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Terminal Control of a Gliding Parachute in a Nonuniform Wind

A. E. Pearson,* K. C. Wei,T and R. M. Koopersmith¥
Brown University, Providence, R.1I.

Least squares estimation and an open-loop control based on geometric considerations are combined to define
a closed-loop terminal control law for a gliding parachute system under variable wind conditions. Closed-form
solutions are obtained for the analysis of the nonlinear kinematic equations of motion. Simulation resuits of the
overall system are included for a variety of initial conditions and wind profiles.

1. Introduction

NTEREST in the guidance and control of a gliding

parachute system has developed in recent years in
connection with payload recovery for sounding-rocket
flights' and cargo delivery for air transport vehicles.? The
Para-Foil® and Para-Wing are two examples of such gliding
systems in which control is effected by a servomotor con-
nected to the suspension lines of the parachute. Electronic
signals from a ground based transmitter command rotations
of the motor which cause the parachute to execute a right or
left banked turn in relation to the difference in pull on the
right and left suspension lines. Radial homing has been
utilized in several applications'® as an easily implemented
control law to reduce terminal missed distance from a given
target at touchdown. Referring to Fig. 1 where p is the
position vector of the parachute relative to a fixed target in
the horizontal plane, v is the horizontal component of the
velocity vector of the parachute relative to air, and w is the
wind velocity vector, the radial homing control law attempts
to align v with —p, i.e., to keep the angle y near zero at all
times. The angular error v is sensed by a pair of directionail
antennas on board the parachute which receive signals from a
gound based transmitter. However, theoretical analyses,*”’
together with flight test results, ! indicate that the terminal
accuracy of radial homing is sensitive to deviations from an
appropriate launch area, which depends on the wind and
altitude, as well as the effects of a nonuniform wind.

In this paper, an alternative control law is developed which
combines wind estimation and an open-loop control based on
geometric considerations for the terminal control of a gliding
parachute is a nonuniform wind. Following a statement of the
problem in Sec. 11, a least squares estimation for the wind and
initial heading is considered in Sec. III, while the -open-loop
control is given in Sec. IV together with a discussion of an
optimal control which has some interesting features.
Simulation results of the closed loop control law are given in
Sec. V.

II. Problem Statement

It will be assumed that control is initiated after full
deployment of the parachute has occurred, that the speed of
the parachute relative to wind is a known constant, that the
descent rate is constant, and that the vertical component of
the wind vector is negligible in relation to the horizontal
component. Then the equations of motion of the center of
mass can be written as

pi()=acosf(t)+w,(1) (1a)
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po(t) =asinf(t) +w,(t) 0<t<T (1b)

6(t) = (g/a)tang (1) - (1o

where [p;(?), p,(1)] denote the position coordinates of the
parachute in the horizontal plane relative to the target,
[w; (1), w,(t)] are the velocity components of the wind
vector, 0(¢) is the instantaneous heading of the parachute
velocity vector relative to air, and ¢ (¢) is the parachute bank
angle relative to the local vertical. The speed of the parachute
in the horizontal plane relative to air is denoted by the con-
stant @ which is presumed to be of sufficient magnitude to
facilitate a wind penetration capability; T is the time to go
until touchdown from the initial deployment time zero.
Alternatively, Eq. (1c) can be expressed in terms of the in-
stantaneous radius of turn, r(#), of the parachute in the
horizontal plane via the well known kinematic relation

tanp=a?/gr (2a)
i.e.
6(¢)=a/r() (2b)

The control objective is to choose the proper bank angle
¢(?) over 0=r=<T, via appropriate rotations in the ser-
vomotor, such that the parachute lands as close to the target
as possible at the terminal time 7, and that the heading of the
parachute be upwind at the terminal time in order to minimize
the total speed of the parachute at impact. Thus, ideally, the
desired terminal conditions are

pi()=p,(T) =0, 8()=[W(T) =7 3)

where [W(T) denotes the wind direction at the terminal
time. The approach of this paper is to regard ¢(¢) as the
control variable, thus neglecting the actuator dynamics of the
servomotor, and to separate the estimation and control
problems over successive time intervals in a step-by-step
control-estimation sequence. In this regard, let the time in-
terval 0 <7< T be divided into N nonoverlapping subintervals
t,'stﬂt,'+], i=0,1...N—1, With t0=0 and thT The
estimation problem relative to the ith subinterval, 1, <t<¢,,,,
consists of estimating the initial heading, (¢;), and the wind
profile w(¢) over t;<t<T, based on observed data collected
over the previous subinterval or intervals. The observed data

PARACHUTE
DIRECTIONAL
ANTENNA

A\

TARGET

Fig. 1 Vector relations for parachute dynamics in the horizontal
plane. ’
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is assumed to be comprised of the parachute bank angle ¢(?),
the position vector p(f), and possibly (depending on the
estimation scheme) the total velocity vector of the parachute
p(t). Giventheestimates 8(¢;) and w(¢) for ¢;<t<T, the
control problem relative to the ith subinterval consists of
choosing the bank angle ¢(r), or equivalently the turning
radius r(t), ont; <t<t;,,; such that the parachute would land
as close to the target as possible in an upward wind direction
at the terminal time if, in fact, the estimates 6 (¢;) and w(¢)
were exact and ¢ (#) were applied for all zin theinterval t; < ¢
=<T. The estimates [# ,w(-)] are updated over the next
subinterval based on the new data collected over that interval,
and similarly the control variable ¢(¢) is recomputed based
on the new estimates, resulting in a step-by-step control-
estimation sequence which constitutes the closed-loop control
algorithm. Although there are no hard constraints on the
bank angle ¢(?), it is desirable to keep ¢! within reasonable
limits of approximately 30°.

In the following sections, a computationally feasible
solution is presented to the above problem which utilizes a
least squares estimation and a control based on geometric

considerations.

III. Wind and Initial Heading Estimation

Let ty<t=t,; be a typical subinterval over which data is
observed and it is desired to obtain estimates of the wind
profile w(¢) and initial heading angle 8(¢,) =6, for purpose
of updating the control algorithm on the next subinterval. The
wind components in Eqs. (1) will be modeled by the
polynomials of preselected order n:

Wi =) et (4a)
W=D Bt (4b)

In practical terms n would probably be chosen as either n=0
{a constant wind of unknown magnitude and direction), or n
=1 (a variable wind with linear time varying components). A
least squares estimate of the parameters (6, p..a,8¢...-8,)
results upon minimizing the functional

I n

"B, (1) —acoslfo+ U] = Y a;t]2de

] i=0

J0008) =

+SI [p.Z(t) —aSin[00+U(t)]—E B,tllzdt (5)
0 i=0

where U(¢) is defined in terms of the bank angle ¢ (¢) by

t
Ut = 55 tang (r)dr
a 157}

A necessary condition for the minimization of Eq. (5) is the
adherence of the following relations:

a7 a7 a7
o, oo oo i=ol. 6
36, i 9, ! " ©

Since J is quadratic in the «; and 3; parameters, the second
and third sets of equations in Eq. (6) are linear in («,3) and
can be solved uniquely for («,8) interms of 8, and the data.
The coefficient matrix for the linear equations in (a,(3) is the
Gramian for the functions { 1,-t"} on ty<t=<¢;, i.e., the

symmetric - matrix whose i[jth component ({=0. . .n and
Jj=0...n) is defined by
g ti+j+1__ti+j+1
G--=S trdi="L——% | 0<ij<n
e i+jt1 J ™
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Since {1, ¢...t"} are linearly independent for any ¢,>t,, the
inverse matrix of G exists and can be precomputed and stored
for any given fo < ¢=<¢, interval. Letting H;; denote the ijth
component of the inverse matrix, G/, the solutions for «;
and 8, become (details omitted):

a;= Y, H,[X;—a(Ccosd,— S;sindy)] (8a)
j=0
0<i=n
B:=Y, H,lY;—a(Cjsind,+S;cosfy)] (8b)
i=0

where the scalars(C;, S, X}, Y;) are given by

t ) g
CFS,I teosU(1)dt, S,~=S, VsinU(r) dt ®
0 0

o g
X,-=SI vp,()de, Y’:Sz vp,(t)dt (10)
] 0

Substituting Eq. (8) into the first of the relations in Eq. (6)
leads to the result

3J/30,=0=A sinf,— B cosf, . (11)

where A and B are defined by

A=S I [P, (tycosU(t) +p,()sinU(£)1dt
o

n
- H,IX,Ci+Y,S) (12
i=0 j=0

and

B=S ' [p2(t)cosU(t) —p, (f)sinU(t)]d¢
‘o

+E E HylX;8;~Y;Cl] (13)

i=0 j=0

respectively. Assuming the bank angle ¢(#) is not identically
zero on ty<t=t,;, or equivalently that U(t) is not identically
zero, Eq. (11) can be solved for 8,, modulo 2=, taking into
account that a minimal value is desired, i.e., taking note of
the condition that 8°.J/863 > 0. This solution is given by

6p=2mw+tan~(B/A) (14)

where m is any integer. Substituting Eq. (14) into Eq. (8) then
yields the final closed-form solution for the least squares
estimate of the quantities (9, ¢, 8) .

The previous solution is contingent on the condition that
¢ (t) #0because A and B each vanishif ¢ (¢) =0on t,<st=<t,.
Intheeventthat ¢ (¢) =0forallton ty<t<t;, 6, cannot be
estimated from the given data. In this case a prior value for 8,
should be assumed, based on data collected over a previous
subinterval in which ¢ (¢) %0, and ( &,3) can be obtained from

&,.=E H;(X;—aG,ocosfy) (15a)
i=o

BI=E H,-j(Ytl-—anosinéo) (15b)
=0

where §, is the a priori value assumed for 8,.
Finally, it should be noted that the integrals involving the
total velocity vector of the parachute, p(¢), in Eqgs. (10, 12,
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and 13) can be equivalently expressed in terms of p(¢) using
integration by parts, i.e.,

. : o
X,=0p, (1) =t/ () 4| 7py(nde (16a)
0 -

. . U
Yi=1t,/p,(t;) —to'p;(1p) —jS volpy(ndt (16b)

1o

U]
S/O pi()cosU()dr=p;(t;)cosU(t,) —p;(ty)

+ 58 " pi(D)tané (1) sinU(1) dt (17a)
a 0
i=12

S I pi()ysinU()dr=p;(t;)sinU(t;)
]

_ % S 7 p,(1ytané (1) cosU () dt (17b)
7]

Thus, a knowledge of the data [p(#), ¢(f)]on . f,=t=<t, is
sufficient to obtain the least squares estimate of the wind
model, Eq. (4), and initial heading 6 (¢;) .

If a more elaborate statistical estimate is sought for the pair
[8o,w(-)], it is possible to formulate a recursive scheme
utilizing Kalman-Bucy filtering techniques, assuming the wind
vector has a randomly varying direction but a constant
magnitude value, and assuming the total velocity vector of the
parachute, p(f), is available, corrupted by white-noise
Gaussian processes.!! However, the computations are
significantly more complex as discussed in Ref. 11, including
nonlinear transformations on the data, and hence the
aforementioned least squares estimate will be used here.

IV. The Terminal Control Problem

Given estimates of the wind vector w(¢) over ty<¢<T and
the initial heading of the parachute relative to wind, 8(¢,), as
discussed in Sec. III, the following transformations to nor-
malized coordinates simplify the dynamic equations for
control considerations:

.
X (1) = Lo+ wipan, =12 s

_ 1
(T—tp)a
x; (1) =6(1) (18b)

Rewriting Eq. (1) in terms of (x,,x,,X;) and introducing the
normalized time 7,

=(t—1ty)/ (T—1p) (19)
- and the normalized control variable u,
u=[(T—1ty) g/eltang (20)

the kinematic equations become

x1(7) =cosx;(7) (21a)
X5(1) =sinx;(7) O<7r=<l (21b)
x3(7) =u(r) (21¢0)

The desired terminal state in these coordinates is given by:

X (D=x,(1)=0, x;()=w(D) + 22
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where /w(T) denotes the estimated wind direction at the
terminal time 7. :

The following general observations for any control u,
optimal or otherwise, are evident from Eq. (21):

1) The speed of the parachute in the x; — x, plane is unity
since an element of arc length is ds= (x{+x3) * and the
speed is

ds/dr=[(x;) 2+ (x2) °]1 ¥ =[cos’x; +sin’x;] =1

Thus a trajectory over 0=<7=<1 must have unit length and,
moreover, it is necessary that the initial conditions, x;(0) and
x,(0), lie inside the unit circle in order to achieve the ideal
terminal state, Eq. (22).

2) The control —u(7) results in a trajectory which is the
mirror image about the x, axis of the trajectory given by
+u(r).

Observation (1) facilitates a simple geometric solution to
the terminal control problem for the case in which the initial
conditions [x, (0), x,(0)] lie inside the unit circle, as well as
suggests a reasonable control strategy when' the initial con-
ditions [x,(0),x,(0)] lie on or outside the unit circle. These
solutions are presented in the following sections.

A. Control for Initial Conditions Inside the Unit Circle

Referring to Fig. 2a, the simplest continuous path that
satisfies the terminal constraints, Eq. (22), when the initial
conditions [x; (0), x,(0)] lie inside the unit circle consists of
two circular arcs of equal radius separated by a straight line.
The corresponding control for this path is shown in Fig. 2b
where p is the normalized radius of curvature of the parachute
in the horizontal plane. Since three parameters characterize
this path (p,7;,7;) it can be expected that a solution exists for
these parameters which satisfy the terminal constraints of Eq.
(22) given the initial data [x, (0),x,(0),x3;(0)]. In this connec-
tion-a control law is considered of the form

p~1, O=s71<7

u(r) = 0, TISTST, (23)

p~ !, r<r=l

where p can be either positive or negative, depending on the
counter clockwise or clockwise traversal of the circular arcs in
Fig. 2a.

Integrating the differential equations, (21), using the
control equation, (23), and incorporating the terminal con-
straints, (22), the resulting algebraic equations can be solved
for (p,7;,7;) interms of the given data [x; (0),x,(0),x; (0)].
This nonunique, but closed-form solution is summarized by
the following relations which depend on an arbitrary integer n
arising from the modulo 27 condition of the terminal con-
straint on the angle x;: given

[x;(0),%,(0),x;(0)] with x7(0) +x3(0) <1,

define ¢ ,by
Vp=2nt—x3;(0), n=0,zx1,... (24)
X2 v
TI
X
fipl X4(0) £
=0,
T A T~ N —7(%(0), X5(0))
1Pl ) o :rl Ty t T
] X
T=| !
a) b}

Fig.2 Trajectory based on geometrical considerations.
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Fig. 3 Comparison of geometric
and minimum energy controls.
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and form (a,, b,,c,) from the expressions least control effort on 0<r<1. Computer simulations
summarized in Ref. 9 indicate that the largest lp,|
) a,=y2—2[1—cosx;(0)] (25a) corresponds to a value of n in the set {—1,0,1}, at least

b, =Y, x;(0)[1~cosx;(0)] —x,(0)sinx;(0) (25b)
¢, =1-x3(0) —x3(0) (25¢)

Then the turning radius p,, parameterized by the integer n, is
given nonuniquely by

pn=a; by £ (b} —ayc,) ¥ (26)

and the switching times (7,,7,) by
71(n) =p,(w,—x3(0)) (273)
T2(n)=1—p,(2n7—w,) (27b)

where the angle w, is obtained (unique to within arbitrary
multiples of 2x) from the pair of equations

cosw, = (I—p,¥,) ~lp,sinx; (0) —x,(0)] (28a)

sinw, = (1= p,¥,) ~'{p,l1—cosx; (0)] - x(0)) (28b)

The derivation of Eqs. (24-28), together with a Fortran
program which
trajectoriesi is given in Sec. VI of Ref. 9. Nonuniqueness
among physically acceptable trajectories is resolved by
selecting that value of n which leads to the largest lp,1 i.e.

N 1A physically acceptable trajectory is a solution for which p,, is real
andO=<7,(n) <7,(n)=<l.

among all initial conditions tested.

It might be supposed that a modification of the control, Eq.
(23), which allows for traversals of the circular arcs in op-
posite sense from one another would also lead to a com-
putationally feasible solution, i.e., modifying the lower
portion of Eq. (23)tou(r) = —p ~/forr,<r=<1. However,
the algebraic equations arising from the terminal constraints,
Eq. (22), cannot be solved in closed form for (p,7,,7,) in
terms of [x,;(0),x, (0),x;(0)] as in the case of the solution for
Eq. (23). Hence, this case is not considered further even
though its solution might lead to larger turning radii (smaller
control effort) than the previous solution for particular initial
data.

B. Control for Initial Conditions Outside the Unit Circle

Consider the following control strategy for the case in
which [x;(0),x,(0)] lie outside the unit circle. Let u(7) be
constrained to be either one of the two forms:

p~! for O=7<r,
u;(n)= : (29
0 for 7,<7=1
or
0 for O=r=7;
. = 30
enumerates all physically acceptable uz(7) o' for 1,<r<l (0}

where the normalized turning radius, p, and the switching
time 7, are to be determined by minimizing the function

J(r)) =Ix§ (D) +x3(D) 3y
N
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TRAJECTORIES AND CONTROL FOR POINT x|(0)=_0'8
x{0)= 0.2
-90° —— x2
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x3(0) = 90° —.— |
180° —x— Fo.8

“08 -06 -04 -02 06 Fig. 4 Comparison of geometric

and minimum energy controls.

-0.2

-o4r MINIMUM ENERGY
CONTROLS

GEOMETRIC .

CONTROLS

subject to the end-point constraint Using this constraint and the necessary condition for a

minimum, dJ/dr, =0, the following values for 7} and J*=
x; () =/w(T) += (32) J(r}) are obtained: ’
Using the control u; in Eq. (29), the equations of motion, = 1(1 +x;(0) cosv +x,(0) siny
Eqgs. (21), can be integrated yielding an explicit expression for d

J(7;). The terminal constraint, Eq. (32), implies the

following relation between p and 7,: + ———————(01) {x;(0)siny —x,(0)cosy—x, (0)sinx; (0)
X3 bl 4
o=7,/1w(T) +71—x3(0)] 33) :
+x,(0)cosx;(0) +sin[r—x;(0)] }) (34)
Iwl A L1 '
(ft/sec) (deg) Ji= a{xz(O)COSV*xl(O)Slnv
1 .
Iwil . TR0 0 {x; (0)cosx; (0) +x,(0)sinx;(0)
A3

20+ /

i0F (o ‘ 2
) ) 10 T L e T(sec) +cos[v-—x3(0)]—1—x,(0)cos:z—x2(0)sinv]} (35)
100 200 300 TTTTI667 720000 3
slor 1-0 I oo where d and » are defined by
-20t / -20{ -20¢t noh
W v=[w() +7 (36)
- Jinitial Dota JEndPtData . —x;(0
—Eolaoleniiar (=5 (0) —sinfy—x;(0))) 2 + 4sin (2249
- |5830]-457 O o° P, x 103t , d= (37)
‘ v—x; (O}
e . .
% With the previously defined value for 77}, it can be shown that
R A » d?J/dr$>0so that 77 is a minimal point. This implies that u,
O in Eq. (29) will be the proper control to apply (within the
‘\ » present context) provided, in addition, that 0<7}<1and »#
. x3(0).
/' In a similar manner, the differential equations can be in-
L L L - L L . P,x 102 ft tegrated using the control &, in Eq. (30) resulting in an explicit
6 -4 2 2 4 6 relation for J(r,). Again, the terminal constraint, Eq. (32),

Fig.5 Simulation data for closed-loop control. implies the following constraint between the radius of turn p
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Fig. 6 Simulation data for closed-loop control.

and 7, [cf. Eq. (33)}:

_ I_Tl
- w() +7—x;3(0)

The minimizing value of 7; and corresponding minimal value
of Jin this case is found to be

p (38)

= é( 2_2[?)_5;5(_0))(;20)) V—xi(O) e, (O)sinv
—x5(0)cosv+x,(0)cosx; (0) —x,; (0)sinx; (0)
—sin[u—x;(O)]}—x,(O)cosx,(O)—x2(0)sinx3(0)>
(39
and

1
Ji= E{x,w)sinxj(m —x;(0) cos; (0)

1
+ —— {x,;(0)cosr+x,(0)sinv—x,(0)cosx;(0)
v—x3(0)

2
—x,(0)sinx; (0) —1+cos[v——x3(0)]}} (40)

As.in the previous case, u; is feasible only if 7} in Eq. (39)
satisfies 0=<77=<1. In practice, both cases must be considered
for any particular set of initial values [x,;(0),x,(0)] lying
outside the unit circle with the choice, u, or u;, based on
feasibility. It could be that neither case is feasible for certain
initial data in which case the value of J can be computed for
full on, or full off, control during 0=<7=<1, and that control
selected which achieves the smaller value for J, consistent with
the end-point heading constraint, Eq. (32). These details of
the control strategy have been programmed into the Fortran
listing supplied in the Appendix of Ref. 11.

C. Optimal Controls

The controls discussed in subsections A and B are optimal
within the context of the constraints imposed on the form of
the control signals, Egs. (23, 29, and 30), and the end-point
constraints. However, minimum energy controls without the
piecewise constant constraint can potentially offer solutions
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Fig.7 Simulation data for closed-loop control.

with less control effort for the same terminal accuracy.
Several versions of minimum energy control problems have
been examined in Refs. 8-10, Assuming the initial data
[x,(0),x,(0)] within the unit circle so that the ideal terminal
constraints, Eq. (22), can be employed, the optimal control «*
which minimizes J (#) = {ju? (7) dr subject to Egs. (21-22) has
the interesting property that it is linear in the (x;,x,) states
(see Sec. 111 of Ref. 9); that is,

u*(T)=QIX](T)+(12X2(T)+Q3, O<r=l (41)

where (o, a5, ;) are parameters to be determined from the
end-point constraints. This form of ¥* can be exploited in two
ways: a) the system of differential equations (21) with the
control Eq. (41), and constraints, Eq. (22), can be integrated
in terms of elliptic integrals of the first and second kind
resulting in three transcendental equations to be solved for
(), 05, 203) . The details of this analysis can be found in Sec.
IV of Ref. 9. 2) alternatively, a parameter optimization

problem can be formulated by applying standard
minimization techniques to the end-point function
F(o) =qlx] (Lia) +x3(La)]
+sin? [ (x; (L;a) —[w(T) —7m)/2] 42)

where g is a weighting constant and x;( 1;a) denotes the value
of state x;(7) at time 7=1, relative to the parameter vector
a= (a,,as0;). Further details of this aspect of the problem
can be found in Sec. V of Ref. 9.

Computer simulation results are given in Figs. 3 and 4
comparing the piecewise constant controls of Sec. (A) with the
minimum energy control, Eq. (41), obtained by minimizing
Eq. (42) with g = 10 via a Davidon-Fletcher-Powell -algorithm.
A significant saving in control effort is evident for the initial
data close to the unit circle, Fig. 4, when the minimum energy
control, Eq. (41), is used in comparison with the piecewise
constant control. The differences are much less significant for
initial conditions closer to the origin in the (x;,x,) plane, as
typified in Fig. 3. However, the computational requirements
for the minimum energy control, Eq. (41), are significantly
more demanding than those for the piecewise constant
controls. Further comparative details can be found in Ref. 9.

V. Simulation Results of the Closed Loop Controller

The least squares estimation of Sec. 1II and the terminal
control solutions of subsections A and B of Sec. IV were



922 PEARSON, WEI, AND KOOPERSMITH AIAA JOURNAL
Table1 Actual wind profiles for the simulations
Figure w;(t) wy (1) lw(e)l w(T) Aw;  Aw,
I _, —5+0.01¢

5 10 —5+0.01¢ V125-0.1/+10 %% tan i 0 0

6 10e ~ %9 (¢cos 0.01¢—sin 0.017) . —10e ~%%V(cos 0.01¢+sin 0.01r) 14.14¢ ~ 001 —45°—~0.573°¢ 0 0

7 10e ~ 001 — 5 ~ 00U 11.18¢ ~ 901 —26.56° -2.0 =20

8 10e ~ 90U (cos 0.017—sin 0.017)  —10e ~ %Ol (cos 0.01¢+sin 0.01¢) 14.14¢ ~ 001 ~45°-0.573°¢ 1.0 1.0

combined for the step-by-step control-estimation sequence as
outlined in Sec. II. Simulation studies were carried out for the
system, Eq. (1), using a variety of initial conditions [p,(0),
p:(0), 8(0)] and wind profiles {w, (#), w,(¢)] over the total
time interval 0<¢=<307.5 sec. The speed of the parachute
relative to wind was fixed at a =30 fps. Five subintervals were
used for the step-by-step estimation-control sequence with the
lengths of these sub-intervals defined by: ¢, =17.5, ¢, =82.5, #;
=157.5, {,=232.5, T=307.5. A small control effort of
magnitude 0.01 was exerted over the first subinterval in order
to avoid the degeneracy discussed near the end of Sec. III in
estimating the parachute heading #,. A linear time varying
wind model was used in the wind estimation subroutine [Eq.
A withn=1]:
w (1) =g+ oyt wy (1) =B+ Bt

The actual winds used in the study are given in Table 1. The
analytical expressions for both polar and rectangular coor-
dinates of the wind vector are indicated. A step-type
disturbance was introduced for some of the runs as indicated
by the Aw; columns in Table 1. These disturbances (where
indicated) were imposed at the end of each subinterval ac-
cording to the rule:

w;(new)=w,(old) + Aw,, i=1,2

The parachute trajectories under closed loop control are
~ shown in Figs. 5-8 with corresponding plots for the wind
profile and the parachute bank angle. Two different
trajectories are shown on each figure corresponding to the
two different sets of initial conditions indicated. The terminal
error, Ip(T) I, is the Euclidean distance in feet, while A0 (T)
denotes the error in the desired parachute heading at the
terminal time. These trajectories and data indicate that good
terminal accuracy can be obtained for smooth variable winds,
with some deterioriation in accuracy for abruptly shifting
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Fig.8 Simulation data for closed-loop control.

winds. The bank angles for the most part are quite
reasonable, although there were brief moments where bank
angles in excess. of 30° were called for by the control
algorithm. There was no attempt to determine the best sizing
of subintervals, nor to experiment with variations in the
estimation scheme. Such experimentation is necessary if a
practical implementation of this approach is undertaken.

Conclusions

Separating the wind and initial heading estimation
problems from the control problem to obtain a step-by-step
estimation and control sequence may be a feasible approach
to the gliding parachute control problem in a nonuniform
wind. Additional experimentation is needed to determine the
number and sizing of subintervals, whether or not to combine
wind estimates over adjacent subintervals by averaging the
estimates over several subintervals, and what form of wind
model to use in the estimation scheme. The control aspect of
the problem is fairly straightforward from a computational
viewpoint, but actuator dynamics have been neglected as
indicated by the instantaneous step changes allowed in the
parachute bank angle. More sophisticated estimation and
control algorithms might offer better performance, but at the
expense of more complex computations.
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