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ABSTRACT

The classic orbital boundary-value problem provides a means of
finding feasible orbits that pass through an initial position and a
fixed target position. In this thesis, a method is developed that
extends the boundary-value problem and allows a choice of any combi-
nation of three of the following four target parameters: altitude,
downrange angle, velocity, and flight path angle. Special attention is’
paid to the algorithm allowing choice of target velocity, altitude, and
fligﬁf path angle, and to the case where the transfer orbit has its
apogee at the target altitude. In addition, the targeting technique is
adapted for use as a general guidance algorithm for a spacecraft in
powered flight, and is implemented in a computer simulation of space-
craft trajectofies. Two cases are studied: launch from the earth's
surface into Low Earth Orbit (LEO), and transfer from LEOC to Geosyn=-
chronous Earth Orbit (GEO).

Results from the computer simulations indicate that extremely good
targeting accuracy can be achieved, with typically less than 0.00l %
error between the actual and desired target values, and resulting
delta-v values are very close to optimal for a large number of cases.
Overall, the orbit-fitting targeting technique provides a fast and
straightforward means of generating a feasible (in some cases close to
optimal) trajectory that satisfies a chosen combination of target con-
ditions. The technique is easy to implement, contains no inherent
ma jor computational difficulties, and can be applied to a wide range of
two-body space flight navigation problems.

Thesis Supervisor: David L. akin
Professor of Aeronautics and Astronautics
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CHAPTER !

Introduction

Since the Apollo era, and espeéially with the advent of the Space
Shuttle program, guidance techniques for spacecraft in powered flight
have flourished. Elaborate algorithms exist that find an optimum tra-
jectory for given target conditions, and for a given spaceflight
mission, and these algorithms perform the task very well for éoday's
sophisticated spacecraft. It is of course necessary to use an exact,
obtimal guidance technique with an actual yehicle, but the requirements

for exactness and optimality are precisely what lead to the enormous

complexity of these algorithms.

When a real vehicle is not involved, and suéh precise accuracy or
éptimality is not required, the currently available guidance techniques
-~ such as those based on Pontfyagin's maximum principal, Bellman's dy-
namic programming, or Raleigh-Ritz type procedures -- can end up being
more elaborate and detailed than necessary. Especially early in design
studies, when a vehicle can be modelled by a small set of parameters,
and a quick, easy method for finding a feasible trajectorv is needed,
algorithms based on these optimal control theories are too cumbersome
and time-consuming to implement. In addition, each particular algo-
;ithm is developed around one specified set of target parameters among

position, velocity, transfer angle, and flight path angle, and usuallvy

zannot Ye used for anyv other combination of :these paramecers.



No technique exists, however, that_is easy to implement, close to
optimum, and works for more than one combination of target parameters,
or for more thanva limited type of spaceflight missions. Even the
glassic calculus-of-variations-derived linear tangent algorithm, in its
simplest form, works for only a very narrow range of problems -- so
tightly constrained that they aren't very realistic -- and when made
more versatile, it too becomes complex and cumbersome. (See Space

Shuttle Ascent, Guidance, Navigation, and Control, ref. 1)

This gap in spacecraft guidance techniques can be filled by re-
laxing the requirement that the trajectory be exactly optimum, and 3%
using basic methods from orbital mechanics to ensure that the target
conditions are satisfied. A means already exists, known as the orbital

boundary-value problem, for finding an orbit thatvpasses through a
given initial point and-a selected target point, thus providing a
technique for guiding a venicle to a desired target position. The
boundary-value problem, however, all&ws only a.limited choice of target
parameters, with the restriction that the target be a fixed position in
space. The intent of this thesis, therefore, is to extend the basic
boundary-value technique to allow multiple choices of target parame-
ters, including choices better suited to the requirements for current
space missions. The technique can thus be adapted for use in a wide
variety of two-dimensional spaceflight targeting problems, ranging from
planetary launch trajectories to orbital insertion and orbit-to-orbit

transfers, as well as interplane:ary missions, and most two—body targe-

ting problems in general.



CHAPTER 2

Development of the Orbit-Fitting Targeting Technigue

2.1 The Orbital Boundarv-Value Problem

The starting point for the technique developed in this thesis is
the classic two-point orbital boundary-value problem. The problem
formulation is: given an initial position and a desired target posi-
tion measured from a central body, find the feasible orbits that pass
through both points, and find the required velocity ve;tors at the ini-
tial point that corréspond to flight paths along any of tbe feasible
transfer orbits. The technique for solving this problem has been des-

cribed in detail by Battin (ref. 2) and will be summarized below.

If a line (the chord) is drawn connecting the initial and target
points, then any velocity vector at either point can be defined in
terms of a component parallel to the chord and one paralliel to the

radius vector (see figure 2-1) provided the transfer angle, o, is not

equal to 180 degrees. If Vreq and GZ are velocity vectors at P, and

92 respectively, and if they correspond to an orbit that passes through

Pl and P,, then from fundamental properties of. orbital mechanics, the

relationships

rc 2¢c c

o 2o 2



Figure 2-1 Geometry of the Orbital Boundary~Value Problem

can easily be derived, where the subscript r denotes current
tial position; 2 denotes target or final position; ¢ denotes
components; and p denotes radial components. Without loss of
lity, the target radius can be taken to be greater than the

radius. The chord can be found from the law of cosines

and the product of the chordal velocity component, V
c

bl

or ini-

chordal

genera-

initial

, and radial velo-

city component, Vp can then be expressed as a function of the chord, .

the initial and final radii, and the transfer anglie, o, in the form



vV ue

* +
cp tlrz(l coso)

(2.2)

This relationship defines an infinite family of velocity vectors
at the initial point and at the target point, and is in the asymptotic
form of an equation for a hyperbola -- with the chord as one asymptote

and the radius as the second asymptote. This hyperbola at P_ repre-

1

sents the locus of all feasible velocity vectors at the initial point,

.

and the hyperbola at 92 corresponds to the locus of the resulting velo-

city vectors at the target point, as shown in figure 2-2. Properties

" P

Figure 2-2 Hyperboiic Velocity Loci at Pl and 2,

of this hyperbolic locus will be exploited later in the development of
the orbit-fitting targeting technique. Since the required velocity

vector, Vr , (that which corresponds zo flignt along a Ifeasible orbdit

trom P :zo ?,) is not yer uniquelyv specified, one more paramecer, such



as target velocity or target flight path angle, may be specified. Se-
lecting either one of these will uniquely determine a fea;ible transfer
orbit{ and he;qe will also determine a unique required velocity at the
initial point. The orbital boundary-value problem, however, does not
permit the designation of both the target velocity and target flight
path angle as target parameters. Since, for many types of missions, it
is desirable to specify both these variables as target paraﬁeters, a

means must be found to eliminate this restriction from the boundary-

value problem.

If either of the target parameters upon which the boundary-value
problem is based -- target radius or transfer angle -~ is not speci-
fied as a target parameter, the restriction is removed and any two of
the remaining three unspecified variables may now be selected as target
parameters. Thus, of the complete set of four parameters available --
velocity, altitude, flight patn angle, and transfer angle =-- any three
may be chosen as the target parameters, and they will uniquely deter-
mine an orbital path that passes through the initial point and achieves
the desired target conditions at the target point. In the following
sections, the necessary relationships will be established that allow a

solution to be found for any of the four such combinations of target

parameters.

2.2 Solution Technique for Anv Choice of Target Parameters

When any three of the target parameters are specified and thne

initial position is %nown, :=he fourzh parametar is also detarmined,



and can be found as a function of the three specified parameters and
the initial radius. The fourth parameter must be found in order to

.-completely specify the gebmétry at the target point and to eventually .

find the required velocity at the initial point.

To start, the geometry at the target point is expressed in terms
of the angles 3 and n, as shown in figure 2~3. The perpendicular dis-

tance, A, from the the radius to the tip of V can be found as

2’

A = V2 sinn (2.3)

and the perpendicular distance from the extension of the chord to V2 is

B = -V2 sin(3+n) (2.4)

A and B can also be expressed in terms of the velocity components, VC

and V
'p as

A=V sin? ' (2.3)
B = Vp sin3 (2.6)

Since the locus of possible velocities at 92 is a nyperbola (as
established in equation 2.2), using the property of hyperbolas that the
product AB is equal to a constant, AB can be found by multiplying
equations (2.3) and (2.4), and also by multiplying equations (2.5) and

(2.6). Setting the resulting expressions equal to each other gives

2 2 .
AB = -V_= sinn sin(g*ﬂ) = V‘Vp sin” 3 (2.7)
- -

Jow 2quation (2.2} can be substituctaed Jor zhe droduct 7 7 L



rigure 2-3 Detail of Geometry at P

- —— o — ——— —— —— —— o —— - T — — Y — — ————— —— — —_

chord, C, is replaced by

c = p 2in T (2.8)
1 sinn °

the resulting expression is

()

e . . R
A sinn cangy = -¢ V,_ sinn sin( =)

N
o
.
O
N



To eliminate 3 from this equation, a useful relationship can be

developed by expressing r,_  as

2

r, = T, c6sc - C cos ¥ (2.10)

and substituting equation (2.8) for C, then solving for 3 gives

i
cot3 = cotg - ———u (2.11)
tl s1ino

Then 3 can be eliminated between equations (2.9) and -(2.11), with the

final result

2 . 2.2 2
prl(l-cosa) + rlrzvz sinn sin(o+n) r2 V2 sin N (2.12)

Recognizing that n =T /2 - g equation (2.12) can be written

2,

2 2.2 2
prl(l-cosoo + rlrzvz cos¢2 COS(¢2-G) = r2 V2 cos ¢2 (2.13)

This is the desired expression which relates all the possible térget
parameters =-- altitude, velocity, flight path angle, and transfer angle
-~ to each other, and once any three of these parameters are spe-

cified, the fourth can be found directly from this relationship.

2.3 Altitude, Velocity, and Flight Path Angle as Target Parameters

In this particular case, the target altitude or radius, rz‘ velo=-

city, V_,, and flight path angle, #,, are specified, and the remaining

-

variable, o, must be found in order to completely detfarmine the g=o-

metry oI the problem. To solve for o from equation (2.13), the



substitution

- ) X = cotgl ‘ (2.14)
can be used, with
2
sino = coso = - L-x i-coso =
1+x2 1+x2 l+x2

The result is a quadratic in x, of the form

ax2 + bx + ¢ =0

where

2
a = —rzvz (rz-rl) cos ¢2 (2.15)
b = 2r r V 2 sing_ cos (2 16)-
17272 2 ©95%, .
c =2nr. - r_V 2 (r, +r.) cos2 (2.17)
HE 22 1772 2, -t

The quadratic can easily be solved with the standard quadratic equa-

tion, and once x is found, equation (2.14) gives the answer for o.

Equation (2.13) can be used for any other combination of target
parameters. However, only the case completed above will be explored in
further depth, since this case is the most useful for common space

missions. (The remaining three cases are solved in Appendix A).

2.4 Finding the Required Velocitv

Once the values of all four targert variables are %nown, :the

19



geometry of the feasible transfer orbit is fixed and the velocity at
theAinitial point can be determineé. To find the required velocity,
the geometry is'seg up as shown in figure 2-4. The internal angle, 8,
between the chord ;nd the radius vector to PZ’ can be found from the

law of sines

sinS sino
_————

- c (2.18)

1

but the geometry also shows that
§ = 2.19
> T B, T %, (2.19)

Substituting equation (2.19) for S into (2.18) and using a trig iden-
tity gives

- -

T
cos(x2 + ¢2) = Ei sino (2.20)

which allows solving for Uz once ¢2 and o are known.

The velocity at the target point, Vz, can be resolved into its

component in the chordal direction, Vc’ and its component in the radial

direction, V
VZ cos¢2 =V

- cos(z;2 - ¢2) (2.20)

V2 sing, = V_ sin(¥, + gr) - Vp

and Vp and VC can be solved for in terms of V2 from equations (2.21)

and (2.22)

<
[}
<
o]
ot
9]
3
-~
(¢}
19
I
%
)
NS
0
o)
4]
1
13
]
(7]
'-I.
3
SN
e}
—
N
(]
.
(]
w
~



og+8 )90

0+d L 90

Figure 2-4 Geometry f V n
€ or elocit Com
3 ponents at P i P
Yy 1 and 2y




and
V2C cos¢2

v = ————— (2.24)
c cos(jz+¢2)

If equation (2.20) is used to eliminate 52 from equations (2.23) and

(2.24), V_ and v, can be expressed solely in terms of known target

parameters and rl

!

e
Vp = e cos¢2 - s1n¢é (2.25)
E‘ sino ’
V.C cosg
V = 22 (2.26)
c rl sino

Additional useful relationships are

Vc = Vc sin(o+S) ) (2.27)

Vcr = VC jcos(a+8) | (2.28)

To find the required velocity vector at the initial point, two

cases must be considered:

1) o+ § <m/2:

From the geometry, clearly

v =V (2.29)

and the angle, 8, between the local horizontal and the required

velocizy veczIor s



8 = arctan -Ejy—iai (2.30)

then the magnitude of the required velocity is given by

v 2 = (V +V )2 + Vv 2 (2.31)
req P cr o

2) o+8 > /2:

In this case the geometry shows that

v = V -V (2.32)

v
@ = arctan (Vrr (2.33)
o
leading to
2
% 2. v + vV 2 - (2.34)
req rr o
Substituting the appropriate expressions for Vrr' Vs and V into
! cr

equations (2.30) through (2.34) vields expressions for vreq and 9 which

hold for both cases

2 2
v = 2V V  cos(o+d) + V (2.33)
req p c c
Vo=V, c:os(c:+8)“I
= * 2
=} arctan Vc sin(otd) J (2.36)

where & is found, from equation (2.18) as

/ \

by
- [
d = arcsini E; Sincj (2.37)



To eliminate & from equation (2.35) and (2.36), cos(o+d) and sin(o+S8)

are expanded, and equation (2.37) substituted for 8 to give

- . rlyz 5 | r1 2
cos(o+8) = cosco 1 -(E-l sin o - E‘ sin o (2.38)
and
T bl \2 |
. . 1 11 2
sin(o+8) = sinc o coso + 1 - o) sinco (2.39)

and finally, substituting equations (2.38) .and (2.39) into equations

(2.35) and (2.36) gives the result

2 ik 2 ! i 2 2
v = 2V V cosco 1 —(—‘) sin o - — sin o| + V (2.40)
req cp C o} [«

with

|
T2 12
v - Vc coso 1 - c sin o - ¢ ' sin o
& = arctan 2 = (2.41)
T, (ri\- » f
. A - R .
VC sino c coso c/ sin o i

These expressions involve only the chordal and radial velocity compo-

nents of V2, found from equations (2.25) and (2.26), and other known
variables, and provide a way of finding the required velocity once all

the target parameters and initial point are specified. (An alternative

technique for finding Vreq and 8 is presented in Appendix 3.)

%)
i~



2.5 Specialization for Target Point at Apogee

Since most orbital transfers and maneuvers are intended to.evep—
tually reach a.cifcular,orbit, it is useful to spécify that the trans-
fer orbit reach the altitude of the desired circular orbit with a
flight path angle equal to zero. This means that the apogee radius of
the transfer orbit is the radius of the circular orbit, with velocity
vector perpendicular to the radius. The transfer angle, o, can now be
determined directly by using an additional relationship specific to the

case of the :argét point at apogee of the transfer orbit.

Knowing V2 and LB the semi-major axis, a, of the transfer orbit

can immediately be found from the Vis-Viva equation

2 2 1
V2 = P(I‘ - a) (2.42)
2
thus .
2 -1
V2 ‘
a = =— - = (2.43)
c, M .

From Battin (ref. 3) the parameter, p, can be expressed in the form

p = 2 (l=coso) (2.44)

and the eccentricity, e, is found from

e = (2.45)

remains cto de found. 3y using the relationsnip

(2l
%l
[
o

where o s



Y T (2.46)

equations (2.44) and (2.453) can be substituted into equation (2.46) for
p and e, and o can be found in terms of the semi-major axis, with the

result

2
Zar2 -ar, -r,
cosg = At - =t (2.47)
1 12
Substituting for a from (2.43) finally gives -
r 2V 2 HE
coso = 2 2 2 L (2.48)
rlrzvz - prl

As a check, this agrees with the result obtained from equation (2.13)

if ¢2 is set equal to zero.

With o now determined, ¢, can be set equal to zero in equations
(2.25) and (2.26), and the chordal and radial velocity components

become

vV = ’“_gf‘—" (2.49)
o] fl sSs1no
/ ]
’rl\z 2
v 1—(-— sin o
2 C |/ -
v = (2.50)
P T,
— 3 d
c sin

The required velocity and 8 can now be found from equations (2.40)

and (2.41).
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2.6 Range of Feasible Required Velocities

At this point, it is advantageous to explore the feasible range of

Vz as a function of T and ry, The choice of VZ is restricted, depen-
ding on fl and t, -- there being a maximum value above which no feasi-

ble orbit passes through both the initial and target points and also
satisfies the target conditions. This is true because once T, and V

2

are selected, the semi-major axis of the orbit is fixed from equation

(2.43) and the perigee radius of the orbit is

rp = 2a - r, (2.51)

If rl is less than rp, then clearly no point in the orbit will pass

through the initial point, and the problem cannot be solved. The

actual maximum value of V, can be found by determining the maximum

feasible semi-major axis for the transfer orbit
a - —— (2.52)
max 2

corresponding to an elliptical orbit with perigee at r. and apogee at
i

5. This gives an upper limit on V2

The lower limit of V, that still yields a feasible orbit is

2min = O (2.54)

and cthe associated semi-major axis Ls



rz- i
a, 6£@=-— (2.55)
min 2 ;

corresponding to an orbit that travels a straight line from P1 to 92

and reaches P, with zero velocity -~ not very useful for practical

purposes. The upper limit will become important later, however.



CHAPTER 3

Guidance Algorithm

3.1 Overview

. The technique developed in the preceding chapter for finding the
required velocity vector can easily be incorporated into a guidance
algorithm for a spacecrait in powered flight. At any point in the
spacecraft's trajectory, the vehicle's current position can be desig-

nated the initial point, P in the boundary-value problem, and the

1’

problem can be solved for that particular initial point and a specified
set of target conditions. Unless the vehicle has infinite thrust,
however, it will not be able to instantaneously achieve the required
veiocity, and the process must be repeated some time interval later,
with the vehicle's updated current position as the new initial point in
the problem. This procedure therefore lends itself well to computer
trajectory simulations in which the vehicle's position is determined.at
discrete time intervals by numerically integrating the equations of
motion. At each time interval, then, once a set of target conditious
has been chosen, the required velocity vector for the vehicle at its
current position can be found, and a guidance algorithm followed such
that the vehicle's velocity vector eventually equals the required velo-
city vector. The control variables availadle for use in this proolem

are the vehicle zhrustc lavel -— most conveniently measured as a per-



centage of the maximum available thrust -- and the thrust angle, the
angle between the thrust vector and the velocity vector. WAile a
spacecraft cannot directly control the thrust angle, it does so indi-
rectly by controlling the rocket nozzlé gimbal angle, but using the
thrust angle as a control variable avoids the necessity of including
the dynamic relations between the nozzle gimbal angle and resulting
thrust angle; these relations are vehicle~dependent, and contribute

nothing to the analysis of the original problem. Hence the choice of

thrust angle as the second control variable.

3.2 Velocitv-to-be-Gained Determination

Once the required velocity for the vehicle's current_position has

been found, the velocity-to-be-gained, VG’ is defined as the vector

difference between the required velocity and the vehicle's current

velocity (see figure 3-1).

If ¢ is the current flight path angle of the vehicle, measured

from the local horizontal, and Vl its current Velocity, then VG can bDe

determined from the law of cosines

v S =v +V. " -2 - .
G req . Vreqvl cos(¢-8) (3.1)

and the angle, 3, Detween Vl and V. can be found from the law of sines

v
/3 = arcsin —egs'sin[¢-9} (3.2)
G
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6>¢ < g

Figure 3-1 Velocity~to-be-Gained Determination

In many cases,IS is greater than 90 degrees, but the arcsin function
will return values only between -90 and 90 degrees, so for the case

where

2 2 2
+ V <V -
VG 1 req
/3 must be corrected to
v
/3 =T - arcsin ‘ssg'sin}¢—ei (3.3)
G

3.3 Thrust Angle Determination

For the sake of simplicity, the guidance algorithm to be used will

choose the thrust veccor such that its direction s aligned with the
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velocity~to-be-gained direction. This makes it easy to find the thrust

angle, «, as follows.

IF 8 < g#:
o= T=p3 | (3.4)
and if 6 > ¢:
O(:/} - T (3.5)
and of course if 6 = P
X =0

3.4 Thrust Level Determination

A spacecraft in powered flight, thrusting in the VG direction,

will be continuously increasing the energy of its orbit (provided r_ >

2
,) and must avoid increasing 'its energy beyond that required for the

target transfer orbit. Specifically, the vehicle velocity.mugt be
prevented from becoming greater than Vreq' During the time interval
before this occurs, therefore, the venicle can either stop thrusting
its main engines and coast to the target, using smaller engines to
"fine tune'" its trajectory, or if the vehicle has throttleable engines,
it can reduce its thrust to the level required to exactly match the
required velocity without overshooting it. In order to accomplish
this, the increment to the vehicle's velocity during the next time
interval must De predicted, and then the thrust level must bdbe found

that corresponds 2o a velocity increment that iIs less zhan or equal o



VG’ This can be done in the following manner.

The propellant mass flow rate is determined from the vehicle

thrust, T, and exhaust velocity, c

—_—= - = (3.6)
and for a given time interval, Dt, the change in vehicle mass, Dm, is
- Dm ='§ Dt . (3.7)

IF m,  is the vehicle mass at the beginning of the time interval, and
mk+1 is the mass at the end of the interval, then

mk+1 = m —_Dm (3.8)

and substituting equation (3.8) into equation (3.7) for Dm gives
T
m =m - —Dt (3.9)

The rocket equation can be applied now, since, if Dt is small
enough, the behavior of the vehicle will be as if it had thrusted im-
pulsively at the beginning of the time interval, and the velocity

increment, ka’ is then

\
DV, = -c In —/ (3.10)

solving for m _  gives

<=1



LR
m =m e > (3.11)

k+1 k

finally, substituting for M +] from equation (3.9) and solving for T

determines the thrust required to achieve a specified DV

o
k c

Dt 1 - e (3.12)

T =

At the point where using maximum thrust would cause ka to exceed

VG, VG should be substituted for ka in equatibn (3.12) and the ne;
thrust level used for that time interval. At the next .time interval,
when a new VG is found, the process should be repeated and the appro-
priate thrust level determined again. Once VG becomes exacly equal to
zero, the vehicle can stop thrusting entirely and coast the rest of the
way to the target, since it has achieved pérfect alignment with the

desired transfer orbit.

3.5 Guidance for Infeasible Target Velocities

A problem arrises if the selected target velocity, V,, is greater

than the maximum feasible target velocity, VZmax’ for the vehicle at

its current position. (Recall that V

Jmax 1S the apogee velocity of an

elliptical orbit with the vehicle's current altitude as its perigee
altitude, as discussed in section 2.6) In fact, if the venhicle thrust
is low and the target velocity high, it could be some time before the
venicle nhas climbed to a high enougn altitude that V

Jecomes grea-—
2max =

cer than V,. 3Juring :this phase of zhe flignt a "Semporary” zuidance



.

scheme must be used, and several options exist for doing this.

can be chosen, where V

First, a temporary target velocity, V2t’

2t

is almost equal to V, .. (If Voe were set exactly equal to V the

2max’

transfer angle would be at 180 degrees, where a singularity exists in

the algorithm.) At each time step, as the vehicle altitude increases,

will increase; and therefore V can also be increased:. Even

Vzmax 2t

tually V will be greater than the original desired V_, and the

2max 2

orbit~-fitting targeting technique may be used. This technique .guaran-
tees a smooth transition from the first ph;sg to the second, with no
abrupt changes in the required velocity or flight path angle, but it
has the disadvantage that it attempts to keep the vehicle at a flight
path angle of zero, since the perigee of the temporary transfer orbit
is always placed at the vehicle's position. Since a vehicle under
thrust naturally tends to spiral outward and its flight path angle
tends to increase, this scheme would require that the vehicle thrust

against the radial component of its velocity -- an inefficient proce-

dure and wasteful use of fuel.

A second possible scheme would simply allow the vehicle to thrust
tangentially to its flight path and follow a natural gravity-turn

spiral trajectory until it has reached the altitude where V2 is
max

greater than VZ‘ At that point, it has intersected the feasible trans-

fer orbit at its perigee, where the flight path angle is zero, and the
vehicle will immediately be required to thrust against its radial velo-
city component. It spends much less time doing so, however, than in
the first scheme, since now the Iflight path angle of the Ieasible

cransfer ordit increases wiih altbictude, and the resul: s Detzer Iuel

»
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efficiency than the first scheme. If a constraint is placed on the
thrust angle rate of change, abrupt changes in the vehicle's pitch can
be avoided, and the transition from this first phase into the orbit-

fitting targeting phase can be made smoothly.

The third possible scheme would involve intercepting the feasible
transfer orbit at some point other than at perigee. An altitude.exists
where the difference between the tangential-thrust trajectory velocity
and the transfer orbit velocity is a minimmum. .Presumably, it would be
most efficient to perform the transition at this point, but the minimum
VG point cannot be found analytically, and can only be identified

during the trajectory by monitoring V_ and watching for the point where

G
VG just starts to increase after reaching a minimum. By that time,
however, the required thrust angle is very large, often greatef than 90
degrees, and if the transition is performed at this point, the vehicle
is required to thrust at a large angle from its flight path unti£ it
aligns itself with the desired transfer orbit. Even if the exact point
of minimum VG could be found, since the minimum Vg usually points
sharply away from the vehicle's velocity, the résult would still be

inefficient use of fuel during this transition to the orbit-fitting

targeting technique.

The second scheme ends up being the most efficient of the three
alternatives described, and this is the technique implemented in the
trajectory simulations to handle cases where V2 is initially greater

than V .
2max
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CHAPTER 4

Technique Applications and Results

4.1 OQverview

Two missions were selected as test applications fqr the targeting
technique: LEO to GEO transfer,.and earth launch to LEO insertion.
These cases represent two of the most frequent maneuvers in current
spacecraft operations, and probably in future operations as well. In
the case of LEO to GEO transfer, a near-optimum trajectory can be found
fairly easily for an; given thrust le;el, ané therefore the perfor-
mance of the technique developed in this pap;r can easily be compared
with known near-optimum values. The results from this case can also be
applied to other maneuyers whnich involve orbit-to-orbit transfgrs,

since this is the broad class of maneuvers of which circular LEO to GEO

transfer is but one example.

For the earth launch case, while it is considerably more difficult
to find the optimum trajectory, a reasonable value has been well esta-
blished and the results can be compared with this known value. If the
atmospneric effects are neglected or are changed to match those of
another body, the earth launch case can be considered an example of
launch from any celestial body, and the results may be applied to other

situations involving launch and insertion into any orbdit.



4;2 Simulation Technigue

The.traje;tory simulations were performed by applying a standard
Fourth-Order Runga—Kutt; integration algorithm to tﬁe spacecraft equa-
tions of motion. (éor a description and development of these eqﬁa-
tions, see Appendix C.) The set of initial conditions =-- altitude,
velocity, and flight path angle -- were selected according to the
specific mission being analyzed. Constant thrust was used throughout
most of the engine-firing phases, without regard to maximum accelera-
tipn_limits,-although acceleration limits could_be imposed if desired.
For all of the missions studied, however, :he_acceleration levels never
became high enough that constraints would have significantly affected
the performance. The vehicle was therefore allowed to use maximum
thrust until near the end of the burn wLen the vehicle velocity ap-
proached the required velocity, at which point the thrust, assumed to

be throttleable, was reduced as required.

Values could be chosen to limit the maximum thrust angle (hence
vehicle piteh rate) and the maximum thrust angle rate of change during
the thrusting phase. However, after thrust was reduced and the veloci-
ty-to-be-gained fell below | m/s, the thrust angle and pitch rate were
left unconstrained to allow "fine-tuning" or continuous corrections to
the trajectory. While this type of continuous adjustment is not rea-
listic, =-- an actual spacecraft would only perform a small number of
discrete mid-course correction burns -- by allowing continuous adjust-
ments, the accumulated numerical and roundoff errors end up being nul-
lified. This occurs because the desired transfer orbit is calculated

exactly a3t eacn time step, with no approximations, and the guidance
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algorithm corrects for any deviation from this transfer orgit. The
numerical errqrs arising from the use of an approximate integration
technique are regarded simply as deviations from thg desired path and
‘are thué corrected for, with the end result that the trajectory is
closer to an exact actual trajectory and the target values are reached
with extremely high precision. Since allowing continuous correction
ends up consuming moreAfuel than would otherwise be necessary, the
delta-v required for the mission is calculated at the point where the
thrust is first reduced and the velocity-to-be-gained is below -l m/s,
the point at which an actual vehicle would shut off its engines and -
coast the>rest of the way to the target. (The computer program to

perform the simulations is listed in Appendix F.)

Once the vehicle has reached the ta?get altitude, an additional
burn must be performed to insert the vehicle into a circular orbit. For
the sake of simplicity, aqd because it is the option that requires the
least fuel, this burn was chosen to be impulsive in the simulations,
and the required delta-v is simply the difference between the circular

orbital velocity and the apogee velocity of the transfer orbit.

4.3 Orbit-to-Orbit Transfer Trajectories

The Orbital Transfer Vehicle (OTV) model was selected on the basis
of what might eventually be in use as part of future space activities.
For reuseability, liquid fuels, with an engine such as the advanced
space engine, would be used, with vehicle parameters and initial and

target conditions as follows:
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specific impulse: 450 seconds

initial mass: 25,000 kg

initial acceleration: 0.03 to 3.0 g's

initial altitude: LEO at 372 km

initial velocity: 7684.5 m/s

target altitude: GEO at 35,863 km

target velocity: 1612.6 to 2110.0 m/s

final velocity: GEO velocity =- 3071.9 m/s
The apogee velocity of the transfer orbit was varied between 1612.6 m/s
-- the Hohmann transfer orbit apogee velocity -- and 2110.0 m/s, depen-
ding on the thrust level. The actual target velocity was arrived at
through trial and error as the one that yielded the minimum total mis-
sion delta-v for a given thrust level. For high thrust, the optimum
target velocity is clearly near the Hohmann orbit apogee velocity,
since the Hohmann transfer is optimal for infinite thrust capability.
The optimum target velocity will increase as the thrust level decrea-
ses, sfnce, for infinitesimal thrust, the target velocity is exactly

equal to the circular velocity and the vehicle is very close to circu-

lar velocity throughout its trajectory (see ref. 4).

The near-optimum trajectory to be used for periormance comparis9ns
was found by requiring the vehicle to thrust in a direction always tan-
gential to its flight path. When the instantaneous orbit -- the orbit
it would be in if it stopped thrusting -- had an apogee at GEO alti-
tude, the vehicle was allowed to stop thrusting, and the required
delta-v calculated at that point. (For details of how this trajectory

can be found, see Appendix D.)

The resulting trajectory for a sample LEO to GEO transfer with
initial acceleration of 0.03 g's and thrust angle limit of = 23 degrees

is shown in polar Iorm in figure 4-i1. Since the :zarget velocity of



tangential
-thrust
phase —

thrust
cutoff

=
1
]
270° targeting
start

Figure 4-1 Sample LEO to GEO Transfer Trajectory

2110 m/s led to a transfer orbit with a perigee at an altitude of 6600
km, a tangential thrust trajectory was followed, as explained in sec-
tion 3.5, until the vehicle reached the transfer orbit perigee alti-
tude. After that point, the orbit-fitting targeting technique was used

until the vehicle velocity matched the regquired velocity and could stop

4~
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thrusting. For the remainder of the trajectory, the vehicle coasted
.
along the elliptical transfer orbit until it achieved the target condi-

tions.

Figure 4-2 shows the plots of the individ;al variables versus
time, giving the behavior of the trajectory in more detail. The thrust
is sustained at its maximum value until cutoff. The thrust angle moves
to its lowef limit as soon as the targeting is initiated, then climbs
to a slightly positive value, and then can be considered equal to zero
after thrust cutoff, even though minute corrections are taking place,
as discussed in section 4.2. The altitude increases steadily until GEO
is reached. The velocity increases at first, then decreases as the
vehicle spirals outward, gaining potential energy rather than kinetic
energy. When the targeting begins and the vehicle is commanded to
pitch down, the velocitQ increases again until it reaches the requi;ed
velocity for the vehicle's current altitude. After thrust cutoff, the
vehicle coasts, trading kinetic for "potential energy as the velocity
decreases until it reaches the target value. The -flight path angle
increases at first as the vehicle spirals outward =-- unsteadily beéause
of the changing acceleration as the vehicle burns off fuel. The rate
of increase of the flight path angle slows when targeting begins and
the venicle is commanded to thrust slightly downward, then steepens as
the thrust angle becomes positive. At thrust cutoff, the flight path
angle has matched that required on the transfer orbit, and it follows
the transfer orbit profile until the vehicle reaches apogee where the

flight path angle crosses zero.

Figure 4-3 shows a partial listing of the actual output from :the
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trajectory,.with values printed out every five integration steps. (A
complete listing is ;ﬁown in Appendix E.) The values for the velocity,
altitude, and flight path éngle_in the last line of the trajectory show
that thé target values are achiév;d exactly (to as many significant
figures as are displayed) at the point where the flight path angle is
closest to zero, as desired. This is typical of the accuracy achieved
for all cases tested, and demonstrates the basic viability of the tech-

nique. In addition, the algorithm remains relatively stable and well-

behaved as the vehicle approaches the target.

The delta-v requirement of 3486 m/s for this particular case
compares favorably with the tangential-thrust near-optimum value of
3425 m/s for the thrusting phase, with a total delta-v, including the
circularizatiop burn, of 44&9 m/s, compared with-4410 m/3s from the tan-
gential-thrust trajectory. These values differ by only 0.88 Z. T£e
performance on this trajectory was improved slightly by having restric-
ted the thrust angle, and without such a constraint, the trajectory
would have Eequired a tqtal deita—v of 43135 m/s -- an increase of 66
m/s. The unrestrained trajectory, however, represents the worst-case
performance for the orbit-fitting targeting technique, and thus other
comparisons were made based on an unrestricted thrust angle trajectory.
The figures in table 4-1 show that the technique performed better at
higher thrust levels, and above l g initial acceleration, the trajec-
tory very closely resemoled a Hohmann transfer ellipse -~ as it snould,

since a Hohmann transier is- optimal for high thrust levels.
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LEO ta GEO transter with thrust/M0=0.03 s.
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Figure 4-3 Partial LEO to GEO Transfer Trajectorvy
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Thrust/MO V, for | AV Tangential | oV Targeted % Difference
g's min AV Thrust Trajectory in AV's
m/s m/s m/s

0.03 2110.0 |~ 4409.9 . 4514.6 2.49

0.10 1680.0 3998.8 4081.0 2.06

0.30 1620.0 3871.0 3897.2 0.667
1.00 1612.6 3866.8 3872.6 0.150
3.00 1612.6 3865.9 3867.1 0.031

Table 4-1 AV Comparisons for LEO to GEO Transfer

4.4 Launch Trajectories

The launch vehicle model was chosen, for simplicity, to represent
a single-stage-to-orbit vehicle with a 100,000 kg'launch mass. A Space
Shuttle Main Engine (SSME) could be used, and the vehicle parameters,
initial and target conditions were as follows:

specific impulse: 430 seconds
initial mass: 100,000 kg

thrust: 1.6 million Newtons
initial altitude: O km
initial velocity: 1 m/s

target altitude: LEO at 372 km
target velocity: 7000 m/s
final velocity: LEO velocity -- 7684.5 m/s
The initial velocity is 1 m/s rather than 0 m/s to avoid a
singularity in the equations of motion. The vehicle aerodynamic model
was chosen to resemble a streamlined delta-wing shuttle-type vehicle,
with a variable reference area which could be scaled with the vehicle

size, but a value of 30 sq. m was used for most of the simulations.

Since flight near the earth's surface (s dominated by atmospneric

s
-/



effects and it is desirable to climb out of the atmosphere as soon as®*
possible, open-loop guidance is commonly used in the early phase of a
launch and the targeting initiated only when atmospheric effects are no
.l;nger dominant.‘ The Vehgele-model in this case followed a vertical
ascent, gravity-turn trajectory until the atmospheric effects had di—
minished and the targeting algorithm could be followed. The altitude
at which the targeting began could be set to equal any desired value,
and was typically between 5 and 10 km. The thrust angle was limited to
*10 -degrees, and its maximum allowed rate of ;hange was 2 deg/sec.

The trajectory from a sample launch simulation is shown in polar
form in figure 4-4. In this run, targeting was initiated at an alti-

tude of 10 km.

thrust
v cutoff

\

\

earth's surface

targeting
start

Note: trajectory altitude scale is 2X actual scale

Figure 4-4¢ Sample Launch Trajectory

The behavior of the individual variables is shown in figure 4-3.

As soon as targeting begins, << seconds into the flight, the thrust
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angle decreases at the maximum allowed rate to its maxiﬁﬁm negative
value of -10 degrees, in order to pitch the vehicie down to start
gaining circumferential velocity. If the thrust angle were not con-
strained, the'initial value, when targeting began, would be close to
-80 degrees, since the transfer orbit requires a near-horizontal flight
path angle at thaﬁ altitude. If allowed to proceed unconstrained, the
vehicle would_pitch over very quickly and attempt to maintain the low
flight path angle required. But, since the vehicle does not have suf-
ficient velocity or thrust to maintain altitude in near-horizontal
flight, and because atmospheric drag further impedes it, it would con-
tinue to pitch down and eventually impact the earth.. Hence the neces-
sity for constraining the maximum value of the thrust angle and its
rate of change.  With these contraints, the vehicle is permitted to
pitch over only slowly, so that, by the time it approaches a horizontal
flight path, it has left the atmosphere and it has sufficient velocity
to ;aintain the desired'flight path angle. Targeting could be initia-
ted at a lower altitude than at 10 km, but with penalties in perfor-
mance since the vehicle would be required to spend more time in the
atmosphere because the pitch-over maneuver would be started earlier.
For example, the same run with targeting initiated at 3 km requires a
delta-v, during the thrusting phase, of approximately 200 m/s more than
the run with targeting initiated at 10 km. Initiating targeting at
higher altitudes than 10 km produces only small changes in the resul-
ting delta-v, since, at !0 km, the vehicle is already above the densest

part of the atmosphere.

The delta~-v required for launch and LEO insertion for this run is

9530 m/s. If the rotation of the earth is included, a bonus of 408 m/s



from A 28.5 degree inclination launch site brings the actual delta—v-
down to 9122 y/s. This compares very well with commonly acceptéd
launch delta-v requirements of 30,000 ft/sec or 9144 m/s, and shows
that the technique performs acceptably well for the difﬁ;qult problem

of generating a feasible launch trajectory.



CHAPTER 5

Conclusions

The cases studied in the preceding section demonstrate both the
excellent targeting accuracy and the good performance achievable with
the orbit-fitting Eargeting technique. While, in some cases, an under-
standing of the technique is required and appropriate constraints must
be applied, the technique is basically easy to implement and to use.
It is ideally suited for use in applications such as design studies and
mission feasibility studies, where reasonable trajectories must be
generated for many different choices of design parameters, but where
the exact optimum trajectory is not needed. It also provides a good
initial feasible trajectory for use with gradient-search type optimi-

zation techniques that require such a trajectory as a starting point.

In addition, the orbit-fitting technique can be used to satisfy
multiple choices of target parameter combinations, not just one desig-
nated set, thus making it more flexible than most current targeting
methods. Because of its general nature, it could be applied to almost
any two-dimensional, two-body spaceflight targeting problem involving

target parameters among those discussed.



APPENDIX A

Alternative Choices of Target Parameters

A.l1 Altitude, Velocity, and Transfer Angle as Target Parameters

In this case the unknown variable is the flight path angle, ¢

2’
which can be found by using equation (2.13). TIf the substitution
i)
X = cot —/ (A.1)
2.
is made for ¢2, with
2
. 2xX 1-x
31n¢2 2 cos¢2 - 2 (A.2)
1+x 1+x
éhe result is a quartic in x, of the form
(a -a xé - bx3 - 2(a +a )x2 + bx + (a_-a_.) =0 (a.3)
1 72) 1 2 1 2 .
where .
a, = ' 2( 20So - ) (A.4)
L l'z 2 I'l C )‘.‘2 oo
a2 = prl (l-coso) (A.5)
b =2 v 2 5 o (A.6
= rlrz » sin A.6)

Equation (A.3) can be solved for x by traditional root finding methods,

and then equation (A.l) used to find 3,. Two feasible roots will be



found as solutions to the quartic,-duéAto the axial summetry of the
hyperbolic locus of velocities at Pl’ The smaller angle will corres-

pond to a shorter time of flight from P, to P,, and should therefore be

selected as the solution.

i
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A.2 Velocity, Flight Path Angle, and Transfer Angle as Target
Parameters

The variable left to be fodnd now is the radius, r2_ Collecting

terms in r_ from equation (2.13) gives a quadratic in r, of the form

2 2

ar 2 + br. + c =0 (A.7)

2 2 : :

where
2 2

a = V2 cos ¢2 ﬁA.B)
b=1rV 2 cos ( o) - (A.9)

172 #, cosi?, :
c = prl(l-cosc) (A.10)

Equation (A.7) can be solved easily for T, with the quadratic equation.

un
On



A3 Altitude, Flight Path Angle, and Transfer Angle as Target
Parameters

This case leaves the velocity, Vz' to be found. Equation (2.13)

can §e solved for V2 directly, g%ving

prl(l-coso)
v = (A.11)

r,r. cos cos(gp.-o) - ¢ 2 cos2
152 €989, 5 2 %2

~1

wy



APPENDIX B

Alternative Technique for Finding the Required Velocitv

The orbit-fitting targeting technique was originally developed by
applying the orbital boundary-value problem as a guidance technique.
Therefore, the method implemented in the computer routines for finding
the required velocity. involved the chordal and radial components, Vc
and Vp’ (as developed in section 2.3), since these components were
essential in solving the original boundary-value problem. After exten-
ding the targeting capabilities of the technique, however, and deve-
loping equation (2.13), which makes it possible to determine the values
of all the target parameters, regardless of which are used as the de-
signated set, it is no longer necessary to resolve the required velo-
city into chordal and radial components. Instead, it can be found

quite easily, as follows.

The semi-major axis of the transfer orbit can be found bv using

the values for the radius and velocity at the target point from

/ v 2\ -1
2 2
a =(-—— - - (B.1)
£, p
Since the radius at the initial point is known, Vreq can be determined
from
2 2 1\
v .2 o L) (8.2)
req oy a/



Substituting equation (B.l) for a and simplifying gives

' 2p(r -r )
v 2 = -2 1 -V 2 (B.3)
req rlrz 2

The angular momentum of the transfer orbit, E, is defined as
h=T%xv (B.4)
and its magnitude can be found by using values from the target point
h = x,V, cosg, - ] ‘ (B-é)

Since the angular momentum of an orbit is constant, h can be used to

find 8, since at the initial point

h = ’ .
rlvreq cos8 (B.6)

Thus, substituting equation (B.3) for h and solving for & gives

r . V. cosg
3_2__2> (5.7)

9 = arccos (
r Vv
1 req

Equations (B.3) and (B.7) now give a simple means for finding vreq and

6, once r2’ VZ’ and g, are known.



APPENDIX C

Spacecraft Equations of Motion

The equations of motion for a venhicle in flight around a spherical
non-rotating earth, including atﬁospheric effects, can be found by re-
solving the forces acting on the vehicle into components in the radia}
and circumferential difections._ The sum of the force components in- the

radial direction, Fr’ is found to be

Fr = T gin(x+p) + L cosp - D sing - Mg (c.1)

and the sum of the components in the circumferential direction, Fc’ is

Fc = T cos(»+g) - L sing - D cosg -(C.2)

where T is the vehicle thrust, L the lift, D the drag, M the mass, g
the local gravitational acceleration, &« the angle of attack, and g the

flight path angle. These equations can be converted to an earth-fixed

reference frame by using the relationships

F

Y= =L s rg? (C.3)
v ]
F

r& = =F - 255 (C.4)
M dow -

where r is the distance from the center of the earth, and o is the

downrange angle measured from an ini:tial point. The vehicle pitch be-



havior can be found by equating the normal components of acceleration

(perpendiculdr to the velocity), a_, with the centrifugal acceleration

caused by the vehicle pitching about some point other than its center

of mass. The angular pitch rate, é, is then

[

M n

) v (C.3)
h .
wnere an is

L + T sineg ’
a "8 cosg (C.6)

The pitch rate seen from the earth-fixed reference frame is then
¢ =0+ 0 (c.7)

All together, the equations of motion, reduced to first order, are-

* .e i + - 1
vV =% = T sin(x+g) L cosg D sing - g + rﬂ? (c.8)
r M
1 T cos(x+p) - L sine - D v
A= a_ = — C D s1in COsS® - 2 _I_' (C.g)
r M r
r=yv (C.10)
r
g=0 (C.11)
1 L + T sinx
= - - @] 2
2 v v g cospg + (L (C.12)
M= - — (C.13)



where ¢ is the characteristic rocket exhaust velocity, found from the

specific impulsé and the relation ¢ = Ispg'



APPENDIX D

Tangential Thrust Transfers

When performing orbital maneuvers, thrusting tangentially to the
flight path generally produces a greater increase in orbital energy per
unit mass of propellant expended than does thrusting in any other di-
rection. A near-optimum LEO to GEO transfer trajectory for any ;hru;c
level can bevﬁound by following this principal. Starting from LEO, the
vehicle thrusts tangentially to its flight path, while continuously
monitering the parameters of the instantaneous orbit it would be in if
it suddenly stopped thrusting. The parameters to be monitered -- the
semi-ma jor axis a, eccentricity e, and orbital apogee ra -= can be

found from the following relationships

2y -1
a,(a_v_) (0.1)
r K
2.2
2 r V 2
e =1 - a cos ¢ (D.2)
r =a (1 + e) (D.3)
a

Whenever the vehicle reaches the point where r is equal to the
a

desired GEO radius, TcEO? the engines can be shut off and the vehicle
allowed to coast the ramainder of the way to r

GEO" At apogee the ve-

hicle must circularize its ordbit, requiring a delta-v agual Zo the

(@)
Lo



difference between GEO circular velocity, VGEO’ and the transfer orbit

apogee velocity; Va, found from

2 2 1 '
Va = F(;; - a) (D.4)

The delta-v required for circularization, AV , is thus aV = V -v .
c c GEO a
The delta-v required for the thrusting phase of the transfer, Avt, can

be found from the rocket equation

where Mf is the vehicle mass at engine cutoff, and Mo is its initial
launch mass. The total delta-v required for a tangential thrust LEO to

GEO transfer is therefore

AV oral = &V, + AV, (D.6)



E.l

LEO to GEO Transfer
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APPENDIX E

Sample Traijectories

Trajectzry

LEQC ta G520 tranmster with 2hrust/MC=0.C3 g.

Thrust= 73%35.0 C= 4330.C8 m/s, MO= 25000.0 kg» Mtuei= 24300.0 kg
Sret= an2, hstarz= 3.8 xmy Qt= 20.7 secz
AlomaMax= 25.0 deg, AlpnDatMax=3460.0 deg/sec
TargetH= 358463.0 xm, Targetv= 2113.0 m/s
t Vv o) Shi Siama VG aiona Thrust DeltaV
c.a 7684 .5 372.354aQ g.3cao g.aqca 3.C0C §.00 1CC.Qagc g.Ca
Starting targeting nrouw.
1320.3 7713.9 372.074 .J19 &.335 2 g. 29.32
20C.0 7742 .8 372.746 gss 13.3%% c c. $9.23
30c.3 7770.6 374 . 689 206 19.8677 2 J. 39.1
43C0.a 7796.3 378.%42 372 25.280 a a. 119.28
£30.3 7819.4 385.229 232 32.398 c a. 149,36
&3C.C 783%9.2 394,643 L83s 39.324% z a 180.GC&
75030.3 7833.1 438.331 1,127 Lb. 137 z c. 212.20
8ac.ag 78&6.5 425.4699 1.434 32.784 g a 261.74
?CC.2 7873.3 448,137 L,813  29.329% z =i 272.39
13238.3 7874 .8 473 .5630 2.199 3.992 2 g 304 .24
1.20.0 7871.3 2d8.53 2.638 72.33 z z 33% .33
123G.C 78&61.6 S47.3462 3.C3s 7%.371 Z o 367 .66
.3CC.3 7844 .6 S31.949 3.47S 25 . 239 z z. 399.70
140C.C 782&.2 &£42.3C03 3.923 F1.943 z g 431.97
.3CC.3 730C.3 539 .349 4.3748 $3.230 z. 2 LbL . 47
1&30.3 77&%.5 761 .332 4. 329 134,333 s <. &37 .25
L70C.3 7734.3 329.334 S.27% .L10.7C 2 z 330.19
180C.3C 76%4.3 $303.79C 3.72¢ 116.77 c z 363 .41
1$30.0 7630.8 783.120 &.134 122.731 a 2 $346.88
2C0C.3 7633.7 10&67.746 5.374 128 516 2 2. £30.4&3
2120.0 7833.3 1137.223 £.980 .34.373 z. z. 864 .57
223C.3 7%3C.8 1251.242 7.37C 140.32:i7 5] o] £78 .31
2338C.3 Tadb. L 1349.342 7.743 143 .346 2 3. 733.30
243C.C 7389.8 14%1.774 2.397 .30.9c8 < 2 748 .36
283C0.2 7332.2 L837.514 3.43 136.2832 z z 323..0
2&30.3 7273.9 Lb&s. 740 8.7S3 1&1.431 z z 238.4C
2730.2 7218.2 L778.341 3.047 Lh56.4%4 S z 373.3%
28CC.C 7.36.3 L353.522 F.33C L17L.a42 Z 3 3?39 .84
2%00.3 7097.7 2010.804 ?.894 176.277 g o F44.302
3000.¢C 7039.3 213C0.127 9.8430 181.3C2 J a F22.47
3i100.0 £%82.3 22S1.3%4 12.371 13%.419 2 a 1319.22
322C.2 £92S.3 2374 .257 10.288 ?0..32 2 a 1036.27
333C.2 =372, 2 Z4F8.a872 L2.471 P4 .342 z z. LIP3 .4A3
348C.3 £81% .4 2524.3%94  1J.s531 .$8,3%3 ot Z t.31.30
3300.3 2782.7 2731.287 .35.3&1 2I3.2s8 z 3. 1169 .29

[92}
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3500.0  &711.1 2879.214 11.030 207.190 g.ac €.00° 100.000 1207.
3700.0 &é41.0° 3008.068 11.191 211.223 g.ao 0.00 100.000 1266,
3800.0  6612.4  3137.759 11.343 215.149 .3 0.00 100.000 128S.
3900.0 &545.5  3268.216 11.493 219.031 .3.oo 0.00 100.000 1324,
4000.0 &520.1 3399.383 11.63& 222.8:3 g.ao 0.00 100.00C0 1364,
4100.0 &476.4  3531.222 11.775 226.S1é g.ao G.00 150.300 1404.
%200.0 -4434.2  3663.710 11.912 230.145 g.ag 0.00 10G.300C 14&4.
4300.0 &393.7 3796.840 12.347 233.702 g.ao 0.00 100.000 148S.
4400.0 463S4.8 3930.616 12.182 237.188 g.ag §.00 10C.300 1S26.
4300.0  &317.5  £065.056 12.318 240.407 0.aa 0.00 100.000 15&7.
4600.0 6281.7 4200.189 12.456 2463.961 g.aa §.00 130.300GC 1439.
4700.3  4247.4  4336.053 12.596 247.253 z.ca C.00 100.800 1452.:
680C.0  6214.6. 4472699 12.74C 253.483 z.2c Z.00 130.300 1496,
4900.0 6183.3  4610.184 12.889 253.433 3.20 g.00 :00.000 1737.
s000.0  6153.4 4748.375 13.042 256.7&9 g.aa g9.00 100.000 178t.
3100.0 6126.9 4887.943 13.202 259.829 g.ao 2.00 100.000 182S.
$200.0 &097.8 S028.377 13.368 262.83% 0.ag 0.00 100.000 1849.
3300.0 6071.9 3169.956 13.542 245.789 g.oa 0.00 100.000 1914.
5400.0 4047.3 S5312.776 13.724 268.5693 g.ag G.00 100.000 19%9.
5500.0 &024.0 $456.935 13.914 271.548 g.ao 0.00 190.030 200S.
$600.0 6001.9 S5632.337 14.114 274.353 g.ag 7.00 100.000 20Si.
3700.0 $980.9 S749.588 14.323 277.11s g.ao 0.00 100.000 2098.
$800.0 S961.1 .33898.300 14.542 279.831 a.ac §.00 130.000 214S.
3900.3  3942.3%  &04F.389 14.772 282.302 z.3a 2.30 132.230 2192
5300.0 $92¢.9  4201.372 1S.012 28%.13C g.3a 0.00 1500.4900 226%.
4100.0  $%08:3  5356.070 1S5.264 287.71% g.20 2.00 100.500 2289.
4200.0 S892.9 &312.708 15.3527 29C.2%9 2.24 g.gg :10.000 2339.
£300.3 3878.4  4671.612 13.302 292.763 1865.24 -23.00 100.G00 23a8.
6400.0 5860.7 6831.826 15.880 295.227 1472.30 -2S.00 100.000 2439.
6500.0  3B844.7  4992.376 1S.944 297.633 1277.14 -2S5.00 i00.000 2489.
£600.0 5830.4 7153.369 16.056 300.043 1:31.78 -25.00 100.000 2541.
£700.0 3817.7 7314.919 14..54 302.398 1812.26 -25.30 100.C00 2593.
4800.0 S806.&6 7477.140 14.261 304.720 912.25 -25.00 100.G3C 264&.
£900.0 3797.0 7640.152 16.377 307.309 3823.91 -25.00 100.000 2699.
7000.G  3789.0 7804.079 16.50t 309.267 745.26 -25.00 100.003 27S3.
7100.0 3782.7 7949.065 16.442 311.4%& &74.31  -21.42 :00.000 2807.
7200.0 3779.4 B8135.506 14.833 313.492 409.22 -17.00 100.000° 2863.
7300.0 $778.7 28303.985 17.077 313.862 348.30 -12.64 100.000 2919.
7400.0 $780.0 847%.090 17.37S 318.304  490.18 -3.37 100.00C 297S.
753G.0 3782.9 3649.389 17.727 320.118  433.7% -4.78 °100.000 3033.
7600.0 3787.0 8827.425 13..3C 322.204 378..3 -1.28 10G.00C 3091.
7700.2  3792.0  $009.718 18.333 324.262  322.41 1,96 1C0.330  3165.
7800.0  3797.7 9196.733 19.0384 326.292  254.40 4.94 130.300 3209.
7$00.5  3333.9  $388.9%6 19.531 328.293  209.47 7.£8 :50.303 3270.2
8600.3  S810.3  9S86.86& 20.220 330.265  131.43 10.22 1GC.G0C  3331.
3100.3 33816.3  9790.762 20.350 322.206 $:.42 12.42 120.220 3393,
§200.3 3823.3 10001.06C 2:.3520 334.:117 3c.01 13.18 100.300 3436.
3300.0 5797.9 10217.370 22.135 335.994 .10 88.18 794 3486.
§400.0 5743.35 10437.440 22.834 337.324 .13 56.82 769 3487.
3530.0  3689.3 13659.310 23.:32 339.:3é et 53,92 732 3487.
8430.0 35433.5 10884.720 23.&30 341.343 .3% 57.01 .727 3488,
3700.3 3382.: 11111.400 26.388 343.034 .39 54,37 714 3488,
8800.0 3329.2 11340.300 24.327 344,482 .39 66.18 684 3LE8T.
3900.0 3476.7 11570.380 24.547 346.288 .39 53.63 670 3489 .¢
$000.0  3424.3 11302.23C 25.333 347.353 .39 83.48 661 3490.3
$100.0 3373.3 12035.340 25.735 349.378 .28 8432 625 3490.
9200.2 3322.7 12268.32C 25.104 3S0.3&6 .35 56 .31 604 349C.
$300.3 3272.4 12303.393 24.437 332.316 23 53.22 388 3491.
$430.3 3223.1 12738.380 2&.794 383.731 .27 3.47 367 3&91.
$300.0  S174.3 12974.240 27.116 383111 .37 52.31 334 3492,
$400.3 S126.1 13210.210 27.423 356.438 .a7 61.95 331 3492.
$700.3  S378.&  13446.370 27.7i5 357.773 z7 52.71 320 3492.&
$500.3 3031.3 13682.380 27.994 359.337 .37 51 .56 310 3493.8
$900.0  498S.6 13918.720 28.263 340.31 .26 51.36 439 3493.
10000.0 4%40.1 14154.700 28.S17 361.337 .36 51.22 470 3493,
10100.3  4895.3 14390.390 28.7S3 362.734 .36 55.98 439 3493
10200.7 48S1.2 1442S.720 23.988 363.90% 36 51.77 44T 3496,
©2300.3  +807.3 14863.383 29.237 3s3.2I30 33 51.29 LaZs 3494,
10400.3  4763.3 13096.390 29.4i4 36s..7C LIS 3339 421 3494,
13380.3  «722.F 13323.330 2% 511 347.2:3 I3 25.z23 356 3495,
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.120

.870
.340
.740
. 460
.7Q0
. 430
.730
.S1a
.820
.640
L9680
.814d
. 140
.g4g
.420
.33C
. 750
.&70
. 140

L 123

3.&870

. 723
. 300
L4103
.3sed
. 2540
.993
.278
.30
L4330

3.420

.920
L7840
.&610
.810
.384a
L9380

. 364

27.3&80

. 480
.L320

.798
974
141

.bbb
.712
. 783
.787
.817
.840
.839
.872
.380
.883

.87%
. 864
.848
.328
.804
.77%
L7462
. 70s.
. 643
.618
369
.316
.433
.398
.334
L2586
. 195
.120
.34t
REL
.87¢
. 786
894
.399
.501
.399
.29%
187
375
. 763
L8464
724
.604
7.478
.35d
.219
.38s
.548
.3a8
. 288
.321

e~

3468.
.387
L4195
.422
.409
.376
374.
37s.
.167
.362
L9411
.804
.651
. 483
.301
.104
.894
.671
L4633
.187
.927

392.
392.
393.
393.
396.
39S.
395.
396.
396.
397.

398

- T .

398.
399.
399.
4G0.
40Q.
4g1.
43d1l.
«3J2.
432.
23,
423,
434,
4d4 .
4053,
43s.
4gds.
AN
437.
437.
4ds8.
43d8.
4d9 ..
4d9.
410,
414d.

L10

-
410,
ail.”

412.1

- L

[6))

~4

337

328
258

.377

388.
389.
3<a.
3%0.

771
311

-aa

846
375
398
416
528
<34
933
431
922
408
289
3&6
306
756%
228

.=C3

.382
.3&3
. 349
.35Q
©.348
.337
.36
.312
.302
.289
.283
.287
.262
.268
.262
L2461
. 249

222
216

. 187
L1499

.392
L3954
L3194
.3%C
.373

37
232

~ e Ul e

3
3
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17400.
17700,
17804.
17900.
is0ag.
18100.
18200.
18300.
18400.
18s00.
18400.
18700.
188a0.
18900.
190ag.
15:20.
19200.
19300.
19400.
19530.
19400,
19700.
19800,
~ 19900.
20000,
20100.
20240.
203c0.
20400.
z0sag.
20600.
207ac.
208aa.
205CC.
21000.
21100.
21200.
21300.
21400.
2:1s00.
21400.
21730,
21800.
2:%a0.
2234G.

- -

el wnd .
2220C.
22300.
22400.
22s4aa.
224&430.
22700.
228440,
2290a.
230a4a.
23130.
232304.
232300.
23430.
23s48.
234430,
23740.
238CC.
23%40.
2443037,

2418

24220
2300,
24403.

Dr=200
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2888.
2873.
2888.
2843,
2828.
2813.
2799.
278S.
2771.
27%87.
27464,
2730.
2717.
2704 .
2691.
2678.
2&66.
2653.
2641,
2629.
24617,
26405.
2874,
2s82.
2971,
286&43.
2949.
2s38.
2527,
2517.
253&.
2696,
2486.
2474
2466,
2486.
2447,
2438.
2428.
2419.
2410.
2431,
2393.
2384 .
237&.
2348.
23589.
2351.
2344,
2336.
2328.
2321,
2314.
2306.
2299.
2292.
2286.
2279.
2273.
2246.
2260,
22%4.
2248.
2242.
223s.
2231.
222%

Ay

st

-

2215

s
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28643.

- 28779.

28913.
29046.
29178.
29309.
29437.
29345,
29491,
29816.
29940.
30062,
30182,
35302,
330420.
30336.
30682.
307&6.
3087e.
30%90.
31100.
31208.
31316.
31422,
31526.
31&30.
31732.
31832,
31932.
32034.
32127.
32222.
32317.
32410.
32sC1.
32572.
32481,
32769.
328SS.
32940.
33024 -
33.307.
33189.
33269,
33348.
3342%.
33s4z.
33377.
33431,

337241

3379Ss.
33843,

33934.3

34Q02.
34368,
34133,
34197,

34260.¢
34322.1

34382.
34441
34479,

34836

34611
34663,
34718.
347770
34820,
34377,

34718,

480
390
880
780
740C
a3a
970
540
73C
S5d
aaa
1ao
83ad
2040
230
30
230
210
3460
1460
148
739C
11Q
114
790
L&d
214
?sd
370
530
370
910
isa
110
770
133
280
a7a
&10d
880
g£7C
&30
2s&c
2483

28
28

A=

27.
27.

27
27
27
27
25

25.

25
26
256

25,
2.
25.

-

25

2.
24.
264.
24.
24.

24

23

23.

23
23

23.
22.
22.
22.
22.
21.
2.
21.
21.
20.
20.
20.
2C.

9

[P
0 -0

P

-
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.223
-378

756
.59%
.432

.266-

.098
927
753
.877
L399
.218
3%
849
&é61
671
.278
ce3
g8é
&84
484
280
.373
.384
633
L4403
.22%
agc7
787
368
341
i1s
88s
&34
423
189
952
714
473
230
L9386
. 739
. 243
.938
. 734
.478
.223
740
.&98
L4333
.17CG
.7a3
.63%
L3646
.292
.219
.343
.256
.588
.708

.42

L1483

ok d

273

2ac

L7956
.7Cé
Lala

1S

423.

428,

M P

428

429.

429

429.
430.
391
430.
.224

431
431

431

433

&34,
434 .
434,
434 .
433,

i35
L=

LIR

w36,
434,

o .
-20 . &

[0 )Y

.az1
L4368
.847
.256
L6641
.64
L 463
.8&0
.254
.645
.433
619
L8303
.183
.362
.338
.31l
.482
.3%82
.418

.. 783

.145
.306
.864
.221
L3795
.928
.278

974
1320

.321

323

.354

. &84
a1

. 789
311
.&33
734
273

J08

L339
ag2

=il

432.
32,
432.
433.
433.

183
477
787
397
4346
714
22¢
327
&£32
735
24C
242
244
i46
ads

(0]

L3311
. 342

.23

.39a
584
.37t

.075
.08&
.080

077
.o80
.063
.a71
.063
.09
.0Sé
.063
.182
369
361
.359
.03
.336
.063

.33é
.3&63
.334
L3711
L343
.3s9
.336
.3s61
L8544
.8sa
.J&3
.348
.C4é
.33a
L0363
.36%

.Q44s
.36

.342

. 248
.OS0
.048
.348
.834
.2Lé
.2s2
.g4s
.33°9
.338
.C2
.3ad
.231
.373

.238
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24400.
24700.
24800.
24900.
25000.
25100.
25200
253040.
25400.
255Q00.
254430.
25740.
25800.
257040.
24000.
246100.
246200.
246300.
26400.
26500.
266040.
2&4700.
24680C.
246%00.
270aq.
27100.
2724Q0.
27300.
27400.
27s00.
27400.
27704.
27800.
27904.
230040.
28100.
282040.
28300.
28400.

O000O0O000O00O00000000O00N000O0O0O0000O000O00O0O00000

Ajignment

28830.3

.121
.827
.831
.234
.736
.637
.336
.033
.732
.428
.124
.818
.S11
.203
.895
.58%
.27%
L9463
.651

.299

2205.0° 3496%.200 12
2230.1 35010.%Q0 1
2195.4 3505%5.390 11
2190.9 33098.4670 11
21846.4 35140.750 10
2182.1 3%181.430 ¢
2177.9 35%221.310 1Q
2173.8 3525%2.750 1O
2169.9 3%297.070 9
21646.1 38333.180 g
2162.4 383468.03C I
21%8.8 3%401.720 8
2158.4 35434.220 8
2182.1 35465.320 g
2148.9 3549S.430 7
2145.8 35524.330 7
2142.9 355%2.28C0 7
2140.1 35878.820 &
2137.4 35&04.170 &
2134.3. 3%4628.330 &.
2132.4 3%4%1.310 &.
2130.1 3%473..30 3.
2127.9 3%4%93.700 3.
2125.9 3z57:13.:120 s.
2123.9 35731.3&0 4,
2122.1 35748.4030 [
2120.5 35764.270 [
2118.9 35778.9%0 3.
2117.5 35792.450 3.
2116.2 35804.770 3.
2115.0 3%815.%0C 2.
2113.9 35825.8&0 2.
2113.0 35834.4640 2.
2112.2 35842.230 1.
2111.5 35848.640 1.
2111.0 338%3.870 1.
2110.5 3%8%7.%30
2110.2 3%8&0.800
2:110.1 35862.4%0
acmieved) zZJasting ncW.
2110.0 3T843.00C -.

Target achieved.

Jéa

&37.
437.
437.
437.
438.
438.
438.
439.
439.
437,
440,
44Q.
443,
440.
44l
44l
441,
4L,
L4,
N
L42.
443,
443,
443 .
444,
Lbdb

444

448,

Q&5
344
&4l

235
331
824
121
413
7309
aas3
29S
328

778
dsé
354

.64l
444,
443,
L43.
445.
L4s.
446,
44s.
44b.
447,
447,
447,
448,

929
214
333
7390
Q77
363
&50
?3&
223
307
735
gai

368

On
O

[}

.00

.042

350S.
350S8.
3508.
350S.
3S0s.
3s806.
3506.
3s06.
3806.
3506.
3506.
3506.
3sd6.
3506.
35306.
3s806.
3s06.
3536,
3s06.
3c0é6.
33506,
3Isds.
35dé6.
3S06.
3S06.
‘3536,
3s506.
3506.
3536.

3306.
3506.
3506.
3506.
3506.
350s.
3506.
33864
3537.
38407.
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E.2 Earth Lawnch to LEO

Tareetod Spoaca2tiiant Tra jezzzryv

Launch fram Surtace —-— With Atmgossrmere

Thrust=1&022230.0 N, C= 43500.0 m/s,» MO=1C20C22.2 k=, M#cal= $C2032.30 «s
Sret= S0.0 mAZ, mgrars= 10.0 km, Or= .3 se=

AiphaMax= (0.0 dess AlanDztMax= 2.0 deg/sz2:z

Targeth= 372.3 kms TaraetV= 7000.0 m/s

+ J f= Fhi Zizma Y Thrust Cel=aV

2.3 1. 3.28C ®0.C42 3.3C3 u 132.24C c.3g
iC.3 83.4 .329 IT.C22 CTo - fetsieiuts! 182.72
2C.C 133.3 1.321 92.2C3 .Cac c i2c.2cc 331.92
3C.C 223.7 .32 IC.2C8 - . 2328 : £2d.2¢2 £37.89
4T .3 27z.% £.401 9C.212 .33C c i2C.qC &33.36
sC.3 381.9 3.838- JC.2L7 jsta) z pRsisppatats 23C.37

Starzting tarset . ng ASw.

0.0 L31.4 12.434 34,3294 .CZ2 73%9L1.=C -.2.28 3C
7C.C - 2.3.8 17.128 77.7&4 .23 7294 .82 -1Z.3C i
20.30 £25.383 22.3548 4&9.324 221 7173.23 -12.39 17
$2.2C 748 .1 28.743 1.&72 LSLE 722886 -.C2.2C 2
182.C 398.Z 33.778 24.774 g £382.7%6 -iZ.Z22 22
1:3.6 1C7C.7 63.356 L2.343 LL60 643C.93 -1C.332 =3
2.3 L288.9 $1.728 42.912 - L0202 k421 .24 -13.2C0 33
13C.C 1487 .6 £2.611 37.82¢ L3068 6163.49 -1C.32 .43
142.C 1734.7 £9.936 33.233 L 422 3277..C 26
135C0.C 2013.4 79 .88 29.096 .S64  S3&l.3C &5
16C.2 22.7.9 39 . 432 2%.348 .73 3212.49 22
170.0G 26461.2 99 .41 22.20¢ .93&6 4822.93 &é&
18Q.3 3045.4 109.386 (8.771 1,172 443S.43 -13.30 L120.222 45397.81
190.0 3477.7 119.17% 16.224 1.447 3933.41 -10.30 13C.COC S24%S.47
2C.2 3987.7 128.738 (3.738 1.763 3439 .44 -.C.20 :22.220 =337.23
2:10.4 L229.2 137.981  11.474 2.127 2814.728 -10.00 1G0C.2CO 4178.82
22c.2 $:182.3 144,738 3.436 2.346 2.29.41 -.0.23 .ZC.220 s&8%7.:38
23C.3 3362 .2 134,352 T.4&36 3.029 1324.4C -7.34 1Z2.232T T&&l.Ei
4l O £919 .5 162.521 5,238 3.337 344&.35 -2.28 1IZ03.ZZZ 24838.33
2%0.4 72%c .3 173.248 3,986 4.213 zz -3 L3 232 gses.2:
zZs83.2 7243 .5 L77.747 z.229 4. 243 z: 75.24 212 2982 .30
270.2 7236.2 “8%.:112 2. 787 3473 s && .28 210 8988 4(
22C.2 7227.3 L$2.343 s.238 &£..22 Zz 122,73 L IZ27 298347
2%0.4 7217.9 199.437 3.384 &5.729% 3 7%.7% .08 23%8c.36
2cg.2 7209.3 224,333 ERRA-TA 7.354 1 74 .53 Ji4 2982 .82
212.3 7200.4 213.214 s.38¢ 7.578 2c $Q0.2C .33J1 898%5.7Q
32C.3 7191.8 219.397 $.276 3.43C 31 -39 2398c.2¢
230.2 7183.8 226 . 4472 S.171 5.22:% 3z 288 298%.92
24C.2 717S.4 232.348 3. 258 ?. 3241 ZC 203 2924.22
3sC.C 7.87.4 239..12 L. 337 10.46C Jc 2d&s 898&.11
3&6C.32 7189 .5 24%.238 4.382 LL.278 cl 213 3984.2

37C.C 71352.3 S1.224 4,743 .21 212 8924&.3

38C.2 7l44.5 2%7.27C 4,536 21 213 29246.3282
39C.C 7137 .4 2462.774 4.327 L3l Ji4 8%88.47
&3C0.3 7130.4 248.33% 4.617 a0 208 298&.3

&1Z2.C 7123.3 273.737 4. 33 .C CC3 828984.s5

423.3 71156.8 279 .23& . .31 222 3984.77
43C.0 7113.3 284,172 4.3234 131 211 8%84.88
447.32 7104 .0 239, .53 2.372 *81 .31 219 2987.320
4330.8 70%97.%9 296.213 3.3&C Shds] .35 213 2%87..C
463.32 72%2.2 I%8.72¢ 3748 L8 zz zg2 32987.27
&72.32 vo8s. 2 303,28 3,832 7. 308 2z II3 3587 34
&3C. 2 773C.7 327 &3°9 2.3:8 t2oall z: 12 2887 4iS



490.
3340.
S1Q.
320.
s3a.
340.
s34.
340.

zad.
39C.
&3C.
&iC.
&2C.
&33.
&43.
&65C.
LI T-Yu I8
&7C.
£80.
£93.
7.C.
720.
73C.
74C.
7s0.
760.
770.

OOO0OO0NMTOO0O0UOOORO0OMOO0O0O0o0o0O0OD0O0noO

Alignmen<

77%8.2

" snps

707s.
737a.
706S.
7040.
70ss.
73s1.
7046,
7042,
7238.
703s.
7C31.
7228.
732s.
7822,
7019.
Tlé6.
7014,
7012.
70143.
7C0s.
skt

73C3.
70C2.
7acl.
7201,
720C.
73030.
7QQc.

ONGCHDODDLDIOANJYUNNEDERNNGUINGDONO G- -G

achisved,

70C00.9

Target achievec.

311,
316.
320.
323.
327.
331.
334.
337.
343,
343.
344.
347,
3s1i.
334,
336.
3s8.
3&C.
362.
3&3.
363.
364.
367.3
368.
367.
370.

371

371

971

522

44

T el

37L.

€32

.843
371,

g3&

3.

P I O N

NNNNNNNRNWWW

403

.056

.232

. 733
.&33

Si 3

.392
271
T}
.229

558

L5328
.784&
. 563
L343
L4621
.299
.77
L3357

zZsasting now.

372.

302

.333

L2119

.Q1é

. 993
1,253
187
.732
.377
.97
VS
139
756

~4
s

-52.

-3C.

(%)

.330

(9]

g987.
8987.
g987.
2987.
gvas.
8988.
ggee.
g588.
gv8s.
ELEES
898s.
3989.
g9e9.
3385,
8994.
3990.
899G .
3950.
899-.
3991,
291 .
3992,
8992.
3993 .
85593 .
3996 .
£9594.
3398,
$caL.



APPENDIX F

Computer Program Listing

PROGRAM Target:

($52

uszs

LABEL

CONST

TYFE

{suU sCcCUTIL/CCLIS}

CCzikil

(8U /SYSTEM/PASCLIB]} Atmasomere; Zxte
i, 2, 3
REarth=4,378165e4; (M}
GEarth=9,80&465; {M/812}
Mu=3.98&032e14; {MA3/372}
RadTaDege=37.295779S131;
orintaut=’/BRINTER’;
quttiie=’'/VDALE/TARGET.QUTAUT
heacrecard = RECORC
TitleH : STRINGI8O0I:
ThrustlH REAL;
MOH REAL;
MtueiH REAL;
CH REAL;
‘SretH + REAL
AlphaDMaxH: REAL;
AlpRODMaxH: REAL;
QtH ¢ REAL;
Uk REAL;
ar] REAL;
RRhiDE REAL;
AstartH REAL:
H2H REAL;
V204 STal;

END

datarecsrd = SECZORD
time : REAL
mass REALS
Vegta REAL;
aitituage REAL;
titansie REAL;
Vragial REAL;
Vanguiar REAL;
rangeanrg REAL
Vreauireg: RZAL;
VT3caineag: REAL:
thrustang: REAL;
trrustivi: REALS
derta_V REAL;
nessage STRINGITSI

ZNG;

Str:ngd8C = 3TRINGI3CI;

7

(%]



VAR BVUR, BOM, B8R, BSs BF, BM: ARRAY[J..4] OF REALS
VUrs Vams Omy Vy R, S5 Phis M: ARRAY(CLl..43 OF REAL:

Ry Vks VUrks Vamk, Omk Rks Sks Phks Mk, M3, Mfuei, PmRiDs 5 Oty

- densitys pressure; temps g5 veaunds; @, mults, Cds Cl» Oraaes Litt,
Sraet; Thrusts Thrustl, sigmal, hstart, RO, R2Z, HZ, V2, V20, chards
VC, VP, URR, VUSigs, VCR, VG, VRea, aipha, aipmald, aldAlsha, theta,
meta, sigma2; gamma:; AlphaMax: AlshalMax, AlsnDatMax: AlorDatDMax;
DeitaV, DeltaVk, SMA, apsiign, DeltaSigT, gidSks, Amax, V2Max,
ThrustPercent; Vstes; newvai: REAL

Optigns N; c3unt, intervai: [NTEZGEER;

FirstTarget, EndTarget, terminate, TargetReached, savedata: 20CLEAN;

ans: STRING(31:

Tities, newtitie: STRINGI8QI:
meadname: STRINGCZZ2C01:
srinter: INTERACTIVE;
DateStrings TimeString: CikStril;
heagerset: headrecard;
meadertiie: . FIiLZ OF meacdrecarc
dataset: datarecard;
datatiie: FIiLE OF datarezcrd;

FUNCTION BrkFress: BOOLEAN; EXTERNAL
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Getlnmput: Interactively sramets user far run
PROCEDURE Getlnput;
Getlnput.ReadHeader: Reads data fram fiie faor seiected
imitializatian
SROCEDURE ReadHeader
BEGIN
RESET(headertiie, CCNCAT(headname,’ .AEADER’));
READ(headertiie, headerset);
Title := headerset.TitieH;
Thrust!] i= headerset.ThrustlHi
MO i= headerset . MOH;
Mtuel i® meaderset.MfuelM;
o ‘= heagerset.CH;
Sret := hegderset.3SretH;
AlsmadMax 1= meaderset.AiomalMaxH;
AipnlgtOMax:= meaderset.AichO0MaxH;
Jt = m@agersetr.otH;
L Vk 1= meaderset.VkHi
2l i= neaderset.hH;
PhiD = headersat.PhilH;
nstart i= headerset.hstartH; R
H2 = headerser . HZH;
V20 i= headersat.VZOH;
CLOSE(headertile, LOCK);
ZND;
{ Getlmout.Writereader: Writes data to fiie *ar seiected
{ imitiaiizazian
BROCEZDURE Writereader:
BEGIN
REWRI[TE(headertiies, CONCAT(headname,’ .~EADER’));

WITH Reagerset 00 BEGIN

Titier
ThrustlH
MOH
MtueiH
CH

SretH

AiomaldMaxr:
AiphO0MaxH:

D

VkH

falal

BhiQH

hstarH

HZH

VZ20H
ENC

WRITE(header+t:
CLO0SE(meadertiie;

ZND;

1=

Wowououn o

#Howouou

Title;
Therustls
MO
Mtueis

o

Srefti
AismalMax

H

AlsnrdzotOMax;

Ot

vk

2]
Bhilds
mstar?t)
=25
v2ad;

i?)

L0CK)

hesagerseti;

1

~1
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{ Getlnout _
c ........................................................

BEGIN (Getlnputl

WRITELN; o

WRITELN(’[nmitializatian cstigns are:’);

WRITELN;

WRITELN(’ 1) Use vaiues ftram an gxisting =un’);
WRITELN(’ 2) Change vaiues gf an existing run’);
WRITELN(’ 3) Create a new run’)i

WRITELN;

WRITE(’Enter gptian numder: ‘)3

REAQLN(gptian);

[F NOT (astian IN C1..3]) THEN

REPEAT
WRITELN;
WJRITE(getian:3,’ is nmdt anm aetiam. Fleasa chaogsa 1, 2, ar 3: ')
REAOLN(getian);

UNTIL (getign IN C£1..31);

CASZ gsticn OF

1: 3EZIN {Use sxisting runi

WRITZLN;

WRITE(’'Enter name gt 2axisting run: ’);
REAQLN(headname) .

ReadHeader

END;

2: BEGIN {Change existing runi

WRITELN;

WRITE(’Enter name af existing run: ’);

READLN(headname); -
ReadHeader; _

WRITELN;
WRITELN(’'Title: ’'»Title);
WRITELN;
WRITE(’New title (returm tar na change): ’)i
REAOLN(newtitia); .
IF NOT(mewtitie=’’) THEN Titie:=newtitla;
WRITELN; - o
WRITELN(’Enter vaiues (megative *ar no szhange):’)i
WRITELN;
WRITE(’'Thrust=’,Thrust:9:1,’ N, New vaiue=’);
READLN(newval);
IF (mewvai>=Qd) THEN Thrustl:=newvai;
WRITE('Initial mass, MO=’',MO0:8:1,° kg, New vaiue=‘);
REAQLN(newval);
IF (newval>=0) THEN MO:=newvai;
WRITE(’Fuel masss Mtuei=’' ,Mtyuel:8:1,’ kg. New value=’);
READLN(newvai);
IF (mewvai>=3) THEN Mtuei:=newvai;
WRITE(’'Zxmaust veiccitys C=52:7:1,’ m/s. New vaiue='};
READLN(newvai);
IF (mewvai>=J) THEN z:
WRITZ('Reterence area,
REZADLN(nreuwvai);
7 {mewvai>=J) THEN Sret:=neuwvali;

iy’ mn2.  New vaiue=’);

WRITE('Max aiona, AliomaMax=’ ;AlocmalMax:b:l,’ deg. New vaiue=');
READLN(newvai);

IF (mewval>=0) THEN AicomalMax:=newvaii

WRITE('Max aismadatr, AisnmdciMax=’,;AiomlgtlMax:b:l,

zegs/sex. New va:iue=’ )

~4
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READLN(newval )i

IF (mewvai>=0) THEN AiohlotOMax:=newvai;
WRITE('Time increment, Ot=’,0t:é:1l,’ secs. New vaiue=’);
READLN(newval); .

“IF (mewval>=C) THEN Dt:=newvaii

WRITELNS

WRITELN(’Enter intital canditions:’)i

WRITELN;

WRITE('Velgeity, V=’ Vk:7:1s’ m/s. Neuw vaiue=’);
READLN(newval);
IF (newvai>=0) THEN Vk:=newvais

WRITE('Altitudes m=’,R/1000:7:1:’ &km. New vaiue=’);
READLN(mewvaili
IF (newval>=0) THEN h:=znewval*100C;

WRITE('Fiignt angie, Phi=’,PhiD:5:1,’ deg. Neu vaiues’);
READLN(newval )i
IF (mewvai>=3) THEN Phid:=newvais

WRITELN;

WRITELN(’Enter target values:’);

WRITELN; . .

WRITE(’Al=itude at whizh t3 start targeting; ~start=’ mstart/1000:6: 1,
i  km. New vaiue=’)i

READLN(newval)i
IF (mewvaid>=0) THEN hstart:=newvai*1000;
WRITE(’'Target altitude, H2=’,HZ/1000:8:1,’ km. New value=’);
READLN(newvai);i
IF (mewval>=0) THEN HZ:=newval*1000;
R0:=h+REarth;
R2:=HZ+REarth;
Amax:=(RC+R2)/2;
V2Max : =SQART(Mu*(2/R2-1/Amax) )
WRITELN(’Target veigcity (max feasibie is 'y 3QRT(MU/R2):9:357 m/s)’ )i
WRITELN('’ (Hghmanmn transter veigcity is 'sVZMax:7:3,7 m/s)’);
WRITE(’ V2=',v¥20:9:3,’ m/s. New vaiue=’);
READLN(mewval )
IF (mewvaid>=J) THEN V20:=newvai;

WRITELN;

WRITE(’'Sun name unger which ta save this data: ‘)3
REAQLN(headname)

Writereader:

ENO;
3: BEGIN (Create meouw runi

WRITZLN

WRITE(’Titie: ')

READLN(Titia)i

WRITELN;

WRITELN(’Enter vaiues (in Metric units):’);
WRITELN

WRITE('Thrust (N),=’);

READLN(Thryusti)

WRITE('Llnitiai mass (xg)s MO=");

READLN(MO) S

WRITE('Syuei mass (kg): Mtuei=‘’);
READLN(Mégai )

WRITZ('Sxmaust veigeizty (a/s)s C=');
REAQOLN(z2};

WRITE(’'Reterence area (mN2), Sret=’):
READLN(Sret);

WRITZ(’'Max 3isma {32g), AismaMax=’);
REACDLN(AiomalMax )
WRITI! Max 3ismacct ‘zgs/s2c. SismCztMax=- i

REACLN(AiIomCatiMax i

~
(o))



WRITE(’'Time incremént (seecs), DOt=’);
READLN(Dz);

WRITELN;

WRITZLN(’'Enter intitai zgnditians:’);
WRITELN;

WRITE('Velacity (m/s),; VU=');
READLN(VK) ;

WRITE(’Aititude (km), h=');
READLN(R);

me=n®#1000;

WRITE('Fiignt angie (deg)s Phi=’);
READLN(PRID)

WRITELN;

WRITELN(’Enter target vaiues:’);

WRITELN;

WRITE(’Altitude at which zg start targeting (km), mstart=');
REAOLN(hstart)

hstart:=hstart*1000;

WRITE(’Target aititude (km), H2=’);

READLN(H2) ;

M2 :=H2%1000;

RO:=n+REarth;

R2:=H2+REarth;

Amax:=(RO+R2)/2;

V2Max : =SQRT(Mu*(2/R2~-1/Amax) )i

WRITELN(’Target veiagcity (max feasible is ’',SQRT(MU/R2):9:3,’ m/s)’);
WRITE (! (Homhmann transter veigeity is ';VU2Max:9:3:’ m/s), V2=');
READLN(VZ20)

WRITZLN;
WRITE(’Name of headertiie 2z which this data is to bne saved: ’);
REAQLN(headname);
WriteMeader;
END;
IND; {CAZE:

WRITZLNG

WRITZ(’'Save trme cutmut *ar this run? ’);

READLN(ans )

IF (ans{1J='Y’) OR (anms({l1l=‘y’) THEN savedata:=TRUE
ELST savecata:=FAL3I; -

WRITZLN;

WRITE('Cata cutautr intervai: ')
REACLN(intarval )

END;  (Getlnsutl}
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{ --- --- - ---}

{ Putout: Writes Qut data tg screen and disk file at each time stes }

[ e L P et - - - L T b

PROCEDURE Putaut;
BESIN

WRITE(e:7:1)
WRITE(Vk:9:1)
WRITE(R/100C:11:3);
WRITE(PRiID:8:3);
WRITE(Sigmald:9:3);
WRITE(VG:9:2) i
WRITE(AIphRal:9:2);
WRITE(ThrustPercent:7:3);
WRITELN(DeitaV:9:2)i

WITH dataset D0 3EGIN
time:=t;
mass =Mk ;
Vtartai:=Vk;
aititude:=n;
tfitangiae:=Fhil;
Vradial :=VUrk;
Vanguiar:=vamx;
Vrecauired:=VRea;
VTBgained:=VGa;
rangeang:=3Sigmald;
thrustang:=Aional;
thNrUStTivi i=ThrustEerz2nt;
deita_V:=0eitavi
message:=‘";
ENC; .

{F savedata THEN WRIT=Z(datatiie, datasat)i -

END; (Putaut:



Setup: Initializes internal variabies and writes run initializatian
infogrmation ta screen

Lo Wan Wan Wan

FROCEDURE Setus;
BEGIN '

v:=d;

Lite:=0;

Orag:=0;

Vreag:=0Q;

VB:=0;s

Oeltav:=0d;

2idSk =33

Sk:=0;

Mk : =MQO;

Rk :=r+REarth;
SBhk:=FPhiD/RadTaoDesg;
Vrk : sUKk®#SIN(Bhk)
vamk : =Vk #C0S{ PRk ) ;
Omk : =Vk #COS (Fhk ) /Rk ;
ThrustPercent:=100;
Thrust:=Thrusti;
R2:=H2+REarth;
8VRCOI:=0s -
30ML03:=3T;

BRCOS:=0;s

3SC0]:=0;

8MCO0]:=0;

alp,ma:=0;

aiphal:=0;

sigmald:=0; )
AlphaMax:=AiphalMax/RadTaleg;
AipmDotMax:=AiohlotDMax/RadTaleg;
FirstTarget:=TRUE;
ZndTarget:=FALSE;
terminate:=FALSE;
TargetReacneag:=FALSE;

REWRITE(printer; printout);
REWRITE(catatiie, guttile);

WRITELNS

WRITELN;

WRITELN(Titie);

WRITELNS

WR I TELN(
‘Thrust=s’ ) Trruse[:9:1,’ Ny C=",ec:7:1,! m/s, MO=’,M0:3:1,’ xas’,
! Mtuel=',Mtuei :8:1,"

WRITZLN(’Sret=’,3ret:3:1,' a2, mAstart=’ nstare/ 00041, <ms s
b Qe=-,0t:6:l: sec’);

WRITILN(
‘OloamaMax=’ ;AlonaldMax:&:1l,’ degs AlemOcstMax=’,4ionr0atDMax:5: 1,

'’ aeg/sec’ )

TELN(’'TargetH=s’ ,=2/10C0:8:L,’ km, TargetV=’,VY20:7:1,’' m/s’);

! ik v a) Sl Siema viel 31oma )




{ —_— - -

{ DoTarget: Guidance aiggrithm to find target trajectory and cantragi
{ variable vaiues to steer vehicie gntg target trajectary

[Ny

{ DgTarget.FindThrust: Finds thrust from rgcket ecquatian that will keees
{ Vk<(URea at =sach time steo

[y

SRQOCEDURE FindThrust;

BEGIN
Vstep:=0.99%VG;
Thrust:=(CxMk/dt) #(1-EXP(~-Vstep/c) )i
IF Thrust > Thrustl THEN Therust:=Thrusti;
ThrustFercent:=Tnrust/ThrrustI*1005
END; (FindThrustl

~

OoTarget.Cutatt: £nas targetimg orgc2dure ang resats varianies *aor
zgasting fiight wnenm zicseness *3 target wluld cause
a numericai er~agr inm ARCCOS ar ARCZSIIN

RN e W et W 2

PROCEDURE Cutoft(reason: String80);

BEGIN
Thrust:=0;
aipha:=0d;
alphal:=0; .
VRea:=(;
VG:=0;
ThrustPercent:=J;
EndTarget:=TRUE;
WRITELN; )
WRITELN(’Al ignment achisved; s3asting ndw.’);
WRITELN(’ ‘yreasan);
WRITELN;
dataset.maessage:='Alignment achieved) cgasting maw.’;
WRITE(datatiies; gataset):
ZXIT (DoTarget)
ZNO;  {Cuzct+l

.

{ DoTarget.OneMinusCQOS: Sgives 1-CO0S(X) aczurazeiy *a3r smail X

[P

-~

FUNCTION OneMinausCOS (X: =REAL): REAL

3EGIN
OneMinusCOS:=2%SQAR(SIN(X/2));
ZND;



c e - > A =" - -
{ OgTarget ;

[l

BEGIN (DagTarget!

-IF FirstTarges THEN 3EGIN

WRITELN;

WRITELN(’Starting targeting nauw.’);
WRITELN

dataset.message:=‘'Starting targeting nouw.’;
WRITE(datatiie, dataset):
FirstTarget:=7ALSE;
ENO;

IF Rk>=R2 THEN Cutatt(’Rk >= R2');
Amax:=(Rk+R2)/2;
VZMax :=3QRT(Mu#(2/R2~1/Amax));

IF V20 <= Js9999%V2Max THEN BEGIN

V2:=V20; -
SMA:=(R2¥Mu) / (Z*MU=R2%¥SQAR(V2) ) ;
[F ((2%SMA*RZ-SMAXRK-SQR(RZ) )/ (SMA*RKk=-Rk*R2) >= 1) THEN Cutar?

(’sigma = ARCCOS (arg>=1)’};
sigma2:=ARCCOS( (2*SMA*R2-SMAXRK~SQR(R2) )/ (SMAXRKk-RK#R2) )i
epsilan:=R2~-Rk;
chord:=2SQRT(Z*(SQAR(Rk ) +Rk*2osi lgn)*#(0neMinusCOS(sigmaZ) )+SQAR(epsifan));
gamma:=(Pi/2)~ARCSIN((Rk/chard)*SIN(sigma2));

VC:=v2/C0S(gamma);
VR =y2%¥TAN(gamma) i
VSig:=VC*#CCS(ABS(sigmaZ-zamma));
VCR:=VC*SIN(ABS(sigmal—gamma) )i

)

IF gammal>=sigmal THEN 3EZIN
VRR : =VR;
theta :SARCTAN((VFR+LUCR I /USig);
VRea:=SART(SAR (VA+VCR) +SQAR(VSig) )
ZIND
SLSE [F samma<sigmal THEN 3EGIN
VRR : =R =-UCR;
theta:3ARCTAN(VRR/VUSie);
VURea:=3QRT(SQAR(VRR}+3QR(VSig) );
IND;

2os i ign:iaVRea=Vk i
V@ =3ART(Z* (SAR(Vk ) rVk *epsiian)#¥0neMi nusCCS(ABS(Ph~<heza))
+SAR(essiian) )

[F (VG=3) THEN 3EZIN
Thrust:=3d;

alpha:=Qd;
alphad:=0d;
VG: =G

ThrustPerzent:=J;
ZXIT (OsTarget):
ZND

. = = .
.32 FindThrust;

I ((VRea/VGE)*#SIN(ABS(Phk=-theta)) >= 1) THEN =megx3z:=Fi/2
SL3E 5eta:=ARCSIN((VRea/VUG) *SIN(ABS(Sak-tmneta)));

IF (SGRT(SARIVG) +2QR(Vk ) Y <VR2a) THEN z2etz:=Fj-mgta;
cidaioha:=aloma;

IF zmeza>=Fhk THEN aioma:z=Fi

(F tmetadPhk THEN aioma:=zzeta==i;

IND ZL3Z at!sma:=3;
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1T (ThrustPercent>1.0) AND (UG>1.3) AND (Vk<T.99S5#VReg) THEN BEGIN
IF (ABS(alpha-gidAiphna)/0t > AlshlstMax) THEN .
aisha:=SIGBN(aipha-aldAicha)*(AipnDotMax*Dt)+aldalpnai.
IF (ABS(aipha) > AlomaMax) THEN
aiprma:=SIGN(aipma)l*AiphaMax;
END -

aipmal:i=aipha*xRadTaleg;
IF BrkFress THEN 3ZGIN Terminate:=TRUE; GOTO 2Z; ENO;

END: <(DaTargetl



(mm e e -
{ Integrate: Pertarms Fourth-Order Runga Kutta integratian sn imgrzial

{ ‘rame equatigns gt mgrian

{==mmmem e me e mm e e

" PROCEZURE Integrate;

VAR [: [NTEGER:

c e e
{ lntegrate.FindDrag: Finds aeradynamic farces an vehicie using 1974
{ standard atmgssners mcge!
(= m e e —memmmmm—mme P -
SROCZOURE FindDragi
B8EGIN
FingAtmasshere (densitys pr2ssure, tamos g vscunds R);
Cit=l*aipnai
Cd:=T.1+2%Ci*Ci; (Cdl = Z-11 -
@:=J.5%aens i ty*SQAR(Vk); -
Orag:=Q#Cd*Srat; -
Lifr:=Q*C|%#Sre+; .
END;i (Findlras}
C - - ————————— - —_———— —_———
{ lntagrate.FindB: Finds imntermediate state variasie imcrements
(e e o e e _—

PROCEDURE FindB;

e B, e mm e ——————— ————
{ lntegrate.FindB. [mpact: Prevents tiight beneath the earth’s surface
¢ e e —————_———— e e e e ——————

PROCZOURE imoact:
{$S Cases}

BEGIN

WRITELN;

WRITELN(’ [mpact an Zarth at U=’y UINF:7:1);
WRITELN(’End at run.’)i

dataset.message:=’ [mpact an Zarth. &nd ct Run.’;
GOTO 3
END; {Imoact}
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Intesrate.FindB:FuelGane=

PRCCEDURE FuelGgne:s
(8S Cases}

BEGIN

WRITELN;
WRITE('Fuel
READLN(ans);

has burned cuts dc

IF (ansCi1J=’Y’) OR (ans{il=’y’
Thrust:=0;

aipha:=0d;

aipmald:=3J;

VReq: =33

VG@:=0; .
IndTarget:=TRUE; )
WRITZLN(’'Czasting Aguw.’ )i
WRITELN;
datasat.message:
WRITE(dazatiie
GOTO 1;

END
ELSE BEGIN
WRITELN('Ending
dataset.message:
GOTO 2i
ZND;

='Fuei gane,
gataset)

trajectary.’)
='Fue! sone

END; {FueiGanel

Aliqus chgice gt cgasting ar ending
trajectary

it fuei ourns 3Qut

yQu want tag cgast? ‘)i

) THEN

J

zzasting mraQw.’s

ending trajectary.’

(S}
3EZIN FindB}

THEN i(msact;
THEN FueliGanes

1
i
i

F RONI<REarch
[F MONJ<MO-M4ue

BYRINI: =0t #((Thrust*SIN(aioma+3hiINI)+_ | ++#COS(=H;

IND

................................................ _——3

“Drag*SIN(FRIINTI) }/MONI-S+RINI*SAR(OMINT) )

BOMINT : =02 #((Thrust*COS{aioma+PRiINI) =L i +<*SIN(FRIIND)
-Drag#COS(PRiINI) )/ (MINI#*RINI)=2%VrINI*OmINI/RINT)

8RINJ:
38CINJ:
3pCNT:
- o N4

3MONT:

=0t *VUr{N];

=0t#0mCNI;
=TJe#(((Li+e+Thrust*SIN(al
=Dt *(=Thrust/c) i

END;  {(Fine3}

shal) ) /MINZ=-g#COS(FRIINI) ) /VINI+OmIND)
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BEGIN {(Integratel
[F (Sre+>0) THEN FindDrag ZL3Z 3:=GZarth*SQR(REarth/Rk);
FOR [:=1 TO &4 0C BEGIN

[F (1=2) OR ([=3) THEN muit:=J.3
ELSE mule:=i;

VRLCIJ:=Vrk+BVRL I ~1J%muit;
OMCIJ:=0mk+80MCI=1I%mult;
RCIJ:=Rk+BRCI-1I*muit;
SCI]:=Sk+B8SCI-1]%mulit;
Philll:=rPhk+BPCI-11%muiz;
MCIJ:=Mk+BMCI-1I%muiz;
VOIJ:=SQRT(SAR(VRIII)+SQR(RLCII#CMLI 1))

N:=[;
Finaidi
END;

Vrk :=Vrk+(BYRL L I+2*#BVR(2I+2#BVYRLII+BVURCL]) /4]
Omk : =0mk +(BOML 1 J+2*BOML2]1+2%¥B0MC 3T +BOML4 1) /&5
Rk :=Rk+(BRLL1I+2*BRL2I+ZHBRIII+BRILT) /6

Sk :=Sk+(BSIL1I+2#BSL21+2#8SI31+88S141) /&

Phk :=Phk+(BPLLI+2*#BRL2I+2#8RL3I+BPL4T) /6

Mk : =Mk +(BMCL1I+2#8MC2]1+2%8MC3I+8MI43) /&5

Vk : =SQRT(SAR(Vrk ) +SQR(Rk*0mik ) ) 5

[F (R>=nstart) AND (NOT ZndTargez) THEN 2EIIN
LeitaSigT:=5k-01dSk;

DaTarget;

ZND

ti=e+0e;

Ql&3k : =3k ;

mi=Rk-Rzarth;i

Vamk : =Rk *0mk ; -
FPBhig:=FhkK*RaaTaleg;
Sigmald:=Sk*RagTaleg;

DeltaV:=—c# LN(Mk/MQ) i

ZNO; {imzegraza:
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{ PrintData: Sends all gutput to printer if user requests data primtout

(e ee e - -

PROCEDURE FrintData;
{$S Cases}

BEGIN

RESET(datatiies qutfile);
CikDateZ(BateString);
ClkTime2(TimeString)i
WRITELN(eorinter:
‘Tareeted Soazetliamt Trs jectary ’
TimeString,’ ‘,DateString);

WRITELN(printer);
WRITELN(printer);
WRITELN(printersTitle);
WRITELN(prinzter);
WRITELN(printer; .
‘Thrust=’, Thrustl:3$:1,° N, C=',ec:7:1,’ m/s, MQ=’,M0:8:15"’ kgs’,
b Mtuel=’ ;Mtuel:8:1,’ kg’');
JRITELN(printer:,
‘Sret=’,Sret:5:1,’ a2, mstart=’ hstart/1000:6:15" kmy ',
' Qt=’,0t:b:1,’ sec’);
WRITELN(printer,
‘AlphaMax=’,AlphaldMax:5:1:’ deg, AlphrDotMax=’ Aler0ctDMax:5:1,
! deg/sec’);
WRITELN(printer,
‘TargetH=’',mM2/13800:8:1,’ kms, TargetV=’',V20:7:1:’ m/s’);
WRITELN(printer);
WRITELN(printer,
! t v 2 Phi Siama _ VG aioha 7y
! Thrust OeitaV’);

WRITELN(printer);

WHILE NOT EOF(catatile) DO 3EGIN

READ(datatile, dataset);
WITH dataset 00 BEGIN

IF message = '’ THEN BEGIN
WRITE(orinter:; time:7:1);
WRITE (arinzer, Vtozai:F:1);
WRITE(printer; alititude/1000:11:3);
WRITE(printer, fitangie:8:3);
WRITE(printer, rangeang:9:3):
SRITE(printer; VTBgaineg:9:2);
WRITE(printer; thrustang:%:2);
WRITE(printer, <hrustivi:F:3);
WRITELN(erinter, deita_v:9:2);

=ND

LSz 3EGIN

WRITELN(primter);

WRITELN(arinter, messasge);

{F (message=’'Tra jeczary =2rminat2d 3v dysar.’')

OR {(message=’'Target achiaved.’)

OR (message=‘Fue: sgnmes» 2nmeinmg wrajeczcry.’) THEN 3EGIN
WRITELN(orinter, ’‘Oeita-V=’,deiza _V:9:2,’ m/s’);
WRITELN(printer:; ’'Sinmai Mass=‘,mass:3:1,° xg’);

END
WRITEZLN(printer);
ENO;  (IF3

IND: JWiTHI



IF BrkPress THEN 3EGIN
CLOSz (datatile, LOCK);
EXIT (PrintData)l;

END; .

END; (WHILE?
CLOSE(data+iia, LOCK);

END; {(PrintData}

[¢5)
~14



Target

~yey ey

{ss5}
2EGIN ({(Targetl

WRITELN;S

WRITELN(’Targeted Spacatiisht Trajzcrtary Anaivsis’);

IF (Sret>d) THEN [nitAtmaosepmere;
Getlnout;

Setup;

zaunt:=d;

1: REPEAT
Integrate;
cgunt:=caunt+l;

IF {zzumrt=inmterval) THEN 3EG

GIN
IF B8rkfress THEN terminate:=TR

=5
Ug s

-

UNTIL terminate OR TargetReached;

2: [F terminate THEN BEGIN
IF (egunt>0) THEN sutout;
WRITELN;S

WRITELN(’Trajectory terminated by user.’);
dataset.message:=’'Trajectory terminatad by user.’;

END
ZSLSE [F TargetReacmred THEN BEGIN

IF (cgunt>0) THEN putaut;

WRITZLN;

WRITELN('Target achieved.’);
dataset.message:=’'Target achieved.’;
END

WRITELN;

SRITELN(’Deltav= ’',0eitavV:9:2,’ m/s’);
WRITELN;

WRITELN(’Finai Mass=’,Mk:8:1,’ kg:-

3: WRITE(gatatiie, datasat);

IF savedata THEN 2EGZIN
CLOSE(gatariies _OCK);

WRITZLN;

WRITE('Prinmt resuizs? (Y/N) )
READLN(ans) i

(F (ams{13=’'Y’) OR (anms{il=’y’) THEN F=inz
=NO
=38 CLOSE(gatatiie, FURGZ)
ENC.
2a
~ 2

Sutauti

IF {{h>=H2Z) AND ((Phk<O) OR (m>HZ®1.81)))
OR ((PRhk<TJ) AND (H2Z-h < HZ¥1.Je-3))

THEN

TargetReached: =

Mass Ratig=’,Mk/MO0:7:8);

]

(S o]



UNIT Atmosehere;

‘{19746 Standard Atmcsshere!

INTERFACE

CONST Ge=%F.80443; ’
Re=4.3S67S6e4
Rair=287.0;
SLeemn=288.13;

VAR ht: REALS
ltems, 1: ARRAY[L..8I OF REAL;
a, =3: ARRAY[L..l4I OF REAL:
upeer: ARRAY[ZI..18] CF REAL;
level: =1..19;

FRCCZDOURZ [mitAtmasenere;

PROCEDJULRE Finmndltmasmmere (VAR dznsity, oressurg, temos g vsdunc: RZAL;
m: RE

[MBLEMENTATION

BRCCIZLURE [nitAtmgsonere;

woper({d3J3:=3Ji

om -

1
umser{tJ:=11; alll:=1.22%0; billJ:==2.11C0L) (<emslll:=288..3; il.2:=-5.3
upoer(2]:=220; a(23:=2.0484; 5(23:=~-0.19469; iteme(2]:=21&.69: 102]7:=0.0G;
umeeri 33:=32; al33:=2.243%: 2033:=-0.1367: leemol3l:=216.63; 037:=1-3s
usperiCél:=47; al4l:=1.4919; BL4] 3.1446F; lteme(4l:=228.49 i[4]:=2.8;
uooeri3]:=31; al3]:=30.3382; B(S3:=-3.12%2; itemol3]:=26%.63; 1[37:=2.0
ueeer[bl:=71; af&]:=C.S8C3; ol6]:=-0.12567; iteme(&J:=270.565; i[&1:=-2.
sooer([7]:=346; al7]:=4.3683; 5L731:==-0.1533; |zemol72:=2216.83; 1{7]:==2
upcer(33:=F1; al83:=3C.435; 2[8I:=-2.1778: lwemc(SI:=1846.9%; 1(81:=2.3;
o ai73:=31.134 =(Fi:==3.1781;
i aliC3:=0.2873; sCl07:=-3.13383;
soeeriLll:=L133; allll:=3 2104a-4; sIlLl:==0.0830;
upoer{i27:=3CC; all27:=22.2452-7; 8l127:=-3.1234e-2:
3 ac.3l:=4 268127 {13 2:==1 . 8C22-2;
30 147:=7 . 6343e~-115 5Cl4l:==9 .F73e-3;
NG {imitAtmgosomere?



PROCEDURE FindAtmasphere;

3EGIN

ht:=h/1C0dC;

A

EFEAT
IF hty=ucoer{ievei] THEN levei:=igvei+i

ELSE [F htdlupocerlievei=1] THEN iegueit=iguei-1
UNTIL (upperllevei=1]<=nt) AND (htlumseriieovei.);

CASE ievei CF

y 25 35 4y S, &5 75 B:

BEGIN A

- temp:=|temollevel J+illevei I*¥(ht~upparliiavel-11);
density:=alievel I®EXF(allevel I*ht);
oressure:=density*Rair*temp;

END

I:

BEGIN
c2me =263, 190S-746.3231#SQART(1-SQR((ht=F1)/(=-19.92429)));
density:=alievel I*EXF(Blievei I*ht);
sressure!Tgensity*Rair*¥temp;

ENO

10:

BEGIN .
temeo:=240.0+12.0%(he-110);
density:=allevel I®EXF(zlisvel I*ht);
sressure:=density*Rair*temo;

ENG

L1, 12, 13, 1é4:

BEGIN
temp:=1000.0~-540.O*EXF(-0.0187S#(~t-120));
demsity:=alievei I#EXF{(zlievei I*¥nt);
Pressurg:i=density*Sair*temo;

ENC

BZ3IN
z2nsity:=d.3;
pressure:=J.0;

EVD )

END; {FindAtmaseherel

30
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