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Aspects of Control for a Parafoil and Payload System
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A parafoil controlled by parafoil brake deflection offers a lightweight and space-efficient control mechanism

for autonomous placement of air-dropped payloads to specified ground coordinates. The work reported here
investigates control issues for a parafoil and payload system with left and right parafoil brakes used as the control
mechanism. It is shown that parafoil and payload systems can exhibit two basic modes of lateral control, namely, roll
and skid steering. These two modes of lateral steering generate lateral response in opposite directions. For example,
a roll steer configuration turns left when the right parafoil brake is activated, whereas a skid steer configuration
turns right under the same control input. In transition between roll and skid lateral steering, the lateral response is
zero, and the system becomes uncontrollable. Angle of incidence, canopy curvature of the parafoil, and magnitude
of brake deflections are important design parameters for a controllable parafoil and payload system and greatly
effect control response, including whether the basic lateral control mode is roll or skid steering. It is shown how
the steering mode switches when fundamental design parameters are altered and as the magnitude of the brake
deflection increases. The mode of directional control transitions toward roll steering as the canopy curvature
decreases or the angle of incidence becomes more negative. The mode of directional control transitions away from
the roll steering mode as the magnitude of the brake deflection increases, and for “large” brake deflections most
parafoils will always skid steer.

Nomenclature

payload reference area

reference area of ith panel of parafoil canopy
drag coefficient of payload

drag coefficient of ith panel of parafoil canopy
lift coefficient of ith panel of parafoil canopy
rolling, pitching, and yawing moment
coefficients from no brake deflection
rolling, pitching, and yawing moment
coefficients from a brake deflection

force coefficients from no brake deflection
force coefficients from a brake deflection
aerodynamic force on payload and parafoil
in their respective frames

components of joint constraint force

in an inertial frame

inertia matrix of payload and parafoil
apparent mass force and moment
coefficient matrices

rotational stiffness and damping
coefficients of joint C

moment on parafoil caused by steady
aerodynamic forces

moment on payload caused by unsteady
aerodynamic forces

components of joint constraint moment

in an inertial frame

mass of payload and parafoil

components of angular velocity of payload
in payload reference frame ()
components of angular velocity of parafoil
in parafoil reference frame (p)
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transformation matrix from inertial reference
frame to payload reference frame
transformation matrix from ith panel’s
reference frame to parafoil reference frame
transformation matrix from inertial reference
frame to parafoil reference frame
transformation matrix from inertial
reference frame to ith command

trajectory reference frame

components of relative air velocity of apparent
mass center in parafoil reference frame
components of relative air velocity of mass
center of payload in payload reference frame
components of relative air velocity of
aerodynamic center of panel i in ith frame
magnitude of velocity vector of mass center
of payload

components of position vector of point C

in an inertial frame

components of velocity vector of point C

in an inertial frame

components of vector from point C to apparent
mass center in parafoil reference frame
components of vector from point C to mass
center of payload in payload reference frame
components of vector from point C to mass
center of parafoil in parafoil reference frame
components of vector from parafoil mass
center to apparent mass center in parafoil
reference frame

angle of incidence

Euler roll, pitch, and yaw angles of payload
payload Euler roll, pitch, and yaw angles

for roll constraint moment computation
Euler roll, pitch, and yaw angles of parafoil
parafoil Euler roll, pitch, and yaw angles

for roll constraint moment computation
angle between inertial reference frame and ith
command trajectory reference frame

Introduction

O producerapidly deployableand ready fighting units, weapon
system developershave recognizedthe driving need to quickly
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station large numbers of soldiers, along with their equipment in
low density over a large land area. Use of this troop and equipment
deployment strategy requires autonomous air delivery of many in-
dividual equipment packages to specific rendezvous points. One
conceptto realize this goal is to equip each individual package with
a parafoil and inexpensive guidance and controlmodule so thateach
package can steer itself to a prespecified rendezvous point after re-
lease from a delivery aircraft.

Detailed dynamic simulation of the flight mechanics of parachute
and load systems appears to have commenced with the work of
Wolf, who considered the stability of a parachute connected to a
load.! Using a 10-degree-of-freedom (DOF) representation, Wolf
established that stability is reduced as riser length is increased or
parachute weight is increased and that stability is improved by
increasing parachute axial and normal aerodynamic force. Later,
Doherr and Schilling reported on the development of a nine-DOF
dynamic model.> By comparing results from six- and nine-DOF
models, they conclude a nine-DOF model adequately predicts sta-
bility characteristics. Furthermore, their work established the sensi-
tivity of the motion of a parachute and load system to atmospheric
winds. Hailiang and Zizeng used a nine-DOF model to study the
motion of a parafoil and payload system.? In contrast to Doherr and
Schilling, they reported only small differences in the motion and
stability between six- and nine-DOF dynamic models.? In studying
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stability characteristicsas a function of the pitch inertia of the pay-
load, Hailiang and Zizeng found the decay ratio and period increase
as pitchinertiais increased? Tosilevskiiestablished center of gravity
and lift coefficient limits for a gliding parachute.* Brown analyzed
the effects of scale and wing loading on a parafoil using a linearized
model based on computer calculated aerodynamic coefficients?
Brown found that steady-state turn response of small parafoils is
more sensitive to control inputs than larger parafoils. More recent
effortsby Zhu et al. as well as Gupta et al. have incorporatedparafoil
structural dynamics into the dynamic model of a parachute and pay-
load system.%” A significant amount of literature has been amassed
in the area of experimental parafoil dynamics beginning with Ware
and Hassell who investigatedram-air parachutesin a wind tunnel by
varying wing area and wing chord.® More recently, extensive flight
testshave been reportedon NASA’s X-38 parafoil providing steady-
state data and aerodynamics for large-scale parafoils.”'° This paper
considers a payload that has an attached parafoil with brakes used
as the control mechanism. Using a dynamic modeling approach
similar to Doherr and Schilling and Hailiang and Zizeng, stability
and control characteristics of this system are examined.>* Particu-
lar attention s paid to steady-state control response as a function of
fundamental design parameters such as parafoil canopy geometry,
angle of incidence, and varying control deflection.

Parafoil and Payload Dynamic Model

Figure 1 shows a schematic of the dynamic system that consists of
a payload body connected to a parafoil canopy. A constant velocity
joint couples the parafoil and payload components at point C. The
inertial frame shown in Fig. 1 is fixed to the surface of the Earth.
With the exception of movable parafoil brakes, the parafoil canopy
is considered to be a fixed shape once it has completely inflated.
Figures 2 and 3 show a schematic of the parafoil canopy geometry.
Connected to each panel are brakes that change the aerodynamic
loads on the parafoil when they are deflected. The parafoil canopy
is connected to joint C by a rigid massless link from the mass cen-
ter of the canopy. The payload is connected to joint C by a rigid
massless link from the mass center of the payload. Both the parafoil
and the payload are free to rotate about joint C but are constrained
by the force and moment at the joint. The combined system of the

zero lift

'Y

Fig. 3 Angle of incidence.

Fig. 2 Parafoil canopy geometry.
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parafoil canopy and the payload are modeled with nine DOF, in-
cluding three inertial position components of the joint C as well
as the three Euler orientation angles of the parafoil canopy and the
payload. The kinematic equations for the parafoil canopy and the
payload are provided in Egs. (1-3):

X u,
Ye =\ Ve 1
Ze w,
(bb 1 Sgp Loy Coploy Py
6 ¢ = 0 Cop —S¢p qp 2)
Iz _O S / Cor  Cop / Cop "y
b, L osg,te, oty Py
ép =10 Cop gy qp 3)
¥ _O Sop / Cop  Cop / Cop "p

The dynamic equations are formed by first separating the system
at the coupling joint, then exposing the joint constraint force and
moment acting on both bodies. The translational and rotational dy-
namics are inertially coupled because the position degrees of free-
dom of the system are the inertial position vector components of
the coupling joint. The constraint force is a quantity of interest to
monitor during the simulation so that it is retained in the dynamic
equations rather than being algebraically eliminated. Equation (4)
representsthe translationaland rotationaldynamic equationsof both
the parafoil and payload concatenated into matrix form:

—mbSLb 0 mbTb _Tb
0 —1,5—m,S!  L;T,+m,T, T,
I, 0 0 ST,
0 Iy+1I,— S8 ST,  =SIT,
Pb
4
Fp
Py
o B,
rp B, \
17 (T ) B @
X
; B,
Ve
5
FXC
Fy.
F/.C

The matrix in Eq. (4) is a block 4 x 4 matrix, where each element is
a3 x 3 matrix. Rows 1-3 in Eq. (4) are forces acting on the payload
mass center expressed in the payload frame, and rows 7-9 are the
moments about the payload mass center also in the payload frame.
Rows 4-6 in Eq. (4) are forces acting on the parafoil mass center
expressed in the parafoil frame, and rows 10-12 are the moments
about the parafoil mass center also in the parafoil frame. The S/
matrices are cross-productoperator matrices, working on different
vectors from i to jassociated with the system configuration.

0 —zy yy
Sl =1 z 0 —xy (5)
=vij X0

The matrix 7}, represents the transformationmatrix from an inertial
reference frame to the payload reference frame,

Co,Cyyy Cop Sy, —So,
T, = | SouS0,Cu = CouSys St S0, Sy T CopCyyy CopSoy, (6)
CopSonCup T SeuSu ConSosSun — SeuCys  CoCal
whereas, T, represents the transformation matrix from an inertial
reference frame to the parafoil reference frame.
Co,Cyp CopSy, —5So,
= | $p,5,Cp, — oSy, Sp,56,5y, +C4,Cy, 0,5, | (7)

Cpp50,Cyp T S0, 8,  Cp,80,5y, = 54,Cy, Cp,Co,

T,

P

The common shorthand notation for trigonometric functions is em-
ployed, where sin(«) =, cos(a) =, and tan(«) =1,,. The matri-
ces I, and /, represent the mass moment of inertia matrices of the
payload and the parafoil body with respect to their respective mass
centers, and the matrices I and I, represent the apparent mass
force coefficient matrix and apparent mass moment coefficient ma-
trix respectively:

0 0
I.,={0 B 0 (8)
0 0 C
I, 0 0
Iy=10 Iy 0 ©)
0 0 I

Equations (11-14) provide the right-hand side vector of Eq. (4).

Xcb
B, = Wb-l—Fj—mbSll;Si Yeb (10)
Zeb
X Uy Xep
By=W,+F! —1;T,{y¢—SIr { va ¢ —m,S"S” 3 yep
Z Wy Zep
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Tp
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B4=MA—TprTML.—S£(Ip+IM) qp
rp
X Uy
—S4IpT, \ ¥ § — S4S2p | va (13)
2 WA
where
0 )
Sh=1rn 0 —p (14)
| —9 Py 0
0 -, 4,
w=1 " 0 —pp (15)
L—4p Dp 0

The weight force vectors on both the parafoil and payload in their
respective body axes are given in Egs. (16) and (17).
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_sb’b

Wy, =myg | S¢,Co, (16)

Cey,Cop

—So,
W,=mpg | 54,Cs, (17)
C¢[1 6911
Equation (18) gives aerodynamic force on the payload from drag,

which acts at the center of pressure of the payload assumed to be
located at the payload’s center.

up
1
Fy = =35pAV,C) ivb} (18)
Wp

The payload frame components of the payload’s mass center veloc-
ity that appearin Eq. (18) are computed using Eq. (19).

b
uy X Oy
v =T, 1y ¢ +5° {0t (19)
wy, Z pf

The shape of the parafoil canopy is modeled by joining panels
of the same cross section side by side at angles with respect to a
horizontal plane. The ith panel of the parafoil canopy experiences
lift and drag forces that are modeled using Egs. (20) and (21), where
u;, v;, w; are the velocity components of the center of pressure of
the ith canopy panel in the ith canopy panel frame.'!

w;

1
L= EPAI'\/ u; +wiCyq 0 (20)
—u;
1 i
D; = _EpAi‘/iCSi Vi (21)
w;

Equation (20) provides the total acrodynamic force on the parafoil
canopy.

Fy=Y T,(L +D) (22)

i=1

The opening of the parafoil is modeled as the area increasing non-
linearly over time similar to the approach taken by Wolfe and
Peterson.!”> When the parafoil is released from its pack, each panel
area A; of the parafoil is small and increasesover time until reaching
the final panel area. The increasein panel areais modeled as a known
nonlinear function. Computationally the panel area is obtained at an
arbitrary time by linear interpolation of a table of data. This ap-
proach is not meant to completely model the complicated process
of parafoil inflation but rather provide a realistic initial disturbance.

The applied moment about the parafoil’s mass center contains
contributions from the steady aerodynamic forces and the coupling
joint’s resistanceto twisting. The moment caused by a panel’s steady
aerodynamic forces is computed with a cross product between the
distance vector from the mass center of the parafoil to the center of
pressure of the panel and the force itself. Equation (23) gives the
total moment from the steady aerodynamic forces:

n

My =) SSPTi(Li+ D)) (23)
i=1
where
1 0 0
Ti =10 Cq; —So; (24)
0 S Co

The resistance to twisting of the coupling joint is modeled as a
rotational spring and damper given by Eq. (25):

0
M. = 0 (25)
Koy =)+ Ce(¥r, =)
The angles vﬁp and ¥, are the modified Euler yaw angles of the
parafoil and payload that come from a modified sequence of ro-
tations where the Euler yaw angle is the final rotation. The Euler

yaw angles ¥, and v, for the modified sequence of rotations can
be related to the original Euler angles by Eqs. (26) and (27):

& = tan™" N T T 7) (26)
? Co,Cy)
~ S350, Cury — Capp S,
—1f 2620 “Yp [T D)
, = tan ! 2L e 27)
i ( Co, Cyp ) (

From the same modified sequence of rotations, gﬁp and vﬁb are given
in Egs. (28) and (29):

Yy =—=Cy,1,Pp t85,1,4, + 1) (28)
Y, = —Cj, 15, Pp + S5,15,4p + b (29)
where
Cy,50,Cy, TS, 5y,
f = $p 0p Yy Pp Yy ¢ (30)
! Co,Cy,p !
Cp, 80, Cuy T S S
téb — $b 00~ Yo [ C% (31)
Co, Cyyy

Given the state vector of the system, the 12 linear equations in
Eq. (4) are solved to obtain derivatives of the state vector along
with the coupling joint constraint force components required for
numerical simulation.

Results

The system of equations given in Eq. (4) is solved using LU
decomposition and the equations of motion just described are nu-
merically integrated using a fourth-order Runge—Kutta algorithm
to generate the trajectory of the system from its point of release.
Simulations under different conditions are performed so that the
performance of the controllable parafoil and payload system can
be evaluated. The payload is a cube measuring 1.0 ft (0.3 m) on a
side and has a weight of 10 1bf (44 N) with uniform density. The
parafoil consists of five panels as shown in Fig. 2, each having
dimensions of 1.25 x 2.5 ft (0.38 x 0.76 m) and having a com-
bined weight of 0.5 1bf (2.2 N). The mass center of each panel from
its base is 1.3 ft (0.4 m). The parafoil panel area remains small
from the release of the parafoil until 0.6 s when the panel areas in-
crease until 2.9 s when the final areas are reached. The length of the
rigid links from the coupling joint to the payload mass center and
the coupling joint to the parafoil mass center are r._, , =3.0K, ft
(0.91K, m) and r._, , =—0.5, — 4.0K, ft (—0.15—1.22 m), re-
spectively. The rotational stiffness and damping at joint C were
chosen to be 0.35 Ib - ft/rad (0.47 N -m/rad) and 0.025 1b - ft/rad?
(0.034 N - m/rad?), which were sufficient to maintain the parafoil
and payload within 10 deg of yaw angle. The panel aerodynamic
coefficients used in the simulations are shown in Fig. 4. The gener-
ated coefficients are representativeof the general parafoil simulated
and have the same trends as data collected for parafoils over a broad
range of dimensions®!%!3 The six apparent mass coefficients are
based of the following formulas of Lissaman and Brown,'* where,
t, ¢, and b are the thickness, chord, and span of the parafoil. The ap-
propriate air density must multiply the coefficients in Egs. (32-37).

A =k,ym(t?h/4) (32)
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Table 1 Parafoil dimensions

Parameters Values
t 0.33 ft
¢ 2.5 ft
b 6.0 ft
a* 0.17
A* 2.4

Table 2 Apparent mass and correction

coefficients
Apparent

Correction coefficients mass coefficients

Parameters Values Parameters Values
ka 0.913 A 0.0001
kp 0.339 B 0.0002
ke 0.771 C 0.0466
k3 0.630 Is 0.1141
ky 0.872 Ip 0.0111
k¢ 1.044 Ic 0.0033

o
0

o

~
N\
i

o
[2)

o
[3)

/ /,o
/‘

Panel CL and CD
o
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Aerodynamic Angle of Attack(deg)

Fig. 4 Lift and drag coefficients for varying brake deflections.

B = kgm(t’c/4) (33)
C = kem(c*b/4) (34)
I, = k7 (c*h?/48) (35)
Iz =k}, (4c*b/48m) (36)
Ic = kim (b’ /48) (37

The apparent mass coefficients in Eqs. (32-37) have three-
dimensional correction factors that are also given by Lissaman and
Brown that depend on the aspect ratio A* and the arc-to-spanratio
a*. For the properties of the parafoil listed in Table 1, Eqs. (32-37)
and the three-dimensionalcorrectionfactors are evaluatedand listed
in Table 2.

For the baseline simulation the parafoil and payload system is
released from an altitude of 5000 ft with a level speed of 50 ft/s.
The panel angles «;, a3, as shown in Fig. 2, are 35 and 15 deg,
respectively; a5 is O deg; and the angle of incidence is —8.5 deg.
Baseline simulation results are shown in Figs. 5-10. Figure 5 plots
pitch angle vs time of the payload and parafoil, which shows a large
negativepitch of the parafoiland payloadas aresultof the large aero-
dynamic forces on the payload and the small aerodynamic forces
on the parafoil before it fully opens. The opening of the parafoil at
0.6 s begins an increase in aerodynamic forces on the parafoil, and
the pitch angles of both the payload and parafoil begin to increase
before settling to —7.0 deg for the payload and —29.5 deg for the
parafoil. The body pitch rates of the payload and parafoil shown in
Fig. 6 oscillate at a frequency of 2 Hz during the opening of the

5
— Payload
0 Y e R S —— — Parafoil
5 A / \
M T
-10r% s
o) H
gy
o 157
2 |
<
T 20
s | i ST,
a .25
B0 B e
-35
-40
0 2 4 6 8 10 12
Time (sec)
Fig. 5 Pitch angle vs time.
15 :
— Payload
e Parafoil
Q)
ke
o
L
[
e
£
L
o
>
B4
O
m
15
! 0 2 4 6 8 10 12
Time (sec)
Fig. 6 Body pitch rate vs time.
50 :
— Forward Velocity
] S e S Ittt Vertical Velocity
40
35

[&]

Velocity (ft/s)
NN W
3]

0 e
15
104
5
0_
0 2 4 6 8 10 12
Time (sec)

Fig. 7 Velocity vs time.

parafoil at 0.6 s and decay to near 0 by 12.0 s. The vertical velocity,
forward velocity, aerodynamicangle of attack, and constraintforces
shown in Figs. 7-9 also show similar oscillatory characteristicsdur-
ing the opening of the parafoil and reach steady states by 12.0s. The
altitude of the payload mass center vs time shown in Fig. 10 begins
to decrease rapidly during the opening of the parafoil but reaches
a steady glide rate after the pitch angle of the payload and parafoil
have reached their steady-state values.



SLEGERS AND COSTELLO 903

-
3]

=)
=

[4)]

|
1

Aerodynamic Angle of Attack Parafoil(deg)
o
1

L
o2

2 4 6 8 10 12
Time (sec)

Fig. 8 Aerodynamic angle of attack vs time.
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Fig. 9 Constraint forces vs time.
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Fig. 10 Altitude vs time.

For a controllable parafoil a subject of interest is the control au-
thority of both large and small brake deflections. The control re-
sponse to a brake deflection is dependent on the orientation of the
panelangles. A set of nine differentcases of panel orientationis used
in the following trade studies and is defined in Table 3. Figure 11
shows the response of the baseline parafoil with a —3.0-deg angle
of incidence and a constant small right side brake of 10 deg applied
after a 10-s settling period. Cases C, D, and E have negative turn

Table 3 Panel angles

Panel angle, deg

Case Panell Panel2 Panel3 Panel4 Panel5
A 15 —15 10 —10 0
B 19 —-19 11 —11 0
C 23 -23 12 —12 0
D 27 27 13 —13 0
E 31 -31 14 —14 0
F 35 -35 15 —15 0
G 39 -39 16 —16 0
H 43 —43 17 —17 0
1 47 —47 18 —18 0

800

600 TN

_
N

N

o

o
N—
\

e

Cross Range (ft)
=)

o W
J

-600
pd 5

C
-800, 500 1000 1500

Down Range (ft)

Fig. 11 Cross range vs time (angle of incidence=—3.0 deg, 10-deg
right brake).

3
2
5 F
o 1
z
2o
4
£41 E
>
'—

2D
NS :
\

4 ——tm——

12 14 16 18 20 22 24 26
Time (sec)

Fig. 12 Turn rate vs time (angle of incidence = —3.0 deg, 10-deg right
brake).

rates for the small right side brake, whereas cases F and G have
positive turn rates. The control authority of small braking reverses
as the orientation of the panel angles become more curved. The
baseline parafoil with a —3.0-deg angle of incidence demonstrates
two modes of control. The mode of control for the less curved cases
A-E is roll steering. The flatter parafoil uses increased lift, which
dominates drag from the 10-deg brake to roll the parafoil and sub-
sequently yaw. The mode of control for the more curved cases F-I
is skid steering. Increased drag dominates lift, and increased drag
on the right side of the parafoil generates yawing of the parafoil.
Figure 12 shows the turn rates vs time for the five parafoil cases
shown in Fig. 11. The negative sign on the turn rate signifies the
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turn is counterclockwiseif looking down on the parafoil. It can be
seen that the turn rates settle to a near constant value by 22 s for all
five panel cases. A critical panel orientation occurs between cases
E and F where the parafoil switches from roll steering to skid steer-
ing and a small brake would fail to generate yawing. Turn rates are
shown in Fig. 13 vs panel case for three angles of incidence: —3.0,
—7.0, and —13.0 deg. The critical panel orientation changes as the
angle of incidence is decreased. The critical panel orientation for a
—3.0-deg angle of incidence is between cases E and F, for —7.0 deg
the critical angle is between F and G, and for —13.0 deg the criti-
cal angle is between G and H. Reducing the angle of incidence or
reducing the curvature of the parafoil canopy moves the mode of
steering toward roll steer and decreases the control authority of a
nominally skid steering parafoil and increases the control authority
of a nominally roll steer parafoil. lacomini and Cerimele observed
this trend in NASA’s X-38, which is a skid steering parafoil, not-
ing that making the angle of incidence more severe “decreased turn
rates for a given turn setting”®

To investigatethe sensitivity of the controlresponse caused by the
lift to drag ratio of the parafoil, the drag curves shown in Fig. 4 were
held constant while the lift curves were varied =15%. The control
response is dependenton the lift-to-dragratio of the panels, and the
turn rates are shown in Fig. 14 vs steady-state lift-to-drag ratio for
three angles of incidence: —3.0, —7.0, and —13.0 deg. Similar to
varying panel curvature, a critical lift-to-dragratio occurs where the
parafoil switches fromroll steeringto skid steeringand a small break
fails to generate yawing. The critical lift-to-dragratio changes as the
angle of incidence is decreased. The critical lift-to-drag ratio for a
—3.0-degangle of incidenceis 2.04 deg; for —7.0 degand —13.0deg
no critical lift-to-dragratiois reached, and a skid steeringmode does
not occur.

8
-3.0deg
6 /
4 / /
22 / /
{2
S | Skid Steer / /1.0 deg /
] Roll Steer I / /
L 2 / /
£ 7
3_4 / ///—130deg
/
6 / //
-8 /
/

A B Cc D E F G
Panel Case

I

Fig. 13 Turn rate vs panel case (10-deg right brake).
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2
&
c 5
i
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L Roll Steer /
/ 70 deg
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2.1 2 1.9 18 17 16
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Fig. 14 Turn rate vs lift-to-drag ratio (10-deg right brake).

20 /£

N\

/

/

/
/ Skid Stee

0
Roll Steer

0 5 10 15 20 25 30 35 40
Brake Deflection (deg)

4]

Turn Rate (deg/s)
S
N
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Fig. 15 Turn rate vs brake deflection.

The control authority of the parafoil also depends on the mag-
nitude of the control input. The turn rate is shown vs control input
in Fig. 15 for panel case F and an angle of incidence of —7.0 deg.
As shown in Fig. 13, this corresponds to a roll steer mode at small
brake deflections. It canbe seenin Fig. 15 that the roll steeringmode
increases its control authority until a brake deflection of 15 deg is
reached. After 15 deg the steering transitions toward a skid steer-
ing mode as brake deflection is increased until the parafoil reaches
skid steering at 17.5 deg. The roll steering mode transitions to skid
steering as the brake deflection increases and drag begins to domi-
nate. lacomini and Cerimele have observed, although attributed to
brake reflex, the phenomenon of a control reversal for small brake
deflectionsin NASA’s X-38 program.!? In fact, parafoils mostly op-
erate in a skid steering mode when the brake deflections are large.
It should be clear from the trends in Figs. 13 and 15 that a parafoil
can be designed to never roll steer even for even the smallest brake
deflections. A parafoil that skid steers for all of the brake deflec-
tions, curvatures, and angles of incidence however maintains the
observed trends, namely, that skid steering control authority is in-
creasedas brakedeflectionis increased, panel curvatureis increased,
and the angle of incidence becomes less negative. More importantly,
a parafoil that demonstrates roll steering only for small brake de-
flections such as the parafoil in Fig. 15 can be modified to eliminate
all roll steering tendencies by changing the curvature or angle of
incidence.

Conclusions

Using a nine-degree-of-freedan flight dynamic model, ithas been
shown that parafoil and payload systems exhibit two basic modes
of directional control: skid steering and roll steering for small brake
deflections. For a particular configuration the mode of directional
control depends on the angle of incidence and the panel orienta-
tion. The parafoil’s mode of directional control is skid steering for
canopies of “high” curvature and “smaller” negative angles of inci-
dence. The mode of directional control transitions toward roll steer-
ing as the canopy curvature decreases or the angle of incidence
becomes more negative. The mode of directional control also tran-
sitions away from the roll steering mode as the magnitude of the
brake deflection increases, and for “large” brake deflections most
parafoils will always skid steer. Control reversal is usually undesir-
able, and because parafoils have a tendency to skid steer for large
brake deflections care needs to be taken to know and avoid the range
of small braking that can induce roll steering. With careful design
a parafoil and payload system can be properly modified so that roll
steering can be eliminated all together.
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