload drag coefficient.

G, = Coefficient relating the /" dimensionless aerodynamic coefficient to the j* state.
E, = A 3xI column vector with a 1 on the i element and zeros everywhere else.
F,,M = Parafoil aecrodynamic force and moment vectors in the body reference frame.

A
F e M = Apparent mass force and moment vectors in the body reference frame.

F,.,F.,,F.= Connection constraint force components.

F, = Payload drag vector in the payload reference frame.

H Bl H o, = Parafoil and payload angular momentum expressed in their respective frames.

Iy, 1 = Parafoil and payload Inertia matrices.

1,,,1, = Apparentmassand inertia matrices.

my,m, = Mass of the parafoil and payload.

M., , M, =Connection constraint moment components.

Pg-qs.7,=  Parafoil angular velocity components in the body reference frame.
Ds»qs.7s=  Payload angular velocity components in the payload reference frame.
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p,q,7 = Angular velocity of the parafoil in the canopy frame.

S2 .8 = Cross product matrix of the parafoil angular velocity expressed in the body and canopy reference frames.
B B

S{i = Cross product matrix of the payload angular velocity expressed in the payload reference frames.
S

§2 8P = Cross product matrix of the vectors from the parafoil system mass center to the canopy aerodynamic center
BP> BM

and apparent mass center.

S# 8% = Cross product matrix of the vector from the connection line to parafoil mass center and apparent mass center,
CB M

both expressed in the body frame.

s? = Cross product matrix of the vector from the connection line to payload mass center, expressed in the payload
cs

frame.

S,,8 = Reference area of the parafoil canopy and payload.

T,,T,, = Transformation from aerodynamic to canopy frame and from body to canopy frame.

Ty = Transformation from the body to payload frame.

T = Transformation from inertial to body frame.

B
Ue,ve,w.= Velocity components of connection line in the body reference frame.

u,v,w = Velocity components of the canopy aerodynamic center in the canopy reference frame.

ug,,vs,, wy, =~ Aerodynamic velocities of the payload in the payload frame

V., = Velocity vector of the wind in an inertial reference frame.
V.V = Total aerodynamic speed of the parafoil canopy and payload.
X¢»VerZo—  Inertial components of connection line position.

Xeps Vegs Zep ~Distance vector components from the connection line to parafoil mass center in the body frame.

Xers Vers Zep ~Distance vector components from the connection line to canopy rotation point in the body frame.

Xegs Vess Zes —Distance vector components from the connection line to payload mass center in the payload frame.

Xup» Vap» Zrp ~DiStance vector components from the canopy rotation point to canopy aerodynamic center in the canopy

frame.
o, = Asymmetric brake deflection as a percentage of maximum deflection.
r = Canopy incidence angle.

#,,0,,w,= Eulerroll, pitch and yaw angles of the parafoil.
0,,w, = Euler pitch and yaw angles of the payload.

I. Introduction

UIDED parafoils are providing improved capability in performing a diverse set of military and civilian

missions such as: precision airdrop, reconnaissance, troop re-supply, and response to humanitarian crises.
Parafoils are unique flight vehicles well suited to theses tasks because they fly at low speed and impact the ground
with low velocity while maintaining the ability to be released at large offsets from the desired target. Additional
attractive features of guided parafoils are their compact size before deployment and light weight.

An important component of all autonomous parafoils is the guidance algorithm. Many different types of
guidance algorithms have appeared in literature including: dynamic programming, real-time optimal trajectory
generation, linear predictive control, nonlinear predictive control, and flocking to name just a few.'” A commonality
between all these guidance strategies is an assumed dynamic model used for generation of the guidance algorithms.
The types of models used for guidance are often low fidelity and include: kinematic models, reduced order models,
and linearized versions of high fidelity models. However, while simple models are used for designing the
algorithms, higher fidelity models are often used to evaluate performance in simulation or on actual systems.

Many aspects of parafoil systems make them difficult to accurately model. For example, the canopy and
suspension lines are flexible structures allowing the possibility of changing shapes and aerodynamics. In addition,
the canopy has a small mass-to-volume ratio resulting in additional forces and moments called apparent mass.’
Another complication is the payload and canopy interaction. The payload and canopy 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 practical applications some of the previous parafoil and payload characteristics can
be ignored resulting in a range of models with varying degrees-of-freedom (DOF). The first level of model
complexity is the 3 DOF and 4 DOF model for a parafoil and payload discussed by Jann.” The 3 DOF model
included the horizontal motion of the mass center and the heading while the 4 DOF model added roll with the latter
achieving a reasonable match with flight data. The next level of complexity is a 6 DOF model where the payload
and parafoil are considered one rigid body. Slegers and Costello used a simple 6 DOF model, excluding apparent
mass, for predictive control.’ Barrows developed a more complete 6 DOF by including an accurate representation of
apparent mass, including the effect from spanwise camber.® Later Slegers, Beyer, and Costello developed a similar 6
DOF parafoil model but included the ability to easily model changing canopy incidence for additional control.’
Separation of the parafoil and payload by a confluence point allows the payload to freely rotate with respect to the
canopy resulting in 9 DOF. Doherr and Schilling reported on the development of a 9 DOF dynamic model for a
rotating parachute.'’ By comparing results from 6 and 9 DOF models they conclude a 9 DOF model was needed to
adequately predict stability. Later both Slegers and Costello then Mooij, Wijnands, and, Schat developed 9 DOF
models for parafoil systems using different approachs.'"'> 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 connection point. Strictly speaking, many payloads are not
attached by an ideal confluence point, but rather, by links that constrain the parafoil and payload roll to be the same.
Modeling of such a system can be achieved using an 8 DOF model. Miiller, Wagner, and Sachs reported on an 8
DOF model used to evaluate simple maneuvers such as symmetric braking, wind gusts, and payload twist."> More
recently, Redelinghuys developed an 8 DOF model using analytical dynamics similar to Mooij, Wijnands, and
Schat, which also requires artificial constraint stabilzation.'* Constraint stabilization requires the addition of
differential equations that artificially force the known constraints to be approximately satisfied. The constraint
equations also require stabilization coefficients to be sclected so these equations are stable. A tradeoff often exists
between how close the constraint is met and stability of the constraint equations.

Parafoil and payload relative motion is important because while the most significant loads come from the
canopy, the payload is where sensors are located. Strickert and Jann attempted to measure the relative motion of a
parafoil and payload using video-image processing.”” Results were limited to post flight analysis due to the
requirements of video digitization and synchronization. Differences in the orientation of the payload and canopy can
make estimation of the canopy orientation and aerodynamic angles in real-time difficult. This paper develops an 8
DOF model that accurately models the relative motion of the payload with respect to the parafoil. Newtonian
dynamics are used so that the constraint forces and moment are found analytically rather than using artificial
constraint stabilization. The proposed model includes the coupling of translation and rotation dynamics from
apparent mass. In addition, the change of canopy orientation with respect to the suspension lines is allowed similar
to Ref. 9. Finally, the proposed model is used to evaluate the effect of payload motion on guidance during a 180-
degree turn common during terminal guidance in precision placement algorithms

II. 8 DOF Dynamic Model

With the exception of movable parafoil brakes, the parafoil canopy is considered to be a fixed shape once it has
completely inflated. The combined system of the parafoil canopy and the payload are modeled with 8 DOF
including: three inertial position components of the parafoil-payload connection line C, three Euler orientation
angles of the parafoil system, and two Euler orientation angles of the payload with respect to the canopy. Side and
front views of the parafoil and payload system are shown in Figs. 1 and 2.
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Figure 1. Parafoil and payload side view. Figure 2. Parafoil and payload front view.

A body frame (B) is fixed at the mass center of the parafoil system which includes the canopy, suspension lines,
and risers. Orientation of the body frame is obtained by a sequence of three body-fixed rotations. Starting from the
inertial frame, the parafoil system is successively rotated through Euler yaw v, , pitch 6,, and roll ¢,. A payload
frame (S) is fixed at the mass center of the payload. The payload orientation is also obtained by a sequence of body-
fixed rotations. Starting from the body frame, the payload is rotated successively by the Euler yaw y; then pitch 6;.
Transformations from the inertial to body frame and from the body to payload frame can be written as

CHB c'// B cgg S‘/’ B _SQB
= — 1
]}B S¢B SHB C‘/’B C¢B S'//B S¢B S'gy S'//B + c¢3 c'/’s S¢B CHB ( )
c,s,c, +S8

5 0 vp ¥ s’//y C¢B S‘QB S’//B - S¢B CV/B C¢B CQB

ng C‘/’x C'gs S‘/’S _s'gx ( 2)
Tps=| =S, ¢, 0
Sgs c!‘/x S’Q&' SV/S S

s

where the common shorthand notation for trigonometric functions is employed withsin(a)s s, Cos(a)zca and
tan(a) =t,-

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 I, and can be considered either a constant for

the system or a control variable as in Ref. 9. Rotation of the canopy about the point R allows tilting of the canopy lift
and drag vectors resulting in changes in the equilibrium glide slope.

A. Kinematics and Dynamics
The velocity vector components of the connection line C are defined in the body frame leading to the
translation kinematic differential equations:



Xc Uc
. T
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Ze W,
The angular velocity expressions for the parafoil body and payload with respect to the inertial frames are defined in
Egs. (4) and (5), respectively.
@B/l =pply +qpJ5 + 1K, 4)
67)5/, =p575+qus+r512$ (5)

With these definitions the rotation kinematics for the parafoil body become
$| |1 Sale,  Cule, |[P
93 =0 ¢, =S, qs (6)
V) [0 s,/ ¢y fc LT

and the two payload rotation kinematics equations, along with the constraint on the payload body roll rate, are given
as

p N 0 _t'gs C'//s / Cgs S‘/’s / cgs O p B

O =1 0 { St s, -, 0 |<qg; Q)
) re s s

l//S 0 1/ c‘gs _tgs CWS _tgs S‘// s -1 rB

Translation and rotation dynamic equations of motion are formed by separating the parafoil body and
payload at the connection line exposing the constraint forces and moments. Four vector equations can be formed,
two by equating the time derivative of linear momentum with total forces on each body, and two more by equating
the time derivative of angular momentum with the total moment on each body. The required mass center
accelerations of the parafoil and payload are

Uc Uc Ds Xcp
g =9Ve ¢+ S{i Ve [~ Sri, gp ¢+ S(i, Sai, Yes (®)
We We Iy Zcp
Uc Uc Ps Xes
g, :[TBS] Ve +S£B Ve _Sri qs +S55Sas)s Yes ©)
We We iy Zes

where each acceleration is expressed in its respective frame. The vectors 7, and 7 are position vectors from C to
the parafoil body and payload mass centers, both expressed in their respective frames. The convention is used where
the vector cross product of two vectors 7 = { ro, rz}Tand F= { F, F, F }T both expressed in the A reference

frame is written as
0 -r r F

¥y x

SfF': r, 0 - \F, (10)
-r, I 0 ||F
The derivative of angular momentum for the parafoil body and payload can be expressed in their respective frames:
J Dy Pp
EHB/I :[IB] ds +S£B [[B] 95 (11)

Iy Ty



Ds Ds

d - .
EHS/I :[‘IS] qs +S{i []s] qs (12)
i Ts

Notice that the derivative of ps appears in both Eq. (9) and (12), but is known through the kinematic constraint in the
first row of Eq. (7). Differentiating pgs enables the angular acceleration of the payload to be written in the compact
form

Ds g Pp
ds :G1+Kl{;}+K2 dp (13)
2 s g
where,
& = (I/C;S )[SHS (C.//SPB +Sy/SqB>qS +2(C.//Sq3 _S.//SPB)VS —qsTs (14)
+C‘9s (S'//SpB _CquB>rB +2s'9SS‘//sc'//S (pé _q§)+2p3q3s'gs (S‘/Z/s _C'/Z/s )]
8
G, =10 (15)
0
0 —t,
K,=[1 0 (16)
0o 1
CWS / C'gs S'//s / C'gs O
K,=| 0 0 0 (17)

0 0 0

The known derivative of pg can be eliminated from the mass center acceleration and derivative of angular
momentum of the payload by using Eq. (13). The resulting expressions for the mass center acceleration and
derivative of angular momentum of the payload can then be written as

L.IC uc q ﬁg xCS
dsuz[TBs] "’c +S£B Ve _S/iGl_S/iSKI{’;S}_waKZ 673 +S£5Sas)s Yes (18)
We We : Iy Zcs
. Pr Ps
d - q . 19
dtHS/,:[IS]GI+[IS]K1{;}+[IS]K2 Gy 1+ 85 [I5]1 45 (19)
s )
s Ts

where both quantities are expressed in terms of only states and state derivatives.
B. Forces and Moments

Forces and moments acting on the parafoil and payload have contributions from: weight, aerodynamic loads on the
canopy and payload, apparent mass of the canopy, constraint forces at the connection line, and constraint moments
at the connection line. Weight contributions of the parafoil system and payload are expressed in their respective
frames as
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Aerodynamic forces on the canopy are expressed in the body reference frame; however, they are a function of the
aerodynamics velocities in the canopy frame. Defining 7,,as the single axis transformation from the body to

canopy reference frame by the incidence angle /" the aerodynamic velocity of the canopy expressed in the canopy
frame is written as

u Uc Xcr Xrp

~ T _

Vo= [TBP] Ve rt Scf,, Yer +[TBP] Yrp _[T[B]VA/I (22)
w We Zcr Zpp

where 7, is the position vector from C to the canopy rotation point, expressed in the body frame, and 7, is the

vector from the canopy rotation point to the aerodynamic center, expressed in the parafoil canopy frame. The
aerodynamic angles then become ¢ =atan(w/i) and f =asin(v/V,). Canopy aerodynamic forces in the body

reference frame can then be written as
Cpo+C, .0’
o=y oV, [Tl [Ta)] Cop @
C,+C o
where T,,is the transformation from the acrodynamic to canopy frames by the angle & . Payload drag is defined in a
similar manner,
Fo_ 1 o (24)
Fs= _EPVS SsCps | Vsu
Wsa
where u,,, vy, and Wy, are payload aerodynamic velocities in the payload frame. Unsteady aerodynamic moments

on the canopy expressed in the body frame are given in Eq. (25).

b((b/2V,)C,p+Cps,0,)

-1 _ _ N

M, = VS, 7,11 2(Cpo+(c/27,)C,,4) (25)
b((b/2v,)C,7+C,5,8,)

Parafoil canopies with small mass to volume ratios can experience large forces and moments from accelerating
fluid called “apparent mass” and “apparent inertia.” They appear as additional mass and inertia values in the final
equations of motion, provided that their effects are not already covered by the aerodynamic coefficients. Parafoil
canopies with small arch-to-span ratios and negligible camber can be approximated to useful accuracy by an
ellipsoid having three planes of symmetry. Approximation of the canopy as an ellipsoid allows the kinetic energy of
the fluid displaced by its movement to be written as [16]

2T = Aii” + BV + CW’ + Pp* + Q§° + Ri** (26)



where velocities of the canopy ,V,W expressed in the canopy frame were previously defined in Eq. (22) and the

angular velocities of the canopy also expressed in the canopy frame p,q,7 are defined as

p p
qg¢= [TBP] q @7)
r r

Constants 4, B, C, P, O, and R appearing in Eq. (26) can be calculated for known simple shapes or can be
approximated as discussed in Refs. 6, 8, and 16. Similar to Lissman and Brown (Ref. 6), forces and moments from
apparent mass and inertia are found by relating the fluid’s kinetic energy to resultant forces and moments. Assuming
the incidence angle is slowly varying or constant, so that its derivative is negligible, the apparent mass contributions
expressed in the body frame can be written as

u u
Foy =TT | [ 5 b2 (117 (28)
W W
p p
MAM:_[T;B’P]T [IAI] q +S£B [IAI] q (29)
r r
Where
(4 0 0
[.,]=|0 B 0 (30)
10 0 C
P 0 O
[7,]=l0 0 o G1)
0 0 R

Apparent mass forces and moments act at the apparent mass center shown as (M) in Fig. 1. For the assumed
ellipsoidal canopy shape the apparent mass center occurs at the canopy centroid.
Constraint forces and moments expressed in the body frame are defined as

= T

FC:{FCX Fey FCZ} (32)

M.=EM. +EM_, 33)
where F ,F,. and F_, are the unknown components of the constraint force at the connection line, A, is the

unknown roll constraint moment at the connection line, M ., is the known twisting moment from line twist, and E,
is a 3x1 column vector with a 1 on the i element and zeros everywhere else. The line twist moment A/ oz 18

dependent on the specific payload-canopy connection and riser geometry and can vary dramatically from system to
system. In general the line twist moment A/ ., can be modeled as a nonlinear rotational spring and damper where

both the stiffness and damping coefficients are functions of /.

C. Equations of Motion

Coupling of the translation and rotation dynamics make an algebraic solution to the unknown constraint
forces and moment difficult. Final dynamic equations of motion and the unknown constraints can be expressed
compactly in matrix form
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where 7,, and 7y, are position vectors from the body mass center to the canopy aerodynamic center and apparent

mass center, both expressed in the body frame. The first and second sets of row equations appearing in Eq. (34) are
found by summing forces on the payload and parafoil. The third and fourth sets of row equations appearing in Eq.
(34) are found by summing moments about the payload and parafoil mass centers. The common convention is used

for tensors of second rank such that [/, = [TBC]T [£,][T4c] for the quantities in Egs. (30) and (31). Derivatives of

the eight states and four constraints are found by solving the system of equations in Eq. (34) using LU
decomposition. Combining the eight state derivatives with the eight kinematic equations in (3), (6), and (7) results in
16 differential equations representing the 8 DOF parafoil and payload model.



III. Results

Equations of motion described above are numerically integrated to generate the trajectory using a fourth order
Runge-Kutta algorithm with time step of 0.005 seconds. Simulations under two sets of conditions are performed so
that the response of the parafoil and payload system can be evaluated. The first simulation evaluates the relative
motion of the payload with respect to the parafoil for a commanded brake deflection. Simulations in the second case
evaluate the performance of a simple yaw controller for different levels of resistance to line twist. In both cases the
simulation is started at, zero cross range and down range, from 2500 ft above sea level, with payload and parafoil

pitch angles of -1.0 and -2.0 degrees, 1. being 28.2 ft/s, W, being 14.0 ft/s, and all other states zero.

The payload is rectangular with a drag area of 0.45 ft* a depth of 0.4 ft and a weight of 4.25 Ibf. The parafoil
canopy and suspension lines have a combined weight of 0.5 1bf. The 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. All aerodynamic coefficients and apparent mass
coefficients for the canopy are provided in Table 1. Inertia matrices for both the parafoil and payload are provided
below, both having units of slug-ft*.

[ 0.031 0 —0.005
I,=| 0 0.020 0 (39)
|-0.005 0 0.040

(0312 0 0.022
I,=| 0 029 0 (40)
10022 0 0.049

Table 1. Parafoil and Payload Physical Parameters

Parameter Value Units
Cp, 0.15 -

C, . 0.90 -

Cyy -0.05 -

Cyo 0.25 -

C., 0.68 -

C, -0.355 -

Cis ~0.00032 -

C,o 0.0 -

C,, -0.265 -

C, -0.09 -

C.a 0.0059 -

Cps 0.40 -

A 0.0008 slug

B 0.0022 slug

C 0.0290 slug

P 0.040 slug - ft*
0 0.010 slug - ft*
R 0.0018 slug - ft*

Vectors from the connection line C to the payload mass center, parafoil mass center, and canopy rotation point are:
7.s=1.0K, ft, 7,=0.51,-2.25K, ft, and 7, =-0.5K, —2.7K,. Vectors from the canopy rotation point to the



parafoil aerodynamic center and apparent mass center are ;7RP:0.63[‘P ft and Faut :0'5907P+0'2 K » ft,

respectively. The rotational stiffness and damping from risers are assumed to be constant with values of 0.07 N-
m/rad and 0.005 N-m-s/rad.

A. Response to a Constant Brake Deflection

Relative motion of the payload with respect to canopy is demonstrated using a commanded 50% left brake
deflection from 10 to 18.5 seconds. The resulting path shown in Fig. 3 is a complete 180-degree turn common in
precision placement algorithms. During the maneuver the descent rate is a nearly constant 15.1 ft/s. Figure 4 shows
the angular velocities of both the canopy and payload where the turn rate from a 50% brake is approximately -20
deg/s resulting in a turn diameter of 145 ft. Total and relative yawing motion of the payload and canopy is shown in
Fig. 5. The left brake at 10 seconds first results in canopy yaw with the payload lagging behind by 15 degrees. A
similar response is observed when the left brake is later removed. After removal of brake deflection, the payload
yaws with respect to the canopy for 10 seconds before the oscillation ceases. Roll and pitch angles as well as the
canopy angle-of-attack and sideslip are shown in Figs. 6 and 7. The roll angle in Fig. 6 responds in a similar manner
as yaw with both the frequency and damping being similar. As the canopy banks left during the turn it also pitches
down. Pitch of the payload and canopy are closely aligned as shown by the small relative pitch angle of the payload
with respect to the canopy in Fig. 6. Pitching motion occurs at a higher frequency than both roll and yaw for the case
shown, and is a function of the payload distance below the connection line.
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B. Control System Response

The previous open loop turn command showed only moderate payload yawing motion with respect to the
canopy. In practice, closed loop turn commands are implemented using sensor feedback to improve robustness to
disturbances and improve performance. Many systems only have sensors on the payload and no information about
canopy orientation. A simple proportional-derivative controller is proposed to track a desired yaw command using a
feed forward gain K __, a proportional gain K ,and a derivative gain gk :

S, ZKFFV)DES_KI:(V/_WDES)_’_a(rS_l//DES)] (41)
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The desired turn command . is for the overall parafoil system; however, only the payload states y =y +y ,and

7 are used in the control algorithm.

The desired command is taken to be a 180-degree left turn over 8.25 seconds. Two systems are compared. The
first being the 8 DOF system in Figs. 3 to 7 with line twist stiffness and damping values of 0.07 N-m/rad and 0.005
N-m-s/rad. The second mimics a 7 DOF system by using large rotational stiffness and damping values of 10 N-
m/rad and 1.0 N-m-s/rad. Large resistance to line twist results in trivial yawing motion of the payload with respect to
the canopy. The second system will be referred to from here on as the 7 DOF system. Figures 8 through 10 show
results for both the 7 and 8 DOF systems when K, = 1.21 s/rad, K= 0.70 /rad, and a=0.5s. Relative motion of the

payload in the 8 DOF system results in a persistent oscillation of cross range shown in Fig. 8, payload yaw shown in
Fig. 9, and control deflection in Fig 10. In contrast, the 7 DOF model, under the same control algorithm, results in
good performance with little error and no control oscillations. In Fig. 9 the yaw of the payload and canopy are
shown separately for the 8 DOF system, while for the 7 DOF system yaw of both the payload and canopy are
constrained by the large stiffness and are shown by a single line.
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Figure 8. Closed loop ground track
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Figure 10.  Control deflection

Reduction of the control gain K to 0.2 /rad eliminates the persistent oscillation of the control deflection. However, as
seen in Fig. 11 control response is sluggish. The payload in the 8 DOF system still has relative motion throughout
the turn for a smaller gain K , but now decays after the turn as shown in Fig. 12. Reduction of the gain K also results
in the closed loop trajectory resembling the open loop trajectory in Fig. 5.
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Figure 11. Low gain ground track
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Figure 12.  Low gain payload and canopy yaw

A root locus for the 8 DOF system is shown in Fig. 13 where only the six poles significantly effected by the
control gain K are given. The oscillatory response of the relative payload-canopy yaw is dominated by the complex
conjugate pair of poles that approach the real axis as K is increased. As K increases, the mode’s frequency remains
near 0.24 Hz but the damping ratio decreases from 0.19 when K is zero to 0.17 and 0.03 for low and high gains.

Figure 13.
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Figures 8 through 10 demonstrate that a 7 DOF model may not accurately predict the closed loop performance of
a system that exhibits relative payload-canopy yawing. In order to predict the turn response of an 8 DOF model a
reduced order four state linear model is considered. States include the payload yaw y , canopy yaw y, , payload

yaw rate r,, and canopy yaw rate r, . Numerically the reduced order system can be shown to take the form

W 0 0 1 0 v 0
l/}. 5| _ 0 0 0 1 ||y, N 0 5 (42)
Tg Ay Ay Ay Ay || s 0
Ty Ay —Ay Ay Ay |1 B,

where for the previous 8 DOF system; A4;;, 433, and A3, are -1.72, -0.53, and -0.21; Ay, A43, and Ay, are 1.50, 0.09,
and -7.72; and B, is 6.03. Using the proposed proportional-derivative controller in Eq (41) with ¢=0.5s, the closed
loop dynamics predicted by the linear model are compared with those from 8 DOF simulations for different gains K .
Figure 14 shows the simulated and predicted damping ratios { and frequency ratios p, where p is the ratio of the
closed loop natural frequency and the open loop natural frequency. The linear model accurately predicts the
persistent oscillations from low damping when K is 0.7 as well as the higher damping when K is 0.2. The reduced
order linear model provides a useful tool for analysis of the turn controller. From Fig. 14 it is clear that K <
0.25/rad results in a closed loop damping ratio similar to the open loop system, achieving a similar ground track as
the 7 DOF system where payload relative yawing motion was ignored. Figure 14 also predicts for the example
system that a K > 0.50/rad results in a very low damping ratio where payload relative yawing motion cannot be
ignored.
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Figure 14. Comparison of reduced linear model with simulated response

IV. Conclusion

An 8 DOF model was developed that accurately models the relative motion of the payload with respect to a
parafoil. Constraint forces and moment were found analytically rather than using artificial constraint stabilization,
simplifying numerical solution of the equations of motion. It was shown through simulation that relative payload
motion had little effect on the predicted ground track for a constant brake deflection. Addition of a closed loop yaw



controller, common in precision placement algorithms, demonstrated that even when the relative motion of the
payload is moderate persistent yawing oscillations can occur resulting in poor closed loop performance. A 7 DOF
model neglecting relative payload yawing failed to predict the same oscillations. Reduction of feedback gains
reduced oscillations in both motion and control; however, resulting tracking performance was degraded. The 7 DOF
model was able to model controller performance in a low gain system despite ignoring relative yawing motion.
Finally, it was shown that a reduced order linear model was able to adequately predict the 8 DOF closed loop
damping of the yaw controller. The linear model provides a means of selecting feedback gains so that relative
motion of the payload has little effect on the final ground track.
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