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CON TROL OF A CLID ING PARACHUTE SYSTEM IN A NON-UNIFORM WIND

I. INTRODUCTION

The basic philosophy imderly ing an approach to the control of a gliding

parachute system in a ncn-~miforin wind was introduced in Section I of Pearson (1]

with continuing invest igation , reported in (2] and (3]. This philosophy separates

th. wind and initi al heading estimation problems from the control problem in mini-

mizing the terminal distance of the parachute from a known target while orien ting

the parachute upwind at the terminal time. Various aipects of the control problem

were considered in (1-3] Including a co~~uter simulation study of a Differential

Dynamic Programuing algorithm for solving the open-loop optimal control problem

(2], a parameter search algorithm and analytical investigation for the optimal

control problem (3], end a bang-off-bang control algorithm based on geometric

considerations (33.

In this report the wind estimati on and initial heading estimation problems

are e~~~4n.d in Section II with particulir s~~hasis given to a least squares

formulation. Using the bang-off-bang (open-loop) control law described in

Section VI of (3], the least .quar’ss and open-loop control algorithms are combined

to yj ald a closed-loop control law which has been simulated ~mder a variety of

non-*miform wind conditions. The reeults of this simulation are Included in

Section III. Othsr types of estimation scbemss have been considered in this study

and az- discussed in Section II , but only the least squares algorithm has been used

in these initi al simulations of the c3.os.d-locp control law due to the relative

si~~1ici ty In oo~ iuting the 3a.st squea’.. estimate .

The equations of motion ue.d t~~ougho~rt this stv~~, [.1—3], az’s the kiss—

matic rela tion. for a isi~~~~ descent of tbs gliding psrschute syste. after full

_ _ _ _ _ _  __  
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deployment has ensued:

a cos 0(t) + w1(t)

~2(t)aa smn
1 (t)+w2

(t) O~~~t~~~T (1)

ô(t ) a ~~tan •(t)

In these relations, (p1(t), p2(t)) denote the position coordinates at time t of

the parachute in the horizontal plan. relative to the tar get , (w1(t) , w2(t ))

d note the velocity coaponents of the wind vector (assumed to lie in the horizontal

plans at .11 times), 0(t) is the instantaneous heading of the parachute velocity

vector relative to fu nd coordinates , and ,(t) is the parachute bank angle relative

to the local vertical . The magnitud. of the para chute velocity vector relative

to the wind 1.5 denoted by “a” in Eq. (1), a presumed known constant of sufficient

magnitude to facilitate a wind penstration capability; T is the time to go until

touchdown from the Initi al lawich time zero . Alteroat ively, the thir d equation

in (1) can be expressed in ter of the instantaneous radius of turo of the par.-

chute , r(t), in the horizontal plane via the well known kinematic relation
2

tan~~~a~~~ (2)

ê(t) a 
r~t) ~ 

(3)

Lot the tics interval 0 ~~t ~ T be divided into 11 non-overlapping sub-

intervals t1 ~~t ~~t1~1, I a 0,l...X-l, with to 
a o and t~ a T. The estimation

problem relative to the i-tb subintsrvsl, t~ s t ~ ~~~~ consists of estimating
the initial beading, S(tf )~ and th. wind profil. w(t) over t1 ~~t ~~T , based on

chsarvsd data collected over the previome subint.rval or intervals . The observed

data is sssmead to be Ø~~gLj5sd of the parachute bank angle $(t ) , the position

vector p(t), end possibly (depending on the estimation .chm ) the total velocity

vector of th. parschute~~(t). Givee the .stla.t. s~~(t1) and w(t) fcr t1 % t ~~~T ,

the o ..trol problem relative to the i-tb sobintarval ocnsists of choosing the

bank angl. $(t), or .qvi’alumtly the toning r’sdIue r (t), on t1 % t E t1~1 such

S



that the parachute would land as close to the target as possibl e in an upward wind

direction at the tarminal time if , in fact , the estimates 0(t 1) and v(t) were

exact and ~(t ) were applied for .11 t in the interval t~ ~ t ~ T. The estimates

(e ,w( )) are updated over the next subinterval based on the new data collected

over that interval , and similarly the control variable •(t) is re-cosçuted based

on the new estimates , resulting in a step-by-step control-estimation sequence which

constitutes the closed-loop control algorithm. As discussed in previous reports,

control is assumed to be effected through the use of an on-board servo motor

attached to the support lines of the gliding parachute with the actual relation

between 0(t) and the angular position of the servo motor to be determined by the

particular har dware so asseubled. All cc~~utations would presumably be performed

by a digita l coaputer located at the target with appropriate teleccenum icat ions

linking the ground based target and the parachute . However , the coaputat ions axe

sufficiently siaple that on-board digital cos~utaticns might be feasible if such

were desired .
It . WIND AND INITIAL HEADING ESTIMATION

Imt to ~ t ~~t1 be a typical eubinterval over which data is observed and

it is desired to obtain estimates of the wind profile w(t ) and initial heading

angle 0(t0) a 00 for puspos.s of updating the control algorithm on the next sub-

interval. A general approach to this prcblsm would model w(t) as a stochastic

process, perhaps with an usderlying Markov process rep resentation , and proceed to

derive the par tial differential equations from which the conditional means of

w(t ) and 00 could be obtained given the data . However , there Is little motivation

to formulat , this full blown versi on of the est imation problem, at least at this

stags of th. investigation , due to the rather extensive coaputational requirements

anticipated In solving the partial difl z’antial equations . Therefore , in this

section the sIapl.r least squires estimation of w(t ) md 00 will be formulated and

solved in closed form. Regarding other .stimstion schemes , a minimum variance

7
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estimate of the wind direction and Initial parachute heading will be discussed

for the special case in which the magnitud e of the wind vector is a known constant .

(a) A Least Squar es Est imate

Let the wind coaponents in (1) be modeled by the polynomials of pre-

selected order n:

~ aj ti
1.0

I ~~ t
Lao

In practical ter ms n would probably be chosen as either n a o (a constant wind of

imknown magnitude and direction), or n a ~ (
~ variable wind with linear time

varying coapimeots). A least squares estimate of the parameters (0
~ 
,s~,. .e~ ‘~~

results upon minimizing the funct ional

ii 2
J(00,

sj ) f (fi1(t) — a cos (0~ + u(t)) - 
~ 
a~t

1] dt
t LaO

t u ~~2 C )+ I (~2(t)-asin (0 +U (t )) -Z 8jt ]~~LaO

whiz’s U(t) is defined in tarma of the bank angle 0(t ) b~

U(t) a
~~~~r tan $(r) dr .

‘t o
A necessary oonditicn for the minimization of (5) is the adherence of

the feU~owimg relations:

I F °~ ~I_ a 0, * a O  (6)

i s O ,l.~~~,

8



Since J is quadratic In the and 0~ par ameters , the second and third sets of

equations in (6) are linear in (cs,B) and can be solved uniquely for (c ,0) in

terms of 0~ and the data. The coefficient matrix for the linear equations in

(a ,B) is the Gramian for the functions (i ,t..t~ ) on to % t ~ t1, i.e., the

sy etric matrix whose ij-th component (i = O..n and j  O..n) is defined by

tl ti+i+l ti+i+l

G a J t1’1dt a 
1 - 

0 (7)ii t i+j+1
0

O E i ,j~~~n

Since (l ,t. .t’~} are linearly independent for any t1 ‘ t0, the inverse matrix

of C exists and can be preccmputed and stored for any given t0 % t ~ t1 interval.

Letting H~1 
denote the ij-th component of the inverse matrix, G ’1, the solutions

for and become (details omitted):

a I Hij(Xj — a(C1 005 00 — sin 0 ) )

(8)

a 
~~~~~~~ 

H11
(Y

1 
- a(C

1 
sin + S~ cos 0))

O~~~i~~~n

where the scala rs (C
1

,S
1

,X
1

,Y
1

) are given by

tl ti
cj a f  t1 cos U(t)dt, Sj a J  t1 sin u(t)dt (9)

H to
tl

a J ~~
1 

~1(t)dt , a J ~
1 

~2(t)dt . (10)
to to~

Sub.titutlng Eq. (8) Into the fir st of the rela tions in (6) leads to

the result

a



~~— a O a A s j n I — B c o s 0  (11)

where A and B are defined by

tl
A a J (t

1(t) cos u( t )  + p2(t) sin U(t)]dtto (12)

- I I H1 ( X C 1 + Y S 1]iaO jaO

and
ti

B = f (f 2(t) 005 iJ(t) - p1(t) sin U(t))dt
t

(13)

+ I I Hi ( X S i _ Y C 1]LaO j aO

respectively. Assuming the bank angle ~(t ) is not identically zero on

t0 ~ t ~ t1, or equivalently that u(t) is not identically zero, (11) can be

solved for 0~~, modulo 2r , taking into account that a minimal value is desired ,

i.e., taking note of the condition that

a2J 0

0

This solution is given by

e a 2 m a + t s n 3j (1~e)

where m is any integer. Substituting (la.) into (8) then yields the final

closed-form solution for the least squar es est imates of the quantities

(S~~s.8).

The above solution is contingent on the condition that •(t) $ 0 because

A m d B e.cb~~~~1ib if 0 ( t ) R O c n t0~~~t~~~t1. In the e vsnt that~~( t ) a O f or

10 
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all t cc to ~ t ~ t1, 0~ cannot be estimated from the given data. In this case

4 a prior value for 00 should be assumed , based on data collected over a previous

subinterval in which •(t) $ 0, and (~ ,B) can be obtained from

a 

~~ 

H~1 
(X
1 

- aG10 cos 0~ )

(15)

= Hj 1 CT1 
— aG10 sin e

~
)

where O
~ is the a priori value assumed for 0~ .

Finally, it should be noted that the integrals Involving the total

velocity vector of the parachute , ~(t) ,  in (10), (12) and (13) can be equivalently

expressed in terms of p(t) using integration by parts, i.e.,

ti Ia t1
1p1(t1) - t0

1p1(t0) - ~ t ~~p1(t)dt

t
o (16)

a t1
1p2(t1) - t 1p2(t ) - j  J t

i
~~p2(t)dt

cos U(t)dt = p1(t 1) ace U(t 1) - p~(t0)
to

+ 1 .J p~(t) tan •(t) sin U (t)dt

(17)

J P1(t) sin U(t)dt a Pj(t1
) sin U(t1)to

-
~J p1(t) tan 0(t) oos U(t)dt

to
j  a 1,2 .

Thus, a knowl.dge of the data (p(t), ~(t)) on to ~ t ~ t1 is sufficient to

obtain the least squer’ss estimate of wind model (Is ) and Initial heading

0(t ).
0

11
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I
(b) Statistical Est imates

Although the general estimation problem for a stochastic wind w(t ) and

random initial heading 0(t0) is probably intractable for on-line considerations ,

there is one special case that leads to a reasonably straightforward solution

in computing a minimum variance estimate . This approach involves nonlinear

transformations cc the data to achieve an underlying linear Narkov process in a

manner similar to that used by Villsky and Lo (4) for a different but related

estimation problem. The stochastic differential equations for this case are

assumed as follows :

f 1(t) a ~ ~ Ø (0(t) + ~1(t )) + b cci (ss(t) + ~2
(t ))

(18)

p2(t) = a sin (0(t) + c2(t)) + b sin (.(t) +

d0(t) a u(t)dt + di~1(t)
(19)

dw(t) = oas(t)dt + dii2(t)

In the above , the magnitude of the wind vector is assumsd to be a known constant

parameter “b” , (~1(t) , ~2(t )) are independent “white-noise ” Gaussian processes ,

u(t) is a known deterministic forcing function given by

u(t) a ~~tan o(t) , (20)

(~1(t) , ii2
(t )) ar~ thdepr~dent ~~cwnian noise processes, and “c” is a given

constant characterizing the tiumsiticuis for the Markov process .s(t).

The msaa~w..auit data is 1 to consist of the total velocity vector

of the parachute, f(t) ,  well the bank angle o(t). Equivalently, the data

is assumed to consist of the tripl, of ~~~ctioas (u(t), s1(t), z2(t)) for

t~~~t where
0 

~~~~~ ~~~~~~~~~~~~~

12



z1(t)  a ~~ ~1(t ) a cci (0 + C1
) + p cos (w + C2

)

— (21)
s2(t) 

a ~~f~2(t) = sin (0 + 
~~~ 

+ p sin (a, + C2
)

and p = b/a is a known constant . Eliminating the terms involving (w + C2
) in

3 (21) yields

• z~ + z~~+ 1 _ 2 I I zII sin (0+ C 1 + tan~
1 j.!) = p 2 (22 )

1/2
where l i z i l  = (s~ + . Assuming principal value s for the angles , (22 )

is seen to yield two values for 0 + C1 depending on the sign of

z 1 z~~+ z ~~+ l — p 2
-tan~~~~1+ sin if 0 > 0

2 11 z 11
2 2 2 (23)

1 1z1+ z 2 + i - p l
w + t a n ~~~— - sj n  I ! if 0 < 0

I 2 f lz f l  J

where
• l zl• 

• sgncos ( e + ~~1+ tan r-~~• 
(28)

2

Similarly , the terms involving (0 + C1) can be eliminated from (21)

yielding the scaler equation

+ + ~2 
- 2 115 1 1 sin (aa + + tan~~ L) a l  . (25 )

Again, two values for (si + C2) can be obtained from (25 ) depending on the sign
l~~lof cci (a, + C2 + tan -4, (assuming principal values for all angles):

2
a

13
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if 0 > 0
2 11 z11

2 2 2 (26 )
~ fs, + r .~~+ p  -11

w~~~tan — - s i n  .1. £ I if 0 < 0
I 2 f lz f l  J

where
1~~1• a s g u ccs (w +~~2 + tan i—) . (27)

2

The aubiguity in the expressions (23) and (26 ) cannot be resolved in

any simple way . However , considering the t ime derivative of
zlsin (0 + C. + ten ~a

sin (0 + C1 + tan~~ -A) a cci (0 + C1 + tan~~ J ) 
~~~~~

. (0 + C1 + tan ’
~ ~~

a u(t ) cci (0 + C1 + tan ~ _2.~

d l~~lThe latter approximation holds if the angular rate term (0 + C 1 + tan —)

is dominated by 1(t) a u(t). Then the function * in (24 ) becomes

d 1’l*z(sgn u(t)}sgn~~ .sin (0+t1 +tan j—) . (28)
2

But sgn (
~~ sin (0 + 

~l 
+ tan 1 L)} can be expressed in terms of z(t ) and 1(t)

by diffarsatiating (22) and assuming ~~~ > 0:

sgn ~~ sin (0 + C1 + tan 1 
~~)) a sgn ((51*1 + 12*2~~5i + z~ - 1 + p2 )} . (29)

This implies that th. value of * in (28) can be resolved if the sign of the

q~~~tity in brackets on the right side of (29) can be determined from the aeas~ne-

• mints. How vsr, it should be reiterated that this result depends on the s~-
I

t ion that 1(t) s u(t) dominates the angular rate ~~(0 + 
~1 + tan ’

~ ~!).

1’. 
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The value of 0 in (27) can be related to the value of * from the follow-
l~~1ing trigonometric consider ations . Let A a tan — so that

c o s A a
11~ , 1  sin A~~~ 11~~1 1

Then the following identity follows from (21) :

Cci A - 
~2 

sin ~ a ~~ A cos(0 + C1) + p cci A cos(a, + C2)

- sin A sin(0 t C1) - p sin A sin(w + C2 )

a cos(A + 0 + C1] + 0 cos(A + a, + C2]

a O .  (30)

But p is positive so that • a 
~~~ which resolves the athiguity in (26) once • is

determined .

Given the nonlinear transformations on the data so that the right hand

sides of Eqs . (23) and (26) ar ’s known at each instant of time t , the second pair

of equations in (19) can now be regarded as a vector Mar’kov process with linear

meas~n’.saants as s~~ arized by the following matrix equations :

0 1° ol ol 11 1~1
d ‘I  I I d t + I u d t + d I 1I (31)

a, 10 c J . j  oJ tn2J
Izi 0 Iii

• - I_i a - (32 )
L’21 a, LC2J

where and ‘2 denote the right hand sides of (23) and (26) , respectively.

• Equations (31) and (32) ~~u now in the standard form for application of

the Ya1 -Bucy filter (5) in obtai ning a minim var iance estimate of th. pair

(0(t ), .(t)) conditioned on the data (s1(t), s2(t )). The filter for this est imate

is given by

dx a Ax at + In at + K(t)(; - x)dt, ;(o) a E(x0) (33)

is

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

- 
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where * = ~~~ a,) ; A and B are the coefficient matrices in (31), and the gain

matrix K (t ) is computed off-line according to

K (t ) =

dP
~. a A P + P A ’ + R 1 - P R ~~P , P ( o ) a E ( x0x~,)

where

R1dt a

and

=

are presumed to be given covariance matrices with R2 positive definite .

Equation (33) is the real-t ime realization of this optimal filter given that

the gain matrix K (t ) has been pr’s-computed off-line by the integration of the

Riccati differential equation in (34).

II!. CLOSED LOOP CONTROL ALGORITHM

Given estimates of the wind vector, (,,1(t ), w2(t )) ,  over to ~ t ~ T , and

the initial heading of the parachute relative to wind , e(t0), as determined by

the least squares formulae of Section lI-a involving the data observed over the

previous subintar val, the following tr ansform ations to normalized coordinates

simplify the kinematic equations for control considerations:

xi(t) 
a 
(T—t0)a 

(p1(t) + w~(C)dC]. j  a 1,2

z3(t) a 0(t) . (35)

Rewriting Eq. (1) in term, of (z1,x2,x3) and introducing the normalized time r ,

16
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and the normalized control variable u ,

(T-t )g
° t a n k ,  (37)

the kinematic equations become

= cci x3( r )

*2
(T) sin *3(1) 0 ~ ~ 1 (38 )

u( r )

The desired ter minal state in these coordinates is given by:

x1(l) 
a x2(1) a ~~, x3(1) = /w(T) + w (39)

where /w(T) denotes the estimated wind direction at the terminal time T.

The optimal control problem of minimizing the control energy,
1

J
lu(r)12dr, while driving the system (38) from the initial state

a 

~~~~~ 
tpi(t0

) + w~(~ )d~~I, ~ a 1,2

x3(o) a 0(t 0
) (40 )

to the terminal state (39) has been investigated in (2] and (3]. Assuming the

initial coordinates (x
~
(o), x2(o)) lie within the unit circle , this is a well

posed proble. with moderately demanding computational requirements in obtaining

a solut ion. The Differential Dynamic Programeing algorithm for computing the

optimal control, as discussed in (2), requires a large amount of computer storage,

but tends to converge in a small rnnd,er iterations . The parameter search algorithm,
• discussed in (3] and fw’thsr investigated via the application of the Davison-Wong

technique (6], requIres far’ lies memory, but requires many more iterations to

converge.

Although each of the optimal control techniques y be feasible if suffi-

cient computer hardusre is available, the far simpler bang-off-bang algorithm

H - - 
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described in Section VI of (3] was utilized for the control algorithm in closing

th. ioop using the step by step estimation-control sequence described in the

Introductio n. However , provision in this algorithm must be made for the possi-

bility that the initial conditio n. in (40) may Lie outside the unit circle at

the star t of any particular sub-inter val, thereby necessitating an alternative

control strategy (not discussed in (2] or (3]) for this situation .

(a) Control Strategy for Initial Conditions Outside the Unit Circle

The following control strategy was adopted for the case in which

(x1(o) , X
~2

(O)) lie outside the unit circle. Let u (t )  be constrained to be

either one of the two for ms:

for O~~~T~~~tu1(r) a 1 (41)
(0 for t1’t ~~~1

or
(0 for 0 % r % t

u2(t )  a 1. (82)
for t1 ’ t % l

where the normalized turning radius, y, and the switching tins t1 are to be

determined by minimizing the fmactics

J (t 1
) a (x~(l) + x~(l)) (43)

subject to the end-point constraint

x3(l ) a / w ( T ) + v .  (41i )

Using the control In (41) , the equations of notion (3$) can be inte-

grated-yielding en implicit .4no.sion for 4(t1). The terminal osnstriimt (84)

implies the following relation between y end

1$
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Using this constraint and the necessary condition for a minimum, a 0 , the

following value s for t1 and J a J (t1) are obtained :

t~~:~~. I l + x ( o ) c c i v + x ( o ) sj n v i .  1 (x (o) sjn v1 2 x3(o,—v 1 (46 )

- *2(o) Cci V - xi(0) sin *3(0) + *2~°~ 
cos *

3
( 0)  + sin (v_x 3(o))]}

J~ = ~
. {v~~o~, cos v - xi(o) sin v + v-x~(o) 

(x1(o) cog *3
(0)

+ *2(0) sin x3(o) + cos (v- x3(o)) - 1 — x1(o) cos v - x2(o) sin v]}

where d and v are defined by

v /w (T)+w (88)

2 V-X (o)(v — x (o) — sin (v—x (0))]  + 4 sin4(— ~ )
2 49)

[V — *3
(0)]

* 2 *With the above value for t1, it can be shown that d > 0 so that t1 is a
dt 1minimal point. This implies tha t u1 in (81) will be the proper control to apply

(with in the present context ) provided , in addition , that 0 ~ t~ ~ 1 and v � *3(0).

In a similar ~~~~sr , the differential equations can be integrated using

the control u2 in (82) resulting in an explicit relation for J(t1). Again , the

terminal constraint (l~*) implies the following constraint between the radius of

tm’n y and t1 (Cf. (85)) :

1 - t
(50)

Lw(T) + - *3
(0)

The v4 tRIsipg value of t1 and cce’r.spcnding minimal value of J in this case is

fomad to be

19
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* 1 [ 2 — 2 c ~s (v—x 3(o )) 1a 
~ 2 + , ., (x1 (o) sin v - *2(0) cci
( (v-x~(o)] V X

3~ 0~

+ 
*2~°~ 

cci *3(0) - x~(o) sin *3(0) - sin (v—x 3(o))]

- *1
(0) cci *3(0) - *2(0) sin *3(0)) (51)

~ {x~
(o~ sin x3(o) - *2(0) cos *3(0) + v-x~~o) (xi(o) cos v 

(52)

+ x2(o) sin v — x1(o) cci *3(0) - *2(o) sin *3(0) - 1 + cos(v_x3(o))]}

* 
As in the previous case , u2 is feasible only if t~ in (51) satisfies

0 ~ t1 ~ 1. In practice, both cases must be considered for any particular set

of initial values (*1(0), *2~°” lying outside the unit circle with the choice ,

U1 or u2, 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 E 1 ~ 1, mod that control selected which achieves the

g~ ai ler value for J , consistent with the end point heading constraint (84).

These details of the control at~ategy have been progransed into the Fortran list ing

supplied in the Appendix.

(b) Simulation Results of the Closed Loop Controller

Simulation studies wsr carried out fcr the system (1) using a variety

of initial conditions (p1(o), 
~2~°~’ 8(o)) and wind profiles (w

1(t), w2(t))

over the total tine interval 0 ~ t ~ 307 • 5 sec • The speed of the parachute

relative to wind was fixed at a a 30 ft/sec . Five subintervals were used for

th. step-by-step estimation-control sequence with the lengths of these sub-

intervals defined by:
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t
1

a 7.5 , t3 = 157.5

a 82.5, ~4 
a 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 at the end of Section Il-a in

estimating the parachute heading e~.

All integrations were performed using a four’th order Runge-Kutta sub-

r outine from the IBM Scientific Subr out ine Package. A complete Fortran listing

of the computer program is given in the Appendix. The differential equations for

the parachute, the generati on of the wind vector , as well as all the relevant

integrals needed for the least squares estimation are integr ated in the subroutine

labeled CPLANT. A linear tine varying wind model was used in the wind estimat ion

subroutine (Eq. (8) wIth n a 1):

w1(t) O~ +

w2(t) * B~ + B1t

The actual winds used In the study are given in Table 1. The analytical

expressions for both polar and rectangular coord inates of the wind vector are

indic*ted. A step-type disturbance was introduced for some of the rims as m di-

cated by the bw1 col~nos in Table 1. These disturbances (where indicated) were

imposed at the end of each subinterval according to the r ule :

wj(nsw) a w1(old ) + Awi, f 1,2

The parachute trajectories under closed loop control are shown in

Figs. 1-11 with corresponding plots for the wind profile m d  the parachute bank

angle. Two diffarsnt trajectorie, are shown on each Figure corresponding to the

two diff.rant lets of initial conditions indicated. The ter minal error ,

t Ip (T)II, is the Euclidsan distance in feet , while Ab(T) denotes the error in the

desired parachute h..a4t ng at the terminal tine • These trajectories and data
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indicate that good terminal accuracy can be obtained for smoot h variable winds ,

with some dete rioriati on in accuracy for abr uptly shifting winds • The bank angles

for the most part are quite reasonable, although there were brief moments where

bank angles in excess of 300 were called for by the control algorithm . There was

no attempt to determine the best sizing of subintervals, nor to experi ment with

variations in the estimation scheme . Such experimentation is necessary if a

practical implementation of this approach is undertaken .

IV. CONCLUSIONS

Separating the wind and initial heading estimation problems from the

control problem to obtain a step-by- step est imation and control sequence may be

a feasible approach to the gliding parachute control problem in a nonuniform

wind. It will be difficult to make a more definitive statement until additional

sizulat icns and experimentat ions are carried out . Even within the scope of the

relatively simple least squares estimation scheme used in this study , additional

exp.r1~~~taticn is needed to determine the rnaber and sizing of subinter vals

t~ ~ t ~ t~~1, whether or not to cochine wind estimates over adjacent subinte r-

vale 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 completely neglected as indicated by the instantaneous step changes allowed

in the parachute bank angle. More sophisticated estimation and control algorithms

might offer better perfo rmance , but at the expens. of more complex computations.
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APPENDIX
FILE: MAIN FORTRAN P1 THE BROwN B ICENTENN IAL COMP JTER CENTER

C THE PURPO SE IS TO EST iMAT E AND CONTROL A PARACH UTh GLIDING SYSTEM V IA000IO
C VIA A LEAST SQUARE E ST IMAT ION SCHEME (ESTM) IN ADU lT ION TO A ôAN G—~~IAOO02O
C BANG CONTROL SCHEME (PRED ). V1A30030
C A:PARA CHuT E SPEED;CWz COEFF. MAT RI A IN L)YNAM IC WIND MODEL V IA 0004O
C DIES: EST. IN TERVAL LENG TH ; OlIN : INTEGRAT ION INTE RVAL LENG TH VIA 0005O
C ER~ D :ERRUR BO~iM) IN (U NGE—KUTTA ROU TINE ;Ex: EST .PARACHUTE HEAD IrGV IA 000 6O
C EA : EST .X— COMPONENT WIND COEFF . ; E~~: ESTS Y—COM PONENT WIND COEFF .V1400070
C IN : NO . OF INTEGRAT ION INTERVAL ; IN: NO. OF EST. INTERVAL VIA 0008O
C IP: EXECUTION CONT RQL.IF IPZI,STOP EXECUTI ON bECAUSE THE GEOME TRICVZ A0009O
C APPROACH FAILS. ; NC : EST . LOOP COUNT ;TI: INITIAL TINE VI A D OLO D
C TF : FINAL TIME ; TB: STORED SWITCH TIME VECTOR ; X IN :INI T IAL STATEV IA QOILO
C XE : FINAL STATE VEC TOR ,AND INTEGRAT EC VECT OR ; UN : bANG—OFF CONT RO LV LAOO L 2O
C W I): EST. TERMINAL WIND ANGLE ; P1:180 DEGREE IN RADIANS V IAO~)L3O
C CONV:CO NV ERS ION FACTOR FROM RADIAN TO DL GREE V IA OO I40
C FDS : ESTIMAT ION INTERVAL ; FOl : INTEGRATION STEP SIZE V IAOOI 5O
C OG: DEGEN ERATE bOUND XTF : INTE RM ED IA TE INITIAL TIME V IA3 OIbO
C DEV : TERMINAL DEVIATION FROM WIND OPPOS ITE VIAO OI 7O
C TC : INITIAL COUN T T IME ; Tq,O:FL IGrIT TIME IN SECOND V IA O OL8O
C RK: FRACTION OF PREC ICT ION iNTERV AL ; ISK :SK IP CONSTANT EST.IF 1 SKv1A00190
C —1 V 1*00200

IMPL ICIT REAL *8(A—H ,O—L) V IA OO2 LO
DIME NSION XI N L 3 ) ,XFI (22) ,TB (23,CW (2 ,2),W IN(2),EA (2),EBI2I, TE X (31 V IAOO 22Q
COMMON DTE S,DTZN ,ER bD , TI,TF ,I4C.,IN ,IM V1A 00230
COMMON/FL/A ,UM ,T8 ,CW,WIN ,UP ,DG ,TEX,PI ,CONV V1 A 00240
COMMON /OUT/TPR,T HI ,THETA ,ENR,ALP ,DRBE V 1400250
CONMON /PR/WD, IP V1A00 260
CONNON /EX/TFIN,RK , 15K V 1A 00270
WRITE (6,321 V 1A 00280

32 FORM AT (LH ,‘DI STURBAN CE, NO. OF DRUPS’) V 1A 0 0290
READ (5 ,29)ORbE,NDP V .1400300
00 30 L0z1,NOP V IAOO3 IO
wR ITE (6 ,28) V 1A00320

28 FORMAT IIM ,‘FRACT ION OF PRED,’,’ SKIP CONTROL’ ) V1A 00330
READ (5 ,29)RK, 15K V1A00340

29 FORM A T (014.8,ffl VI400350
W *ITE (6,241 VI AO ~)36O

24 FURMA T (LH ,‘INITIAL COUN T TIME , TIME TO GO’) V 1A0 0370
REAO (5,5)TC ,TGO V1400380
W RLT EIb, 11J V IAOO 39O

Ii FLJRMAT IIH ,‘EST.NO. ,INTG. NO. p INITIAL. STAT ES, ERROR BOUND’) V IA OO4 00
READ (5 ,2)IN,IM ,(X ItUI),I—1 ,3) ,ERoD V IAOO4LO

2 FORMAT (214,4014.81 V1A00420
WR I TE (6,9 ) V1A00430

9 FORMAT IIH ,‘P*RACHUTE SPEED W .R.T. AIR’ ,’, INITIAL CONT ROL ’) VIAOO44O
READ L 5~p 5 )A,UM V1A00450
W R ITE (6,lQ) V IAOO46O

LU FORMAT (LH •‘IN IT IAL COND . OF WINO COMPON B4TS’) v1A00470
READ (5 ,5)IWIN III ,I I,2) V 1*00480

5 FORM AT (2014.81 V1A00490
WR I TE (6.8) V IAOO500

8 FORNA T ILH ,‘COEFF . MATRI X IN DYNAMIC WIND MODEL’ ) VI AOO5 IO
00 7 Ia l ,2  V IA OO 52O

7 KEAD (5,5) €C~d (I,J),J’1,2 ) V1A 00530
TFINsTC+TGO V IADO5 4O
PI .DARCOS (—1.D0 ) V1A0 0550
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FILE: MAIN FORTRAN P1 THE BROWN BI CEN TENII IA L COMPUTER CENT ER

CONVzL.802/PI V1A00560
FDSzTGO/OF LOAT II N) V 1*00570
FDI—FDS/DFL OAT (IM ) V IA O U5 BO
DTE S~0.LD0*FDS V 1A 00590
D T I N ~ 0.1UO*FDI V IAOO600

V I AOO 6IO
• C V 1A00 620

C IN ITIALIZE F INAL STATE ,INTG . VECTOR ,EST . VECTOR V 1A 00633
• c V I *00640

DO 12 Izl,22 V IAO O b5O
12 XF 1 (I)~ O.O0 V1A00660

EX~O.D0 V IAOO 67O
00 13 I~~1,2 VIA O O68O
EA (I)zO .DO V IAOO 69O

13 Eb (I)zO.D0 V IAOOT OO
NCZO V1A 30710
TI—0.00 V IAO O7 2O
TFaTI+OTES V IA OO T3O
TB(2)sTI V IAO O7 4O
STFsTC V 1A 00750

• T8(1JaTF V1A0 0760
C VI A OO7 7 O
C COMP UTE STATE AND INTEGRAT ED VECTORS V1A00780
C V1A00790
1 CAL L PL AN T IX IN ,XF L ) vIAoOaoo

IF(NC .EQ .IN )GO TO 22 V IAOO 8LO
DGzDTIN*UM **2+. 10—05 V 1A00820

C V 1A 00830
C ESTIMATE HEADING AND W RD  COEFF . V 1A00 840
C V I A O O B 5 O

CALL. E5TM (X IN ,XFL,EX ,EA ,EB ) V1A00860
C V 1A 00870
C COMPUTE BANG—bANG CONTROL ACCORD ING TO MODEL EQ.(~EST .STATES . V IA OO8 8O
c V 1A008 90

(.ALL PREO (XIN ,EX,EA ,E3,STF ,TLM ,T2M,UR) V 1A0 0900
c V IAOU 9IO
C UPDATE INIT IAL COND .,START NEXT ESTIMAT I CN LOOP V IAOO 92O
c V 1*00930

NC NC+1 VI *00940
IF (NC.EQ .IIGO TO 20 V1A 00950
TI*TI +OTES V IA0~)96~)
GO IC 21 V 1A00970

20 TI TC V 1*00980
21 TF~T I +FDS VIA OO99O

STF—TF V IA O1000
UM—UR V I A O 1 O I O
OT ESaFOS VIA OIO2O
DYIN—E DI VIA OIO 3O
IBI LI s T IN V I A O I O 4 O
TB(2) .T 2N V IA U1 OSO
GO TO 1 VIA OIO6O

22 WR ITE (e,3 1)T HETA V IA OIO7O
31 FORMAT (IH ,’REAL ANG .’,2*,D14.8) VIA OI O8O

IF(XFIU3).EQ.0.00)GO TO 25 VI A OLO 9 O
OEV—C0**D$ODIITHET *—DAT AN 2IX F I (  14),XF11 13)),PI),(2.D0*PI)) V I A O L I OO
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GO TO 27 V IA OI LL O
25 1F IX FLU4 ).GT.0.D0)GO TO 20 V IAOII2O

OEV CONV *OM QD ((THETA+1.500*PI),(2.D0*P1)) V IA OIL 3O
GO TO 27 VI AOI1 40

26 DEV~CONV *DMOD ((THETA+ .5DO’PI),(2 .Do*PI)) V 1A 01150
27 WR ITE (8,2310EV V IA O1IbO

W R ITE (6,23)OEV V IAOII 7O
23 FORN AT (LH ,‘THE DE V IATION FROM THE WIND OPPOSITE IS ‘,2X,014.8,2X ,V IAOLI8O

C’ DEGREES .’ )  V1A 01 190
30 CONTINUE V IAO I200

STOP V IAOI2IO
ENO V1A 01220

3.



• F I L E : CPLANT F UR TRuN Pt THE bR(M N BICENT E~’~N IML COMP UT~i4 CENTER

SLJbRCUT INI PLANT (A1~’a ,YTEL J PLA000I*)
C THE PURPOSE IS wIT H G IVEN INITIAL POSIT LON, HEAD IN G AS W ELL AS WINDPLA 0002O
C KNOW N DYNAMICS AND cON T RO L LAW , CO M PUT E THE CORRESPONDIN G STATES,ANPLA 0003O
C INTEGRATED VL CT U R W H ICH IS NEELIEO IN LSU ES TIMAT LU’4 . PLA0004O
C I N P U T : I N L T IA L  STATE V ECTO R •X I N ’  PLA 0005O
C OUTPUT :)- INAL STATE VEC T~)R AN D SOM E INTEG RAT ED VECTOR ‘ Y T E L ’  PLA OJO 6O
c PLA 000TO
C PLA0008U

IMPL ICIT kEA L ~~B L A — H , O — Z I  PLA0009O
• D IME NS IJN x I M ( 1 ) , Y ( 14 I , DERY 1 14 I , PRMT (~~) ,A U X ( 8 , 14 ) , YTEL ( 1 ) , T & $ ( 2 ) ,  P L AO O IOO

~.CW (2,2I,~’IN(2) PLAOO1IO
CCMI4UN /UUT/TP ,IHI,THE ,ENR ,ALP PLAOO I2O
COMMON O 5 , O L , E O ,  T I ,T F , NC , 1 N , I M  PLAOO I3O
COMMOM /F1/A ,U, Tb ,CW ,WIN ,UP PLA~O 140
EXTERNAL FCT1, thJTPI PLAOUI5O

C PLAOOL 6O
C IN ITIALIZE ke LA TED VECT ORS FOR INT~~jRA T1ON PURPOSE PLAOOL7O
c PLA OO I 80

PRM T (1)zTI PLAQOI 90
PRP4T (2) 1F PLAOO200
PRMT( 3)=Dt PLAOO2IO
PRM T I4 )=E U PLAOO22O
TP *T I PLAOO 23O
ALP =T I P1*00240
NDIM I4 P1*00250
DO 1 1=1,14 PLAOO2ÔO

1 DERYt I )=1. DU/ 14 .D0 PLAOO27O
DO 2 1=1,2 P1*00280

2 Y ( I I X I N ( I I  PLAOO29O
THI—X IN(31 PLAOO300
DO 3 1—3 ,12 PLAOO3I0

3 V (1)zO .OO P1*00320
00 6 1-13,14 P1*00330

6 Y I I I WLN ( I—121 P1*00340
w RI TE ( à ,8 )  P1*00350

8 FORMAT UM ,2X, ’T IME ’ ,12X ,’X (f l ’ ,12X, ’X (2 ) ’ ,12X, ’ X ( 3 ) ’ ,12X , ’WLNO ’ , PL AOO36O
CUX ,’ANGL ’,IOX , ’U’,14X.’BANK AP4G ’) P1*00370

WRI T E( 6 , 7 )  PLAOO38O
7 FORN AT ( IHO,2 X, ’ T I M E’ , I 2X , ’X ( 1)’ ,12X, ’X( 2) ’ ,12X, ’X (3 ) ’ ,I1X, ’WI ND’ ,1P1A00390

C2A ,‘ANG L’ ,1OX ,’U’ ,14X ,’ENERGY ’) PLAOO400
C PL AOO4 IO
C START INTEGRAT ION PLAOO42Oc P1*00430

CAlL D RKG S(PRMT ,Y,DERY ,NDIN,IHLF,FCTI,OUTPL.AU X ) P1*00440
W R ITE (6,4)IHL F P1*00450

4 F QRNAT ( IHQ ,’ IHLF — ’ ,12 ) P1*00460
C P1*00470
C STORE FINA L STAT E AN D INTE(~~AT ED VECTOR PLA OO48O
c PLA00490

00 5 1—1, 14 P1*00500
S YTE L(I1—Y II) P1*005 10

RETURN PLAOO5 2O
P1*30530

SUBROUTINE OUT PI(x ,Y ,DERY, IHL F,NOIN , PKMT ) P1*00 540
IMPLICIT REA L*81A—H ,0—Z ) P1*00550
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DINEI6ION yu ),PRNT (I),Oay (t),T$ (z),CW(2 ,2),WIN (2),TEX(3) P1*00560
COMMON 05,01,10, T1,TP,NC ,IN, IN P1*00570
COMMON/F t/*,U, Ta,çw,WIW,UP,OG,TEx,PI ,C~ PLAOO5 8O
CONNCN/ OUT/TP ,THI,THETA,ENR ,AIP P1*00590
IF ((X .LT.*LP— .SDO*0IP.O& .(X.GT.AIP..500*DI))RETURN P1*00600
WN AG DSQ R T I Y ( 13)e*2+Y( 14)0*2) P1*00610
IF(Y114).1Q.0.00 ) G0 TO 2 P1*00620
IFIYII3I.EQ .0.D0)GD TO 3 P1*00630
W A N G . D A T A N 2 ( Y ( I 4 $ , Y ( t 3 ) )~~~V P1*00640
GO TO 4 P1*00650

2 W*NG-O.00 P1*00660
GO TO 4 P1A30670

3 W*NG 9.O01 P1*00680
GO TO 4 P1*00690

4 BK— D*TAN2 (A*UP, 32.0700)SCV P1*00700
WR I TE (8,1)X ,Y (1) ,Y (2),THET*,WMAG ,W*NG ,UP,BK P1*00710
AL P. S& P.OFLOAT( IM/10 I’O I P1*00720
IF (IX.LT.TP— .50000I).0R.(X .GT.TP,.500*DI))RETURN PLAOO73O

C P1*00740
C PR INT OUT 2 CONSECUTIVE SETS OF T LME ,STAT ES,WI ND,C ONT ROL AND ENE RGY P1*00750
C EST. INTERVAL PLAOO76O
C P1*00770

WR ITE (6 ,1)X,V (1),Y(2 ),THETA,WNAG ,WA$G ,UP ,ENR P1*00780
I FORMAT ( IH ,D10.4,7(2X,014.8)) P1*00790

• TP—TP+ DFL O*T (L M )*O 1 PL*00803
RETURN P1*00810

• I END P1*00820
SUBROUTINE FCTI (T,Y ,DERY ) P1*00830
IMPLICIT RE*L*8 (A—H ,O—Z ) PLAOO84O
DIMENSiON Yt 1) ,DERY IL ) ,T812 ) ,CWL Z,2I ,W I N(2 )  P1*00850
COMMON OS,DI,ED,TI,TF,NC ,IN, IM P1*00860
COMMON/F 1/*,Ut ,TB ,CW ,WIN ,URE P1*00870
COMMON/OUT/TP ,THL ,TI4ET*,ENR PLAOO8SO

- IF((TB (2).LT.TB (1I).*ND.(T.GE .TB(1)))GO TO 4 P1*00890
1-FIT.LT.T8LIHGO TO 2 PLAOO900
IF(T.IT.1812)IGU TO 3 P1*00910
URE.U1 P1* 00920
U IN.(T8 (1I—T I.T—TB(2))*U 1 P1*00930
GO TO 1 P1*00940

2 UIN aIT— TI )*U1 P1*00950
URE.U1 P1*00960

GO TO & PLA OO97O
3 UIN (TB(1)—TI)OU L P1*00980

URE~0.D0 P1*00990
GO TO 1 P1*01000

4 UIN .(T8(1I—T 11*U 1 P1*01010 a

U*E.U1 P1*01 020
I TNETAa THI,UIN P1*01030

OBAY (1 ) **OCOS( T$~ TA)+Y ( 13) P1*0 1040
DE*Y(2).**DSIN (TNETA),Y (14) P1*01050
DE*V13) DSINI UINI P1*01060
01*Y (4I OCOS (UIN ) P1*01070
OUV (5) .DERY (1P*OERY (4) P1*01080
Dl RY (6 I sOERY (2) *OERYI4) P1*01090
DERYIT).OERV (I)*DERY (3) P1*01100



F ILE :  CPLANT FO RTRAN P1 TH E b~UWN bICENT ENNIAL COMPUTE R CENTER

DERY (8)—DeRY (2)*DERYU) P1*31110
DERY (9)—T*DERY (3) P1*01120
DE RY ( 10 ) — T * O ERY (41 P1*01130
DERY (11)*YL 1) P1*01140
DERY (12)—Y (2) P1*01150
DERY (1~~)zCWL1, 1)*YL13) +CWU ,2)*Y(14I P1*01160

• UERY ( 14) C W ( 2 , & ) *Y ( 13 ) , W (2 ,2 ) . Y ( 14)  PLAJII l O
ENR*UL *UIN P1*01180
RETURN P1*01190
END PLAO1200

41
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SUbR0UTINE ESTM ( X I , XF , EX , E * , E b )  EST oOUIO
C THE PU RPOSE IS TO COMPUTE A LEAST SQUARE ESTIMAT E OF PARACHUTE EST0002O
C HEADING AND COEFFICI ENTS OF Wi NO COMPONENTS. EST0003O
C INPUT : INIT IA L S T A T E ’ X I ’ ,F INAL STATE AND INT EGRA IEO VECTOR XF’ £ STJ )34 0
C uUTPuT : ESTIMATED HEA D ING ‘Ex’;coEFF . VECTO R S ‘E*’t.’Ea• . cST0005O
C [5100060
C ESTOO3TO

IMPL ICIT REAL *8 (A—H ,U—Z) EST000BO
DIME NSION XI 1 1),XF (I),EA(1),Eb(1 ),P(2,2),CII2),SIL2),PC(21 ,PSI2), EST0009O

CDI 2 ,2),WIN (2),CWI2 ,2),Tbl2 ),TEX (~~) ,UERY4 (4),Y2 (4),PRMTZ (~ I ,AUX2 (8 ESTOO100
C,~ ),TEAC (3) E 5T00110

COMMON OTE S,OT IN,ERBO , TI,TF,NL .,1P4,IM,IPRI ESTOO12O
COMMCN/ OUT/TPR ,THI ,THE,ENR ,*LP,RAM P ESTOO&30
COMMOP4/F1/V ,U,T 6,CW, W IN,UP ,OEG,TEXC,P I ,CV EST0O &40
COMMONFFZ/TEX EST3O 153
EXTERNAL FC12,00TP2 ESTOUL6 O

c [STOOL 70
C COMPUT E THE E STIMATED HEADING ‘EX’ ESTOOI8O
C E5T00190

P (1,1)—XFUI—X I(1 , ESTOO200
P(1 ,2 )zTF *X FIL )—T I*X 1 (1J—XF (111 E 5T00210

~b (2 , 1 ) .X f (4 )_ X I (2 )  ESTO ci 22 O
P (2,2) TF *XF (2 1—TI *XIL2I—X F ( 121 [5100230
C 1 ( 1 ) — X F ( 4 )  EST00240
C 1( 2 ) s X F ( 1 O )  ESTOO25O
S I ( 1 ) XF (3 )  EST OO260
S1 (2)—XF (9) ESTOO2TO
P ( .( 1)—X F1 5 1 EST OO28 O
P C I 2 ) X F ( 6 ) EST OU29O
PS (1)—XF (7) E5T00300
PS(2)—XF (8) - EST OO3 1O
iJMRC—XF (6)—XF (7)—IP (2,1)**F (4)—P (1,1)*AF(3))/DTES ESTOO32O
DMC—XF (5).AF (8)—(P (L,1)”XFI4),P(2,11*XFL3))/OTES E5T00330
SUs1.DO/OTES**3 EST U0340
01 L,I).4.D0*SD*(Tf **24 TI-*T I +TI**2) t ST OO35 O
Ul1 ,2)——u .u0~SO.(TF+TI ) EST00360
012,1)sD (1,2 ) ESTOO37O
012,2) 12.OO*SD 15100380
IF(EM.&.T .OEG)G(J TO 24 E5T00390
RMD— 0.DO ESTOO400
RMJ—0.D0 EST0~ 4L3
00 6 1.1,4 E5T00420
00 7 J.1,2 15700430
RNU.RMU,D(L ,J )* ( P(2 ,J )*CI( I)— P(L,J ).S I( I) I  ESTO#.i440
RNO.RMD+D( I ,J )* ( P( 1,J )* C I( 1 I+P(2 ,J )* S I( L ) )  EST OO45O

7 CONTINUE EST00460
a CONTINUE EST~~ 470

UMER PC I2)— PS( I)— R)9J E5T00480
• OENOM— PC(& )+PS(Z I—R M D E5T00490

øRIT E( b ,2 71 UNEK,DENOM ESTU 0~ 00
21 FURNAT ILH ,‘NUMER*T OR. ‘ ,014 .8,2A, ’ DENUMINAT (M. ‘ ,014.8) EST OO51O

~x —0A TA N2IUMER ,0~ NUMI €ST OU520
wR ITE(6 ,27)UN*C,ONC E STOU53O
TEXC( 1). DAT*N2IUNRC ,OMC ) 1570054 )

C E5T0U550

• 42 
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C I N I T I A L I Z E  EST • COEFF E STOOS bO
C EST )0570
24 DO 2 1=1,2 EST00580

E A ( I I = U .Do ESTOU59 O
2 EU C I )zO .DO ESTOO600
C EST000IU

• C COMPUTE ESTLM MT EO VECTORS ‘ EA ’  1. ‘ tb ’  EST30~2O
C EST0Ob 3O

DO 3 1=1,2 [5100640
00 4 J 1,2 EST0065 O
E A ( I ) EA 1 I ) + D ( I , J ) . t P ( 1 , J J — V I ’ I D C u S ( E A ) P C i 1 J )— D5 I N ( EX ) * S I t J ~~))  EST00660
E B ( I ) = E B ( I ) + O ( 1 , J ) * ( P 1 2 ,J ) — V * ( L ) S I N I L A ) * C 1 ( J ) I D C D S ( EA I * S I ( J ) I )  EST OOb 7O

4 CONTINUE ESTOO68O
3 CONTINUE EST00690
C ESTO OTOO
C COMPUTE CONSTANT EST. VECTO R ESTOO7 IO
C EST33720

TEXC (2)z (AF(1)—XI11)—V * (AF( 4)*DCUS (TEXC (11)—XF ( 3)*OSINITEXC (111fl/ESTO0T3O
• COTES [$100140• TEXC(3 )— (*F (2)—x1 (21—v* (XF(4)*US IN(TEXC II))—XF(3)*USZN ( TEAC (I))))/ESTOOT5O

COTE S - ESTOO76Oc 1S700770
C STORE LINEAR [ST. VECT C R FUR EMRCR COMPUTAT ION . E ST OO78 O
C 1ST00790

TEX III-E X 15100800
T E A ( 2 ) — E * 1 1 )  ESTOO81O
T E X ( 3 ) = E A L 2 )  EST00820
T EX(4 ) — E811) [5700830
TEX (5)aE13 (21 ESTOOB4O
OUMz 0.00 1ST30853

c E$Tu0860
C COMPUTE THE ESTIMATION ERROR 1ST00870
C 1ST00880

NOII~2 4  E 5T00890
PRM T2 II)— T I ESTOO900
PRMT2 (2) TF ESTO09 IO
PKM T2 (31—OTIN [$100920
PRMT2(4)-ERBD [$700930
00 9 1 1, 4 ESTOO94O

9 DERY2II)—1 .0O/4.00 ESTOO9SO
00 10 l l,2 ESTOO960

10 Y 2 (I )— asIN L I ) [Sf00970
Y21 31.0.00 15100980
Y214)s0.D0 15100990

• IPRI.0 ESTOI000
C*LL oRKGs (PRMT2 ,y2 ,uERy2 ,NoIM2 ,iH1F2 ,)~cr2,wT Pz,Aux2) ESTOIO Lq)
WR ITE (6, 15) IItF2 15701020

15 FOR NAT (IH ,‘IH1FZ.’,12) 1570 1030
1F1Y2 ( 31 .LE. 1.D—10)IPRI .1 £5701040
WRI1EI8,5flI C 15701050
WRI TE (6,5 ) NC E STO1ObO

5 FORMAT ( IHO, ’*F TE R THE ’ ,1 4, ’ TH EST I I IAT ICM, THE ESTIMAT ED STATE *NOESTOIO7O
C ERROR A RE’// IH ,5X , ’X ( 3) ’ ,14X, ’*111’ ,& 4X, ’A 12 ) ’ ,14X, ’B(1) ’ ,14A, ’SEST OL UIO
CU) • ,14X,’ERROR ’ ) E 5T01090
w14 1T116,8)EX ,EA (1),E*(2),Eb (1),Ed(2),Y2 (3) ESTOLIOO

—— ~~~~~~~~~~~~~~
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E STO11IO
B lORMAT C IM ,o (D14.8,4X) I EST01120

WRI T E (8,8)TEXC (I),T[XCI2),OUM ,TEXC (,),DIjM,Y4141 E5T01130
C ESTOI140
C UPDATE INITIAL CO NO IT IO N [5101150
C ESTOL I 60

00 16 1—1 ,2 ESTOJ 170
16 *1( I1.X F( I)  ESTO1I8O

X I(3) THE 1ST01 190
00 28 1.1,2 15T01200

28 WIN(I).Y2 (I).K*MP E~ T012LO
EX—EX .THE —TH I EST01220
TEXCII)sTE XC (1).THE—TH I EST01230
RETUR N E ST O 1240
[NO E STOI25O
SUd ROUTINE FCT ’~ T ,Y2 , DEk Y 2 ) E5T01260
IMPL ICIT RE*1 . ..A—H ,O—Z1 ESTOI2 7O
DIMENSIO N Y~ (1),wIN(Z),0ERV2t1hD ,,U ,2),TX(5),TB (2),TXC (3$ E STOL2BO
COMMON 0S,DI,ED,T1,TF, tC , IN, IM , IPK £5T01290
COMMONIOUT/TPR,THI,TIiE,ENR [$101300
CONMON/F1/A,U1 ,T B,Dh,wIN,U PO,DG U , T X C , P I , C V  ESTO13 IO
COM MOM /F2/TX EST01320
IF ((TBI 2).LT.Td (1)).Ar40 .(T.GE .Ttj (1,IIGO TO 3 EST01330
~~(T.LT.TB (1)1GO TO 2 [5701340
IF(T.LT .TB(2))GU TO 3 1ST01350
UIN .(T8 (i)—TI+T—T8 (2 ))*J1 I ST01360

• GO TO I ESTOI37D
UIN.(T—T 1)*U 1 EST01380
GO TO 1 E5T01390

3 UIN .IIBI I)—1I)*U 1 15701400
TH ETA THI+UIN EST O14 LO
*NGI—TX(1).UI N E5T01420
ANGC TXCI1I- $J IN ESTOI43O• DYLaA *OCOSLTH [TA) ,Y211 ) E STO 1440
OYZ.**OSIN( THE T*)+Y2 ( 2) ESTO14SO

• DERY2II)sDW(1,1)*Y2 (11,0o4 (1,2)*y2 (21 ESTUI4bO
• OERY Z (2 )— OW I2,1 )*Y2 ( 11, Dw (2 ,2).Y2 (2$ [$701470

D1RY 213).(OY &—A*DCO $(ANG1 )— TX U)— Tx (3 )ST )* . 2,(0y2 15T01480
C—**D$IN(*NGL )—TX (4)—TX (5)*T l*s2 EST01490
0€RYZl4)a1DY1—A*DCOS (*NGC)—TkCU))*.Z,(UY4—A .OSIN(*NGC)—T~C13) €STOLSOO
C)**2 £5131510

RETURN 15701520
END [$101530
SUBROUTINE OUT PZIX ,Y2,DIRYZ, INLF2 ,N01M2 ,PRMT2) ESTOI54O
IMPLICIT REA1*S(A—H,O-j) ESTO ISSO
DIMENSION Y1(1),0UY2(1),P*MT2LL) [ST QLS6O
RETURN E ST O I S7O
END EST OL5B O

H 
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Fi L E : PRED FURTRAN P1 THE BROWN BICENTENNIAL COMPUTER CE NTE R

SUOROUTINE P14 [DlX,EX,EA,EB,T ,T1R,T2R,UR ) PR100010
C THE PURPOSE IS TO CCMPUT E A BANG—BANG CONTROL WHIC H DRIV E, THE PkE00020
C MODEL SYSTE M TO THE TARGET VIA * GEOMETRICAL APPROACH. PRE 0003O
C INPUT: STATE V ECTOR ‘X ’ ,EST.HEA DING •EX ’ ,COEFF.’EA ’ [ ‘EB’,!NITIAL PKEOOU4O
C TIME. • 

PR E0005O
OUTPUT: SWITCH T IME$,CONT ROL P~ E000bt )

C PRE0007U
c PRE0008O

IMPLICIT REAL * 8 (A-H,O— Z ) PRE0009J
DIME NSION X ( 1) , E A( 1) , E B ( 1 ) ,Z I N I 2 I , 18012) ,CWD I1,2 ) ,W NDC2 I ,T* C(3)  PREOOL UO
COMMON DS,D1,ERB D, T 1,TF,NP,IN,IM,IPRI P RE OULL O

• ~OM MON/PR/W IND, IMP PREOOI2O
COM MCN/F 1/V ,UDL ,TBD,C W D,W ND,UPD,DGI,TX C,P1,CV PRE OOI30
COMMON/ EX/T FIN,RK,ISK PREOO 14O
CO MMON/LAST/VT ,OLJ PREoO L5 O

C PR E UO L 6O
C COORDINATE TRANS FORMAT I ON PREOO 17O
C PREOOL 8O

TEND—L .D0/DFLOA T ( IN—NP ) PREOOI 9O
SC*L=TF IN—T PREOO200
WR ITEI8,I4IEA (1),EA(21 ,E8111 ,E842) PREO02IO

14 FORNAT (LH ,41014.d,2A)) PREOOZ 2O
VT V*SCAL PRE J O2 3O

• ZIN(1)= X (1)/VT+ ( EA( 11 ,EA (2)*ITFIN ,T)/2 .00)/V PRE00240
• ZIN (2)=X (2)/VT+(EB(1),EbIZ)* (TFIN ,Ti/2 .DO)/V PREOO2SO

IIINDSDATAN lId (E811)+EB (2)*TFIN I ,(E * (L)+EA (2)*TFIN )1 PL PREOO26O
RHO .DSQ RT (Z INI& )**2 ,Z IN(2)**2 ) PREOOZT O
PHL=D *TAN2 (LIN(2) ,ZINI 1)) PR EOu2BO
WRI TE (b,91R110, PHE , W IND PRE00290

9 FORMAT U H ,BX, ’RHQ’ ,12X, ’ PI1I’ ,L2A, ’ W IN O A NGLE ’/ l H , ZX ,4 (0 14 .8 ,ZX ) IPKE Q O 300
T IS— 0.O0 PREOOSIO
T2S=0.D U • PREOO32O
IMP —U PREOJ 33O
P51—0.03 PRE30340
P52 0.Ot.) PRE00350

~su—u .oo PREO03 bO
P011=1.010 PRE)0370
PEFF-0.D0 PRE00J80
OEFFaO .D0 PRE30390
OEFF-0 .D0 PRE OO400
IF(RHO.GE.1.DOIIMP I PREOO4 1O

C PRE00420
C COMPUTE BANG—BANG CONT*CL ACCORDING TO L i NEAR WIND MODEL PRE00430
C PRE00440

CAll MGtU (RHO ,PHI ,EX,TIS ,T2S ,U) PRE00450
EFII$ P.NE.1)G3 TO 6 PR100460
DET .VT *DSQRTIOLJ ) PREOO47O
IMP O PRE00480
IF(TENO.GE .T2S)OEFF— D*BS((T IND—TZ S)* U ) PREOO4 9O
CPS1—T 1S PKEO.)503
CPS2— T2 S PREOO51O
cPu.u PRE4)0520
IF( IPRI.EQ.& IGU y~ PREOO)30
IF (ISlC.EQ .1)GO TO 12 PR100540

PRE00550

45
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FILE : PRED FORTRAN P1 THE BROWN BICENTENNIAL COMPUTE R CENTER

C COMPUTE BANG—BANG CONTROL ACCBRDING TO CONSTANT WIND MODEL PREOO5oO
C PRE00570

L IN ( 11 (Z (  ~I+TXC (2h4S CA L 1 /VT PREOO58O
ZIN (2)— LX (2)+TXCI3)*SC*l )/VT PREOO59O
W IND=D *TAN2ITXC (3) ,TXC I2))— PI PREOOb OO
RHO DSQRT IZ IN( 1)**2 ,Z IN(2)**2) PREOO6IO
PHI—D* T* h2 (ZI N(2 ) ,Z INI1 ) )  PRE006 20
WK IT E(a,9) RHO,PHI,W1NO PREOOb3O
IFIR)G .GE.1.00)IMP- 1 PREOO64O
SP—TXC (1) PRE 00650
CALL MG EUIRHO,PHI,SP,T IS,T2S ,U) PREOO66O
IFIIMP.NE .1)GO TO 6 PREOO67O
IMP.0 PRE00680
POLJ VT*OSQRT(OLJ) PkE00690
PSI T1S PREOO700
P$2aT2 S PREOO7IO
PSU—U PREJOT2O

C PREOOT3O
C COMPUTE BANG—BANG CONTROL ACCO RDING TO LINEAR PLUS CONSTAN T WIND MOOELPREOO740
C PRE00750

• 12 OSCMSC*1*RI( PRE 00760
RSCA DSCA+T PREOO77O
REM.SCAI—DSC* PREOO7BO
ZIN I& )a(X (11+LEAIL)+EA (2)*IDSCA+2 .0O*T1/2 .D0)*DSCA+I EAI1)+E*12)* PREOO79O

CRSCA I*REN1/VT PREO0800
ZIN (2).(X12)+CEBI1),EB (2)* (OSCA +2.D3*T)/2.L10)*D$CA+ (EB ( 1)iEB (2)* PREOO 81O

CRSCA I* REM )/ VT PRE00820
W IND DATA N2(Eô1 1)+Eb (2 )* RSCA, EA11) EA(21* RSCA )— PI PREOO83O
RHUaOS QRT (Z INC1I** 2+Z 1N(2 )* *2 )  P*E00840
PHI— O* T * N 2 (Z I N (Z ) , L I N( 1 ) )  PREOO8SO
WRI T E( 8 ,9 ) R NO , P HI ,W I N~ PREOO86O
IFIR HO. G E.t . D0) IM P—1 PREOO87O

- t CALL MG EU(RHO,P HI,EX,T l$,T2 5,U) PREOO88O
IFIIMP .NE.1)GO TO 6 PREOO89O
O1J VT* DSQRT IOU ) PRE 00900
IF(T 1S. GT .0.D0 )O EFFS DA DS( DM I N1IT LS, T END)* U) PREOO9IO
IF (TEND .bT .TZS )UEFF .DABS ( I TEND— T2$)*U) PREOO92O
WRITE (b ,8) PREOO93O

8 FORM *TI1H ,BX, ’TL’ ,1~X ,’T2’,~ X,’CUNTRU1 ’,8*, ’EX P MISS DISTANCE’) PREOO94O
WRITE (8 ,7)CPS1,CPS2,CPtI ,O~T ,PS1,PSI,PSU ,POUJ ,T1S,T2S,U ,OLJ PR100950

7 FORMAT I1H ,2X,4(014.8,2X)/LH ,2* ,4(I)14.B,2X)/IH ,2X,4(O&4.8,ZX)) PREOO96O
IFICPSI.EQ.O.D0)GO TO 13 PREO09TO
IFITIS.EU .0.DO )G0 TC 11 PR100980
DEFF—OAB SIDN IN1 (CPSL ,TENOI *CPU I • PRE00990

13 IF (IOEFF .GE.DEFF).AND .(OEFF.GE .PEFF I IGQ TO 4 PREO1 000
IF1 (PEFF .GE .OEFF).ANO. I PEFF.GE .DEFF))GO TO 10 PREU1O1O

11 TI S—CPSI PREO LQ2O
TZS.CPS2 PRE OI O3O
U CPU P REOI O4O
GO TO 4 PREO 1O 5O

10 T1 $.PSI PR101060
T2S.PSZ PR101070

~~ psu PREOIO$0
GO 10 4 PREO1O 9O

C PREO1LOO

4.



FILE : PRED FORTRAN Pt TIl E BROWN BICENTENNIAL COMPUTER CENTER

~ COMPUT E SWITCH T IME$,CUNTROL IN INERTIAL COORDINAT E PRE31110
C PREOI12O
6 T1R=T1S*SCAL+ T PREOL1 3O

)ZR Z T2S * S CAL .T PREOIL4 O
URx U /SCA I PREOII5O
WRI TE (8,2) PREO116O
W R IT E I6 , 2 )  PREOI 170

4 FORM A T(1H0 ,’T HE SUIT C H TIME S AND CONTRO L ARE ‘// IH , 5X, ’ Tj ’ ,) 5X, ’ TP REOI18O
C2’,ISX, ’U’/) PREO1L9O

* W R I T E I 8 , 1 ) T I R , T2 R,UR PREUI 2 00
W R IT E ( b , 1 ) T 1 R , T 2 R , L j k  PREOI2IO

1 I ORM*T I 1H ,31014.8.2* ))  PRE31223
GO TO 3 PRE01230

4 WRI T E(6 ,5 )  PREOI24O
FO~ M*TI1HO ,’THE FIRST GE OMETRICAL APPROACkI FAIlS ’ ) PREOL25O
GO TO ~ PREOI260

3 ,tE TU KN PREOI27O
FM) PR101280

I
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FILE: $610 FOR TRAN P1 THE BROWN BICENTEN NIAL COMPUTER CENT ER

SUBROUTINE NGEQ (RHO,PHI,THETA ,71S,T2S,USTAR ) MGE000IO
C THIS ROUTINE COMPUTES * BANG—OFF— BANG CONTROL VIA A GEOMETRICA L $G100020
C *PPRCAC$. THIS iS POSSIBL E ONLY WHEN THE PARACHUTE IS WITHIN THE MGE0003O
C UNIT CIRCLE. FOR THE CASE WHEN IT FALLS OUTSIDE THE UNIT CIRCLE , $6100040
C A SECOND APPROAC H IS USED TO COMPUTE A BANG—OFF , OFF—BANG, BANG, MGE00050
C OR OFF CONTROL DEPENDI NG UN WHICH iOUL O RESUL T A MINIMAL EXPEC TED MGE000ÔO
C M ISS DISTANCE. NGE0007O

IMPLICIT REAL S 8 1A—H,O—Z) MGE000BO
DIMENSION R (Z),E(2 ),612),F(2),TSTAR(2) ,TSTMK (2,20),T1(2 ,20),T212,MGE0009O

C2O ),U(2),UN(2),OIST(2) $6100100
COMI’CN/ LAST/VT ,OL J $6100110
COMMON/PR/S8E T*.IMP MGEOO12O
TWOP Is 2.D0*OARCOS (—1 .D0) $6100130
WRI TE (8,3) NGE0OI 40
N1.S MGEOOISO

c $6100160
C INITIALIZE BEST CONT ROI ,ENERGY,BANG-OFF TINES. MGE0O&70
c MGEOOIBO

UST ARSO. ~~ MGE 00190
BETA—SBET* $6100200
ESTAR— 1.D 1O MGEOO2IO
TiS.0.D0 M6E00220
T2S.O.D0 M6E00230
10—0 $6100240
IF( IRP.Ea.I IGC TO 119 NGEOO2SO

• DO 19 NN.1,N1 $6100260
N NN — ( 1.N& 1/2 $6100270
FN .DFLOATIN) D~ E002$O
PSIN—TWOPI SF N— THE T*+8€TA MGI 00290
I F I P S 1SI.EG.O.OO3 GO IL) .19 $61003 00
IF(DSIN (THEIA )—PSIN*RHO*DCOS(PHI ).NE.0.O0) GO TO 7 $6100310
1P11.D0-OCOSITHET*)—PSIN*RHO*DSI NIPHII.NE .0.D01 GO TO 7 $6100320
IHIABSIN $.614) GO TO 19 $6100330
I( 1l—1.OO/PSIN $6100340
U41).PSIN MGE00350
Eli ) PSIN**2 $6100360

C $6100370
C UPDATE UST CONTROL,€NERGY . M6E00380
C M6E00390

IF(ESTAR.LT.E (11)GO TO 19 $6100400
IPIEUM.EQ.1t1))GO TO 103 $6100410
E$T*R.~ II) MGI 00420
U$TA* U( 1) $6100430
10-i 116100440
GO TO 99 $6100450

103 IP (OAUI UIIH.G€ .DABS( USTA RIIGO TO 19 $6100460
USTAR— Ulli $6100470
10.1 $6100480

9~ WRiT 1(8,91) NGE00490
91 PORMATUN ,‘T& T2’.lI1H ,S*,’N’ ,7X, ’P$IN ’,17X, ’R( 1) ’ ,IOX ,’U( .1’,IOMG E OO SOO

$6100510
N*I TE (S.2SI N,PSIN .R (1).U41),EI1I $6100520

25 PORMATIIN ,5X,I2,5X,41014.S,SXb ) 116100530
GO TO 19 M6E00540

C $6100550

8S

1
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FILE : $610 FOR TRAN P1 THE BROW N BICENTENNI A L COM PU TE R C E N T E R

C- COMP OT E THE TURN RACIUS MGE00560
C $6100570

7 A—PSIN**2—2 .O0* (1.D0—OCOS (THETA—BETA)) $6100580
B— PSI N. RHOS (D$IN (PHI—THET *)—DSIN (PHI—BETAI) $6100590
C-I .DO—RHO**2 $6100600
Dad**2—A*C 116100610
IFIO.LT.U.D0I GO TO 19 116100620
R(1)—(d.OSQRT(D))I* $6100630
R1 2)— (B—DSGRT(O))/A $610064 0
IFID.P41 .0 .D0) GO TO 15 116100650
J 1  $6100660
GO TO 8 116100670

15 J1~O 116100680
120 $6100690
IF(R (1I*PSIN.LE.0.00 ) GO TC 5 116100700
IFIR(1I*PSIN.GE.1.D0) GO TO 5 $6100710
J 1—1 $6100720

S IF (R12)*PSIN.LE.0.D0) GO TO 6 116100730
IFIK (2ISPSIN .GE.1.D0) GO TO 6 $6100740
12—1 $6100750

6 J.J 1+J2 $6100760
IF (J .EQ.01 GO TO 19 $6100770 -
IFIJ.EU .2) GO TO 8 $6100780
IFIJ1.EQ.1I GO TO 8 116100790
*I1)—R (2) $6100800

C $6100810
C COMPUTE ThE CONTROL , ENERGY, AND TURN ANGLE $6100820
C $6100830

$ 00 9 I.1,J $6100840
UI I )al.DO/R ( I) $6100850
flh).PS I~ / RI I)  $6100160
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C) 116100110
G (1)—IR (I)* (OCOSIBETA )—DGUS(THET AI)—Mh1Ol ’OSIN (PHI)j/(I.DO—R (I)*p5INM6100890

C) $6100900
I F I F ( I J .€ Q .—1 .O0) GO TO 10 116100910
TST A R I I ) — D S I G N I I . 0 O , G ( I )  )*OA RCOS (F(I)) $6100920
80 TO 11 116100930

10 T$TM (I ) . DA *CC SIF (I I )  MG E 00940
11 K1•IAB SIN).1 116100950

C $6100960
C COMPUTE THE SWITCH TIMES $6100970
C $6100980

00 12 KK 1,K1 116100990
1FIRII)) 16,16,18 116101000

16 R..kk—1+N NG€01010
GO •TO 20 116101020

18 11 K11—1 $6101030
20 TSTARK ( I ,k) -TSTAR (1).TW OPI*FLOAT (k ) $6101040

T 1( I,K)aR(I)S(TSTA*k( I,~ )—TNE TA) $6101050
T211,K)s 1 .D0—RI1)*(TWQPI*FN—T$T AMII,k ),IETA) $6101060
IFIT III,K).LT.O.0O ) 60 10 12 $6101070
IFIT2L I,k) .GT .1.00 ) 80 TO 12 $6101010

17 WR1 IEI1,4) N,P$IN,* II)j 1( I,R),T2(1,k),TSTARK( 1,k),u(I),((j) *6101090
C $6101100

4.
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FILE : $610 FORTRAN P1 THE BMO~N BICENTENNIA L COMPUTER CENTER

C UPD ATE BEST CQNTRQL,ENERGY,TINES. $6101110
C $6101120

IFIESTA R.LT.1(I)IGO 10 12 $6101130
IFIESTM.1Q.E(Ii IG.O TO 100 116101140
ESTAR —El l )  MGEO1I5O
USTAR—U l 1) $6101160
T 1SsT1(I,K) MGEOIL7O
12S*12(I,K) 116101180
10.2 $6101190
GO TO 12 116101200

100 IF (DABS (U (I )).GE .DABSI IaSTAR))GO TO 12 $6101210
USTAR —U l I) $6101220
T1S— T11 1,K) MGEOIZ3O
T2S*T2II,X) 116101240
10.2 $6101250

1~ CONTINUE $6101260
9 CONTINUE $6101270
19 CONT iNUE $6101280

IP( ID.EQ.0)GO TO 108 $6101290
IF(10.NE .1)GO TO 101 $6101300

C $6101310
C PRINT OUT ~HE BEST CONT RQL,ENERGY,TI$ES , $6101320
C $6101330

WR ITE (d ,106) $6101340
106 FORMAT (1H0,ZOX,’ BEST CONTROL ’,3X,’MIN ENERGY ’,!) $6101350

WRITE (8,1051U5TAR ,EST*R $6101360
105 FORMAT (IH ,5X, ’T1—T 2’ ,10X,2(0 14.8)) $6101370

GO TO 102 $6101380
101 W RITFIO , 107 ) $6101390
107 FORMA T (LHO ,8X ,’Tt’ ,15X ,’TZ’,8X,’8EST CON TROL ’,SX,’M IN ENERGY ’) $6101400

WR ITE( 8,104) TIS, TZS,US TAR .ESTAR $6101410
104 FORNAT IIH ,2X,41014.l,2X)) $6101420

60 TO 102 $6101430
108 INP— 1 $6101440
C $6101450
C THE FIRST GEOMETRICAL APPROACH FAILS IF 10—0 . 116101460
C 116101470

W*IIE (8,109) $6101480
10, PORMAT (1H0,’NO FEASIBL E SANG-OFF—BANG CONTROL EXISTS.’) $6101490
C 116101500
C STAR T ThE SECOND GEOMETRICA APPROACH 116101510
C $6101520
119 X 1skHO*OC(~S(PHI1 $6101530

-
• XZ RHOSOSINIPHI ) *6101540

OLJ~~1.D20 $6101550
05W1-0 .O0 116101560
OSW2.0.D0 *6101570
00 115 N.1,5 $6101580
BETA— SSE TA+TW CPI SDFLQAT (N—a) *6101 590
IF(THET*.EQ.BETA )GO TO 115 $6101600

C $6101610
C COMPUTE SINGL E SWITCH TIME AND CCNT RCL $6101620
C $6101630

OCX-CCO S (THETA ) 11610164o
0S*.OSIMTNITA) $6101650

50
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FILE : MG€C FORTRAN P1 THE bROW N B ICENT ENNIAL COMPUTER CENTER

DCB=DCOSIBETAI $6101660
OSB— OS IN(sE TA I $6101670
SBA- DSB—D SX $6101680
CBX OCB—OC x $6101690
HF— THET A— BETA $6101700
DENCM— (1 .D0— (OSIN (DIFI )IOIF)**~+4 .D0S(LDS IN (DIF/2.D0))**4)/DIF**2 $6101710
DIST(1).(IX2SDCB_X1*DSB ,(X1*CBA+X2*SBX+1 .D0—DCOS (DIF))/D1F)**2)/DEMGEO172O

CNON $6101 730
DI STt2)z((X1SDSA— X2*DCX~~(X1*CbA+X2*S8X—1.D0+DC OS(DIF))IUIF)**2)/UEM6EOI74U

CNOM $6101 750
UM t 1).I.DO+A1*DCb+A2*OSB+ (X1.S8X —X~ *C8X—I~SIN ID IF ))/DIF $6101760
UM (2 )a—X1* CX— X2$D SA—(XL* SBX—X2 SCbX+DS INLD IF ) (2.O0 2 .O0*OCOSIDIF)MGEO1?70

C)/DIF)/DIF $6101780
00 111 K=1,2 116101790
IF((UM (I(b .GT.0.O0 I.AND.(UM(K1.Lk .DENOMI)GO TO 117 MGEOLBOO

C $61018 10
C MINIMAL MISS DISTANCE OCCURS AT BOUNDAKY POINT $6101820
C $6101830

IF(( .NOT. UUM(K) .L E.0 .D0) .OR.(V ~.1Q.1)) ) .OR. (1UM(K ) .LE. 0 .DO1 .ANO. ( K MGEO1840
C.E~~.1)))GO TO 118 116101850

5WT 1 1.D0 $6101860
SWTZ O.D0 MGE OL8 7O
UPJz ( X1—S 8X/DIF)** 2+(X2+CBX/DIF)**~ $6101880
UB —OI F M6E01890
GO TO 113 116101900

118 SWT I—0.O 0 M6tu1910
SWT2.1 .D0 116101920
UPJ=(XL .DCB )*52 +( *2,058)5*2 116101930
I.18 0.D0 $6101940
GO TC 113 116101950

C $6101960
C MINIM AL MISS DISTAN CE OCCURS AT SWI TCH TIME $6101970
C $6101980
117 UPJ DIST (k) $6101990

IF (k.EQ.1)GO TO 116 $6102000
C $61020 10
C OFF—BANG CONTROL AND S~ I1CH TIME ARE COMPUTED M6102020
C $6102030

SWTI-0.O0 NGE02040
SWT2-UM( 21/DENO$ $6102050
UBa—DIF~ (1.DO -$WT2 ) $6102 060
GO 10 113 $6102070

C $6102080
C BANG— OFF CONT ROL AND SWITCH TI M E ARE COMPUTED 116102 090
C $6102100
116 SWTI—UM (1)/OENON $6102110

SWT2.1 .00 $61412 120
U8 —D I F/ SWT I $6102130

113 RDIST—VT *OSQRT ( UPJ I $6102140
IF (UPJ .GE .OLJIGO TO 111 $6102150
OLJ UPJ $6102160
05W1— SW T L 116102170
OSW2 .SWT 2 11GE02180
QU—UB $6102190

111 CONT IM JE $6102200

51
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FILE: $610 FORTRAN P1 THE BROWN BICENTENNIAL COMPUTER CENT ER

115 CONTINUE $6102210
T 1S—0SW1 116E02220
T2S O5W2 *6102230
USTAR OU $6102240

3 FQRMA T (1110,bX,’N’,9X,’PSI N’ ,11A,’R’ ,13X ,’T1 ’,12X ,’T2’,6X , ‘THET A $6102250
CSTAR k’,7*,’U’,13X ,’E’,/) $GE02260
4 FORMAT (1H ,5X,I2 ,1*,7(0L4.8,1X)) $6102270

102 RETURN $6102280
END $6102290
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