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ABSTRACT

Quasilinearization was utilized to solve the discontinuous two-point
boundary value problem which results from a variational formulation of the
problem of minimum fuel orbital transfer. The boundary conditions were
such that the transfer trajectory's end points could be assumed to be at
unspecified positions upon arbitrary inclined closed orbits. The vehicle
was assumed to be thrust limited and capable of controlling thrust direction
and duration ("'bang-bang' throttle control). Through the use of the quasi-
linearization technique it was possible to determine trajectories that
minimized the fuel required for orbital transfer maneuvers that were
accomplished in a fized time interval. It was found that an accurate initial
iterate containing the time histories of all variables was es sential to obtain-
ing convergence. The initial iterate was derived from the correspo'nding
optimal two-impulse orbijtal transfer. In many borderline cases it was
found useful for indicating whether or not convergence of the process was to
be expectad. In cases where failure of the process was predicted it was found P
that, while the two-impulse transfer was indeed locally optimal, there
existed neighboring three-impulse transfers that required less total impulse.
An IBM 360 double-precision computer program incorporating the above
techniques then was utilized to generate optimal transfers between numerous

pairs of arbitrary inclined orbits. Using the resulting data, it was possible

- iii -
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to make a series of significant comparisons concerning the velocity changes
required for corresponding optimal finite-thrust and optimal impulsive
orbital transfers. Further numerical investigations demonstrated the
existence of optimal transfers between "shallowly intersecting'' coplanar

orbits which required only one thrusting period. These maneuvers were

shown to be analogous to the better known optimal one-impulse maneuver.
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AZ: BZ: A4s
Ag, Cq, C,

l{as]

g

NOMENCLATURE

First integral

'Integration constants for multipliers

Boundary condition vector

Effective exhaust velocity

Combination coefficients required for quasilinearization
process

Auxiliary variable defined by Equation 32
Eccentricity

Eccentric anomaly

True anomaly

Thrust

Quantity to be minimized (maximized)

Homogeneous solution vectors required for quasilinearization
process

Time derivative vector

Switching function

Mass

Number of differential equations
Quasilinearization iteration numbér

Particular solution vector required for quasilinearization
process
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Multiplier ratio af second impulse
Total time required for. transfer maneuver
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Multiplier ratio at second impulse
Time

Unit vector (subscript denotes axis)
Dependent variable vector
Components of vector X

Angular velocity(6)

4
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Y

Angula
Mass flow rate (-m)

Longitude

Latitude

Lagrange multiplier

Radial velocity (T)
Gravitational constant

Steering angle in orbit plane
Steering angle out of orbit plane

Argument of perigee
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refers to initial time or to coordinate system having orhit

in the reference plane

refers to final time

refers to first, second impulse

refers to circumferential, radial, binormal

refers quantity to a coordinate system having orbit in the

reference plane.
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I. INTRODUCTION

Certain realistic treatments of the optimum orbital transfer problem
lead to a variational formulation wherein the differential equations have
no exact closed form solution. Prior experience with the particular two
point boundary value problem considered here(l) indicated that it was
extremely sensitive and could not be solved by an ordinary Newton-Raphson
method. Reformulation and application of ”quasilinearization"(2’ 3,4)
allowed the successful computation of optimal 'finite-thrust' transfer
trajectories between arbitrary pairs of coplanar elliptical orbits. However,
successful application of quasilinearization was found to depend upon the
proper use of initial conditions derived from an optimum two-impulse
transfer maneuver, (3, 67, 8) These initial successes were reported in
References 9 and 10.

A logical continuation of the above work was the development of an
IBM 360 FORTRAN H computer program for computing optimal finite-thrust
transfers between inclined orbits which is reported in this document.
Because of its length and complexity, the complete program documentation
comprises three documents. In addition to the present report, interested

readers may find it desirable to consult References 11 and 12 which describe

the two-impulse transfer and quasilinearization programs.

SD 69-4
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II., THE OPTIMIZATION PROBLEM

THE DIFFERENTIAL EQUATIONS

The problem to be considered here involves transferring between a
pair of arbitrary closed orbits defined by their orbital elements (p, ¢, w,
Q, and i). What is required is to determine that trajectory which results in
an orbital transfer with minimum fuel expenditure. The formulation is
essentially the three-dimensional derivation originated by Jurovics(l) and
is similar to that presented by Leitmann(13), Solution of this optimization
problem involves the minimization of a functional which is a function of only
the boundary values of the state variables; i. e. , position, velocity, mass,

and time.

The function to be minimized is the characieristic velocity:

G = cln (mg/myy) (1)
where
G =G (%, xitF) (2)
and where the state variables are:
%, =, 0, 9 F, 6, $ m (3)
-2 -
SD 69-4
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In the above expressions ¢ = effective exhaust velocity, r = radius,
§ = latitude, ¢ = longitude, m = mass, and the subscripts o and ty refer

to initial and final points of the irajectory.

The rocket and its envircnment are defined in accordance with the

following assumptions:

1. The rocket is a variable mass particle.

2. The thrust magnitude (F) is a linear function of the mass flow
rate (B):

F = cB (4)

3. The vehicle is capable of thrust direction and throttle control,
and the control is instantancous.

4. TFurther, the transfer maneuver is between two orbits about a
single planet with a spherically symmetrical central gravitational

field.

Equations in Motion

In spherical coordinates (Figure 1) the three second-order equations of

motion are:

S g G

. . 2 .2
r - r o —rcoszetp

F cos ¢ sin v/m (5) 4

Fr sin Y¢/m (6)

. 2
— r 6)+r2cosesin9¢

SD 69-4
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— (" cos” 0 ¢) = Fr cos ¢ sin v cos §/m (7)

where p = gravitational constant
v = steering angle measured from local vertical in the orhit
plane (Figure lb)
U = out-of-plane steering angle (Figure 1b)

These equations may be reluced to first-order form, where the new vari-

ables p, %, and y are defined by the first three equations.

to=p (8)

6 = x (9)

6 =y (10)

5= rx’ + 1yt cost B - p/re + cfcos § sin v/m (1:)
x = -2px/r - yz cos 6 sin 6 + cfB sin $/(mr) (12)

¥ = 2xy tan © - 2py/r + cBcos Y sin v sec 6/(mr) (13)
m = -8 (14)

The optimum path must satisfy the above equations of motion. In

addition, for conventional rockets, the solution is subject to the following

constraints:

c = constant (15)

e e v g R T e TN LA A A T s RS ' e T ¢ A L
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<
Bmin = Bs Brnax

where normally Bpnin = 0, 2nd Bmax is specified. In the problem con-
sidered here we utilize the foilowing additional constraint to impose '"bang-

bang'' control of mass flow rate:

3B-B_..) =20 (17)

max

If G is to possess an extremum subject to the constraints imposed by
Eqs. 7 to 15 and 17, one must require the first variation of the constrained
functional to vanish. The foliowing Euler-Lagrange differential equations

for the Lagrange multipliers result:

' 2
Ay = Ry (x2 + yz cos 6 * 2p./r3) - Mg (2px - cf sin kl.t/m)/r2
(18)
-2 (2py - cBcos ¥ sin v sec e/m)/rz
A, = 2 gin 26 + A, ¥ 26
2—7\4ry sin 5 ¥ cos
(19)
- Ay [ny sec2 6 + cBf cos ¥ sin v tan & sec 6/(mr):|
Ay =0 (20)
Ay = At 2 (g x Tt A y)/r (21)
>\5=-7\2-2)\4rx+2>\5p/r-2)\6ytan6 (22)
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. 2 .
7\6=~7\3-27\4rycos 8+7\5ys1n26

(23)
- 2 Ay (x tan O - p/r)
cf (}\4 r cos Y cos VvV + >\5 sin ¢ + 7\6 cos Y sin v sec 0)
7\7 = > (24)
(m r)

The differential equation for A7 may also be written in the following useful

form:
= et ) “
= L 5
el LR (25)
The ''switching function' (k), which appears in Equation 25, governs

thrust on-off control and is defined as follows:

k=-xA,+c (A, rcosPYcos v+ sin¢+7\6cos4isinvsece)/(mr)

7 4 5 (26)
where

for k >0 B = Bax (27)
and for k <0 B =0 (28)

Equations for the steering angles (v and ¥) are as follows:
cos. Y cos v = r A, cos 6/D (29)
cos Y cos v = >\6/D (30)
sin ¢ = Ag cos 8/D (31)

-7 -
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where
1/2
2 2
D = + (r }\4 cos2 e + }\52 cos2 o + }\62) (32)

Even though the steering angles have no physical significance when the
vehicle is on a coasting arc they will be computed over the entire trajectory.

Further, we note that Equation 26 becomes

k = ¢D sec 6/(mr) - - (33)
when Eq. 29 to 31 are substituted.
Since the differential equations do not involve time explicitly, one
obtains a first integral (Hamiltonian):
}\11"+}\2é+7\3 93+7\4f3+7\5§c+7\6§r+7\7rh=Afconstant e

The Hamiltonian could be used to replace one of the Euler-Lagrange differ-
ential equations and thereby reduce the order of the system by one. But this
is not done. Rather, the behavior of A is used as an'indication of the accur-

acy of the integration process.

BOUNDARY AND CORNER CONDITIONS

Note that the system is described by 14 equations for the variables:

r, 6, ¢, p, X, ¥, M, 7\1, 7\2, 7\3, ).4, 7‘u5: 7\6, 7\7
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This system thus requires 14 boundary conditions. Eleven are specified by
the physics of the problem; that is, by the required orbital elements and the
initial mass. The three remaining boundary conditions are derived from the

transversality condition

t
F=O

(35)

[sdG‘+>\1dr+7\2d9+7\3d¢+7\4dp4-7\de+7\6dy+7\7dm—Adt]0

where s is an arbitrary positive constant (we are minimizing sG instead of
G). We consider first the 'dt'" term separately. equal to zero, and since the
initial time is fixed (dt, = 0) there remains A dtgp = 0. Thus, if the time
open problem is considered (dtp # 0) we get A = 0. Or if the final time

is fixed (dty = 0) and A is not known.

We chose the time open situation even though in the program the final time

is fixed for any given iteration. Thus we use

A =0 (36)

Next we consider the dG and dm terms together'and we find as the first

of the three boundary conditions that

- - 3
sSC dII]tF /III I ;\.7 d.[Ilt =0 ( 7)
or

A, = — at t = t (38)

.
i ¥
1
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where s is an arbitrary positive factor (i.e., we minimize sG instead of G).

Now in view of Equation 33, the Ay boundary conditions is equivalent to

k = ¢(D sec 8/r - s)/m at t = tn (39)

By requiring that k < 0 at the end point, the Ay condition (Equation 38)
which requires only that Ay be positive is clearly satisfied. (Note that s, c,

D, m, r, and sec 6 are always positive.)

The remaining parts of the transversality condition are now obviously
satisfied by the condition A = 0 when the position and velocities used cor-

respond to the orbits given.

' From the point of view of the program there are 12 boundary conditions
taken from the position and velocities at the end points, onc condition taken
as the value of the initial mass, and one is the requirement that k < 0 at the
end. The 12 position and velocity conditions are equivalent to the 10 from
the orbital elements plus the second and third from the transversality

condition.

A somewhat different form of Eq. 35 may be derived for the case when

A #0:

”‘1 + 97\2+ ¢7\3 + p}\4 + x}\s + y?\é] = Bk] (40)

0 0
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From this form of the equation, it is clear that the Hamiltonian (A in
Eq. 25) must be equal to Sk at the end points. Further, (if A # 0)

Equation 40 implies that k(0) = k(tF).

We have obtained a system of 14 first-order differential equations
which yield as a solution the required optimal trajectory. Seven of the
boundary conditions (initial position, velocity, and mass) are known at the

initial time and seven (final position, velocity, and }\7 or k) at the final time.

In the computer solution it was found to be advantageous to employ k

rather than Ao Thus Eq. 24 is replaced with

kK = ¢D sec 8 (D/D - p/r + x tan 0)/(mr) (41)

This substitution is significant because it replaces A,? with a more easily
visualized function and one which is very well approximated from the impul-

sive case,

For this particular problem, the corner conditions are such that the
multipliers associated with each of the state variables and A, the first
integral, must have the same value immediately preceding and following a

corner,

(42)

A = A ' (43)
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Because this formulation is in spherical coordinates two of the multipliers,
Ay and Ay behave as do the velocity components. (See Equations 18 and 19.)
Thus there is a discontinuity in the rates when the engine is turned off or on

which is equivalent to a finite discontinuity in the impulsive approximation.

MULTIPLIERS ALONG A KEPLERIAN ARC

As it was shown by Lawden(14) it is possible to integrate in closed
form the Euler- Lagrange equations for the first six multipliers along a coast
or Keplerian arc if they are expressed in a system of coordinates in which
the orbit .lies in the reference plane. The results given agree with those of
Lawden but there is a different nomenclature and in addition here the coordi-
nate system is spherical where Lawden uses a locally level cartesian
system. Thus, we reduce FEquations 18 to 23 by setting B=0 and 6 = 0,

and we find:

Ay = - Ay (yoz + 2 p/r3> -2 e Y, (44)
Ay = ag yoz (45)

Ayo =0 (46)

Ay o= - SRR VAR L (47)

. (o]




SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

. 0O _ o _ o o :
Ay =7 Mg 2 ay Ty, t 2N plr (49)

The superscript ''o' and subscript 'o'' are used to indicate that the
orbit lies in the reference plane. To begin the solution we change the

indep endent variable to true anomaly, f, by using

y, = df/dt = h/r2 (50)

The equations become (where the ''“'' indicates d/df and when the super-

script "o' and subscript '"o' have been temporarily omitted):

y 7\1’= - Ay (Vz + Zp/rs) - 2 py A (51)

xé' =y A (52{

Ny’ = 0 (53)

v A4’ = - N + 2 g y/r (54)
Y agTE  ag t 2 g el (55)
y A= - Ay -2y Ay T2 pxé/r (56)

We note first that Ay is a constant along the orbit. We choose to write:

A, = e h C/p (57)

and C1 becomes the first of the six constants of integration.
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We note next that the out-of-plane multipliers 2, and Ag are separated

from the others and that they can be obtained by writing:

2
q = Ag pz/r = g (1 + e cos f)2 (58)
The two equations become; \
, 2
A, = balp (59)
A’ = p2 A, /h (60)
5 2

This pair of equations is easily solved by assuming:

A, = A2 sin f + B2 cos f (61)

where A2 and BZ are constants of integration. Then we find:

q = p2 (AZ cos f - B2 sin f)/h (62)

and

A = r2 (A, cos [ - B, sin f)/h (63)

5

W know that one integral of the set of, equations is the Hamiltonian,

A, which is

A.=>\11"+)\3<}s+)\4;3+7\6§r (64)

Using this and the well known orbit equations we can eliminate A from
Equation 54 and in doing so the coeiricient of the Ag happens to vanish so
that the result is

- 14 -
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3 ' 2
7\4’ - 7\4 cot £ = >\3p/(eh sinf) - Ap /[eh2 sinf (1 + e cos f) ] (65)

We note that this equation has singularities at 8 and 7 and is not meaningful
for circular orbits. For the moment we ignore these difficulties hoping
they will go away (they do go away as a matter of fact!). The homogeneous

portion is seen to have the solution
A, = K, sinf (66)

We use this substitution in the variation of constants method for integrating

Equation 65 and we find that the differential equations for K is:

Kl’= Cl/sinzf-Cz/[sian(l+ecos f)Z] (67)

where C1 and C2 are constants of integration. Cj; is defined by

C, = A p3/(eh2) (68)

Note that in this analysis C2 has replaced A as one of the six constants of
integration.
Thus we find

Ky = A, -Cjcotf-C,1I (69)

where Ay is another (the fifth so far) constant of integration and where

I =/ > df > (70)
J sin f(1 + e cos f)
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The evaluation of Iis easily managed by changing to eccentric anomaly.

The result is:

) 3
1 1 - |
I = — j (1 -e co; E)” dE )

(1 - eZ) sin E

1 1 2

) 5/2 sin E [' cos E + 3¢ - 3¢ (cos E + E sin E)
(1 - e2)
2

+e” (1+ sin’ E)] (72)

Upon substitution of the expression for Kj in Equation 66 we obtain

the solufibn for 7\4:

7\4:A451nf-C1cosf+C251nf'I (73)

and we note that there are no singularities remaining. The fact that Equa-
tion 65 has singularities is thus unimportant and the given expression for

A4 which has finite values everywhere is the solution for A4 everywhere.

The equativn for Ag is next investigated and when the coefficients are

expressed in terms of true anomoly there results:

2

g _
. 287\6 sin ] )\3p ) 2p7\4 74
6 l1+ecosf h(l + e cos f)Z (1 + e cos f)

The integral of the homogeneous part is

-2
7\6 —K2(1+ecosf)
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and again we utilize the variation of parameters method. We find that the

differential equation for K; is

KZ = -peC1 - 2p7\4 (1 + e cos f) (75)
The integral for KZ is then found to be:
KZ = A6 + 2p (1 + e cos f) (A4 cos f + C1 sin f) + 2p CZIZ (76)

where A6 is the final constant of integration and where

T = 1
1, [sm £(1 +ecosf)Idf (77)
= - -zl—e [I (1 + e cos f)2 + cot f] (78)

Again, singularities seem to appear but in the final result for'7\6 there are

none and so we will be able to use the results for any position in the orbit.

We find:
A
7\6= : 2+p(2+ecosf) (A4cosf+Clsinf)
(1 + e cos {) (1 + e cos f)
(79)

pC, 3eE sin f 2 1 - &2

+ 2 T 1l+4e f 1+ 2e +1+ecosf

(1 - e2) 1 - e cos

Finally, the expression for the Hamiltonian is solved for A1. The
intermediate results again show possible zero divisors for some orbit posi-

tions but they do not exist in the final result for A1, We obtain first:

?\1 = pA/(eh sin f) - h/(r2 sin f) [h7\3/(ep.) + 7\4 cos f - 27\6 sin f/r]

(80)
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The result of substituting the expressions for }\3, )\4, and 7\6 into Equa-

tion 80 is:

7\? = 2A6h/(rp2) + (1 + 2r/p) (h/rz) (A4 cos f + Cl sin f) + AL1 (81)

where

3 .
L1=3p E(2+egc/>;f) B p31n2f [3+4ecosf
hr? (1 - e2) (1 - e2)” eh

(82)

4

2 2 2
+ e (3 + cos f)+4e3cosf—-e (1 -2 cos f)]

Except for M which is directly above we now collect the results

(reverting to A, che Hamiltonian, instead of CZ’ restoring the superscript

o' and utilizing p = r (1 + e cos f) frequently).

o .
Ay = A2 51nf+]32 cos f (83)
2.° = ehC./ (84)
T e
o _ e
7\4 = A4 sin f Cl c:osf+AL4 (85)
where
3 3 3 2
. . 2 .
L4=+36Ep58/1;f- P 5 2e-cosf(l+e)+le+zuzosff
(1 - e2) eh2 (1 - el)

(86)
20 = x° (A f-B "f)/h (87)

g = F , COS8 , sin

- 18 -
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7\60 = A6 rz/p2 + r2 (1 4+ p/r)/p (A4 cos f+ Cl sin f) + AL6 (88)
where ‘
.~ 3¢ E 2 2
L, = -rsinf/p[l+2e Fr(l - e )/p] (89)
6 en2 (1 - ) |1 - e?

We note that the singularities at f = 0 and m which appeared along the
way have disappeared in the final expressions for all multipliers and thus
it is legitimate to have ignored them. For circular orbits, however, there
are terms in Ll’ L4, and L6 which are unbounded for e = 0. We note that
}\3 = eh Cl/p'

series of orbits of smaller and smaller eccentricity. Thus we are led to

We assume that C1 will remain finite as we consider a

take

>\3 = 0 for circular orbits, (90)

It follows that A = 0 for circular orbits and hence that the terms in Ll, L4
and L6 do not exist for circular orbits. In the general case as well Ll’ L4
and L6 are not needed since we have chosen A = 0. Thus we find that for

circular orbits the equations used are entirely satisfactory and one needs

only to add Equation 90 for this case.

- 19 -
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III. QUASILINEARIZATION

GENERAL DESCRIPTION

Having obtained a nonlinear two-point boundary value prcklem, the
powerful method of quasilinearization (2, 3, 4, 10, 12) may be used to
generate the required numerical solutions. The previously derived differen-
tial equations may be written as a set of 14 first-order equations, each of

which may be considered to be one component of the vector equation:

X = g(X) (91)

~

where

T .
}N( = (I‘, b, p, Y, I, )\l: k, >\4: >\6: e, x, >‘-2: )\5: )\-3)

The differential equations are Equations 8, 10, 11, 13, 14, 18, 41, 21, 23,

9, 12, 19, 22, 20, respectively.

Tke sequence and numbering of variables used here and in the com-
puter program is governed by two considerations. Mg is placed last since
it is constant and does not require integration. The full set of equations
for a two-dimensional problem is placed first so that the program could
easily be programmed for either two- or three -dimensions. In two dimen-

sions A3, the last variable, becomes variable 10 (instead of 9).

- 20 -
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The quasilinearization method may be regarded as an extension of the
Newton-Raphson method for algebraic equations to ordinary differential
equations. Suppose that the "w'th'' approximation tc the time history of the

solution vector, }V((n)(t), is known. A Taylor series expansion about this

approximation, truncated with linear terms, may then be made to obtain

the derivative of the (n + 1)’st approximation, l{(nﬂ):
(n)
N ag. (X" )
. (nt+l) _ g.(X(n)) L z [X.(n+1) } x.(n)] A (52)
' L J J ox,
j=1 j

i=1,2... N
where N is the number of differential equations. This is the fundamental

2,
equation of qua.silinearization( 3).

The Jacobian matrix of partial derivatives, agi/ axj, is given below
in Equation 118 for this problem. It does not contain the terms depending
on the switching function which are required at switch points. These are

handled in a special procedure as indicated below in Equations 96

through 114.

Because Equation 92 is linear in xi(n+1), the solutions may be added

to satisfy all the boundary conditions. At each stage of the computations
the particular solution, Pj(t), is required to satisfy the known initial
boundary conditions and the "best' initial values of the remaining initial
conditions while the homogeneous solutions, Hij’ utilize a non-zero initial
value of only one of the non-specified initial conditions. Thus it is possible

to generate a particular solution plus as many homogeneous solutions as

- 21 -
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»

there are unknown initial boundary conditions and to form the (n+1) st

approximation, xi(n+l)(t), by summing the stored values of P;(t) and Hij(t):
(n+1) 6
x, (t) = P.(t) + z chij(t); i=1,2... N (93)
j=1

The coefficients Cj are first obtained by requiring that the final

boundary conditions (Bj) are satisfied; that is by

6
,. - = i = e o o 9
Biltg) - Pyltp) = N CHp(p), =1, 6 (94)
k=1
S . (2, 3)
If the process converges it will do so quadratically . However,

in order for the process to converge, one must have a sufficiently accurate
first approximation, ?V((o)(t), to the time history of the solution vector. The
technique used to generate this first iterate is described in the following
section. Convergence of the process may be examined by evaluating the
following relationships at the end of each iteration:

© - x e (95)

g x™ | xH)y o ovax | ®
1~ ~ £ 1

i = 1, 2 o s & N
The abrupt changes in mass flow rate require special consideration.
Whenever the switching function exhibits a zero (''switch point''), the mass

flow rate (m = -p) must undergo a discontinuous change. This property can

be expressed by employing a unit step function in the definition of B.

o = B[] (%)
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where

a [k(n)(t)] - [ s [k(n)(t)] dk | (97)

(n)

At a switch point (k 20, and t = ts) Eq. 92 must be integrated as follows:

(n)

t t N og. (X))
/s+ }.{‘(n+1) dt = / s+ g.(X(n)) + z X.(n+l) ) x.(n) 1, dt
f 1 % 1~ J J dxj
S - 8 - j=1 (98)
i=1,2... N
The gi(}NC(n)) term offers no net contribution and may therefore be excluded

from further consideration. Next, gbserve that at a switch point the
Jacobian matrix will have some non-zero terms appearing in the column
containing partial dérivatives with respect to the switching function (k).
Note that this is only true at the switch points and that Eq. 118 is valid
elsewhe. <. Thus, Eq. 98 becomes:

(n)
9g. (X777)
(n)] i~ 7
k S dt (99)

t
Ax.(n+1) _ fs+ lk(n+l)
i

S -

SN

Since the switching time is determined by the n'th iteration wherein

k(n) = 0 one obtains: .
(n) :
t 58, (X77)
Axi(n+l) = fs“L 2t —%?_ at, i=1,2...N (100)
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At this point it should be noted that only those terms in Equation 100
which contain mass flow rate will contribute to the solution at a discon-
tinuity. Substitution of Equations 96, and 97 into Eq. 100 yields expressions

of the following form:

(nt+l) _ (n1) st 0o
Ax, = S, B,k { f

+
(x)
. , 5[k (t)] dt dt (101)

or

t
Axi(n+1) - sipok(n“) 4” 5 [k(n)(t)] at, i=1,2... N (l02)

S -

where Sicd represents the rate of change of the variable due to thrust.

In order to integrate with respect to the argument ¢! the delta function

one may adopt the following definitions:

Kk = Flt), t=F (k) (103)
g
at = |[&F (k)] dk (104)

Equation 101 may now be rewritten and integrated with respect to k:

+
Ax.l(n+1) - Siﬁok(nﬂ) {i 6[k(n)(t)]—§-1zF_l(k) dk (105)
K+
(n+l) _ (n+l) dt (n)
Ax, =SBk o f_ 6 [k (t)] dk (106)
ax, B s,pk ™M k., i=1.2...N (107)
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Equation 107 now may be applied to derive the following final expres-

sions for the contributions to the solution at a corner point:

Ap = At cf cosv cosy/m (108)
Ax = At cp sinY /(mr) (109)
Ay = At cP sinv cos¥ sec®/(mr) (110)
Am = -BAt (111)
AN, = Ay N /v (112)
AN, = -Ay ), tan® (113)
where
at = kB k] (114)

During the integration of the particular and homogeneous solutions

required for Equation 94, k(nH)

will, in general, be non-zero at the switch
points determined from the n'th iteration. The quantity, At, defined in
Equation 114, may be regarded as an incremental change in the length of a

: . (n+l) , . .
burn period called for since k is now non-zero at the switch points.
The incremental changes defined by ."gs. 108 through 113 compensate for the
changes which will result from this small changes in burning time. The
need for the absolute value sign can be established by corsidering the

(n+1) (n)

physical implications of a non-zero value of k at points where k 2o,

THE JACOBIAN

The matrix of partial derivatives of the differential equations is the
"brains'' of the quasilinearization program. For this problem we have a

14 % 14 matrix and it is illustrated in Equation 118. Only the zeros, ones

- 25 - !
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and very short terms are given in Equation 118. The 55 other longer terms

are indicated and are given in order as Equations 119 to 173. For economies
in writing and deriving these equations we have utilized the direction cosines

of the thrust or primer vector, namely:

g = cosy cosv = Th, cos8/D (115)
— l 3 —

b, = cosY sinv = >\6/D (116)

g = sind = )\ cos6/D (117)

3 5
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(811)

Il

§o-

Xxe

XxzZ

r

0 0 0 0 N
Lo x 10
5 5 . T
e X2 (] e .
4o 1o
Ng.m 0 0 Nﬁ
4e I Ie
xe Xz~ 0 xe
0 0 0 0
Le I g
m&.m Iz 0 o«m
I . e ¢ .num !
5 w.ml = .ﬂm ~
Xz 0 0 e "8¢ ™
1
3 de Ig
0 e 0 3e
Lo de e
H.m , f.m 0 e
0 0 0 0
Ao 2 ze
4e K- 0 4e
fe e
de 0 0 de
1 0 0 0
0 1 0 0 .
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9y
4
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ap 2,
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Y ry sin 26
8p
Ag

oy .
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.74,L/:rz tefuay (1- 112)/(mr)

1

L. (1 -2 2)/(m7\

-CBI yJ /mD)

2
- i D
CB?\412 r sin 0/(mD)

2
-cf? 11 5 (m?\S)

2 2 2
5 = 2py/r" - cBJJZ (1 t Ly ) sec8/(mr")

By
87\4

oy
6

= 2xtan 8 - 2p/r

2
o CBEZ sec 8/(m" r)

cBl £ /rnD)

T = CB (1 -,222) secC e/(mDr)

- 28 -
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Yy L 2, ,2 r} 2
56 [ny + cf Ilz sin 8 (1 + 21 + 23 )/(mzr)| sec” © (130)
oy ;
Tl -cB£2£3/(mDr) (131)
5
RN
1 4 3 2 2 3
5 - 6}17\4/1' + 4p (7\5x+ 7\6Y)/r - cBD (2 +£l ) (1 - 11 ) sec 8/(mr")
(132)
35\1 )
5 - -2 (7\5){ + héy)/r (133)
87\1 2
Fral -2 (A,y cos 6 + ?\6p/r ) (134)
82
T 1. -cfD (,1222 -!-,4232) sec 6/(mr)2 (135)
o) 2. 2 2 2 2 2
rrulal [x +y cos 6 +—3—] - cfB 4 (122 t 1, ) /(mr) (136)
4 r .
o, 2 2 2
— = =2py/r  +cByg, (1 +47) gec 8/(mrx") (137)
87\6 ' 2 1
5
1 2 . 2 2. . 2 2
38 = 7\4y 51n29+cBD£2 (1+£1)51n6 sec 0/(mr) (138)
™M, (A x + pAr./x0) (127
9% 4= " Py ’
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y
5 = ~2px/r" oy (14 0.2) 1z (140)
5

2
1

?ro

9

|

2 2 2
= c -rﬁl}\l (1 -11)+?\2£3(1+£ )+>\3£2 (1+£l)sec6 [(mzr ")

[e%}

r

-cpD (1 - 1212) (2 +1212) sec 0/(rnr3) (141)

2 2 2
+ cx D2, (1+J(z1 ) tan 6 sec 6/(mr ")

i’%: eD (1 -112) sec 8/(mr’) (142)
Bk _ P (1-02r cos 8+ 20,4, cos 8 + 20,0,/ (mD)
B%, < 1™ 1 ° 2°1°3 3°1°2
| (143)
+ c oozt 8/m - cp! (1-22/(mr)
-X,_l,.z an o/m cp i 1
il-.{—-=c e g+ Adot. - A, (1 - 2.0 sec 8)/(mDr)
0 6 17172 27273 3 2
2
-exl, (2-14, ) tan 8 sec 8/(mr) (144)
Ll
2 2
+ cpﬂz (1 +£1 ) sec 6/(rnrl)
ok 2
Bk _ 145
e cDy, tan ® sec 8/(mr) | (145)
—@—l-.{—-:-. clra.p.0, cos® - A (l-ﬂz)cose-l-?\ 2.4}/ (mDr)
oA, 14143 €08 F 7 Ay 3 ] 3%2°3
(146)
2 2 2
+cx1{2 123 tan 8/(mvr) +cp£3 (1 +£1 )/ (mr )
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ok

= - c )y sec 0/(mr) (147)
ONg
O\
A (vx + X,Y)/rz (148)
Jr v
AN
6 2 2
el -2(\,y cos 8 +>»6/r ) (149)
ok,
»—é—{r— = -2 cos O (r)\4 cos 0 - Ng sin ) (150)
PN
—b . ~2ry cos” 0 (151)
ax
4
‘ BN
. —é—{;‘ = -2 (x tan @ - p/r) (152)
8)\.6 2 5
% - _2ry>\4 sin 20 + 2Ny cos 20 - 2x\, sec 0 (153)
kg
é—x—s = -2)\6 tan 0 (154)
oA,
—2 = in 20 155
- y sin 2 ( )
8% 2 2 2
9x . - 156
= 2px/r cmz3 (l-l—E1 )/ (mzr") ( )
-~ 31 -
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X
gx - v sin?2 5
3y y sin 20 (157)
8% 2
TV -e Pl (1-4,7)/(mhy) (158)
% -cpl, 0, /(mD) (159)
8)\6 1°2
%—55- - -yz cos 26 - 05222 Ng sin 6/(mDr) (160)
0% _ 2
53\—; = -cpfyl, /(mhg) (161)
AN |
af = x4y2 sin 20 + c{SDBZZ (,1+ﬁlz) sin 0 sec” 8/ (mz?) (162)
85\2 2
W = 2>\4ry sin 20 + 2)\5y cos 20 - 2x)\6 sec ©O (163)
0
—r-x—z— = -cPDI 2 sin 0 sec2 O/(mzr) (164)
om 2
3k
— 2 . ry® sin20 +cpl L % tan 0/m (165)
Ny 172
EIN
*aa = -2xy secz 0 - cﬁﬂzz (2 -222) tan 0 sec 0/(mr) (166)
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Ny 2 2 2
—_ = A - i -
50 2ry 4 €08 20 -2y )\5 sin 2 © 4xy)\6 tan 0 sec ©
-c DL, 1+ sin® 0 (2-222)] sec> 0/(mr) (167)
an
2 2 ‘
% - 2y N
- 2y ¢ Sec 0 (168)
ohy 2 2
—= = y cos 20 +cpl, £, tan 0/(mr) (159)
8\5 2 3
AN
2 = 22 (N, + A p/rz) (170)
ar 4 5
A\
—_ = -2\ (8] ' 171
5y 6 tan ( )
29
—— = -2y tan 0 (172)
oN
6
BN 5
20 -2y)\6 sec © . (173)
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COMPUTATION OF THE INITIAL IVTERATE

*

The time scale and the initial time histories of all variables are
computed from the numerical results for an optimum two-impulse transfer
(see Reference 11). We describe first the procedures for constructing the
time scale and the mass history, then those for computing the state vari-
ables, and finally those for computing the Lagrange multipliers and the

switching function.

Time Scale and Mass History

The time scale is based on the impulses (I}, Iz) and the transfer time
(t;) from the two -impulse computation and on the vehicle and engine char -
acteristics. It is illustrated symbolically in Figure 2. There is an initial
coasting arc on the first orbit of some giv;en duration before the engine is
first ignited; e.g., tp = three percent of a revolution). The mass at the
end of the first burn (mj) and the duration of the first burn (t)) are deter-
mined from
) (174)
and

t. = (m -ml)/ﬁ (175)

where m is the initial mass, Isp is the specific impulse of the fuel, P is the
mass flow rate, and g, is the acceleration of gravity at the Central Body's
surface. (The value of g, is included in the program for either British or

metric units as desired, but if some other system is called for, go is set to

1.0 and Isp must then be the exhaust velocity of the fuel in the desired units.)
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L L
Impulsive COAST COAST COAST
e tl——-’— et — tZ —
time scale
t N ty te 25 by
Finite Thrust COAST BURN COAST BURN l COAST \

Figure 2. Symbolic Presentation of the Time Scale

The final mass (mp) and the second burn time (t2) are similarly

determined.

I, = g, I pl-n (ml/rnz) (176)

/8 (177)

The two burn intervals (t; and t2) are centered at the impulse times
as called for by the impulsive trajectory. We require that tg does not
exceed tc; that is, a coasting time on the transfer orbit should occur.
Finally, there is a i)eriod of coasting along the final orbit (tF - tp) until

the final point is reached.

o The program makes use of 100 veiues of the time. The 99 steps are
divided among the five intervzis (coast, burn, coast, burn, coast) by

requiring a minimum number in any interval and by specifying the desired

- 35 -
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step size. Any excess available is automatically assigned to the coast arc
along the transfer orbit. If too many steps are called for the numbers of

steps assigned are multiplied by the fraction needed to make the total 99.

The Initial Iterate of the State Variables

Since orbital elements and times are now available along the three
coast arcs, it is easy to compute the position and velocity of the vehicle
for these three intervals; that it from 0 to tp, from tp to tc, wnd from

tp to tp.

For the two burn intervals (ta to tp and tg to tp) the curves for each
variable are bridged by means of a straight line or by means of a cubic

fitting function such that the rates at the two ends and the curves themselves

match.

The Initial Iterate of the Liagrange Multipliers and the Switching Function

In this section the computational procedure to produce initial time
histories of the six multipliers for the position and velocity equations is
given. These are equivalent to primer vector and its derivative as sug-

gested by Lawden(14).

The equations used are given without derivation,
although the procedure to obtain them is indicated so that an interested

reader can verify the results. A block diagram indicating the computational

steps required is given in Figure 3.
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1. COMPUTE COEFFICIENTS FROM IMPULSE
DIRECTIONS ON TRANSFER ARC

2., COMPUTE MULTIPLIERS ALONG TRANSFER ARC
AND ROTATE THEM TO REFERENCE SYSTEM

3. AT IMPULSE POINTS ROTATE MULTIPLIERS
TO INITIAL AND FINA. ORBIT COORDINATES

Y
4. COMPUTE COEFFICIENTS FOR INITIAL AND

FINAL ORBITS FROM MULTIPLIERS

Y

5.

COMPUTE MULTIPLIERS ALONG INITIAL AND FINAL COAST
ARCS AND ROTATE THEM TO REFERENCE SYSTEM

6. JOIN EACH MULTIPLIER CURVE WITH A
CUBIC OVER BURN ARCS

. - i
7. COMPUTE INITIAL HISTORIES OF PRIMER, STEERING

ANGLES, HAMILTONIAN, AND SWITCHING FUNCTION

Figure 3. Procedure for Computation cof Initial Time Histories of
Multipliers Primer, Steering Angles, Hamiltonian,
and Switching Function
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It is possible to compute the valnes of the Lagrange multipliers along

coast arcs because it is possible to integrate the differential equations

for them in a closed form as shown above on pages 12 through 19. The

integration is done in a system of coordinates in which the orbit lies in the
reference plane. The mutlipliers or the components of the primer vector

and of its derivative are then computed in the desired frame of reference

by the proper coordinate rotation 2t each point of computation along the
The variations of the multipliers over the burn arcs are

coast trajectories.
then handled like the state variables; that is, by a linear or cubic bridge.

mmarize the

Before proceeding with computational muatters, we su
As has been stated we

equations for the multipliers and the primer vector.

have assumed that the Hamiltonian, A, is zero which implies the assumption
time -open optimal solution. Thus

that the impulsive result is close to the
83, 84, 85, 87, 88 with A = 0.

we begin vrith the set of Equations 81,

These are:
\0 = 2A6h/(rp2) + (L+2r/p) h/r" (A, cos £+ C) sinf) \178)
o .
Kz = Az sin f +.Bz cos f (179)
A\’ = eh C,/ (180)
3 - /P
)\.O = in - ‘
4 A4 sin f C1 cos' f (181)
(182)

o 2 .
r /h (A2 cos f - B, sin f)

>~
(31
1
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)\6 = A6 rz/p2 +r/p (1 +r/p) (A4 cos f + C1 sin f) (183)

where e, h, p are eccentricity, angular momentum /mass, and semi-latus
rectum of the orbit and where f is the true anomaly along the orbit, The
direction of the thrust, when it is called for, is given by the primer vector,
Q, which is:

U, trp U )/r (184)
P

where U,., Uy, _Qp are radial, binormal, circumferential unit vectors,
respectively. When the primer is expressed in the more general coordinate

system (that of the overall problem) it is given by:

Q = N U_+A/r Uy +N/(rcosd) Uy (185)

where Uy, LI_¢, Ug are radial, east, north unit vectors, respectively. It is
the vector property of Q and its derivative g which are used to determine

the scheme for changing coordinate systems. Thus we find:

o
)\4 = )\4 (186)
: _ 3O 0 .
)\6/0059 A, cos @ )\5 sina (187)
o o
)»5 = )\6 sina + )\5 cosa (188)
= \°
N 1 (189)
(o} o O
= - K 1 .
)\3/0056 N, cosa - M, sina 4 gy, tan® (190)
o ' ‘0 o o
= X . - . _ ) y
)\2 3 sino + >\2 cosa -y s;nG ()\6 cosw )\.5 sing) (191)
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where o = heading of the subsatellite point north of east, that is,
tana = x/(ycos8) (192)

and where y, is the total angular velocity in the orbit plane x/(y as ), that is,

- _
Y, = \/x +y2 cosz 6 (193)

The inverse to the transformation given by Equations 186 through 191

is easily found to be:

o
= 194
NN (194)
o )‘6 sino
= sq - ——— 195
)\5 )\5 cosa - ~_—¢ (195)
o \, cosa
)\6 = )\5 sino + o5 0 (196)
)
= A 197
M 1 (197)
o N, sina o
= - \ 0 si 198
)\2 = )\, cosa - —— +y)~6 tand cosa +y M tan® sina (198)
o A, cosa o
= : . _ i -y A 1
)\3 = )\2 sina +——— +y)\6 tan® sina - y Mg tan® cosa (199)

The fact that M3 is a constant is checked by noting that equation 190
reduces to:

_ (o] . . . _ . R 2 0
K3 = >\3 cosi+A2 sin i sinw Bz sin 1 cosw (200)

when it is expressed in terms of the orbital elements.
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Another manipulation that is needed is to obtain the constants Aj,
By, A4, A¢, and C) from the multipliers, )xcl), coes )\2 at a point. This
is an over-determined situation, for it has been assumed that A = 0 for

the problem. The equations can be written in the following form:

2
= )\O i °
AZ , sin f+ )\.5 h/r cos f (201)
x‘; h
o . -
BZ = )\2 cosf - > sin f (202)
r
zxz \O 2 ]
= s f - i
A4 - cos o cos f + h4 sin f (203)
)\Trpz T o p2 2r
Eegocg o
A, — (1 55 (43 (204)
x‘;p
_ 205
c1 he ( )
2)\2 sin f )\T r2 o
C, = - sinf - \, cos f (206)

1 r h 4

The last two equations rnay be considered as yielding a computational

check on the validity of the assumption that A = 0.

Except for the first step itself the mathematical details required
for the computations indicated in Figure 3 have now been presented. Thus

let us return to the outline of Figure 3 and consider the computational

procedure.
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Consider the transfer orbit arc between the two impulses. Since A =0
and since only the ratios of the multipliers are utilized in obtaining the
steering angles, there remain only four conditions needed to determine the
five coefficients Az, B2, A4, Ag, and Cy. Except for the special case of at
least one circular orbit in the coplanar case we choose an initial arbitrary
value of )\Z;‘. The sign must be that of the radial thrust at the first impulse
in order for the steering angle to lie in the proper direction (outward is

positive). Next, Kzl and kgl are obtained by making the primer lie in the

thrust direction. That is:

O
Nr = Mg T FP G/ (Fg (207)
0 (o}
Mgy = Mg Ty (F)p/(Fpy (208)
For the second impulse we use:
R = Ao, /N, = r,(F,)g/(F,) (209)
T t52'"42 T T2V 2'B 2'R
= )\0 o = . 2
S c2haz = T2lFR) ol (Bl (210)

Thus to determine the coefficients the following set of equations has to be

solved:
A sinf, - C t. = A° (211)
g SR L -y co8st, = Ry
2
' ‘rl) -5 o
1 - R 212
r1(1+p (A4cosf+Cl 51nt)-|A6P2 )\61 ( )

L
The additional subscript indicates which of the two impulses is being considered.
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A, cos fl - B, sin fl = >\51 h/rl (213)
2 2
-r, r,
_E_AZ cos fz+—£- B.2 smf2+RA4 smfz -RC1 cos fz = 0
(214)
rz<l+-§- cosfz —Ssmf.2 A4+A6-——2—+ rz l+-I—)- smfz-Scosszl:O
P
(215)
The resulte are:
rZR rz
A = 12% sing, - D, +19 27 5 sin A0 402, = sinf D,|/D
2 =M1 ST T3 T M6l L2 1 51 2 2“4l o
1
2 ) . (216)
o) rZR e} rZ
BZ, = 7\41 cosf + D +)\6l i—"cosf 51nA0+)\51—2‘cosf2 D4/DO
P rl
(217)
i 2 rz
A4 '—z‘ Scosf + T 1+—p'sm£2
1<1 >s1nf /D
4
P
2
-\ '—Acosf / D (218)
61 2 4

P
. 0 r1 I
A6 = —>-‘41 r, 1+'-1;- S cos AO+1'2 1+—I;— sin A® /D4

r
o] . 2 -
+)\61 S sin A0 + T, <1 + p) cos AP /D4 (219)
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2
o ry S r, r r
Cl = }\41 — 5 sin f2 +““"£“' =Ty 1 +";’" cos f2
p p
(220)
r r
v (1 +=2) cos £ |[/D, - 28 2 sin £ /D
2 P 1|{/P4 = o1 p2 S N1 T4
where the determinant of the coefficients is D and it is expressed as
Do = D2 + D4, (determinant of the coefficients) (221)
with
2
2
D2 = 5 sin A 0O (222)
D—uR:rlrz 1'-r—l~~ A O 1+ig- 223
3 > r2 T D cos 1‘1 P ( )
p ]
r 2 .
1 , o5 2 1
D = — |-Ssin A 8 + r, {1 + cos A 0| - = r. (1 +—] (224)
4 2 2 p ps 1 P
p
and
A9 = fz - fl (225)

7 ero divisors will occur if the radial thrust happens to equal zero at
either impulse. Note that if either or both orbits are circular for the
coplanar case a different technique is used (see the next paragraph). If the
radial thrust is less than an assumed small value it is automatically set to

10-4 times the circumferential thrust. This will cause only a very small

- 44 -
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error in the steering angles and is not expected to affect the convergence
materially or to affect the solution at all,

If the initial and final orbits are coplanar no rotation of the multipliers
is required, i, e., Ri = 7\"; at all points and AZ = BZ = 0 for all orbits, If,
in addition, one of the orbits is‘circular, we find that along it 7\3 =0 (pro-
vided Cl is not infinite). Consequently, )\3 = 0 for all orbits and we may
assume that Cl = 0 for the transfer orbit, There remains only one undeter-
mined value., We assume that the given constant is A6 (instead of 7\4?) and
then we determine A4 from the initial thrust direction. The final thrust direc-
tion is not used since the set of values of the coefficients is already complete.

In Steps 2 and 3 of Figure 3 the multiplier values are computed along
the coasting part of the transfer trajectory (from tg to te) and at the two
impulse application points, The former are rotated to the coordinate system

of the problem and the latter to the cocusdiiate systems of the initial and final

orbits by use of Equations 186 through 191 and Equations 194 through 199.

As has been mentioned, with the spherical coordinate system the

multipliers A, and A, behave as do the velocity components (Equations 18 and

1 2

19). Thus it is necessary to introduce steps in A, and 12 at the impulse points

1

when these are to be referred to the initial, final orbits., From Equations 18
and 17 these steps are easily seen to be given by the foliowing equations

(note that each ().)

il corresponds to a step backward in time).

1 2 2 2
1)1 2 3 (l 2 Ab gec 6) (226)

(A A
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l .) ¥
__“ \,Il + - \ 8 e( B tan (3] .ILJ )
& & O
P.
1
I.f ) b )
_\. \I]' T ‘ ( % 4 \' e 0) ) 2R )
I': L2
I) ) )
(8 Asla o A A 8 e O tan 0O (229)
& & & o
r- Q

The inclusion of this feature as the program was being developed produced a
remarkable improvement in the program behavior inasmuch as it yiel ied

very good primer and switching function time history estimations,

In step 4 (Figure 3) the coefficients are computed for the initial and
final orbits from Equations 164 through 169, Results from both equations
for t'.'l are printed, Approximatel, a2quality of the two results indicates a
valid set of initial conditions for time open problems (A 0). The failure of
these two numbers to agree, as sometimes vccurs, is due to a non-zero value
of the Hamiltonian being required for consistency with the impulsive data,
[his implies that the impulsive data is not really optimal. The final time to
reach the specified point is an important sensitive element for this compari-
son as is illustrated particularly by cases where one impulse is very much

larger than the other. The finite thrust tra ~ctory tends to "cut the corner"

compared to the impulsive trajectory and thus requires a slightly smaller

total time,

SD 69-4
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In step 5 (Figure 3) the multipliers are computed along the coasting
portions of the initial, final orbits, and are rotated as needed into the
coordinate system for the problem. The burn arc portions of the variations
of the multipliers are determined in step 6 (Figure 3) by fitting a cubic (in
time) over the interval in such a way as to provide continuity in both value
and rate for each multiplier. With a complete set of the six multipliers
over the entire trajectory the steering angles are directly computed using
Equations 148, 115, 116, 117. Finally, the initial history of the primer

length, P, and the switching function, h, are computed by using

Q = D sec 0/r =\/x42 + (a2 + 2% cos® 0)/r” (230)

and

k==(Q - Q) (231)
m (o]

where Q0 is the value of the length of the primer at the impulses (as com-
puted along the coasting trajectory). The length of the primer generally has
two equal maxima at these points., If the two are not equal, however, the
value of Qo in Equation 231 is linearly varied with time along the coast arc
from one value to the other so as to produce a proper shape for the switching

function.

The behavior of the primer vector length or the switching function gives

a significant indication as tc whether an optimum finite-thrust transfer can

« 47 =
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be found, As is well known for the impulsive case, the thrust is to be used
where the primer length is a maximum, and in fact, if any thrust is suggested
away from such a maximum it will not represent an optimal situation(15),

The fact is that in the great majority of cases the program yields a curve
having two equal maxima for both the primer and the switching function., The

program then succeeds in finding locally optimal finite-thrust trajectories,

Note that in computing the multipliers the condition that the primer
length possess a maximum was not utilized, It would be extremely difficult
to do this because of the quadratic nature of the expressions required.
Rather, we made use only of the direction of the thrust as determined from

an optimal impulse computation, Much of the success of the finite-thrust

e R R R R R R = R R R e R A R R N e D NSNS 5T P T 3 SRl B e R T S _‘._J

program is thus due to the fact that the impulsive computation does yield a
locally optimal transfer as indicated by the results of the primer length

L computation described above.

Where the behavior of the primer length of the initial iterate is different
from that described, then no optimal finite-thrust transfer near the situation
) being attempted exists or, if one does, special techniques will be required.
This is because it is indicating that to be optimal the maneuver requires one

or three burns, but r ot the two burns the program is attempting to find,

- i, N

kA
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IV, NUMERICAIL SOLUTION BY QUASILINEARIZATION

COMPUTATION TECHNIQUES

Equations | through 230 were programmed in FORTRAN H for
solution by an IBM System 360 digital computer, A double-precision integra-
tion pregram (Ref. 12) employing Runge-Kutta starting procedures and a
variable step-size difference integration scheme was utilized. The current
approximation to the solution, )5(“), as well as P and the I;lj, were generated
by integration and stored at fixed tabular intervals. During the integration it
was necessary to determine values of the variables between the tabuiar
points, These intermediate values were obtained by Sterling interpolation

truncated with second difierences. The 98 equations for P and the I;Ij were

integrated simultaneously, requiring only one evaluation of g; and the
Jacobian matrix at 2ach value of time (t). After the integration was ter-
minated at the final time (tp) the combination coefficients, Cj, were evaluated
from Equation (93), and the stored values substituted into Equation (94) to
obtain the new approximation: ?_((nﬂ).

Computation time was saved by relaxing truncation errcr requirements
where possible, At the beginning of each iteration the best available initial
conditions were used for P, The contributions of the I_-_Ij to ¥(n+l) therefore

: were

diminished as the process converged. Thus, the accuracies of the I_'_IJ

not as important as that of P.

e
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SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

Convergence of the quasilinearization process was tested by comparing

(n) i(n+l)

the values of x;"""and x at the storage interval according to Equation 95,

The entire process described above was performed by a general purpose
a1

quasilinearizatiun subroutine which utilized double-precision FORTRAN

INITIAL CONDITIONS

The extreme sensitivity of the orbital transfer maneuvers considered
here was promptly discovered in the early stages of development of this
program when solution was attempted without the initial iterate scheme
described. Partly because the multipliers were so poorly approximated at
that time, small changes in the durations of the thrust periods were found to
produce large variations in the trajectory and control variables. Such small
variations would often cause the process tc diverge. It was therefore
necessary to obtain a realistic approximation to the optimal trajectory
including the multipliers prior to the initiation of the quasilinearization
computations.

It was found that the optimum two-impulse orbital transfer yielded an
excellent initial approximation to its finite thrust counterpart. Accordingly,
an initial conditions subroutine which utilized a steep descent numerical
optimization program (Reference 11) was employed to generate an initial
approximation to the trajectory: )_5(0). This procedure yielded excellent
time histories for the state variables r, 6,0, p, x, vy, and m, Utilizing the
results of pages 34 through 38 and roting the impulses (velocity change)
given by the two-impulse program, it was possible to accurately predict
the duraticen of each '""burn period.' (Note that onc first obtains the change

- 50 -
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in mass associated with the burn period, ana that one must speciiy a set of
rocket parameters; e. g., specific impulse, exhaust velocity, mass flow
rate, etc.). In order to generate the initial conditions it was assumed that
the impulsive take-off and arrival points occurred at the center of each
burning period (see Figure 4).

To avoid computational problems which arise when a thrust initiation
or termination point occurs at ¢t = Oor t = tp, a coasting arc of several
percent of tp was assumed to occur at the beginning and end of the final
optimal trajectory. Under this assumption it was a straightforward matter
to compute exact initial and final values of the first six state variablas., An
initial approximation to the total time (ty) required for the maneuver was
obtained by summing the transfer times corresponding to the three impulsive
coasting arcs, (See Figure 4.)

Although the initial shape of the switching function (k) wz: unknown the
impulsive solution gave an excellent approximation to the ''switch points"
(i.e., k=0), In prior arguments it was established that only these critical
values of the switching function are required for the generation of '.5“‘”‘.
One may verify this by referring to Cquations 107 to 113 and by noting that
the Jacobian matrix contains no partial derivatives with respect to k except
at a switching point. Note, however, that Equation 107 also requires an

initial guess as to the value of k at the switching points, These values of k

are obtained by differencing the initial iterate for k,

- 5] -
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Having determined the time histories of the state variables, the
switching times, and the Lagrange multipliers, it would seem that we are
ready to turn the computations over to the quasilinearization procedure, As
it turns out this is almost true, However, it was found that efficiency and
accuracy demanded the development of several numerical "tricks,'" These
refinements, which are necessary to the successful solution of this problem,
are presented in the next few sections,

VARIABLE LENGTH STORAGE TABLE
Although straightforward application of quasilinearization will result

in a solution of the problems considered here, it was found necessary to

employ a number of refinements to assure accuracy and pror ' convergence,

For instance, when storing the tabular values of the solution Y for use in
producing 2_(‘“*’“ it was necessary to provide a method of maintaining
integration accuracy over all portions of the trajectory. That is, it was
found necessary to increase the data point storage density duringe the karning
periods, For this reason, the quasilinearization process was constructed
about a storage table having variable storage intervals, (See Reference 12.)
Figure 4a illustrates this concept. The basic quasilinearization subroutine
described in Roference 12 was programmed to integrate over each segment
of the table and to stop at the boundaries. At this point a new storage

interval would be introduced and the process continued,

wiE %
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SHIFTING STORAGE TABLE

Because the "bang-bang'' control problem is inherently discontinuous
at the corner points significant numerical problems are encountered, At
such points one enters a new flight regime wherein )_"5”" has entirely
different properties. For this reason, the performance of valid numerical
interpolation acroes a switching point is not normally possible,

As the quasilinearization process converges the switching times
indicated by the n'th iteration will not coincide with those given by the
n+l'st iteration. If the switching point occurs between two table entries it
i necessary to perform forward interpolation to arrive at appropriate
stopping conditions and backward interpolation to arrive at appropriate
numerical values to restart the integration, Since two different flight
regimes are involved one finds that the values interpolated from different
directions at the switching point, in general, do not agree. In many
instances the above problem results in serious numerical errors or con-
vergence failure.

One may employ another 'trick' to insure numerical integration
accuracy at the corner points. After each iteration of quasilinearization
new switching times are determined which, in general, will not occur at
the previous tabular values. A new table then may be constructed wherein
the new switching times are used to define the boundaries of each variable
length storage array. This makes it possible to perform a new iteration

of quasilinearization with the assurance that each stopping point coincides
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with a table entry., This new table and its relationship with that used in the
prior iteration is illustrated in Figure 4b, As the quasilinearization process
converges .ae changes in th. switching times (Atg) approach zero and the
table becomes nearly con.tant, Note that this method eliminates the
necessity of interpolating to obtain the values at the stopping points, This
numerical continuity across the corner points was found to be essential for
the accurate convergence of the orbital transfers considered here,

SWITCH POINT ANALYSIE

As was pointed out earlier, the ""bang-bang' control prccess produccs
trajectories which are very sensitive to the initiation, termination and
duration of thrusting periods. It was herefore necessary to employ a
rather sophisticated process for determinirg and controlling the switching
times to be utilized in the determination of X("*1),

A numerical procedure for determining the zeroes of the switching
function was employed at the end of each quasilinearization iteration. If the
new switching times showed large deviations from the previously used values
(those illustrated in Figure 4a) the new times would not be acopted. Instead,
the program would shift the thrust initiation and termination times by a
smail portion of the indicated change.

Newly determined switching times would be fully utilized only when
close agre:ment with the previous iteration had been achieved. In general,
such close agreement could only be expected to occur after the quasili-

nearization process had proceeded through several iterations However,

- 54 -
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n+1 |
»
a4b
== a0 Ll - 3. 3 & -8 ) FEARE - k- } 1

ts(n)
40 ’4 _V\|
; = SR e HIIE S TN TS ISR ER TR G S S 5
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— "~ Mg _—— i i |
W COAST BURN COAST BURN COAST
TIME , (t)

Figure 4. Variable Length Storage Table (4a) and Table With Switching
Points, tg, Shifted for Next Iteration (4b)
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once this requireiment was met, the program was completely free to use the
switching times indicated by the n'th iteration during the computation of

the ntl'st. The above programmed constraints forced the solution to
conform to impulsive initial conditions until the process had achieved
sufficient convergence to adequately control itself, Without this constraint
and without the judicious use of the impulsive initial conditions it was

usually impossible to obtain convergence.

- Bb =
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V. NUMERICAL STUDIES

INTRODUCTION

This section is included to give the reader an impression of the kinds
of results one might typically expect to generate using this prografn. It
has been found that the optimum finite-thrust maneuver closely parallels its
impulsive counterpart., This fact has bec .1sed to considerable advantage
in the generation of initial iterates. Figures 5 through 21 aptly demonstrate
this last point, Figure 5 is a diagram showing a typical finite-thrust
maneuver between two inclined, elliptical, non-coapsidal orbits., The orbit
and vehicle parameters are as follows: p; = 5000 mi, p,; = 6000 mi,

e =ep =0.2, wy = -90°, wy = +30°, p= 0,001 mo/sec. and initial

F/W =0,04, In this diagram, wherein the initial and transfer orbits are
projected upon the final orbit's plane, the finite-thrust transfer coincides
with its impulsive counterpart when plotted to the scale shown. The small
arcs over which the engine is burning are also noted. In this case, they
represent a small portion of the total transfer arc.

The benefits of the effort expended upon the previously discussed
methods for accurately determining the initial iterate are concisely illus-
trated in Figures 6 through 21. In these figures, state variables, Lagrange
multipliers, or control variables for the converged solution are represented

by a solid line, The starting values corresponding to each variable are

P 5%
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Fignre 5. The Orbits (Initial (I) and transfer(T) orbits are projected
upon the plane of the final orbit. Dotted portions are below
the plane of the final orbit. The thrust arcs showing the J
finite-thrust maneuver are indicated. )
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Figure 7. Derivative of Radius - Converged Time History (Solid Line)
Compared to Initial Iterate (+)
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Figure 8. Longitude - Converged Time History (Solid Line) Compared
to Initial Iterate (+)
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Compared to Initial Iterate (1)
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Figure 18. Switching Function - Converged Time History (Solid Line)
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represented by a series of ''+'" signs., The close agreement of the initial
iterate and the converged solution is apparent. Note especially the excellent
initial iterates obtained for the Lagrange multipliers' time histories, This
information is obtained completely from the impulsive solution and in many
cases its accuracy means the difference between success and failure. Even
the primer vector magnitude, Figure 19, which is particularly sensitive to
small changes in its components, shows extremely good agreement with the
converged solution, The above results may seem too perfect, but they are
typical of what one obtains when running normal cases with moderate thrust
levels,

The switching function for this maneuver appears as Figure 18, It
is clear that the engine is burning (k > 0) for a small portion of the total
time required for the orbital transfer. For this intermediate thrust case,
the thrust initiation and termination times derived from the impulsive
solution differed by less than a few seconds from those indicated by the
quasilinearization solution and the total AV was only about one percent

greater, In order to achieve adequate convergence of the quasilinearization

process the switching times must be determined to approximately 0. 001 sec-
onds. Referring to Figure 18 and noting that the maneuver may involve
several thousand seconds, one obtains an appreciation for the accuracy
which must be maintained., Furthermore, when one considers that this
accuracy must be maintained during the computations inherent in Equa-

tion 41, it is clear that double precision arithmetic is a necessity. v
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CONVERGENCE AND VALIDITY TESTS

Several tests of a solution's convergence and validity are available,
First, because the best approximation to P (0) is utilized for each iteration,
the Cj appearing in Equation 93 should approach zero as the process con-
verges, This provides the first test of convergence. Another test of
convergence may be performed by noting successive values ~f the £; given
by Equation 95, During successive iterations .ae £; should also approach
zero, One should also observe the switching times approaching appropriate
constant values during successive iterations, Also, since k must e zero
at each switch point one should observe appropriate tabular values of k
becoming successively smaller with each iteration., All of the above
convergence criteria were achieved during the computation of the solutions
presented here.

One may compute certain constants of motion as a test of the solution's
validity, 'ccuracy, etc. For instance, the Hamiltonian which is given by
Equation 34 must remain constant. Of course, it is also possible to compute
energy and angular momentum along the coasting arcs and note if these
constants are really constant, For all of the results presented here, solu-
tions wherein energy and angular momentum remained constant to more
than eight significant figures were achieved, Similar accuracy was achieved
for the Hamiltonian. Although this extreme accuracy would not ordinarily
be necessary for engineering studies, it was required for the accurate

comparison of finite thrust maneuvers and their impulsive counterparts,

- Th =
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As a final test, the converged solution 2((1’) (0), was utilized as initial
conditions for a straightforward integration of the Euler Lagrange differen-
tiai equations, The solution produced by this method was then compared
with that generated by quasilinearization. In all cases this test confirmed
the validity of the quasilinearization solution,

MINIMUM FUEL WITH FINAL TIME OPEN

Because the transfer time (tp)derived from the impulsive sclution is
slightly nonoptimal additional computations must be performed to determine
that trajectory which is time-optimal as well as fuel-optimal. Since the
Hamiltonian may be thought of as the partial derivative of final mass with
respect totpit is necessary to adjust tp until the Hamiltonian approaches
zeru, This was accomplished by perturbing tp and computing an additional
fuel -optimal trajectory. This roquired several additional quasilinearization
iterations, The Hamiltonian corresponding to each of the fuel-optimal tra-
jectories was examined and simple linear extrapolation was used to predict
a new value of tp corresponding to A = 0. Thus, it was possible to compute
a trajectory for which ty was '"locally' optimal,

AV REQUIREMENTS (IMPULSIVE THRUST VS FINITE THRUST)

Numerous optimal trajectories were computed in order to produce a
comparison of optimal impulsive transfers and corresponding finite-thrust
maneuvers, The results of some prior two-dimensional studies are pre-

sented here for illustration. Figure 22 compares the velocity change ( AV)

required for finite-thrust and two-impulse maneuvers over a wide range of
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initial thrust-to-weight ratios (F/W), It was produced by beginning with the
transfer maneuver depicted in Figure 5 and parametrically varying the
specific impulse (note that § was held constant), The original log-log plot
of this data showed no deviation from a straight line (parabola) over the
range shown, The fact that the impulsive orbital transfer is a very close
approximation to the finite thrust maneuver is verified by the small percent-
age differences in Figure 22,

Another interesting comparison was produced by varying the relative
perigee angle (Aw) of the two coplanar elliptical orbits of Figure 5. Fig-
ure 23 demonstrates that the difference in velocity change required for
impulsive and the finite thrust maneuvers exhibits a strong dependence upon
Aw. The curve is divided into two regimes corresponding to intersecting
and non-intersecting orbits. Near the value of Aw which corresponds to
tangency (Aw = 53°,1301) the curve abruptly, but continuously, changes.

This particular phenomenou is best explained by reference to Figure 24
which contains curves for the two-impulse and finite thrust maneuvers as
separate plots, Figure 24 concerns a small range of Aw over which the orbits
are '""almost tangent, ' Since it was known that the class of ''almost tangent''
orbits produced a number of interesting results (References 7 and 8) con-
siderable effort was devoted to accuracy in examining the e critical orienta-
tions, Note that the two curves are nearly coincident as long as the orbits

do not i»* < -t ard that the curves become separate as intersection deepens.
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Figure 24, Velocity Change Required for Finite - Thrust and Impulsive '
Transfers Between '""Almost Tangent'' Orbits
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This sudden diverging of the two curves in Figure 24 explains the abrupt
change noted in Figure 23, The magnitude of this difference depends upon
the particular rocket parameters employed (e. g., specific impulses, mass
flow raite, eic. ).

In References 14, 16 and 17 the existence of an optimal one-impulse
maneuver was discussed. The two-impulse curve shown in Figure 24 con-
tains a small region over which a one-impulse transfer between the two
orbits is optimal., The finite thrust curve is composed of a number of points
which are designated one-burn maneuvers or two-burn maneuvers, Note
that an optimal one-burn maneuver also exists over a small range of Aw,
Thus, one obtains conditions which are again analogous to those fcurd for
impulsive transfer,

An attempt was made to extend this analogy to three-dimensions. The
procedure was to find an optimum one-impulse transfer between inclined
orbits and then attempt to converge upon its finite-thrust counterpart.

Unlike the two-dimensional case, this attempt did not prove successful. The
question of the existence of optimal one-burn transfers between inclined

orbits therefore remains open,
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VI, CONCLUSION

This document contains a description of an extremely valuable
computer program for performing comprehensive studies of orbital transi=r
maneuvers, It is now possible, in a single computer run, to obtain complete
two-impulse transfer optimization results, the absolutely optimum two-
impulse maneuver and a complete finite thrust solution for this absolute
optimum,

The numerical results obtained demonstrate that the quasilinearization
technique can be a powerful tool for the optimi.ation of ""bang-bang'' control
problems, However, a good first approximation to the solution definitely
is required to insure convergence. In general, it appears that impulsive
orbital transfer maneuvers provide an excellent approximation to their
finite thrust counterparts. For this reason most preliminary engineering
design studies could be performed with simple economical impulsive transfer
optimization procedures, thus avoiding a more time consuming and difficult

finite -thrust optimization.
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APPENDIX 1

COMPUTER PROGRAM DESCRIPTION

This appendix pres=nts a description of the various subroutines that
comprise the finite-thrust orbital transfer program. Throughout the develop-
ment of this program the authors drew from their experience with impulsive
transfer and with the application of quasilinearization to various engineeriag
problems. For this reason major portions of the complete program were
adapted from previous and concurrent projects.

The program can be logically segmented into three distinct parts:

(1) the routines that perform contouring and steep descent and which yield
an optimum two-impulse transfer, (2) the routines which perform the quasi-
linearization operations, and (3) the numerous routines that are required
for solving this particular finite-thrust problem. Because of this logical
segmentation and because of the extreme length of the documentation, it was
deemed necessary and desirable to divide the documentation into three
separate volumes:

1. "Program for Optimization of Two-Impulse Transfers by

Contouring and Steep Descent, ' SD 69-3,
2. "Generalized Quasilinearization Routines for Solving Nonlinear

Boundary Value Problems,' SD 68-1055.

- 88 -
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3, The present volume which is entitled "Quasilincarization Frogram
for Determining Optimum Finite-Thrust Transfers Between
Inclined Orbits, " SD 69-4,

Ordinarily the documentation contained in the present volume will suffice
for utilizing this program to solve finite-thrust orbital transfer problems,
Users wishing to perform studies which require modifications will find it
necessary to refer to the first and second reports noted above,.

Users will immediately note that the finite-thrust program is really
a very comprehensive orbital transfer analysis program which incorporates
numerous useful features. I' has been written to allow a relatively untrained
analyst to input a minimam amount of data concerning his problem and
automatically receive a maximum amount of useful information., In the
limit, if he wishes to specify only the central body name, the unit system,
the vehicle's parameters, and the elements of the two orbits, he may do so.
In this case, the program will supply all necessary remaining parameters
to perform the optimization. It is also designed so that the output will
provide considerable information for the running of additional cases. This
is necessary because the results of one case usually suggest a number of
additional problems which should be investigated in more detail.
PROGRAM STRUCTURE

The program has been written in the FORTRAN H programming

language for the IBM 360 Model 65 digital computer. Of course, many of

= =
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the subroutines were originally written in FORTRAN II and FORTRAN IV
and therefore reflect some of the restrictions inherent in those earlier
languages.,

The above mentioned division of the program into three distinct parts
is perhaps best illustrated by the diagram presented in Figure 25, This
particular figure illustrates the modular tree structure of the main program
and its 45 subroutines. Ncte that those subroutines which are subordinate
to subroutine STPCQON are documented in report number SD 69-3 (Refer-
ence 11). Also note that the subroutines subordinate to subroutine QASLN
are documented in report number SD 68-1055 (Reference 12). The remaining
major function is the computation of initial conditions for the complete time
histories of the state variables and Lagrange multipliers. All of these
computations are supervised by subroutine XFIRST. Note next that the main
program also calls subroutines JACOB, QUTPUT, KHIST, and QPLOT,

The first three routines are called primarily for initialization while QPLOT
is called in order to provide a graphical summary of the initial iterate and
converged solution.

Figure 25 should suffice to illustrate the relationships and lines of
communication whicn tie the complete program together., Tables 1, 2, and 3
provide a brief description of ‘i » duties of each individual subroutine
module. Table 1 list: the “Hrourtines which are of particular importance

for the finite-thrust prograi.., 'w'ile Tables 2 and 3 list the subroutines

subordinate to the two-impulse optimization and quasilinearization packages,
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If the user requires additional information concerning their functions he
may refer to the listings in Appendix IIl and/or to References 11 and 12,
Appendix III contains the iistings of all subroutines in Table 1. It also
provides listings of subroutines DATSET, JACQB, QUTFUT, XIN, ALGBC,
and STQP which are also docum .nted in References 11 and 12, but which

have been modified to solve the finite-thrust problem.

Table 1. Functions of Principal Program Modules

Module Name Module Function

MAIN Executive program for the finite-thrust optimizing
package. Performs common assignments and
handles the logical operations associated with solving

a particular optimization problemn.

STPCON This subroutine is thie main program for analyzing
two-impulse transfe s by contouring and steep
descent. In the present application it has been
converted to an executive subroutine. D¢ .inenta-
tion of its functions and of the subroutines directly
associated with it can be found in Reference 11
entitled "Program for Optimization of Two-Impulse

Transfers by Contouring and Steep Descent'

(SO 69-3).
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Table 1. Functions of Principal Program Modules (Cont)

Module Name _Morlul(- Function

XFIRST This is an executive subroutine for handling the
computation of the initial iterate (X(t)).
| HMASS This subroutine computes the burning time histories
from the impulsive approximation and determines the
sizes and organization of the storage table for the
initial iterate. It also determines the perigee
passage times for all three orbits.

COAST This module computes the state variables on the

three coasting arcs, in spherical coordinates, from
orbital elements and time.

LGRANG This subroutine performs the computations for
estimating the values of the Lagrange multipliers
prior to initiating quasilinearization. It also com-
putes the primer vector which is used to compute
the initial time histories of the switching function.

LCOAST This subroutine computes the Lagrange multipliers
over the coast arcs from information supplied by
subroutine LGRANG,

BURN This subroutine constructs the initial time histories

of all variables over the short burn arcs. It does so

by fitting a cubic or linear curve between end pcints

at the beginning and end of each burn.
.93 -
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Table 1.

Module Name

QASLN

QUTPUT

KHIST

QPLOT

PICTUR

DTRUEH

Functions of Principal Program Modules (Cont)

Module Function

QASLN performs logical operations and computations
to implement the quasilinearization algorithm,

This subroutine provides standard output at various
locations in the computations. It is usually called

by the QASLN subroutine.

At the end of each quasilinearization iteration it is
necessary to examine the switching function and make
appropriate adjustments to the thrust initiation and
termination times. This subroutine performs these
adjustments through the judicious use of control
parameters supplied as input data.

This subroutine allows the programme:r to select
plotted output of the initial iterate and converged
solution for each variable. To plot the actual graphs
it calls subroutine PICTUR.

This is a standard subroutine for plotting several kinds
of data using the SC-4020 CRT output device.

This double precision subroutine solves Kepler's
equation for all types of orbits—given mean anomaly
and eccentricity. If E is close to one (ABS(E-1) less

than 10-10) a parabolic orbit is assumed. There is

w Ol -
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Table

Module Name

1. Functions of Principal Program Modules (Cont)

Module Function

DTRUEH
(Cont)

RQTATD

ROTMXD

DOQRBIT

excellent convergence for all elliptical orbits. However,
for hyperbolic orbits the program fails if the mean
anomaly is too large. The argument list returns true
anomaly, eccentricity (or hyperbolic) anomaly, and the
sine and cosine of the true anomaly.

Subroutine RQTATD takes a given vector in Cartesian
coordinates and rotates it in a coordinate system or
rotates the coordinate system. As many as ten rotations
are allowed and each one calls ROQTMXD (angles in
degrees).

This subroutine provides the matrix for a single axis
rotation.

This subroutine determines mean anomaly in revolu-
tions from true anomaly (in radians) and cccentricity

for elliptic orbits.

- 95 .
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Table 2. Functions of Important Program Modules That Are
Subordinate to Subroutine STPCON, (Their functions
are discussed in detail in report number SD 69-3,)

Module Name Module Function

INPUT This subroutine reads and prints initial orbit
geometry and other data parameters to be used in
impulse computations. It reads and changes only
those parameters that are specified on data cards,

DEX DEX computes orbit geometry information to be
used in impulse computations, and performs
coordinate transformations.

SURVEY This module generates an array of the impulse and
p; values which are to be contoured, calls the

contouring package, and generates a p-optimized

map of the impulse function. It then scans the array
of impulse points and identifies possible local
minima for further investigation.

STEEP This is.an executive subroutine for conducting an
adaptive steep-descent search for a local optimum.

ELIPSE ELIPSE projects initial and transfer orbits on final
orbit plane, plots all three orbits, node line,
impulse vectors, perigee lines, radius vectors to

the transfer points, and lables the resulting figure. y

- 96 -
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Table 2. Functions of Important Program Modules That Are
Subordinate to Subroutine STPC@N (Cont)

Module Name Module Function

IMP2 IMPZ2 performs optional p-optimization and computes
impulse and its gradient as a function of 1, 22, pt-

CONTUR This is an executive subroutine for the contouring
package (see Ref.ll for further details).

CONGRD This module generates grid (if desired) and scaling
information for subsequent plotting of contour map.
It then plots a contour identification table, a
parameter table, and titles,

CONSET Subroutine CQNSET computes and/or sets appropriate

contour intervals.
TRISEL This subroutine selects the triangle to be contoured.
TRICON This is the routine which performs the actual con-
touring operation including interpolation to compute
the end points of the line segments which are then
plotted by PLOT3. _ |
PLOT3} PLQT3 is of routine that plots individual line
segments which form contour lines and labels
contour lines.
DBLDQT DBLDOQT is a double precision function that com-

putes the dot-product of two vectors.
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Table 2. Functions f Important Program Modules That Are
Subordinatc to Subroutine STPCQON (Cont)

Module Name Module Function

DBLCRS This double-precision subroutine takes the cross-

product of two vectors.

DBLUNT DBLUNT is a double-precision function that unitizes
a vector,
DBLVEC This double-precision subroutine sets up a vector by

stipulation of its components.

DQT This single-precision function computes the dot-
product of two vectors.

UNIT UNIT is a single-precision function that unitizes a

vector,

Table 3. Functions of Important Program Modules That Are
Subordinate to Subroutine QASLN, (Their functions
are discussed in report number SD 68-1055)

Module Name Module Function

XIN Subroutine XIN reads data and constructs polygonal
initial approximation to solution. (This is a dummy
subroutine in this program.)

ALGBC This subroutine computes initial conditions on vari-

ables which are dependent on other variables or

- 98 -
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Table 3. Functions of Important Program Modules That Are
Subordinate to Subroutine QASLN (Cont)

Module Name Module Function
ALGBC parameters and the Jacobian matrix of these conditions.
(cont)

Specifies some initial conditions. (This is mainly a

dummy subroutine in this program.)

INTER INTER interpolates for state vector in table of last
solution.
JACQB This subroutine contains all of the differential

equations required by this particular problem. When
it is called, it returns the current estimate of the
derivative of each variable and evaluates the
Jacobian matrix as well, (Described in report
number SD 68-1055)

INTEG Subroutine INTEG controls integration: starting of
difference integration with Runge-Kutta integration,
stopping at tabular poin*< and special stopping

procedure at prescribed points,

INTRKG Runge-Kutta-Gill Integration: Starts integration for
INTDIF,
INTDIF Difference integration: Builds table integrates with

Adams -Moulton formula.
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Table 3,

Module Name

STOP

IDETRM

DQRTH

MATMPY

ISIMDD

Functions of Important Program Modules That Are
Subordinate to Subroutine QASLN (Cont)

Module Function

Subroutine STQP carries out special procedure at
stopping points. Each time the thrust is initiated
or terminated the QASLN program calls subroutine
STQP, which provides the small corrections noted
in Equations 108 to 113, It alsc stores the derivatives
for later use by subroutine KHIST,

This subroutine evaluates determinant (used in
calculating '"condition' of homogeneous solution
matrix).

This subroutine orthogonalizes solution vectors in
homogeneous solution matrix,

MATMPY is a subroutine which performs matrix
multiplication

ISIMDD is a FORTRAN H library subroutine which

solves a set of linear equations
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DESCRIPTION OF PROGRAM FUNCTIONS

In a typical application the main program first transfers control to
subroutine STPCON, STPCON is the srbroutine equivalent of the main
program described in Ref. 11, It calls five higher level subroutines
directly; i.e., DATSET, INPUT, DEX, SURVEY, and STEEP, The DATSET
subroutine simply provides reasonable values for all input data parameters
which would otherwise be read through the use of subroutine INPUT, The
INPUT subroutine functions in such a manner that it is necessary to enter
only those data parameters which are being modified for a particular run.
That is, a data field may be left blank and the program will not change the
previously existing value of the parameter which is in storage. The data
cards are each numbered in columns 79 and 80. The number appearing in
these columns identifies the data card and thereby tells the program what
it should expect to be on that particular card. For instance, card 0l
contains the elements of the initial orbit. Because of this procedure, the
data cards may be read into the program in any order desired. The

program will tien read and translate each card individually, A non-zeros

entry in column 78 instructs the program to terminate the card-reading |
operation and return to the calling program. The above procedures allow

one to process an additional case by changing only one data parameter on

one card and by simply adding that data card at the end of the data deck.

This process is illustrated further in the sample data sheets presented
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later. Once the data are entered, the DEX subroutine performs trans-
formations which return the orbital elements to a standard form. That is,
the fundamental plane is transformed to the plane of the-final orbit and the
reference direction is the line of intersection of the initial and final orbit
planes,

If the program has been instructed to produce a contour map of the
p-optimized impulse function for the entire function space, the main program
will transfer control to subroutine SURVEY, Withiu SURVEY numerous
two-impulse transfers are computed so as to produce a grid of data points
for subsequent contouring. Each point is produced by entering the IMP2
subroutine and finding a two-impulse transfer for the given take-off and
arrival points such that impulse is minimized with respect to p;. Once the
grid of points is available the contouring package (Reference 11) is instructed
to produce a contour map similar to that of Figure 30. Since the entire
space is usually searched during this initial optimization, and since one
usually desires to know if local minima exist within the survey space; the
program next examines each point to determine if it exhibits less impulse
than its immediate neighbors. Since such points usually correspond to
local minima they are tabulated and ranked for further computations.

At this point in the computations the user has the option of instructing
the program to perform a detailed examination of each suspected minima.
If desired the ''n'" suspected minima with least impulse will be examined by

first producing a small scale contour map of the region immediately
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surrounding the suspected minimum and then performing a steep descent
optimization using the suspected minimum as an initial iterate. If no
coctour maps are desired the user still has the option of conducting a
steep descent search beginning at each suspected minimum. The program
also draws a picture of the initial, final, and transfer orbits associated
with each minimum found by steep descent., Parameter tables giving the
user many necessary input and optimized results are included in the final
output summary for each optimization.

From the above description it should be clear that the program is
extremely versatile. The above quick description will be supplemenied in
Appendix I by examining the results of running a typical sample problem,
The reader should note that considerable attention has been given to
providing output wiiich is adequate and meaningful but not superfluous. At
this point in the computations the program either picks the steep descent
result having the least impulse or performs a steep descent using the
search initiation point which is supplied as input. The results of this final
steep descent are used to manufacture the initial iterate for the quasi-
linearization procedure.

The computations are then transferred to subroutine XFIRST. XFIRST
draws upon the computations of subroutines HMASS, CQAST, LGRANG,
LCQAST, and BURN in order to piece together the initial iterate. The

principal function of HMASS is to determine the time history of the vehicle's

mass from the two-impulse transfer and to coastruct the tabular values of
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the independent variable at which the value of the solution will be stored,
The reader is referred to Figure 4 which indicates the structure of the
storage table. Recall that the program is constructed to include a coasting
arc prior to the first burn and at the end of the second burn,

“he initial iterate for the Lagrange multipliere 18 then computed along
the coast arcs within the subroutines LGRANG and [.LCOAST which make use
of Equations 178-229. This procedure is outlined in Figure 3. For each
state variable and multiplier the values along the burn arcs are computed by
the subroutine BURN. Finally the values of the steering angles, the switch-
ing function, and the primer vector length are computed along the complete
trajectory.

At this point the main program performs a number of compu ations
which are required to initialize and to set up the quasilinearization prcce-
dure. Note that subroutine QASLN contains variable dimensions and that
it is necessary to provide a number of storage tables and parameters which
it will utilize. Depending upon whether a two-dimensional or three-
dimensional case is to be solved the main program takes one of two major
branches and transposes the data provided by XFIRST,

At this pcint subroutine QASLN is called upon to solve the complete
set of differental equations. The important subroutines of the QASLN
package are thoroughly described in Reference 12 along with their functio»ns
and incerrelationships. Because some minor mocifications were performed

upon QASLN to adapt it to this particular problem a current listing is
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included in Appendix III. Note that these changes were mainly in procedure
and in formatting, and that they do not affect the overall functioning of the
subroutine which is documented in Reference 12,

As noted above, subroutine QASLN is called upon to determine the
conditions for producing an optimum transfer between the two given orbits

in a fixed total time interval (tF). Therefore when it is called it will

perform a number of iterations in order to converge upon a fixed time
solution—three to six iterations are usually sufficient., When it exceeds

the given number of iterations or if it converges upon a solution, QASLN

will transfer control back to the main program. If it is desired to minimize
the tuel required with respect to the total time for the maneuver the main
program will add a time increment to the total time and transfer control back
to QASLN which must then perform another set of iterations. Upon complet-
ing this second set of iterations, the main program has information for
numerically estimating the partial derivative of AV with respect to total
time. It makes use of the fact that the Hamiltonian, whizh is the partial
derivative of the ;;ayoff function with respect to total time, must be zero if
the maneuver is to be time optimal as well as fuel optimal. The two sets |
of iterations now provide information for extrapolating the total time so as

to attempt to reduce the Hamiltonian to zero. The program therefore
estimates a new total time and .ransiers control back to QASLN to perform

another set of iterations. This « yuling procedure is repeated as many
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times as is specified by input data parameter IQCYCL., Four of these
cycles are usually sufficient to reduce the Hamiltonian to essentially zero,
thereby minimizing the fuel with respect to total time.

During the last call to the quasilinearization procedure the user has
the option of requesting that QASLN compute the complete trajectory using
the initial conditions which it has determined and bypassing the quasilinear-
ization equations. That is, QASLN will do a straightforward integration of
the differential equations similar to that performed by standard numerical
integration programs. QASLN will then compare this integrated solution
with the solution obtained through the use of the quasilinearization algorithm.
That is, it will evaluate an equation similar to Equation 95 and write out the
maximum difference between the two solutions for each variable. This
procedure provides an independent check of the accuracy and convergence
of the quasilincarization solution,

As a final step in the computations, the program can be instructed to
call subroutine QPLQT which will provide CRT output of the initial iterate
and the converged soluticn on the same graph. The graphs are similar to
Figures 6 through 21. The program then returns control to subroutine
STPCON which will attempt to read and process a new case.

DATA STRUCTURE

Because of the finite-thrust program's extreme complexity and

versatility it requires a number of user supplied control parameters. The

data are perhaps best explained by referring to Figure 26 which contains a
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description of the input formats. The description of Figure 26 is further
amplified by Table 4 which lists the FORTRAN equivalent of each of the
formats required for the complete set of 27 possible input cards. Note that
the data cards are classified according to the number appearing in columns
79 and 80 except for the first two cards which are read independently and
only once at the beginning of each computer run. The first card is merely
for case description and allows the programmer to insert his own alpha-
numeric identification., The second card is interesting in that it allows the
user to specify the central body and the unit system he wishes. For
instance, he mav write EARTH, MOQN, SUN, VENUS, MARS, or JUPITER
in the first field and the program will utilize the appropriate gravitational
constant for those bodies. Similarly, BRITISH, METERS, KILOMETERS,
or BODY may be written in the second field and the program will use the
corresponding uni’. system. In the case of the BODY specification, the
program will expect the user to supply an appropriate constant for g-times-
mass of the attracting center. These first two cards are unique in that they
are read only once at the beginniag of the computer run and may not be
reread. All other cards may be repeated as often as desired to produce
additional cases,

At this point in the computations the program enters subroutine INPUT
and reads the orbital elements, constants and control parameters from the
remaining cards. As noted earlier, each card and its format are identified

by the number appearing in columns 79 and 80. The program continues
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Table 4, FORTRAN Data Input Formats

Card
Identification Format
TITLE (18A4)
BODYUNIT (6A4, D12, 0)

0l (6D12. 0)
02 (6D12,0)
03 (6D12.0)
04 (6D12.0)
05 (2D12,0, 2I12, 2D12.0)
06 (4D12. 0, 2I12)
07 (6D12, 0)
08 (6D12. 0)
09 (6D12.0)
10 (6D12, 0)
11 (4D12.0, Lli2, 112)
12 (6D12, 0)
13 (5D12,0, El12.0)
14 (E12.0, 2112, 3D12.0)
15 (112, 21.12, 3I12)
16 (6D12. 0)
17 (4D12,0, 2I12)
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Table 4. FORTRAN Data Input Formats (Cont)

Card
Identification Format
18 (6E12, 0)
19 (6E12.0)
20 (3112, 2E12.0, Il.,
21 (6E12,0)
22 (6E12,0)
23 (6E12.0)
24 (6E12.0)
25 (6E12, 0)

reading until it encounters a non-zero entry in column 78, Figure 26 also
includes a description of each data parameter beside the field where it
appears on the data card. Of course, one who requires complete knowledge
of the functions of the input parameters may resort to examining the
program's listings in Append.x IIIl and in Refs. 11 a;xd 12. The descriptions
of Fig. 26 should suffice, but a few additional words of clarification are
listed below:
cards The first two cards allow the programmer to
01l and 02
specify the elements of the initial and final orbits.
The program is expected to find the minimum fuel
transfer between these two orbits, At the present

time the orbits are limited to circular or elliptical.
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card 03 This card contains the initial iterate for a steep
descent optimization, That is, @y is the estimated
take-off angle on the initial orbit, @, the ¢stimated
arrival point on the iinal orbit and py is the semi-latus
rectum of the transfer orbit. These parameters are
used to initiate the two-impulse search which generates
an optimum two-impulse transfer, The two-impulse
transfer circumstances then are used to compute the
initial iterate for finite-thrust optimization.

cards These three cards contain parameters for controlling

04, 05, 06
the steep descent optimization process. A more

complete description of the steep descent process will

be found in Ref. 11,

cards These five cards provide a method of inputting an
07, 08, 09
10, 11 estimate of the initial (XIN) and final (XFN) values of

14 state variables and Lagrange multipliers,
Fortunately, the excellent performance of the initial
conditions determination subroutines has eliminated
the necessity for inputting most of these boundary
conditions. The exceptions appear on card 08 and
are a specification of the vehicle's initial mass and
an estimate of the value of \4 at the first burn which

is used to scale the Lagrange multipliers. Since the
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other boundary conditions are not vequired, the
prcvision for inputting them could be removed.
However, these storage locations have been left
in the present version of the program. Future
modifications to the program, in order to solve
more difficult problems such as rendezvous, no
doubt, will require provisions for additional input,
These locations can easily be reallocated at that
time. In the meantime, users wishing to make
minor modifications to the program which require
additional data input may find that it is convenient
to read the data using these available locations.
cards Most of the parameters appearing on card 12 have
12 and 13
obvious meanings. An exception is TFPERT which
allows the user to estimate how the total time for
the impulsive maneuver should be slightly modified
to more closely approximate the optimum time for
the finite-thrust maneuver. At the end of the first
QASLN iteration set it is necessary to perturb
the total time by a small amount in order to
generate an approximation to the partial derivative
of AV with respect to total time. PERTX is this

perturbation, and it is applied prior to the
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card 14

cards
15 and 16

computation of the next iteration set. BRINC on
card 13 is similar to TFPERT but it allows the
user to specify that the burn arc durations are
slightly different than thuse specified by the
impulsive approximation. The next four param-
eters, BMAX]l, BMAX2, BSHIl, BSH., are
tolerances used by subroutine KHIST when it
decides how to adjust the thrust initiation and
termination points between quasilinearization
iterations. They should generally be smaller
than a few percent of the burn arc duration.

The parameter TWQBRN allows the user to specify
that a one-burn transfer is adequate. Users
should be careful with this control,since if it is
set to call for a one-burn transfer and the maneu-
ver is really a two-burn transfer, the quasilineari-
zation procedure will usually diverge.

No currently used input parameters appear on
card 14. These input fields are therefore available
for the user to modify the program and to input
his additional data.

These cards contain several input and control
parameters which are adequately described in

Figure 26.
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card 17 The controls of card 17 are used to specify the
nominal structure of the solution sturage table
(See Figure 4), They are provided so that the
user may assure that some minimum number of
storage points occur duting a burn arc or a
small cvast arc, In order to assure accurate
interpolation XNB and XNC should never be
smaller than 4. DTB and DTC are included in
order to provide some sort of limit on the size
of allowable integration steps. That is, if an
extremely-high-thrust vehicle is being simulated
the user may want integration step sizes no

larger than five perv-ent of the burn time.

cards These cards have no current use in the program
18, 19

and are available to the user,
cards These cards control the generation ol contour
20, 21, 22,
23, 24, 25 maps which is part of the initial optimization

procedure. The descriptive definition in
Figure 26 should suffice. All necessary additional
details are provided in Reference 11.
As stated above only those parameters necessary for a particular
problem need be included on the data cards. In the event that parameters

are deleted or that entire cards are deleted, subroutine DATSET will supply
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nominal and noemally sufficient data and parameters for proper processing.
It is therefore possible to run a case by supplying only the first five cards
listed in Figure 26, plus the } .rameters which describe the vehicle's
physical characteristics, This means that a relatively untrained analyst
may be able to obtain reasonable answers to his p ‘oblem with one computer

run,
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APPENDIX II
EXAMPLE OF THE USE OF THE FINITE-THRUST

ORBITAL TRANSFER OPTIMIZATION PROGRAM
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APPENDIX I1

SAMPLE OPTIMIZATION PROBLEM

Much of the foregoing discussion is difficult to understand without a
realistic example. For this reason this appendix prerents a comprehensive
sample problem. Figure 27 contains the images of the data cards which
were used to produce the computer output appearing as Figures 27 through
55 The orbits utilized for this example are inclined, elliptical, and non-
coapsidal, Since the British unit systemn was used the output parameters
will appear in miles and {t/sec. Figure 27 represents the first and sccond
pages of printed output and it contains the image of the data cards in the
order in which they were used, Note that not all of the data cards defined
in Appendix I “igure 26, are included and that this means that many of the
deleted input data parameters were supplied by subroutine DATSET, Fig-
ure 28 contains a printout of the data array common block showing the
status of cach data parameter just prior to execution of the case. As noted
carlier subroutine DEX transforms the elements to a standard orientation.
These transformed elements appear next in the printed output (Figure 29).

The program then generates the contour map of the entire function
space which appears as Figure 30. In this case, four possible niinima
were identified and noted by printing the numbers 1, 2, 3, and 4 (in groui)s

of five) on the contour map and by the printed output appearing in Figure 29.
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CATE 02/CA/69,TITE = 9¢,.533

CASE IDEATIFICATION
TRANSFER IN EARTH ORBIY

20CY IS EARTH
UNET SYSTER IS BRITISH

vEN = 0.9%56345C 03

OATE 02/04/769.,TINE = 96.533
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DATA ARRAY 1INMAGE

CARD
CARD
CARD
CARD
cino
CARG
CARC
CARD
CARD
carp
carc
CARD
CARD
CaRD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
cano
CARD
CARD
CARD

G e e

NO.=
NO.=
NO .=
NO.=
NO.=
NO.=
NO.=
NO.=
NO.=
NO.=
NO.=
NQ.=
NO .=
NQ.=
NO.=
NO.=
NO.=
NO.=
NO.=
NQ.=
NQ.=
NC .=
NO.=
NO.=
NO .=

$.30000CCCD
6.000000CC0D
7.000000€CO
2.cC0Cc00CCE
0.0
1.0000000CD
0.0
1.000000000
9.0
0.0
0.0
1.000000CCD
0.0
0.0

0.0
6.000000000
6.0
0-0

2.00000CE
0.0
0.0
0.0
0.0

03
03
o1
¢ 10]
a0

03

00

2.000C00C00D-01
2.0€CC00C00-01
1.8CC00000D0 02
5.0CCC0000D-01
8.5€C000000-01
1.0€CC0000D 00
0.0
0.0
0.0
0.0
0.0
4.000000000 02
1.000C0000D GO
1]
T
1.000C00000-03
6.0CC00000D0 00
0.0
0.0
S
1.8C0000E C1
C.0
G.v
0.0
0.0

$.000000G0D 00
o.o
5.70000000D 03
1.00000000D-08
1
1.00000000D 02

0.0
0.0
0.0
o.o
0.0
1.000000000-01
1.000000000 00
o
T
0.0
2.000000000-0C1
0.0
0.0
o

1.800000E Ol
0.2
0.9
0.0
0.9

Figure 28.
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o.o
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S
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0.0
0.0
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0.0
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0.C
T
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1.00C0000CN OC

1
G
100
0.0
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$.599596E-02

1.8110CCE 02
0.C
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0.0
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DATE 02/7C4/769,TINE = 9¢€.553

TlllSFO;?ED ELEMENTS
0.5075CCC0000D C4 0.2€CCO0C0000D CO -0.900000000000 02

P2

El
E2

AR REEE = R o

Wl

Wz

0.6000CCCO00CD C4 ©.2CCCCO00000D CC 0.3CCCO00OCOOC 02

GENERATE CCNTOUR NAP

0.200000€ 02

LOCAL NINIMA AT

PHI-1
0.383947D 02
0.762854D 02
0.171026D 03
0.303¢570 03

0.18000CE 02

PHI-2
0.304257D0 03
€.190574D 03
0.7688S40 02
C.389947D 02

0.180000€ 02

P
0.661896D 04
0.666179D0 C4&
0.4595740 C4
0. 4597940 O4

0.180500€

IMPULSE
0.5371050
0.4915250
0.543935D
0.566756D

Figure 29.
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ADAPTIVE STEEP OESCENY OPVINIZAVION OF TWO-IWMPULSE VRANSFER

Wds

l'c
4
¢ 1}

PHI PH p S 3 - $

303.65%5 30.@93 4£.5979400 03 ~s6.38505% «6.3089%2  0.80830e 5.6675599 1344148700 03 1.00 00 1-50'83 1-00 e2 3%

308.3666 3IT.6T8T 4.596966D 03 1.945115 —4.496654 1.075723 5.6564429082537930D0 03 1.00 0C 7.20-01 1.20 G2 s 2

308.2078 37.7401 4.5929110 03 0.0644743 -0.052931 0.013951 5.65419125729003000 03 1.0C OC $.20-01 8.50 O1 10 8

308.2034 27,7404 4.592856D0 03 -0.00C297 0.001833 -0.000267 5.55419120969668600 03 1.00 CC 3.80-01 6.10 81 15 1)

308.2034 27.7403 4.5928570 03 0.00C006 3.000089 0.000008 5.565619120967948600 03 1.00 CC 3.80-01 6.10 O1 18 17
ANPx  0.15258785D-C4 IFAIL= 17

3e% FINAL TRANSFER CONDITICONS seos CENTER IS EARTM , UNIY SYSTEM,..MILES, FU/SEC
X COMPONENT Y CCMPONENT 1 COMPONENTY RAGNITUDE

C.74070779837D 02 -0.135500579550 04 0.1574452SC4C0 04
0.194656362470D 04 -0.151353600630 04 0.357573830S7D 04

IRPULSE
FIRST VECTOR
SECOND VECTOR

-0.14246883758D 04
~0.27213527155D C4

O NOISTAL

' TOTAL
— INITIAL ORBIY FINAL ORBIT TRANSFER ORBIV
w ’ 0.5C0000000000 04 C.6CO000COOCOD 04  0.459285744590 Gé
w € 0.2€C000000000 OC  C.200000000C0D 00  0.104524209810 00
. 1 (DEG) 0.5CC0CCC00000 01 0.0 0.392738125%90 01
R A NOOE (CEG!) 0.0 0.0 0.37740310181C 02
ARG PER (LEG) -0.9€C00C000C0D 82  C.3CC00CO00C0D 02 -0.142408949310 03
A 0.52C83333333D 04 0.625000000000 04  0.46435901094D 04
PERIDD 0.763696370720 G4  C.10039049504D 05  0.64291474541D 04
TRAN PT RAC 0.4320SC889370 C4  C.500760430650 04
PHI-1, PNI-2, 0.3C82034641530 C3  C.377403101010 J2  0.459285744590 04
RANK OF OPTIMUR = &
0
o
o
NS
!
=N
Figure 35.
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PHIL PrI2 ° DI /DP1 D1/DP2 p1/0P INPUL SE—— - GAINS -
71 16.889% 4.595745D 03-103.266712 60.110114  0.007332 5.4393529984243800D C3 1.0D OC 1.00 00 1.00 02
1782048 14.7263 4.5959C4D 03  A.679544 -C.097591 -—2.849527 5.39631371635794400 03 1.CC CC 1.00 00 1.00 92
177.9176  16.4165 6.6033644D C3  0.121163  5.658692 —1.156085 5.39448636622081600 03 1.00 OC 1.6D 00 1.40 02
177.8123 13.7€24 4.6115350 03 —0.059560  1.04735C  0.022190 5.39378377734470400 03 1.C0 CC 1.00 00 1.9% 02
177.8123 13.65C4 4.611785D 03  0.010107  0.081385  0.003127 5.39376115900868500 03 1.00 OC 6.10-01 4.10 8
1778115 13.6469 4.611753D 03  0.CCClOl -0.007276 -0.002143 5.393781145612127C0 €3 1.00 CC 5.20-01 7.29 O
178114 73.6463 4.6118C3D 03 -0.000360 -0.004364 -D.000148 5.39378114479908400 03 1.C0 OC 4.40-01 3.50 a1
177.8114 13.6465 4.6118020 03  0.C00007  0.000083  D.C00009 5.39378114475736300 03 1.00 G0 4.4D-01 4.40 O1
ANP= 0.152587690-04  IFAIL= 20
see FINAL TRANSFER CONDITIONS eeoe CENTER IS EARTN , UNIT SYSTEW...WILES, F1/SEC
IMPULSE X COMPONENT Y CCMPONENT I COMPONENT nAGN [TUOE
FIAST VECTOR -0.63898571696D C& 0.4S1118256110 05  0.20412331348D C4  0.241€€2228330 04
SECOND VECTOR —O.41E37820945D 05  0.18257996354D 05 0.72624803268C 02  0.297€5528€150 G4
ToTaL 0.535370114480 04
' INIYIAL ORBITY FINAL ORBIT TRANSFER CRBIV
- ’ 0.5CC000000000 G4  0.600000C0000D 04 0.46118023626D 04
w € 0.2(C00C0000CD GC  0.20000€0COCOD 00  0.168164465510 00
- 1 (DEG) 0.5£C00000000D 01 0.0 0.196690320810 GO
' R 5 NOCE (CEG) 0.0 0.0 0.736665275200 02
ARG PER (CEG) -0.9CCCCCO000CD €2 C.3C0000C0000D 02 -0.135569725280 03
A 0.52083333333D 04 0.625000000C0C 04 0.474601632250 04
PERIOD 0.763696370720 C4  C.1S039C4S504D 05 0.66430330259D C4
TRAN PT RmAC 0.50284829304D C&  0.524144579280 04
PHI-1, PHI-2, 0.177€11398970 02  0.73646527520D 02  0.46118023626D 04
RANK OF CPTINUN =
wn
o
o
©
1
S
Figure 36.
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ACAPTIVE STEEP DESCENT DPTINMIZATION OF TwO-IMPULSE TRANSFER

PHIL PHI2 ® D1 /0?1 Di1/0P2 o1/oP ——= [WPUL SE——mm GAINS~— 1Ym0
38.3947 304.2573 $.618967D 03 —-76.305578 SE.9&3774 0.001905 5.37104812866789800 0) .00 0C 1.00 00 1.00 Q2 ¢ o
40.9671 298.1485 6.61887¢3 03 ©,276738 -1.5215€8 0.200847 S.363196614666453C0 03 1.00 0C 1.0D 00 1.2D c2 s 1
&0.8331 2S8.2¢€15 €.61775C0 03 -0.027793 -C.0:14357 -0.000363 5.3431486965383900C 03 1.CC CC 1.60 00 1.6D €2 10 &
40.8343 268.2€634 6.517791C 03 8.50C498 -0.000127 0.000021 S.3431486936T774426D C3 1.0D0 CC 1.90 OO0 1.eD0 €2 15 13
40.8343 258.2634 6.6177900 33 0.0CCCs45 -0.000011 0.000002 S.36314869347687000 03 1.C0 CC 1.90 G0 1.6D G2 17 17

AMP= 0.15258789C-C4 IFATIL= 17

sss FINAL TRANSFER CONDITI{ONS eo» CENYER IS EARTH UNIY SYSTER,, MILES, F1/7SEC
Y mAGNITUCE

1IvdS

L)
»
.

$-69 dS

IMPULSE X COMPONENY COMPONENTY I COUMPONENT
FIRMT VECTOR 0.235317208C60 C5 -C.36637230694D 0% -0.138312126280 04 0.3565C91CS580 04
SECOND VECTOR 0.34140070420D C5 0.271343814640 05 0.128415680500 04 0.1778G576377D0 04
T3vAL 0.53421408¢£S250 04
INITVIAL ORBIY FINAL CREIY TRANSFER CRBIT
' 4 0.5C000000000D 04 0.6C0000000C0D 04 0.661TT92471T0 04
— € 0.2€C00CC000CD CC 0.200c06cCcccon oc 0.200028036550 CC
w 1 (DEG!} 0.5CCCCC00000D O} 0.0 0.334565611000 C1
(8] R A NOCE (CEGY c.C 0.0 -0,617366055660 02
' ARG PER (TEG) -0.90€30C000C00 C2 0.30000CCGO0COD 02 0.612275188370 02
A G.520€3333333D C« C.5625000C00000 04 0.6893&122775D C4&
PER1IOD 0.7635986370729 04 €.10039049504D 05 0.116290128500 05
TRAN PT RAL €.57522492083D C4 0.60365E875694D 04
PHI-1, PFI-2, P 0.4CE343237C6D C2 0.2982633%4430 03 0.661T7T79047170 04

RANK OF CPTINUR =

Figure 37.
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ADAPT IVE STEEP BESTENT OPTINIZATION OF TwO-1MPULSE TRANSFER

§ OINGINS

v PHIL PHI2 P BI/OPL D1/DF2 B1/0P ———— [V SE——— — GAINS————  1TRO
| 76, 3894 190.5736 6.6617S4D 03 48.742046 43.S18548  G.004733 4.G{52575T941161200 §3 1.C0 €C 1.08 66 1.60 C2 9 ©
| 76.43647 1E7.6E77 6.6605S50 63 -1.327532  C.224654 2.078127 ©.96424508549719900 03 1.C8 CC 1.28 0 1.60 & s 3
’ 73.8834 1€7.5637 €.6446S70 3  2.217672  0.39680% o 118189 4.90266022873325360 §3 1.66 CC 1.40 0 2.30 €2 1e 7
1 73.8187 167.55T8 6.6445270 03  0.005476  C.0G02847 0009666 &.90265126241724600 03 1.00 ©C 1.90 00 2.76 ¢z 13 10
3 73.8153 1£7.5565 6.6448560 €3 -0.005887  0.001034 0.001067 4.90265122617885260 C3 1.0 GC 1.60 08 3.10 &2 20 14
i 73,8152 167.5568 £.66485C0 63  0.GOCT96  C.00011S 000006 &.90265122385372660 03 1.C0 CC 1.90 60 1.9 & 2% e

0.000003  0.000033 .902651223852359GD 03 1.6B o0 1.90 09 1.90 62 27 19

73.8152 187.5568 6.6648560 C3 -0.000015
’ awp= G.152587890-Cé TFAlL= 19

s UMIY SYSTER, .. MILES, ¥ Y/ SEC

NOUSE AT

-

TCTAL

INITIAL ORBIT

FIKAL GRBTT

TRANSFER OREIY

! sses FINAL TRANSFER CONO1TIONS ess CENTER IS EMRTH
IMPULSE X CORPUMENT ¥ COMPONENY 1 COmPCNENT NAGN I TUGE
FIASY VECIOR ~0.268284320280 G& €.951073680300 03 0.353eT6794390 O3 0.28682%021330 G4
SECOND VECTCR -0.552402494030 C3 0.7048386567310 C3 9.1653124569870 G4 0.2034393C1C60 04
0.4902¢5122%¢0 04

ERRIIEAY

VIV

' ]
; ’ 0.50C000000000 04  C.6C000000006D 04 0.684684985640 04
i ; € 0. 2CCCOC000CCD ¢C  C.200000G00GOH 00  O. 104330516440 GO
1 o 1 (DEG) 0.5CC0003G0000 C1  C.C 0.5245245850 01
| R A MODE (CEGi G.0 8.0 0.755673689328 01
! ARG PER (LEG) -Q.$CCOCC00000D G2  C.300006000005 02 0.212397268780 02
A -.520833333330 €4 0.62500C000000 04 0.6TLTST403E9C 04
PERICD 5.76269€370720 C&  C.100390495040 05 0.111874228170 05
TRME PT RAC 0.£i8868186930 04  0.7360623700% 04

0.732151796520 02 0.18755679689D 03 0.664084985440 04

PHEI-1, PrI-2, P
RANK OF CPTIMNUR = 1

¥-69 AS

Figure 38.
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SPACE DIVISION ar NOR T AMERICAN ROCKWELL CORPORAT O

000 FINAL TRANSFEIR CONDITIONA o000 CENTER 10 CARTH , UNIT BYaTENm,, . WILES, PY/OEC
InPuL ot 1 CONPONENTY Y CONPONENT 3 CONPONENTY LI LIRL
FIROY VvVECTOR «0,142400037900 O4 0,r¢070770037D0 02 ~-0,136500370550 04 0.197449200400 04
SECOND VvECTOR ~0,27513527198D O4 0.,104003624700 04 =0,191333600030 04 0,367973030370 04
TovaL 0.569419120070 04
INJTIAL OXO1Y FiNaL ORDYY TRANSFER ORI T
4 0,300000000000 04 0, 000000000000 O4 0,4502035744900 04
t ¢,200000000000 00 0,200000000009 00 0,1043242090010 OO
1 Le) 0,%00000000000 Of 0,0 0.302730123380 01
R A nOBE (OC6) ! 0.0 0.0 0,377403101010 O2
ARG PER (DC6) -0,900000000000 02 0,300000000000 02 ~-0,342400049310 0)
A 0,920033333330 04 0,6235000000000 Os 0,40435901004D 04
PER 0D 0,763606370720 04 0,100390495040 0§ 0.042014743410 04
™MAN PY RAD 0.432000009370 O¢ 0,900760430660 04

Pui=-3, Pui-? 0,300203441330 03 0,377403101010 O2 0,4392835744590 04
RANR OF OPTIMuUN B 4

HO0E

Y v
Yo, e’

e J..........m.l-.-.T.u-""""

Figure 39.
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SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

000 FlNAL TRANGFER CONDLITIONG so0 CENTER 10 CARTN , UNIT OYOTEN,, . NILES, FT. . ~
1ntuL ot X CONPONENTY Y CONPONENT 2 CONPONENTY MaGNE TUOL
FineY vEcrom «“0,030005750000 04  0,451530096310 05  O0,204123313400 04 0,2416002220330 04
SLCOND VECTOR ~0,410070200490 03  O,50287004394D0 03  O,720240032000 02 0,2074935086150 O¢
107AL D,539376114400 04
INJYIAL ORBLY FINAL ORDIY TRANSFER ORBIY
4 0,500000000000 O¢ ©O,60000000000D0 O¢ O,401300236240 04
t 0,200000000000 00  0,200000000000 00 O,160104465510 00
1 Ee) 0,500000000000 01 0.0 0,196890320010 00
R A NGOL (DLG) 0,0 0.0 0,7344085275200 02
ARG PER (DLC) -0,90000000000p O2 0,300000000000 02 =-0,1333897235200 03
A 0.32003333333D 04 0,625000000000 04 0,474601632230 04
PERI 0O 0.763696370720 04  0,100390483040 03  0,06430330239D 04
TRAN PY RAD 0,3503040203040 04  0,52414437028D0 04
Pui=1, Pui-~2, P 0.177011300070 O3  0,730463275200 O2 0,461380236280 04

RANR OF OPYINUM = 3

HODE

Figure 40.




SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

068 FINAL TRANSFEZR CONDITIONS ooo CENTER 10 CARTN , UNIT OYBTEN,, . .NILES, PT/0EC
1nruL et R CONPONENY Y CONPONENT 2 CONPONENTY MAGNI TVOEL
FiROY vECcYOR 0.233317000060 O3 ~0,36637235008040 03 <~0,.130312126290 04 0,3365090109300 O4
olCcOoNg vICTOR 0,34140070420D0 03 O, 271343014640 03  0,12041500030D O4 0,177805763770 O«
TOvAL 0,934314009330 04
INIYIAL ORBIY FINAL ORBIY TRANSFER ORBIY
’ 0,350000000000D0 O¢ 0O, 600000000000 O4 O,66177904717D O4
t 0,200000000000 00 0, 200000000000 00 ©O,20002003633D0 0O
1 ore) 0,300000000000 O3 0.0 0,334565611000 01
R A NODE (D(6) 0.0 0,0 -0,617366039¢6D0 02
ARG PER (DK6) -0,900000000000 02 ©, 300000000000 02 0,612273108370 O2
A 0,3520033333330 0¢ 0,6235000000000 D4 0,689036122775D 04
LR 00 0,763696837072D 0¢ 0,10039049304D 05  0,1162001208300 08
TRAN PY RAD 0.3575224020030 O¢ O,6030587369040 04
Pui~-1, Pui-2, P 0,40034323706D O2  O,x08203394430 03 O,68177804717D O4
RANR OF OPTINUM 3 2 I
V'. )
L * (4 U
- 1
F
¥ T
. 1
; - - NODE
: y .
. ' 1
A . '
. 1 b

""---J.-l""""...

Figure 41.
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SPACE DIVISION o NORTH AMERICAN ROCRKWELL CORPORN FTON

(L1Y

riaeY vecvem
sgcong vECTYOR
0%

¢

(]

a A N0BE (OL6)
ane PEa (OL6)

[ )

a0

™maN PT AAD
Pui-t, Pui-t, P

AANR OF OPTINUN &

000 FINAL TRANGPER CONDTIONG oo

§ CONPONENY vy CONPONENY
-0,000004380800 04  0.991073480300 03
«0.993400404030 03  0,T704830867310 03

INITIAL OROIY FiNaL ORBIY

0,$00000000000 O¢ O, 600000000000 04

0,2000000000.0 00  ©,200000000000 0o

0,900000000000 01 0.0

0.0 0.0
-0,900000000000 02  0,300000000000 o2

0.920033333330 O¢  0,425000000000 O4

0,763090370780 04 0,.100390493040 03

0.610660100030 04 0, 736062370000 04

0,730151 708520 02 O,107536796890 03

‘3
"1
N\
\

CEnTER 10
2 COnNPONENY
0,3834760704300
0.169312400070

TRANGFER ORDIY

0,004404000440 0

0,104330931 0440
0,324524503740
0,755679000320
0,212307200700
0.873707403080
o.111074220170

0,064404003%440

CARTH

03
O¢

00
01
0
oe
O¢
03

, UNEY OYBTEN.. . WILEE, PY/OLC

nAGNE TUDL

0.200000081330 04
0.203439301060 04
0,4902051 22390 D¢

rY




ADAPYIVE STEEP DESCENT OPTIMIZAYION OF TWO-IMPULSE VRANSFER

PHIL PHI2 P DI/0P1 c1/0P2 pL/oP - INPUL SE——— GAIXS —_  11M0
70.0000 18C.CCOC 6.6030450 03 -64.661030-110.320751 0.003941 4.9575194417500540D0 63 1.00 €~ 1.00 00 1.00 62 0 0
71.8537 167.8272 6.603129D 03 -3.655584 16.983793 -5.435149 4.91447009111938900 03 1.00 CC 1.20 00 1.20 62 5 O
72.5993 106.9274 6.6153560 €3  2.031992 -2.697901 -3.737616 4.90818570755662000 03 1.CD 0C *.20 CC 2.70 02 10 2
73.44633 1€7.36876 6.6431460 03 -8.876129 -2.202308 0.187799 4.9028:892502034200 03 1.00 OC i .40 00 3.70 €2 15 7
73.6710 187.5104 6.643601D0 03 -2.698855 -0.458387 -0.039309 €.90267421255904600 03 1.C0 TC .40 00 .30 C2 20 7
73.7972 1€7.5490 6.6447230 03 -0.372094 -0.094194 0.000661 &.9026515907322560D 03 1.00 GG 1.4D 00 3.70 02 25 12
73.8141 1E7.5556 6.6447S50 03 0.038082 -0.010383 -0.008548 4.90265124585072600 03 1.C0 CC 1.60 00 5.10 02 30 12
73.8148 167.5568 €.6468410 03 -0.008350 0.0.3165 0.000031 4.90265122400850300 03 1.CC OC 2.30 00 3.70 C2 35 17
73.8151 187.5568 6.64484S0 03 -0.000334 —-C.000024 -0.000020 4.90265122385260600 03 1.00 00 1.90 00 3.10 62 &0 21
73.8152 187.5568 6.644849D 03 0.000074 -C.000008 -0.000033 4.90265122385230100 03 1.CC 00 1.90 CC 3.1D C2 41 21

ANP=  0.152587890-C4 IFAIL= 21

s%® FINAL TRANSFER CONDITIONS s»s

ITMPULSE

X COMPONENT

Y CCMPGNENT

- CENTER IS EARTH
1 COMPGNENT

GN ITUDE

" UNIT SYSTEM...MILES, FI/SELC

WdS

rlr
D

1o NOISTAIC

FIRSY VECTCR -0.26828421254D 04 0.95107456929D 03 0.353476692410 03 0.286825749150 04

! SECOND VECTOR -0.9534C475006D 03 0.70483569258D 03 0.165312465880 06  0.20242537324D 04
— TOVAL 0.490265122390 04
» INITIAL ORBIY FINAL CRBIT TRANSFER OREIT
= P 0.5CC000000C0D C&  C.60000000000D 04 0.66448493661D 04
' 2 0.2€€00C000CCD 00  0.200000000C0D 00  0.104330532960 00
I (DEG) 0.5€CCCCC0000D C1 0.0 0.52452458751C 01
R A NOCE (CEG) 0.0 0.0 0.755679123860 O1
ARG PER (DEG) -0.9€C00C00000D G2  6.3000CCCC000D 02  0.21239662287D 02
A 0.52C833333330 04« 0.6250CC000COD 04 0.67179735686D 04
PERIOD 0.762696370720 C4  C.10039049504D 05  0.11187£216420 0S
TRAN PT RAD 0.61886617359D C4  C.73606236329D 04
-n PHI-1, PHI-2, P 0.728151617510 02 0.18755679124D 03  0.664486336610 04
J ELAPSEC EXECUTION TIME = 19.233
»
o
]
[N
Figure 43.
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INITIAL CCNCITIONS FOR QUASILINEARIZATION FRCP IFPLLSIVE TRANSFER

MIN. NO. OF STEPS 6.00D 00 6.000 00 6.000 00 6.00D 00 6.€0D 00
NN N0 OS1ZE ALLOWED  2.0C0000D GO 2.€000C0D-O1  2.0000000 09 2.0000C0D-C1  2.000000D OO
THE NUMBER OF STEPS IN THE FIVE INTERVALS IS 6 1n T0 6 ¢
THUS KSUE = 1 1 18 88 9% 100
AND TSUS = 0.0 2.6514C20 02  4.6478050 02  3.9439910 03  4.0609270 03 4.3260670 0°
AND MASS = 1.0000C0D C3  1.0000000 03  8.003597D 02  8.0035970 02 6.8342220 02  6.8342320 02
' ¥HE PERICEE TIMES ARE (1, 2, TRANSFER) -2.952227D 03 -1.087233C 02 -—7.861356C C2 SECONDS
-
N ses FINAL VTRANSFER CONDITICNS so¢ CENTER IS EARTH o UNIT SYSTEW...MILESs F1/SEC
) C= 2.439392D 00 MASS RATE/INITIAL MASS = 1.€C00COD-03 PER SEC
. FUEL SPECIFIC IMPULSE = 4.C000C0D 02 SEC THRUST TO WEIGHT AT SVART =  4.CC00CCD-O1
BURN INCREMENT CVER IMPULSIVE =  0.C PERCENT  FINAL TIME PERTUREATIUN = 1.0C0O0CO0-01 SEC
DURATION OF FIRST COAST ARC = 3.€00000D 00 SEC wes = 1
KONTAYU = 3 MAXSTP = 100
n
O
o
Y Figure 44.
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oo M ARRTRETS R WEREAT T e B U

VTHE PRIMER COMPUTATION

INPULSE CATA CN TRANSFER ORBIT

IMPULSE COMPONENTS RADIUS TRUE ANOMALY HEADING
RADIAL CIRCUN. BINGRRAL
FIRSTY 1.9168357D 02 2.8523367D 3 2.33551170 02 6.18868170 0 T.8624965C-01 3.69093680-02

SECOND 8.5242231D0 02

A2
~-5.7¢47324D CS

PRIMER VECTOR AT THE BURNS
LENGTH

FIRST 2.9S272590 C5
SECOND 2.9527306D0 05

~9., 71771410 w2
82
-T7.1175582D0 CS

LENGTH RATE
2.C0548556D-05
-1.34415930~C5

PRIMER ON INITIAL AND FINAL ARCS

TRUE ANOMALY
INITIAL T1.8€26S65D-01
FINAL 2.7708S060 0C

A2
INITIAL ~3.4F278€10D OS5
F INAL -5.56355670 05

HEADING
2.4381494D-C2
0.0

82
8.4385686D0 C5
-7.18881270 05

1.5708643D 03
A4
1.1712538D 05

DERIVATIVE
1.78525680 02
9.26828350 01

DLAML
2.61527040 01
1.2915042D0 O1

A
-1.1179487D 05
$.56940300 04

Figure 45.

T7.3606236C C3

A6
1.15004920C 08

DLAM2
1.3404538C 04
0.0

AS
9.61400660 07
-2.9452891C 07

1.58760340 C2 -S.15468110-02

[
8.90166310 G4

533927550 os
$S.¢1507730 04

Cl
5.22726970 Co
9.61507610 04
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¥-69 dS

=Pyl -

NUMBERS ANLC
o &y
XLSY R, Tty

VARIABLES AR
3. &, .
PHy RH, X,

XKS2 Ry Py RHy, Y, M,
XKS3 Ry PHe RHy Y, M,

TIME

0.0
44.19
88.38

122.7

176.76

22C€.S5

26%5.14

283.29

301 .44

316.59

337.74
355,89
374.03
392.18
410.23
428.48
446.63
464.78
S14.48
564.19
613.89
663.59
T13.30
763.00
812.70
862.40
912.11
961.81

1011.51

1061.22

1110.92

1160.62

1210.32

126C.03

1309.173

1359.43

1405 .14

1458.84

1508.54

1558.25

1607.95

6.C68172¢
6.CB6074E
6.103074E
¢.119172€
6.134352E
6.148617E
6.161961E
6.167328E
6.172508€
6.177S39¢E

6.182465¢
6.187328¢

6.192168¢
6.19702TE
6.2C1953€
6.206984E
6.212164F
6.217535E
6.232543E
6.247953E
6.263746E
6.279910¢
6.296418¢E
6.313258E
6.330406E
€.347852¢
€.3E5566E
6.383543E
6.4C17T50E
6.420180F
6.438812E
6.457625¢
6.476602E
6.495723E
€.514977¢
6.534336F
€.553793¢
65.573328E
6.592918E
6.€1255S5E
6.632215E

€
.
Yo

L1,
L1,

Ts 8,

M, K, Ll, L2y L&, LS, L6,

Ky L&y L6, L3

Ky, L&, L6, TH,

THETA

1.6785C9E-02
7. 784438E-02
T.8B447SE~-02
7.978678€-02
8.06T7095E-02
8.149773€-02
8.226T64E-02
8.258742€-02
8.291382E-02
8.324617€-02

8.3583776-0Q2
8. 392578E-C2

8.427155E-02
8.462036€-02
8.6497149€-02
8.532411E-02
8.56T756€E-02
8.603120E-02
8.699900€E~-02
8.787T161E-02
8.8649456-02
8.933294E-C2
8.992279&-02
9.0419776-02
9.082472E-02
9.1:3866E-02
9.136277€E-02
9.149832¢-02
9.154665E-02
9.150910E-02
9.138721€-02
9.118255E-02
9.089690E-02
9.0531717€E-02
9.0089C2E-02
B.957046E-02
8.897787E-02
8.831316E-02
8.757818€-02
B.67748SE-02
8.59C519€E-02

Xy L2y LS,

PHI

1.074573€
1.100794€E
1.126869E
1.152808¢E
1. 178617€
1.204308¢
1.229886€¢
1. 260454€
1.251. o6t
1. 2516 %E
1.272904€
1.283968E
1.295155¢€
1.306461E
1.317890€
1.329<38¢
1.341106€
1.352893¢
1.385333E
1.417621€
1. 449752E
1.4B1T724E
1.513534€
1.545178¢
1.576656E
1.607S65E
1.629101E
L. 6TCO64&E
1. 700853k
1.731466E
1. 751903¢€
1. 792162E
1.822244€
1.852147E
1.881871E
1.911418E
1.940786¢
1.969977T€
1.998992¢
2.027830¢E
2.056494E

S, 10, 11, 12, 13, 16

3

L3

RHO

4. 152178€-01
3.949353¢-01
3.745008E-01
3.539253€-01
3.332196€-01
3.123939€-01
2.916578€-01
2.920332E-0)
2.9260846E-01}
2.931840E-01

2.937594E-01
2.943348E-01

2.949103€-01
2.954857€-01
2.960610E-01
2.966365€-01
2.972119€-01
2.977873£-01
3.060606E-01
3.139759€-01
3.215292€-01
3.287171E-01
3.355368€E-01
3.419862€E-01
3.480641E-01
3.537695€-01
3.591023€-C1
3.640630€E-01
3.686525E-01
3.728722€E~01
3.767241E-01
3.8302106E-01
3.833346E-01
3.860993€E-01
3.885083€-01
3.905655€E-01
3.922752€-01
3.9366421E-01
3.9456T708E-01
3.953664E-01
3.957363€-01

Figure 46.

2.6464208€E-05
2.33%0259¢-0%
2.197568€-05
2.0660715e-CS
1.935723E-05
1.80£454E-C5
1.678204E-0¢
1.711366€E-05
1. 744530€-05
17177694E-C%

1.010830€-0S
1.844022E-05

1.877185E-C5
1.910349€-CS
1.943513E-0%
1.9766TTE-08
2.009841E-05
2.043004E-05
1.851334€-05
1.660192€-05
1.469892€-0¢
1.280733E-05
1.C9299TE-05
9.065528E-0¢€
7.228501E-06
5.409242€-06
3.61393€E-0¢&
1.8446035-0¢
1.021035€6-07
~1.608362E-0¢
-3.289742E-C6
-4.978164E-0¢
~6.55286TE-0¢
-8.132758€-06
-9.676874E-0¢
~1.118439€-05
~1.265460€E-05
-1.408692E-05
-1.548089€-C*
-1.683616E-CS
~1.815247€-0S

A §

$.5SCI9CIE-04
S.916925€-04
5S.CE4SI0E-C4
5.2548SCE-Ce
5.8267TT1E-04
$.8C0545€-Cs
S« 176184E-Co
5. 845000€-04
S«915419¢-04
S.985035¢€-04

€.C54634E-04
6.124270€-04

€.1S380SE-Co
6.2€3505€-Co
6.223124E-04
£.402740€-04
€.472359%-04
6.541978E-04

«S116C3IE-04
6.450513€-04
6.448759€~C4
€. 415353604
£.30346TE-CS
€.3%0030E-04¢
6.316134E-06
€.281829€-04
E.24T7165E-04
6.212188E-C4
€.176953E-Cs
6. 1415C0E-04
6.1C5874E-04
6.070123€-04
6.C242808E-04
5.998414E-06
5.5¢253T€E-06
5.5286699E-04
5.8S0937€-0Cs
5.255200€-04
5. 21978604
S.Te4A4B1E-Co
S.749350E-Cs

MASS

1.CC000CE
1. C0000CE
1. CCOCCCE
1. (00000¢
1. C00000E
1. CCO00CE
9. C18500¢
9.637017¢
:.Q’::g’!
g 30134
8.S1105CE
8. T29550€E
8. %48066E
8. 206575¢€
8. 185C83¢E
8.C03591¢E
8.C03591¢
8.C03591¢
8.C03S91E
8.C03S91E
8.C03591¢
8.C03591E
8.C03581E
8.C03591E
8,C03S91E
8.C03591¢€
8.C03591€E
8. C03S591¢
8.C03591E
8.CC3I591¢
8.C03591E
8.C03IS9IE
8.C03591¢€
8.CO3S91E
8.C03591E
8.C03SS1E
8. C03S91E
8.C03591¢€
8.003591¢
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1657.¢5
1707.36
1757.06
1008.1¢
185¢.4¢
1906.17
195% .27
2005.57
2055.2¢
2104.58
2154.¢8
2204.29
2254-.C9
2303.719
2353.49
2403.20
2452.90
2502.¢0
2552.21
2602.01
2651.171
2701.42
2751.12
2800.82
2850.52
2900.23
2948.53
2999.¢3
3049.34
3099.04
3148.74
3192.45
3248.15
3297.85
3341.55
3397.26
3446.56
3496.66
3546.37
3596.07
3645.77
3695.480
3745.18
3794.€8
3844.58
3894.29
3963.5S
3963.48
3982.97

6.651887E
6.6T155SE
6.691199E
6.710805€
£.730363€
6. T49852E
6.769262€
6.788578E
6.807785€
6.826871E
6.845820E
6.864621E
6.883262E
©.90"730€
6.92u012€
6.538102€
6.955980F
6.97364SE
6.991074E
7.0C8270E
7.C25215€
1.041898E
7.058312€
7.074453€
7.09030SE
7.105863E
7.121113€
7.13605SE
7.15068CE
7.164973E
T. 1T8934E
7.192555€
7.205828E
7.218746E
7.231305E
7.243496E
7.255316E
7.266758E
7.277816E
7.288488E
7.298766E
7.308645€
7.318125E
7.227T199E
7.>15863E
7.344113€
7.35194SE
1.355242E
7.358988F

8.497107E-02
8.397442€E-02
8.291721€E-02
8.1801461E-02
€.062853E-02
T7.940173E-92
T7.812166E-02
T.6792069°-Q2
7.541066E-02
7.398349€E-02
T7.251096E-02
T7.599491€E-02
6.943715E-02
6.783938€-02
6.62034 TE-02
6.453103E-02
6.2823716-02
6.138326E-02
5.931120E-02
5.750917€-02
5.567870E~-02
5.382133E-02
5.193854E-02
5.003180£-02
4.810253€-02
4.615213E-02
4.4181S7E-02
4©.219339€-02
4.0187689€-02
3.816614E-02
3.6130C1E-02
3.408052E-02
3.201886E-02
2.994619E-02
2.786367€-02
2.5T77242E-02
2.367351E-02
2.156804E-02
1. 96457046-02
1.734156E-C2
1.522258€-02
1.31C111E-02
1.097811€-02
8.854534E-03
6.731313E-03
4.609369E-03
2.489603E-03
1.727968E-03
1.105309E-03

2.084983E
2.113299¢
2.141444E
2.169420€
2.197227€
2.224869€
2.252346€
2.279661E
2.306815E
2.333812E
2.360653€
2.387340E
2.413877€
2.440264E
2.4665C6E
2.452606E
2.518562€
2.564383E
2.570067E
2.595620€
2.621083€
2.646340E
2.671S13E
2.696565E
2.721498E
2.746318€
2.771026€
2.795625€
2.820117€
2.84450T€
2.868797E
2.892991E
2.917090E
2.941100€
2.965021€
2.988858E
3.012614€
3.036291E
3.059894E
3.083423E
3.106883E
3.130278E
3.1536C8E
3.176879E
3.200093€
3.223252€
2.246361E
3.255383¢€
3.266327€

Figure 46.

3.957800€-01
3.955089€-01
3.949269€-01
3.940400E-01
3.928542€-01
3.913755€6-01
3.696102£-01
3.875665€-01
3.85244TE-01
3.826572€-01
3.798082E-01
3.767043€-01
3.733516E-01
3.697565€-01
3.659254€-01
3.618646E-01
3.575801€-01
3.530784€-01
3.483655€-01
3.434475€-01
3.383305E-G1
3.330203€-51
3.275230€-01
3.218442E-01
3.159899€-01
3.099656E-01
3.037768€6-01
2.974292€-01
2.909281€-01
2.842790€-01
2.774870E-01
2.705574E-01
2.634952€-01
2.563055E-01
2.489932€E-01
2.415632€-01
2.340202€-01
2.263691E-01
2.186143€-01
2.107605E-01
2.028121€-01
1.9477376-01
1.866494€-01
1.786438E-01
1.701608€-01
1.618049E-01
1.533799€-01

—1.942964F-05
~2.066763€-05
-2.100645€E-05
~2.30:616€-03
-2.414694E-05
-2.522900€-05
~2.6272064E-03
—2.T27819€-05
-2.824602E-05
-2.917650F-C5
-3.007030E-05
-3.09277:€-05
-3.174934€E-05
-3.253571€-05
—3.228743€E-CS
-3.400508E-05
~3.46%926E-05
-3.534059€-05
~3.595970E-05
-3.654722€-0%
-3.710379€E-0S
-3.763003E-05
-3.812659€-05
~3.859408E-05
~3.903314E-05
~3.944439E-05
~3.982845€E-05
-4.018509€E-CS
~4.051731€-05
—4.082329€-05
-4.110440E-05
-4.136119€-05
-4.159419€-05%
-4.180393E-05
~%.199090€-05
~4.2155862€E-05
-4.2298%3€-05
~4.242011£-08
~4.2%2078€E-05
~4.260C98€-05
~4,206111€E-05
-4.276195%€-05
~4.272268E-05
~4.272403E-CS
~4.270837€-09
~46.267359€-CS
~4.262081€E-05%

1.7543326-01 -3.551732€-0%
1.974866E-01 -2.84138TE-03
(Continued)

S« 714401E-0s
5.679083€-06
5.645582¢€-04
5.6116C%€E-04
5.ST1T91S€-Co
S.5471TE-04
S.511851€-04
S.479359%-04
5.447378E-04
5.4158006-04
S.3247026-04
5.324C80E-04
5.323954E-04
5.2543366-04
£.2€5238&-04
5.226675€-04
5.2008654€-04
5.1211856-04
5.1542776-04
5.127S3TE-04
S.1C2172€~-04
S.076989€E-04
5.02239S€E-04
5.C28390€6-04
5.3C4983E-04
4.92217SE-04
4.9%599713-04
4.93837156-04
4.917386€-0¢
4.8S7C04€E-0-
4.81T7241E-00
4.8%8086E-04
4.029546E-04
4.8216226-04
4. 2CAILIE-00
4.727615E-04
4, 1711 533E-04
4.756C66E-00
4.741212€-04
4.72657126-0¢
4. T13342€6-04
4, 7CO0324E-04
Q. 607TSENE-00
4.67425 3E-Co
4.664923E-04
4.6%43386-0s
4.644352E-08
4.8C3ITITE-0O8
4.543124¢€-04

8.C03S91E
8.(C3591¢
8.C23591¢
8.C03591¢
8.(03591¢
8. (G3591¢
f.C039591¢
8.CO3591E
8.C03%591¢
8.C03591¢E
3.C03591¢
8.C(03591¢
9.CC3591E

8.C03S91E 02

8.C03591¢€
8.C039591¢
8.(C3591¢
8 (GIS9lE
8.(C3591¢
8.(03591F
8.CGISLE
8.CO3ISOLE
8. (C35%1¢E
8.(03591¢
8.C03591E
8.€03591¢
8.C03S91E
8. (03591t
8,.CC3591¢E
8.CCISNE
8. C03591E
8.C03591E
8.C03591¢
8.C03591E
8.C03591¢E
8.(C3I591¢E
8.C0IS9LE
8.(C3S91E
8.C0359%1¢
8. (C3591€
8.C03591€
8.C03591¢
8.C03591¢E
8.(03591E
8.C03591€
8,C03581E
8.C03591¢
T. 200494 €
T.€13001¢

AT

14
)
1

EONOISTANI

NN OPHINY 1 ON

TN OO

MEIARRI[BIRIIEN)



¥-69 ds

- 9¥1 -

4002.46
4021.95
4041 .44
406C.93
410%.12
4149.31
4193.50
4237.69
4281.88
4326.C7

TINE

0.0
4419
88.38

132.5:
176.76
220.95
265.14
282.29
301.44
315.59
337.74
355.89
374.03
392.18
©10.33
428,48
446.63
464,78
S14.48
564.19
613.89
663.59
713.30
763.00
812.70
862.40
912.11
961.81

1011.51

1061.22

1110.92

1160.62

121£.23

1260.03

1359.72

i359.43

T.363148E
T1.367699€
T.372621E

c3
3
03

T.377887€ C3
1.390191€ €3

1.401852€ (3
T.412867€ 03
T.423234E 03
T7.432953¢ 03
7.442020€ 03

K

—-2.287844E OC
-1.741115€ GC
—1.276411€ (C
-8.880908c-C1
-5.758488E-01
-3.332818¢-C1
-1.581030€-01
~9,.264410E-C2
-4,026943E-02
-1.140833€-0C3

2.457982€-02

3.673064E~-C2

3.514974E-C2

1.9€7526E-02
-9,.854689E-C3
-5.360199€-02
-1.11728S€-C1
-1.843961E-C1
—4.0340618€6-01
-6.987243E~-Cl
-1.C64087€ CC
-1.490027€ CC
-1.972733€ QC
-2.502872E 00
-3.07492CE CC
~3.€79160F CC
~%.311784E CC
-4.962123€ 0O
-5.627702€ CC
-6.298424F CC
-5.968765€ OC
-T.€33983E CC
-8,287731€ GO
-8.924926€ CO
-9.538692€ CC
-1.012788E€ C1

6.214036E-04
2.76031 TE-04
6.89T101E-05
0.0
0.0
0.0
C.0
0.0
0.0
0.0

LAM 1

2.T94487E 02
2.T786533E 02
2. TTT441E 02
2.T6T249E 02
2.755996€ 02
2.7437C8E 02
2.T730420E 02
2.730947E 02
2.T41846E 02
2.760713E 22
2.785139E 02
2.812725€ 02
2.841062E 02
2.867151¢ 02
2.890383F 02
2.906558E 02
2.913867E 02
2.909912E ©2
2.881453E 02
2.850261E 02
2.816448E 02
2.TB80125E 02
2.741408€ 02
2.700410E 02
2.65T249E 02
2.612039€ 02
2.5648STE 02
2.51593 7€ 02
2.465276E 02
i.413020€ 02
2.359282E 02
{304171E C2
2.247794E 02
2.19025S€ €2
2.131651E 02
2.072084E 02

3.273190¢€
3.281971€
3.290666E
3.299273¢
3.318686E

3.338037€
3.357329¢
3.376566E

3.395750¢E
3.414886E

LAN 2

-~G.878644¢€
-9.912226E
-9.938415¢
-9.957336E
~9.96904TE
-9.9735178¢
~9.971309€
~9.972877€
-9,978666€E
-§.987381€E
-9.997728E
-1.0000841€
~1.001814E
~1.03J2562€
-1.002956€
~1.002866E
-1.002163E
-1.000T17E
-5.956227¢
~6.894041E
-$.820851¢
-9.736934¢E
-8.642544C
-9.537991E
-9.4235170¢
—9.299623E
-9. 1656452E
-9.02%422E
-8.873859¢
-8.715133€
-8.548600E
-8.374606E
-8.193S527¢
-8.005717€
-T7.811556€
-7.611381E

Figure 46.

2.1953996-01 -2.131041E-05
2.415933€-01 -1.620694E-08
2.63646TE-O1 -7.103068€-06
2.857001€-01  0.C
2.T117196-01 0.0
2.5658906-01 0.0
2.419551€-01 0.0
2.212137€-01 0.0
2.1254826-01 0.0
1.977819€-01 0.0
LAn & LAn S
-6.181973€ 03 -8.34i690E 07
-2.944023E 03 -4.735402€ 07
2.772844E 02 ~-1.106809€ 07
3.481051E 03  2.540317€ 07
6.666211E 03  6.2C1954E 07
9.831652E 03  9.873974E C1
1.297654E 04  1.355256E 08
1.428829E 04  1.506249E 08
1.563981E 04 1.65T0S3E O¢
1.703045€ 34 1.8CT648E 08
1.845952€ 04  1.9SBO1TE O¢
1.992634€ 04  2.108141E 08
2.143024€ 04  2.258001€ 08
2.297054E 04  2.407SS1E Oe
2.456656E 06  2.556860F 08
2.615T63E 06  2.705820E o€
2.T80307E 04  2.854444E 08
2.948221E 04 3.002714E 08
3.412618E 04  3.408259E OFf
3.8T1214E 04  3.813023E Of
4.323548E 04  4.216840E 08
4.769184E 04 5.619566E 08
5.207695E 04  5.02099SE 08
5.638724E 04 5.421000E O
5.061875E 04 5.819369€ O¢
6.476801E 04 6.215936E 08
6.883194E 04 6.610501E 08
7.280769€ 04  7.002921€ 08
7.669219E 064  7.392922€ 3¢
8.048312E 04  T.78036SE 08
8.417806E 04 8.165038E 08
2.7TTSO0E 0% 8.546706E O
7.12TISTE 06 8.925156E 08
9.4667G6E 04 9.300173E O
9.795906€ 064  9.6T1SSSE OF
1.011465E 05  1.003902€ €9
(Continued)

4. 522350904
4. 419000
4.441202€-04
4.400669€-04
4.306C26E-04

4.372220€-04
4.2%9235€-04
4.347067E-24
4.225707€E-04
4.325148E-06

LAR &

1.8C2713€¢ 09
1.C10851€ 09
1.8175S7€ Cs
1.822961€ 09
1.826936E 09
1.829539¢€ 09
1.830773¢ 09
1.831132€ C9
1.831203€ C9
1.230992¢ o9
1.830506€ 09
1.829753E 09
1.828741€ 09
1.827477€ 09
1.82596TE 09
1.824221€ 0%
1.822244E 09
1.82004¢6E 09
1.213725€ 09
1. 2C&CISE 09
1.7S6S8TE C9
1. 78¢€01E C9
1.774802€ 09
1.7¢£1851c ©9
1.747518E CS
1. 7I1S08E 09
1.715C26E 09
1.656897¢€ 09
1.6T7529E 09
1.65694TE 09
1.635167€ C9
1.6122C2E ¢9
1.588073E 09
1.562797E 09
1.536397€ 09
1.5C8L2E4E C9

¢

7. 418906€
1. 22681 1€
T.029116€
6. €3422iE
.. €34221€

6.034221¢
€.034221F
6.034221€

6.034221¢
6.2834221E

LAR 3

7. ¢TT301LE
1. €TI0
1. €738 TE
T. €¥7394€
1. 61738
T.E17387€
T EVTIVNE
7. CTTINGE
7. ¢17394E
T. 617408
7.677400¢
7. E77400€
7. 677400€
7. ETT400¢
7. ETTA00E
1. €1740CE
7. ETT1400E
T. ETT40CE
T. ETTI9E
T. ETTIVEL
T.ETTINE
T. ¢T1400E
7.€7173817€
T. 6TT400E
7.E1T394E
T. ETTI9E
T. €1738 €
T. €1T394E
T. ETT394E
1. €77394¢
T.ETT394E
7. €17394€
1. ETT3I94E
1.€11381t
7. 1738 %
1. 6173870
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1409.14
1458.84
150¢€.%4
1558.29%
1607.95
1657.¢5
1707.3¢
1757.06
1806.76
1856.46
190¢.17
1955.7
200%5.57
205%.28
2104.58
2154.68
2204.39
2254.C9
2303.19
2353.4%
26403.20
24%52.50
2502.60
2552.31
2602.01
2651.71
2701.42
2751.12
2800.82
28%0.52
2950.23
2949.93
2999.62
3049.34
3099.C4
3148.74
3198.45
3248.%5
3297.85
3347.55
3397.26
3648.96
3496.65

-1.120607€
-1.1€9087€
-1.213338F
~1.2532084E
~1.288582E
-1.319061€
~1.344682E
-1.365389¢
- 1.380933E
-1.391486E
-1.3296953E
-1.397372¢
-1.392896¢F
~1.283619¢
-1.369732E
-1.250388E
~1.328719¢
~1.3062012¢
~-1.271572¢
~1.237435€
~1.200C99¢F
~1.159857¢
~1.1186€3F
~1.071117F
~1.023494E
~3.T41565E
-9.233713¢
~8e T13480E
~8.185627€
-7.£52060E
-7.117920¢
-€.5684162E
~6.053832¢€
-5.532075¢E
-5.018889¢
~&.5180848E
-4,.0338%56¢
-3.566T70E
-3.119876€
-2.695841F
-2.29599%¢
-1.923016¢

2.011647F
1.950431E
1.888530E
1.826023E
1.762994E
1.69952%E
1.635686E
1.571556E
1.50T199E
1.442681€E
1.3708066E
1.313411€
1.248773E
1.184207E
1.119760F
1.055483E
9.91416SE
9.276CATE
8.640866€
8.008989E
T.38CT21E
€.T756451E
6.136418E
5.520929¢&
4.910222€
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SUBROUT INE QASLIN ENTERED...BEGIN NEMN ITERATION SEY

BEGIN A NEW QUASILINEARIZATION ITERAVION
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STQP POINT NO. 1 VIME = 0.26537284D 03
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Figure 48.
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2.52021140800
2.52021199¢0
2.5202113100
2.5202:226 %0
2.52021157¢0
2.520211 M1 20
2.520211700
2.52021000¢0D
2.5202102940
2.520208544D
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3.74846LC C3 2.9648D 05 -3.71550-01 5.76570 01
3.79821D0 03 2.9€520 05 -2.38870-C1 5.70820 01
3.84796D 03 2.9&560 05 -1.33720-01 5.64660 01
3.897700 03 2.9658D 05 -5.57190-02 5.58090 01
3.94745C €3 2.5660D0 05 =5.2474D-03 5.51150 01
3.96696C €2 2.3660D0 05 7.15220-03 5.4832D0 01
3.,98646C C3 2.9€61D 05 1.5470D~-C2 $.45370 01
4.00597TD 03 2.9661D 05 1.98600-02 5.42320 01
4.02548C €3 2.9661D S5 1.92650-02 5.39170 01
4.04498C €3 2.9€61D 05 1.45770-02 5.35910 01
4.06449C €3 Z.9661D 05 5.4436D-03 5.32550 01
4.108720 €3 2.96600 05 -2.97020-02 5.24690 01
4.15295C €3 2.5658D 0S5 -8.3284D-02 5.16650 01
4.19718C C3 2.9&57D 05 -1.51230-01 5.C842D O1
4.241410 C3 2.9€654D OS5 ~-2.30930-01 5.C0040 01
4.285630 (3 2.9650D 05 -3.18150-01 4.91480 O1
4.32986C C3 2.9649D 05 ~4.0929D-01 4.82790 01
H3AR =0.4C294995D 01 VCHAR C.49041524D 04

DOUBLE PRECISION INITIAL CONDITIONS FOR OPTIMUN TRAJECTCRY

6.06817475518781D 03
9.999999995999990 02
1. 788C€5574340C9D 09
-T7.8889£400580CS6D 07

END OF ITERATION NUMBER

1.07457258317139D 00
2.794437130468750D0 02
7.678512433020C2D~02
6.965877133290000 C4

| 3

Figure 49,

-3.22360 01 -4.03600
-3.4504D0 01 -4.03620
-3.6698D0 01 -4.0366D
-3.88180 01 -4.0366D
-4.08630 01 -~4.0%4480
~-4.16410 01 -4.0176D
~%.31320 01 -4.03810
-4.38640 01 -4.07240
~4.4532D0 01 -4.07280
-4.51970 01 -4.0072D0
-4.80380 01 -3.95320
-6.9380D0 0T -3.97720
-5.1915D 01 -3.75820
-5.31170 01 -3.96030
%.152178425013220-01
~1.82223059188779D0 00
2.4642082977%9390-05

1.058602620047550 03

(Continued)

00
00

00
00
00
00
00

00
00
00
00

-7.121203%€300
-T.121212C120
-T7.121221€710
-T7.121223¢450
~-7.102523343D
~T.190155 8860
-T.2703682150
~7.3668126040
-T.4555502C70
-~7.5438358210
-7.6656624010
-T.64208559C0
-7.6505547210
-T7.6488655350
-T7.64922527C0
-~7.6470038620
-T.6452685580

co
co
co
co
co
€0
co
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co
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co
(4]
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co

2.52021320€0
2.5202119280

2.520209860C0
2.5202C951 %
2.52439344 0
2.50467111 20
2.4845037900
2.463965% 00
2.442977T1 0
2.42172386€0
2.3957100100
2.3960584700
2.3954T900(0
2.39585386 0
2.39500914 €D
2.3962755080
2.3957T9%472¢0

5.9509111715155180-04
-3.9109927¢9761330 03
-9.7996927716%187¢10 05
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= LGT -

L :P, DR

ENTER KHISY —— 160 = 2

STOPPING CCNELITIONS
oN OFF

0 2.€5272838D 02 &.651883500 (2
-1 2.61376528D 02 4.61192040D0 02
>.0F POINTS FOUND CFOR LAST IVERATION
2,58E14206D 02 4.S£179076D 02

Switch times to be
used during the
computation of the
next iteration

ON OFF END HEAR VCHAR
3.967451060 03 4.06449007D 03 4.32986251D 03 —Z.C19434760-C1 4.902¢51220 O3
3.969761840 33 4.066830850 03 +.32986291D 03 -4.02945953C 00 4.9C4 152400 03

3.955705990 03 4.07134051C 013

Switch imes
found from
last iteration

Figure 50.
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SECIN A NEM QUASTLINEARIZATION ITERATION

SYORAGE INTERVAL = 42.5%032 1
SYOP POINT NO. 1 VINE = 0.2615419CD 03

THRUST CHANGE-—CETA = C.1000 01
K CELTA TIME KOGV
-0.2188050-08 -0.6702190-06 0.3264¢80-C2

STORAGE IWNVTERVAL = 18.1€£0565 T
STQP POINTY NO. 2 TINE =  0.%£130SC70 03

THRUST CHANGE-——BEVA = 0.0
K RELTA TIRE XDCY
0.24308340~08 0.6908870-C6 0.3529290-02

STORAGE INTERVAL = £5.76129 1e
SYCP POINT NO. 3 TIRE =  0.39445S570 04

THRUST CHANGE-——BETA = €.1000 01
K CELTA TIRE XoOv
-0.1414110-06 -0.1%506440-C3 0.9387140-03

STORAGE INTERVAL = 19.47019 a8
STYQP POINT NO. & TIRE = 0.406162C50 C&

THRUST CHANGE———BETA = C.0
DELTA VINE K0OT

K
-0.1425910-06 -C.1407270-C3 06.1013250-02

STORAGE INTERVAL = 44. 17891 %
STCP POINT HO. S TINE = 0.43264943D0 Cé

Figure 51.

S

4
NULL BURN CONTROL =

13
NULL BSURN CCNTROL =

83
NULL BURN CONTROL =

94
HULL BURN CONTROL =

NtLL 5z=n CONTROL =

0.0

WS
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s
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NURBER CF ORTHOGONAL ; JATIONS = ¢

COMBINAY ICN COEFF
2.360-08 2.200-05~5.400-C] 1.790-04-7.750-01~3.200-04

CONVERGEMCE PARAMETERS—~~~-RHO

5.190-"7 7,840-08 1.510-C7 2.980—11 1.270-04 1.320-05 8.140-07 4.45C-03 1.720 02 4.44L-CO 4.540~11 6.140-02
5.23t 01 3..90-C4

125, '€2 S€C
PROCFESS CONVERGED, ITER.NC.= 4

sss386se4s LASTY ITERATION SET COMPLETE ssevtssene

Figure 51, (Continued)
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ouTPutY

TINE
0.¢
4.35903C
8.71806C
1.30771C
1.T43610
2.179520
2.61542C

- 2.79703C

2.97863C
3.16024C
3.38185C
3.52345C
3.705060
3.88656C
4.06827C
4.249880
4.431480
4.61309C
5.11070C
5.60832C
€.10593C
6.60354C
T.19116C
T.598770
8.09638D
8.59399C
9.09161C
9.58922C
1.00868C
1.05854C
1.108z1C
1.157970
1.20773D
1.25749C
1.30725¢C
1.357010
1.40677C
1.45653C
1.5063CC
1.55806C

Iy =

o1
19|
€2
02
€2
c2
c2
c2
c2
c2
@
Cc2
€2
c2
€2
€2
€2
€2
62
€2
2
2
G2
c2
02
c2
c2
a2
(& ]
c3
02
c3
€3
c3
c3
03
3

c2

2

PRINER NAG
£.9831D G5

2.98530
2.98720
2.9887D
2.99000
2.99100
2.99170
2.99190
2.99210
2.99220
2.9%230
299240
2.9924D
2.9923D
2.99230
£.99210
£.99200
2.99180
2.5911D
2.99010
2.56890
2.5€750
2.5850D
2.S842D
£.9823D
2.58030
2.97830
2.97610
£.973%D
2.$7T17D
2.9¢550
2.9¢&73D
2.96510
2.9€3C0
2.96100
2.55910
2.95720
2.95550
€.9539D
€.9524D

05
0s
95
c5
a5
05
05
05
05
as
c5
e5
05
a5
05
as
05
as
433
0s
05
a5
0S
a5
oS
05
0s
G5
a5
cs
0s
as
05
{451
CS
05
a5
1]
95

SHITCH
-2.10410 GC
-1.56660 J0
-1.1084D0 0O
-7.25820-01
~4.15600-01
-1.T4600-C1

1.15320-0S
5.42610-02
9.83390-02
1. 3203001
1.55110-01
1.67368D-01
1.6858D-C1
1.58480-01
1.3682D0-G1
1.03370-01
5.78450-C2
-1.10650-09
-2.16290-C1
~5.09480-01
~8.72730-C1
-1.29900 00
-1.78130 CC
-2.3123D0 CC
-2.88480 CC
-3.49170 CC
~%.1259D0 CC
~4.TE02D 3C
~5.%£4820 GC
-6.12310 0C
-6.79850 GO
~7.46830 CC
-8.12690 CC
~-8.76880 0O
-9.38890 00
-1.05450 G1
-1.10740 C1
-1.1564D C1
-1.2012D0 C1

STYEER-PS]
-2.6%61C QC
-1.5144C 00
-3.84750-C1

7.43060-01
1.86900 00
2.$9320 00
4.11560 CO
©.58250 00
5.C4830 CC
5.51320 0G
5.57710 OC
6.44000 GO
6.9C18D 00
7.3625D GC
7.82210 oC
8.2805C GO
8.73780 0C
S.15380 00
1.06400 01
1.16840 Ol
1.25250 o1
1.41640 O1

«£4010 01
1.6€350 01
1.78670 01
1.9€96D 01
2.03230 =8
Z.15+82 2%
2.27690 ot
2.35870 o1
2.52010 Ci
2.64120 01
2.76180 Ot
2.88206 Gl
3.00160 C1
3.12060 O1
3.23900 CL
3.35670 01
3.47360 O1
3.58970 01

STEER-N0

9.11860
9.0%7iD
8.996101
B.9%:473
8.87530
8.81540
8.75580
8.73030
8.7043D
8.67T78D
8.65000
8.62170
8.59250
8.5625D
2.53160
8.49990D
8.46720
8.4336D
8.34020
8.24660D
8.15270
8.05850
T.96380
7.85685D
T.77270
T7.67610
T.5TZE2
1.648050
7.3813D
71.28090
T.17930
1.07640
©.97210
6.86620
S, TS5RCD
6.,0490D
6.53750
6.42390
6.3C790
6.1894D

ol
o1
ol
21
ot
ot
o1
ol
01
01
o1
01
01
o1
01
01
o1
o1
0i
o1
ot
o1
c1
o1
o}
o1
Si
01
o1
o1
131
01X
(43
01
(1) §
01
(1} %
01
ol
o1

Figure 52.

HARILTCNTAR
-$.01620-0
-9.01620-03
-$.01940-03
-9.02230-03
7.02450-03
-9.02620-03
-9.02720-03
-9.02720-03
~9.C2240-03
-9.03330-03
-9.04590-C3
-9.05870-03
-9.07220-03
~9.08680-03
-9.102C5-33
-~%.11830-03
-9.13570-03
-9.1544D-03
-9.15440-03
-9.15400-03
-9.15000-03
-9.14800-03
-9.14570-03
~9.14390-03
-9.14200-03
-9.14230-03
-9.14250-03
~9.14340-03
~9.145CD0-03
-9.1474D-03
-9.15040-03
-3.15420-03
-9.15860-03
-9.16370-03
-9.16940-03
-9.1756D-03
-9.18240-03
-9.1396D-03
-9.19720-0)
-9.20520-03

To ERERCY o

-9,18C512C9%¢0
-9.18C912C13C
-9.1809:1759%
-9.18C%115C90
-9.18C91126%0
-9.18C911C19C
~9.0210532050
-8.8583¢185¢€0
-8.686629002C
~B8.511634€CS0
~8.331144C22C
-8.1449071170
-T7.952656£75C
-T7.7541C7€8¢T0
=7.5489%4%300
~T7.336865204C
-7.1175CC22CC
~T.1175¢C2200
-7.1175CC250C
-T711750C3840
-T.1175CC426C
-7.1175CC&T17C
=7.117500%3¢0
-T7.1175CCE0C
-T7.1175CCET7C
-T.1175¢C157D
-T.1175CC 2420
-T.11715CCS330
-7.1175C1C270
-T.1175Ci12¢C
-T7.1175012270
-7.1175C1231C
-T7.1175C1434C
-T.1175C1%542C
~T7.117501€490
-7.1175017565
~T.1175C1€63C
-7.1175C15680
-T.1175C2CT1Y0
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3 -9.18Cs12C9%¢C €
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ca
co

ANGULAR RON.
2.10671958°%0
2.186 715509
2.18671559¢8
2.18671544629
2.10671568¢0
2.18e7T1512 00
2.1867157700
2.214214069
2.242231%920
2.27078%149
22990925480
2.32957202860
2.3598443120
2.3907347M1' D
2.4222612590
2.45445CT0 0
2.4873299% @
2.520927369
2.5209273629
2.5209273580
2.52092735 B
2.5209271340
2.5209273320
2520927320
2.520927309
2.520927299
2.520927128 0
2.52092726¢0
2.52092724%0
252092712320
2.520927121%0
2.520%2719%00
2.520927T1 7180
2.52092715%8
2.52C92713%9
2.52092712¢C0
2.5209271000
2.52092708 09
2.520927C60
2.520927C¢ 0
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1.60582C
1.655580
1.705340
1.755100
1.80486C
1.854630
1.90439C
1.954150
2.00391¢C
_2.05367D
2.103430
2.153190
2.20295C
2.252720
2.302480
2.352240
2.402000
2.451760
2.501520
2.551280
2.60104C
2.650810
2.700570
2.750330
2.80009C
2.849850
2.89961C
2.94937D
2.99914C
3.048900
3.098660
3.148420
3.19818C
3.24794C
3.29770C
3.347460
3.39723¢C
3.44699C
3.4967SC
3.546510
3.59627C
3.64603C
3.69579C

€3

03
€3
c3
3
c3
03
U E]
c3
03
03
3
C3
€3
3
03
c3
03
3
c3
3
c3
G3
c3
3
03
c2
c3
3
c3
c?
03
€3
c3
c?
03
c3
Cc3
c2
c3
a
c3

2.95110
2.5459
2.948%
2.9480D
2.9473D
2.9468D
2.9464D
2.9462D
2.9462D0
2.9463D
2.9466D
2.9471D
2.9476D
2.9484D
2.94920
2.9502D
2.95130
2.95260
2.95390
2.95530
2.9568D0
2.95830
2.95990
2.9616D
Z.9633D
2.565CD
2.9668D
2.5¢850
2.$703D
2.5720D0
2.97370
2.9754D
2.97700
2.9786D
2.58020
2.58160
2.98300
2.5843D
2.5856D
2.58670
2.58770
2.500870
2.909%5D

05
cS
oS
05
0s
65
(+1]
oS
05

oS
05
05
05
a5
0s
oS
05
05
05
05
0s
05
05
05
c5
05
05
a5
05
05
05

05
05
0s
05
05
05
0s
05
s
0s

-1.2418D0 C1
-1.27770 01
-1.308080 C1}
~-1.335C0 C1
~1.35620 01
-1.37230 01
-1.3834D C1
-1.3893D (1
-1.3903D0 01
-1.3853D 0O1
-1.%37750 01
-1.36400 C1
-1-34600 01
-1.32380 01
~1<2974D0 Gl
~1.26720 C1
—~1.23340 01}
-1.19630 Q1
-1.1562D0 01
-1.11330 Ol
-1.0680D0 C1
~1.G2060 01
~9.7141D QO
-9.2072D0 CC
-8.68860 00
-8.1616D0 00
~T7.62930 00
~T.095¢CD CC
-6.56160 0C
~-6.03220 00
-5.5097D0 00
-4.9971D 0C
-4.49690 00
-4.012CD 00
-3.54480 00
-3.097710 CC
-2.67330 0C
-2.2730D 0C
-1.89950 GC
- lo 55‘50 CC
-1.23980 GC
-9,5692D-01
-T.0734D-01

3.70480 01  6.06820 01 -9.21350-03
3.81880 CI  5.94410 O1 -9.22210-03
3.93180 01 5.81700 01 -9.2309%0-03
4.0635D 01  5.6866D 01 -9.23980-03
4.15400 01  5.55260 01 —-9.24860-03
4.26290 01  5.61500 O1 -9.25790-02
£.3704D 01 5.2733D O1 ~9.267¢D-03
4.47610 01 5.12740 01 -9.27610-03
4.58010 01 %.97700 01 -9.28500-03
4.68210 01  %.8219D 01 -9.29390-03
4.76200 01 4.66170 01 -9.30260-03
4.8797C 01 %.4963D0 01 -9.31110-03
4.97500 01  4.3253D OL =-9.31940-03
5.C677C Ol  4.14850 C1 =-9.32750-03
5.15770 01  3.9656D 0X -9.33530-03
S.2647C 01  3.7764D 01 ~9.342€0-03
5.3287C 01  3.5806D OL -9.35010-03
$.4C920 Ol  3.37820 O1 ~-9.35700-03
5.648635 01  3.1688D Ol -9.3636D-03
5.5596C 01  2.95240 01 -9.36990-03
5.62900 01 2.72900 01 -9.37590-03
5.69410 01 2.4985D0 Ol -9.38150-03
5.75490 01 2.2610D O1 -9.38680-03
5.81100 01 2.01670 01 -9.39180-03
5.86230 01 1.76580 01 ~-9.39640-03
5.9385C 01 1.50870 Ol ~-9.6006D-03
5.94950 01 1.24590 01 =-9.40460-03
5.58500 C1  S.77990 00 -9.40820-03
6.01490 0t  7.0555D 00 -9.41150-03
6.0392C 01 4.29620 00 -9.41450-03
6.C5760 01  1.5084D 00 -9.41720-03
6.C7010 01 ~-1.30640 00 -9.41570-03
6.C7660 01 -4.12250 00 ~-9.42180-03
6.C?710 01 -6.9398D 00 -9.4237D-03
6.07180 01 -9.74610 00 -9.42530-03
6.06050 01 ~1.25310 O1 ~-9.42670-03
6.C434D 01 -1.5286D 01 -9.62780-03
6.02060 1 ~-i.80020 O1 ~-9.4287D-03
5.99230 01 -2.0670D 01 -9.6294D-03
5.S5870 01 -2.32840 Ol -9.43000-03
5.91980 01 -2.5637TD O1L -9.43030-03
5.€7600 01 =-2.83250 OL -9.43040-03
5.82740 01 -3.07430 Ol -9.43040-03
Figure 52, (Continued)

-7.117502175C
-7.1115€2215C
~7.1175622730
~7.1175024680
-7.1175€25600
-7.117502€450
-7.1175027340
~7.1175CZ€160
-7.1175C22940
-T7.1175€2<680
-7.117%030390
~7.1175031C50
-7.1175021€680
-7.11750222¢€C
-7.117502 7810
-7.1175C22320
-7.1175022790
-7.1175624220
-7.1175034€10
-7.1175024970
-7.1175025290
-7.1175025560
~7.1175032840
~7.117563¢060
-7.117503€250
-7.117%03€410
-7.117502€55D
~7.117562€¢50
-7.1175C3¢ 130
-7.117503¢€ 78D
-7.117502€81D
-7.1175026820
-7.1175C2€8CD
-7.117503& 16C
-7.1175026 71D
-7.117502€630D

7.117563¢540
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-7.1175C2€16C
-7.117503¢C10
-7.1175C3%eaC
-7.117502¢€70
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2.52092702%
2.520927CCS
2.520926580 0
2.52092456%D
2.520926958
2.52092693 60
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2.74555C
3.79532C
3.845080
3.894840D
3.944600
3.96407C
3.98354C
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4.06195C
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-4.92360-C1  5.776¢20 O1 -3.3C89D 01 -9.43030-03
-3.1318D0-01 5.71670 01 -3.5361D 01 -9.43000-03
-1.70820-01 5.655iD Gl -3.75570 01 -9.42950-03
-6.6171D-02 5.58960 01 =-3.9678D OI -9.42900-03
1.30000-C9 5.52040 Ol ~—4.1724D 01 -9.42830-03
1.54550-02 5.49200 01 =-€.24990 01 —9.4284D-03
2.50730-02 5.46270 01 ~-4.3251D 01 —9.42480-03
2.85810-C2  5.43220 01 -4.39810 01 -9.43070-03
2.5721D-02 5.4008D Ol ~4.4688D Ol -9.43730-03
1.62620-02 5.3683D Gl ~-4.53720 O -9.44500-03
~4.164850-C9  5.3349D 01 -6.60330 01 -9.4538D-03
-6.08110-02 5.25700 01 —&.7476D 01 -9.4538D-03
-1.51850-01 5.1772D 01 ~-4.8866D 01 =-9.45110-03
-2.7024D-C1  5.C9570 01 =-5.0204D 01 -9.44810-03
-4.13130-01 5.0126D 01 -5.1493D 01 ~9.44510-03
-5.77610-01  4.9279C Ol =-5.27350 01 -9.44230-03
-7.6079D-G1  4.84170 O1 =-5.3932D 01 -9.4395D-03
C.49028€S4D 04
Figure 52. (Continued)
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1.556060D
1.605820
1.655580
1.70534D
1.755100D
1.80486D
1.85463D
1.90439D
1.95415D
2.003910
2.053670
2.103430D
2.153190
2.20295D
2.252720
2.302480
2.352240
2.402000D
2.451T6D
2.50152C
2.551280
2.60104D
2.650810D
2.70057D
2.75033C
2.80C09D
2.849850D
2.89961D
2.949370
2.99914D
3.048900
3.098660
3.148420
3.19818D
3.247940
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3.397230
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3.496750
3.546510
3.,596270
3.6456030

6.€6122€3D
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6.788460D
6.807687D
6.826792D0
6.845761D
6.864583D
6.883244D
6.901732D
6.9200360
6.938143D
6.9560420D
6.973723D
6.951174D
7.C0€386D
T.0253470
7.0420490
7.0584820
T.074637D
T.090504D
1.106076D
7.1213430
7.1362990
7.150934D
7.165242D
T.179214D
T.192846D
7.2061280
7.219056D
T.231623D
T7.2438220
71.255648D
7.267096D
7.278160D
7.288836D
T7.2991180

2.02642S0
2.0551290
2.083655D
2.112068D
2.14018S0
2.1682CQ0
2.196042D
2.22371¢€D
2.25123CD
2.278518D
2.305767D
2.3327960D
2.3596700
2.3863300
2.4126580
2.439378D
2.465652D
2.4917820
2.5177710
2.5436210
2.5693310
2+59492CD
2.6203730
2.6456590
2.670S8C1D
2.695982D
2.720945D
2.745793D
2.770529D
2.795156D
2.8196760
2.8440940D
2.868412D
2.8926330
2.91676CD
2.940756D
2.964745D
2.9886090D
3.012391D
3.0360S5D
3.059723D
3.083279D
3.1067650

31.952529C-01
3.956311C-01
3.956863C-01
3.9542400-01
3.9485C10-01
3.939704C-01
3.927910¢c-01
3.9131810-01
3.895572C-01
3.8751650-01
3.8520C3D0-01
3.8261580-01
3.7976920-01
3.766669C-01
3.723153¢C-01
3.6972080-01
3.6588560-01
3.6182820-01
3.5754260-01
3.5303930-01
3.483242C-01
3.4340360-01
3.382835C-01
3.32986990-01
3.2746360-01
3.2178560-01
3.159265C-01
3.,068971C-01
3.027030C-01
2.9734960-01
2.9084260-01
2.8418710-01
2.7713885C0-01
2.7C4520C-01
2.633827C-01
2.5618560-01
2.488657C-01
2.4142800-01
2.338770C-01
2.262177C-01
2.184546C-01
2.1C05924C-01
2.326355C~-01

Figure 53.
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(Continued)
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-1.297421D 01
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3.69579C
3.745550
3.79532D
3.845080
3.89484C
3.94460C
3.956407C
3.983540
4.003010
4.022480
4.04195D
4.061420
4.10560C
4.14978C
4.19396D
4.238140
4.282320
4,326490
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0.0

4.3%903D
8.718060
1.307710
1.743610
2.179528
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2.797030
2.978630
3.160240
3.341850
3.523450
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4.431480
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5.110700
5.600320
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1.8281510
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1.8204500
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2.8567820-01
2.711536C-01
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8.1443460-02
8.2207080~02
8.2513830-02
8.2821430-02
8.3130850-02
8.3443480-02
8.3760120-02
8.4082050-02
B.441045C-02
8.4T46530-02
8.5C91700-02
8.544716C-02
8.5814320-02
8.6790020-02
8.7670510-02
8.8455613D-02
8.9147360-02

Figure 53.

4.7000460-04 8.0C23280
4.6876360-04 6.0023280
4.6758360-04 8.002328D
4.666643C-04 3.002328D
4.5654058C-064 8.0023280
4.644078C-04 8.0023280D
4.608663C-04 7.8076260D
%.5712700-04 7.6129240
4.531840C-04 7.418222D
4,490308C-04 T7.2235210
£.466602C-04 7.028819D
4.40064TC-04 6.826117D
4.3860110-04 6.8361170
©.3722060-04 6.826117C
£.359226C-04 6.826117D
4.3647061C-0% 6.834117p
4.335705C-04 6.8341170
4.325150C-0¢ 6.8341170
X LaM 2
2.464208C-05 -9.8752210
2.332070C-05 =-9.9084120
2.2011564C~05 -9.934421D
2.071406C-05 -9.9533420
1.942772C-05 -9.965269D
1.8151940-05 -9.9702890
1.6886110-05 -9.968489C
1.690488C-05 -9.9767280
1.698089C-05 -9.9840620
1.7115890-05 -9.9904670
1.7311710-05 -9.9959190
1.7570310-05 -1.0000400
1.7893760-05 ~-1.0003870
*.828427C-05 -1.000633D
1.874415C-05 -1.000773D
1.9275900-05 -1.0008060
1.9882130-05 -1.0007290
2.056564C-05 -1.0005410
1.865012C-05 ~9.9552810
1.6735630-05 -9.8938810
1.483732C-05 -9.821449%0
1.294619C-05 -9.738244D
(Continued)
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~-6.57127040
-T.44.3740
-7.8567450
-8.3448790
-2.7857550
-9.21935%
-9.125934D
-9.1444830
-$.CS48C40
-$.366500
-2,96$%120
-8.0542200
-9.2393650
-5.5796440
-9.5151780
-1.€2646C8D
-1.0572440
-1.089438D

LAR S

-8.3571870
-4.8C16120
~1.2241260
2.3714360
5.9212480
9.601487D
1.3228330
1.4739410
1.6262730
1.715604D
1.9261100
2.C763690
2.2263630
2.3760750
2.5254890
2.€745950
2.€233010
2.9718410
3.3778400
2.7830840
a.10730%0
4.5SC5S 70
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=T« (733520-C1
-4, 523613001
-3.131 7176901
-1.1081540-01
-6.¢17CT00-02
1. 259955009
1. %454650-02
2.%0732710-02
2. €580510-C2
2.%720720-02
1.£262130-02
—&. 149404009
-6, (810630-02
~-1.51846C0—-0C1
-2.102434D0-01
~4.1313060-01
~-5. 776146001
-7, €079420-01

Lan 3

T.€123770
7.€123770
T.€¢7123770
1. €¢712370
7. €123770
7. ¢723770
1.€123177C
T.¢723770
T.¢7237TT0
7.€7237710
7.¢723770
T.€723770
T.€723710
T.£1237710
T.€123710
T.8723700
7.¢723710
7. €323770
T.€71237T0
T.¢7237
T.¢723770
T.¢723770
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7.10116D
7.598770

8.09638D
8.59399C
9.091610
9.,589220
1.00868C
1.058440
1.108210D
1.157970
1.207730
1.25749D
1.307250
1.35701D
1.40677D
1.456530
1.50630D
1.55606D
1.60582D
1.65558D
1.70534D
1.75510D
1.804860D
1.85463D
1.90439D
1.95415D
2.00391D

. 2.05367D

2.10343D
2.153190
2.202950
2.252720
2.30248D
2.352240
2.402000
2.451760
2.50152D
2.551280
2.601040
2.650810
2.70057C
2.75033D
2.80009D

£.178043D
$.6098880
6.0338730
6.449651D
6.256898D
7.2553150
7.644622D
8.024564D
8.394306D
8.755437D
9.1059620
9.446310D
$.7763270
1.0095880
1.040484D
1.0703130
1.0990650
1.126733D
1.1533130
1.178800D
1.2031920
1.2264880
1.248687D
1.2697910
1.2898020
1.308723D
1.3265570
1.2433119
1.3589890
1.373599D
1.387146D
1.23996400
1.411088D
1.421499D
1.4308830
1.4392490
1.446607D
1.4529690
1.458344D
1.46274SD
1.466182D
1.468667D
1.4702110

1. 7757050
1. 7627450
1.7484830
1.732933D
l.716113D
1.698039D
1.678726D
1.658192D
1.636454D
1.6135310
1.589440D
1.56415SD
1.5378280
1.51034¢D
1.4817710
1.45212%0
1.4214270
1.389698D
1.3569600
1.323233D
1.2885400
1.2529030
1.216345D
1.1788890
1.1405580
1.101378D
1.0613720
1.0205650
9.7898260
9.3&6509D
8.935960D
8.4984470
8.054241D
7.6036180
7.146858D
6.6842460D
6.216072D
5.7426270
5.2642100
4.7811210
%.2936650D
3.8921500
3.3068510

8.9744820-02
9.0249280-02
9.0661620-02
9.0982880-02
9.1214170--02
9.1356740-02
9.1411920-02
9.1381120-02
9.1265860-02
$.106770C-02
9.078829C-02
9.0429340-02
8.9992590-02
8.9479850-02
8.889294C-02
8.823375C-02
8.7504160-02
8.67C5090-02
8.584147C~02
8.4912250-02
8.392037¢-02
8.286778C-02
8. 1756440-02
8.0588280-02
7.9365230-02
7.808922C-02
1.676215C-02
7.538590C-02
1.3962350-02
7.2453340-02
7.0980680-02
6.9426180-02
6.783151C-02
6.619869C-02
6.4529150-02
6.282467C-02
6.1686890-02
5.931745C-02
5.7517910-02
5.5689860-02
5.383480C-02
5.195624G-02
5.004963C-02

Fijure 53.

1.106908C-C5

9.2086760-06

7.367509C-06

5.547938C-06

3.7521600-06

1.9822100-06

2.399619C-07
-1.472872C-06
-3.154736D0-06
-4.804226C-06
~6.4200895-06
-8.001215C-06
-9.5466330-06
-1.1055510-05
-1.2527130-05
-1.3960900-05
-1.5356360-05
-1.6713140-05
-1.803098C-05
-1.9309710-05
-2.0569260-05
-2.174963C-05
-2.291091C-05
-2.403325C-05
-2.511687C-05
-2.616205C-05
-2.716913C-05
-2.813848C-05
-2.9070530-05
-2.996575C-05
-3.082463C-05
-3.164769C-05
-3.2435500-05
-3.318861C-05
-3.3907640-05
-3.459317C-05
-3.524583C-05
-3.586624C-05
-3.6455040-05
-3.7012860-05
-3.75%0330-05
-3.5038090-05
-3.850677C-05

(Continued)

-9.5406400
-9.4268430
-9.3034710
-9.1708550
-9.0293340
-8.8792560
-8.7209730
-8.554844D
-8.3812310
-8,2004970
-8.0130060
-T7.819123D
-7.6192120
-7.413631D
~7.2C27400
-6.98606910
~-6.766433D
-£.313055D0
-6.080803D
-5.8452760
-5.6067890
-5.3656500
-5.1221590
~4.8766070
-4.6292780
-6.3804450
-4.1303750
-3.ET79322D
-3.6275360
-3.3752560
-3.1227T110
-2.8701230
-2.6177050
-2.3656610
~2.1141690
-1.8634750
~-1.613700D0
-1.365036D
-1.1176490
-8.716948D
-6 .2732440

4.552539%
$.3933420
5.7191929%:
6.189C180
6.5041240
6.5770550
13676150
7.755603%
8.1400110
8.523C29%
8.9C20410
9.27176260
9.6495500
1.0017610
1.0201540
1.0741120
1.1(96100
1.144€250
1.1791310
1.2131030
1.2465170
1.2793470
1.3115670
1.3431530
1.374C700
1.4063100
1.4338470
1.4€2€400
1.4906710
1.5175160
1.5443490

«$€95420
1.59%4€270
1.£6185430
1.6414930
1.€£35130
1.6€4583D
1.7C46700
1.7237800
1.7410660
1.7589170
1. 7749140
1.7€98370

7. €723770
7.€712377D
1.€32370
1, €1237T0

7.€912370

1. €123770
1. €123770
7. €12370
7.€1231®
7.€123770
7.€123770
1. €123770
1. €123770
1. €123710
1.€12310
7.€123710
1.€123170
1.€723710
1.€123770
1.€123170
7.€1231®
1.€723770
1.€7237110
7.€123710
1. €123T70
1. 6123710
7. €1237710
1. €3123770
T.€12370
7.€1237710
7.€1237710
T.€123710
1. €123770
1.€123770
1. €123770
1. €123770
1.€12370
7.€72371
7.€123770
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1.€723710
7.€12370
1.€123710
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2.842850
2.8%-351D
2949370
2.99914D
3,04850D
3.098660
3.14842D
3.198180
3.264794C
3.297700
3.347460
3.397230
3.44699D
3.496750
3.546510
3.596270
3.64603C
3.69579C
3.745550D
3. 95320
3.845080
3.894840
3.94460D
3.964070
3.98354D
4.00301D
4.022480
4.04195C
4.061420D
4.105600
4.149780
4.19396D
4.238140
4.28232C
4+326490

1.470828D
1.4705270

1.4693230
1.467227D0
1.4642510D
1.4606408D
1.45571CD
1.450169D
1.44379680
1.4366100
1.4286150D
1.4198280
1.4102600
1.399923D
1.388829D
1.376991D
13644200
1.351128D
1.337128D
1.32224310
1.307048D
1.290992D0
1.274273D
1.267748D
1.2615220
1.255608D
1.2500200
1.24647720
1.2398800
1.2289780
1.217652D0
1.205906D
1.1937¢7D
1.1811820
1.1682160

CcS
05
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(13
s
cs
cs
05
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a5
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c5
Cc5
1%
¢5
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Ccs
Ccs
(4]
05
s
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05
C5
S
(8]
cs
cs
(5]
Cc5
cS
c5
cs
cs

2.8082020D

2.3064040

1.8018190

1.294774D

T.8559780

2.746228D
-2.37815%0
-7.5138C4D
-1.2657310
-1.780524D
~2.295416D
-2.8100610D
-3.324108D
-3.8372100
-4.3490130
-4.8591670
-5.3673i6D
-5.873137D
~6.376185D
~6.876195D
-T.3727€CD
-7.8655850
-B+354255D
~B8.544257D
-8.73355SD
—B8.9221480D
~9.1100120D
-9.297138D
-9.483513D
-9.9035410
-1.031%3%0
-1.073004D
-1.113763D
-1.153654D
-1.193634D

0s

4.812241C-02
4.56173980-02
4.420571C-02
4.2218640-02
4.,0214S8C-C2
3.819511C-02
3.616058C-02
3.411263C-02
3.20524-0-02
2.9981180-02
2.790001C-02
2.5810050-02
2.3712390-02
2.160811€C-02
1.949825C-02
1.738385C-02
1.5265%30-02
1.3145460-02
1.102342C-02
8.9007620-03
6.778424D-03
4.557326C-03
2.538370C-03
1.775041C-03
1.1439950-03
6.4805490-04
2.900715C-04
7.2038200-05
-9.2091500-13
-1.064944C-12
6.5662100-13
9.3611520-13
-3.124589C~-13
—-1.368478C-12
4.804258C~13

-3.08947000-05
-3.9359300-05
-3,97T44530-05
-4%.0103060-05
—%.0435550-05
—4.074258C-05
~%.102471C-05
-4.1282500-05
-4.151649C-05
-4.172718C-05
-4.191510C-05
-4.208073C-05
-4.2224550-05
-4.2347010-05
-4.2448550-05
-4£.2529590-05
-4.2590550-05
-4.2631800-05
-4.2653720-05
~4.2656660~05
-46.2640960-05
-%,2606930-05
-4 .255487C-05
-3.583171C-05
-2.8965960-05
~2.1954090-05
~1.64792180-05
-7.4758000-06
2.029508C-15
-7.506428C-17
2.8182310-16

1.1591840-15
5.255724C-16

1.4804170-17
-3.0739340-15

OOUBLE PRECISION INITIAL CONDIVIONS FCR CPTIPUN TRAJECTCRY

6.0601747551€781D 03
9. 9999999999999%0 02
1.80252997C12129D 09
~8.3571€7231331€3D 07

~

END OF ITERATVICN NUMBER

1.0745725€¢317135D 0OC
2. T944873046875C0 02
T.67851243302CC2D0-02
T.67T237£521144420 04

Figure 53.

4.152178425013220-01
-2.1040957879031 7 00
2.46420829779939D-05
1.067906414713780 02

-3.2468090 C4 1.8C36700
-1.4390070 04 1.81639%4D
9.4885950 03 1.2279930
3.3155550 04 1.8304530
5.6599020 04 1.2477570
71.96807830 04 1.8550520
1.0277140 03 1.0628450
1.2547950 €5 1.0688C4D
1.479227T0 0% 1.873157T0
1.7€09200 0S 1.8764950
1.5197860 CS 1.8:96C00
2.1357460 0% 1.879486D
2.3487210 05 1.8791240
2.5586390 0% 1.8775140
2.765431D 05 1.8766520
2.9690330 05 1.8705320
3.1693820 05 1.8€51510
3.3¢64210 05 1.8585060
3.560095D 05 1.8505900
3.7503530 0% 1.8414240
3.9371450 05 1.8209870
4.1204260 05 1.8192870
4.300153D 05 1.8C¢3200
4.369465D0 05 1.8C0S150
§.4382950 05 1.7553080D
4.5066540 05 1.7895060
4.5745530 (S 1.7835CT0
4.6419580 05 1.77173090
4.7C89540 05 1.7709110
4.8593550 05 1.722£490
5.0074070 05 1.7393620
5.1531410 05 1.722064D
5.2965470 0S5 1L.7C37680
5.4376140 05 1.6844800
5.576333D 0§ 1.6€4239
5.950911115155180-C4
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~-6.16794911C553160 C3
-9.87522141105464D 05

ce

09
o9
c9
09
09
cS

o9
o9

s
09
c9
a9

a9
c9
cs
o9
as
s

Q9
os
ce
(4] ]
03
a9
c9

o9
09
09

7.€¢323710
1.€72377
7.€1237710
71.€71237
7.€7237T
1. €7237T0
7. €123710
7.€123770
7.€123770
7.€1237T0
7.€723770
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ENTER KMISY -~ [GO =

STOPPING CCSSITIONS

AL WNe=O

2.£53728280
2.613765230
2.555440C1D
2.5%€018180
2.5%S€E0T9700
2.558078¢7D

02
02
c2
02
02
02

NEW QASLIN ITERATION
2.555801C6D 02

8
9
10
11
12
13

NEW QASLIN ITERATION SE

15
16
17
18
svoP

2.615782¢10
2.€17463580
2.€17155986D
2.61715649¢<6D
2.61755C¢9D
2.6171550690

2.6178C918D
2.61538248D
2.€15418850
2.£15418¢590
POINTS FOUND
2.815419CCOD

02
02
02
02
02
02

02
02
02
02

FOR

c2

OFF
4.£5182350D
4.61192049D
4.551938850
4.552767930
4.5$2833500
4,55$283275D

SEY — FINAL
4.5€88C6430
4.£1283108D
&4.€1557833D
4.61560722D
4. €1555677D
4.€1559718D
4.€1555718D

T —-— FINAL
4.616C52990 0
4.61305874D
4.€613C9102D0
4.€13CSCT50

02
02
02
02
0?
02

ON
3.9+745106D
3.949751840D
3.950962230
3.95146896D
3.951545670
2.951549260

TIME CHANGET.

-2
[¢P4
02
02
02
02
02

3.948085120
3.945744340
3.944573950
3.943394620
3.943717100
3.943722130
3.943722C8D

TIIE CHANGEC.

02
02
02

LASY ITERATION

& .€1203072D

02

3.94411154D
3.944612290
3.544555510D
3.944555720

3.94455S7 3D

03
a3
c3
03
03
03

03
03
03
03
03
03
03

03
03
03
03

c3

OFF
4.,064490070
4.06683085D
4.C68001240
4.068879760
4.C68671910
4.068668550

4.C6510174D
4.052750960
4.061390570
4.060676100
4.060505260
4,060505820
4.060505860

4.060906850
4.0614625290
4.06142105D
4.061420870

4.061420830

03
03
03
03
03
c3

03
03
03
03
03
G3
03

03

03
03

03

Figure 54.

END
4.329862510
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%.329862910
4.329862510
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4.326067120
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4.326067120
4.32606712C
€.326G67120
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4.326494340
4.326494340

03
03
03
03
03
03

03
03
03
03
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03
c3
03
03

HBAR.
-2.C19424760-C1
~4.€294$9530 CO
-3.5$735€C180 CC
-3.567243820 CC
-2,56€23%120 CC
-2,9€615C510 CO

-3.5¢€150750 C€C
4.368022230-01
5.C15241970-C1
$.C214252C0-C1
5.€34218990-01
5.£3CC0CS530-C1
5.02C€C23320-01

€.020C22320~C1
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-9,.2C4491630-C3
-§.273718730—<C3

VCHAR
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4,904 152400
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4.902€71200
4.9032173%
4.902¢£68550
4.9C2€6947C

03
o3
o3
03
03
c3

c3
03
c3
c3
03

o3
c3
03
03
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SOLUTION CHECK BY INVEGRATION OF INITVIAL ggno

STOP POINT NO. 1 TINE = 0.2615419C0
THRUST CEANGE---BETA = C.1000 01

STOP POINT NO. 2 TIRE = C.461305C7D0 03
THRUST CHANGE---BETA = C.C

STGP POIKY NC. 3 TVINE = 0.39445SS7D 04
THRUST CHAMGE-——BEVA = C.10CD 01

STOP POINY NO. 4 TIME = 0.406142CSD Co
THRUST CHANGE-—BETA = G.0

STOP POINY NC. S TIKRE = 0.43264543D 04

CONVERGEKRCE PARANEVERS-——RHO

TVICAS
NULL BURN CONTROL

NULL BURN CCNTROL
NLLL BURK CCATROL
NLLL BURN CCATROL

NULL BURN CCATROL

1.57D-04 2.24C-08 1.00D0-C7 1.900-11 2.620-06 4.220-05 5.53D-05

1.330 02

Figure 55.
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SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

Since the data parameters indicated that further investigation of the suspected
minima was desired, the program generated four detailed contour maps
(Figures 31-34), The program then automatically conducted a steep descent
search for a local minimum within each suspected optimum region. The
results of vhe searches are tabulated in Figures 35-38,

The printout for the steep-descent optimization is rather straight-
forward. It includes the three independent variables (@), @2, p¢), their
partial derivatives and the impulse required, The "GAINS" are the current
values of the sj, '"AMP" is the final value of o, and "IFAIL" is the number
of times F.quation 50 of Ref, 11 is not satisfied, The last two columns of
each iteration's printout contain the iteration number and the current value
of IFAIL,

Figures 39-42 give the initial, final, and transfer orbits associated
with each local minimum. The descent path followed by the program is
noted by a sequence of characters plotted near the center of each of the
previously noted local area contour maps, Note that in these cases the
search initiation point was quite near the search termination point., The
four transfer orbits corresponding to the four locally minimum transfers
between the initial and final orbits are quite intere’sting to examine. Note
that two of these transfers are internal—that is, they tend to be inside both
the initial and final orbits—-and that two of the transfer orbits are external,

Note also that the transfer angle for two of the cases is greater than 180°,
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At this point in the computations the programmer has the option (by
using IUSE on card 20) of utilizing the two-impulse transfer circumstances
from the optimuin with least impulse. By specifying zero value of IUSE he
can direct the program to perform an additional steep descent using the
initial values given on card 03, Either of these procedures will yield an
optimum two-impulse transfer that will serve as the basis for further
computations. Note that the latter procedure was used here and that an
additional steep descent resulted (Figure 43).

Control is then transferred to subroutine XFIRST which produces the
output concerning the vehicle specification, storage table specification,
primer vector computations, and complete time histories of the state
variables and Lagrange multipliers. This output is shown in Figures 44
through 46, The program next enters subroutine QUTPUT, as it does many
times during the computations, and produces a listing of the time histories
of the primer vector, switching function, steering angles, Hamiltonian,
energy and angular momentum (Figure 47). These particular parameters
are especially useful for watching the iteration-by-iteration progress of the
quasilinearization solution procedure, The program next enters subroutine
KHIST and completes initial computations, At this point subroutine QASLN
is entered for the first time., Each iteration of quasilinearization produces
a sequence of output similar to that shown in Figures 48, 49, and 50. The
output of Figure 48 consists of five lines generated at each thrust initiation

or termination point which allows the user to note the convergence of the
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SPACE DIVISION or NORTH AMERICAN ROCKWELL CORPORATION

switching function and the quantity At specified in Fquation 114, At the ¢nd
of the iteration the combination coefficients of Equatic.. 93 are printed,

Note that there are six of these, corresponding to the six unknown boundary
conditions, The convergence parameters printed next are obtained by an
cvaluation of Equation 95 and indicate how closely the n+l'st iteration
corresponds to the n'th iteration. These parameters should approach zero
as the quasilinearization process converges, The first of these, the
difference in radius (r) is examined for convergence and the process is
terminated if it is less than RH@S1 (data card 16). The call to QUTPUT is
then repeated and the control parameters and problem constants are printed
for the current iteration (Figure 49). The program next enters subroutine
KHIST and does an analysis of the switching points indicated by the current
time history of the switching function, These currently determined switching
times are represented by the last line appearing in Figure 50, Based upon
this evaluation it may allow changes to be made prior to executing the next
iteration, The magnitude of these changes are constrained according to the
tolerances entered on data card 13, These constraints are usually
necessary duringthe firstiterations wherein the program has not stabilizcd‘to
the point where it is providing information more accurate than that of the
initial iterate. Once the changes indicated by the current switching function
time history become smaller than the tolerances, the switching function is
used to provide the estimate of the burn initiation and termination times to

be used for the next iteration, Figure 50 also contains two columns |
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entitled HBAR and VCHAR which represent the average hamiltonian and the
characteristic velocity determined for that particular iteration. As will be
seen later, the stopping conditions table includes one line for each iteration.
That is, a new line will be added at the end of each iteration and the final
table generated will contain a complete summary of all of the changes
utilized during the computations,

The above process continues for "ITSQL' iterations and the printout
of Figures 48 through 50 is repeated for each iteration. As described in
Appendix I, the program then changes the total time and performs another
set of iterations. A number of such sets are computed depending upon the
magnitude of data parameter "IQCYCL,'" At the end of IQCYCL sets, the last
iteration will provide output similar to that of Figures 51 through 54,
Inspection of the combination coefficients and convergence parameters in
Figure 5] indicates that they are approaching zero as expected. The values "
~f k and the small time corrections at each switch point are also seen to be
very small. Note that the switching time summary table (Figure 54) has
now expanded, and also that the switching times, HBAR, and characteristic
velocity have all converged, One may also observe that the switching times
computed from the last iteration, the last line in Figure 54, closely agree
with the switching times used as a basis fur computing the last iteration.
This feature is more easily recognized in Figure 52 wherein the value of the
switching function is seen to be near 10"? at each of the switch points.

Note also, in Figure 52, that the Hamiltonian is rather small and nearly
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constant, A better idea of the numerical accuracy of the calculations can be
obtained by inspection of total energy and angular momentum data in the

last columns of Figure 52, Figure 53 represents the converged solutions
for all 14 variables. These data are also plotted by subroutine QPLQT if
desired. These plots, comparing the converged solutions with the initial
iterates, have already been included in the body of the report as Figures 6
through «l.

One last feature of the program is worth noting. Figure 55 was
produced when the program was requested to integrate the complete set of
initial conditions appearing at the bottom of Figure 53. This reintegration
was performed without the use ol quasilinearization algorithm and therefore
provides a check of the original solution. The convergence parameters for
the 14 variables appearing at the bottom of Figure 55 represent the maximum
point-by-point difference between the two tabulated solutions, They were

P
obtained by applying an algorithm similar to Equation 95,

The total IBM 360 Model 65 computer time required to produce the

entire orbit analysis appearing in this appendix was about 3.5 minutes.
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FXEFUTIVE PRNAGRAM FNP THE FINITF-THRUST NPTIMYZING PACKAGE.
DEOENTIMG CNMMON ASSIGNMENTS AND HANDLFS THE LIGICAY GPFRATIONS
ASSTCTATEN WITH SALVING A PARTICHL AR OPTIMIZATINN PPOBLEM,
TMOLICTT RFALFR(A-H , N-7)
LNSICAL CATES

REAL £a TA

PEINT , COTOUT

MAINOO30
MAINOO4O
MAINOOS0
MAINOO6O
MAINOOTO0
MAINOOS8O
MAINOO90
MAINO100D

REAL®SG YLST,HII13,6,100),FPSP,FPSP],QHNS,XERR4NYN,RESET, TRU, TWOBRNMAINOILO

COMMAN S IACSET/ 1D, JACPRN
COVMMON 7 71 /7 TX, H NIJNIC,NSC, NMIN,NMAX,NRST, TNSTNR, NDIF,NBP
s DTDCNT , XK(20n)
COMMNON /7X7 XT(1D),F3SP,FPSPL,IA(20)
covman /7SUR/ TSUR(10),VARINDI1D0} ¢ XMNSTP(O),STPSTIZ(9),
KSH3{10) o MAXSYP
COMMNN/ZZON/N(S ), MXy XEQR,AOYNLAI1D),L(10),M(IN}MT{1D),RHOS(20)
CAMMON J7IC/RETA, (C 4 GG 4 AMU,TH,, XXK{20)
COMMON /ST N/ XLST(15,100), TRUJI(100Y, H3IAR, VLHAR, ST0(109,23,2)
NIMeMCTON XJAC(13,14),P013,100),CTP(6,1)y T(6,641)
y DXXPLI(146,13), XXPYI{14,13), ACUMI14,13)
2 YKS2{25;100),XKS3{13,100)

COMMON/ TCNNSTS/ PILADGXM,RETAS,CNMMV LT 033

INPYT OATA TNMMEN AL NCK
COMMNN FNR STEFP DESCENTIFIRST SIX CARDS)

COMMNON /INDATA/ XneR1(6), XOQRR2(K), AEST(6)

A, AMDINC s AMDOEC v FRFFZF » XAMP » SAVFE s BL4S
Ry SCLVNC v SCLDEC v 1SCL s TAMD + BLSS e BLS6
Cy SCALF{3) y TOL v MAXIT IPRIN
CNOMMNN FNR JASLIN N8, TRAN, PRNG.--( TWN DIM.CASE)

N, XIN{14), XFN{14), RATFS, IDIMFN

Ty RFTASY , YISP TFPFRT , PFRTX v CNASTI ¢+ BLL126
Jy BRENINC v RMAX 1 RMAX2 RSH1 v RSH2 » THW{IBRN
Ky PESETY s KMULT NNPRT , PPN v BL145S » BLL146
Ly TNTSTP FEINT « CRTOYT , [TSN ¢ [DPPIN ¢ 1QCYCL
M, HRARTY s QHNST , BL1G3 v BRL1K4 , 2L165 ’ BL156
N, X™MR v’ XNC - D78 ’ 27C y  JMAX o IBLL1T76

COMMON /STNDPY1/ XKDNT(10), TWNRR , XNOCOP, SAVK(T4+6),I2CYC
FQUIVALEMCE (INT,XF3R}

Figure 56. Main Program Licting

MAINO120
MAINO130
MAIND140
MAINO150
MAINO16D
MAINOL170
MAINO180
MAINO 19D
MAINO200
MAINO210
MAINO0220
MATINO230
MATNO240
MAINO250
MAINO260
MAINO2T0
MAINO2RO
MAINO0290
MAINO300
MAINO310
MAINO320
MAINO330
MATNO340
MAINO350
MAIND3ISO
MAINO3TO
MAINO380
MATNO390
MAINO40O
MAINN410
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r e - -——— MAINOS00

o FIRST DATA READ IS IN SURROUTINE STPCON MAINGS10

' ————————————————— _— -_— MAINOS20

100 CALL STPCON MAINO0S30

JMAX = 100 MAINO540

IDIMEN = 3 MAZNJSS0

IF ( XNRA1{3) .FQ. 0.0 ANO. XORB2(3) .FQ. 0.7 ) IDIMEN = 2 MAINOS560

ID = TDIMEN . MAINOSTO

TWNRD = TWOREN MAINOS580

INCYC = 1QCVCL , MAINOS590

INT=TNTSTP MAINO60O

JACOPRN = PRNJ MAINO610

C = 60 %= X[SP . MAINO620

RFTA = BRETASV MAINOS20

RETAS = BETASV MAINO640

TW = XISP * BETA / XIN(T) MAINO6SO

CALL XFIRST MAINO6SO

CALL TIMEV{FXTIME) MAINOGTO

, WRITF{6,530) EXTIME MAINO68O

— CALL JACDB{ TXyXKyXKyXJAC,0) MAINO690

N HSAV = 0. MATNO 700

) NlL =9 MAINOT710
N(1: = NI MAINOT20

N2 = & MAINOT30

N(?) = N2 MAINO 740

N(3) = ITSOL MAINOT750

) N{a} = [OPPRIN : MAINOT760
o N(5) = O . MAINO770
A NOIF = 2 MAINOT780
L NU = 10 MAINOT90
NTM= | MAINOSOO

NS = N2 + 1 MAINOS10

RHNS(1) = RHNS1 MAINOS820

DO 10 1=2,14% MAINOS30

1N RHNS{T) = 1.E420 MAINOB3S

XTEP = TFEPERT % ( TSUB(5) - TSUB{(2) ) / 100.DD MAINOB3S

DERT = DERYX * ( TSUR(S) - TSUB(2) ) /7 100.NO MAINOB84O

Figure 56. Main Program Listing (Continued)
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1115

11156

139

135

128

1469

142

TCHANG = ( YTSUB(6) + XTFP
DO 1115 T = 1,100
VARIND(I) = VARIND(T) * TCHANG
NN 1115 1 = 1,6

TSUB(T) = TSUB(T) *= TCHANG

o s e
A o IR A, Vo 7 5 ey s % m me

) /7 TSuete)

MAINOB41
MAINOB42
MAINOS43
MAINOSB46
MAINOR4S

FESEREEALEF LSRR E LY EFEEEXELFRR IR L R RS TR KRR R R X E XLk XXX ESEEXMAINOBSO

TF (ID.E%.3) G TN 300
DO 130 I=1,4
X1(1)= 1.D0

M{IY)y = 1Y

MI(T)= 1 +6

L{1) = JVAX

DO 135 I = 1,JMAX
XKS2{1,1I) = XLST(1,1)
¥YKS?2(2,1) = XLST(3,1)
XKS2{3,7) = XLST(4,1)
XKS2(4,1) = XLST{6,1)
XKS2(5,1) = XLST{(T,1I}
XKS2{641) = XU ST{O,1)
XKS2({T7,1I) = XIST(R,1)
XKS2(8,1) = XUST(11,1)
XKS2({9,1) = XUIST(13,Ti
nn 125 J=1,9 ’
XLST(JyT1) = SKNGL( XKS2(J,1) )
nn 128 1T = 1,"

J =1+ 172
J =1y 3y 4y 64 7
XKS2{T1,1) = XIN{J)
XKS2(1,JMAX) = XFN{])
B{T) = XKS?2([,.i™AX)

XK{19) = XLST(14,1)

CALL OUTPUY (XXS?,N]l,JMAX,S5)

CALL KHIST {1,XKS?,N]1,JvAX)

CALL DASLN (XKS2,P,H1,XJAC,T CTP,
£ 4, OXKPY] , X«DP1 , ACUM MS)

Figure 56. Main Program Listing (Continued)

NTM, N1 ¢ N? gNU,JIMAX

MAINOB6O
MAINOS8T0
MATNOBSO
MAINCS890
MAINOSOO
MAINOSLO
MAIND920
MAINO930
MAINOS&O
MAINOG950
MAINDS60
MAINO970
MAINCSB0
MAING990
MAINLCYG
MAINIOLD
MAIN1020
MAINL1030
MAIN1040
MAIN1050
MAIN1060
MAIN1OTO
MAIN1080
MAIN1090
MAINi 100
MAIN1110O
MALN1120
MAIN1130
MATN1140
MAIN1150
MAIN1160
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e

108

110

115

116

309

330

131

CALL TIMEV{EXTIME )

MAIN11TO

WRITF(6,520) EXTIME MAIN1180
IF( HSAV .NE. 0. ) GO TN 109 MAIN1190
PFRT =NSIGN( PFRT , HRAR ) MAIN1209
GN TO 110 MAIN1210
StOPE =-=( HSAV - HBAR )/ PERT1 MAIN1220
PERT1= - HRAR / SLNPE MAIN1230
PERT = PERT1 MAIN1240
preYl = PERT MAIN1250
HSAV = HRaR MAIN1260
TCHANG = [ TSUa(6) + PERT )/ TSUR(6) MAIN1270
N iis I=1,100 MAIN1280
VAPIND(T) = VAPINDII) * TCHANG MAIN1290
DN 116 T=1,5% MAIN1300
TSUR{T) = TSURII) * TCHANG MAIN1310
CALL KHIST{3,XKS24N1,J¥AX} MAIN1320
19CYC = 1OCVC - 1 MAIN1330
IF (I0CYC  JNF. 0) 50 T0 142 MATN1340
IF ( CRYNIT ) CALL YPLPTIXKS24WN1l o JMAX,VARINN) MAIN1350
60 T 20 MATINI1 360
AR EEC AR ERREEKEE KRR ECEXEERKE R XXX EEX LS LXK E R EASETEEEEE XSS EEMAIN]L 37O
PN 330 I=1,2 MATN1 380
XI(E) = 1.70 MAIN1390
XI(T+3) = 1.DO MAIN14Q0
MEt)y = 1 MAIN1440
MI(T} = 1 + 6 MAIN1420
MI{T+3) = T ¢+ 11 MAIN1430
DN 331 T = 1,6 MAIN1440
LIT) = J¥aX MAIN1450
M(4) = 4 MAIN1460
M{5) = 10 MAIN14T0
M(A) = 11 MAIN1480
M VARTARLE NUMRFES ARF 1, 2, 3, 4, 17, 11 MAIN1490
W[ VAPTABLF NUMBERS ARF 7, 8, O, 17, 13, 14 MAIN1500
N1 = 13 MAINIS10
NT1) = NI MAIN1520
N2 = 6 MATN1530
N(7) = N? MAIN1540

Figure 56. Main Program Listing (Continued)
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NS = N2 + 1 MAIN1550

NU = 14 MAINLS60

Fosp = -1, MAIN1STO

. HSAV = 0. MAIN1580

DN 259  T=1,JMAX MAIN1590

XKS3(147) = XLST{1,1) MAIN1600

XKS3(2,1) = XLST(3,1) MAIN161D

XK33(3,1) = XLST(4,1) MAIN16290

XKS314,1) = XLSTI6,1) MAIN1630

XKS2{S,1) = XLST(7,1) MAIN1640

XKS3(64,1) = XULST{O, 1) MAIN1650

XKS3(",7) = XLST(8,1) MAIN1660

XKS3(5 47} = XLST(11,T) MAIN16TO

XKS3(9,1) = XLST(13,1) MAIN1680

XKS2(10,1} = YIST{(2,1) MAIN1690

XKS2{11,1) = XLST(5,1) MAIN1700

XKS3{12,7) = XLST(19, 1) MAIN1T710

XXS3(13,1) = XLSTi12,7) MAIN1720

' NN 350 §=1,12 MAINLT30

— 350 XLSTUJd 1) = SNAL( XXS3{J,1) ) MAIN1T740

2 nn o232 1 = 1,5 MAIN1750

' J =1+ 172 MAIN1T750
XKS3{T41) = XIN(J) MAIN1TTO

338 XKS3({T,JMAX) = XFN(J) MAIN1T80

XKS3(10, 1) = XIN{2) MAIN1799

0 XKS3I(10,JMAX) = XFN(2) MAIN1800
o] XKS3(11, 1) = XIN(S) MAIN1SLO0
o XKS3(11,JMAX) = XFN{5) MATN1820
o DN 340 [ = 1,4 %AIN1830
"~ 340 B{I) = XKS3{I,J4AX) MAIN1840
R({&) = XKS3I(10,JMAX) MAIN1850

a(A) = XKS3{11l,J¥AX) MAIN1860

K{14) = XLST(l4a,1) MAIN18TO

o DESEFNRM OIJASTL INEARTZATINN MAIN1880

CALL NUTDUT (XKS3,N1yJMAX,5) MATN1890

CALL KHIST {1,XKS3,N1,JMAX) MAIN190C

247 CALL QASLN (XKS2¢PyH1aXJAC,T,CTP,NTM, NI.N*.NU.JHAX.DXKDI.X<PI, MAIN1910

£  ACUM,NS) MAIN1920

Figure 56, Main Program Lisiing (Continued)

VIS

’
1 3

MIMAINY H'MON 4¢v NOISIAIA 4

’
4

YOU NV

[4
Ly

) TTIMYN

’
1y

NOLILVIOO



¥-69 s

- 1871 -

8 Py 4

309

310

315

316

529

530

CALL TIMFV {EXTIMF)

WRITE (64539) EXTIME

IF({ HSAV .NE. 0. ) 60 TN 309
PERT =DSIGN{ PERTY , H3AR )

GO TO 310

SLNPE =-( HSAV - HBAR )/ PFRT]
PERT1= - HBAR / SLIOPE

PERT = PERT1

PERT1 = PERT
HSAV = HBRARQ
TCHANG = ( TSUB(5) + PERT )/ TSuUB(6)

DN 315 I=1,100

VARINDII) = VARIND(I) *= YCHANS

NO 316 I=1,456

TSUB(TI) = TSUB(T) * TCHANG

CALL KHIST(3,XKS3,N1,JMAX)

10CYC = 1QCYC - 1

TF {(IQCYC .NE. 0) GO TN 342

IF { CRTNUT ) CALL QPLNTIXKS3,N1,JMAX,VARIND)
CALL TIMEV{EXTIME )

WRITE{64530) EXTIME

FORMAT {23H0O EXEC . TIMF (MAIN PRGG) F8.3 )
G0 1N 100

END

Figure 56. Main Program Liscing (Continued)

MAIN1930
MAIN1940
MAIN19S0
MAIN1960
NAINICTO
MAIN1980
MAIN1990
MAIN200O
MAIN2010
MAIN2020
MAIN2030
MAINZ20640
MAIN20S50
MAIN2060
MAIN2070
MAIN2080
MAIN2090
YAIN2100
MAINZ110
MAIN2120
MAIN2130
MM\IN2140
MAXN2150
MAIN2160
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SURSPNUTINE STPCNN STPCO000

-— - -—— — B s STPCOOLO
THIS SURRDUTINF IS THF MAIN PRNGPAM FNR ANALYZING TWO-IWPULSE STPC0020
TRANSFERS BY CONTMIRING AND STEEP DESCENT. IN THE PRESENT STPC0030
APPLICATION IT HAS BEEN CONVERTED TN AN EXECUTIVE SUBRIUTINF. STPCO040
---------------- - —mmmmm— e mm e mm—m———— e ———====S TPC 0050
THREF NIM, VERSINN--13M 260--JANJARY 1969 STPCO060
[MPLICIT REAL#2(A-H , N-7) STPCO070
REAL¥R] [A STPC0080
REAL®*4 FPSD?, EPSP1, TITEST STPCO090
RFEAL %4 PAD, SPAR, SCXY, SCIMP, 52XV, S3XY, SS5IMP,TITLE,BOOY,UNSYS STPCO100
NIMENSION TITLE(1R), TITFST(10), UNSYS(3), 37DY(3) STPCOL10
DIMENSINN A{3), XGRPAN(3), VN(3), XR(3),5AD(3), STEP1(3), GSAV STPCO120
103),SX(3),UTAM(3), SSV(3I) STPCO130
NIMENSINN DATA{159) ¢MASK{E,25) STPCO140
NIMENSINN  THX1(243), THX2(?,3) STPCO1S0
NIMENSTON SRARI(3), SPAD?(3) STPCO160
NIMENSTON Z(26436,;2), XORN(36), V7 IN(35) STeCO170
NIMENSTON G(642)9sCONVRIG), GRU4) STPCO180
COMMON /ZX/ XT(1001,EPSP,EPSP], TA(20) STPCO199
COMMMW FZIC/BETR, £ 4 SN ,XMUyTdyXXK(20) STPC0200
COMMAN /NPTS/ ZMINS(10), XMINS(19), YMINS(10), PMINS(10),TRANK(10)STPC0210
INPUT DATA CNMMON BLOCK STPC0220
COMMDN /7 INDAT A/ XARA1(6), XOR32(6), ALESTI6) STPC0230
A, AMDINC , AMPDEL , FREFZE  , XAMWP » SAVE » 8L4S STPCN240
A, SCLINC o SCLPFC  , ISCI , TAMD » BLSS » RLS6 STPCO250
€, SCALE(3) v TOL o MAXTT y TPRIN STPC0260
N, PAD(13N) , TMAPS, NSTFFP, IUSE, SCXY,S7IMP, IPAD3, SPAR(6,5) STPCO270
COMMON JDRARCON/ PlyElyWly XTI1,P2,E2,W2P+F,H,ETRN(6) STPCG280
COMMNN /STCAM/ 01030, 02(3)¢XE(3),XU(3)XV(3),AUX(3), CSTPCD290
IXToDVT(S) 4RIELE2E,SXT, TAM( ) ,UNL(3),UN2(2),VF1({3),VE2(3 STPL0300
20 9XL1 oXL? ¢ XS1 4XS2,PFOT,PEQ] ,PER2,PADT (3)4 PAD? (3) yUMAG, XTML(3,2) 4, XISTPLO3LO
AM2(3,2)yDTHETA,FPST,2ETFST, STPCG320
44N 4 LNS .KINTAY, [8NX STPCC330
COMMAN/ZOONST/ PE,PAD,GXM,RETAS,CANV,T144) STPC0340
DEFINF DATA MASK FNP PRONUCTINN OPASRAY STFZ0350

NATA MASK /7 26%2, 3, 3, 6%2, 3, 3, 289%2, 5, 3, 11%2, 1, 1, 3, 3, STPLO360
%2, 2, %7y 3, S5y Sy 2, 34 3, 10%¥2, 3, 13%1, 3, 3¢ 3, 1y 1y 3. 30%1/5TPCO370

Figure 57. Subroutine STPCON Listing
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NATA TITEST /'RARITMETEKILNBNDYEARTMOONSUN VENUMARSJIUPI®*/ STPCO3890

DATA CONVR /7 5280.D0y 1000.09, 1.D0, 1.20 7/ STPCO390

DATA /7 95634.501D00, 1176.235N0, 3.,1787279D¢10, 77787.1D0, STPC04&00

* 1029, 7D0, 3.N34857TD+0T7T, 398601.5D0, 4902.7500, 13.24948D+10, STPCO4&10

% 324730.,D00, 4?72906.ND0y 12.6498D407 ¢/ STPCO4&29

DATA 5P / N0AD9848D0 , 9., RI1T7768D0 o, .0N9R117758D00, 1.00 7/ STPCO430

- KR T35 VEIGHT/MASS NR AZCEL 0OF GRAV AT EARTH (SBRITISH,METRIC,METPIC)STPCO440

c G{l,J) ARE GXM™ [N {J=1)MI%%3/STC*%2, NR ( J=2)K¥&E&I/SECES2 STPCO4&50

C FARTH, MOGN, SUN, VENI)S, MARS, JuPiTce STPCO460

L FNe 1=} I=2 1=3 1=4 1=5 I=6 STPCO&T0
EQUIVALENCE( DATALXNRR1 ) STPCO480

c SEXKEEEEEEERAREER KRR E EE R EXE XL R R R KT R R SR A K SRR SRR EE S LB AR 242 S X %STPC 0490

c CANSTANTS STPCOS00

PY = 3,1415°9 26535 R9793 24 STPCOS10

RAD = 180.DN/P1 STPC0S20

Foso = -1, STPCO0S530

JETFSY = 1.0 STPC0S40

KONTAY=3 STPC0550

' FPSY = 1.E-15 STeC0S6D

; CALL CLOCK{ TIMF ) STPCOSTO

w CALL CDATEV{ DATE ) STPCOS8ND

i CALY CyYnvYy STeC0O599)
WRITE(&,17) NATF , TIME STPCNGOO

1D FAORMAT (8] NATFE v,AR, * TINME =t FR,2 /7 ) STPCOG61D

C THr CARNS A, P AQF QFJUIRF3. UN ZARD A THE TVTLE AY USER*S STPCO0620

0 C DISCOFETINN (72 CNLUMNS). STPC063D
o C THE ATTRACTING CEMTER CAN IF EARTH, MONN, SiN, VENUS, MARS, STPCO640
o C JUPTTee, N2 ANY ANOY SPECIFIFD (12 Cmuvns STARTING AT COLUMN |, STPCO6S50
I c cARD R) STPC0660
» r IF ROpY IS 'ISED, GXM IS FEQUIRFN [IN CNLUMNS 25-36, CAPD 3. STPCNETD
C THIS 1S AN NPT TINMAL OWVWERRITDE NTHERWISF. STPCO6]Y

c THE UNTIT SYSTFA CAN RF 2R TTISH (MILES, FT/SFEC)Y, STPCO0690

r METPIC (KM, METEQRS/SFC ), KMFTRIC (KM, XM/SFEC), GR BRODY (STA2TING STPCOT99)

r AT COLUMN 12 CARD R) STPCO710

C WHFN a0NDY HINTTS AQRF (ISED, THE ACCELERATINN OF GRAVITY AT FARTH!'S STPLO077%

of SUPEACE IS 2UT = 1.0, THUS, XISP (ITEM 2, CARD 12) MUST RE STPCOT40

r FUFL FXYHAUST VELGCTITY tN BODY SYSTEM UNITS. STPCS740

" TIVF IS IN SECOANNDS FN2? ALL SYSTFMS EXCEPT 3NDY SYSTEWM UNITS. STPCOT50

Figure 57. Subroutine STPCON Listing (Continued)
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9 FORAMAT (TOPRNGRAM UNABLE 710 DETEPMINE AT

16

%

RFAD A TITLF AND UNIT DEFINITVION CARD.

READ (5,5) TITLF, BNDY, UNSYS, GXMI1
FORMAT $1RA4/ &A4, D12.6)
JJ = 2?2

Wy -

{ CONV = 1000, )

IF ( UNSYS(1) .EQ. TITESTC 1) ) JJ =

1€ { UNSYSI1} .EQ. TITEST( 2} ) 3J =

IF { UNSYS(1) .EQ. TITEST{ 3) ) I =

IF ( UNSYS{1) .FQ. TITEST( 4) ) JJ =

JJ = 2 IS CHOSEN IF NN MATCH IS FOUND
N8 I = 146

11T =1

I€ ( RODY(1) .FQ. TITEST{I+4) ) GO TO 16
CONTINUE

IF NO MATCH [N DO 8 LOOP PRNGRAM ASSUMES B8a0Y WITH GXM = 6GXMl.

GXv = GXM]

JJ =7

IF ( GXM1 .NE. 0.N0 ) GO TO 18
WRITE (649}

ED. )

WRITE (6,7) TITLE, RODY, UNSYS, GXM
CALL EXIY

J6 = JJ

GX™ = G(I1,4G)

IF ( GXM1 .NE, 0.NO § GXM = GXM]
CONV = CNNVRID)

60 = GR{JII

XMy = GXM

18 WPITE (6,7) TITLF, BrOY, UNSYS, 5XM
7 FORMAY ( SOCASF IDENTIFICATION® / 1H ,
' UNIT SYSTEM IS *y 2A4 / * GXM = % D172.6 )

100

¥

INIT =0
NCARDS = 25
CALL INPUTI
CALL NATSFEY
INTY = 3
WRITF{6,10) CATF , TIME

CALL TN?HTH VASK, INT T, MCARDS)

MASK o INIT(NCA?DS)

1844 7 *0BONDY IS *, 3A4 /

Figure 57. Subroutine STPCON Listing {Continued)

STPCOT60
STPCNT70
STPCO780
sSTPCOT790
STPCNBO0
sTeCcoR10
STPCOB2C
STYPCO0830
STPCOR&O
STYPC0850
STPC0860
STPCORTO
sTPCO880
STPCQS890
STPCO900
STPT0910
STPC0920
STPCO0930

TRACTING CENTER, EXIT CALLSTPCO940

STPCO950
STPCO0960
STPCO970
STPC0980
STPC0990
STPC1000
sSTPC1010
ST2C1020
sSTPC1030
STPC1040
STPC1050
STPC1060
sTeC1070
sTeC1nNeo
STPC1090
STPC1100
STPC1110
STPC1120
STPC1130
STPCllaen
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WRITE(6,10) DATE , TIME

6 FORMAT (6F16.6)
105 CALL DEX{ XORBl, XORB?,P1,El,Hl, XI14P2,E2,W2,PER],PER2 )

7002

303

33

- 681 -

41

46

X1l = XI1 * RAD
W1l = W1 *RAD
N2 = W2 *RAD
HRITE(6,47002)

STPC1150
STPC1160
STeCi1l170
STPC1180
STPC1190
STEC1200
S$TPC1210

FORMAT(T1,'0 TRANSFORMED ELENINTS®/? *,T10,'P1%,730,°E1",750,°W1*,STPC1220

€767, *INCL?)

WRITE (6,303) P11, El, W1, XIl, P2, E2, W2

FORMAT (1H 4D19.11/7° *,T10,'P2*,T30,'E2*,T50,*W2°/1H 3D19.11)
AEST4 = (Pl + P2) /7 2.DO
XI1 = XI1 /7 RAD

Wl Wl /RAD

W2 W2 /RAD

"nu

DO 3000 JCARD = 1,5

DO 33 11 = 1,10

IRANK(TI1) = O

NPT = SPAR(1,JCARD)

IF ( NPT .EQ. 0 ) GO TN 3000

WRITE {5441)

FORMAT (*1GENERATFE CONTOUR MAP?Y)

WRITE {6946) (SPAR(I,JCARD), ;I=1,6)

FORMAT (6FE16.6)

CALL SURVEY ({ Z, XORD, YORD, NPT, SPAR(2,JCARD), SPAR(3,JCARD),
SPAPR {4,JCARD), SPAR(S,JCARD), AESTG , SPAR{(6,JCARD}, 1 )

DO 2020 I = 1,10

IF ( IRANK(I) .EFQ. O ) GO TO 2040

NNXV = NXV ( SNGL (XMINS(T) § )
NNYV = NYV ( SNGL (YMINS(I) ) )
IXSP = 24

N0 2020 J = 1,45
IXSP = IXSP - 8

2020 CALL PLOTV ( INNXV+IXSP), NNYV, TRANK(I) )
2060 IF ( JCARD .GT. 1 ) GO TO 3000

Figure 57. Subroutine STPCON Listing {Continued)

STPC1230
STPC1240
STPC1250
STPC1260
STPC1270
sTeC1280
STPC1290
STPC1300
STPC1310
STPC1320
STPC1330
STPC1340
STPC1350
SYPC1360
STPC1370
SYPC1380
STPC1390
STPC1400
STPC1410
STPC1420
STPC1430
STPC1440
STPC1450
STPC1460
STPC1470
STPC1480
STPC1490
STPC1500
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D0 2900 IST = 1,19 STPCL1510

ISTL = 11 - IST STPC1520

IRKSV = 0 STPC1530

DO 2050 IRK = 1,10 STPC1540

2050 IF ( IST1 .FO. IRANK(IRK) ) IRKSV = IRK STPC1550

IF ( IRKSYV .EQ. O ) GO TO 2900 STPC1560

IF ( IST1.GT. IMAPS ) GO Tn 2100 STPC1570

S2XY = SPAR(2,1) * SCXY STPC1580

S3XY = SPAR(3,1) * SCXY STPC1590

SAIMP = SPAR(641) * SCIMP STPC1600

NPTL = 15 STPC1610

CALL SURVEY ( Z, XNRD, YORD, NPT1,S2XY, S3XY, XMINS{IRKSV), STPC1620

£  VYMINSCIRKSV), PMINS{T®KSV), S6IMP, O ) STPC1630

WRITE (16,2090) TRANK{ TRKSV ) STPC1640

2090 FORMAT (* RANK OF OPTIMUM =', 14 ) STPC1650

2100 IF( TIST1 .GVT. NSTEEP ) GO TO 2900 STPC1660

A(1) = XMINSCIRKSV) STPC1670

A(2) = YMINS(TRKSV)  STPC1680

. AL3) = PMINS({TRKSV) STPC1690

— CALL STEEP ( A , IRKSV ) STPC1700

® WRITE { 6,2090) IRANK( TRKSV ) STPC1710

. WRITE (16,2090) IRANK( TRKSV ) STPC1720
2900 CONTINUE STPC1730

3000 CONTINUE STPC1740

IF { IUSE .EQ. O ) CALL STEFP{ AFST , 1 ) STPC1750

" c - —=—==—=STPC1760
5 XI1 = XI1 * RAD STPC1770
o~ Wl = Wl *RAD STPC1780
0 W2 = W2 *RAD STPC1790
S CALL TIMEV( TIME1) STPC1800
WRITF(6,3CY) TIMEL STPC1810

301 FORMAT('OFLAPSED EXFCUTION TIME = °*,F12.3 ) STPC1820

CALL COUNTV STPC1830

RETURN STPC1840

END STPC1850

Figure 57. Subroutine STPCON Listing (Continued)
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Figure 58.

Subroutine DATSET Listing

SURRAUTINE DATSFTY NATS0C00
—————————— - - - - —=—===-DATSCO10
THIS SURROUTINF SUPPLIES REASNNABLF VALUFS FOP ALL PARAMETE®S DATS0020
RFOUIRFN TN RUN A COMPLFTE CASE. DATS0030

- - — -—-=NATS0040

IMPLICIT RFAL%#R(A-H , 0N-27) OATS0050
LOGICAL RATES, REINT, CRTNUY DAYS0060
RFAL#*4 RESET, THWONBRN, SCXY, SCIMP, SPAR,PAD DATSO0O070
COMMON /INDATA/ XNRB1{6), XORB2(6), AEST(A) DATS0080
Ay, AMPINC +» ANMPDEC v FREEZE v XAMP v SAVE e BL4S DATS0090
Be SCLINC » SCLDFC » ISCL » 1ANP ¢+ BLSS ¢+ 3LS6 DATSO0100
Cy SCALE(3) e TOL ¢« MAXITY IPRIN NATSO110
Dy XIN(14), XFNI(14), RATES, IDIMEN NATSO0120
ITo BETASY , XISP v TFPEPT , PERY e COAST1 e 8BLI126 DATSO0130
Jo BRNINC , 8MAXI ¢« BMAX2 , BSHI1 ¢ BSH2 ¢« TWOBRN DATSO0140
Ke RESEY e KMULTY v NNPRY , PRNJ v BLL14S » BL1l46 DATSO0150
Ly INTSTP -y RFINT e CRYOUT , TTSQL s [QPRIN o 1QCYCL DATSO160
M, HBARTL ,+ PRHNS1 , BL16? » BL164&4 , BL16S e BL166 DATSOL1T7O
N, XNB » XNC DYs v DTC v JMAX e IBLL1T6 DATSO0180
n , PAD(12) DATSO0190
Q o+ TMAPS * NSTEEP , TTUSF, SCXY , SCIMP , [PAD3 DATS0200
R o SPAR(6,5) DATSO0210
- - DATS0220

CARD 3 DATS0230
AEST(3) = 5000.D0 DATS0240

_ CAPD 4 DATS0250
AMPINC = 2.D0 DAYSN260

AMPDEC = o500 DATS0270

FRFEZE = 1.D-0R DATS0280

X AP = 2,00 HATSN290

SAVE = 2.N0 NDATS300

BLSG = 1.00 DATSO310

CARD 5 DATYS0320
SCLINC = 0.D9 DATSO330

SCLDEC = .85N0 DATS0340

ISCL = 1 DATSO0350

[AMP = 5 ® DATS0360

BL5S5 = 0.D0 DATSO370

Bl 56 = 0.00 DATSO0380
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caeD 6

CARD 7

CAPD 8

CARD 9

CARD 10

SCALE(L)
SCALE(?)}
SCALE(3)
TOL
MAXTT
1PRIN

XIN(1)
XIN(2)
XIN(3)
XIN{4)
XIN(S)
XIN(6)

XINU{T)
X IN(8)
XIN(I)
XIN(1O)
XIN(L1)
XIN{12)

XIn{13)
XIN(14)
XFN{1)
XFN(2)
XFN(3)
XFN(4)

XFM{S)
XFN{(5)
XFN(T)
XFN{g)
XFN{9)

T T T I I [

L T T A T T 1

W oW nHunon

N (| 1 B I

DATS0390

1.N0 DATS0400
1.00 DATSO0410
100.90 DATS0420
1.N-05 DATS0430
200 ' DATS04&40
5 DATS04S0
——————— ——— c—emeee=—=-DATS0460
CARNS 7-19 ARE REQUIQED BY THE FINITE THoUST OPTIMIZATION PROGRAM DATS0470
DATS0480

0.D0 DATS0490
0.00 DATS0S00
0.D0 DATSJS10
0.N0 DAYS0S520
9.D0 DATS0S30
0.D0 DATS0540
DATS0550

100,00 DATS0569
0.D0 DATSOSTO
0.N0 DATSOSR0
0.N9 DATS0599
2.04 DATS0600
0.D0 DaTS0610
DATS0620

0.00 DATS0630
0.N0 DATS0640
0.N0 DATS0650
0.D0 DATS066H
0.00 DATSO0670
0.D0 DATS0680
DATS0690

0.70 DATSO700
0.00 DATSOT10
0.N0 DATS0720
0.00 DATS0730
0.DD DATS0740
0.00 DATSO0T50

XFN{10)

Figure 58. Subroutine DATSET Listing (Continued)
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CARD 11

CARD 12

CARD 112

CARD 14

CARD 15

XFN(11)
XFN(12)
XFN(13)
XFN{14)
RATFS
INDIMEN

BETASV
XISP
TFPERT
PERT
CNAST1
AL125

BRNINC
8MAX]
BMAX2
BSH1
BSH2
TWOBRN

RESET
KMULT
NOPRY
PRNY

BL14S
BL146

INTSTP
RE INT
CrYOUT
TTSOL
1QPRIN
10CVYCL

Figure 58. Subroutine DATSET Listing (Continued)

U T T A B I Wl LU T I I TR T | I T B T

LU T BT I (A T

0.D0
N.DO
0.00
0.00
+TRIUE,
3

1.00
400.N0
0.NO
«1DC
3.N0
0.000

0.D0
1.N0
1.00
1.00
1.D0
0.n

DATS0760
DATSOT70
DAYSO780
DATSOT90
DATS0800
DATSO0810
DATSO0820
DATS03830
DATS0840
DATS 085G
DATSD860
DATS2870
DATSO880
DAYSO089C
DATS0900
DATS0S10

DATS0S20
DATS0930

DATS0940
DATS0950
DATS0960
DAYSO0970
DATSO0980
DATSG990
DATS1000
DATS1010
DATS1020
DATS1030
DATS1040
DAYS1050
DATS1060
DATS1070
DATS1080
DATS1090
DATS1100
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CARD 16 DATS1IILO
HRARTL = 0.N0 DATS1120

RHNMS1 = 00100 DATS1130

BL163 = 0.N0 DATS1140

BL154 = 0.00 DATS1150

BL 165 = 0.D00 DATS1160

RL156 = 0.00 DATS1170

carRD 17 DATS1180
XNR = 6.N0 DATS1190

XNC = 6.D0 DATS1200

DA L] = 4200 DATS1210

nIc = 24N0 DATS1220

JMAX = 100 DATS1230

TRL176 =0 DATS1240

- - -—- DATS1250

CARD 20 DATS1260
IMAPS = & DATS1270

NSTEEP = & DATS1280

TUSF =0 DATS1290

SCXY = o2 DATS1300

SCI™Mp = .1 DATS1310

1Pan3 =0 DATS1320

CAeD 21 DATS1330
SPAR(1,1) = 24. DATS1340
SpPaAR(2,1) = 15. DATS1350
SPA®{2,1) = 15. DATS1360
SPAR(4,1) = 1R0.5 DATS1370
SPAR(S,1) = 181.1 DATS1380
SPAR{6,1) = 500.0 DATS1390

CARD 22 DATS1400
SPAR(1.2) = 0.0 DATS1410

RETURN DATS1420
END DATS1430

Figure 58. Subroutine DATSET Listing (Continued)
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SURROUTINFE XFIRST XFIR0OO00O
- - - -~==XFIR0OO10

EXECUTTIVF SUBROUTINE FOR HANDLING THE COMPUTATION OF THE INITIAL XFIPOOLS
TTFRATE ( X(T) ). XFIR0020
- - - XFIR0030

IMPLICTIY REAL*¥? | A-H , N-7) XFIR0040
RFAL %24 XLST(15,100), RFSFT, TRU{10:7), TWOPRN XFIROD50
LOGICAL RATES , REINY , CRTOUTY XFIRJ060
DIMENSION TP(3) XFIRQOTO
DIMENSION FORM(7), FRM2({R) XFIR0OO072
DATA FORM/' FARTH MONN SUN VENUS MARS JUPITER X RODYXFIR0OOT4
x ¢ 7 XFIROO76
JATA ERM?2 J'MILES, FT/SFC M, METEQRS/SEC ¥vM, KM/SFC anNny UXFIRO078
%#NIT SYSTEM® / XFIREO079
COMMON /21C/8ETA, C 4, GO XMU,TW,XXK(20) XFIR0OO080O
CNVMMNN /TINDATA/ X02R11E&), XO2B2(5K), AEST(6) XFI1R0090
Ay AMDINC s AMPDEC o FREEZE » XAMP o SAVF v BLA&S XFIRO100
By SCLINC » SCLNEC o ISCL o JANPD « BLSS e BLSS XFIRO110
Ce SCALE(2) ¢ TOL v MAXIT + IPRIN XFIR0O120
D, XYIN(14), XFN{14), PRATES, [DIMEN XFIRO130
Ty RCTASV , XIS?P e TYFDFRY , PEPY ¢« CNASTI1 y 8L126 XFIR0D140
Jy BRENINC , BMAX] s BMAX?2 . 8SH1 v BSH2 s TWIRQN XFIRO01S0
Ke RESET ¢« KMULT ’ NOPRT , BL144 e+ BL14S e BLL14S XFIR0160
Le INTSTP , PRFINT v COTOYT , 1TSOL e IJPRIN vy IBL1SE XFIRO170
M, HRARTL , PHNS1 , BL163 s 8BL1G6& , BL165 +» 8L156 XFIR0O180
Ny XNZJ ¢+ XNT nYg . DYC v JMAX tIRLLTS XFIRO19N
COMMON /71627 2L (2,5), THET(2), ALPH(2), FT(2), PA{?2), AVH(Z), XFIR0200
* XTRA{10) XFIr0210
CNAMMON/ZCNONST/ PI 4RAN,GXM,RETAS,CNONV,IT,J4J XFIRQ220
COMMNON /NRRCAN/ PloEl W1l o XT1eP ™y E24W24PoF W ,ETRN(6) XFIRN230
coMMaN /STCNM/ 01131y, Q23,4 XF(3)4Xi!'i3)eXVI3),,AUX(3), CXFIRDP24D
IXToNVT(S) JRIELR2E,SXT,TAM{ ) L,INL1(3),UN?{3),VF1(3),VE2(3 XFIRD?250
2) o XL 1o XL 2o XS14XS?2,007 yPEP 1 ,PER2,RANLI{3)4RAN2(2) yUMAGXI¥1(3,2) XIXFIRD260
IMP{ 3,2V, NTHETALEPST,LZETEST, XFIRO270
4IN 4 LOS , KONTAY XFIR0280
cnumny /75U8/ TSURT10),VARIND(1N0)  XMNSTP(9),STPSIZ (9}, XFIRN290
*KSya(11) , VAXSTP XFIR0Q00
CMMPON /JSDIEN/ XLST, TRU, HRAR XFIR0O310

Figure 59. Subroutine XFIRST Listing
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WRITF (6,999)

XFIRD 315

Q39 FNPMAT (*1INITIAL CONDITIONS FNR DUASTLINFARIZATINN FROM [MPULSIVEXFIRD3I29

¥ TOANSFFR )

on 19 I = 1,190
NoO 19 J = 1,415

1N XUSTWI} =2.0
XMNSTP(1) = XrC
XMNSTD(2) = YN8
XMNSTP(3) = XNC -
XMNSTD(4) = XNS
XMMNSTDP(S5) = XNC
STPSIZIL) = nYC
STPS172(2) = nT8e
STeP<12(3) = DvC
STPSIZ2(4) = DYR
STPSIZ(S) = nTcC

MAXSTP = JMAX
WRITF (6,50) (X¥UNSTO(I), I=1,5), (STPSIZ{T), 1=1,5)
5N FORMAY (*OMIN, NO. OF STEPS *y 1PS016.2/
* * MAX. STEP SIZE ALLOWED', 5N16.6)
CATY HMASS | C,CﬂASle!lN(7l,XFNG?)o%FTA.aQNINC'TFPERT.TP.JNAX )
J =2 % (JJ -1 +1
WRITE (6,504) FNRM{TIT), FRY2(J), FRM2(J+1)

XF120339
XEFIRN IS
XFI?0350
XFIRO0360
XFIR0O3TH
XF120389
XFIR0390
XF I1R0400
XFIRO410
XF [R0420
XFIR0O430
XFIP0440
XFIR0450
XFIRC .69
XFIRO4ATO
XFIR0480
XF19n&490
XFIRNS0D
XFIROS1D
XFIaNns15
XFIRNS20

5n4 FNRMAT('00 ,22X, *%% FINAL TRANSFER CONDITIONS *%¢°, 10X.*CEMYER ISXFIRD525

* 9, AR, *, ', SUNIT SYSTEM...', 2A8 )
BETM = BETA /7 XINIT)

XFIR0526
XFIR0S28

WRITFE (6952)C.%ETM;X!SP,TH.RQNINC.TFPEQTvCﬂASTl;LOS.KONTAU'%AKSTP XFIPG530

52 FORMAY {
*C = 'y 101D16.64"°

MASS C2ATE/INXFIRO0550

XFI[Q0540

*ITIAL MASS = ' ,1D1€.64" PFR SFC v/ ¢ XFIR0560
«FUFL. SPFCIFIC IMPULSE = *'y1016.6, * SFC THRUST TO WEXFI®OSTO
£ IGHT AT START =*,1D16.56/ ' XFIRDO580
*QURN INCREMENT NVFR IMPULSTVE =',1D16.6+ °* PERCENT FINAL TIMF PXFIR)S5S0
®FETUCBATINN = *,101h.64° SEC*/ * XFIRD60D
*DURATTION OF FIRST CNASY ARC = *,1D16.6,° SEC L0S = *,137* XFIR0&10
EKONTAU = ",13,46X, "MAXSTP = %,16) XFIRO620

Figure 59. Subroutine XFIRST Listing (Continued)
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CALL COAST(P1,Fi,N1,0.D0,XIl, TP(1l)y 1y 1 )
CALL COAST{?, E, W,ETRN(4&),ETRN(3), TP(3) o 3 ,1 )

CALL COAST(P2,F2,W2,0.D0,0.D0, TP(2)s 5+ 1 )

XTRA(1) = XIN(11)
CALL LGRANG
nLe = 200.
CALL BUaN{ 2,3,TP)
CALL BURN{ 4,5,TP )
WRITE (6,95)

95 FORMAT { *ONUMBFPS

x/ ¢ le 2¢ 3¢

*/ * XLST Ry, TH, PH,
®/ * XKS2 Ry PHe RH,
%/ * XKS3 R, PH, RH,
*)
WRITF (6,+555)
555 FORMAT (0%, °* TIME
3 RHO

PO 101 X=1,100

AND VARIABLES ARE °*
&y Se¢ 64 Ty 8y
RHy Xy, Yy M, K,
Yo My Lly K, L4,
Yo M, L1, K, L4,

X

L1y
L6,
L6,

Y

101 WRITE (6,110} (VARIND(Klv(XLST(LvK)' L=1l,7))

WRITE (64556)
556 FORMAT (*'0%, ° TIME
*2 LAM &
DO 102 K=1,100

K
LAM S5

LAM 6

102 WRITE (6,110) (VARINDI(K),{XLST(L¢K), L=B,14))
110 FORMAT (* *, F12.2, 1P7E15.6)

RETURN
END

Figure 59.

XFIR0630
XFIR0640
XFIR0650
XFIRO6TO
XFIR0680
XFIR0690
XFIROT30
XFIR0OT40
XFIR0O750
XFIRC769
10, 11, 12, 13, 16*XFIROTT0
L2y L&, LS, L6, L3*XFIROTEO
L3 XFIROTS:
THe Xo L2y LSy L3*XFIROBOU
XFIROS10

XFIR0820
PHIXFIROS30

MASS '/ IXFIROOAO
XFIR08S50

XFIRO860

XFIROSTO

LA™ XFIROCBSO

LAM 3 */ )XFIROS90
XFIR090D

XFIROS10

XFIR0920

XFIR0930

XFIR0940

THETA

LAM 1

Subroutine XFIRST Listing (Continued)
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TMOOOMO

OO

3

SURPOUTINE =MASS ( CoCOAST,XINT,X42,BETA,BRNINC , TFPERT, TP, IMAX )

HYAS0010

COMPUYTFS THLC BURNING VTIME HISTNRIES FROM THE I[MPULSIVE
APPROXIMATION AND DETERMINES THE SIiZES AND ORGANIZAVION OF THE
STORAGF TA3LE FOP THE INITIAL ITEPATE. 1T ALSO DEVEPMINES VHE
PFRIGEF PASSAGF TIVMFS FOR ALL THPEE ORBITS.

- -

HMAS0020
HMAS 0030
HMAS0040
HMAS 0059
HMAS 0060
HMASO00TO

TMPLICIT RFAL*8 {A-H,0-1)

REAL*4 XLST(15,100), FE, F#., RF

COMMON /STLN/ XLST
DIMENSINN NI(S) +B(S), TP{3).XI(2) ,QX(3), NJI5)
COMMON/ZCONST/ PIRAD,GXM,BETAS,CONV,.11,JJ

COMMON /7SUR/ TSURI10),VAR (109) o XNM (9),DLT (9),

*KSUB(10Y} , JMAX

DET(I) ARF MAXIVYUM TIME SVFP INTFRVALS FNR Ul TD 9 SECTIUNS
IN PERCENT OF THE AVERAGE PERIOD.
XNM{I) ARE MIMINUM NUMBER QOF STEPS.

TOTAL NUMBER OF STEPS

COAST IS LENGTH OF CNAST IN PERTENT OF A REVILUTION--AVERAGE
PFRIND IS USED.

COMMON /NRACNN/ Pl ,EloWloXI14P2, E24W2¢PoFoW,ETRN(6)

CNVYMON /STCOM/

JMAX 1S MAXTMUM ALLOWABLE

HMASO0080
HMAS0090
HMASO100
HMASO110
HMASO120
HMASO130
HMASO0140
WMASO150
HNASO0155
HRASO160
HMASC1TO0
HMASOLT2
HMASOL1T4
HMAZO180

0103), Q2(3): XE(3)yXUL3) ¢ XVI3),AUX(3), CHMASO190

IXIsDVT(S) ,RIE,R2E,SXT-TAM(3) ,UN1(3),UN2{3),VFEi(3),VE2(3 HMASO0260
21 XL1oXL2y XS19XS2,PERT,PER]L PEP2,RAD1(3),RAD2(2) JUMAG,XIM1(3,2),XIHMASO210

3M2(3,2) yPTHETALEPST,, ZETESY, HMAS0220
GJN o LNS o, KNONTAU HMASQ230
DATA B/ S%0.D0 /, HNORD /100.D0/ HMASO 240
KSUB{7Y = 9 HMASO270
FIRST BURNING TIMFS FROM THFE IMPULSES. C = EXHAUSY VFL. B =-FD0T. HMASO0240
X71{1) = XS1 HMAS 0290
XIt2) = xS8? HMASO300
LOS = LS HMASO310

60 YO (23,22) , LOS HMAS0320
Xrq(1) = xui HMASO0330
X1(2) = XL2? HMASO340
R{2) = BRETA HMASO0350
PERAV = ( PERL & PFR2 )} + ,.5N0 HMASO0355
n{&) = BFTA HRMASO0360

Figure 60. "Subroutine HMASS Listing
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XMl = XIN7/DEXP (XI(i)/C/CONV H
XM2 = XM1/ DEXP (XI(2)/C/CONV )
DTl = (XIN7 - XM1) /7 R(2)
DT2 = (XMl - XM2)/ B(4)

TBF = { HNDRD ¢ BRINC ) / HNDRD

BURNI = DT1 * TBF
BURNZ = DT2 * TAHF
410 CALL NBLCRS(TAM,XE,QX)
THY=NBLUNT({ OX, 2X,3)
THY=DALNOT{1IN2, QX,3)
THX=NRLDGT(UNZ 4, XT 4 3)
PH3I=DATAN?2 { THY, THX)
DTHFT1=PH3-ITHETA
CALL DNRBIT(E,NTHET1,TP1)
CALL DNRRIT(F,PH2,TP2)
07 02 - 7P1 + 1.D0 .

DT TOVT - DBLEC(AINT(SNGLI(TDT)))
TDT = TDT * PERY

10 FORMAY (6D16.8)

TSUR(1)=0,
TSUR(2)=COASTXPERAV/HNNDRD
TSUR(3)=TSUR(2)+BUPN]
TSUB(4)=TSUB{2)+TDT+ (DBURNI-RURN2)/7.D0
TSUR{5)=TSUR(4) +BURNZ2
TSUBRI6)=TSUR{S)+TSUB(2)

Fl ={AUXI{1}-W1)/PAD

F2 = (AUX{(2) - W2)/RAD
CALL NDORBIT(F1,M1,DTP1)
CALL DNRRIT(E2,F2,DTP2)
TXI=TSUB(?) 4+ RURN1/2.D+00
TX2=TX1+TDY
TP(1)=TX1-NTP1#PER]
TP(2)=TX?-DTP2%PFP2
TP{3)=TX1-TP1 *PERT
DN 585 '=195
NTIC(T) = TDINT{ XNM(T) )
NJIT) = NI(T)
D=(TSUR{T+1)-TSUR(I))I/(NET(I)*XPERAV]) * HNNRN
TF{D,GT XNM{T)) NI(TI)=IDINT(D)

S85 CONTINUF

Figure 60. Subroutine HMASS Listing (Continued)

HMASO370
HMAS0380
HMAS0390
HMAS0400
HMASO41G
HMAS 0420
HMAS0430
HMAS0440
HMAS0450
HMAS0460
HMASO0470
HMAS0480
HMAS 0490
HMASO0S00
HMASOS10
HMAS0520

HMASO0530
H*AS0540

HMASOSTO
HMASO0580
HMAS 0590
HMAS 0600
HMASOG610
HMAS0620
HMAS0630
HMAS0640
HMAS0650
HMAS0660
HMAS0680
HMAS 0690
HMASOT00
HMASOTL0
H™MASOT720
HMASO730
HMASO740
HMASO750
HMASNTSS
HMASO760
HMASOT70
HYASO0780
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C £IND SUM NF NILT)  (=JMX) COMPAPE WITH IVAX HMASOT790

590 JMX=NI(1) HMAS0800

DO 595 1=2,5 HMASOB10

595 JMX = JMX + NI(I) , HMAS0820
IF(IJMX.LT.IMAX) GO TN 605 HMAS0825

KR= JMX-TMAX + 1 HMAS0830

WRITE(6,503) KR HMASO0B35

603 FARMAT(® PROGRAM CALLFD FNR TON MANY STEPS——FXCESS WAS®, 14) “MAS0840

FE = FLOAT(KR) 7/ FLOAT(IMAX) HMAS0845

C IF THE EXCESS IS LESS THAN .1, THE INTFRVAL WITH THF LARGEST HMASO850

c NUMBER NF STEPS IS REDUCED BY KR, OTHERWISE ALL ARE REDUCED IN HMASO 855

r PROPORT TON. HMAS0860

FET = FE - .1 HMAS0865

IF ( FET ) 550,550,570 HMASOB70

550 NB = NI(1) HMASOB7TS

IR =1 HMAS0880

DO 560 T = 2,5 HMASOB8S

' IF ( NR .GT. NI(I} ) GN TD 560 HMASO0890
— I8 =1 HMAS 0895
-4 NB = NI(I) HMAS0900

. 560 CONTINUE HMAS0905
NI(IB) = NI(IR) - KR HMASO910

GO TN 610 HMASO091S

70 RF = 1.0 /7 (l1e + FE ) HMASO09-0

DN 580 I = 1,5 HMAS0925

w0 NI(T) = INT( FLOAT( NI(I) ) * RF ) HMAS0930
o IF ( NIQT) LT« NJUI) ) NECT) = NJLI) HMAS 0935
A 580 CONTINUE HMAS0949
y G0 TN 590 HMAS0945
605 NI{3)=IMAX-NT{1)=NT(2)-NI(4)=-NT(5) -1 HMAS 1000

510  IL =1 HMAS1010

VARP(1) = 0.DO HMAS 1020

XLST(T,1)=XINT HMAS 1030

KSuUBs(1) = 1 HMAS 1G40

Figure 60, Subroutine HMASS Listing (Continued)

NOLLVHOdYOD TITAMNDOOY NVOINAWY HLYON 40 NOISIAIU dADVdS



DD 300 K=1,5 HMAS 1060

KSUB{K+1) = KSUB{K) + NI(K) HMAS1070

I1 =NI(K) HMAS1080

DI1 = OHFLOATIIL) HMAS 1090

NELT = (TSUB{K+1}- TSUB(K))/DI1 HNAS1100

No 250 I=1,11 - HMAS1110

VARZ IL+]1) = VAR(IL) + DELT HMAS1120

XLST{T7,IL#1) = XLST(7,IL) ~ DELT*R(K) HMAS1130

250 TL = TL+1 HMAS 1140

300 CONTINUF HMAS 1150

WRITE (6,12) NI, (KSUBL{I) 3 I=1,4T7) o {TSUR(J) yJ=1,46) HMAS 1160

12 FORMATY (' THE NUMBFR OF STFPS IN THE FIVE INTERVALS IS°*, HMAS1170

® S19//7" THUS KSUB = *, 110,6116/* AND TSUB = *,1P6D16.6) HMAS1180

WRITE (64,14) XIN7, XIN7, XM1l, XM1l, XM2, XM2 HMAS1190

14 FORMAT (' AND MASS = *,1P6D16.6) HMAS 1200

HRITE (6,24) TP HMAS1210

24 FORMAT (' THFE PFRIGFE TIMES ARE (1, 2, TRANSFER) ¢ » 1P3D16HMAS 1220

. ®,6,' SFCONDS') HMAS 1230

— C HMAS 1240

¥ 900 RETURN HMAS1250

. END HMAS 1260
wn
o
[}
O
[}

-9

Figure 60. Subroutine HMASS Listing (Continued)
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c
C
T
c
c
c
C
C

o

VMmO N

SURRMYT INF COAST(PL,EF,WPRyWNR ¢ XINCR,TPER,ICA:N)

COMBUTES THE STATE VARTABRLES (N THE THREE COASYING ARCS, IN
SPHERICAL COORDINATFES, FROM ORBITAL ELEMENTS AND TIMF.

CsST00100
€S7T00300
CST00400
CST00500
CSY00600

INPUT IN DEGPEFS, BUT LAT. AND LONG. ARE F~UND IN RADIANS
MUST BF CALLED IN SEQUENCE —- FIRST COASY, TRANSFER, FINAL COAST
TO KFFEP PHI INCREASING

IMPLICIT REAL*8 (A-H,N-7)
REAL%®8 U(3),E{3),NVI3),V(3),W(3),Q(3)
REAL*4 XLST(15,1090), Y2U(100)

NIMENSION XSAV(6)

COMMON/ZCONST/ PI,,RAD,GXM

COMMON /SOLN/ XLST, TRU

COMMON /72S5U8B/ TSUB(10),VAR {100) ¢« XMNSTP(9) ,STPSIZ(9),
¥KSUB(10) , MAXSTP
COMMON /TNDATA/ XOR81(6), XORR2(S6), AEST(6)
A, AMPINC » AMPDEC v FRFEZE + XAMP v SAVE » BL4&4GE
By SCLINC + SCLDEC » ISCL v IAMP » BLSS + BLS56
C, SCALFE(3) » TOL s MAXIT v IPRIN

COMMON FOR QASLIN ORB. TRAN. PROG.--( TWO DIM,CASE)
Dy XIN(14), XFN(14)

ICA=ARC NUMBEF®

N{POS)= NO. OF SUCCESSIVE ARCS OVER WHICH

TO COMPUTF COAST TRAJECTORY,

NINFEG)=CALLFD RY BURN TO COMPUTE NNE POINT F0OR [=KSUB(ICA)-N
UNIT VECTOR SETS--UI,UJ,UK REFERENCE -- UsV,W LOCAL(ORBIT PLANE)

CST00700
CST00800
CST00900
CST01000
CST01100
CST01200
CST01300
CST01400
CST01500
CST01600
CST01700
CST01800
CST01900
CST02000
CST02100
CSY02200
CST02300
CST02400
CS$y02500
CST02600
CcST02700
CST02800
CST02900

—— UsEoNV LOCAL{UP,FAST,NORTH)-— P,Q,W PERIGEE(ORB. PLANE)CST03000

FIRSTY GET CNNSTANT VECTORS W AND O
IF ( 1CA .EQ. 1 ) PHISAV = 0.DN
NFLAG=1
IF(N.LF.0) NFLAG=?

WN = WNR/RAD

WP = WPR/RAD

XINC = XINCR/2AD

SN DSTIN(WN)

CN DCNS (WN)

Figure 61. Subroutine COAST Listing

CST03100
CST03400
CST03500
CST03600
CST03700
CST03800
CST03900
CST04000
CST04100
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SI = DSIN(XINC) CST04200

C1 = DCOSIXINC) CSV04300

SP = DSIN(WP) CST04400

CP = DCOSIWP) CST 04500

W(1) = SI%SN CST04600

W{2) =-ST*CN CST04700

Wwi3) = CI CSY04800

0(1) = —CN#SP-CT®SN%*CP CST04900

QU2) = —-SNESP+CI*CN*CP CST05000

Q(3) = SI*CP csST05100

GO TG (20425) , NFLAG CST05200

20 I11=KSUB(ICA) CST05300

1?2 = KSUB{ICA+N) CST05400

GO TO 30 CST05500

25 I1 = KSUB({ICA)-N CST05600

I12=11 CSTO5700

30 A = PL/{1.DO —-FE*%?) CST05800

XN = DSQRT(GXM/ A*%3 ) CSYT05990

' {3} = 0.N0 CST06000

o VM = DSQRTIGXM/PL) CST06100

o r €ST06200

' C NOW NN LONP FOR CNORDINATES AND VELOCITIES CST06300
NN 200 I=11,12 CST06400

XM = XN#{VAR({1)- TPER) CST06500

F = DYRUEHIXM,EF,EA,SSFyCSF,IFL ,JFL) €SYT06600

SR = DSIN(F#UP) CSTO06700

n CB8 = DCOS{F+NP) CST06800
O U(1) = —-CFESN*SB+CN#*CB £ST06900
S U(2) = CI*CN*SB+SN*C8B CSY27000
Y U{3) = SI*SR CsST07100
STH = Y(3) CST107200

CTH = DSORT{1.NO-STH**2) CST07300

XSAV(1) = PL /7 {(1.DO+FE*CSF) CST07400

R = XSAV(1) CSTO07500

XSAV(2) = DATAN2(STH,CTH) CST07600

XLST(2,1) = XSAV{2) cCSTG7700

C THETA MU'ST LIE BETWFEN +TINCL. SO CTH IS PNSITIVE. CST07800

Figure 61. Subroutine COAST Listing (Continued)
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XSAV(3) = DATAN?2( 1(2),U(1) ) CST07900

PHI = XSAV(3) csS708000

1IF ( 1 .EQ. 1 ) 50 TN 65 CsSY08100

IF{ PHI .tT. PHISAV ) PHI = PHI + 2.00 * Pl CST08200

IE{ PHI LT. PHISAV ) PHI = PHI + 2.D0 % Pl CST08300

45 XLST(3,1)= PHI CST08400

r PHI=XLST{3,1) IS NETERMINFED TO PFOPER QUADRANT CSTORS00

PHISAV = PHI €CST08600

XSAV{3) = PHI CST08700

C YLST(3,1) MUST ALWAYS INCOEAST CST08800

70 CALL DBLCRS(W,U,V) CSTJ3R900

SPH = DSIN( OHI ) CST09000

cey = NCOSL PHUT ) CST09100

F(1) = —-S°H CS709200

Ft2) = CPH CST09300

NV(1} = —-STH*CPH CST09400

NV(2) = -STHESPH CST09500

NV(3) = CTH CST09600

' XSAVI3) = XLSV(3,I1) CST09700

N XSAV(4) = V¥ = FE * SSF CST09R00
o XLST{4,1I) = XSAV(4) CST09990

' XSAV{S) = VM*{ DBLDNT(V,NV,2) + EE*DBLDNT{QeNV,3))/R CST10000
XLST(S,I) = XSAV(R) CST10100

XSAV{6) = VME(DBLDOTIV,E,3) + FE*DBLOOT(N,E,43) J/(R*CTH) CST10200

XLST(6,1) = XSAV(5) cST10300

- XLST(1,1) =R CST10400
o TRU(I) = F CsT10500
o PHISAY = XLST(3,I1) CST10600
b IF (1 NE. 1 ) GO TN 200 CsST10700
» ND 133 J=1,6 csT10800
XIN(J) = XSAVUJ) CST10900

CONTINUE CST11000

IF ¢ ICA .NE. 5 ) 60 TN 909 CsST11100

DO 233 J=146 CST11200

XFN{J) = XSAV(J) CST11300

r CST11400

RFTURN CST11500

FND CST11600

Figure 61. Subroutine COAST Listing (Continued)
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23K Xs XaXs)

50

SURROUT INE LGRANG

LAGROO0O
LAGROO10

PERFORMS THE COMPUTATIONS FOR ESTIMATING THE VARIABLES OF THE
LAGRANGE MULTIPLIERS PRIOR TO INITIATING QUASILINEARIZATION.

IT ALSO COMPUTFS THE PRIMER VECTOR WHICH IS USED TO COMPUTE THE
INITIAL TIME HISTORIES OF THE SWITCHING FUNCTION.

LAGROO11
LAGROO12
LAGROO13
LAGROO1&
LAGROO1S

IMPLICIT REAL*8 (A-H, 0-17)
NIMENSTINN TAX(10), ANG(10), XIL1(3), XI2(3), XJ1(3), XJ2(3)y DC1(3)LAGROO30
*, DC2{3), ALP(2), FG(2), YL{2,6)¢ CSA(2), SNA(2), CSF(2), SNF(2), LAGROO4O
SNTH(2), TNTH(2), AL({2,6)y SL(2), EC(2), AGM(2),202(2),
* ZL3(2),A(6) ,ELM(6), VY (2),IN{300),D0BLI15D0), QX{3),Z2IT(3), CT1K(2) LAGROOGO

*CSTHt2),

RFEAL*4 TRU(100), XLST(1S5,100), DATA(300)
COMMNN /ZCONST/ P1, 2AD, GXM, BETAS, CONV, 11, JJ
COMMON /SOLN/ XLST, TRU
COMMON /ZZLGR/ ZL(2,6)THET(2) ALPHI2) ,FTI2),RA(2),AVH(3),
* XTRA({10), ALP
COMMON /2SU87 TSUB(10), VAR(100), XNM{9), DET{9),KSUB(10),JMAX
COMMON JORBCNN/ Pl,El oWl oAT1 P 2,E2,W2,P,E,W,FTRN(6)
FTRN(6) ARFE P,E,AINC,ANODE,HW,A
COMMON /STCOM/ Q1(3), Q2{3), XE(3), XU(3), XV(3},AUX(3), CXI,
1 DVT(S): R1E, R?2F, SXI, TAM{3), UN1(3), UN2(3), VEL{3),
2 VF2{(3), XiL1l, XL2, XS1l, XS24 PERT, PER1l, PERZ, RAD1(3},
3 RAD2(3), UMAG, XIM1{3,2), XIM2({3,2)y DTHETA, EPSI, ZETEST,
4 JNy LOS, KONTAU
COMMON /INDATA/ DATA, MPNS(5,25)
EQUIVALENCE (DATA,IN,DBL)
DO S50 T = 1,3
IAX(T) = 3
TAX{(2) = 1
XT1(71) = XIMI(E,LOS)
XI2¢(1) = XIM2(1,L0S)
XTRA(2) = DSORT( XIl(1)%%2 & XI1(2)%%2 + XI1(3)*%2) / CONV

XTRA{3) = DSQRT{ XI2(1)*%2 ¢+ XI12(2)%%2 + X12(3)*%2) / CONV
CALL DBLCRS (TAM, XE, QX}

THY
THY
THX

DBLUNT(QX, OX, 3)
DBLDOT(iIN2, QXy 3)
DBLOOT(UN2, XE, 3)

Figure 62. Subroutine LGRANG Listing

LAGRO020

LAGROOS0

LAGROOTO
LAGROOSO
LAGR0O090
LAGRO100
LAGRO110
LAGRO120
LAGRO130
LAGRO140
LAGRO150
LAGRO160
LAGRO170
LAGRO180
LAGRO190
LAGR0200
LAGRO210
LAGRO0220
LAGRO230
LAGRO240
LAGRO250
LAGRO260
LAGRO 270
LAGRO0 280
LAGRO290
LAGRO 300
LAGRO310
LAGRO320
LAGRO330
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NOTE DTHETA

PH3 = DATAN2(THY, THXJI#*RAD

ANG(1) = - FETRN(4&)
ANG(2) = — ETRN(3)
N =13

DN 8S J = 4,10
ANG(J) = 0.D0
TIAX(J) = 1

ANG{(3) = -W - F1

IS IN RADIANS
F1 = PH3 - DTHETA * PAD

THE SUBROUT INE RNTATD REQUIRES ANGLES IN DEGREES

CALL ROTATD (XJls XI1,

ANG(3) = -W -PH3

CALL ROTATD (XxJ2, XI2,

AM = DSQRT(GXM*P)
F1 = F1/RAD

F2 PH3/RAD

SF1 = DSIN(F1)

SF2 = DSINIF2)}

CF1 = DCOS{F1)

CF2 = DCOS(F2)

SFD = DSINIDTHETA)

CFD = NCOS(DVTHETA)

Rl = P/{1. + E*CF1)
2 = P/{1l. * EX*CF2)

TFINABS{XJ2(1)).LT.1.N-02) XJ2(1)

S = R2%XJ2(2)/XJ2(1)
R = R2%X3213)/XJI2(1)
Q1PS = (R1/P)%%2
R2PS = (R2/P)%%2
R1A = RI%x(l. ¢+ R1/P)
R2A = R2%(1. + R2/P)

IF ( ATl .NF. 0.DO ) GO 7O 110
«AND. F2 ,NE.

IF ( El .NE. 0.DO

Ny TAX,

Ny TAX,

ANG)

ANG)

IS PEQUIRED FOP TRANSFE? ELLIPSF

c1 = 0,00
R2 = N.NO

Figure 62. Subroutine LGRANG Listing (Continued)

= 1.N=-24 * XJ2(2)

0.D0 ) GO TN 110
FOR CNPLANAR CASE WITH ONF (OR BOTH) OF THE OPBITS CIPCULAR C1

LAGRO340
LAGRO350
LAGRO360
LAGRO3TO
LAGRO 380
LAGRO390
LAGRO392
LAGRO393
LAGRO394
LAGR04&00
LAGRO410
LAGR0420
LAGRO430
LAGRO&40
LAGRO47T0
LAGRO %80
LAGRO&90
LAGROS00
LAGROS10
LAGROS20
LAGROS30
LAGRO540
LAGROS50
LAGROS&0
LAGROS70
LAGROSS80
LAGROS90
LAGRO600
LAGRO610
LAGR0620
LAGRO630
L AGRO640
LAGRO650
LAGRO660

OLAGRO6TO

LAGRO680
LAGRO690
LAGRO700
LAGROT10
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180

114

119

270

IF BOTH IMPULSES FORWARD, BACKWARG A6 MUST BE POSITIVE.NEGATIVE
FOR THIS CASF WE USE XTRA(l) = A6
A6 = XTRA(1l)
IF ( XJ1(2) LT, 0.DO ) A6 = —A6
CTNU = XJ1(1) /7 XJ1(2)
WE BELIEVE A& MUST HAVE THE SAME SIGN AS A6 AND MUST BE
SMALL ENOUGH TO KEFP STFERING ANGLE NEAR 99 DEG.
A4 = E * A6 / 6000.N0

X16 = AG6%R]IPS ¢+ RIA®AL%(CSF]
XtSs = 0.00
XL4& = CTNU*XL6/R1

REFORE PROCFEDING WE CHECK ON SIGN OF L6 AT SECOND RBURN. FOR
NEARLY CIRCULAR COPLANAR DRABITS, IT CAN SEV THE WRONG SIGN.

X162 = A6 ¥ R2PS & R2A * (A4*CF?2 + C1%SF2)

TFSTS = XJ2(2) /7 XL6K2

IF { TEST6 .GT. 0.DO ) GO YO 270

A& = A4/10.D0
WRITE(6,184)
FOCRMAT(® A4 DIVIDFD PY 10 TO CORRECT SIGN NF SL62 *)
GO Ta 270
REN = ~SXP]DSESED ¢ “1PSEP2ASCED - 22PS&P 1A
D2 = R2%%? * SFD/AM
NDTR = D2%BRD

D3 = 22PSEREQIAXCFD — RIPS*RER?A
RRS = (R2/R1)*%2

XL4 = XTRAQ1)
IF(NDABSIXJI(1)) LT 1.D-02) XJ1(]1) = 1.D-04 * XJ1(2)
IF { XJ1(1) LT, 0.,ND ) XL4& = -XL&
XLS = X1 &4®RI&XJI(IN/XI1(])
XL6 = XL&4ERI%XJI(2)/XJ1( (1)
A? = (XL4EXSFI%D3I 4 XLO6*SFI1ERE2IPSESEFN ¢+ YL 5% PRSESFI2&RRD) /NTR
A% = (XLGx(OIPSE(SECF24F2A%SF?2)-FP2PS*RJA¢SF1) —XLS*R2PS%(CF11)/73°D
B2 = (XL&*CFI¥D3 + XL O6*CFL1ER*Q2PSESFD ¢ XLS* RRS*CF2%8RD)/DTR
A6 = (=X14%Q1A* (S*CFNHR2AXSFD) + XL 6X(-S*ESFDI+R2A%XCFN) ) /78PD
Cl = (XLL*{RIPSE{SESF2-R2A%CF2)+ RZPS*R1A*(F1)-XL6*R2PS*SF]1)/2RD

Figure 62. Subroutine LGRANG Listing (Continued)

LAGRO720
LAGRO730
LAGRO740
LAGRO750
LAGROT760
LAGROTT7O
LAGRO780
LAGROT9D
LAGROB00
LAGROSLO
LAGROS820
LAGROS830
LAGRO 840
LAGRORSO
LAGR0O860
LAGROSTO
LAGROSSO
LAGROS90
LAGR0O900
LAGRO910
LAGRO920
LAGRO930
LAGRO940
LAGRO950
LAGR0O960
LAGRO970
LAGROSAO
LAGRO990
LAG®R1000
LAGR1010
LAG' 1020
LAG%1C30
LAGFP 1040
LAGR1050.
LAGR1060
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Figure 62. Subroutine LGRANG Listing (Continued)

C SET DEAPECTIES OF TUPULSE PRINTS FNR COMMON /7LG°/ ANJ LCOAST,  LAGR1100

c AND FOR COMPUTING CONSTANTS NN GIVEN IRAITS, LAGRI110

C ALPH  HFADINGS 0N TRANSFER AT TMPULSES LAGR1120

c FT TOUF ANOMALTES ON TRANSFER AT IMPULSES LAGR1130

c F5 TRUF ANNMALTES ON INTTTAL,FINAL AT TMPULSES LAGR1140

r ALP HEADINGS NN INITIAL,FINAL R8ITS AT IMPULSES LAGR1150

c LAGR1160

270 TL& = A4*SF1 — CI+CFI LAGR1170

TLS = RI®%2#(A24CF1 - B2#SF1) / AM LAGR1180

TL6 = AG*RIPS + RIA#(A4%CFLl + C1#SF1) LAGR1190

XL42 = A4#SE? — C1#CF? LAGR1200

XLS2 = Q2#%2 * (AP¥CF2 — B2%SF2) / AM LAGR1210

XL62 = AG#R2PS + RIAR(A4*CF2 + CL*SF2) LAGR1220

TR = XL52 / XL42 LAGR1230

TS = XL52 / XL&? LAGR1240

atn va(1) = RIE LAGR1310

RA(2) = R2E LAGR1320

THET(?) = 0.D0 LAGR1330

- FT{1) = F1 LAGR1340
X FT(?) = F2 L AGR1350
~ FGUL) = (AIX(1) — 41)/RAD LAGR1360
' FGU2) = (AUX(?) — W?2)/0AD LAGR1370
ST = NSIN(ATL/FADY LAGR1380

€1 = DCOSIAIL/AD) LAGR1390

SU = NSTN(AUX{1)}/PAD) LAGR1400

CY = DCOS(AUX(1)/°AD) LAGR1410

STH = ST#SU LAGR1420

CTH = DSART(1.00 — STHEE2) LAGR1430

THET(1) = DATAN?(STH, CTH) LAGR1440

SA1 = SI*CU/CTH LAGR1450

CAl = CI/CTH LAGR1460

ALPI1) = DATAN?{SAL,CA1) LAGR1470

ALP(?) = 0.DO LAGR1480

SIT = DSTIN(ETRN(23)/°AD) LAGP1490

CIT = NCOS(ET2N(3)/RAN) LAGR1500
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SA = SIT#DCNSIF1 + W/RAD)/CTH LAGR1510
CA = CIT/CTH LAGR1520
ALPH(1) = DATAN2(SA, CA) LAGR1530
ALPH(2) = -ETRN(3)/RAD LAGR1I540
470 CALL DBLCRS{ TAM, UN2,ZIT ) LAGR1550
IF(ZIT(3).6T.0.00)  ALPH(2) = -ALPH(2) LAGR1560
DESCENDING NODE ASSUMED. CHANGE SIGN IF ASCENDING. LAGR1570
425 SL(1) = P1 LAGR1 580
SL(2) = P2 LAGR1590
EC(1) = F1 LAGR1600
EC(2) = F2 LAGR1610
LAGR1620

A(1) = A2 LAGR1630
Al2) = B? LAGR1640
A(3) = as LAGR1650
Al4) = a6 LAGR1660
ats) = C1 LAGR1670
At6) = o. LAGR1680
ELM(1) = P LAGR1690
ELM(2) = E LAGR1700
ELM(3) = ETRN(3)/RAD LAGR1T710
FLM(4) = ETRN(4)/RAD LAGR1720
FLM(S) = W LAGR1T30

WRITE (6+430) XJ1, RA(1), F1l, ALPH(1), XJ2, RA(2), PH3, ALPHI2), LAGR1740
* (A(1),1=1,5) LAGRL 741
430 FORMAT (

*ATA ON TPANSFER ORBIT® / 25X, °IMPULSE CONPONFNTS®, 19X, °*RADIUS®,L AGR1743

*1THE PRIMER COMPUTATION® / *0 IMPULSE DLAGR]1 742

* 7Xe *TRUE -ANGMALY®, 6X, °HEADING® / 14X, °*RADIAL®, 10X, °*CIRCUMLAGR]74&¢
*.%y AX, *BINORMAL® /7 * FIRST ', 1P6D16.7 /° SECGND *, 6016.7 /LAGR174S
*00e, 16Xy "A2%,14X, *B2°, 15X, "A&°, 1&X, *A6%y 16Xe °CLl°LAGR1T46

€ / 9%,y SDik.T ) LAGRL1747
NK = 3 LAGR]1 740

S00 CALL LCOAST (A,EL™,NK) LAGR1 750

Figure 62. Subroutine LGRANG Listing (Continued)
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c LAGR1 790

700 DO 800 J=1,2 LAGR1800

AGM(J) = DSARTIGXMESLIJ)) LAGR1810

YY(J) = AGM{J)I/RA(J)*%52 LAGR1820

YLEJe&) = ZLTJe4) LAGR1830

CSA(J) = DCOSIALPI)) LAGR184C

SNA(J) = DSINCALP(JI)) LAGR]1 0850

CSF(J) = DCNSIFGII)) LAGR1860

SNF(J) = DSINIFG(J)) LAGR1870

CSTH(J) = DCOSI(THET(J)) LAGR1880

SNTH(J) = DSINI(THET(IY) LAGR1890

TNTH{J) = SNTH(J)I/CSTHID) LAGR1900

YLEJeS) = 7L(J,SISCSATI) — 2L (J6)*SNALI)/CSTHII) LAG?1910

YL (Je6) = ZLIJI,SIESNALI) ¢ ZLUJ6)SCSALID /CSTHII) LAGR 1920

VLE{J,1) = ZL(J, 1) LAGR1930

YUUD,2) = ZLUJe2)5CSA(II-2L I3V /CSTHIJIIESNALI)¢  TNTHIJI*IYLIJ,6LAGR]1940

=) $CSALJIEE3 VLIS )ESNA (L2 )*%3)%VV L)) LAGR1950

750 YLiJs3) = ZLUJs2V5SNACJIDISZL(JI,3) /CSTHIIISCSALJII+  TNTH{JI)I*CSA(JIS*LAGR]1960

' (VL{Js6)ECSACIIESNACII-YL (JyS5)%( 1. +SNA(JI*$2) ) 2VV(J) LAGRi9T0

S 760 AL(Je1) = YLUJ,2)$SNF(J) + YL UJ,SIEAGMIJIISCSFIJIV/RALS)**2 LAGR2010
o AL(J9?) = YL{Je2)ECSFIJ) —= YLUJ,SIEASMUIIESNFIJID)/RALJ) *%2 LAGP2020

v ALUJ2) = 2.%YL(Je6)ECSFIII/RALI) — YLUS,1)SCSF{JIS*RA(J) *$2/AGM(J)ILAGR2030

* + YLUJy%32SNF(J) LAGR2040

ALTJ,%) = YL{Jo1ISRA(IIESLIIIZE2 & (1. + RA{JI/SLUIID/AGMII) - YLILAGR2050

Je6)%(1. + 2.%RALIV/SLEI)IEISLII)/RA( J) ) %2 LAGR2060

0 TT0 CIK{J) = YLUJ+3)ESLUIV/Z(AGM{JI)I*EC(J)) LAGR2070
o AL(J5) = - YLiJy&) * CSFUJI) + LAGR2080
N 2 2.D0 SYL(J:6)ESNF(JI/RA(J) - YLUJo1)EPA(J)®%2 & SNF(J)/AGR{J) LAGR2090
Iy 80N CONTINUE LAGR2130

HRITF (6,740) (AL(1,T10,1=1,5), CIK(1), (ALI2,1)s1I=1,5), Clx(?) LAGR2100D
740 FORMAT (*0°, 16X, 'A2%,1&4X, '82', 14X, *a&°%, 14X, *A6%, 14X, °'C1?,LAGR2110
*10X, *CLE(CHECK)®*, /7 * INITIAL *, 1P6D16.T7 /7 * FINAL *.6D16.7) LAGRZ2120

827 NK =1 LAGR2140
DO RSN K=1,5 LAGR2150
850 AIK) = AL{NK,K) LAGR?160

Figure 62. Subroutine LGRANG Listing (Continued)
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ELM{1) = P LAGR217Tv
ELM(2) = EL LAGR2180
ELM{3) = AJL/RAD LAGR2190
FiM(4) = 0.D0 LAGR2200
ELM{5) = W1/RAD LAGR2210
CALL LCOASTY (A, ELM,NK) LAGR2220
C LAGR2230
NK = 2 LAGR2240
DO 900 K=1,5 LAGR2250
900 A{K) = AL({NK,K) LAGR2260
FL¥ (1) = P2 LAGR2270
ELM(?2) = E2 LAGR2280
ELM(3) = 0.DO LAGR2290
ELM{S5) = W2/RAD LAGR2300
CALL LCODAST (A ELM,,NKX) LAGR2310
RETHRN LAGR2320
END LAGR?2330
]
S
-3
[]
n
o
o
O
| §
S

Figure 62. Subroutine LGRANG Listing (Continued)
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L9
r
C
C
C
C

aEeEnEaEalEe)

e}

*

10

20

30

100

SURRNITINE LCNAST (A, FLM, NKj LCST0000

— ——————— — - - - LCST0002
COMPUTES THE LAGRANGF MULTIPLIERS OVFR THF COAST ARCS FROM LCST0004
INFORMATTON SUPPLIED BY SUBROUTINE LGPANG. LCSTO0006
: - -LCST0008

ELM(6) ARE P, T, INCL., NODE, PERI., A OR TIME OF PER(NOT USED) LLSV0020
AL5) ARF A2, BZ, A4, Aby Cl, AND XXINOT USED) LCST0030
TMD] [CTT REAL¥B{A-H,0-2) LCST0040
2AFAL*4 KlST(lS,lOOi'TRU(IOO),QPL(IOO),DOoCI. neo, Pl LCSTO0050
COMMON /ICONSTY/ oI, RAD, GXM LCSTN060
COMMON 7SOLN/ XLST, TRU LCSTOOT0
COMMON /ZLGR/ 7LU2,6),THET(2) ALPHI2),FT(2),RA(2),AVH(3), LCST0080
XTRA(10), ALP(2) LCSTO0090

VAPTABLES TN CGMMON /7LGR/ ARE COMPUTED FOR THE TRANSFER ORBIT  LCSTO100
7L ARE COMODUTFD HERE BELOW FROM THET ETC SUPPLIED BY LGRANG LCSTO110
COMMON /7SUB/ TSUB(10), VAR{100), XNM(9), DET(9),KSUB(10),JMAX LCST0120
COMMAN /ZIC/BETA; € o GO oXMU, TWXXK{20) LCSTO130
DIMENS TON A(6), ELM{6)XLI{A), HMLI100) 1G(3) LCSTO0140
OIMENSTON PDOTV(3), PDNTS(3),0RLI100) LCSTO150
DIMENSTON DLAMI{2), DLAM2(2}, PL(2) LCSTO160
LCSTO170

NK=1 INTTIAL OFRIT YO FIRST BURN LCSTO180
NK=2 FINAL NRBIT FROM SECOND BURN LCSTO0190
NK=3 TRANSFER NR3IT MUST RE CALLED FIRST TO SETUP LCST0200
CONSTANTS FOR INITIAL AND FINAL ORBITS LCSTO210
LCST0220

GO TN (10,20,30),NK LCST0230
181 = KSUB(2) LCST0240
G0 TO 100 LCST0270
IR2 = KSUB(S) LCST0300
IEND = KSUB{6) LCSTO310
60 70 100 LCST0320
LCST0330

NK=3 BRANCH {TRANSFER ORBIT BRANCH} LCSTO340
IC1 = KSUB(3) LCST0370
IC2 = KSUB{4) LCST0380
SUM = 0,00 LCST0390
P = ELM(1) LCST0400

Figure 63. Subroutine LCQAST Listing
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AM NSQRT{GXN*P)

NNK = NK + 3% ({NK-1)%{3-NK)
I1 = KSUBR{NNK)

12 = KSUB(NNK+1)

DO 400 1I=11,12

F = DBLF(TRU(I) )

X = DBLEIXLST(S,1) i
Y = DBLE(XLSTU6,1) )
R = DBLE(XLST{1,I} )

RH= DBLE(XLST{4&,1) )

CTH = DBLE(COS({XLST(2,1)))
STH = DBLE(SINIXLST{(2,1)))
TN = STH/CTH

CF = DCNS(F)
SF = DSIN(F)
YO = AM/R&%2 -
SA & X/YO
CA = Y®CTH/YO

XL{1)=2.D0%A(4)ZAM/ (R¥P*$2)4YO*(1.004+2.D0%P /P ) X A(3)*CF+A (5 ) *SF)

XL(2) = AC1)%SF + A(2)*CF

XL(3) = A(S)EAMRELM(2)/P

XtL{4) = A(3)*SF - A{S5)*CF

XL{S) = (A(1)*CF - A(2)*SF)/YO

XLU6) = Al4)ER¥%2/P%%2 +R*¥(1.D00+ R/PI*{A(3)*#CF + A{(5)*SF)

PRLIT) = DSQRT{ XL{4)**2 + ( XL(5)%%2 + XL(6)*%2 ) /R¥¥2)
XLST(13,1) = :

* SNGLI{(-XL(5)%SA + XL(6)*CA)*CTH]}
XLST(9,1) =
* SNGLAIXL(1))
XLST(10,1) =
* SNGLIXL(3)%=SA + XL(2)*CA - YETN*XLST{13,1))
XLST(14,1) =
* : SNGLUIXL(3)%CA - XL(2)*SA)*CTH ¢+ YO%XL(5)*STH)
XLST(11,1) =
%x SNGL(IXL(4))
XLSTU(12,1) =
* SNGLIXL(S5)*CA + XL{6)%SA)
ORLIT) = SNGL( DSORT( XLSTI11,1)%%2 & { XLST(12¢1)%%2
* + ( XLSTU{13,1)/CTH 1*%2) / R*%x2 ) )

Figure 63. Subroutine LCOAST Listing (Continued)

LCSTO410
LCSTO412
LCSTO0413
LCSTO414
LCST0420
LCSTO0430
LCST0440
LCST0450
LCSTO0460
LCSTO0470
LSCT0480
LSCT0490
LCSTO0S500
LCSTOS510
LCST0S520
LCSTO0S30
LCST0540
LCSTO0S550
LCSTOS60
LCSTO0570
LCSTO0S80
LCSTO0S590
LCSTO0600
LCSTO0610
LCST0620
LCSTO0630
LCSTO0640
LCSTO0650
LCSTO660
LCSTO0670
LCSTO680
LCST0690
LCSTO0700
LCSTOT10
LCSTO720
LCSTGT30
LCSTO740
LCSTO750
LCSTOT760
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G(1) = RE(X*%¥2 &+ (Y*CTH)*#%2) - GXM/R*%¥2 LCST0850
GU21=2.D0 #2H%X/0 — STHECTHRY*%x2 LCST0860
GI3)=2.DO*VE{X*TN — PH/R) . LCSTO0870
HMLII) = XLST(4oT)EXLST(9,1) + XLST(S,T)*XLST(10,1I) ¢ XLST(6,1) LCSTOB880
* EXLST(14,7) + XLST{11,10%G(1) & XLST{12,1)%G(2) + XLST(13,1)*GILCSTO0890

% 3) LCSTO0900

SUM = SUM + HMLL(I) LCSTO910

4n0 CONTINUE LCST0920

TNGQ = DFLOAT(I2-11) . LCST0930

AVH{NK) = SUM/TND LCST0940

GO T2 { 999,700,420 ), NK LCSTO0950

r SECTINN FOR MULTIPLIFRS AT CORNERS COMPUTED LCST0960

r FROM VALUES ON TRANSFER ARC. ' LCSTO0970

420 WRITFE (6,430) LCSTO9T2

430 FORMAT {YOPRIMER VECTOR AT THE BURNS® / 15X, °LENGTH', T7X, 'LENGTLCSTO974

#H4 RATE', 6X, 'DERIVATIVE® ) LCSTO976

DD SO0 J=1,2 LCST0980

£ = FT(J) LCST0990

' R = RALJ) LCST1000

N CTH = DCNSITHFT(J)) LCST1010

o STH = DSIN(THET(J)) LCST1020

' TN = SYH/CTH LCST1030
CF = DCOS(F) LCST1040

SF = DSIN(F) LCST1050

RH = FELM(?2) * SF * DSOQRT(GX¥/P) LCST1060

Y0 = AM/R%%) LCST1070

g SA = DSIN(ALPHUJ)) LCST1080
o CA = DCOS(ALPH{I)) LCST1090
) X = YO % SA LCST1100
kS Y = YO * CA/CTH LCcsST1Il0
XL{1)=2.DO%A(4)EAM/ (REPEX2 ) 4+YIR(1.N04+2.NO*R/PIXLA(3)*CF+A(S)*SF) LCSTL120

XL{2) = A(1)=*SF & A(2)%CF LCST1130

XL {3) = A(S5)%AMXELM(2)/P LCST1140

XLU%&) = A(3)*SF — A(S)*CF LCST1150

XLIS) = (A(1)*CF - A(2)%SF)/VD LCST1160

XL(A) = A(&)EREX2/D%%D +R%(1.N0+ R/P)X(A(3)%CF + A{5)%SF) LCST1170

Figure 63. Subroutine LCOAST Listing (Continued)
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ILUJ,6) = (=XLIS)*SA # XL{5)*CA)*CTH LCST1180
ZL(J,1) = XLLL) LCSTL1199
2L(J9,2) = XL{3)*SA + XL(2)*CA - Y*TN%* Z20L(J,6) 0 LCST1200
ZL(J93) =  (XL{3)%CA — XL(2)*SAI*CTH + YOXXL{S)*STH LCST1210
IL{Jy4) = XL(4&) LCST1220
L1 J,5) = XL{S)*CA + XL{6)%SA LCST1230

NP1 = NSQRTIXLI&)*%2 + (XL(S)*%24XL(6)*%2)/Re%2 ) LCST1240
DP2 = DSQRT( ZL{Je4)%%2 + (ZL(J,5)%524(2L(J,6)/CTH) %£2) /R*%2) LCST1250
PLLJ) = DP? LCST1260
ONOTVIL) = =-XL(1) + XL(6)*YQ/R LCST1270
POATV(3) = =XL(3)/R +RH®XL(6)/02%%2 — YO*XL (&) LCST1280
PONTV(2) = =XL(23/2 + XL{S)*¥RH/O %D LCST1290
PONT] = DSORT(PNNTVY(1)53%¥2 + PNCLTV(2)%%2 + PDOTV(3)*%2) LCST1300
DVLNY = (XL{4)*PDNTV(1) + (XL{S)*PDOTV(2)+XL(&6)*PDNTV(3))/R)I/DPILCSTLI310
POOTG(1) = =ZU(Jy1) + (ZLUJs5)%X & Z2L(J,6)%Y) /R LCST1320
PONTG(3) = -ZLUJy 3V /(REXCTH) - VY%ZL(J,%4)*CTH ¢ ZL(J,5)%VESTH/R - L(ST1330
® ZU(J oAV EXESTH/ (RECTH®%2) & ZL(J,6)*RH/(R&*$2%CTH) LCST1340
PONTG(2) = —ZL(J9?2)/R = X*IL{Je4) +ZL(JyS)ISRH/RE$2-ZL(J,6) % VE*TN/RLCST1350

' PDAT2 = DSORTIPNNTG(11%£2 & PDNTG(2)%%2 + PNATS(3)*%2) LCST1360

™ PULN? = (ZUL{J94)%PDOTGIL) &+ (ZL{J,5)%ONNTGI2) + ZL(J,5) *PNOTG(3LCST1370

- %) /CTHY/R) /DP2 LCST1380

' IF ( J EQ. 1 ) WRITE (64440) NP1, PVLDl, PNOT] LCST1350

440 FNPMAT (' FIRST ', 1P3D16.7 ) LCST1400

IF ( J .EQ. 2 ) WRITF (6,450) DP2, PVLD2, PDNT2 LCST1410

450 FORMAT (' SECOND ', 1P3D16.7 ) LCST1420

- DLAMI(J) = (ZL(Jo5V%%2 & (ZU(J,6)/CTH)**2)£XTRA(J+]1)/(R*%3 & DP2) LCST1450
o DLAM2(J) = (ZL{J,6)/7(PECTH) IXX2xTNEXTRA( J+1) /D02 LCST1460
o SGN = DFLDAT( 2%J - 3 ) LCST1490
Y ZLU34V1) = ZL{Js1) + SGNEOLAMILJ) LCST1500
- ZL(Js2) = ZIL(J.2) - SONRDLAM2(J) LCST1510
500 CONTINUE LCST1520

WRITF (6+605) (FY(I), ALO(T), DLAMI(I), OLAMP(I), I=1,2) LCST1522

605 FNRMAT (*0OPRIMER ON INITIAL AND FINAL ARCS® /7 11X, *'TR2UE ANNMALY®,LCST1524

£ 6Xe "HEADINGT®, 10X, *DLAMI®', 11X, *DLAM2' 7 ¢ INITIAL ', 1P4D16.LCST1526

*7 /7 % FINAL ', &4D16.7 ) LCST1528

GO Tn 0aa LCST1530

Figure 63. Subroutine LCOAST Listing (Continued)
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700 PN = SNGLIPL(1)) LCST1540
€1 = SNGL(C) LCST1545

DN 710 1=1,181 LCST1550

710 XISTU(8,1) = C1/ XLST{7,1) # (9FL(I) - PO} LCST1560
DPO = ( SNSLIBL(2))- PO } / FLOAT( T1C2-1C1) LCST1565

nn 724 I=1C1,1IC2 LCST1570

P1 = PN &+ DPOXFLOAT{I-IC1) LCST1572

c P1 AND DPO TO GET SMOOTH SWITCHING FUNCTION WHEN MAXIMUM PRIMER (LCST1574%
c VALUES ARE DIFFFRENT AT THE TWO IMPULSE POINTS. LCST1576
720 XLST{8,1) = C1/ XLST{7,1) * (QRLUI) - P1) LCST1580
DN 730 I=1B2, IEND LCST1590

730 YULST(R,I) = C1/ XLST(7,1) * {QRL(T) - P1) LCST1€00
999 RETURN LCST1610
END 1CST1620

- 212 -
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Figure 63. Subroutine LCOAST Listing (Continued)
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SUBROUTINE BUPN(N1,N2,TP)

CONSTRUCTS THE TINITIAL TIME HISTORIES OF ALL VARIABLES OVER THE
SHORT CAST ARCS. 17T DOES SO BRY FITTING A CUBIC DR LINEAR CURVE

BETWEEN END POINTS AT THF BEGINNING AND END OF EACH BURN.
THREF-DIM, VERSION--IBM 360--JULY 1967

IMPLICIT REAL*8 (A-H , 0O-7 )

REAL*4 XLST(15,100)}

DIMENSION A{14), B(14)e C(14),SL2(14),TP(3)
COMMON /SOULN/ XLST
COMMON /2SUB/

*KSuBs(10) , MAXSTP

THIS VERSION FITS A CUBIC NVER BURN ARCS. COAST ARC
FUNCTIONS ARE NEEDED
M1 = KSUB{IN1) +1
M2 = KSUB(N2) -1
T1=M1-1
12=M2+1
CAN BE USED ON ALL VARIABLES BY CHANGING THE 6,
X=VARIND(I2)-VARIND(I1)
DO 100 KkK=1,3
A(K)I=(XLSTI{Ky I1)-XLSTI(K,I1-1))/(VARIND{I1)-VARIND(I1-1))
O=(XLSTIK,I2)-XLST{K,11))/X*%2
SL2(K)=IXLSTIKy I2¢1 )-XLSTIK,T2))/(VARIND{T1241)-VARIND(12))
ALK )=SLL1(K) SO SL1(K) IS NGT USED
BIK)=3.%Q- (SL2(K)+2,%A(K))/X
CIK)= =2.%Q/X + (SLZIK)+A(K)D/X*x2
DO 60 I=M],M2
XT=VARIND({I)-VARIND(I1)
XLSTIKo T)=XLSTIKyI1) + ((CU(KI®EXT+B(K))IEXT+A(K))IEXT

60 CONTINUF
100 CONTINUE

Figure 64. Subroutine BURN Listing

TSUB(10),VARIND(100)  XMNSTP{9),STPSIZ(9),

BURNOOOO
BURNOOOS
BURNOOL10
BURNOOLS
BURNOO20
BURNOO2S

BURNOO30 -

BURNOO4O
BURNOOSO
BURNOO60
BURNGOT70
BUNOOSO
BURNOOSO
8URNO100
BURNO110
BURNO120
BURNO130
BURNO 140
BURNO150
BURNO160
BURNO170
BURNO180
BURNO 190
BURNO 200
BURNO210
BURNO0220
BURNO230
BURNO 240
B8URNO0 250
BURNO 260
BURNO270
BURNO 280
BURNO 290
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130
120

169
200

WE USE A LINEAR CURVE FOR VELOCITY VARIABLES ®HO, X, Y.
DO 120 K=4,6

A(K) = (XLSTIK,12) — XLST(K,I1) )/X
DO 130 T=M1,M2

XT = VARIND(I) - VARIND(I1)

XLST(K,I) = XLSTIK,T1) + A(K)*XT
CONTINUE

CONT INUE

DO 200 K=8,14 _

A(K)=(XLST(K, T1)-XLST(K, T1-1))/7(VARIND(I1)-VARIND(I1-1))
Q=(XLST(KyT2)-XLSTIK,T1))/X%%2
SL2(K)=(XLSTIK,T2+1)-XLSTIK, 123 ) /(VARIND{I2+1)-VARIND(I2))
A(K)=SLI(K} SO SL1(K) IS NOT USED

BIK)=3.%Q- (SL2(K)+2.%ALK})/X

CIK)= -2.%Q/X ¢ (SL2{K)+A(K)) /X$%2

DN 160 T=M1,M2

XT=VARIND{(I)-VARIND(I1)

XUST(KsT)=XLST(KeI1} # ((CIKI®XT4+BIK)IEXT+A(K)VEXT

CONT INUF

CONTINUE

RETURN

END

Figure 64. Subroutine BURN Listing (Continued)

BURNO 300
SURNO310
BURNO320
BURNO330
BUPNO340
BURNO0350
BURNO360
BURNO3T0
BURNO 380
BURNO390
BURNO40O
BURNO410
BURNO420
BURNO430
BURNO 440
BURPNDO450
BURNO&60
BURNO4&TO
BURNO &80
BURNO490
BURNOS00
BURNOS10
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SURROHTINE QASLN ( XKSy P, Hl, XJAC. T, CTP, NTM, N1, N2, NU, QASLO00O0

A IMAX, DXKP1, XKPl, ACUM, NS ) QASLOO10
-==0QASLO060

PERZNRMS LOGICAL OPERATIONS AND COMPUTATIONS TO IMPLEMENT THE QASLOO70

DUASTLINFARIZATION ALLGORITHM QASLO080

------ - - -=--=QASL0C90

JeR.RADRILLy, CCFAN SYSTEMS DPFRATINNS, [ XT7.3934,ST1R3., 02-03-67 QASLO120
NCUBLE PRECISION ACUM, TNSTNR, F, [A, DOTD, H2, H3, P, P2, C, CS, QASLOI30

A CYP, 7, E, SSy» S?, DBLUNT, NBLDOT, DSHARY, My(20), D(20), QASLO140
3 MUD? (?20), TXy XKP1l, FWL, XK, DOTJX, 8, XI, Gy XJAC, H, XKS, QASLO150
C DXKPl, TSUB, VARIND, RHG(?0), DTYPRNT , XMNSTP , STPs1? QASLO160

DIMENSTION XKS{N1,IMAX), P(N1,IMAX), HL{N1,N2,IMAX), XJAC(NL1,NU), QASLOLTO
A& TIN2,N2,NTM), CTPIN2,NTM), DXKPL1{NUyNS), XKP1({NU4NS),ACUINU,NS)DASLO180

DIMENSION B(10), H2( 6, 6), N{5), G(20), QASLO190
A MEMBRED(10), LOCATE(10), TEMPL 12,12) , C(5), NMI(10) QAS1 0200
COMMON /7ZN0Y/ N, MX, XERP, EPS, B, LOCATE, MEMBER, MI, RHOS(20) DASLO210
COMMON 77277 KTRANS{S50), F{Kh,6), P2(6), CS, H3[6,8) QASLO0220
cavmnn /7 7suys/ TSUB(10),VARIND{100) s XMNSTP(9) ,STPSIZ(9), QASLNZ23n
*KSUR{12) , MAXSTP QASLG 240
CNUMIN/ZX/ XIL10), FPSP, EPSPLl, TA(20) QASLO0250
COMMON / ZT / TXy H oNT4NI1C,NSCe NMIN,NMAX,NRST, TNSTOR, NDIF,NBP QASLN260
A , DTPRNT , XK(20) QASLO0270
LOGICAL STOR 0ASL0280
————— - - - e ——————— - -QASLO0290
WRITE(6, 1) OASLO300
FACMAT( *1 SUSRNUTINE QASLIN ENTFRED...REGIN NEW ITERATIGN SET® ) QASLO310
nn 11 I=1,% QASLO320
" 11 J=1,R QASLO230
11 H2(I,J) = O, QASLO 340
INITIALTZF INTEGFF CONTROL VARTABLES QASLO3SO

N3 = N(3) QASLO0360

N1P1 = N1 + 1 QASLO370

NC = NU - N1 QASLO380

N{1l) = NI QASLO0390

N(?2) = N2 QASLO400

Figure 65. Subroutine QASLN Listing
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NG = N(S5) QASLO410

NIC = N1 QASLO&20

NSC = NS QASLO430

NUT = N1 QASL 0440

Ir { TARS{ NBP ). LF.NC ) MU'l = NU - NBP QASLO450

— - - QASL D460
SFT-UP CALLS FOP MULTIPLE FNTRY SUBROUTINFS QASL 0470

CALL DNRTH { H2, €, IA, T4 Cy N2y 69 6, 0 ) QASL 0480

- QASL0490

GENERATE INITIAL GUESSED DISTRIBUTION NF DEPENDANTY VARIABLES QGASLOS500

CALL XIN ( XXS, N1, IMAX ) QASLOS10

- QASLO0520

DN N3 ITFRATIONS NF QUASILINFARFZATION PRNCESS (MAY CONVERGE 1ST)QASLOS30

250 DO 950 NITFR = 1, N3 QASL OS540
HWHPTITF (6,4251) QASLOS5S0

251 FOP”AT (*1BEGIN A NEW QUASILINEARIZATION ITERATION?®) QASLO0S560
IF ( N{&).LY7.3 ) GN TO 300 QASLOS70

WRITE (6+254) QASLOS580

254 FORMAT( 1H! ) QASLO0S90
N0 257 4 = 1, TMAYX QASL 0600

257 WHRITE (6,258) VARINN{J), (XKS(I,J), I=1,N1) QASLO610
258 FORMAT (1X, Fl1.3, 1P1ND10.3 ) QASL 0620
IF (NC.NE.O) HWRITE (6,3858) (XK(I) s I=N1Pl, NU ) QASLO0630

- — - QASLOG640

SET UP INITIAL CONDITINN FOR PARTICULAR AND N2 HOMOGENENUS SOLN QASLO650

300 DO 330 K = 24 NS QASLO0660
D0 320 J = 1y NU QASLO6TO

320 XKo1¢ 4y K ) = 0. DO QASLO0680
M= MI{K-]1) QASL 0690

330 XKPI({ My, K ) = XI( K-1 ) QASLOT00
DO 351 J = 1, N1 QASLOT710

6(J) = 0.N0 QASLOT720

K = N1 + ) QASLO730

XKeit J, 1) = XKS{ Jo 1 ) QASLOT740

- 351 IF { J.LEJNC ) XKP1I(K,1) = XK(X) QASLOTS50
MY = 1 QASLOT760

KTRANS(!) = O QASLOT7O

QASLOT80

Figure 65. Subroutine QASL.N Listing (Continued)
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COMPUTE ALGEBRAIC INITIAL CONDITIONS QASLOT90

CALL ALGRC { XKP1l, G, XJAC ) QASL0800

DO 385 J = 1, N1 QASLO810

IF { GUJI.NE.0.DO ) XKPL{J,1) = GL(J) QASLO820

DD 384 K = 2, NS QASLO830

FHL = 0.N0 QASLO0840

DO 380 M = 1, NU QASLO850

380 FWL = XJAC(JyM) = XKP1{M,K) + FWL QASLOB60

IF (FWL.NE.0.NO) XKPL(JoK) = FWL QASLO8TO

HI{JoK-191) = SNGLI XKPL(J,K) ) QASLOB80

384 CONTINUE QasSLO890

385 PlIsl) = XKPL(J,y1) QASL09%00

IF { N{4) .LT. 2 ) GO TN 390 QASLO910

WRITF( 6,288 ) QASL0920

3R8 FORMAT( *1  INITIAL CONDITIONS FOR NEXT QUASILIN. ITERATION * ) QASLO930

, DO 387 J = 1, NS QASLO0940

387 ‘ WRITE (6+386) ( XKPI{I,J)y, I = 1, NU ) QASLO0950

386 FORMAT { /7 ( 1X, 1P1299.2 )) : QASL0960

' C --=-QASL 0970

N c INTEGRATE THRU UP TO 10 SEGMENTS WITH ROUNCARIES GIVEN RY TSUB QASLO980

3 399 NN 715 KP=1,10 QASLOSSO

' TF{ ¥SUB(KP+1).EQ.0 ) GO TO 716 QASL1000

I 1=KSUB(KP) QASL1Ol0

12 = KSUB(KP+1)- 1 QASL1020

DTPANT = VARIND(TI1+1) - VARIND(I1) QASL1030

NRST = -1 QASL1040

) NT = -1 QASL1050
o _ WRITE (64393) DTPPNT, I1l, KSUB(KP+]) QASL1060
3 393 FORMAT{ //19HOSTORAGF INTERVAL = F16,5, 2110 ) QASL1070
. NMIN = T1 QASL1080
NMAX = KSUB(KXP+1) QASL1090

DN 715 KPRINT = [1,12 QASL1100

e INTEGRATF THRU I2-11 EQUALLY SPACED STNRAGE INTERVALS - QASLillO

KPRINT = KPRINT QASL1120

TX = VARIND( KPRINT ) QASL1130

TNSTOR = VARIND( KPRINT + 1 ) QASL1140

r -— - QASL11S0

Figure 65. Subroutine QASLN Listing (Continued)
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C INTERPOLATE FAR XK IN XKS QASL1160

&N IF{ NI .FQ. 0 .0R. NI .FO. 2 ) GO 10 470 QASL11T70

CALL INTER ( XKS, N1, IMAX oMUsDsMUUD2,VARIND , KPRINT ) QASL1180

r - : QASL 1190

r EVALUATE DERIVATIVES AND JACOBI1AN QASL1200

IF (N(4).GT.2) MRITF (6+386) XK QASL1210

450 CALL JACOR ( TX, XKy Go XJAC, 1 ) QASL1220

470 N0 490 1T = 1, N1 QASL1230

oNTD = G(I) QASL1240

DO 476 § = 1, N1 QASL 1250

476 paOvon = XJACET,d) * ( XKP1{J,1) - XK{J) ) # COVD QASL1260

DXKP1(T,1) = DOTD NASLL12T70

490 CONT INUE WASL1280

nn 569 M = 2, NS QASL1290

DO 550 I = 1, NI QASL1300

DOTJIX = 0.D00 0ASL1310

nC 516 J = '« NU QASL1320

S16 PDATIX = XJAC(T,J) * XKPL(J,M) &+ DOTJIX QASL1330

' DXKPI({ I, M} = DOTIX QASL1340

N 55n CONTINUE QASL1350
® c QASL 1360

' C INTEGRATE DXKP1 QASL1370
CALL INTEG { XKP1,DXKPl, NUJNS JACUM ,TSUB{KP+1) ) QASL1380

1F (NI.NE.N ) 60O TN 400 QASL1390

IF{ DABS{ TNSTOR - TX) .GT. 1.0-6 ) GO TO 400 QASL1400

586 IF ( N{(&) .LT. 2 ) GO YO 625 QASL1410

g WRITE (6,386) TX QASL14&20
o~ WRITE (5,386) XKPl QASL1430
o o QASL 1440
kN ¢ SAVE PARTICULAR AND HOMOGENEQUS SOLUTIGNS QASL1450
625 DO 650 I = 1,4 N2 QASL1460

v = MEMBER( T ) QASL1470

STNR = KPRINT.EQ.LOCATE(TI) -1 QASL1480

IFISTOC) H3I(I,NS) = BL{I) = XKP1{M,1) QASL1490

pn 650 J = 1, N2 QASL 1500

IF (STOR) H3(I,J) = XKP1(MyJ+1) OASL1S510

650 CONTINUE QASL1S20

Figure 65. Subroutine QASLN Listing (Continued)
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€60

'aXeEela

, 664
665

67?
673

- 612 -

¥=€9 as

694
495
696

PO 660 I = 1, NI
P{I+KPRINT#+1) = XKPL(I,1)

na 660 J = 1y N2

HI(T s JyXPRINT#1) = SNGL( XKP1(I,J¢1) )}

TEST B.C. SUBSPACE OF HOMNG. SNLN. MATRIX. IF VECTORS ARE NFARLY

PARALLELy CONSTRUCT NEW NRTHO-NNRMAL SFT, STORE TPANS. MATRIX.
PEDUCE PART,SOLN.TD UNIT VFCTOR 8Y SUB.HOMNS,SGULNS.
TFIKPRINT (EQ. 1. CR.KPRINT.EN. 12 ORMT.GE.NTM ) 60 TC 715

DN 665 | = 1,4 N2
M = MEMBFER(T)
DO K64 J = 14 N2
TEMD( T, = SMGLIXKP1(M,0+1) )
H28T¢J) = XKPL1(MyJ+1)
P2{1I) = XKP1({M,1)

SP = 1.D9
DO 673 4 = 1, N2
SS = 0.00

NG 672 ¥ = 1y N2
SS H2( T 4JVY%*%2 + SS§
SP SS =®= §p
IF { SP.EQ.0.DO0 ) G2 TN 715
SCALF = 1. /7 SQRT( SNGLU SP ) )
MX = INDETRM { 12, N2,TEMP ,SCALF}
IF (ABS({SCALE).GE. EPSP ) GO VOO 715
NRST = 0
CALL DORTNG  V{ly1l,MT7}, N2 }
CS = 1.D0 = 1.N0 /7 DRLUNTL P2, 1A, N2 )
DO 694 K = 1, N?
CTP{K,MT) = CS * DNBLDOT( P2, E(1l,K), N2 )
DN 694 1 = 1, NU
ACUHM(TI ,K) = XKPLI{TI,K+1)
CALL MATMDY (ACUMaT(l1 21 ¢MT) o XKPTI{142F4NUJN2,N2,NU,N2yN2)
CALL MATMPY (XKPI(192)4sCTP{1 MT)TA,NUJyN2,1,NU,N2,1)
KTRANS(MT) = KPPINT + 1
MY = MT + 1

nou

Figure 65. Subroutine QASLN Listing (Continued)

QASL1530
QASL1540
QASL 1550
QASL1S56C
QASL1570
QASL1S80
CASL1590
QASL1600
QASL1610
QASL1620
QASL 1630
QASL1640
QASL1650
QASL1660
QASL1670
QASL1¢€80
0ASL1690

QASL1700
CASL1710

QASL1720
QASL1730
QASL1740
QASL1750
QASL1760
QASL1T70
QASL1780
QASL1790
QASL 1800
QASL1810
NASL182)
QASL 1830
CASL184D
QASL18S0
QASL1860
QASL1870
QASL1880
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no e 1 = 1, NU QASL1890

XKP1({I.1) = XKP1{T,1) — IA(I) QASL1900

DD 708 J = 1, NS QASL1910

08 ACUM{ I,J) = 0.DND QASL1920

If (N(4).LE.1) GN TN 715 QASL1930

WRITE (64386) XKP1 . QASL1940

715  CONTINUE QASL1950

716 WTM] = MT - § QASL1960

WRITE (6,717) MTM] QASL1970

T17 FORMAT{ 37HO NUMBER OF NOTHNGNINAL [ZATIONS = iS5 }QASL1980

o QASL 1990

c SET UP AND SOLVE LINEAR ALGEBRAIC EQS.FOR COEFS.OF HOMOG.SOLNS. QASL2000

IF ( N5.LE.N2 )} GO Tn 751 QASL2010

DO 749 K = 1, N2 QASL 2020

N 749 J = 1, NS QASL 2030

ACUM(K,J) = 0.D0 QASL2040

DN 749 I = 1, NS QASL2050

740 ACUM(K,J3) = H3{TI,K) * H3(I.,J) 4+ ACUMIK,J) QASL 2060

DO 750 4 = 1, NS QASL2070

! DO 750 I = 1, N2 QASL2080

o 750 H3(1,J) = ACUM(I,J) QASL2090
o 751 IF { N2.EQ.1) GO TO 805 QASL2100

' F = 1.D0 QASL2110
DN 753 J = 1, N2 QASL2120

753 GlJ) =  H3(J,NS) QASL2130

IF { N{(4) .LT. 2 ) GO TO 754 QASL2140

(/) WRITE(6,755) H3 QASL2150
o 755 FNRMAT (1H-, 15H THF MATRIX IS 7(1P6D17.7)) QASL2160
% 754 MX = ISTMDD ( 64 N2, 1y H3, Gy Fy 1A ) QASL2170
N DN 752 1 = 1, N2 QASL2180
752 IAC T ) = H2 (I.1) QASL2190

GO YO ( 850, 770, 796G ), MX QASL 2200

770 WPTITE (6,775) QASL2210

775 FORMAT ( 1M1, 10X, ?THOVER-FLOW OCCURED IN DSIMEQ ) QASL2220

GO TO 850 QASL2230

790 WRITE (6,795) QASL 2240

795 FORMAT { 1HO, 10X, 19HMATRIX WAS SINGULAR ) QASL22%0

IIT = 7 QASL2260

GO TO 980 QASL2270

Figure 65. Subroutine QASLN Listing (Continued)
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M

80S

R50
851

852

835

840

RAF

895

895

91n

898

IF { H3(1.,1) .EQ. 0.D00 } GO 7O 790
TA(L) = H3(1,NS) /7 H3(1,1)
WRITE (6,851)
FORMAT ( 20H0 COMBINATION COEFF )
WRITE (6,386) ( IA(1)y, I = 1, N2 )

COMBINE P AND H SOLNS TO OBTAIN X(K+1)
DC 852 I = 1, NU
RHO(I) = 0.D0
DO 840 1 = 1, NC

M =1+ N1

DO 835 K = 1, N2
XKP1{MyL1) = TAL(K) * XKPL(MsK#1)+XKP1{M,1)
QHO(M) = DABS{ XKP1(My,1) ~— XK(M) )
XK(M) = XKP1(M,1)

DD 895 J = 1, IMAX

L= IMAX + 1 -
DO 872 I = 1, N1

DDTD = P(I,L)

DN 866 K = 1y N2
DOTD = TA(K) * DBLE( H1{I.K,L) ) + DOTD

RHO(TI) = DMAX1 (RHO(I), DABSI DOTD - XKS(I,Ll) ) )

XKS{I.,L! = DOTD

TRANSFORM COMBINATION COFF VECTOR IF SOLN WAS TRANS

TFU L-1 .NF. KTPANS{MT-1) .0R. %T.LE.1 ) GO 7O 89S
MT = 9T - 1

DO BRR6 I'= 1, N2

CLY) = TA(I) - CTP(I,MT)

CALL MATMPY ( T{l,1,MT), C, IA, N2, N2, 1,N2y N2, 1 )
CONTINUE

HRITF(6,910)

FORMAY (40HD CONVERGENCE PARAMETERS————-PHN )

WRYITE(64+386)(RHC(T),I=1,NU)
CALL TIMEV ( EXT )
WRITE (6,838) EXT
FORMAT ( 1HO, 10X, 1F7.3,1X, 3HSEC )

Figure 65. Subroutine QASLN Listing (Continued)

QASL2280
QASL2290
QASL2300

QASL2310

QASL2320
QASL2330
QASL 2340
QASL2350
QASL2360
QASL2370
QASL2380
QASL 2390
QASL 2400
QASL2410
QASL 2420
QASL2430
QASL 2440
QASL2450
QASL2460
QASL 2470
QASL 2480
QASL2490
QASL 2500
QASL 2510
QASL2520
QASL 2530
QASL2540
QASL 2550
QASL 2560
QASL2570
QASL2580
QASL 2590
QASL2600
QASL2610
QASL2620
QASL2630
QASL2640
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945

946

949
950

965
aRn

981

1000

1001

1020

1030

NO 945 I=1,NU
IF{ RHO(T) .GE.DBLE(RHOS(I)) ) GO TO 949

CONTINUE
WRITE (6,946) NITER
FNRMAT ( /7 9X, 29H PRACESS CONVERGED, ITER.NG.= IS )
Iy = 2
G0 TO 980
CALL DUTPUT { XKS, N1, TMAX, 1)

CONTINUE

11T = 3

WRITF (6+965) N3

FORMAT (710X, 1 THNO CONVERGENCE IN ,I3,8H CYCLES
CALL OUTPUT( XKS,N1,IMAX,IIT)
IF( IIT .EQ. O ) GO 70O 1200
WRITE(6,981)
FORMAT(54H1 SOLUTION CHECK BY INTEGRATION OF INITIAL CONDITIONS
D0 1000 I=1,N1

RHO(I} = 0.NO

ACUM(T 1) = 0.D0
XKP1({T,1) = XKS{I,1)
DO 1001 I = NIP1 , NU
XKP1{I,1) = XK{(I)
ACUM{I,41) = 0.DO
DN 1050 1=1,10
1 1=KSUB(1)

1?2 = KSUB{I+1) - 1

DTPRANT = VARIND{I1+1)
NRST = -1
DO 1050 J=

- VARIND(TI1}

11,12
TX = VARINOUJ)
TNSTOR = VARIND(J+1)
CALL JACOB ( TX, XKPl, DXKPl, XJAC, 2 )

CALL INTEG { XKPl, DXKPl, Nl, 1, ACUM, TSUs{i+1) )
1F ( NI.NE.D ) GO Tn 1030
IF ({ DABS{ TNSTOR - TX ) .GT. 1.D-6 ) GO TO 1030

Figure 65. Subroutine QASLN Listing (Continued)

QASL 2650
QASL2660
QASL26T0
QASL26R0
QASL2690
QASL 2700
QASL2T10
QASL2720
QASL2T730

-QASL2740

QASL2TS0
QASL2760
JQASL2TT70
QASL2780
QASL2790
QASL26800
JQASL 2810
QASL2820
QASL2830

QASL2840
QASL2850

QASL2860
QASL2870
QASL 2880
QASL2890
QASL 2900
QASL2910
QASL2920
QASL2930
QASL2940
QASL2950
QASL2960
QASL2970
QASL2980
QASL2990
QASL3000
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D0 1040 K = 1, NI OASL3010
RHO(K) = DMAX1 ( RHO(K), DABS{ XKS{K,J#1l) - XKPL1{K,1)))QASL3020

1040 P(K,J#1l) = XKP1{K,1) QASL3030
IF( J .FQ. IMAX -1 ) GO TO 1100 QASL3040

1050 CONT INUE QASL3050
1100 WRITE (6,910} QASL3060
WRITE (&,386) ( RHN(T), T = 1, N1 ) QASL3070

1110 CALL OUTPUTL P N1 , IMAX, & ) QASL3080
Q90N RETURN QASL3090
1200 CALL QUTPUT( XKSe N1 4 IMAX 4, 4 ) QASL3100
RETURN QASL3110

r - - - -QASL3120
END QASL3130

- €27 -

¥-69 AS

Figure 65. Subroutine QASLN Listing (Continued)
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30

40
50

75

100

SURROUT INE JACOR (TIME, XNFT, Fy, AJ, TJUNP)

CONTAINS ALL OF THF DIFFFRFNTIAL EQUATIONS REQUIRED BRY THIS
PARTICHL_AR ORNBLEM, WHEN 1T IS CALLEN, TT RETURNS THE CURRENT
FSTIMATE OF THFE NFRIVATIVF NF FACH VARTARLE AND EVALUATES THE
JACORTAN MATRIX AS WFLL. '

TMPL ICTIT RFAL*8 (A-2)

INTEGERXRS4 [ JUMP, 1Dy Ty J +KoNy JACPRAN
DIMENSTON XOFT(14),F(14),A0(13,14)
1 o A2(9,10) , A3(13,14)

COMMNN /ZIC/BETA, C o GO oXMU,TH, XXK (20}
COMMWN/JACSET/ 1D, JACPRN

EQUIVALENCE (A2,A3)

THF ORDFR OF VARTABLES FOR THREE DIMENSIONS IS
R, OPHI, RHN, Y, M, L1, Ky L4y L6, THETA, X, L2y LS, L3.
FOR TWO DIMENSIONS L3 IS MOVED TD NO. 10 (IN PLACE OF THETA)
IF{ TJUMP .NE. 0 ) GO TG 40

DO 30 I=1,13

NN 39 J=1,14

A3(1,J)=0.

AJ(T,d)=0,

MU = XMWY

RETURN

GO 1O (500,50,75),1D

THTA=0,

L5=0,

12=9.

L3=X0FT(10)

GN 70 100

L2=X0OFT(12)

L3 =XOFT{14)

X=X0FT(11)

THTA=XOFT (10}

LS=X0FT(13)

R=XOFT(1)

Figure 66. Subroutine JACOB Listing

JACRO000
---JACB0001

JACB0OO002
JACB0OO003
JACBO0004
JACBOOCOS
JACBOO06
JACBO0OO10
JACB0Q20
JACB0030
JACB0040
JACBO0OS0
JACBOC60
JACBOO70
JACB0080
JACB80090
JACBO0100
JACBO110
JAC80120
JACBO139
JACBO140
JACB80150
JACB80160
JACROL1T0
JACBO180
JACBO190
JACB0200
JACB80210
JACB0220
JACBO0230
JACBO0240
JACB0250
JACB0260
JACB0270
JACB80280
JACBO290
JACB0300
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PHI=XOFT(2)
P=XDFT({3)
Y=XNFT(4)
M=XOFT(5)
LI=XNET(6)
Le=XNFT(8)
L6=XOFT(9)
R2=R%%?
R3I=R2¥R
RM=1./R
CS=0C0S" (THTA)
CS2= CS*%¥2
TN=DTAN (THTA)
SN=DSIN (THTA)
SN2= SN¢%2
SNCS= SN=*CS
CSSN = (€S2 - SN2
RC=RM/CS
XTN=X*TN
X2=X*%2
Y2=Y&%2
N2=L6%%2%R2% CS2+LS5*%2% (S 24L6*%2
D=DSQRT{D?)
Dl1=L4%2% CS/D
Q2=L6/D
N3=LS*% CS/9D
CBM = C%BETA/M
Q1S=01%%2
Q2S =0Q2%%2
Q3S=Q3%%2
MPC=RC /M
MN1=1.-01S
AQ1=1.+0Q1S
MQZ=1,-02S
D¥=21./0

Figure 66. Subroutine JACOB Listing (Continued)

PR S S S A L e

JACBO310
JACB80320
JACBO0330
JACB80340
JACB0350
JACB0360
JACB0370
JACB0380
JACB0390
J2.C80400
J£CB0410
JACB0420
JACB0430
JACB0440
JACB0450
JACBO460
JACBOATO
JACB0480
JACB80490
JACB0500
JACBOS10
JACB0520
JACBO0S30
JACB0S540
JACBO0550
JACBO0S60
JACBOST0
JACBOS580
JACB0S590
JACB0600
JACBO610
JACB0620
JACB0630
JACBO640
JACB0650
JACBO0660
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Q12=01%Q2 JACBO6T0

Q23=Q2%Q3 JACBO680

Q13=Q1%03 JACB0690

CM=C/M JACB0700

MM=1./M JACBO710

MR=RM%MM JACB0720

IF (TJUMP,FQ,2) GO TO 1000 JACBO730

A2(1,3) =1 JACB0O 740

A2{2+4) =1 JACBOT50

A2(3,1) =X2+ CS2¢Y242%MU/R3+CBM*Q1 #+MO 1 *RNM JACB0760

A2(344) =2%R¥YV* (S2 JACBOT70

A2(3,5)= —-CBM¥Q1%*MM JACBO7T80

A2{3,8) =CRM%Q1*MQ1/L 4 JACBOT90

A2(3,9) =-CBM*Q12%DM ' JACB0800

A2(4,1) =2.*¥PRY¥RM2-CBM*RC%Q2%AQ1*RM JACBO210

A2(443) =-2.%Y*KkM JACBOS820

A2(4 +4) = 2. %X¥TN -2.%P*RNM JACBO0830

A2{4,5) = -CBM*MRC*Q2 JACB0840

A2{4,8) = —-CBM¥QIZzOM JACB0OSSO

! A2(4,9)= CBMERCXDM:EMQ2 JACBO860

o A2( 6517 = 6. FLGTMURRM2E22+4  ¥PE({LSEX+L6EV ) SRMERM2-CBMEDERCEMQL*RM2JACBOSBTO
o 1%(2.4+Q1S) JACBOSS8O

' A2(643) = =2 ¥RM2E(LSEX+LE6E*Y) JACB0890
A2(6¢4) = —=2,.%(L4%xVE CS24L6%PERN2) JACB0900

A2(645) = —CBMEMRC¥DEMQI*RM JACBO910

A2{648) = —{(X2+Y2% CS2+2=MULRMERM2)-CBM*Q1¥MQ] *RM JACB80920

A2( 64C) = =2 . XPkYERM2+CBMEPM*Q2+AQ1*R( JACB80930

g A2(7s1) = —CM¥RM% (L 1%Q1¥MQO1-Q2%L3*AQ1*RC)I-C*OXDEMQL*(2.+01S)*MRC*JACBOS40
o 1eM2 JACB0950
o A2({7,3) = C*D*MQL*MRC*RM JACBOS60
s A2(7,5) = CMEMME (L 1%#Q14+02%L 3I*RC-PENEMQL ¥RCERM) JACBO970
A2(7,6) =-CM=%Q] JACBOS80

A2{7,8) = ~CMEDME(LLI*R%* CSEMQL1-012%L3)-C*P+Q1*MREMQ1 JACB0990

A2(T,9) = CMEDMX (L 1 %0 12-1 3%M02%RL ) +CFPEMRCERMEQ2*AQ1 JACB81000

A217,10) = -CM*02%R( JACB1010

A2({By1l) = =2, F(LSEX+L6¥YIERM2 JACB81020

A2({8B+4) = 2.¥L6E%RM JACB1030

A2(8,6) = -1, JACB1040

A2{8,9) = 2.¥Y*¥PM JACB1050

Figure 66. Subroutine JACOB Listing (Continued)
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120

121

191

200

A2(0,1) = 2.7 4%k (S2-2.%L6*PEPM? JACB1060
A2(943) = 2.*L6%*RM JACB1070
A2(9494) = =2.% CSE{RE_4% (CS~-L5% SN) JACB1080
A2(0,8) = -2.%R*Y%* (S22 JACB1090
A2{9,9) = -2.%¥{ATN —P=RM) JACB1100
22(9,10)= -1. JACB81110
IF(ID . EQ. 2) GO TO 181 JACB1120
-0 PACKTING JACB1130
DO 190 K=1,9 JACB1140
DO 190 N=1,10 JACB1150
AJ{K,N} = A2{K,N) JACB1160
G0 10 2190 JACB1170
2=-D PACKING JAC81180
DO 191 K=1,13 JACB1190
D0 191 N=1,14 JACB81200
AJIKyN) = AFI{KLN) JAC81210
GO TO 1000 JACB81220
AN 2,10N)= =2 . kR¥kY2%SNCS~-CBM*Q] *Q2S%TN JACR1230
AJ{3,111=2,.%R0%X JACB1240
AJ(3,13)= ~-CRMZDI%X)IS/LS JACB1250
AJ(4,10)= (2%XEY+CBME SNEQ2*RMx{]1,.4+MQ2))/ (S2? JACB1260
AJ(4,11)= 2.%V%TN JACBL1270
AJ{44,13)= -CBMEQ23%RMxDM JACB1280
AJ{6+10)= 2. ¥L4*¥Y2ESNCS+CBMEDERCE:%2% SNEQ2S %A JACB1290
AJ(He11)= =2, % (L4AXX+L5%PERM)D) JACB1300
AJ(6413)= =2, xPEXERMILCRUXRM2%0)3I%AN] JACB1310
AJ(Tol) = AJ(Te1) +CMERMI% 2%D3XAQL+CEMRCERMEXTN *L 6%0Q2%AQ1 JACB1320
AJ(T745) = AJ(T,5) +CHMEMRXDYZEL 24+ CMEVYMEXELLXD2FTNE R JACB13230
AJ(T,8)= AJ(T,8)14DMECN* CSEQNL3*L24CMEXN*D2SEN] *TN JACH1340
AJ(7,39) = AJ(T7,9) +CRENME] 2%Q23RM-CEMRCEXTN *Q2%{].+%)?2) JACR1350

AJ(7410) = CMRTANRQ2%{L1#¥012 + L2%0Q23%RM - | 3kQC#(1. + MD2)) - CM* JAC31360

1RC#LAXN?*(XN/CS? + XTNXTN*{1. + MQ?) — PxAQI#PMxTN) JACB1370
AJU7,11)=~CM¥PCENXTN %*)2S JACB1 330
AJUT412)=-CH%RM%Q3 JACB11390

AJ( T 12)=CMERMENME{L 1 )1 3%0%x CS-L2¥%(1.-03SI1*CS+L3*023)+CMEQMEXTN *JACB1400

192S%Q3I+CMAPENIEXRMIEAQ] JACR1410
AJ(7414) = -CMx02%R( JACB1420
AJ{R,11)= 2.%L5%RM JACB1430
AJ{R,,13)= 2 %XERM JACB1440

Figure 66. Subroutine JACOB Listing (Continued)
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AJ(9,10)=

4 FREVELAESNCS+ 2, L S*VECSSN-2. 2L 6%X/ CS2

A2{9411)=-2.%L6%TN
AJ(9,13)= 2.%¥YV*SNCS
AJ(9,14)= -1,

AJUIN,11)= 1.

AJ(11y1)= RM2%2 %P X-CBM*QM2%0)3%AQ]
AJ(11,43 )= -2.%x%0M

AJI1194)= -2,%Y%SNCS

AJ(1145)= -CBMEMR%Q3
AJI11,R)= -CBN*RPMNEQ1S*03/L 4

AJ(11,9)
AS{11,10)
AJ(11,11)
AJ(11,13)
AJ(1241)
AJ(1244)
AJ(12,5)
AJ{12,8)
AJ(12,9)
AJi12,10)

AJ(12,11)
AJl12,13)
AJ(13,1)

==CBMERMEDMEND3
==Y2%CSSN-CBM*RMENMXQ2S* S*SN

= =2.¥P*RM

= CBM*RM*N3%(1.-03S)/L5

=2 *L4*Y2%SNCS+CBMED® SN*Q2SIRCE**2+AN]

S ERFLLARYESNCS+2. 5L S*YSCSSN-2.¥X*1L 6/ CS2
CBM*MRC*TN *D%Q2S

2. %% V2&SNCS+CBM*TN * Q2S%*Q1l

—2.%X¥Y/CS2 -CBM*RCETN *Q2%(2.-0Q2S)

JACB1450
JACB1460
JACB1470
JACB1 480
JACB1490
JACB1500
JACR1S10
JACB1520
JACB1530
JACB1540
JACB1550
JACB1560
JACB1570
JACB1580
JACB81590
JACB1600
JACS1610
JACB1620
JACB81630

=2 ¥0ELLEV2ECSSN-4 XY SN S(LS*YELS +L6%X/(CS *CS2 ))-CBMEJACBL 640

1 DERCEQY2S*( SN2*#(1.#MQ2)+1)/ CS2

= -2%L6%Y/ CS2?
= Y2%CSSN+CBM*: TN*QM2Q2S%*Q3
= =2 (X¥L4+L5%P*RN2)

AJ(13+3)= 2.%LS5*RM
AJ{13+4)= -2,.%L6*TN

AJ(13,8)
AJ{13,9)
AJ(13,10)
AJ(12;11)

=2 .¥R&X
-2.%L6%Y/CS2
= =2.*R¥ 4

U

AJ(13,12)= -1,

AJ(13,13)

= 2%P#RN

Figure 66. Subroutine JAC®B Listing (Continued)

JACB1650
JACB1660
JACB1670
JACB1630
JACB1690
JACB1700
JACBL1710
JACB1720
JACB1730
JACB1740
JACB1750
JACB1760
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1000

439

5§00

Fl{l)=pP JACB1770
F(2)=Y JACB1780
F(3)= RE(X?2+CS2%Y2)-MU*PM2+CBM*Q] JACB1790
Fla)=2.2Y* [ XTN-P*RM) +CBMERC*Q2 JACB10800
F(5) = -BFTA JACS1810
Fl6)= —-L4a*(X24Y2%(CS2+2.%:U/R3 )~L5S*RM2% {2, ¢PeX-CBMN&$Q3) -L6SRH2*(JACB1 820
12.*P2Y-CBM%Q2/C3) JACB1830
FIT)= —CM*{L1*0]1+L2%03%PM+C2 *L 3SRC+XTNSRCED¥*Q2S—-P*DEMQL SRC*I M) JACB1840
F(B)= ~L1+2¥RME(LS*X+L5*Y) JACB1850
F(9)= =) 2=2 2YZ([RELLSCS2-LSESNCS -2, *L 6% XTN-P*RM) JACB1860
FL1o¥=1, JACB1870
IF (IP.EQ.2) GO TN 500 JACB1880
r¥{10?= X JACB1890
Flll)= -2, %D%X*RM-Y2%SNCS+CRMEQ3I*RM JACRB1900
FU12)= L&%2 #REY2ESNCSHLSEV2ECSSN-L6%(2.¢X*V/(CS2 +CBMSRC*Q2%TN) JACB1910
FL13)=—L2-2 . %REXELLGF 2, %L SEORM-2  ¥L6XVETN JACS81920
Fli4)= 0. JACB81930
RETURN JACB1940
END JACB81950

Figure 66. Subroutine JACODB Listing (Continued)
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SURROUTINE STNOIXX,NXsNU,NS, INIT)

EACH TIMF THE THRUST IS INITIATED OR TERMINATED THE QASLN PROGRAM
CALLS SUBROUTINE STOP, WHICH PROVIDES VTHE SMALL CORKECTIONS. 1IT
ALSC STORES THE DERIVATIVES FOR LATER USE 8Y SUBRNUTINE KHIST,

THREE DIM, VERSION--IBM 360--MARCH 1967

IMPLICIT REAL*8(A-H o 0-Z)

REAL®*? TA,KDOY

REAL®*&4 XLST

DIMENSION XX(NU,NS) +DX{NU,NS)

COMMON /2007 N(S)

COMMON 7217 TXeHoPAD(S) ,DTPRNT XK(20)

COMMON /7SY8/ TSUS(10) 4VARIND(100) o XMNSTP(9),STPSIZ(9),
*KSUB(10) , MAXSTP

COMMON /SOLN/ XLST{15,100}

COMMON /ZIC/BETA, C , GO ,XMU,TH,XXK(20)

CNMMON /JACSETZ 10

COMMON/ZCONST/Z PI,RADGX4,BETAS
COMMON /STNP1/ XKDOT{10), TWOBR ., XNOCOR, SAVK(T7,6),1QCYC

STOPOO10
STOoPOOC11
sSToPOO12
sSTOPOO13
STOP0O14
STOPOO1S
STOPOO16
STOP0020
STOPO030
STOPO0O040
STOP0050
STOPO060
SToPOOTO
STOP0080
STOPO0090
ST0P0100
$TOPO110
sSTO0PO120
STOPO130
STOPO140

SEESEE TR EEE R E LR X SRR ERE RS L L SEEEE SRR LR R E S E SRS L EEESERE R RS EEES T0P0150

DETERMINE WHICH STOP POINY

BETA = 0.D0O

Do 1 Kzlgﬁ

K8 = K

KP =K - 1

IF (TX - TSUBLK) .LT. 1.D-6) GO YO 5
1 CONTINUE

WRITE (642}
2 FORMAT (30H NO STOP POINTS FOUND
RETURN
S WRITE (6,3) KPy TX, THOSBR
3 FOARMAY {1S5H STOP POINT NO. IS, 9H TIME =
* CONTROL = * F10.2 )
IF (K3 .EQ. 6) RETURN

Figure 67. Subroutine STOP Listing

-

STOP0160
STOPO170
STO0P0180
sSTOPO190
ST0P0200
STOPO210
s$T0P0220
ST0P0230

ISTOPO240

sST0P02%0
STOP0260

1016.8 5 * NULL BURNSTOPO2T70O

STOPO 2680
STOP0290
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DETERMINE IF NULL BURN ST0PO300
TWOBR = 0 --- THN BURNS STO0P0O310
TWOBR = 1 --— FIRST BURN NULL $TOP0320
TWCBR = 2 ——- SECOND BURN NULL sTOPO330

IF {(TwoBR - 1.) 30, 10, 20 STOPO0340

10 IF (KB NE. ? .AND. KB .Nf. 3) GO TO 30 STOPO350

WRITE (6,11) KP sSTNP0360

11 FOPMAT (344 NULL BURN PERIOD-—--STOP POINT = 15, 204 NG THRUST STOPO370
1CHANGE ) STGPO380

RETURN STCPO390

20 TF (KB ,NF. 4 .AND. KB .NE. 5) GO YO 30 STOP0400
WRITF (6,11) KP STOPO4&19
RETURN STOPO420

30 IF (KB .EQ., 2 .NR, KB .FQ. 4) BRETA = BETAS ZT0P0O430
WRITE(64110) BETA STOPO440

110 FNRMAT(25H THRUST CHANGE---BETA = 1010.3 ) STOP0450

IF (XNOCOR .EQ. 99.) RETURN STOPO460

KDOT = DARS{ YKNOT(KP " STOPO4TO

XK13 = ¥K(13) STOPO4RO

TH = XK{10) STNPO4&90

iF  ID .ERs 2 ) TH = O, STOPOSO0

IF { ID .FD. 2 ) XX13 = 0. sSTaPOS10

CS = DCGS(TH) STOPO0S520

CS2 = CS*CS STCPOS30D

DXK = C * BFTAS/(XK(S)*DSORTIXK()%%2 & CS2 * {((XK(8) * XK{('))%%2 STNPOS40

* + XK1 %%¥2))*«DOT)
DELY =XX{(7,1) 7/ XOOT

WRITF (5,210) XX(7,1)y DFLT, KDOY

210 FDIMAT (4&4S5H K

DELTA TIME Knny

IF ( Nl4) LE. 1 ) GN T2 212

WRPITE (6,211)
211 FORMAT ¢
%' PARTICULA® SOLN.
* ARE* )

PFRTURBAT INNS IN RQHO, Y, MASS, LAM 1,

STCPNSS)
STNPNS6e0
STYPOSTO

/3N1S.6,/7)STOPORSAN

STOPNS9D
SYPPO600
STOPN610
Xe LAM 2STOPQE20
STOP063n

EREXEE KL FRIEXFEREXLRLR AR REEFRARLREEE XX LA XXX CERER KR AT T L LR E 22 XSTOP0 64N

Figure 67.

Subroutine STOP Listing (Continued)
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212

148
149
201
150

rdali]
500

1EN = 7

IF ( ID .EN, 2 )} IFND = 5

NN 150 I=1,1F0

DELT = XX(7,7) / KDOY

D = DXKEEXX(T,1)

DK3 = XK{1)*XK(B) * D * CS

DK& = D *xXX(9) /xXX{1l) /7 CS

DKS =-DFLT * BETAS

DK6 = DE(CS2EXK]LI3  *%2 & XK(9)%*2)/(XK{1)**2 * (CS)

XX{ 3,7) = XX{ 3,I) + DNK3
xx{ 4") = XX{ 4'!’ + D4
XX{ 5,1) = XXI 5,1I) + DKS
XX{ 641) = XX{ A,1) + DK6

IF € ID .EQ. 2 ) GO T 148

DK11 =N * XK13 /7 XX{1) * CS

DK12 = -D * XK({O)%*%2 ¥ DSIN{TH) /(CS2 * XK(1) )
XX{11,1) Xx{11,1) + DK1}

XX(12,1) XX{12-,1) &+ DK12

IF ( N(4) LE. 1 ) GN TOD 150

WRITE (6,301) DK3,DK4,DKS,NK6,DK11,DK1?2

FNeMAT (1P6D16.8)

CONTINUF

DO 200 I=1,1F0
SAVK(T,.KP
RFTURN

END

=DX{T7+1)

Figure 67. Subroutine STOP Listing (Continued)

STOPO650
STOP0650
STCP0670
STOPO680O
ST0P0690
STNPO 700
STOPOT710
STOPO720
STOPOT30
STOPO 740
STOPO750
STOPO760
STOPOT70
STOPO780
STOPOT90
STGPCBOO
STOPOSB1O
sToPoe20
sSTOP0830
STOP0 840
sST0PO8S0O
STOPO860
sST0PO870
sSTOP0880
sSTOoP0OE90
STOP0O900
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SHRRAUTINE NUTPUT (XKS, Ni, JMAX, ITER) ouTP 0000

c -— ———————————— e S 0UT P00O1

c PROVIDES STANDAPD QUTPHT AT VARINUS LOCATIONS IN THE COMPUTATIONS.OUTP0002

e IT IS USUALLY CALLED B¥ [HE QASLN SUBROUTINE. OUTP0003

c ———- o OUTP0004

c THREE DIM, VERSION—-1BM 360--%ARCH 1967 OUT 0010

IMPLICTIT REAL*R (A-H, D-7) ouTP0020

RFAL %8 Ll, L2s L3y Lé, LS, i€y L7 ouT®0030

REAL*4 XLST ,TRU, STO OUTP0040

DIMENSION XKS (N1, JMAX) QUTPO0S0

DIMENSTION TEMP(22) OUTP0060

COMMON /JACSET/ ND OUTPGOTO

COMMAN /7007 N(5) OUTPO0BO

COMMAN 7ZE/ TX, He PAD(S), DTPRNT, XK{29) OUTPOG90

CNMMON 77X/ XT(10), EPSP, EPSP1, [A{20) oUTP0100

COMMNN 77SUB/ TSUB(10), VARIND(100), XMNSTP(9), STPSIZ(9), OUTPO110

* KSUB{10), MAXSTP ouUTPO120

COMMON /ZIC/BETA, C o GO 5XMU, THe XXK{20) OUTPO130 -

COMMAN /SOLN/ XLST(15,100), TRU(100), HBAP, VCHAR, STO(100,20,2) O0UTPO140

' CAMMON/ZCONSYZ PToRAD sGXMBETAS CONV o 1T, JJ OUTPO150

S COMMAN /STAPL/ XKDAT(10)s, TWORR , XNOCOR, SAVK(T,6),12CYC AUT"0160
w C L3332 3332233333223+ 222223 £ 22 22232222222 2222222232222 322222222 823232 2 J81F) §:40] 170

' C ITFR = 1 -— NORMAL END NF EACH QUASILIN CYCLF OUT20180

r ITER = 2 —— CONVERGENCFE OF QASILIN TTERATIOM SET 0UT0190

c ITER = 3  -— NON CONVERGENCE NUTP0 200

c ITFP = 4  -— FINAL CALL AT END DF ITERATION SET QuUT?0210

@ C ITER = § —-- [INITIAL CALL BEFORE QUASILINEARIZATION 0UT 20220
o C ITFR = 6 =-- CALL AFTER REINTEGRATION COMPLETED aUTP0230
S C ITER = 7 -+ SINGULAR MATRIX FAILURE DUTP0240
3 C 23322222 3233332 323 223222232233 23 2223322232222 2392223222322 82232222 410} v Po]s)
. 20 FNRMAT (1P1D13.5) OUT PO 260
21 FORMAT (* *, 1PD12.5, 7D15.6) ouUTPO270

22 ENPMAT ('0%, ° TIME R PHI RHOOUTP0280

% v MASS LAM 1 K '/ )IUT®0290

73 FORMAT (%09, ¢ TIME 1AM 4 LAM 6 LAM CUTP0300

3 vy ) NTP0310

24 EARMAT (9n9, ¢ YIVE LAM & LAY 6 THETOUTP0320

*A X LAM » LAM S LAY 3 '/ )OUTP0330

Figure 68. Subroutine QUTPUT Listing

MIAYNY HILYON 40 NOISIAIA IDVdS

¥
»

) TTIMMDOY NV

r
(3

NOLLVYOJdNO!



g LR

27
36
259
7290
502
Q20
1100

400

35

R i

L INFARTZATION')

*0RY?Y // ( 1P4F25.14 ) )

EORMAT {*0&ksxkss%2x LAST [TFRATION SEVT COMPLETE **&¥kssk%3? )
FNARMAT (20HIGUTPUT iy = 15)

FORMAT (10H+ 1P2D15.4,1P3D13.4,1°3D017.9)

FORMAT {20HO END OF ITERATINN NUMBER IS )
FARMATISOHI TIME HISTORTES OF ALL VARTABLES

FOSMAT (10HO HRAR v1016.R,10H VCHAR »1016.8 )

FORMAT (') TIME PRIMER MAG SWITCH STEER-PS]
*TEER-NU HAMILTONIAN TNT. ENERGY ANGULAR MOM.

ITSAVY = ITEP
GO TN (35,40N,4N0935¢35435,435) ’ ITER

ITFR = O
HRITEL6,27)
TF{ ITSAV.E0. 3 ) ITND = IVTNO - 1

IF (IQCYC .NE. 1) RETURN

ITFR = 17SAV
XNOCOR = 99,

WRITE (6436) ITER
6N T 200

WRITE (6,35) ITFR
IF{ ITER ,EQ. 5 )
IFC ITER FQ. 5 1} TTND = -1
IF( ITEP EQ. 6 1} HWRITE(6,25)
IF ( ITER .FQ. 6 ) ITNO = IVNO - 1

XNOCOR = Q.

WRITF (6,1100)
HRAP = 0.
X = Q.
TH = 0.
CTH = la
12 = 9.
15 = 0.
IN = 0O,
L3 = XK{(19)
PS = 0.
cpPS = 1.
SPS = 0.

Figure 68. Subroutine QUTPUT Listing (Continued)

26 FOPMAT ('OCHECK OF CONSTANTS FOP PEINTEGPATED SOLUTIGN —-- NO QUASIOUTPO340

nUTPO 350

26 FORMAT{ 0 DOUBLF PRECISION TNITIAL CONDITINNS FOR OPTIMUM TRAJECTOUTPO360

ouTPO370
ouTP0380
ouTP0390
ouTr0400
OuUTPO410

10UTP0420

CUTP0430

SOUTP0440
) OUTPO4SO

ouTP0&60
ouTP0O670
ouUTP0480
ouTP 0490
ouTP0S00
ouTPOS10

guTP0S20
ouTP0530

oUTPO0S40
auTP0550
auTP0560
ouTPOSTO
ouTPOS80
ouTP0S590
ouTP0600
ouTPO610
ouTP0520
ouTP0630
ouUTP0640
ouUTPO0650
ouUTP0660
ouUTPO6T0
nutTPO680
0ouUTP0690
QuTPOT00
ouTPOT10
auTPo720
ouTP0730
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)

50

70

201

203

IF (ND ED. ?2) GO TO 50
L3 = XK{14)
nn 270 I=1,JMAX

R = XKS{1,1)
PH = XKS(2,1)
QK = XKS(qgi’

Y = XKS(4'I,
XM = XKS(5,1)
Ll = XXS({6,1)
YK = XKS{7,1)
L4 = XKS(8,1)
16 = XKSU9,1)
IF I{ND ,E0Q, 2) GD TN 70

TH = XKS{19, 1)
CTH = DCAS(TH)
STH = DSIN(TH)

TN = STH/CTH

X = XKSUL1,T1}

12 = XKS(12,1)

LS = XKS(13,1)

STEFRING ANGLI ™

DNU = DSQPT((RELLHXCTH)I%%2 + L6¥%2)
CNY = R¥L 4%CTH/DNU
SNt = LAa/DMY

GNL DATAN2 [SNHL,CNJ)%RAN
XLST(15,1) = GNU

0 = DNU

IF (NN FQ.2) 6 TN 720}

D = DSQRAT(DNN*£2+ (LSECTH ) %%2)

Xte = 9 /7 2 / CTH

SPS = LS%CTY/D

CPS = NNYW/D

DS = DATAN2{SPS,,(PS)%RAD
G 7O 207

YL = /%

DS = 2,01
IF ( ITER NE. 5 ) 6N TO 208
ST, 14 41) SNGLIXLP)
STO(I. 15 ,1) SNGL {(5NU)
STIHT, 1A 1) SNGLL PS)

Figure 68. Subroutine QUTPUT Listing (Continued)

OuTPOT40
ouTPOTS0
ouTPO760
ouTPO770
ouTPO780
ouTPO790
aouTPO800
auTPO810
auTe0820
ouvTP0830
ouTP0840
ourT 20850
ouUTP0860
ouTPOBTO
ouT°0880
ouUTPO890
ouTP0S00
ouTPO910
auvTP0920
ouTP0O930
oUTPN940
ouv 0950
ouTP0960
auTPO970
oy P0O98O
0uyre 0990
ouTP1000
ouysiolo
ouvP1020
ouTP1030
OuUTP1040
outTP1050
nuYP1060
ayrel1o07o
GUYP108R0

ouTP1090
aquTP1100

nuTPLI110
curel1120
guTe1l3o

) TTEIMMDOY NVORIANY HILYUON 49 NOISIAIA dDVIS

(4
3

NOLLYVMO4 MO



¥-69 dS

- 9g2 -

205
211

215
229

236

239
240

501

505

FIRST INTEGRAL

IF (YK) 215,215,211

BFTA = BFTAS

GO TN 220

BETA = 0.DO

RETAX = BETA * C

FNOT NSQRT{X*%¥2 + {(Y¥(CTH)*¥x2)

DRHN RE(FDONT*%2) ~ XMU/R**¥2 + BETAX*CPS*CNU/XM
DX = =72 ¥RH¥X/R —~ CTH*STH*Y*¥2 + BETAXESPS/(R*¥XM)
DY = 2.&X&Y¥TN — 2.¥RH*Y/R + BRETAXSCPSESNU/(RSCTH*XM)
ENER = {.500% ((R¥FDOT)*%2 + RHE%2) - XMU/R)
L7 = =YK ¢ D®C/{XM*R*CTH)

FINT = LI%RH + L2%X + U3%Y & L4%DRHO + LS*DX + L6*DY - LT7*+BETA
ANGM = FOT*RE%2
HBAP = HRAR + FINT ¥ .01

IF { ITER JNE, 1 } GO TO 239

IF t N{4) .6T. O ) GN TN 239

NO 236 KS=1,6

IF ( DABS(VARIND({I) - TSUB(KS) ) .1L7. 1.D-6 ) GO TO 239
CONTINUE

G0 19 270

WRITF (6,20) VARIND(I}

WRITE (6,250) XLP e YKo, PS, GNU, FINT, ENER, ANGM
STO(I, 14 +2) = SNGL{IXLP)
STN(I, 15 42) = SNGL{GNU)
STO(I, 16 ,2) = SNGL({ PS)

CONTINUE

VCHAR = C * DLNGIXKS{S,1)/7XKS(5,100) ) *= CONV
TTNO = ITND + 1

WRITE (6,920) HBAR, VCHAR

OuUTP1140
ouTP1150
ouTP1160
cuTP1170
ouTP1180
ouTP1190
ouTeP1200
ourP1210
outTP1220
guUTP1230
ouUTP1240
ouTP1250
ouTP1260
outTP1270
ouUTP1280
ouTP1290
ouTP1300
ouTP1310
ouTP1320
ouTP1330
NyTP1 340
ouTP1350
ouTP1360
ouTP1370
ouTP1380
auTel13%90
ouTP1400
ouTP1410
ouUTP1420
nuUTP1430

FEFEREXTEREFEXTR TR RRER X LR R EFER SR TR EREEXEE XL TRk XX XJUTP 1 440

GO TO (5264501,501,526,501 ,501 , 501 ) , [ITER
WRITE (6,502}

WRITE (6,22)

DO 505 1=1,JMAX

WRITE (6,21) (VARIND(I), (XKSUJyI)y J=1,7))

IF (ND .F9. 3) GO TN 520

Figure 68. Subroutine QUTPUT Listing (Continued)

ouTP1450
OouUTP1460
OuUTP1470
OouTP1480
ouUTP1490
ouTP1500
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WRITF (6,23) guTP1510

Do 510 I=1,JMAX ouTP1520
510 WRITE (6,21) (VARIND(T), (XKS{JsI), J=849)y XK(10)) ourTP1530
GO TO 526 guTP1540
520 WRITF (6,24) ouTP1550
DN 525 T=1,JMAX JuTP1560
525 WRITE (6421) (VARIND{I), (XKS(J,I), J=8,13), XK{14)) nuTP1570
526 WRITE(6426) (XKS(Kel)y K = 14Nl 3o L3 , L7 ouTP1580
WRITF (6,290) ITNO ouTP 1590
IF( ITER FQ. 1 } CALL KHI5ZT( 2y XKS o N1 , JMAX ) ouTP1600
IFU ITER EQ. 4 ) WRITE(6,27) auTP1610
IF({ TITER .EQ. 4 ) TIND = O nuTP1620
IFt ITER FQ., 6 ) ITND = O ouTP1630
IFU ITFR FQ. 6 ) XNOCNnR = O, nuTP1640
IFL ITFR ENR. 7 ) ITER = O ouTP1650
IF{ ITER EQ. 7 ) IQCYC = 1} ouUTP1660
1000 RFTURN ouUTP1676
' END OuTP1680
w
-J
[}
wn
v,
o~
O
]
11N

Figure 68. Subroutine QUTPUT Listing (Continued)
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SURRQUTINE KHIST{IGOsXKSy N1, JMAX ) KHST0000

C - - —- KHST0005

C AT THE END NF EACH QUASTLINEARIZATION ITERATION IT IS NECESSARY  KHST0010

c TO EXAMINE THE SWITCHING FUNCTION AND MAKE APPROPRIATE ADJUSTMENTSKHSTOOLS

r TO THF THRUST INTTTATION AND TERMINATION TIMES. THIS SUBROUTINE KHST0020

c PEREORMS THESE ADJUSTMENTS THROUGH THE JUDICINUS USE NF CONTROL  KHST0025

c PARAMETERS SUPPLTED AS INPUT DATA. KHST0026

C - KHST0030

c THREE DIM. VERSTON--18M 360-—MARCH 1967 KHS 70040

IMPLICTT REAL*8(A-H , 0-Z) KHST0050

LOGICAL RATES, REINT, CRTOUT KHST0060

REAL#S 1A KHST0070

REAL*4 XLST,EPSP,EPSP1,RHNS,XERR DYN(PESET,BL156, TWOBRN,TRU KHST0080

DIMENSION TZRD(8), TOL{4)sDKSAVI4),TSTOP(S) KHST0090

*, STOPS{7,40), XKS{N1,JYAX), XDOT(8) KHST0 100

COMMON /JACSET/ 1D KHSTO110

COMMON /Z1/ TX,H,PAD(5),DTPRNT,XK(20) KHST0120

COMMON /ZX/ XI(10),EPSP,EPSP1,TA(20) KHST0130

' COMMON /ZSUB/ TSUB(10),VARIND{100) , XMNSTP(9),STPSIZ(9)y  KHST0140
» +KSUB(10) , YAXSTP KHST0150
® COMMON/ZOO/N(S) MX- XERR,DYN,B(10)¢L(10),M(10),MI{10),RHGS(20)  KHSTO160

' COMMON /SOLN/ XLST(15,100), TRU{100)s HBAR ,VCHAR KHST0170
COMMON /ZTC/BETA, C 5 GO 4XMU, T, XXK(20) KHST0180

COMMON/ ZCONST/ PT,RAD,GXM,BETAS KHST0 190

C INOUT DATA COMMON BLOCK KHS 76200

0 c CCMMMN FOR STEEP DESCENT(FIRST SIX CARDS) KHST0210
o COMMNN /TNDATA/ XNRBL(6)s XORB2(6)y, AEST(6) KHST0220
o Ay AMPINC , AMPDEC , FRFEZE o XAMP + SAVE v BL46 KHST0230
P B, SCLINC , SCLDFC , ISCL ,» TAMP » BLSS + BLS6 KHSTC240
> Cy SCALE(3) » TOLCOM  , MAXIT  , IPRIN  KHST0250
c CNMMON FNR GASLIN NRB. TRAN. PRNG.-—{ TWA DIM.CASE) KHST0269

Dy XIN(14), XFN(14), PRATES, IDIMEN KHST0270

I, BFTASV , XISP » TFPERT , PERT  , COASTl , BL126 KHSTO28C

J» BRNINC , BMAX1  , BMAX2 , BSHIX , BSH2X o TWNBRN KHST0290

Ky RESET , KMULT  , NOPRT , PRNJ  , BCHTOL , BL14%6 KHST0300

Ly INTSTP , PEINT , CPTOUT , ITSQL , IQPRIN  , BLIS6  KHSTO310

M, HBARTL , RHNS] KHST0320

COMMNN /STOPI/ XKDOT(@0), TWOBR , XNNCOR, SAVK(7+6),1QCYC KHST0330

C t 2222223223 23222222323 222222 2222222222322 2222222222222 2222222230 NI

Figure 69. Subrocutine KHIST Listing
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WRITE (6,2) IGOD KHST01350

FORMAT (2SHIFNTER KHISTY —— 1IGO = IS) KHSTO0360
IGO0 = 1 —— INITIALIZATION KHSTO370
IGD = 2 ——— BUPN PNINT ANALYSIS KHSTO 380
IG0 = 3 ——— RESET AT THE FND OF A QUASLIN CYCLE--CALL FPOM NAIN KHST0390
GN 70 { 1,100,117 ) , IGN KHST0400
E2 23 2223332232232 2322 3 2323232222232 22222 2222222242222 2223232 8222233204 \90LY L)
PEQFNRM INTITTALIZATION KHST0420
t 2233322333233 2322332222323 3333322232222 332233223 3233332223283 2332214 \RL%]]
PO 3 I=1.4 KHSTO0440
TIK = KSUB(T+1) KHSTO0450
XKNOT{I) = (XKS{7,IK) - XKS{T7,1K-1)) /7 (VARINDUIK) - VARIND(IK-1))IKHSTO4TO
XDNT(2) = 190 KHST0480
nn 4 I=1,7 KHST0490
DN & J=1,46 KHST0500
SAVK(T,J) = O. KHSTOS10
DD 7 I=1,.8 KHST0520
TZR°0(I) = 0. KHSTO0S30
NN g8 I=1,40 KHST0540
no R’ J=1,7 KHSTO0550
STZEPSUd,1) = 0. KHSTO0S6C
nmsy =9 KHSTO0S570
L ST1 =0 KHST0S80
IS = MAXSTP KHSTO0590
COMPUTE RURN TOLFFANCES KHST06N0
TNL(1)= R™MAX] * { TSUR(33-TSUR(2)) 7 100, KHST0610
TOL(?2Y= T7TOL(D) XHST0620
TGL(3)= BMAX? * (YSUR(S)-TSUB(4) )/100. KHST0630
TL(s)= TOL(Z) ¥HSTO0640
ASHY = RASHIX * [ TSUBR(3) - TSus(?) ) /7 109,00 KHSTN 645
BSH?2 = ASH2X %= ([ TSHU3(5) - TSUR(5) ) /7 190,00 KHSTO€47
G0h TN 19 KHST0650

Figure 69. Subroutine KHIST Listing (Continued)
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#t*ttt**t#**t##tt##t#tt#**#t*t#tt#ﬁt*##t##t#t##tt#tttt“##tt#t#‘t#KHSTo660

MATN LOOP TN PERFORM SWITCH POINT ANALYSIS BEGINS HERE KHST0670
*#*#*t#tt#**t*t#tt*t**#t**tt*t*t#*#*t##**##ttt#t*#t##$3tttttttttttxﬂstO‘Qo
100 1LST = TLST + 1 KHST0690
ILSTY = ILSTL + 1 KHSTO700

102 17°0= 1 KHSTOT10
PN 998 T = 1,8 KHST0720

agg TZRA(I) = 0. KHSTO730
COMPUTE SWITCHING FUNCTION DERIVATIVES ——ONF TO FOUR SWITCH POINTSKHSTOT40

DO 98 T=1,4 KHSTO750
SAVK(1,1) = SAVK(1,1)+ SAVK(2,I)*IA(1) +  SAVK{3,I)*IAl2) KHST0760

* + SAVK(4,T1)1¢IA(3) +  SAVK(S5,1)%IA(4) KHSTOTT0

IF ¢ ID .FQ. 2 ) GO YO 98 KHSTO780
SAVK(L.T) = SAVK(1,1) #SAVKI6,TI*TA(S) +  SAVKI7,1)*I1A(6) KHSTOT90

98 CONTINUE KHSTOT95
CHECK TO SFE IF K TS PASITIVE INITIALLY KHST0800

110 SKI  =DSIGN(1.00, XKS{Ty 1)) KHSTOS10
IF(SKI)112,112,111 : KHST0820

111 TiR0(1} = 0. KHST0830
XKNOTL 1 ) = XpOT{ 2 ) KHST0840
TSUB(2) = TSUB(2) - TOL(1) * 2.D0 KHSTO8S0
1720 = 2 KHST0860
#*t#*#t*#t#tt##ttt##t##t#tt#*t##ttt#tttt#t##t#t*#‘tt#ttttttttt#t#tKHSTOQTO
LOOP TN FIND ZERGS OF THE SWITCHING FUNCTTON KHST0880
tt#**#*t#tt‘*###ttt**##*t#tt#*##ttt‘#‘t##t#t*’t#t###tt#t‘tt##t‘tt‘KHST0890

112 DO 119 I=2,1S KHST0S00
SK2 =DSIGN (1.DO0, XKS(7,1) ¥ KHST0910

ASK TF SWITCHING FUNCTINN CHANGES SIGN KHST0920

TF( SK2 + SK1 )119,113,119 KHSTG930

If SIGN CHANGES COMPUTF INTERCE®T 8Y LINFAR INTERPOLATION KHST0940

113 X DOT(IZRO) = U XKS{To1) — XKS(TeI=1) ) / (VARINDUI)-VARIND(I-1)IKHSTO950
TZRO(IZRO) =-XKS(7,1-1) / X DNT{N1ZR0O) + VARIND(I-1) KHST0960
XKDOT( TZRO ) = X0AT( 1ZRO ) KHST0970
[ZR0 = TZRO ¢ 1 KHST0980

1F ( IZRO .GT. 8 ) GO TO 120 KHST09%0

119 SKI = SK2 , KHST1000
CHECK TO SEE IF LAST! K VALUE IS PNSITIVE KHST1010

120 IF{ XKS(7,100) .LT. 0. ) 50 VO 160 KHST1020
TZRO(:ZPO). = TSuB(s) - 1. KHST1030

Figure 69. Subroutine KHIST Listing (Continued)
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2 XaXa

169

170

1550

teon
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LOOK AT THE FOUR ORIGINAL BURN TIMES AND MAKE NECESSARY CHANGES KHST1050
XXX EE AR EERELE R LR L LR SRS R LT E SRS RS LS L4 R SR SRS E B SR SRS S S S &K HS T 1 060

TF ( THOBRN .NE. l. ) GO TO 170 KHST1062
IF ( TZRND(3) NE. 0. ) GO 7O 170 KHST1064
TIRO(3} = YZIRCI(1) KHST1066
TZrRO(4) = TZIRO(2) KHST1068
TZrRO(1} = O. KHST1070
TZR0O(2) = O. XHST1072
XKDOV{3) = XKDOT(1) KHST1074¢
XKDOT(4&) = XKDNT(2)} KHST1076
DO 1400 JJ =1,4% KHST1078
IF( TZ2RC (JJ) .EQ. 0.) GO TO 1400 KHST1080
JIX = KSusl 44 + 1 ) KHST1090
TEST = TZRO(JJ) - VAR IND(JJIX) KHST1100
IFIDABSI TEST) .GY. TOL(JSJY) ) GO TO 1399 KHST1110
XKNaTLII) = SAVKI1.JJ) KHST1120
TSUBL(JJ+1) = TSUB(JJI+]1) - XKSIT,JIX)/ SAVK{I1,4)) KHST1130
GO T0 1400 KHST1140
TSUB(JJ+1)=TSUB(JJ+1)+TOL(IJ) *DSIGN(1.DO, TEST ) KHST1150
CONTINUF KHST1160
IFl TZP0(2) .EG. 9. ) 60 TO 1550 KHST1170
TESY = ( TZRO(1}! + T7RO(2) ) /7 2. - (TSUR(2)+TSUBI3) )/ 2. KHST1180
IF{DABS( TEST ) .LT. BSH1 } GO VO 1550 KHST119C
TMOVE = BSH1 *DSIGNI(1.DO,TEST) KHST1200
TSUB(2) = TSUB(2) + TMOVE KHST1210
TSUB(3) = TSUB(3) + TMOVE KHST1220
IFl TZ2PD(&4) .EQ. 0. ) GO TO 1890 KHST1230
TEST = ( TZRO(3) & TZRO(4) ) /7 2. - { TSuBs(&£)+TSUBIS))/ 2. KHST 1240
IF(DABS( TEST ) .LT. BSH2 ) G3 T0 1899 KHST1250
TMOVE = BSH2 *¥DSIGN(1.NOL,TEST) KHST1260
TSUR(&) = TSUB(4) + TMOVE KHST1270
TSURL5) = TSUB(SI &+ TMOVE KHST1280
IF{ TSUR(3) - TSUB(2) .GE. 0.DD ) GN TN 1895 KHST 1290
TSUB(2) = STNPS(1,JL) KHST1300
TSUR(3) = SYNPS{2,3L) KHST1310
IF( TSUR(S) - TSUB(4) .GE. 0.D00 ) GO TO 1900 KHST1320

Figure 69. Subroutine KHIST Listing (Continued)
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TSUB(4) = STOPS (3,J4L) KHST1330
TSUB(S) = STYOPS({4,JL} KHST1 340

C IF TIME ERR(OPR SUFFICIENTLY LARGE USEF PREVIOUS VALUE KHST1350
1900 DO 3005 J=2,6 KHST1360
DTM = (TSUB(J) - TSUB(I-1)) 7/ ( FLOAT{ KSUB(J) - KSUB(J-1)) ) KHST13T0

K1 = KSUB(J-1}+¢] KHST1280

K2 = KSUBtJS) KHST1390

DN 3005 1 =K1l.K2 KHST13%00

3005 VARIND(I) = VARIND(I-1) + D M KHST1410
G0 T0O 19 KHST1420

C SRR EL S S SR RS LS EESEE R LS E L LS S LR SE R E L L SR E XS 2 E S S E 2 S S E S EEKHST 1430
c PRINTY STOP TIMF SUMMARY TABLE AND RESET KHST 1440
C S EE LR E XX RS L REE R LR ERE SRR SRR EEEE X SR S S R E S S S ESKHS T]1 450
17 ILSTL = ILSTL + 2 KHST1460

18 ILSYT = O KHST1470

19 JL = [LST1+ 1} KHST1480

DO 14 1=1,5 KHST1490

14 STOPSIIJL) = TSUBL{I+1) KHST1500
STNPS{6,JL) = HBAR KHST1%10
STNPS{T.,4LY = VCHAR KHST1520
NRITE(6,20) KHST1530

20 FORMAT ('OSTOPPING CONDITIONS®/12X, 2HIN, 14&X, 3HOFF, 13X, 2HON, KHST1540

* 14X, 3HOFF, 13X, 3HEND,12X, &HHBAR, 12X, SHVCHAR ) XKHST1550

NO 23 J=1,JL KHST1560

JJ=J - 1 KHST1570

IF (STOPS(1,J) .NE. 0. ) G0N TO 2} KHST1580

WRITE (6,9022) KHST1590

9022 FORMAT {*ONFW QASLIN ITFRPATION SET —— FINAL TIME CHANGED.®) KHST1600
GO 70 23 KHST1610

21 WRITE(649021) JJ,(STOPS(T,4J),ei=1,7 ) XKHST1620
9021 FORMAT( 1S,1P7D16.8 ) KHST1630
23 CONTINUFE KHST1640
HRITF (6426) (TZR0(1), I=1,4) KHST16%0

26 FORMAT (38H STOP POINTS FOUND FOR LAST YTEQATION /5X,1P4D16.8 ) KHST1660
RETURN KHST1670

END KHST1680

Figure 69. Subroutine KHIST Listing (Continued)
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SUBROUTINE QPLOYT ( XKS, N1y JMAX, VARIND ]} QPLO000GO

- QPLO0001

ALLOWS THE PROGRAMMER TD SELECT PLOTVYED OUTPUT OF THE INITIAL QPLN0002
ITERATE AND CONVERGED SOLUTION FOR EACH VARIABLE. YO PLOT THE QPLOOO0O3
GRAPHS IT CALLS SUBROUTINE PICTUR, QPLO0004
- - - = QPLO0005
REAL*8 XKS, VARIND, HBAR, VCHAR QPLOOO10
DIMENSTON X(100), XKS{Nl,JMAX), VARIND{109) QPLO0020
DIMENSION XLAB(3), TITLE(6), YLAB(3,20) QPLOO0C30
COMMON /SOLN/ XLST(15,100), TRU(100), HBAR, VCHAR, STC{100,2C,2) QPLO004O
NATA XLAR/® TIME '/ o TITLE/'QUAS.LIN.ORBIT TRANSFER */,YLAQPLOOOSO
%8/ ¢ R PHI RHO Y N QPLO0060
* LAM] K LAMS LAMG ! XQPLOOOT7O
* LAM2 LAMS PRIMER STEER-NU STEER-PSI QPLOOO8O
* A4 QPLO0O090
DO 10 1I=1,JMAX QPLOO0100
10 X{Ij = SNGL{VARIND(I)) QPLOD11O
COMPARE TNITIAL AND FINAL SOLN QPLO0120
NO 100 J=1,N1 QPLO0130
DO 100 TI=1,JMAX QPLO0140
STN(T4Js1) = XLST(J,T) QPLOO150
100 STN(T,J0,2) = SNGLL XKS(J,1) ) oPLOO160
DR 200 J=1,16 QPLOO170
IF { N1 .FQ. 13 ) 63 TO 150 QPLOO180
IF { ( J .6T. 9 JAND, J LT, 14 ) .0R., J .EQ. 16 )} GN TO 200 QPLOO190

150 CALL PICTUR( 1, Xy STN{14J92)y Tey 7.9 1y 1o 100, XLAB,

* ly TITLF, XRy XT, YB, V7,50, 1 }

CALL PICTUR{ 3, Xy STO(1l4Jysl)y Tey Tes 15 1y 100, XLAB,

* 1, TITLE, XB, XT, YB, Y7448, & )
IF( J NF. T JAND, J .NF, 14 ) GO 19 200

CALL PICTURL 1, Xy STN(14Jdyl)y 7oy 7oy 1o 1, 100, XLAB,

* 1, TITLF, XB,y, XTy YR, YT,50, 1 )
200 CONTINUF
RETURN
END

Figure 70. Subroutine QPLOT Listing

YLAB(1+J),QPLO0200

QPLCO210

YLAB(1,J),3PL0O0220

QPL0O0230
QPLC0240

YLAB(1,J),0PLO0250

QPLN0260
QPLOO0270
oPLO0280
QPLO0290
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SURRNUTINE PICTUR ( ISET, X» Y, DIMX, DIMY, ISKIP, NI, NF, XLAB, PICTNOON

* yeLaAg 1V65 ’ TITLE, XB. XT, vR, YT, IC s ITYPE ) PICTAOCIO

o - -PICYOO12

C THIS IS A STANDARD SUBROUTINE ¥FNR PLOTTI‘IG SEVFERAL KINNS OF DATA oICTYOC1S

o USING THE SC-4020 CQT QUTPUTY DEVICFE, PICTOCL6

ol - - - e —————————————————— = == = = PICTOOLS
NTMENSTON X{1 )y 01 VoXLA3(3),YLABIZR, 72) , TITVLE(S) PICT0020

C ISET = 1 GENERATE NEW GPIN.ceeesSCALF T7 DATA PICTOO30

C ISFY = 2 LENFRATE NEW GRIN,..eesUSE AIMENSTNANS SUPPLIED PICTOCSAO

C, ISEY = 3 PLOT NEW NATA ON EXISTING GRID PICTNOS50
NIMENSION [CHIS0) PICTO0060
IFCICH(1).FDQ.1) GO YO 4 PICTOOT7O

2 00 1 K=1,9 PICTO080

TCHIK) = K PICTO0090

ICH{¥+9 ) = K + 16 PICTO100

ICHIK+iB3) = K + 32 : PICTOL110

ICHL K =+ 36 ) = N &+ 9 PICTO120

1 ICHIK#27) = K + &G PICTOL130

! 1ICHI&G6) = = &2 PICTO140

g ICH{&T) = &3 PICTOL1SO
» ICH{4&R) = 16 PICTO160

' ICHI{49) = 44 PICTO170
ICHES0) = 48 PICTO180

4 NOP = NF PICTO190

fFIesST = NI PICTO0 200

" 3 GO TN (5,5.,75), ISET PICTO210
] 5 ML=16 PICTY0220
o MB8=32 ’ PICTO0230
o MR=0 PICT0240
» MY=22? PICTO 250
MAPH= (134.%¥DIMX} +.5 PICTO0260

MAPV= (134.*%¥DIMY) +.5 ‘ PICTO0270

MR1= 1026 — MAPH PICTO0280

MT1= 1024 - MAPV PICTO0290

MR = MAXO{MR,MR1) ' PICTO0300

MY = MAXO(MT,MT1) PICTO310

Figure 71. Subroutine PICTUR Listing
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CALL FRAMEYV

SICT0320

GO TN (15437,37), ISET PICTO33O

15 YL = Y{IFIRST) PICTO0340

YR= Y{IFIRST) PICTO350

XL= X{IFIRST) PICTO0360

XR= X{IFIRST) PICTO370

DN 35 J=IFIRST,NOP, ISKIP PICTO380

XL= AMINLIXL.X(J)) PICTO390

XR= AMAX1{(XR,X{(J3}) PICTO&0D
YL=AMINIIYL,Y(J)) PICTO&L0
YR=AMAX1(YR,Y(J)} PICTC420

35 ITOP = J PICTO0430

YL = YL —-(YR=-YL)/10. PICTO06&40

YR = YR + (YR-YL)/10, PICTO04SO

XL = XL —(XR-XL)/10. PICTO0460

XP = XR + (XR-XL}/10. PICTOS&TO

GO TO 39 PICTO0480

' ¥ XKL=XB PICTO0490

: XR=XT PICTO0500

o ¥1=Y8 PICTO%10

' YR=YT PICTOS520
29 CALL SETMIVIML,MR,MB,MT) PICTO0%530

5% CALL DXDYV (1,XL + XR eDX Ny I 3NX425. 4 IERR) PICT0540

CALL DXDYV ({(2,YL YR oDY oMy JeNY925. y IERR) PICTO0S550

n CALL GRIGIV{29sXLoXRoYLyYRsDXyDY, NyMyTsJsNXyNY) PICTO0%560
o 60 1Y=1023-M7-32 : PICTOSTO
$ IX= 1023-MR-20 PICTOS80
N CALL PRINTY ( 24,TITLF,400,8) PICTO590
e CALL PRINTV ( 12,XLAB ,450,24) PICT0600
CALL APRNTV (0,-16s 12,YLAB{1,1YG) ,10 4500 ) PICTO610

Figure 71. Subroutine PICTUR Listing (Continued)
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75 IPSI = NOP - 1 PICT0620

G0 TN (78,95), ITYPH PICTO0630

78 CONTINUE PICTO0640
pN 80 J = IFIRST,IPSI,ISKIP PICT0650

K= J + TSKIP PICTO6E0D

Do 89 Jx = 1 4 2 PICTO06T0

80 CALL LINEV (NXVIX(J))oNYVIV{II)NXVIXIKI),NYVIYIKII) PICTO680
pn Rl  J=IFIRST,IPSI, 4 PICTO0690

81 CALL PLOTV { NXVIXTJI1),iNYVIV(J)) + S ) LICHIIC) ) PIIYOT00
RETURN PICTOT1O

a5 30 100 J= IFIRST,NOP, ISKIP PICTOT720
DD 100 JX = 1 o 2 PICTOT3O
100 CALL PLOTV ( NXVIX{J'1)e NYVIV(JI)), ICH{IC) ) PICTO740
RETURN PICTOT50
FND PICTO760

- 9%2 -

¥-69 ds

Figure 71. Subroutine PICTUR Listing (Continued)
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DOUBLE PRE

THIS PROGRAM CONVERGES FOR ALL VALUES OF FCCENTRICITY.
ANOMALY AGREEMENT IS TO 1.D-14 RADIANS FOP ELLIPTICAL QRBITS

CISION FUNCTION DTRUEH{YM, £, CA, SSF. CSF, IFLAG,JFLAGIDTRUO0O10

---DTRU0G20

THE MEAN

WITHIN 4 ITERS AND HYPERBOLIC ORBITS WITH A MAX NO. OF 7 ITERS,

THIS VERSION GIVES IFLAG = -2 IF HYPFRBOLIC SECTY DOES NOT
CONVERGF IN 15 ITPRATIQNS

WRITTEN MARCH 1556 BY D.F.RENDER - SPACE ﬁClFNCES LABNRATORY-SID
DOUBLE PPECISTION VM XMy 7M,EsCA,SSF,CSF,DTORGRTODPIJPI24XMTL,TST,

¥SGNy HeDHyNDVYDHyTFHy C9S9S2eS49ECE2¢XM1,EAH,A,B,CC,SELSIGL,ELZ,

®,EXFL1oSHF1,CHF]1 ,DFDM, XLF
DATA XMTL,PI,PI2/1.0D-14, 3.1415926535898D0,6.78318530717960D0
DATA DTNR,RTOD/1.745329251994329D-:32, $57.2957795130824D0 /

TFLAG 1

JFLAG =1

SGN = 1.000
IF(E.GE.1.0D0) [IFLAG=2
GN TO(15,20) ¢ IFLAG

IM = VYN - DBLE(AINTISNGLIYM/PTI2))) * P]2
TF{ZIM.GT. PI) ZM=ZM-PI?2

THIS SFTS ZM IN RANGE -PT 70O +P1 FDR FILIPTIC NORBITS
IF(Z#.LT.0.,0D0) SGN =-1.0D0
XM = ZM%SGN

XM [S ALWAYS PNSITIVE
GO 1O 25
IF(YM L T.0.0D0) SGN
XM = YM%SGN

FIRST WF CHECK FOR PARABOLIC CASE
TF{DABS{E-1.00).LT.1.0D0-10) JFLAG=2
GN TO(20,460)4JFLAG
FC = DSQRT{(1.D0+F)/DABS(1.N0-E))
FC? = DABS(1.DO-E*E)
TF{E.GT.2.0N0) G0 ¥O 400
IF{Ed T..928D0) GO T 300
TFIE.LT.1.0N0, AND . XM, GT..157D0) GO 1O 300

Function DTRUEH Listing

==1.000

Figure 72.

TF A3S(E-1) LFSS THAN 1.D-1C

/

DTRYJOC30
DTRUGO040
DTRUO0D60
OTRLGITO
DVRUO0BO
nDTRUOOE?2
DTRyUOOSS
DTRU0O90

THFHDTRUO100

DTRUO110
DTRU0120
oTRPUO139
DTRUJI 140
NTRUO150
DYRL}0160
DTRUO170
NTRUO180
DTRUO190
DTRU0200
DTRUOZ210
DTRUO220
DYTKU0230
DTFU0240
DTRUO0250
DTRUY0260
DTRUO270
DTRUO280
DTRUO290
DTRUO 300
DTRUO210
NTRUO 320
DTRUO330
DTRUO 340
DTRUO3S0
DTPUOD 360
pTRI!0370
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ECCENTRICITY IS NEAR 1.0, USE PARABOLIC APPROXIMATICON

H = 2.00% XM/ DSQRT(EC2%%3)
GO TO 50 :
FOR THE PARARNLTC ~ASE YM IS TAKEN YO BE = T¢SQRT(GXM/P*%*3)
H =XM% 7,0n0
FIRSY APRRAX, YO CUBIC DEPENDS ON SIZE 0OF H,
IF{H.GT.3.D0) GO TO 65
GO 10 70 :
TFH = (3.D0*H)*%,.,33333
NC = 5 % JFLAG
FOR THF PARARBROLIC CASE WF DOUBLE THE NUMBER NF ITERATIONS
DO 75 K=1,NK
DYDH = 1.NN /7(1.D0 #TFH®%2)
DH = H - TFH&(1.D0 + TFH*%2/3.D0}
TFH = TFH +DHEDYDH%({1.D0 —-DHETFH* DYDH**2 )
G0 TO(100,90F +JFLAG
FOR THE PARABNLTIC CASE TFH IS ALL WE NEED
DTRUEH = 2.DO*DATAN(TFH)
SSF = DSIN{DTRUEH)
CSF = DCNS{DTRUEH)
CA = 0,00
6N 10 1000
G0 T0{110,150), IFLAG
CA = 2.D0*DATAN{TFH/EC)
GO YO 350
THFH = FC*TFH
ITF{THFH.GT..99D0) THFH =.98D0

DTRU0380
DTRUO390
DTRUO4&00
DTYRUO410
DTRUO0420
ODTRUO0430
DTPU0440
DTRUO04&50
DTRUO460
DTRUCATO
DTRU0480
GTRUO04&90
DTRUOS00
DTRUOS10
DTRU0S520
DTRUOS30
DTRUGS40
DTRUCSS0
ODTRUC 560
DTRUOSTO
DTRUGSZO
DTRUOSIG
DTRU0600
DTRUOG10
DTRUO0620
DTRUOG30
DTRUO &40
DTRUO06S0
DYRUO0660

TANH(F/2) CANNOY BRE LARGFR THAN 1.0. WF USE .98 ARBITRARILY IF ITDVTRUO67O

COMES OUT LARGFR THAN .99
CA = .50N0 * DLOG({1.DO+THFH)/ (1.DO-THFH) )
GO 10O 450
THIS COMPLETES FIRST APPROX. BY PARABGLIC FORMULAE

Figure 72. Function DTRUEH Listing (Continued)

DTRUO 680
DTRU0&90
DTRUOT00
DTRUOT10
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C OTRUOT20

c THE FLLTIPTICAL ORBIT CASE DTRUO730

300 C = DCOS(XM) DTRUOT40

S = DSIN(XM) DTRUO TS0

$2 = Sx%§ DTRUOT60

S4 = S2%S2 DTRUOTTO

E2 = E*F DTRUO 780

CA = XM + E*S# (1.D00 + E¥C + F2%(1.D0-1.5D0%#S2) + E*E2%#C*(1.D0- DTRUOT90

¥2.5666666TD0%S2) + E24F2%(1.D0-5.66666667D0%*S2 + 5.20833333D0%S4) )DTRUOSOO

350  po 370 1=1,15 DTRUOS10

SF = DSIN(CA) DTRUOS29

XM] = CA - E*SE DTRUOE®30

IF(DABS {XM-XM1).LT.XMTL) GO TO 380 DTRUOB4N

SIG = 1.D0 - E*DCOS{CA) DTRUOBS0

A = (XM=-XM1)/SIG : DTRUOS60

- B = A®EXSE/SIG DTRUOETO

. THIS 8 = A% B OF TEXT DTRUO3S0

' CC = {1.D0-SIG)/SIC DTRUO 890

N TTN = 1 DTRU0900
N 370 CA = CA + A* {1.D0-.5D0*B*(1.D0-B) - CC*A*A/6.00 ) DTRUO910

' WRITF(69375) VM,XM,E,CA,XMTL DTRUO920
375  FORMAT{1HO,BBHELL IPTICAL ORBIT SECTION DID NOV CONVERGE IN 15 ITDTRUOS30
*ERATTONS. CASE IS YM XM,F,CA,XMTL / 1P5D18.10 ) DTRUO940

380 FEAH = CA/2.D0 DTRU0950

" DTRUFH = 2.D0%* DATAN{ECE*DSIN(EAH)/DCNS{EAH)) *SGN DTRU0960
o SSF = DSIN{OTRUEH) , DTRUO970
o CSF = DCOS{DTRUEH) DTRUO980
g G0 TO 1000 DTRU0990C
i c DTRU1000
c THE HYPERBOLIC NRBIT CASE DTRUL1010

400 CA = XM/{E-1.D0 + F*(XM/{E-1.D0))*%2/ 6.DO0) DTRUL1020

XLF = 2.0D0 * XM /7 E DTRU1030

TFIXLF.GE. 3.0DN) CA = DLOG(XLFI*(1.D0 + 1.DO/{XM-1.C0}) DTRU1040

c THF ABOVE ADDED FNR CASES WHEN XM IS LARGE AND 400 IS NOT GOOD OTRU]10GS0

Figure 72. Function DTRUEH Listing (Continued)
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450 DO &470I=1,15 DTRU1060

EXF1 = DEXP(CA) DTRUL10TO
SHF1 = .SDO*KEXFl-l.DOIEXFl) DTRU1080
XM] = FxSHF1 - CA DTRUL1090
lF(DABS(XH—XHll.LT.XﬂTL) GN TO 480 DTRU1100
DFDM = Z.DOI(F¢|EXF101.DOIEXF11 - 2.D0) DTRUL1110
A = {(XM=-XM1)&DFDM NTRU1120
B = AS*E*SHF1*DFDM DTRUL130
C THIS B = A% B OF TEXY DTRUL 140
cC = DFDM + 1.000 DYRU115C
ITN= 1 DTRU1160
470 CA = CA + A%(1.D0 - .SD0 *8%* (1.00-8)- A*A%®CC/5.D0 ) OTRU1170
WRITE(64475) YM, XM, Eo,CA,A DTRU1180
&75 FOR"AT(IHO.SSHHYPERBOL!C ORBIT SECYION OID NOT CONVERGE IN 15 DTRU1190
] TFRATIONS. THE CASE IS YM XM E.CAsA / 1PSD18.10 ) DTRU1200
IFLAG = -2 DTRUL 210
480 CHFl = .5000*(EXF141.DOIFXF1) DTRUL 220
' SSF = DSQRT(ECZ)*SHFII(E*CHFI - 1.D0) *SGN DTRUL1230
3 CSF = (CHF1-E) / (1.D0 - E*CHF1) DTRUL 260
o DTRUEH = DATAN2(SSF,CSF) DTRU1250
' C DYRU1260
1000 RETURN DTRUL2T0
END DTRU1 280
[6)]
O
3
1
S

Figure 72. Function DTRUEH Listing (Continued)
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Figure 73. Subroutine ROTATY) Listing

SURRNUTINE ROTATDIV,UsN,TAXyANG) ROT&1010

C - -——-ROT41011
c TAKES A SIVEN VECTOR IN CARTESIAN COCRDINATES AND POTATES IT IN A ROT41012
c COORDINATE SYSTEM NR ROTATES THE COORDINATF SYSTEM. AS MANY AS  ROT41013
C TEN RNTATIONS ARE ALLNWED AND FACH ONE CALLS ROTMXD ROT41014
C {ANGLE TN DEGPEFS). ROT41015
C - - - ROT41016
DOUBLE PRECISTON V{31,U(3),ANG(10%,VI(3), A(3,3) ROT41020
DIMENSION TAX(10) ROT 41025

c POT 41030
c ROTATD EXPRESSES A VECTOR GIVEN AS U INTVIALLY. ROT 41035
C ARE PASITIVE IE THE VECTNR IS ROTATED IN THE COORDINATE SYSTEM ANDRNT&1040
c THEY APE NEGATIVE WHEN THE SYSTEM IS PNTATED. THE LIMIT IS TEN RGT 41045
C ROTATIONS. THE ANGLES ARE IN DEGREES. ROT41C50
c ROT 41055
No 20 1=1,3 ROT41060

20 VIUI} = ULI) ROT 41065

00 100 K=1,N ROT41070

CALL _ROTMXD(A, TAXIK) 4 ANGIK)) ROT 41075

ep R0 T=1,3 ROT 41080

an (1) = ACT,108VIIL) & AUT,2)%VI(2) + AC(I,3)*VI(3) RQOT 41085

NN 90 J=1,3 ROT4&1090

ab  VIWJ) = VI ROT 41095
100 CONTINUE » ROT41100
200  RETURN ROT 41105
FNN ROT41110
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- SUBROUTINE ROTUXDiA, TAX¢ANG)

40

100

200

ROTMXD LNADS MATRIX FOR SINGLE AXIS ROTATION - ANGLE IN DEGREES

ROMX1Q10
ROMX1015
ROMKX1020
ROMX1021

D.F.BENDER,

SPACFE SCIENCES LAB. EXT. 5893 DP FORM FEB. 1966

DOVIBLFE PRECISION A(3,3),CA,SA +DTOR
NATA DTDR/.0174532925199433D0/

N 40 1=1,9
A{l,1) = 0.D0
CA = DCOS (ANG*DTOR)

SA = DSIN(ANGZDTOR)

GN TNI100,200,300), IAX

LOAD MATRIX FOR AXIS 1 ROTATION

Allel) = 1.D9
A(2,2) = CA
Al3,2) = SA
A(2,3) =-SA
A{3,3) = CA
GO T0O S00

LOAD MATRIX FOR AXIS 2 ROTATION

A(l,1) = CA
A{3,1) =-SA
A(2,2) = 1.00
All.3) = SA
A(3,3) = CA
G0 10O 500

Figure 74. Subroutine ROTMXD Listing

ROMX1025
ROMX1030
ROMX1C35
ROMX1040
ROMX1 065
ROMX1050
ROMX 10595
ROMX1060
ROMX1 065
ROMX1070
ROMX1080
ROMX1085
ROMX1090
ROMX1095
ROHX1100
ROMX1105
ROMX1110
ROMX1115
ROMX1120
ROMX1125
ROMX1130
ROMX1135
ROMX1 140
aOMX1145
ROMX1150
ROMX1155
ROMX1160
ROMX1165
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e ' N}

300

S0

LAOAD MATRTIX FOR AXIS I RNOTATION

A{l,1)
Al?2,1)
All.2)
A(2,2)
A(3,3)

PETURN
FND

CA
SA
-SA
CA
1.00

Figure 74. Subroutine ROTMXD Listing (Continued)

ROMX1170
ROMX117S
RONX1180
ROMX1185
ROMX]1190
ROMX1195
ROMX1 200
RCMX1 205
ROMX1210
ROMX1215
ROMX1 220
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10
20

264
26
30
40

SUBROUTINE DORBIT( € , ZCAP , TOR3 )

DORBO00O
DORBO002

DETERMINES MEAN ANOMALY IN REVOLUTIONS FROM TPUE ANOMALY

(IN RADIANS! AND ECCENTRICITY FOR ELLIPTIC NRBITS.

DORBO00O4
DORBOOOS

-DORB0008

REAL*8 E, IZCAP, PI2, ECAP, TORB, EC, 22
P12=6.28318530718 D+00

IF(2CAP) 10,20,20

ICAP = ZCAP + PI2

GG 70 S5

€C = DSORT( (1.D0-E) 7 (1.D0+E) )

22 = ICAP / 2.D0

ECAP = 2.D0 * ( DATAN( EC * DSIN(Z2) / DCOS(Z2) ) )
IF( ECAP ) 26,430,30

ECAP = ECAP ¢ PI2

TORB = ( ECAP — ESDSINIECAP) ¥/ 4 ¥4
RETURN

END

Figure 75. Subroutine DORBIT Listing

OORBOO1O
DORB0020
DORB0O30
DORBOOAO
OORB0O0S0
DORB00SO
O0ORBOOTO
DORBOGSO
DORBOO%0
DORBO100
DORBO110
DCRBO120
DORB0130
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120
130

SUBROUTINF XIN (XKS,NU, IMAX )
DOUBLE PRECISICN XKS(NU,IMAX)
RETURN

END

Figure 76. Subroutine XIN Listing

SURRNUTINE ALGBC ( XKS, Gy XJAC )
DOUBLE PRECISION XKS, G(14), XJAC(13,13)

DO 130 J = 1, 14
nn 1201 = 1, 13
XJAC(TI4J) = C.DO
RETURN ’
END

Figure 77. Subroutine ALGBC Listing

XIN 0000
XIN 0010
XIN 002G
XIN 0020

ALGB0000
ALGBOON10
ALGBRO020
ALGBOO030
ALGB80040
ALGROOS0
ALGBO0O060
ALGBOCTO
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