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SECTION I
INTRODUCTION

The Surveyor Lunar Touchdown Stability Study, for which this report constitutes final
documentation, was a theoretical investigation of the dynamics of the Surveyor lunar
landing. Contractually, the study was divided into two phases which delineate, broadly
speaking, between program development and parametric study efforts.

In Phase I, the objective of the study was to simulate analytically the dynamics of the
Surveyor landing, including loads as well as motions. This simulation required
theoretical analysis of the landing, and implemented the analysis via a digital computer
program. The analysis treated the spacecraft as a rigid body, and each leg set was
treated as a plane linkage with a rigid lower link hinged to the spacecraft and a com-
pressible, energy absorbing upper link. Spacecraft motions were predicted as functions
of the externally applied forces (gravity forces, crush and friction forces from footpads
and blocks). Changes in leg set geometry were also predicted from the footpad crush
and friction forces, but shock absorber forces were utilized as well. The lunar surface
was considered rigid.

The computer program developed in Phase I utilized an integration method of the
variable interval Runge-Kutta type with error checking to control truncation error,
This integration technique is well suited to the landing dynamics problem where space-
craft motions and configuration are used to predict the applied forces, the forces are
used to define accelerations in the various degrees of freedom, and the accelerations
are integrated to obtain new motions and configuration. A program improvement effort
was also conducted in Phase I with the result that program efficiency was increased
substantially,

The parametric study conducted in Phase Il was designed to ascertain whether or not
planar landings could be considered the most critical from the standpoint of toppling. A
comparison of many planar cases (in which motions and configuration possess a plane of
symmetry) with non-planar variations revealed that there are non-planar conditions
which will produce toppling at horizontal velocities for which the corresponding planar
cases are stable. The encroachment of the non-planar stability boundary into areas
which are stable in the planar cases does not appear to be widespread, however.

Phase II also included further program development to provide the means with which to
interpret certain aspects of Surveyor telemetered data. The result of this development
was a program modification which permits calculation of ground slope and cross slope
angle as functions of both the vehicle configuration at or prior to touchdown and the time
at which each foot impacts the surface.



The following sections of this report discuss in depth the various aspects of the
Surveyor Lunar Touchdown Stability Study. Section II presents the derivation of the
mathematical model, Section III describes the content and usage of the computer pro-

gram, and Section IV reports on the results of computer studies performed using the
program. '
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SECTION II
MATHEMATICAL MODEL

2.1 GENERAL TECHNIQUE

In order to accomplish the objectives of this study, it is essential that the computer
simulation of the Surveyor touchdown be based firmly upon a sound, detailed dynamical
analysis. This analysis must provide a mathematical model which describes the space-
craft motion during the lunar landing. A prerequisite to accurate position and velocity
predictions is an adequate determination of forces and torques acting on the spacecraft,
Every effort has been made to provide an analysis which will permit accurate calculations
by means of an efficient computer program.

The analytical approach taken by Bendix is to represent the spacecraft as a system possess-
ing 12 degrees of freedom:

3 translations of the CG in mutually orthogonal directions

3 rotations of the spacecraft about mutually orthogonal axes

3 rotations of the lower links of the landing gear relative to the spacecraft
3 rotations of the footpads relative to the lower links

The choice of the rigid body translation and rotation as degrees of freedom-arises
naturally from consideration of the objectives of the analysis. The choice of the re-
maining degrees of freedom (i.e. rotation of the lower links and footpads) deserves further
comment, however.

Prediction of the rigid body motions is dependent upon establishing the external forces

and torques acting on the system. These forces and torques can be considered to arise
exclusively from the ground reaction and friction forces and from gravity. In this view
of the system, it is not necessary to consider the shock absorber forces directly in the
determination of the rigid body motions.

It 18 necessary, however, to determine changes in the geometry of the leg sets and foot-
pads so that the amount of footpad crushing can be found. This permits calculation of the
ground reaction and friction forces, and the moment arms through which they act. Then
2 logical way to account for changes in leg set geometry is to treat the lower links as
additional degrees of freedom which do require consideration of shock absorber forces.
Similarly, the ground reaction forces depend upon footpad orientation, so that these also
are awarded the status of degrees of freedom, ‘
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Symbol

L 4

TABLE 2-1. NOMENCLATURE FOR MATHEMATICAL MODEL

Definition

pitch

yaw

roll

coefficient of jth footpad sliding friction

coefficient of jth block sliding friction

angular orientation of jth leg set, relative to No. 1 leg set
rotation of jth lower strut

rotation of jth footpad

position of vehicle jth upper hardpoint relative to CG in vehicle
coordinates

position of vehicle jth lower hardpoint relative to CG in vehicle
coordinates

position of jth footpad pivot relative to CG in vehicle coordinates

height of CG above spacecraft base plane
distance between roll axis and lower hardpoint
length of lower strut

distance between upper and lower hardpoints
inclination of

vehicle angular velocity

length of upper strut

ground slope

cross slope angle




TABLE 2-1. NOMENCLATURE FOR MATHEMATICAL MODEL (CONT.)

Definition

position of surface of jth block relative to CG in vehicle coordinates
distance between roll axis and crushable block
thickness of jth crushable block

position of surface centroid of kth segment of jth footpad relative to
CG in vehicle coordinates

diameter of footpad
position of vehicle CG in ground coordinates

nominal footpad crush pressure
diameter of crushable block

nominal block crush pressure

mass of jth footpad

acceleration of gravity

mass of spacecraft body

shock absorber precharge

spring rate of shock absorber extension stop |

nominal shock absorber damping coefficient
(R.D = Rc in compression and RR during rebound)

mechanical friction coefficient

spring rate of footpad stop

moments and products of inertia about CG

moment of inertia of lower strut about lower hardpoint
moment of inertia of footpad about pivot
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TABLE 2-1. NOMENCLATURE FOR MATHEMATICAL MODEL (CONC.)

Symbeol Definition

Note: The following conventions of notation are used:

a) differentiation with respect to time is denoted by a dot; é , for example
b) vectors written in upper case, unprimed, refer to ground coordinates
¢) vectors written in upper case, primed, refer to surface coordinates

d) vectors written in lower case, unprimed, refer to vehicle coordinates
e) vectors written in lower case, primed, refer to strut coordinates

f) vectors written in lower case, double primed, refer to footpad coordinates

g) subscript "o" refers to initial condition




2.2 COORDINATE SYSTEMS AND TRANSFORMATIONS

Several orthogonal, right-handed coordinate systems have been employed to provide com-
plete description of the vehicle. The reference, or ground coordinate system is shown in
Figure 2-1, in which a positive ground slope @_ is shown. The Z-axis is directed
parallel to the gravity vector, positive down, the X-axis is directed perpendicular to the
principal slope, and the Y-axis completes the orthogonal triad, positive into the (positive)
slope. The origin of the ground coordinates lies on the surface, directly below the initial

position of the vehicle CG.

Figure 2-1. Ground and Surface Coordinate Systems

The vehicle coordinate system (Figure 2-2) has its origin at the vehicle CG, and moves
with the vehicle. The z-axis is positive down along the vehicle centerline, the y-axis is
positive in the direction of the No. 1 leg set, and the x-axis completes the triad. To
relate the vehicle coordinates to a system parallel to ground coordinates, define the three
rigid body rotations ¥ (pitch), #(yaw) and = (roll). Any angular orientation of the
vehicle coordinate system can be obtained by imagining a coordinate system originally
parallel to the ground axis. This imaginary system is brought into alignment with the
vehicle axes by successively rotating ¥ about the x-axis, ¢ about the new position of the
y-axis and = about the final position of the z-axis.
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No, 1 Leg Set

x

x No. 3 Leg Set

No. 2 Leg Set

Figure 2-2. Vehicle Coordinate System

These rotations will be clarified in Figure 2-3, where two subsidiary coordinate

systems are utilized in addition to the vehicle coordinates (x, y, z) and ground coordinates
(X, Y, Z) already defined. Figure 2-3a depicts the successive rotations in true views.
First the vehicle axes are considered to be in alignment with X, Y and Z, then rotated
through ¥ about X to form the new coordinate system Xy ¥y and Zy where Xy coincides

with X. The second rotation ¢ about y, produces another set of coordinates x,, y, and
z,, where Yo and y, are coincident. The final rotation = about z, brings the coordinates
ir?to the vehicle co%)rdinate system X,y and z where z coincides &ith Zg.

Figure 2-3b shows the vehicle axes projected into the XY and YZ planes of the ground

coordinate system. Figure 2-3c illustrates these various coordinate systems in
perspective.

—
A vector a expressed in vehicle coordinates can be transformed to coordinates parallel
to ground coordinates by

SN SN AN N Y
A=A 1+A J+A, K= [b]a (1)
X y Z rs
AN A A N AN
where a =a i+aj+a k
X y z
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b. Vehicle Axes Projected into XY and YZ Planes

a. True Views of Euler Angles

c¢. Coordinate Systems in Perspective

Figure 2-3. Development of Euler Angles
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cuseCcos = - cos®sin = sing -

singsindcos=Z +cosysin= - sinysinésin = + cos yCOsEZ - sin¥cose

=2
=
G
i

“|l-cos¥sin®cos=+sinysinZ cosvsingsin T+ sin¥cos=EZ cosycose

The notation of (1) will be used frequently and is to be interpreted as

A
X

b11 a + b12 ay + b13 a,

Ay b21 ax + b22 ay + b23 az

Az b31 A+ b32 ay + b33 3

Since [b ] is the matrix of an orthogonal transformation, the inverse [brs] 1 s
merely the transpose of [b ] .

Figures 2-4 and 2-5 showing the spacecraft geometry are also useful in visualizing two
other moving coordinate systems which are defined for convenience. The strut coordinate
systems are fixed in each of the lower links, with the origin at the footpad pivot. The y'
axis is parallel to the lower link, positive outboard, the z' axis is perpendjcular to the
lower link, positive down, and the x' axis completes the triad. A vector a'in the jth

strut coordinate system can be transformed to vehicle coordinates by

a-a—f+a]+a [grs] ry
RN - (2)
where a'=a'i' +a' i + a' k'
X y z
and cos ej cos‘Yj sin 6]. -sin Y, sin Oj
. = |-sin B, cos Y. cos 6. -sinY. cos@.
[gl‘s]] ] ] ] )} )
0 sin Yy, cos Y.
m‘y] j

e j is positive in a left handed sense relative to the spacecraft z-axis.

The footpad coordinate systems are defined similarly to the strut coordinates, except
for an additional rotation about the footpad hinge line. ,The z"axis is comcxdent with
the footpad centerline, positive down. Then a vector a" in the jth footpad coordinate
system can be transformed to vehicle coordinates by

a=ajiraj+a k= [drs].a (3)




—_ —_ —_

where a" = a"'{ i"+ a'); "+ a; k"
and
cos Oj cos (‘Y]. - Ot].) sin 9]. - sin (7]. - Olj) sin Gj
[drs] j = -sinOJ. cos(‘V:i - aj) cos ej - sin (‘Yj - aj) cos()j
0 sin (’YJ. - aj) cos (‘Y]. - aj)

aj is positive in a left handed sense relative to the x' axis in strut coordinates.

One additional fixed coordinate system has been defined. The surface coordinate system
differs from the ground coordinates only by a rotation 6 about the X-axis. In surface
coordinates the X' and Y'axis lie in the plane of the surfice, and the Z' axis is normal to
the surface, positive down. A vector A' in surface coordinates can be transformed to
ground coordinates by

.Y AN N AN AN
- 1
A= AT+AT+A K= [crs] A )

where N RN AN
A'= AT +A' J'+ AL K'
X y Z

and
1 0 0
[Crs] = 0 cos es sin Gs
0 -sin es cos es

es is positive in a left handed sense relative to X-axis in ground coordinates

2.3 SPACECRAFT GEOMETRY

The positional and kinematical configuration of the spacecraft is described by the equations
to follow. Refer to Figures 2-1 through 2-5 for definition of the basic elements of the
spacecraft geometry. Unless otherwise specified, the geometrical equations are written

in vehicle coordinates.

The positions of the vehicle hardpoints relative to the CG are given by

(upper) -F};;? = (Qp + QA sin B) sinej?+ (,Qp + 0, sin B) cosej?\+ (ACG-.QAcos B)-lis)

[ ]
]
7+



=1 Leg Set

Figure 2-4. Vehicle Geometry
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Strut Coordinates x'y'z'

Footpad Coordinates x''y''z"

Figure 2-5. Strut and Footpad Coordinate System
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—_— AN D LN
= ine, 1+ . ACGk 6
(lower) Thp Qj _Qp sin@T+ 0 cos e, T+ (6)
The footpad pivots are described by

AN N BN
rfp = (Qp +‘QL cos'Yj)sm Bj i+ (&p + ‘Q‘L cos ‘Yj) cosej j+ (ACG+Q.L sm‘Yj) k (7

and
LAY . o _\ o_\ S N\ N

= -4 (sinv, 8in®,7.1 + 8in?, 0.7)-cosYYK)+@x T 8
rfpj L(sm"/] in®; 7,1+ sin¥; cos 6,%j - cos ¥, ; ) + fp (8)

i

The velocity of the pivots in surface coordinates is

o _\ N e _\ - N\ —
W g iy, Py R - [6,] 1R bl T |

(] + r (9)
fp. . fp.
PJ fp] fp:i p] CG P]
where
— ¢ N o\ e
R = XI+YJ+ZK

The sliding velocity comprises the components of (9) parallel to the surface
° ® 2 ® 2
- 1 t
sfpj = ‘/Xfpj + Yfpj : (10)

The length of the jth upper (shock absorber) link is described by

_ 2 2 1/2
I, = [5° #4020y ey - 8] (1)
and 5 0
= - 12
D, [‘QA L, cos (‘Yj B) ‘7]] / ‘QD]- (12)
The surface of the jth crushable block (in the uncrushed condition) is located by
LN RN N —
rBoj = Q, sin Gj i +.Qc cos Oj j+(8CG+hg )k (13)
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The surface of each crushable footpad is separated into two subdivisions, one on either
side of the hinge line. These subdivisions, shown in Figure 2-6, are described by the
location of the centroids of the individual surface areas. In footpad coordinates, the
location of the kth segment of the jth footpad (uncrushed) is

" _i'\ —j-\ h T(A (14)
r = x A + y " + "
co ik Cx Ck fo
where
xck =0 k =1,2
yck = 2df/3,. k =1

Then the position of the kth centroid of the jth footpad (uncrushed), measured relative to
the CG in vehicle coordinates is obtained from (3), (7) and (14):

\ \ —_—
r°°jk - rfpj + [drs]j T o " (15)

The amount by which the various crushable elements are compressed is obtained by cal-
culating the "interference" between an uncrushed element and the surface. Calculation

of this interference requires determination of the vehicle position relative to the surface.
Using (1) and (4), a unit vector normal (inward) to the surface can be expressed in vehicle

coordinates by

2 ol o] ¥ i

—

and since a unit vector parallel to the crushable block centerline is k (vehicle coordinates),

then the angle between the block centerline and the surface normal is obtained from
LN
cos EB =n -+ Kk 17

In surface coordinates the position of the center of the uncrushed block surface is

Foo, = [Cea] ™ {Rcs + [bre] 7o | as
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' Section )

; h
Se;:;mn: ? l;f fo
o A I

i ® denotes point of application
of ground reaction and
friction forces.

3x 37

ft———— df ——»———4

Figure 2-6. Footpad Sectioning
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L i —

where — D AN =\

RCG = XI+YJ+ZK

and we have used (13) together with RCG’ the position vector of the CG in ground
coordinates. The Zp  component of g’ o in (18) is measured normal to the ground

surface and locates the surface of an uncr]ushed block relative to the surface. If Z'Bo is
positive, "interference' between the ground and the crushable block is predicted. = j
No actual interference is possible, naturally, but crushing will occur. The thickness of
the crushed block is

hy, =h

1)
B BOZBO

) i

Then the center of the surface of the jth crushable block (crushed condition) is given in
vehicle coordinates by

/ cos EB (19)

-l
) k

)

(20)

D A
r =ﬂcsin9ji+Qccosejj+(ACG+hB

B

which is similar to (13). Since the vehicle coordinates constitute a moving coordinate
system,

O: _A 3 L ] A
r, =wxr_ + h, k (21)
B B. B
i i i
where — AN D AN
W= w i+w_j+rw_k
X y z

and the velocity of the block surface in surface coordinates is

Ty, - el {Rea [5] T | 2

[ ]
where Ra_\‘is the velocity of the CG in ground coordinates. But when the block is in

contact with the surface, the component of Ré?lnormal to the surface exactly cancels
the corresponding component of rg.—\ so that (22) reduces to
)|

—_\ e - e AN
R, =X I'+Y'B J' in surface coordinates (23)

j j
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[ ] : ®
X'g =Xcg * bu(“’yzsj' Wy YBj) * blz(‘"z"Bj"”szj) +byg(wyy B, “"y"Bj * th)
[ ] [ J
Yp =cosb [YCG + bzl(“’yzaj‘“’zyBj)*bzz(“’z"Bj'“’szj)*bzs(“’:é’ Bj“"y"aj* th)]
[ ] ®
- 8in@g [zcc;*bm(‘"yzsj“"zysj) +b32(wsz]'wszj) +bgg(@,y B, “y'p, * th)]
The sliding velocity of a block is

(29)

when the blogk is in contact with the surface. It is convenient to neglect the small con-

tribution of hB in the determination of sliding velocity (24). While B, can be calculated,
j .

several computer operations would be necessary to evaluate the terms. Since (24) is used
primarily to establish the sliding friction coefficient (Figure 2-7), and since this coefficient
is relatively insensitive to Sg above .05 ft/sec., the omission of hB is justifiable.

i j
Following an approach similar to that used for the blocks, a unit vector normal to the
surface of the footpad is defined in vehicle coordinates

_ = BN N
anj = sin [aj-'yj] smej i+ sin E’j - 'yj] cos ej j + cos [a]. - ‘Yj] k  (25)

so that the angle between the footpad centerline and the surface normal is obtained from
(16) and

cos §. = Rf en (26)
] nj

The position of points on the surface of the jth footpad (uncrushed) in surface coordinates
is obtained using (1), (4) and (15).

—_— -1 {_._\ _ (@)
R' = [C ] R + [b ] r
cojk rs CcG rs cojk
The Z' co. Component of (27) defines the "interference'' measured normal to the surface,

jk
so that the thickness of the crushed kth section of the jth footpad is
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Figure 2-7. Sliding Friction Coefficient versus Velocity
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Figure 2-8. Footpad Crush Pressure Profile
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h, =h, -2 / cos §. (28)
fjk fo cojk i

24 DETERMINATION OF FORCES AND TORQUES

Forces generated in the footpads and crushable blocks are of two types: a crush force
acting normal to the ground surface and a friction force due to footpad sliding. The
friction force is in opposition to the sliding velocity (parallel to surface) and is propor-
tional to the crush force. The factor of proportionality, or friction coefficient, is
actually a function of the sliding velocity, as shown in Figure 2-1.

Figures 2-8 and 2-9 present the force-deflection characteristics of the footpads and blocks,

respectively. These force-deflection characteristics are denoted Pc and PcB , and
jk J

define the crush pressure profile of the pads and blocks. The crushable elements follow

an elastic relationship during unloading and reloading. Permanent set may exist in the

crushable elements.

Taking into account the variation of footpad crush force and contact area with angle of
loading (Reference (a))

2

rdf Cf 2
F g = (0.75 +0.25 cos 2&) L P_ (29)
' 8 cos ¥ok=1 jk
>
=C P
£] k=1 cjk

and using (16) the force vector acting on the footpad hinge due to crushing is

T Y (30)
FcEfj = 'Fcifj n

A unit vector in the direction of the sliding velocity in surface coordinates is obtained

from (9) and (10) }’( , ;_'
RN fpj > p; T
fp. fp.
P Pj
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Figure 2-9. Block Crush Pressure Profile

Then the friction force, expressed in vehicle coordinates is

— » SN
c
[ I‘S] ]

F“Sfj = - chfj [brs] t (32)
using (30), (31) and Figure 2-86.

Derivation of the forces due to the blocks parallels (29) through (32), with the added
simplification that the block is not subdivided into sections.

The effect of loading anglé on contact area is ignored since £B. must be a small angle
(less than about 10° for a contacting block). ]

Then

LJ de
FcEB. =" Cp(0.75 + 0.25 cos 2§, ) P o (33)
4 i
i i
and from (16)
—_ Y
Feen chBj n (34)



A unit vector in the direction of the block sliding velocity is

N
R'
- B
tB. = —
) SB

in surface coordinates, using (23) and (24). Then

N (N (35)
F#EB]. - -“‘Bj Fch]. [brs] [ rs] tBj

in vehicle coordinates,

The gravity forces acting on the system (vehicle coordinates) are

T 1 (36)
Fg. = mp. g [br s] k
] )}
for the footpads (a small effect) and
— -1
= 1
Fo = Mg [brs] K (37)

for the main mass,

The summation of external forces in vehicle coordinates is then

f\’ F 23: [F > F > F > F > F 2‘] (38)
= + + + + +
Gt . . £ * Fugg . B,
=1 | & c& €, 7 "cgB;" M EB,

from (30), (32), (34), (35), (36) and (37).

The torque about the spacecraft axes, due to the external forces is obtained with the help
of (7) and (20)

—

3 \ N N
T= ) {r, x(F
j=1 { oy~ et

Fol) F .o+ F \)} (39)
+ +T_ X +
j " Tmgr) e MFegn, t Tugn,

The forcing functions expressed by (38) and (39) are sufficient to define the spacecraft
rigid body rotations and motion of the CG, Other forces, however, must be accounted

for in the determination of rotation of the lower link with respect to the spacecraft hard-
points, and in prediction of footpad rotations.
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Using (11), the deflection of the shock absorbers is defined:

j = QDO = QDj (‘0)

The shock absorber is preloaded so that initially, some compression exists in the metal,
in the amount of

8g = Fp/Ks (41)

When § y < ‘E’ the combined spring and preload force is

st = K 3 (42)
When § i >8E » the combined spring and preload force is
stz KD ij (8, - ‘E) + Fp (43)

where sxj, the nonlinear spring profile, is shown in Figure 2-10.

The shock absorber damping force is

F. o= -0
Dy 7D

| % (0

where SD the nonlinear damping prcme is also shown in Figure 2-10. R.D R in
compreulon and R, = Ry in rebound. .QD is obtained from (12).
The mechanical friction force is

: }
Ff =z =)y —ﬂ-—lstl (‘5)

Then the total shock absorber force is

F, = F, +F‘ + FD _ (46)

l g 4D
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Figure 2-10. Shock Absorber Spring and Damping Profiles

Then using (5), (7), (11) and (46), the vector representing the shock absorber force on
the footpad hinge (vehicle coordinate) is

F
- ) P L |

- J
Fy = ] (rfp. - rhpu.) (47)
j Dj i J

The sum of forces acting on the hinge in strut coordinates is obtained using (30), (32),
(36) and (47).

R - RT+RT+RE -1 - T LT 48)
LR . P
i xi' + Ry'+ RK [grs]j FCEfj + F“£fj + ng+ Flj (
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Only the Rz component of (48) produces a torque about the lower hardpoint tending to
change ‘Y].. Rx and Ry produce reactions. Then the torque tending to rotate the lower

link is

T,yj =2 sz ’ (49)
The crush force on the kth section of the jth footpad is given in footpad coordinates by
R TRLEM LR T -1
chk = chjk "+ F Cij] +F 2 K'=-C £, chk [drs]j n (50)

jk
using (16) and (29).
The friction force, expressed in footpad coordinates and using (29), (31) and (32) is

F F i" + F "+ F K C Vp I O C t
[ = Pt it + F" "+ F" = -u. [ ] [ ] [ ] :
. . . Z. . c, rs]. s rs 51
B B BY ik B2y i 21 i r i (51

Then the torque, due to crushing and friction, tending to rotate the footpad about its
hinge is '

T*
an = -V F'  +F" + h " + F" (52)
ik Cx [ czjk “zjk] fjk [ cyjk “yjk

using (50) and (51). A positive torque denotes a tendency to increase a.. If the footpads
are on the stops, additional torque will be generated by elastic forces

'Ka (a] - az) az <aj

Then the total torque tending to rotate the footpad is

2
T = 2 'r:x +T (54)

@ k=l k5

[ ]
(&4
w




2.5 =~ EQUATIONS OF MOTION

The forces and moments developed inthe above equations constitute the forcing functions in

the differential equations of motion. Using (38) the translational equations (uncoupled)
of motion written in ground coordinates are

AN LN
[brg] F=MReq (55)

which can be integrated twice to determine CG position and velocity. The Euler equations
for rotational motion utilize the torques presented in (39) and the definition of @ in (21):

L . UL | N

T=L+ wx L (56)
—
where the angular momentum L (vehicle coordinates) is
N N
L=[J]w (57)
also LAN AN
L=[J] w (58)
and —
I -1 -IT
XX Xy Xz
Jd = -1 I -1 59
yx Yy yz (59)
L-I_zx 'Izy L2

It is convenient to rewrite (56) as

oo M-} (60)

3 . . L J L L ]
which are three equations, uncoupled in Wy Wy Wy

y
The integration of (60) provides the angular velocity components w x' Yy W

A

Before integrating a second time, the angular velocity components must be transformed to
components of the time rate of change of the Euler angles.

To accomplish this, recall that the angular specification of the spacecraft requires suc-
cessive rotation in ¥ , ¢ ,and = (Figure 2-3). Keeping in mind the order of rotation,

2N e . « o JEEN -
¥= ¥T= ¥ = ¥(cos®i,+sin ¢ k,) (61)

e — ' —

= W[cos¢(coszi-sin Ej)+sin¢kl]
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-

e= 4], - i, (61)
. a (Cont.)
= ¢ (8inz i+ cos z'j'j
8 _ P
But since w=w T+ wg T+w,k (62)
W 8 a
= v+ P + =
then
(l)x i
Wy = [A] ¢ (83)
W, z
where
COS8 @ COBZ sin= 0
[A] =]-cos ¢ sinz cos = .0 (64)
sin ¢ 0 1

The determinant of [A] is

det [A] = cos ¢

Therefore [A) "1 oxists if cosé 4 0. Note that in general, det[A] # 1, so that
[(A]") 1 ot merely the transpose of [A]. Rather,

cos = -sin = 0
(A) -1 = ; cosé sin:= cos® cos= 0 (65)
cosé
-siné cos = s8ine¢ sinZ= cos ¢

provided cos ¢ ¥ 0.




Then

e
[}
(=
i
-
€
]

(66)

{1]le

and (66) provides three equations, uncoupled in the Eulerian angular rates, which can be
integrated to obtain ¥, ¢,and = .

The restriction on the existence of [A] '1, i.e. cos ¢ # 0 does not constitute a serious
limitation since the spacecraft will rarely experience this orientation without failing the
stability test ( see para. 2.7). But since it is occasionally expedient to omit the stability
test, further discussion of this point is in order.

2n-1

Suppose cos ¢ = 0 sothat ¢ = = *(n=1,2,......). Reference to Figure 2-3 will
show that under these circumstances, the ¥ and Z rotations are performed about the

same axis in space. Hence, the ¥ and X angular rates cannot be distinguished. When
cos &= 0, sin ® = z1, (63) and (64) give

w, = ¢ sin Z
= &cos =
wy L
from which
[ ]
3 2 2
o= wy + wy
also . . (67)
w, = ¥ +=

Then £ can be arbitrarily chosen (the previous value is convenient). From above

. .
t¥ =@ - ZpREV

where the sign of sin & determines the proper choice of sign. The Euler angles can
be obtained by integration as before.

With the help of (49) the equations of motion for the lower links are
o

T =17 68
v Y (68)
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It has been assumed that % j can be considered as an instantaneous rotation about the

lower hardpoint which is temporarily fixed in space. This assumption should be valid
in light of the vast difference in the inertia properties of the vehicle body and the lower
link,

Using (54) and the solutions of (68), the differential equations governing the footpad
rotation are

Ta = T (G- ¥y (69)

The integration of (55), (56), (68) and (69) provides new values for the kinematics and
position of the spacecraft. These new values provide the starting point for the next pass
through the equations developed in this section. A detailed discussion of the integration
method will be found in Section III.

2.6 GROUND CLEARANCE -

Spacecraft ground clearance is measured normal to the surface and represents the mini-
mum distance between the lower hardpoints and the surface. Using (6), the positions of
the lower hardpoints in surface coordinates are

t ? A’ t JA' z' .-KA'
thlja xhpljl"'thlj + hp

[c"]‘l Reg + [bce] ——‘}rhp,j | (10)

and the ground clearance is

'GC = 'z'hp Y - (71)
where -Z'h p yi is the minimum value of -Z'hp y) j

37  STABILITY DETERMINATION

Evaluation of vehicle stability is accomplished through a subsidiary set of equations which
parallel the determination of the vehicle motions. A particular landing 18 considered "un-
stable if the spacecraft attains a toppling configuration. A landing is considered "stable"
if the vehicle motions subside to such a degree that toppling is unlikely. .

Figure 2-11 illustrates some of the geometry,of the stahjlity calculation. The "principal
plane of motion' is defined by the vectors and g, a unit vector from the CG in
the direction of the gravity force. All vectorsqn this discussion are expressed in ground
coordinates except as otherwise indicated.



<= Principal Plane
of Motion

Figure 2-11, Stability Geometry

Toppling is considered imminent when -g' passes outboard of the triangle joining the
three footpad pivot points, a situation which can be encountered in two ways. The most
frequent situation will be "'pitch instability'* where the spacecraft topples in the direction
of Rag, with the two "'critical feet" remaining astride of the principal plane. (At any
given time the "critical feet'' are that pair, astride of the principal plane, which are
furthest advanced in the direction of the motion.) The second type of unstable configura-
tion is ""yaw instability."" This unusual situation would occur if the vehicle were to rotate
to a position with all three feet on the same side of the principal plane.

As long as f passes inboard of the feet, it is ppssible to define a meaningful, quantitative

measure of stability, Define first the vector in the principal plane, extending from

the CG to the point at which the line joining the criticgl feet_;gtersects the principal plane.
8 )

The stability angle ¢ is then formed by the vectors and remaining positive for
stable configurations. For pitch instability the stability angle becomes zero at neutral

stability, but for yaw instability the angle ceases to be defined at the neutral stability
point,
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The stability angle is evaluated as follows: Using (7), a vector from the CG to the footpad
pivot (ground coordinates) is

— ——
prj = [brs] rfpj (72)

The location of the feet with respect to the principal plane is determined by successive
tests of the quantity

. . N
g ° prj

(RCG x

For a specific foot, this quantity wil] be positive if the foot is to the "left" of the principal
plane (looking from the CG along R..) and negative if the foot is to the "right," S Then
for any configuration in which the feg?are astride of the principal plane, ( cG X g 'R

will be either positive for exactly one specific foot, or negative for exactly one

specific foot. In either case, denote the subscript for the foot j=s. This i8 one of the

critical feet, and is located by pr .
8
—_t s
Considering the case where (RCG xg) °* pr is negative, the sth foot can be thought
8
of as being to the right of the principal plane. Since the feet are numbered CCW (looking
down), the other critical foot will be j=s+1, in this instance.

N N
Denoting the vector from the sth to the (s+1)th foot by pr - Rf o we have
s+1 8
N AN AN N
A =R +A (R - R, ) (73)
fps fps+1 fps

where A is a positive number between zero and one. To determine A, form the scalar
product of (73) with a unit vector n normal to the principal plane:

—— . > e =~
> _BReg*K  Yegl-Xegd
S s 7, q 2 (14)
|Foe x| VX6 + ¥eg
also
A n=[R_+r® -RO] -7 (5)
A +n=1|R + (R - ] *n
[fps fpsM-l fps

-
Since A and n are orthogonal, (74) and (75) yield the scalar equation



Xco Yip. - Yo *ip

- s 8
Y. (X - X, )-X.n(Y -Y, ) (76)
cG fp|s+1 fps CG fps+1 , fps

so that from (73) and (76) Ax, Ay, Az (components of A) can be evaluated:

A, = X, +A (X -X. )
X fps fx:'s+1 fps
A =Y A (Y -Y M
y fps M fpsi-l fps) ‘ an
A =127 Z -7
z fps A fps+1 fps)
from which -~
_ 2 2 2
Al -‘/Ax +A" + A (78)
and the stability angle is
-1 Az
0 = COs - (79)
14|

LI G . N '
For positive (RCG xg) * R, ,the calculation of ¢ is similar, except that the sth and (s+1)th

fp’
feet are significant.

2.8 TOUCHDOWN GEOMETRY WHEN FOOTPAD IMPACT TIMES ARE SPECIFIED

The mathematical model developed in this section has been modified to permit calculation
of spacecraft dynamics based on specified impact times for the footpads. The coordinates
of the impact points of each foot are then used to calculate ground slope, cross slope angle
and to transform the spacecraft angular orientation into the most convenient coordinate
system,

Let the initial angular orientation be denoted ¥ o’ Qo’ and = o The coordinates of the

impact points are known in preliminary ground coordinates and are represented by

- N N
ﬁ'j = X1+ Y7+ 4K, (80)

An impact point is defined by the coordinates of the surface centroids of the uncrushed
footpad sections No. 1 (Figure 2-6) at the respective impact times. These coordinates
are in the preliminary ground coordinate system which is defined at zero time in the
manner described on page 2-5.
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The three impact points (Pl, Pz, P3 corresponding to the respective footpads) form a
plane. Define

- N - -
A = Axlo"'AyJo"'AZKo
RN ) N -
A \ = N -
B = B,I,+B J +B,K
X JAN -
= Ky - X)T 4 (Yg - Y) T+ (Zg - 2) K

. D
where A and B lie in the plane of the impact points (see Figure 2-12),

Obtain a unit inward normal vector to the surface from

Y AN AN N

n = nxlo"'nyJo"'nzKo
AN (82)
AxB

1Zx5]

N
Check the direction of n by testing the component in the Z direction. If n, is positive,
the desired vector has been defined. If n, is negative, reverse the signs of the components
from (82).

=
Since Ko is a unit vector directed vertically down, the ground slope is given by

cos()s =‘n\-i°=nz (83)

Next define the horizontal unit vector into the slope

> S S
a=a 1l +a J

Loav g A A o
=-(nxK)xK_/ I(nxKo)xKO (84)

> S 2 2
-(nx Io+nyJ°) /‘/nx +ng

If the horizontal velocity of the CG is defined as

D D oD
VH = ){IO+YJo (85)
then the cross slope angle is given by
D S
cosA=(VH-a)/IVH| (86)
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Figure 2-12, Determination of Cross Slope Angle and Ground Slope
From Known Footpad Impact Points




It is convenient to specify the spacecraft angular orientation in a new ground coordinate
system which is defined in the manner of Figure 2-1. The new ground coordinate system
is obtained by rotating the preliminary system through an angle § about the Z_-axis (see
. LT o]
Figure 2-13). The angle of rotation is given by
-—

cos £ = a°J0=ay (87)

The angle lies between + 180° and is positive if the rotation of coordinates is positive in a
right hand sense relative to the preliminary system. The sense of the rotation can be
determined from the sign of a_ from (84). A negative value of a_ implies a positive
rotation &, The Euler angles %1 the spacecraft rotation relative’to the new ground coordi-
nates can then be obtained from the rotation of coordinates about Z:

sin ¢ = sin ¢ cos £ - sin ¥ cos ¢ _ sin £

sin ¥

[sm ¢, sin {+sin ¥ cos & cos{,]/ cos ¢ (88)
sin= = [cos ¢ sin = cos § -(cos ¥ cos =

- . e Y e
sin¥_sin ¢ sin o) sin E]/ cos¢
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(The angle shown
is negative)

Figure 2-13. Rotation of Preliminary Ground Coordinates
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SECTION Il

COMPUTER SIMULATION OF HARD SURFACE LANDING

3.1 FLOW THROUGH COMPUTER PROGRAM

This particular computer program differs somewhat from similar digital computer simu-
lations in that the integration subroutine controls the program after a relatively simple
initialization phase (see Figure 3-1 for a basic block diagram of the program). That is,
the integration subroutine (RKP) receives the initial conditions, performs the required
integration, prepares values for printing, error checks the integration and, in general,
controls the operation of the program. Two subprograms are required by the integration
subroutine. One is a subprogram to calculate an array of derivatives from an array of
integrated variables. This is handled by subroutine FEP and various subroutines which

it calls. The second is a subprogram which will receive the integrated variables in an
array and translate them into the required output format. This is done in subroutine PRT.

At the beginning of the program, a series of four tables are read in as input data by the
subroutine TABLIN. These tables define characteristics of the footpads, crushable blocks
and the shock absorbers. After the table-read, the data describing the initial configuration
and conditions are read by subroutine INPUT. This information is then printed on the
summary sheet. The final subroutine which is called in this initialization phase is sub-
routine INIT. This subroutine adjusts the input variables for units (degrees to radians,

for instance), calculates and/or sets various constants which are used later in the program
and calculates additional initial information based on the input configuration and conditions,
The three subroutines, TABLIN, INPUT, and INIT, are called from the main program,
After these subroutines have been called, the YI array of variables is set in the main
program. This array in part consists of the initial values of the twenty-four variables to
be integrated during the course of the program. These initial values, established in sub-
routines INPUT and INIT, comprise the positions and velocities of the CG, rigid body
rotation about the CG, rotations of the three lower struts and rotations of the three foot-
pads. The remaining elements of the YI array are zeroed in preparation for calculations
to determine the work done on the footpads, blocks, and shock absorbers. Either five or
fifteen elements of the YI array are used for work calculations, depending upon which
output option is activated (see Subsection 3.4.4.3)., Next, an error (ERR) array is estab-
lished. This array contains total allowable truncation errors permissible per second of
simulation time. Upon completion of this task, the main program transfers control un-
conditionally to the integration subroutine, RKP.

Subroutine RKP performs a multitude of tasks 'including a fair amount of hbusekeeping as

well as integration, its primary function. It must set or respond to various flags which
signal events, such as the termination of program flag. It must generate the independent
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Figure 3-1. Block Diagram of Overall Computer Program

TABLIN INPUT INIT RKP
FEP PRT
CONFIG STAB FORCE INTEQM

1
ENTRP



variable (time). It must calculate the truncation error, compare the error to the allow-
able error and adjust the integration interval in accordance with the size of this error.
It must ascertain whether output printing is required during an integrated interval and
if so, interpolate from the integrated values a set of values consistent with the instant in
which output information was required. It must determine if the input information re-
ceived from the MAIN program is meaningful within rather broad boundaries and last,
but not least, subroutine RKP must be able to integrate efficiently and accurately.

The integration subroutine RKP calls only two other subroutines: FEP and PRT. FEP
(Function Evaluation Program) is required to have the capability of computing an array
(D) of derivatives of the Y array at the time, T, when supplied with the values of the Y
array at time, T. A further requirement on FEP is that the derivative array must be
independent of past history and calculations and only dependent on the Y array and initial
constants. The subroutine PRT is required to accept output information for printing at a
rate specified by the PRT subroutine,

Subroutine FEP receives an array (Y) of integrated values from subroutine RKP, In FEP,
these values are set equal to others whose symbolism is somewhat more meaningful (e.g.
ALPH(1) = Y(4)). This information is then transferred to a subroutine which calculates
the configuration of the vehicle in detail (subroutine CONFIG). Based on the configuration,
a second subroutine makes a determination of the stability of the vehicle (STAB). Next,
calculations of the footpad, block and shock absorber forces as functions of the configura-
tion are performed. These forces are used to calculate the torques on the lower struts,
the torques about the CG and the forces affecting the CG. These rather lengthy calcula-
tions are performed in subroutine FORCE,

The forces and torques in conjunction with the input mass and inertia terms are combined
in the differential equations of motion to generate the derivatives. These calculations are
done in subroutine INTEQM. Finally these derivatives are appropriately transferred to
the derivative (D) array at the end of subroutine FEP,

In summary, the MAIN program calls the subroutines TABLIN, INPUT and INIT for
initialization. The MAIN program transfers control to subroutine RKP. RKP calls sub-
routine FEP which in sequence calls CONFIG, STAB, FORCE and INTEQM. Subroutine
FEP basically acts as an interface between the integration routine, RKP, and the CONFIG,
STAB, FORCE and INTEQM subroutines. This procedure is repeated and the integration
proceeds. As output information is generated, it is transferred to subroutine PRT.

3.2 INT EGRATION METHOD

The integration method used in this program may be described as a variable interval,
error checking Runge-Kutta integration method. The basic integration method is a fourth
order Runge-Kutta integration procedure.

With the constant interval Runge-Kutta process, four evaluations of the derivatives are
required in order to integrate over a given interval. However, the procedure in this pro-
gram requires eleven evaluations of the derivatives to integrate over a given interval,
This would appear to entail a large running time penalty over other methods. However,
this has not been our experience.
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In a given interval, a fourth order Runge-Kutta will require evaluations of derivatives at
the beginning of the interval, two in the middle of the interval and one at the end of the
interval. The method which is used in this program does this and additionally cuts the
given interval in half and repeats this four-step process twice more to again integrate
over the original full interval. This effectively results in two answers to the same
problem. Both of these answers, by their very nature, are in error from the exact
answer. The difference between the two answers is proportional to the major portion of
the truncation error in the smaller interval integration. The difference is used to improve
the answer derived from integrating over the two half-intervals. This improved answer
is theoretically as accurate as a fifth-order Runge-Kutta procedure. The remaining
truncation error is then calculated and compared to the allowable error. If the error is
less than the allowable error, the next integration interval will be expanded proportion-
ately. If the error is greater than the allowable error, the interval size is cut in half,
This permits the use of the derivatives calculated in the first half interval and seven, in-
stead of eleven, more sets of derivatives are required. The error checking procedure
is repeated and the evaluation process is repeated.

Since the Runge-Kutta procedure is performed completely three times during a given
interval, twelve evaluations of the derivatives would appear to be required. However, the
derivative array calculated at the beginning of the full interval will also be identical to

the derivatives required for the beginning of the first half-interval; therefore, recalculation
is unnecessary. This also is the explanation of why seven instead of eight evaluations of
the derivatives are required in the event that an interval must be cut in half.

This method is particularly well adapted to the Surveyor program. A typical landing on

a hard surface will normally involve one or more abrupt contacts with the surface re-
sulting in generally discontinuous derivatives and invariably a free flight phase where

the derivatives are essentially constant and in some cases zero. During an abrupt contact,
the integration interval will be reduced,and during a free flight phase, the interval will be

broadened. Regardless of the situation, the accuracy of the calculation remains within the
specified limits,

Other integration methods have been investigated, but for this particular problem, none
have surpassed the variable interval Runge-Kutta integration method. Another variable
interval method, Milne integration with Runge-Kutta starting, works quite well in problems
where the derivatives experience only occasional abrupt changes. In the case of the
Surveyor landing, however, abrupt changes are not unusual so that the Milne integration
routine is not often able to choose a larger integration interval. The reluctance of the
Milne routine to takea largertime interval stems from the conservative interval adjust-
ment policy which must be followed in order to avoid a premature increase in interval
size, and the resulting running time penalty for restarting.

Constant interval methods ordinarily will be suffering inaccuracies during periods of
abrupt change due to an insufficiently fine time interval, During smooth periods, such as
free flight, these methods will be "loafing'" in their failure to take full advantage of the
situation. Even so, good results have been obtained with a constant interval Runge-Kutta
(at=.002 sec.), but no advantage in running time has resulted. Trapezoidal integration

improves running time only in the event that time increments are dangerously large from
the standpoint of accuracy.
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3.3 ERROR CHECKING PROCEDURE

The basis of the error evaluation procedure is the foundation of the Runge-Kutta method,

the Taylor Series. In general, the order of a Runge-Kutta integration procedure is a
function of the last term of the Taylor Series which is included in its derivation.
A Taylor Series may be written:

1 1 .°m 1.3 m 1.4 1IV1I 5 V 1 .6 VI
y1=y°+hy0 +-2—!h Yo +§—§h yo "'T;'fh yo +-§-:h Yo +6_!h yo + m——
where: h is the interval of the independent variable,

y is the value of the dependent variable at the beginning of the
interval, h,

i is the value of the dependent variable at the end of the interval, h,

is the n-th derivative of the dependent variable at the beginning of the
interval.

and y

A fourth order Runge-Kutta procedure is used so the truncation error is:

_1,5 V. 1.6 VI _
15 Yy ter Yo

The error for an interval half as large would be:

h\5 V 1 (h\6_ VI _

2 yo 6. \2 yo

1_(1_ pdy Vi, L 1 \,6 VI

5T \32)" Yo ter (61 )" Yo t°C

The total error for two half-intervals would be equal to 2 - e, or
2

eo=1 (LYnd V.1 (L) 6, VI, _____
275 \16/) " Yo 67 \32 Yo

o
o =
1]
cnl —

Since yov, and yOVI, etc.,are not known, the exact value of these errors cannot be evalu-

ated. Let the exact value of the integrated variable at the end of the interval h be vy

Then the value calculated by Runge-Kutta using one step over the interval will be Yi+€

and using two half-intervals will be Y+ e, If the difference between these values is



calculated, the result is:
(YI + el) = (yl + 62)

]

®
[

[

[
[ -]

1 .56 V.1 .6
= -5Th Yo +'6Th Yo VI+----

L A
L AR AT

It now may be noted that the first term is exactly fifteen times the fifth order error in
e2. If one-fifteenth of the difference, e - ey is now subtracted from ey the remaining
error, e, is now of the order of:

1

¢ () -
b )

Since e, is the remaining error in our calculation, we require that the absolute value of
this number be less than or equal to the allowable error; that is:

|e3| < (allowable error)

The procedure which is now used starts with the calculation of the difference between the
improved integrated value, y) + g and the integrated value resulting from integrating

over the entire interval, yi+eyp That is:

(yl + el) - (yl + 03)

= &1 ¢
) 1 .5 V. 1 6 VI 1 ( 1).,6 VI
Y el e [l ()]
1 .5 V_ 1 (31\,6 Wi
= mhy, *3-‘(7) hyg —#mmms
1 .5 V
= s hy,




In a reasonably well-behaved Taylor Series, the quantity hsy0 VIwould be very much less

than h5y V. For the following, the assumption is made that heyowis, at worst, equal

to h5Y° . This is believed to be a conservative assumption. With the aid of this assump-
tion, an evaluation of eq will be made in terms of (y+el) - (y+e3).

1 6 V1
(--3-5) h'y

1 5V
(’%)"Y

-1 1 5V
*nﬁ(m hy)

~-qi5 (01+e)- 0+ ep)

Now, returning to our error criterion:

R

2')—‘ _ozlt-a

€3

14

| es < (allowable error)
Substituting for ey’

1/180 - |(y; +e,) - (v, +eg)] < (allowable error)

This method has been used and found to be satisfactory.

As the program presently stands, elimination of the fifth-order truncation error is per-
formed on all integrated variables. Error checking is performed on twenty-one. No
checks are performed on the three footpad angular rates and on the work done on the
system. The accuracy of the work integration in no way affects the accuracy of the
program. It is used as a check to see if the work done plus the final kinetic and potential
energy equals the initial kinetic and potential energy. The required accuracy of this cal-
culation is minimal. The footpad calculations have been modified to such an extent that

a check on the footpad angular rate error is meaningless. Error checks are performed on
footpad angular position, however.

The integration interval is adjusted on the basis of the error checks. If the error check
fails, the interval is cut in half. The calculations pertaining to the first half-interval are
now used as the values for the full interval and two new half-interval calculations (based
on the smaller interval) are then computed. If the error check fails a second time, the
interval is again cut in half and this process is repeated until one of two things occur:
the error is passed or the interval is reduced to a preset minimum, If this situation



occurs, further interval reduction is futile since the number of significant figures avail-
able on the Univac 1107 are insufficient for a meaningful comparison of the errors. Under

these circumstances, the error check is by-passed after a diagnostic note on the summary
sheet is printed.

If the error check is passed, a new interval is started. The size of this new interval is

a function of the maximum absolute value of the ratio of the truncation error to the allow-
able error in the present interval. For a situation in which the error check has been
passed, this absolute ratio must be between 0 and 1. The trial size of the next interval

will be:

=(2-U )-h

hy o 2 max) " Po,1

where U2 max. 8 the aforementioned ratio, hO,l is the present interval size and hl,2 is

the new trial interval size. For an error equal to the truncation error, the interval size
remains the same. If no error occurs, the interval will be doubled. The remainder of
the possibilities lie between these two extremes.

3.4 PROGRAM DETAIL

This sub-section describes the usage and composition of the computer program in suffi-
cient detail to enable the user to understand thoroughly the content of the program, and
to apply the program to studies of Surveyor hard surface landings. To supplement the
very general description of the program flow appearing in 3.1, additional descriptions at
two increased levels of detail are presented on the following pages.

The functional block diagram describes in moderate detail the type of calculations which
are being made at various locations in the program, while the program listing presents
the complete detail of the calculations as they are actually performed. A complete defini-

tion of variables, cross references to Section I and program usage instructions are also
provided.

3.4.1 FUNCTIONAL BLOCK DIAGRAMS

Block diagrams describing the functions of the computer program are contained in the
following pages. The subroutines are presented in the following order:

1. MAIN 7. STAB

2. TABLIN 8. FORCE
3. INPUT 9. ENTRP
4. INIT 10. INTEQM
5. FEP 11. RKP

6. CONFIG 12. PRT

This order will also be maintained in subsequent sections.
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Y

CALL TABLIN

CALL INPUT

CALL INIT

SET YI ARRAY
FROM INITIAL
CONDITIONS

————e—— —

SET ERR
ARRAY

CALL RKP
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SUBROUTINE
TABLIN

READ TABLE DATA
AND CHECK FORMAT

ARRANGE TABLES

WRITE TABLE
DATA

CONVERT TABLE

DATA TO PROPER
UNITS FOR SUBSEQUENT
CALCULATIONS

RETURN
END

READS
TABLES-

1. Spring Characteristics vs.

Shock Absorber Travel.

2. Damping Characteristics vs.
Shock Absorber Travel.

3. Crush Characteristics vs.
Footpad Compression.

4. Crush Characteristics vs.
Crushable Block
Compression




SUBROUTINE
INPUT

READ
INPUT
DATA

PRINT
INPUT
DATA

SET CONSTANTS:
x, /180, 180/

CONVERT ANGLES

AND ANGULAR RATES
FROM DEGREES AND
DEGREES/SEC TO

RADIANS AND RADIANS/SEC
RESPECTIVELY

|

SET INERTIA (XJ)
MATRIX

RETURN
END

Reads and
Modifies
Input Data

Consists of Reading:

XM

XIX

YIY

717

XIY

X1Z

YI1Z

XMP
XLDO
DELCG
XLP

XLL

XLA

G
ALPHAD (1)
ALPHAD (2)
ALPHK (1)
ALPHK (2)
BETAD
XLC

HBO
XIALPH
XIGAM
HFO

DB

DF

RC (1), RC (2),

RC (3)

SRL (1), SRL (2)

SRL (3)
XMUF
XMUB

XDOTOC

YDOTOC

ZDOTOC

XKD (1), XKD (2), XKD (3)
XKS

FP (1), FP (2), FP (3)
XNU

XLDMIN

CB (1), CB (2), CB (3)
CF (1), CF (2), CF (3)
THETD (1)

THETD (2)

THETD (3)

THETSD

PSIOD

PHIOD

X10D

XLAMDD

OMEGA (1)

OMEGA (2)

OMEGA (3)

RR (1), RR (2), RR (3)
RUNNO

SERNO

NPHASE

VH

vV

IWILEY

ICODE

XDTP

TFO

HM

TAU (1), TAU (2),

TAU (3)

ERR (4) through
ERR (24)

w
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INIT

INITIALIZATION OF
VARIOUS VALUES

110

CALCULATION OF
INITIAL LINEAR
VELOCITIES

111

CALCULATION OF
INITIAL KINETIC
ENERGY

140

CALCULATION OF
LEG, BLOCK & FOOTPAD
GEOMETRY

250

CALCULATION OF THE
INITIAL POSITION OF THE
VEHICLECG IN

GROUND COORDINATES

RETURN
END

The following program variables
or arrays are assigned a value
in subroutine INIT:

SINTHS, COSTHS
ISET
A- XA, YA, ZA
A - DELEL
A - IBEEN
DELMAX
A - SLOPE1, SLOPE2
XC, YX, ZC
PSI, PHI, XI
A-B
XDOTC, YDOTC, ZDOTC
PFLAG
TZERO
A - XCDP, YCDP
A - GAMMA
A - ALPHA
A - SINTH, COSTH
A - PSB, PSBQ
A - XB, YB, ZBO
A - XHPU, YHPU, ZHPU
A - GAMDOT
A - ALPDOT
A - XFP, YFP, ZFP
A - HPL
A - DRS
A - ZCPMAX
A - PSP, PSPQ
ZPREF
VZERO

"A'" denotes array.

— -



End of
Program
Switch

SUBROUTINE
FEP

Function
Evaluation
Program

+

LFLAG 10
(Y
0

TRANSFER Y ARRAY
TO SYMBOLS USED IN
FORCE, CONFIGURATION,
INTEQM, ETC.

CALL CONFIG

NFLAG

+
36

CALL STAB

- FLAG

GO TO 130

PITCH
INSTABILITY

GO TO 70

=

K
YAW
INSTABILITY

I

GO TO 70

GO TO 60

3-13



YES

NO / TEST FOR OPTION 4 \YES
ACTIVATION /

o5

UPDATE MINIMUM STABILITY
ANGLE AND GROUND CLEARANCE
AND MAXIMUM SHOCK ABSORBER

|G0'I‘0130l

FORCES

o3

65

DOES CURRENT STABILITY ANGLE\ NO

EXCEED MINIMUM STABILITY
ANGLE BY MORE THAN 50°?

No/ IS MINIMUM STABILITY YES
ANGLE GREATER THAN 45°?
68
IS CG MORE THAN A
NO DISTANCE ZPREF AWAY

3-14

|66

VEHICLE STABLE
(ROCK-BACK)

GO TO 70

Note:

ZPREF is the distance measured
along the vehicle centerline, be-
tween the CG and a point .5 ft.
below the footpad surface at

zero time. The test at block 68
checks whether all footpads are
approximately within .5 ft. of the
surface.

FROM THE SURFACE?

S

N

775

NO DOES MAGNITUDE OF CG
VELOCITY IN Z DIRECTION
EXCEED 2 FT/SEC?

—]80

NO DOES MAGNITUDE OF CG
VELOCITY IN Y DIRECTION
EXCEED 2 FT/SEC?

e

190

DOES MAGNITUDE OF CG
VELOCITY IN X DIRECTION
EXCEED 2 FT/SEC?

YES

1100

DOES MAGNITUDE OF ANGULAR
RATE ABOUT VEHICLE x-AX1S
EXCEED .1 RAD/SEC?

YES

]110

DOES MAGNITUDE OF ANGULAR
RATE ABOUT VEHICLE y-AXIS
EXCEED .1 RAD/SEC?

1120

DOES MAGNITUDE OF ANGULAR
NO/  RATE ABOUT VEHICLE z-AXIS
EXCEED .1 RAD,SEC?

125

VEHICLE STABLE

GO TO 130

GO TO 70




SET LFLAG

WRITE TIME

CALCULATE FINAL
ENERGY + WORK
DONE ON THE
SYSTEM

WRITE INIT KE &

FIN KE + WORK

RETURN

(30

CALL FORCE

BOTTOMED
SHOCK
ABSORBER

GO TO 70

N °

3

CALL INTEQM

!

1. SET DERIVATIVE ARRAY
(D ARRAY) FROM
VARIABLES USED
IN INTEQM

2. RETURN
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CALCULATION OF brs MATRIX

120

CALCULATION OF RN, A UNIT VECTOR
NORMAL TO THE SURFACE

124

CALCULATION OF COSXIB & XII

150

CALCULATION OF FOOTPAD POSITION,

SHOCK ABSORBER LENGTH & STROKING
VELOCITY

170

CALCULATION OF FOOTPAD VELOCITY

180

CALCULATION OF drs MATRIX

200

CALCULATION OF CRUSHED HEIGHT
OF THE FOOTPAD

220

CALCULATION OF CRUSHED HEIGHT
OF BLOCKS

224

CALCULATION OF BLOCK VELOCITY

230]

CALCULATION OF Brg MATRIX

3-16
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CALCULATE GROUND CLEARANCE AT
EACH LOWER HARDPOINT

240

TEST FOR OPTION 4 ACTIVATION\

YES AND IF SO, WHETHER ALL FEET
HAVE IMPACTED SURFACE

2499

ANALYZE GEOMETRY TO DEFINE SURFACE
PLANE FROM COORDINATES OF FOOTPAD

IMPACT POINTS

ARE IMPACT POINTS \

NO

NO COLINEAR? YES
/ 2402
PRINT AND SET FLAG
2410 TO TERMINATE RUN

DETERMINE SURFACE
UNIT NORMAL

0
2411 2412
REVERSE SIGN OF PRINT AND SET
SURFACE UNIT FLAG TO TERMINATE

NORMAL TO OBTAIN RUN
INWARD NORMAL

(=

- TEST Z COMPONENT OF +
SURFACE NORMAL ‘

()
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YES

2415[

SLOPE

COMPUTE GROUND

ZERO?

IS HORIZONTAL VELOCITY > NO

2420

2421 < SLOPE

TEST GROUND +
| 2430

0

AND SET
RUN

PRINT ERROR MESSAGE

FLAG TO TERMINATE

CALCULATE CROSS SLOPE
ANGLE RELATIVE TO NEW
GROUND COORDINATES WHICH
ARE DEFINED IN ACCORDANCE
WITH THE SURFACE GEOMETRY

@ Wza

CALCULATE CROSS SLOPE
ANGLE RELATIVE TO ORIGINAL
GROUND COORDINATES

{2448
[ PRINT CROSS SLOPE ANGLE |
. {

YES

1
PRINT GROUND SLOPE
AND COORDINATES OF
IMPACT POINTS

2452

PRINT AND SET FLAG TO

TERMINATE

RUN

]
/13 GROUND SLOPE NO
\ ZERO?
3458

CALCULATE INITIAL EULER ANGLES RELATIVE
TO NEW GROUND COORDINATES

1

PRINT

TERMINATE RUN

AND SET FLAG TO

1

250|

DETERMINE MINIMUM

GROUND CLEARANCE AND
IDENTIFY THE CORRESPONDING
LOWER HARDPOINT

|

RETURN
END




‘ STAB ’

FIND XX FOR EACH FOOT. THE SIGN OF XX SPECIFIES WHETHER THE
FOOT IS TO THE LEFT OR RIGHT OF THE PRINCIPAL PLANE WHEN
LOOKING IN THE DIRECTION OF THE HORIZONTAL VELOCITY VECTOR

68

SET FLAG FOR EACH FOOT ACCORDING
TO POLARITY OF XX

90

YES TEST FLAGS TO DETERMINE IF ONE NO
| FOOT IS SEPARATED FROM OTHER FEET

BY THE PRINCIPAL PLANE

160

THIS IS ONE OF CRITICAL SET FLAG INDICATING
FEET. SET JJ ACCORDINGLY YAW INSTABILITY

200

RETURN

IDENTIFY OTHER CRITICAL FOOT
ACCORDING TO DIRECTION OF MOTION

256

DETERMINE COMPONENTS OF A, THE
VECTOR FROM THE C G TO INTERCEPT
OF PRINCIPAL PLANE BY LINE JOINING
CRITICAL FOOTPADS

|
1
CALCULATE STABILITY ANGLE
259

__"O.@ST STABILITY ANGLE>—+———
260 270

SET FLAG INDICATING SET FLAG INDICATING
PITCH INSTABILITY VEHICLE STABLE AT
THE MOMENT
RETURN
END -
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C FORCE)

10

CALCULATION OF FRICTION COEFFICIENT

70

CALCULATION OF BLOCK FORCES IN
SURFACE COORDINATES
1. Calculation of block crushing
2. Table interpolation for block
profile coefficient
3. Calculation of block force

80

CALCULATION OF FOOTPAD FORCES IN
SURFACE COORDINATES
1. Calculation of footpad crushing
2. Table interpolation for footpad
profile coefficient
3. Calculation of footpad force




120

TRANSFER OF CRUSH AND FRICTION
FORCES TO VEHICLE COORDINATES
FROM SURFACE .COORDINATES

180

CALCULATION OF SHOCK ABSORBER FORCES

1.
2.

3.
4.

5.
6.

Calculate Stroke

Table interpolation for damping profile
and spring rate profile coefficients
Calculate spring force and preload

Test for stroke or restroke and calculate
friction and damping forces

Sum all shock absorber forces

Resolve shock absorber force into
vehicle coordinates
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192

CALCULATION OF TORQUES ABOUT LOWER
HARDPOINT
1. Sum footpad and shock absorber
forces (vehicle coordinates)
2. Transfer this sum to strut
coordinates
3. Calculation of forces and moments
on lower hardpoint in vehicle
coordinates
4, Calculation of torque about lower
hardpoint in a direction which will
cause rotation of the lower leg.

205

CALCULATION OF TORQUE ON FOOTPAD

224
FOOTPAD STOP CALCULATIONS




as0

CALCULATION OF ENERGY ABSORPTION
RATES OF FOOTPADS, BLOCKS AND
SHOCK ABSORBERS

CALCULATION OF THE FORCES
ON THE VERICLE C.G.

310

CALCULATION OF THE TORQUES
ABOUT THE VEHICLE C G.

318

TRANSFER OF ENERGY ABSORPTION RATES
TO ONE ARRAY

360
RETURN

-8
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C ENTRP )

SET CONSTANTS

BRACKETS INPUT INDEPENDENT
VARIABLE BETWEEN TWO
ADJACENT TABLE VALUES

LINEAR INTERPOLATION
OF EITHER ONE OR TWO
VARIABLES

RETURN
END




G

INVERSION OF
INERTIA MATRIX

35

EVALUATION OF
VEHICLE ANGULAR
ACCELERATIONS

CALCULATION OF
LOWER LEG ANGULAR
ACCELERATIONS

CALCULATION OF
FOOTPAD ANGULAR
ACCELERATIONS

CALCULATION OF
VEHICLE C G LINEAR
ACCELERATIONS

CALCULATION OF THE
FIRST DERIVATIVES OF
THE "EULER" ANGLES

RETURN
END




@)

TP =00
T = TO

|

XK1(1) = 1.0
XK1(2) = 2.0
XK1(3) = 2.0

XK3(1) = 0.5
XK3(2) = 0.0
XK3(3) = 0.5

(5-7) [SGN = sIGN (1.0, siﬂ

480 Error
Checks Exit
on
Input
Information

Exit

Set First Interval
to Suggested
Interval

Check Overall

Integ ration Interval

Against First Interval

L L
I CEED

HaTF-T
Initialize Internal ] 10
Switching Parameters :m : i
(Print Switch) EDSW
(End Switch) |
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SUBROUTINE RKP

Initialize D‘(; ?;) I ;Il([’)N
Uand A Arrays o (A&) O
. 1
ZeroTime |cALL PRT
1
Initialize DO 110 I=1N

V() = A(I) - -
V and C Arrays 110 C(1) = A(l)z = YI(I)

Beginning of Big
Integration Interval

(=)

Reset IRSSW and IRSSW = 1
IRKC - IRKC =0

Set Beginning NFLAG = 1
Integration FLAG I

TRFR A Values DO 125 I=1N

to Y Array

125 Y(I) = A()

for FEP Call

Reset NFLAG

Store D in
DY1 for
Later Use

Calculate 1/2
Time Interval

NFLAG = 0

DO 130 I=1N
130 DY1(I) = D(I)

This Block Contains
the Basic Runge-Kutta
Integration Process.

At 170, V Will (Almost)

by ey bty

oo
[ Bl Ble |
RRAR
"
O BN =
—_

*

ol

o

10forK=1
Be the New Value at the . =
End of the Integration :160 YD = C(D + DY * H2 * ;8 ig: § - :2i
Interval. T TTTT T )

0.5forK=1}  ———— =7
T=T+ [00forK=2 *H

The Y Values 0.5 forK =3
Are Sent to FEP
to Use in Calculating g:l&:f 1())
Derivatives. 170 CONTINUE
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Complete Runge-
Kutta Process

IRKC = 0
IRKC = 1 IRKC = 2

Picks up Derivatives
Stored Earlier

Saves V Values Just
Calculated in U Array
Moves A Array toV
Array

Resets Time

Resets H

Signals Start
of Second Pass

Moves Previous Calculated
Values (V) to Y Array.
Same as above to C Array.

Start of Second

One-half Interval

Save Derivatives

For Interpolation.

DO 180 I=1N

180 V(I) = V(I) + D(I) *H * 1/6

IRKC = JRKC + 1

l

GO TO (190, 210, 240), IRKC

200 I1=1
D(I) = DY l(fq

U@ = v()
200 V(I) = A(I)
T=T-H

H = H2
NFLAG = -1
GO TO 140

D

DO 220 I=1N
Y@ = v(I)

220
c( = v()

CALL FEP
DO 230 I=1N
230 DY2(I) = D(I)

GO TO 150




ERROR CHECK
OK

280 Prints

350 Bypasses | GO TO (280, 350) IPTSW |

PRT

Checks to see if T
is Greater Than an
Integration Interval
+ TP (Print Time)

Compares Print Time
and Integration Time

280

310

TP and T are =

Check on Whether
TP was Updated

SETS U ARRAY
FROM V ARRAY

Check on Whether
TP was Updated

Goes Back to 290
to see if Another
Print Interval is in
One Integration
Interval.

Call PRT
Lockout

(IEDSW)

CALL PRT
NO
330
+0
- 340
(YES)
INTERPOLATES -
SET U ARRAY -
CALL PRT

NO
+ 0

(29

Has End Switth 156 10 (350. 410), IEDSW |

Been Set in PRT?

350 |NO 410|YES



Has Final Time
Been Reached ?

Set New (Full)

Integration Interval _UZMAX)* 2 *
on Basis of Maximum [H =@ » —H]

Error 0 S U2ZMAX < 1

Will this Interval
Exceed Interval
Required to Complete
Integration

Does Minimum Allowable
Interval Exceed Interval
Required to Complete

3-30

Integration
Set A and C DO 400 I=1N
Arrays for Al = V()
Next Integration 400 C(I) = V(1)
Interval
GO TO 120

Print Time Set
To T

Flag PRT Routine

That this is Last

Time Through
PRT

Move V Array
To U (Print)
Array

Set TF =T -
Move V to

YO Array -
Return to
Main Program

©

TP =T

LFLAG =1

DO 405 I1=1N
405 U(D) = V(D

®

TF=T

DO 420 I=»1N
420 YO(1) = V(1)

RETURN




©

Entry Due to [ERROR ANALYSIS |

Error Check
Failure

Error OK
Resets Calculated U2 = 1.0
Error
Continues
Checking
Remainder GO TO 250
of V Array

Resets Time

Is New Interval
Less Than Minimum
Allowable Interval ?

Sets Switch to
Start on First
One-half Inter-
val.

Cut H in One-half
Sets U Values to Values at

End of First One-half Integration
Interval.

Sets V and C to Values at
Start of Integration Interval

Sets D Array to Values at
Start of Integration Interval

Flag for Start of First One-
half Interval

Error
Not
Acceptable

IRKC = 1

H = H2

DO 470 I=1N
u(D) = C(D
V() = A(I)
C(n = A

470 D(I) = DY (1)

NFLAG = -1
GO TO 140

!
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ERROR EXIT

PRINT 490

490 FORMAT //28 H RUNGE-KUTTA SUBROUTINE ERROR //
STOP

END

TERMINATION ERRORS

1. Number of Equations < 0
. Number of Equations > 50
. Final Time = Initial Time

2
3
4. (Suggested Interval) < (Minimum Interval)
5. Minimum Interval = 0

FOR EQUATIONS OF THE FORM:

dy
—_— = f(x.,y.)
dx| i 1771
RUNGE-KUTTA _
EQUATIONs %1 = P fx,v))
1 1
k2 = h-f(xo+ 2 h,y0+ 2 kl)
k, = h-f(x + ~h,y + o+ k)
3 Xt 2 MYt 2 %2
k, = h-f(x +h,y +kg
1 1, .1,
Y1=Y+“‘+_“2" 6 X4

x1 = x0+h




o )

100

CONTROLLED PRINT AND
PUNCH OF CONFIGURATION
AND MOTION OF VEHICLE
PARAMETERS

200

CONTROLLED PRINT AND
PUNCH OF FORCES AND
TORQUES ACTING ON THE
VEHICLE

300

CONTROLLED PRINT AND
PUNCH OF THE ENERGY
STATE OF THE VEHICLE

400

CONTROLLED PRINT OF
DIAGNOSTIC VARIABLES

500

RETURN
END




3.4.2 DEFINITION OF PROGRAM VARIABLES

On the following pages, the program variables and arrays are defined. The definitions,
although somewhat terse, will assist in bridging the gap between the equations in Section
11, the block diagrams and the program listing. Only variables actually used and/or
defined in the program have been listed. The variables are segregated by the subroutine
in which they are used and/or defined and are listed alphabetically. Since some variables
appear in more than one subroutine, definitions may be duplicated in order to avoid the
need for cross-reference.

The format of this section is as follows: first, the parameter or array name; second,
enclosed in parenthesis, the common list (if any) in which the variable or array exists;

third, the definitions; finally, enclosed in parenthesis, the dimensions (if any) appropri-
ate to the subject variable or array.

MAIN
DEGRAD (N7) Conversion factor (rad/deg).

ERR (N1) Allowable integration truncation error per second (ft/sec, ft/sec/sec,
degrees/sec , degrees/sec/sec ).

GAMDOT (N7) Lower strut angular rate (rad/sec).

GAMMA (N7) Lower strut angular position (rad).

HM (N1) Minimum integration interval size (sec).

1 DO variable.

IOPT (N24) Program switch controlling various output options.

J DO index.

N (N1) Denotes the number of differential equations to be integrated.

OMEG (N7) Angular rates about vehicles axes (rad/sec).

PHIO (NT) Initial yaw angle of the vehicle (rad).

PSIO (N7) Initial pitch angle of the vehicle (rad).

SH (N1) Suggested size of first integration interval (sec).
TAMIN Minimum of the three footpad contact times (sec).

TAU (N12) Time at which a given footpad contacts the surface (sec).

TF (N1) The time to which the integration will proceed unless other stops are
encountered (sec).
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TO (N1)
XC (N7)
XDOTC (NT)
XI0 (NT)
YC (NT)
YDOTC (N7)
Ny o
ZC (N7)
ZDOTC (N7)

TABLIN

Starting integration time (sec).

Vehicle position - X-direction - Ground coordinates (feet).

Vehicle velocity - X-direction - Ground coordinates (feet/sec).
Initial roll angle of the vehicle (rad).

Vehicle position - Y- direction - Ground coordinates (feet).

Vehicle velocity - Y-direction - Ground coordinates (feet/sec).

List of initial values for the integration routine (various dimensions).
Vehicle position - Z-direction - Ground coordinates (feet).

Vehicle velocity - Z-direction - Ground coordinates (feet/sec).

BLOCK1 (N10) Table of Characteristics for Block No. 1.

BLOCK2 (N10) Table of Characteristics for Block No. 2.

BLOCKS (N10) Table of Characteristics for Block No. 3.

CLOD
FOOT1 (N10)
FOOT2 (N10)
" FOOTS (N10)
I

IFORK

J

J11

J12

J13

Ja1
J22

Temporary storagefor table values.

Table of Characteristics for Footpad No. 1.

Table of Characteristics for Footpad No. 2,

Table of Characteristics for Footpad No. 3.

Counter - value denotes number of separate tables which have been read.
An array of the code numbers associated with each table.
DO index.

Number of independent variables in the Footpad No. 1 table.
Number of independent variables in the Footpad No. 2 table.
Number of independent variables in the Footpad No. 3 table.
Number of independent variables in fhe Block No. 1 table.
Number of independent variables in the Block No. 2 table.



J23

J31

J32

J33

K

KSUM

L

LF

LSUM

L3

M

SHOCK1 (N10)
SHOCK2 (N10)
SHOCK3 (N10)
STUPE

INPUT

BETA (N7)

BETAD
CODE

DA (N9)
DEGRAD (N7)

DELCG (N11)

DTP (N24)
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Number of independent variables in the Block No. 3 table.

Number of independent variables in the Shock Absorber No. 1 table.
Number of independent variables in the Shock Absorber No. 2 table.
Number of independent variablés in the Shock Absorber No. 3 table.
First digit of the table code number.

Sum of the first digits of the code numbers.

Second digit of the table code numbers.

Second table value in integer form.

Sum of the second digits of the code numbers.

Total number of values in a given table.

Leg number corresponding to a given table.

Table of Characteristics for Shock Absorber No. 1.

Table of Characteristics for Shock Absorber No. 2.

Table of Characteristics for Shock Absorber No. 3.

Temporary storage for the values on a given card.

The angle between the vehicle centerline and a line joining the upper

and lower hardpoints on a leg set (rad).

Same as BETA except for units (degrees).
A numeric which controls program output.
Utility array used for temporary storage.

Conversion factor (rad/deg).

Distance between CG and lower hardpoint measured along the vehicle

centerline (feet).

Time interval for output printing and punching (sec).

S S



ERO
ERR (N1)

FP (N11)
G (N11)
HBO (N11)
HFO (N11)
HM (N1)
ICODE

IOFF

IOPT (N24)

IWILEY (N25)

J
JN (N24)

JNO

K

MISS (N23)
MM

NPHASE (N11)

OMEG (N7)
OMEGA

Allowable integration truncation error per second as read in from cards.

Allowable integration truncation error per second (ft/sec, ft/sec/sec,
degrees/sec, degrees/sec/sec).

Shock Absorber preload (1b).

Gravitational acceleration (ft/sec/sec).

Initial height of the crushable element in the blocks (feet).
Initial height of the crushable element in the footpads (feet).
Minimum integration interval size (sec).

Equivalent to CODE2 on Input Data in integer form, controls punch
output,

Program switch which turns printing and punching completely off if
certain output options are requested.

Program swifches which turn on or off various output print options and
enable corresponding punch options.

Program switches which turn on or off selected punch options which
have also been enabled by IOPT

DO Index.

Program switch which turns on all punch options which have correspond-
ing print options turned on,

Similar to JN. This value is set from input data and is then held for
setting JN at the start of each run.

DO Index.

Program switch which controls matrix inversion of the inertia matrix in
subroutine INTEQM. Inversion takes place only if new inertia data is
- read.

Value corresponding to input card number.

Program switch which controls the type of linear velocity which will be
accepted as input data. Printed on input data sheet as PHASE NO,

Vehicle angular velocity in vehicle coordinates (rad/sec).

Initial vehicle angular velocity in vehicle coordinates (deg/sec).
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PHIO (N7)
PHIOD

PI

PSIO (N7)
PSIOD
RADDEG (N7)
RC (N11)

RR (N11)
SERNO (N11)

SRL (N11)

TAU (N12)
TF (N1)
TFO

THETA (N7)
THETAS (N7)
THETD
THETSD

VH (N11)

VV (N11)

WILEY

Initial yaw angle (rad).

Initial yaw angle (deg).

Numerical constant, pi.

Initial vehicle pitch angle (rad).

Initial vehicle pitch angle (deg).

Conversion factor (deg/rad).

Damping coefficient for shock absorber during stroking (1b- secz/ftz).
Damping coefficient for shock absorber during restroking (lb-secz/ft?').
Run identification number.

Coefficient used to determine damping profile for shock absorber
restroking (ft-1).

Footpad contact times for option 4 (sec).

Final integration time (sec).

Final integration time as read from input data (sec).
Angular orientation of leg sets relative to y-axis (rad).
Ground slope (rad).

Angular orientation of leg sets relative to y-axis (deg).
Ground slope (deg).

Vehicle horizontal velocity in ground coordinates (ft/sec).
Vehicle vertical velocity in ground coordinates (ft/sec).

Program switch equivalent to CODE2 in input data printout, which
controls output punching.

XDOTOC (N12) Initial vehicle velocity in the X-direction (ft/sec).

XDTP

XIGAM (N11)

3-38

Time interval for output printing and punching as read from
data cards (sec).

Moment of Inertia of lower leg (ft-lb-se.cz).




XI0 (N7)
XIOD

XIX, XIY, XIZ
(N11)

XJ (NT)

XKD (N11)
XKS (N11)
XLA (N11)
XLAMDA (N11)

XLAMDD

XLC (N11)
XLDMIN (N11)
XLDO (N11)
XLL (N11)
XLP (N11)

XM (N11)
XMUB (N11)
XMUF (N11)
XNU (N11)
YDOTOC (N12)
YIY, YIZ (N11)
ZDOTOC (N12)
Z1Z

Initial roll angle of the vehicle (rad).
Initial roll angle of the vehicle (deg).

Moment of inertia of vehicle (ft-1b- secz).

Inertia matrix of the vehicle (ft-lb-secz).

Nominal shock absorber spring rate (Ib/ft).

Shock absorber spring rate for small deflections (1b/ft).
Distance between upper and lower hardpoints (ft),

Angular orientation of the horizontal velocity vector with respect to
the Y-axis (rad).

Angular orientation of the horizontal velocity vector with respect to
the Y-axis (deg).

Vehicle centerline to block centerline distance (ft).
Minimum shock absorber length (ft).

Initial length of shock absorber (ft).

Length of lower link of a leg set (ft).

Vehicle centerline to lower hardpoint distance (ft).
Vehicle mass (lb- secz/ft).

Block friction coefficient.

Footpad friction coefficient.

Shock absorber friction damping coefficient.

Initial vehicle velocity in Y-direction - Ground Coordinates (ft/sec).

Moment of inertia of vehicle (lb-ft-secz).
Initial vehicle velocity - Z-direction - Ground Coordinates (ft/sec).
Moment of inertia of vehicle (ft-1b- secz).



INIT
A (N13)
AA (N13)
ALPH (N7)
A1 (N9)
AT (N9)

B (N15)

BETA (N7)

COSTH (N14)
COSTHS (N14)
DA

DELCG (N11)

DELEL (N14)

DELMAX (N11)
Dnn (N9)

DRS (N15)

FP (N11)

G (N11)
GAMDOT (N7)
GAMMA (N7)
GAMMAO
HBO (N11)
HFO (N11)
HPL (N9)

3-40

Utility array.
Utility array.
Footpad angle (rad).
Utility array.
Utility array.

Transformation matrix - vehicle to ground coordinates - corresponds
to brs matrix,

The angle between the vehicle centerline and a line joining the upper and

lower hardpoints on a leg set (rad).

Cosine of THETA, the angle between a leg set and the y-axis.
Cosine of ground slope angle, THETAS,

Utility array.

Distance between CG and lower hardpoint measured along the vehicle
centerline (feet).

Shock absorber preload divided by spring rate (feet).

Maximum shock absorber stroke (feet).

Utility variables.

Transformation matrix-footpad to vehicle coordinates - corresponds
to drs matrix,

Shock absorber preload (1b.).
Gravitational acceleration (ft/ secz).
Lower leg angular rates (rad/sec).
Lower leg angular position (rad).
Lower leg initial angular position (deg).
Uncrushed height of blocks (feet).
Uncrushed height of footpads (feet).

Position of the lower hardpoints in vehicle coordinates (ft).

o



I
IBEEN (N19)

ISET (N12)

J

K

L

L1

L2

NPHASE (N11)

OMEG (NT7)
PFLAG (NT7)

PHI (N7)
PHIO (NT)
PSB (N14)
PSBQ (N19)
PSI (N7)
PSIO (N7)
PSP (N14)
PSPQ (N19)
SINTH (N14)
SINTHS (N14)
THETA (N7)
THETAS (N7)
TZERO (N14)

DO Index.

Program switch used in conjunction with footpad and block contact time
printout.

Program switch used in conjunction with option 4.
DO Index.
DO Index.
DO Index.
DO Index,
DO Index

Program switch which controls the type of linear velocity which will be
accepted as input data; printed on input data sheet as PHASE NO,

Vehicle angular velocity in vehicle coordinates (rad/sec).

Program switch which is set in the event one or more shock absorbers
are bottomed,

Vehicle angular position in ground coordinates (rad).
Initial vehicle angular position in ground coordinates (rad).
Amount of block crushing (ft).
Amount of block crushing at the start of an integration interval (ft).
Vehicle pitch angle (rad).
Initial pitch angle (rad).
Amount of footpad crushing (ft).
Amount of footpad crushing at the start of an integration interval (ft).
Sine of the angular orientation of leg‘sets relative to y-axis.
Sine of the ground slope angle.
Angular orientation of leg sets relative to y-axis (rad).
Ground slope (rad).
Initial kinetic energy (ft-1b),
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VH (N11)

VV (N11)
VZERO (N14)
XA (N12)

XB (N15)

XC (N7)
XDOTC (N7)
XDOTOC (N12)
XFP (N15)

XHPU (N14)

XI (N7)

XIO (NT)

XJ (N7)

XKS (N11)
XLA (N11)
XLAMDA (N11)

XLC (N11)
XLDMIN (N11)
XLDO (N11)
XLL (N11)
XLP (N11)
XM (N11)

YA (N12)

YB (N15)
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CG horizontal velocity (ft/sec).

CG vertical velocity (ft/sec).

Initial potential energy (ft-1b).

Footpad position at contact - X-direction - Ground Coordinates (ft).
Block position - Vehicle Coordinates - x-direction (ft).

CG position - X-direction - Ground Coordinates (ft).

CG velocity - X-direction - Ground Coordinates (ft/sec).

Initial CG velocity - X-direction - Ground Coordinates (ft/sec).

Distance from CG to footpad pivot - x-direction - Vehicle Coordinates (ft).

Distance from CG to upper hardpoint - x-direction - Vehicle
Coordinates (ft).

Roll angle of the vehicle (rad).

Initial roll angle of the vehicle (rad).

Vehicle inertia matrix (ft.-1b- secz).

Shock absorber spring rate (1b/ft).

Distance between upper and lower hardpoints (ft),

Angular orientation of the horizontal velocity vector with respect to
the Y-axis (rad).

Vehicle centerline to block centerline distance (ft).

Minimum shock absorber length (ft).

Initial length of shock absorber (ft).

Length of lower link of a leg set (ft).

Vehicle centerline to lower hardpoint distance (ft).

Vehicle mass (Ib-sec?/1t).

Footpad position at contact - Y-direction - Ground Coordinates (ft).
Block posmon' -Vehicle Coordinates - y-direction (ft).

ORI



YC (NT7)
YDOTC (N7)
YDOTOC (N12)
YFP (N15)
YHPU (N14)

ZA (N12)
ZBO (N14)

ZC (N7)
ZCPMAX

ZDOTC (N7)
ZDOTOC (N12)
ZFP (N15)
ZHPU (N14)

ZPREF (N14)

FEP
A (N19)
COSTHS (N14)
D (N2)

DA (N§)
DWORK (N20)
D59, D69

EF

CG position - Y-direction - Ground Coordinates (ft).

CG velocity - Y-direction - Ground Coordinates (ft/sec).

Initial CG velocity - Y-direction - Ground Coordinates (ft/sec).

Distance from CG to footpad pivot - y-direction - Vehicle Coordinates (ft).

Distance from CG to upper hardpoint - y-direction - Vehicle Coordinates
(ft).

Footpad position at contact - Z-direction - Ground Coordinates (ft).

Distance from CG to the uncrushed, contacting surface of the blocks in
the z-direction, vehicle coordinates (ft).

CG position - Z-direction - Ground Coordinates (ft).

Maximum distance between CG and footpad surface - Z-direction -
Surface Coordinates (ft).

CG velocity - Z -direction - Ground Coordinates (ft/sec).
Initial CG velocity - Z-direction - Ground Coordinates (ft/sec).
Distance from CG to footpad pivot - z-direction - Vehicle Coordinates (ft).

Distance from CG to upper hardpoint - z-direction - Vehicle Coordi-
nates (ft).

Distance from CG to footpad uncrushed surface plus.50ft - z-direction -
Vehicle Coordinates (ft).

Utility array used in the calculation of the final kinetic energy.

Cosine of the ground slope angle.

Derivative array which is returned to Runge-Kutta,

Utility array.

An array of energy and work rates (ft-1b/sec).

Intermediate variable used in the calculation of the final kinetic energy.
Final kinetic energy (ft-1b).
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EPD Potential energy difference (ft-1b).
GAMDD (N6) Lower leg angular acceleration (rad/ secz).
GAMDOT (N7) Lower leg angular velocity (rad/sec).
GAMMA (N7) Lower leg angular position (rad).

GCMIN Minimum ground clearance (ft).

1 DO Index.

IBEEN (N19) Program switch used in con]unction with footpad and block contact
time printout.

IOPT (N24) Program switch used to control output options.

ISTABL Program switch which is set as a function of termination situation.
J DO Index.
K DO Index.

KFLAG (N7) Program switch set in subroutine STAB to indicate a stable or unstable
vehicle,

LFLAG (N8) Program switch which indicates to the integration routine that the run
is to be terminated.

NFLAG (N18) Program switch which indicates various stages of the integration process.

NNFLAG (N19) Program switch which indicates whether the blocks are in contact with
the surface,

OMEG (N17) Vehicle angular velocity in vehicle coordinates (rad/sec).
OMEGDT (N6) Vehicle angular acceleration in vehicle coordinates (rad/ secz).

PFLAG (NT7) Program switch which is set in the event one or more shock absorbers
are bottomed.

PHI (N7) Vehicle yaw angle (rad).

PHID (N6) Vehicle yaw rate in ground coordinates (rad/sec).
PSI (N7) Vehicle pitch angle (rad).

PSID (N6) Vehicle pitch rate in ground coordinates (rad/sec).
Q (N6) Vehicle acceleration in ground coordinates (ft/secz).
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RADDEG (N7) Conversion factor (deg/rad).
SHKMAX Maximum shock absorber force (1b).
SIGMIN Minimum stability angle (rad).
SINTHS (N14) Sine of the ground slope angle.

T, TA Instantaneous value of time (sec).
TZERO (N14) Initial kinetic energy (ft-1b).
UZERO (N14) Initial potential energy (ft-1b),

W (N9) Utility array used for the storage of values for printing.
WORK Dissipated energy (ft-1b),
XC (NT7) CG position - X-direction - Ground Coordinates (ft).

XDOTC (N7) CG velocity - X-direction - Ground Coordinates (ft/sec).

XI (N7) Roll angle of the vehicle (rad).

XID (N6) Roll rate of the vehicle in ground coordinates (rad/sec).
XIGAM (N11) Moment of inertia of lower leg (ft-lb—secz)

XJ (NT) Inertia matrix of the vehicle (ft-1b- sec2).

XM (N11) Vehicle mass (Ib-sec?/1t).

Y (N2) The array of integrated variables,

YC (NT) CG position - Y-direction - Ground Coordinates (ft).

YDOTC (N7) CG velocity - Y-direction - Ground Coordinates (ft/sec).
ZC (N7) CG position - Z-direction - Ground Coordinates (ft)
ZDOTC (N7) CG velocity - Z-direction - Ground Coordinates (ft/sec).

ZPREF (N14) Distance from CG to footpad uncrushed surface plus .50 ft. - z-direction
- Vehicle Coordinates (ft).

ONFIG
A (N13) Utility array,
AA (N13) Utility array.
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AMAG

AX

AXBMAG
AXBX
AXBY
AXBZ

AY

AZ

A1 (N9)
A6 (N9)
AT (N9)
A8 (N9)
B (N15)

BBB

BX

BY

BZ
COSLAM

COSPHI

COSPSI

COSTH (N14)
COSTHS (N14)
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Magnitude of horizontal component of surface unit normal (ft).

-—
X component in ground coordinates of vector A from impact point of
footpad No, 1 to No. 2 (ft).

Magnitude ofx X-ﬁ, a vector normal to the surface (ft).
X component in ground coordinates of -X x'ﬁ (ft).
Y component in goound coordinates of _X X—ﬁ (ft).
Z component in ground coordinates of ‘K X ﬁ (ft).

-—
Y component in ground coordinates of vector A from impact point of
footpad No. 1 to No. 2 (ft).

——
Z component in ground coordinates of vector A from impact point of
footpad No. 1 to No, 2 (ft).

Utility array.
Utility array.
Utility variable,

Utility array.

Transformation matrix - vehicle to ground coordinates - corresponds
tob__.
rs

Program flag used to determine sign of cross slope angle.

X component of vector-l-;from impact point of footpad No. 1 to No. 3 (ft).
Y component of vector_B\from impact point of footpad No. 1 to No. 3 (ft).
Z component of vector_gfrom impact point of footpad No. 1 to No. 3 (ft).
Cosine of cross slope angle X .

Cosine of PHIO when used as Euler angle relative to new ground
coordinates.

Cosine of PSIO when used as Euler angle relative to new ground
coordinates.

Cosine of THETA, the angle between a leg set and the y-axis.

Cosine of ground slope angle, THETAS.




COsx1
COSXI (N16)
COSX1B
COSZET
CRANK1

CRANK?2
CRANK3
DELCG (N11)
D1,D2, ---,

D20

DRS (N15)

FOOT (N22)
GAMDOT (N7)
GAMMA (N7)
GRS (N16)

HBO (N11)
HFO (N11)
HPL (N9)

I

IOPT (N24)
ISET (N12)
ISUM

Cosine of XIO when used as Euler angle relative to new ground coordinates.

Cosine of angle between surface normal and footpad centerline.
Cosine of angle between surface normal and block centerline.
Cosine of ZETA.

Utility variable used in definition of initial Euler angles relative to new
ground coordinates.

Utility variable used in definition of initial Euler angles relative to new
ground coordinates.

Utility variable used in definition of initial Euler angles relative to new
ground coordinates.

Distance between CG and lower hardpoint measured along the vehicle
centerline (ft).

Utility variables.

Transformation matrix-footpad to vehicle coordinates - corresponds to
drg matrix,

Position of footpad pivot in surface coordinates (ft).

Lower leg angular rates (rad/sec).

Lower leg angular position (rad).

Transformation matrix - strut to vehicle coordinates - corresponds to
grs matrix.

Uncrushed height of blocks (ft).
Uncrushed height of footpads (ft).
Position of the lower hardpoints in vehicle coordinates (ft).

DO Index.

Program switches which turn on or off various output print options and
enable corresponding punch options.

Program switch used in conjunction with option 4.

Program switch which senses when all the footpads have contacted the
surface during option 4,

(-]



J
L

LFLAG (N8)

L2
NFLAG (N18)

NNFLAG (N19)

NPHASE (N11)

OMEG (N7)
PHI (N7)

PHIO (N7)

PI (N7)

PSB (N14)
PSBQ (N19)
PSI (N7)
PSIO (N7)
PSP (N14)
PSPQ (N19)
RADDEG (N7)
RN (N16)

S (N16)
SINPHI
SINPSI
SINTH (N14)
SINTHS (N14)
SINXI
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DO Index.
DO Index.

Program switch which indicates to the integration routine that the run is
to be terminated.

DO Index.
Program switch which indicates various stages of the integration process.

Program switch which indicates whether the blocks are in contact with
the surface.

Program switch which controls the type of linear velocity which will be
accepted as input data. Printed on input data sheet as PHASE NO.

Vehicle angular velocity in vehicle coordinates (rad/sec).
Vehicle yaw angle (rad).

Initial vehicle yaw angle relative to original or new ground coordinates
(rad).

Numerical constant,x,

Amount of block crushing (ft).

Amount of block crushing at the start of an integration interval (ft).
Vehicle pitch angle (rad).

Initial pitch angle relative to original or new ground coordinates (rad).
Amount of footpad crushing (ft).

Amount of footpad crushing at the start of an integration interval (ft).
Conversion factor (deg/rad).

A unit vector, normal to the surface in vehicle coordinates.

Sliding speed of footpad sections (ft/sec).

Sine of PHIO when used as Euler angle relative to new ground coordinates.
Sine of PSIO when used as Euler angle relative to new ground coordinates.
Sine of the angular orientation of leg sets relative to y-axis.

Sine of the ground slope angle.

Sine of XIO when used as Euler angle relative to new ground coordinates.




SINZET

STUFF

SUMY

SUMZ

TA (N16)
TAU (N12)
THEDEG
THETAS (N7)
UAX

UAY

UNZ
VH (N11)
VHORIZ

VV (N11)
VVERT

W (N9)

XA (N12)
XB (N15)
XC (N7)
XDOTC (NT)

Cosine of ZETA.

Utility variable used in definition of initial Euler angles relative to new
ground coordinates.

The penetration of a footpad in the Y-direction, ground coordinates
during option 4 (ft).

The penetration of a footpad in the Z-direction, ground coordinates
during option 4 (ft).

Instantaneous value of time (sec).
Footpad contact times for option 4 (sec).
Ground slope (deg).

Ground slope (rad).

X component in original ground coordinates of horizontal unit vector in
direction of maximum uphill slope (ft).

Y component in original ground coordinates of horizontal unit vector in
direction of maximum uphill slope (ft).

X component in original ground coordinates of unit surface normal (ft).
Y component in original ground coordinates of unit surface normal (ft).
Z component in original ground coordinates of unit surface normal (ft).
CG horizontal velocity (ft/sec). '

CG horizontal velocity for option 4 (ft/sec).

CG vertical velocity (ft/sec).

CG vertical velocity for option 4 (ft/sec).

Utility array used for the storage of values for printing.

Footpad position at contact - x-direction - Ground Coordinates (ft).
Block position - Vehicle coordinates - x-direction (ft).

CG position - x-direction - Ground Coordinates (ft).

CG velocity - x-direction - Ground Coordinates (ft/sec).

XDOTOC (N12) Initial CG velocity - x-direction - Ground Coordinates (ft/sec).
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XDOTOQ

XDOTP (N16)
XFP (N15)
XFPC (N17)
XI (N7)

XII (N16)

XIO (N7)

XLA (N11)

XLAMDA (N11)

XLD (N16)
XLDDOT (N16)

XLL (N11)

XLP (N11)
XSLDEG
XSLOPE

YA (N12)

YB (N15)

YC (N7)
YDOTC (N7)
YDOTOC (N12)
YDOTOQ

YDOTP (N16)
YFP (N15)
YFPC (N17)
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Initial CG velocity, X-direction, ground coordinates used in option 4
(ft/sec).

Footpad velocity - X direction - Surface Coordinates (ft/sec).

Distance from CG to footpad pivot - x-direction - Vehicle Coordinates (ft).
Distance from CG to footpad pivot - X-direction - Ground Coordinates (ft).
Roll angle of the vehicle (rad).

Angle between surface normal and block or footpad centerline.

Initial roll angle of vehicle relative to original or new ground coordinates
(rad).

Distance between upper and lower hardpoints (ft).

Angular orientation of the horizontal velocity vector with respect to the
Y-axis (rad).

Length of the shock absorber (ft).
Shock absorber stroking velocity (ft/sec).

Length of lower link of a leg set (ft).

Vehicle centerline to lower hardpoint distance (ft).

Calculated cross slope angle (deg).

Calculated cross slope angle (rad).

Footpad position at contact - Y-direction - Ground Coordinates (ft).
Block position - Vehicle Coordinates - y-direction (ft).

CG position - Y-direction - Ground Coordinates (ft).

CG velocity - Y-direction - Ground Coordinates (ft/sec).

Initial CG velocity - Y-direction - Ground Coordinates (ft/sec).

Initial CG velocity - Y-direction - Ground Coordinates - used in
option 4 (ft/sec).

Footpad velocity - YZdirection - Surface Coordinates (ft/sec).
Distance from CG to footpad pivot - y-direction - Vehicle Coordinates (ft).

Distance from CG to footpad pivot - Y-direction - Ground Coordinates (ft).




ZA (N12)
ZB (N15)
ZBO (N14)

Footpad position at contact - Z-direction - Ground Coordinates (ft).
Block position - Vehicle Coordinates - z-direction (ft).

Distance from CG to the uncrushed, contacting surface of the blocks in

 the z-direction-Vehicle Coordinates (ft).

ZC (N7)
ZDOTC (N7)
ZDOTP (N16)
ZETA
ZETDEG
ZFP (N15)
ZFPC (N17)

STAB
AW

AX

AY

AZ

DA (N9)

D1 (N9)
IFLAG

)14

J

JJ

KFLAG (NT)
N

THETAS (N7)

CG position - Z-direction - Ground Coordinates (ft).

CG velocity - Z-direction - Ground Coordinates (ft/sec).

Footpad veloéity - ZZdirection - Surface Coordinates (ft/sec).

Angle of rotation between original and new ground coordinates (rad).
Angle of rotation between original and new ground coordinates (deg).
Distance from CG to footpad pivot - z-direction - vehicle coordinates (ft).

Distance from CG to footpad pivot - Z-direction - Ground Coordinates (ft).-

Magnitude of i, a vector from CG to intercept of principal plane by line
joining critical footpads (ft).

X-component of Ain ground coordinates (ft).
Y-component of rin ground coordinates (ft).
Z-component of -A\ in ground coordinates (ft).
Utility array.
Utility variable used here in definition dT\.
Program switch,
Program switch.
DO Index,
Program switch,
Program switch set to indicate a stable or unstable vehicle.
Program switch.
Ground slope (rad).
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W (N9) Utility array used for the storage of values for printing; used here for
stability angle.

XDOTC (NT) CG velocity - X-direction - Ground Coordinates (ft/sec).

XFPC (N17) Distance from CG to footpad pi.vot - X-direction - Ground Coordinates (ft).
XX (N9) Utility variable used to determine critical footpads.

XXX Utility variable used to define X\

YDOTC (N7) CG velocity - Y-direction - Ground Coordinates (ft/sec).

YFPC (N17) Distance from CG to footpad pivot - Y-direction - Ground Coordinates (ft).

ZFPC (N17) Distance from CG to footpad pivot - Z-direction - Ground Coordinates (ft).

FORCE

A (N13) Utility array.

Al (N9) Utility array.

A2 (N9) Utility array.

A3 (N9) Utility array.

A4 (N9) Utility array.

A5 (N9) Utility array.

A6 (N9) Utility array.

B (N15) Transformation matrix - vehicle to ground coordinates - corresponds

to b__ matrix.
rs

BLOCKn(N10) Table of block crush characteristics.
COSTHS (N14) Cosine of ground slope angle, THETAS.
COSXI (N16)  Cosine of angle between surface normal and footpad centerline.
DA (N9) Utility array.
DEL Instantaneous shock absorber stroke (ft).
DELEL (N14) Shock absorber preload divided by spring rate (ft).

DELMAX (N11) Maximum shock absorber stroke (ft).
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e —————— . .

DELWB
DELWD

DELWF
DELWU

DWORK (N20)
Dnn (N9)
DRS (N15)

F(N9)
FACTOR
FOOTn (N10)
FP (N11)
GADOT
GAMDOT (N7)
GRS (N16)

HPL (N9)
I
IOPT (N24)

JFLAG

KDUM

MAGIC

The rate energy is being absorbed due to block crushing (ft-1b/sec).

The rate energy is being absorbed or stored by the shock absorber
(ft-1b/sec).
The rate energy is being absorbed due to footpad crushing (ft-1b/sec).

The rate energy is being dissipated due to footpad and block friction
(ft-1b/sec).

An array of energy rate terms (ft-lb/sec).

Utility variables.

Transformation matrix-footpad to vehicle coordinates - corresponds to

d matrix,
rs

Force on the vehicle CG in ground coordinates (1b).

Utility variable.

Table of footpad crush characteristics.

Shock absorber preload (Ib).
Absoluté value of GAMDOT (rad/sec).

Lower leg angular rates (rad/sec).

Transformation matrix - strut to vehicle coordinates - corresponds to
Brs matrix.

Position of the lower hardpoints in vehicle coordinates (ft).

DO Index.

Program switches which turn on or off various output print options and
enable corresponding punch options.

DO Index.

Program switch which is set as a function of the sign of shock absorber
stroking velocity.

DO Index.
Program switch used in subroutine ENTRP.
Program switch which is set as a function of shock absorber stroke.

Program switch which is set if the shock absorber is restroking, the foot -
pad is on the surface and the shock absorber is on or beyond the extension

stop.
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MFLAG

MUMP

N
NFLAG (N18)
NNFLAG (N19)

PFLAG (N7)

PSB (N14)
PSBQ (N19)
PSP (N14)
PSPQ (N19)
R

RC (N11)
RD

RN (N16)

RR (N11)

S (N16)

SD

SHOCKn (N10)
SINTHS (N14)
SK

SRL (N11)

TGAMMA (N5)
TQ (N5)
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Program switch which is set if a footpad is off the surface.

Program switch which is set if the shock absorber is restroking, the
footpad is off the surface and the shock absorber is on or beyond the
extension stop.

DO Index.

Program switch which indicates various stages of the integration process.

Program switch which indicates whether the blocks are in contact with
the surface.

Program switch which is set in the event one or more shock absorbers
are bottomed.

Amount of block crushing (ft).

Amount of block crushing at the start of an integration interval (ft).
Amount of footpad crushing (ft).

Amount of footpad crushing at the start of an integration interval (ft).
Forces at the footpad pivot in strut coordinates (1b).

Damping coefficient for shock absorber during stroking (1b- secz/ftz).

Damping coefficient for shock Qbs ber; equal to RC or RR depending on
shock absorber motion (1b-sec /ft%‘;.

A unit vector normal to the surface in vehicle coordinates.

Damping coefficient for shock absorber during restroking (lb-secz/ftz).
Sliding speed of footpad section (ft/sec).

Shock absorber damping profile value.

Table of shock absorber rate and damping characteristics.

Sine of the ground slope angle.

Shock absorber spring rate profile value.

Coefficient used to determine damping profile for shock absorber
restroking (ft-1). -

Torque about the lower hardpoint (ft-1b).
Torque about the CG (ft-1b).




W (N9)
XB (N15)
XDOTP (N16)

XFP (N15)

XHPU (N14)

XIGAM (N11)
XKD (N11)
XKS (N11)
XII (N16)
XLD (N16)

XLDDOT (N16)
XLDO (N11)
XLL (N11)
XMUB (N11)
XMUF (N11)
XNU (N11)

YB (N15)
YDOTP (N16)
YFP (N15)

YHPU (N14)

ZB (N15)
ZDOTP (N16)
ZFP (N15)
ZHPU (N14)

Utility array used for the storage of values for printing.

Block position - Vehicle Coordinates - x-direction (ft).

Footpad velocity - XZdirection - Surface coordinates (ft/sec).

Distance from CG to footpad pivot - x-direction - Vehicle Coordinates (ft).

Distance from CG to upper hardpoint - x-direction - Vehicle
Coordinates (ft).

Moment of inertia of lower leg (ft—lb-secz).

Nominal shock absorber spring rate (1b/ft).

Shock absorber spring rate for small deflections (1b/1t).

Angle between surface normal and block or footpad centerline.

Length of the shock absorber (ft).

Shock absorber stroking velocity (ft/sec).

Initial length of shock absorber (ft).

Length of lower link of a leg set (ft).

Block friction coefficient.

Footpad friction coefficient.

Shock absorber friction damping coefficient.

Block position - Vehicle Coordinates - y-direction (ft).

Footpad velocity - Y direction - Surface Coordinates (ft/sec).

Distance from CG to footpad pivot - y-direction - Vehicle Coordinates (ft).

Distance from CG to upper hardpomt - y-direction - Velucle
Coordinates (ft).

Block position - Vehicle Coordinates - z-direction (ft).
Footpad velocity - Z-direction - Surface Coordinates (ft/sec).
Distance from CG to footpad pivot - z-direction - Vehicle Coordinates (ft).

Distance from CG to upper hardpoint - z-direction - Vehicle
Coordimates (ft).
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F (NO)
GAMDD (N6)

Array of interpolated values.
First interpolated value.
Second interpolated value.
DO Index.

Integer value of the second table value, the number of corresponding
values in the table.

Program switch which specifies the number of values to be interpolated.

Subscript of FX array.

Subscript of the dependent variable which is the first value greater than
the value which will finally be the output.

Subscript of the last dependent variable.
Program switch,
The specified table.

The value of the independent variable which will control the value of the
dependent variable(s).

Array used in the inversion of the inertia matrix.
Array used in the inversion of the inertia matrix.

Transformation matrix - vehicle to ground coordinates - corresponds
to b" matrix,

Utility array.

Cosine of PHI.

Cosine of XI.

Utility variables.

Force on the vehicle CG in ground coordinates (1b).

Lower leg angular acceleration (rad/lecz).




LL
M

MISS (N23)

N

OMEG (N7)
OMEGDT (N8)
PAR

PHI (N7)

PHID (N6)
PSID (N6)

Q (N6)

SPHI

SUM

sxi1

TEMP
TGAMMA (NS5)
TPHI

TQ (N6)

XID (Ne)
XIGAM (N11)

XIX, XIY,
XIZ (N11)

DO Index.
DO Index.

Utility variable.

Utility variable.

Utility variable.

DO Index.

Program switch which controls matrix inversion of the inertia matrix.
DO Index.

Vehicle angular velocity in vehicle coordinates (rad/sec).
Vehicle angular acceleration in vehicle coordinates (rad/secz).
Utility variable.

Vehicle yaw (rad).

Vehicle yaw rate in ground coordinates (rad/sec).

Vehicle pitch rate in ground coordinates (rad/sec).

Linear accelerations of the vehicle CG in ground coordinates (ft/ secz).
Sine of PHI.

Utility variable.

Sine of XI.

Utility variable.

Torque about the lower hardpoint (ft-1b).

Tangent of PHI.

Torque about the CG (ft-1b).

Vehicle rollvute in ground coordinates (rad/sec).

Moment of inertia of lower leg (ft-1b-sec?).

Moment of inertia of vehicle (ft-1b-sec?).
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XJ (NT)
XJINV
XM (N11)
YIZ (N11)

Z1Z (N11)

RKP

A

AA
ABSER
ABSUM
ARITH
AVG

BB

Cl1

D (N2)
DD
DD2

DY1

DY2

EE
ERR (N1)
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Inertia matrix of the vehicle (ft-1b- secz).

Inverse of the inertia matrix of the vehicle (ft~ 1 b 1-sec'z).
Vehicle mass (lb-secz/ft).

Moment of inertia of vehicle (ft-lb-secz).

Moment of inertia of vehicle (ft-lb-secz).

The values of the integrated variables at the start of an integration
interval.

Utility variable.

Absolute value of the integration truncation error.

An array of the absolute sums of truncation errors.
An array of the arithmetic sums of truncation errors.
Average integration interval size (sec).

Utility variable.

The values of the integrated variables at the center of an integration
interval,

Utility variable,
The derivative array.
Utility variable.
Utility variable.

An array of the derivatives evaluated at the beginning of an integration
interval.

An array of the derivatives evaluated at the center of an integration
interval.

Utility variable.

Allowable integration truncation error per second (ft/sec, ft/ sec/sec,
rad/sec, rad/sec/sec).




ERROR
H (N3)
HM (N1)
HP

HSQ
HTD

HTH

H2

I

ICNT
IEDSW (N3)
IPTSW
IRKC
IRSSW

K

K1

K4

K9

LFLAG (N8)
N(N1)
NFLAG (N18)

Integration truncation error.
Integration interval size (sec).
Minimum allowable integration interval (sec).

Time between the start of the integration interval and the time for which
interpolation of the integrated variables is to be done (sec).

H squared (secz).

H cubed (secs).

H to the fourth power (sec4).

One-half of the integration interval (sec).

DO Index.

Integration interval counter.

Program switch which is used for early termination of the program,
Program switch which controls calls to subroutine PRT.

Program switch which controls the Runge-Kutta process internally.
Program reset switch,

DO Index.

Cut distribution index.

Interval distribution index.

Critical variable index.

Program termination switch.

DO Index - corresponds to the number of variables to be integrated.

Program switch which indicates various stages of the integration process.

Cut distribution counter.
Interval distribution counter.
Critical variable distribution counter.

Program switch,
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SH (N1)
T (N2)
TF (N1)
TO (N1)
TP (N3)
TPH

U (N3)
U2
U2MAX
\4

XK1, XK2,
XK3

XLOG10

XLOG2
Y (N2)

YI (N1)
YO (N1)
ZAP

Z1p

PRT
A1 (N9)
CPHI
cxi
DA (N9)

DEGRAD (N7)
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Suggested integration interval (sec).

Time (sec).

Final Time (sec).

Initial time (sec).

Value of time sent to subroutine PRT (sec).

Value of TP prior to calling subroutine PRT (sec).

Array of integrated variables sent to subroutine PRT for output.
Ratio of truncation error to allowable error,

Maximum ratio of truncation error to allowable error.

Utility array.

Arrays of constants used in the Runge-Kutta equations.

Logarithm of 10 to the base e.
Logarithm of 2 to the base e.

Array of the integrated values sent to function evaluation for calculation
of derivatives.

Array of initial values of the variables to be integrated.

Array of final values of the variables which were integrated.

Utility variable.

Utility variable.

Utility array.
Cosine of PHI.
Cosine of XI.

Utility array used for temporary storage.

Conversion factor (rad/deg).




DTP (N24)

D59

EK

EP

FOOT (N22)
H (N1)

I

IOPT (N24)

IWILEY (N25)

J

JN (N24)

K
L
LSET

ODEAR
PHID

PHI

PSID

PSP (N14)
RADDEG (N7)

SPHI
SX1

Time interval for output printing and punching (sec.)
Utility variable,

Utility variable.

Instantaneous kinetic energ& (ft-1b).

Instantaneous difference in potential energy (ft-1b).
Position of footpad pivot in surface coordinates (ft).
Integration interval size (sec).

DO Index.

Program switches which turn on or off various output print options and
enable corresponding punch options.

Program switches which turn on or off selected punch options which have
also been enabled by IOPT.

DO Index.

Program switch which turns on all punch options which have correspond-
ing print options enabled.

DO Index.

Computed subscript.

Program switch,

Counter,

Utility array.

Vehicle yaw rate in ground coordinates (deg/sec).
Vehicle roll (rad).

Vehicle pitch rate in ground coordinates (rad/sec).
Amount of footpad crushing (ft).

Conversion factor (deg/rad).

Sine of PHI.

Sine of XI.
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TP (N3) Value of time corresponding to the U array received (sec).

TPHI Tangent of PHI.
U (N3) An array of integrated, interpolated values for printing from subroutine
RKP.

VZERO (N14) Initial potential energy (ft-1b).

W (N9) Utility array used for the storage of values for printing.
w342 The value of W (3, 4, 2), stability angle, in degrees (deg).
XID Roll rate of the vehicle in ground coordinates (deg/sec).

XIGAM (N11) Moment of inertia of lower leg (ft-lb—secz).

XJ (NT) Inertia matrix of the vehicle (ft-lb-secz).

XM (N11) Vehicle mass (lb-secz/ft).

ZERO Initial value of the Z-component of the CG position in ground coordinates
(ft).

3.4.3 Program Listing

A listing of the finalized hard surface version of the Surveyor landing dynamics computer
program is reproduced on the following pages.
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COPLUN/NLYZ  NoeTUOTFaSHeht o YI(S0) YO (E0) ¢ERK (50)
COFMUN/NT/ ALPDOT(3) e ALFH(3) e GAMNCT(X) s GAMMA(3) e+ XOCTCe YDOTC o

1 2CCTCe XCo YCo 2Co CMEG(3)s PSIe PHIs X1¢ FFLAGe PFLAGY PSIO.
2 PHICe X10¢ THETA(S) e THFTIASY ALFHA(2)y RETAe XJ(3e3)e Pl
X DEGRALY RADCEG

COPMUN/NG/ AL(3) e AZ(2)0 AS(2)s AU(3029¢3)0e AS(Ze2¢3)0 AGI3Y s AT

1 AE(35¢3)9 Dte D2¢ D39 ClUs C5¢ D6¢y DT £8e 9e 10y D110 C12
2 DISeCI4IDLI%eDI6LITIDIEC 1900200 XXo CA(LIG) e R (Xelo6) e HPLEI0Y)

COt MUN/NL2/XECTOC e YOCTCC s ZRUTOCeTAUII) o ISFY(3) e XA(S) o YA(S) 1 ZA(S)
COPMURN/NLISZ LI303) e XBI3)e YE(3)e ZB(3)e XFF(3)e YFF(3)e 2FP(3)

1 DES(3¢3e3)

20

21

22
a3

24
2%
26

10

18
185
186

COFMON/N24/1OPT (100 JMe LTH

CALL CLOCK
CALL TABLIN
1PFHINT = ©

TF s 0.0
[a]] s 0,0
¢ B 0,0

WRITL (6920)

FOFMAT (1H1)

CALL INFUY

IF (IOPT(3)) 21921422
N = 29

Lo T¢ 23

N = 3¢

CALL INIY

IF (IOPT(4)) 2642624
TAMIN = AMINL(TAU(L)e TaL(2)e TAU(3))
IF (TAMIN) 26426025
SH 8 TAMIN ¢+ wHM

6o T¢ 27

SH = 40005

vo 10 1 = 13

YI(I) = ALPLOT(])
YI(l+3)m ALPH(I])
YI(leb)m GAMLOT(])
YI(1+9)m GAMMA(])
YI(l+46) = OMEG(])
Yi(32) = xpove
Yl(ia) ypoTC
Yi(is) 2007C
YI(ie) {4

Yo7 YC

YI(ie) ZC

Yl(2a) PSIO
Yit2d) PHIC
Yi(2u) = X110

Do 18 ys 25+50
Yi(J) = 0,0

0o 168 Us 40312
ERF(y) = ERR(J)*DEGRAD
co 186 us 1924
ERK(U) = ERR(J) * DEGRAD
CALL RKpP

CaLL CLOCK

GO TL |

ENL



SUERUUTINE TABLIN
UIPENSION STUPE(E)s CLCL(10C) e IFORK(LE)
COr MUN/NIO/FCOT1(100) ¢ FOOT2(100)s FOOT3(100) ¢

101 ALOCKL(100U)Y e FLOCK2(100) s BLOCK3I(100)
102 ShOCK1(100)s SHOCLK2(100)+ SHOCK3(10C)

900

10

20
30
40

FOFMAT (BF10,3)

1 =0

REAL (51900) (STUFE(J) s Um148)

1 s 1+t

[N & IFIX(STUPE(]1)/9.6)

L s JIFIX(STUPE(1)=FLUAT(9:99%K))
IFCRA(T) = K

IFCRK(149) = L

1F ((K=2)/2) 30120¢30

IF ((L=2)/72) 30¢10C30
WRITL(6040) KoL

FOFMAT (10XS2H** TABLE EFROKR NOe 1°* FIPST ANOe OUY CF RANGE. NOo =

401 110+110 /2

100
110

14C
150
160

STCFP

Lo 110 Us 18

CL(D(tJ) = STUPE (J)

LF s JFIX(CLOD(2))

L3 = LFh2+2

1F (LF) 150+1%0+170

WRITE (69160) Kol

FOFMAT (1OX27TH%® TABLE ERKOK NOe 3¢ LIST I1el3eiX11HLENGTH = 0o //

1601 )

170
171
180
182
184
186

ST(P

1F (Ke3) 18Ce1710371

L3 s LFe3e2

1F (L3=A) 190,19C,182

1F (L3=100) 1rG+189184

WRITL (64186) Ko L3

FOFMAT (10oXuBKHe® TABLE ERKOR NOe 20 LIST EXCEECS ARRAY LENGTH. /

1861CX12HLIST IS NOe I110)ielkes 1OXISHLIST LENGTH 1S 110¢1He /)

189
190
200
210
220

240
250

270
280

300
310
320

3-64

ST(P

READ (5¢900) (CLOD(J)+ Jm 9oL3)
60 TV (200¢300¢400) ¢ K
GO TU (210:2800270)0 L
00 240 Jm §,4L)Y
FOCLTI(J) = CLOD(D)

Ji1 = LF

GO Tvu 500

U0 250 JUm 1 4L3
FOCTetJ) = CLODIY)

Jia s LF :

60 YU 500

L0 200 Js 1.L3
FOCLTI(J) = CLOD(J)

Jid ® LF

GO0 TU 500

GO TU (310¢340¢370)0 L
0O 340 J= 1,43
BLLCRIIJY) = CLOG (Y)Y
Jai - LF

G0 YU S00




340G LO 350 J= 1,3

350 BLCCR2(J) = CLOU (YY)
Jag s {F
GO TC %00

370 LO 30 J= .03

380 BLLCA3(J) = CLOD(Y)
Ja3 = LF
0 TU 500

40O CO TU (H410,U430e470) 0L

410 LO 4.0 U= 1.3

420 SHLCAL(J) = CLOL (Y)Y
J31 = LF
wo Tu 500

430 LO 440 U= 143

HUO SH(CRR(J) s CLOULY)
VL1 = LF
6o TU 500

470 LO 4eO Js 1,413

480 SHLCRI(J) = CLOL (U}

J33 s LF
500 KEAD (519001 (STUPL(J) s J= 148)
IF (STUPE (1)) 10¢510,10
51C ASLM =0
LSLM =0
Lo 520 Js ]
KSLM = KSUM ¢+ IFOKRK(J)
520 LS M = LSUM ¢ IFORR (J+§ )
IF (KSUM=18) $3C1650,53C
530 IF (hSUM=6) 5%01540n¢s50
540 IF (LSUM=3) S550:¢570¢88%0
550 WRITL (64560) KSUMs LSUpM
560 FOFMAYT (1OX4THe® TABLE ERROK NO.
56C1 3H) el 1100 2H)e //)
STCP
570 B 2+42%J11

Jig = Jit

Ji2? = i1

Lo 580 Jw 11K

FOLTa(J) » FLOTL(Y)
580 FOCT3(U)® FOCTLI(U)

K 8 242%J21
Jae =J21

Ja3 =J21

Lo 590 Js 1K

ELCCAR(J) = BLOCK] (J)
890 ELCCA3(J) = ELOCK] (J)

K 2 + 38J3)
Jiz sJ3)
J33 =J3)
oo 600 J= 14K

SH(CAR(J) = SHOCKS (J)
600 SHCCA3(J) a SHOCK] (J)
630 M s |

K = Jt1+2

WRITEL (64660) My (FOOTS (U)o

Y]

JE3 1K)

INSUFFICIENT TABLE DATA ( 110

660 FOFMAT (10X12HFOOT FAD NOo 11 / (7F10.3))

L s 3 ¢ Jid
[N = 2 ¢+ 2%Jl}



WRITL (64670)(FCOTLIU) Y Ux LK)
670 FOIEMAT (TF16.3)

~ = 2

K & Jj2+2

wWRITL (6¢660) Mo (FOOTZ(J)r Jm3K)
L s 3 + Jld

Ly = 242%J12

WRITL (64670) ( FOOT2(J)eJdmL oK)

Y -3

K = 1342

WRITL (64660) Me (FUOT3(J)r Jm3eK)
L = 34413

K = 242%J)3

WRITL(60€70) ( FOOTI(J) eusL ¢K)

3 -y

[N = J21+42

wRITE (6¢700) Ms (BLOCKI(J)r U®3IeK)
700 FOFMAT (1OXOHBLOCK NGe 11/ (TF10e3))

L s 34021

[ = 2429021

WRITL (64670) (ELOCRI(J) e Us LK)

b = 2

[N s J22+2

wKITL (64700) Me (BLOCK2(J) e U= 3¢K)
L = 3442

K s 2+42%J24

WRITL (64670) (BLOCKR2(J)e J=L oK)

[ =3

' = J23+2

WRITL  (6¢700) Mo (BLOCK3(J)r Jm 3.¢K)
L s 34423

K s 242%J23

WRITL (6¢670) (ELOCK3I(J)sy Jm LK)

M - 1

K = J31+42
WhITE  (6¢750) Me (SHOCRK1(J) v JU®34K)
750 FOFMAT (10X18HSHOCK ABSORFFR NGCe 11 7/ (TF10e3))

L = 34031

K = 24+428J31

WRITL (64670 (SHOCKI(J)y U= LK)

L s Kei

[ Y s KeJ31

WRITEL (6+67U) (SHOCK1(J)e Je LK)

~ s 2

(N = J32+2

MRITL (64750) Me (ShOCKR2(J)e U 3¢K)
L = 3¢432

K " 2420032

WHITE (64670) (SHOCKZ(J) e J= LK)

L s Ko

[ s KeJd2

BRITE  (69670) (SHOCKZ(J) e J= LK)

[ s 3

K e J3s+2

WRITE (6¢750) M (SHOCKS(J)e Jsm 34¢K)
L s J¢J33

[ s 2475%J3)

WRITL  (60670) (SHOCKI(J) e U= LK)
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610

820

630

blcC

650

660

870

880

690
999

L = K+l

K = K+J33

WR1Tc (6¢670) (SHOCKR2(J) e U= LK)
Jil s J11+42

Lo 810 J= 34J11
FUCTL(J) = FOOTI(UIZ12.0
Jle = Ji2+2

Lo 8<0 U= 3wJ12
FO(TetJ) = FOOT2(U)/12.C
Ji2 = J13+2

Lo 830 uJ= 31U13
FOCTI(J) = FOOTI(J)/12.C
Jai s J21+2

Lo 840 U= 31J21
BLCCRLIGJ) = BLOCKL(J) /1240
Jae = J22+2

Lo 850 U= 31J22

ELCCK2(J) = BLULCKZ2(J)Z712.0
Jva3 = J23+2

co 860 Us 3:J23
bBLCCA3(J) = BLOCK3(JU) /12,0
J31 = J31+2

co 870 U= 3143}

SH(CAL(J) = SHOCK] (J)/1z2.C
J3: 8J32+2

0o 86C = 31U32
SHCCR2(J) = SHOCLK2(J) / 12,0
J33 =J33+2

Go 850 J= 31J33
SHICR3(J) = SHOCK3(J) /12,0
RETURN

ENL
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1006
101

109

3-68

1
2
3

1
2

N -

SUE PCUTINE TMNFUT

LINEISTION XMFP(3)e ALFHhKR (Z)

LIERS]ION OMLGA(3)s THETD(3)s ALPHACD(3) +ERC(50)

COPMUN/ZNLYZ  NoeTOWTF o SHoHP ¢ YI(50) 0YO(50) +ERR(50)

COPMUN/NT/Z ALPDOUT (3) e ALFE(3) 1 GAMDOT(S) s GAMMZ(3)e XDOTCe YDCTC,
2LCTCe AXCo YCo 2Ce CMEG(3)e PSle PHIs XIs FFLAGs kKFLAGY PSIO.
PErIce XI0e THETA(3) s THETASY ALFHA(2) ¢ HBETAY XJ(3:¢3)e Pl
Ot Gr AL e RADCEC

COPMUNZNG/ ALI3) e AZ(2)0 AS(2) s ALU(302¢3)0 AS(302¢3)y AG(3)e AT
AL(D393)e Die Dce D3y [Ue PLe D6y N7y CBe [9e T10s L1l D12
DIBsL14eC150016¢01 7001840 1610620¢ XXe TALLIO) Y R (Sele6) s HPL(343)

COPMUN/NLL/ZCE(3) o XM o RIXoYIYIZIZOXIYORIZoYTIZ o XMFPoXTPINELCGIXLF

XLL oXLAYGIAL FHK o X1 C o iBO v NPHASE s H'FOJHFMIM ¢DF sRC(3) ¢RR(3) ¢
XLOOP o XLLC o XKL (%) o XK S0 XN e XLPMINeCCoCF (3) 9 XLAMCA ¢ XMUF ¢
AMUB s RUNNC o SERNC VNV o VHIDE e X TALPH ¢ XTICAMIDELMAX e SRL () oFP(3)

COPMUNZMNLI2/XUOTUC o YLIUTCC o 2PCTOCITAUIS) o ISETI3I) o XA(S) o YA(S) e 2A(3)

COttuh/N23/M1SS .

COtMUM/N2U4/7T0PT(30) s UM LTH

COMPUN/ZN2E/ZTNMILEY (1C)
10tF = O
LIF = (00

Lo Ivl K=],5

LA(R) = 0.0

FEZL (5¢500) MMo( DA(JY Y uEleS)

IF (MM)109+42004109

GO TO (1020308050607 0E06010C0111012013034015¢16¢17418019920021 ) 1MM

ar. = DALY

A1) = [A(2)

YIY = DA(3)

cele = CALY)

Ay = LA(S)

MILS = (O

WRITL (6+92]1) MM

CG Te Jo0v

Xl = LA(1)

Yi. = DA(2)

AMF = UA(3)

XLLU = DA(yY)

LELCuU= DA(s)

P1tS = 0

WRITL (6¢621) MM

GG Te 100

XLt = DAC(1)

ALL = DA(2)

XLt = DALY)

G . = DA(4)

ALIHAL (1)Y= DA(S)

WRITL (64621) MM

GU YO 100

ALITHAL (2)= DA(])

ALFHR(}) = DA(2)

ALFHR(2) & DA(D)

bE VAL = DA(Y)

aLC = NDALS)

WhITE (01921) MM

GO TC 100




10

1001
1011
1012
1013

1015

101¢

1017

1018
1014
1020

hbsC = LA(L)
MiLFk= LA(2)
AICAM = CA(S)

HF( = DA(4)

LE = DA(S)
WRITE (60921) MM
o TC 100

LF = CA(L)
ACCTLC= DA(2)
YDCTLC= CA(3)
4DCTUC= DA (W)
WRITL (69621) MM
6O T¢ 100

XNL. = [A(1)
XLLMIN=s DA(2)
xXKE = CA(D)
WRITL (6+021) MM
“u TL 100
THETL(L) = DA(]L)
THETL(2) = DAL(2)
THETL(3) = DAL(S)
WRITE (69821) MM
¢O0 T¢ 100

THETSD = DAC(Y)
FSIOL = DA(g)
FHICL = CA{(3)
x1¢D = CA(4)
XLAMLD = DALS)
WEITL (60921) MM
6L T¢ 100
UMEGA(L )= DA(L)
OMEGa(2)= DA(2)
CMEGA(3)= DAL(S)
wWILEY = DA(4)

ICCDt. = I1FIX (ABS

LO 1¢01 U= 1410
IwILLtY(J) = O

GO TLU (1011¢1032¢3C13¢10200301501016¢1017¢1018¢1020+1020),41CODE

IwlbeY(l) = }
o T¢ 1020
IwiLeY(2) = |}
«o0 Tu 1020
INILEY(3) = )
G0 T¢ 1020
INILLY(l) = )
IWibiY(2) = |}
GO T¢ 1020
InileY(l) = }
IwWIleY(3) = |}
60 T¢ 1020
InileY(2) = )
IVILLY(3) = }
6O Tuv 1020

LO 1uld Us 13
IWILEY(J) = |
COMTINVE

WRITL (61921) MM
6C T¢ 100



11 ot = DA(L)
Ji o = JFIX(SION(1e¢0¢CCLE))
IC(Bt = IFIACALS (CODED))Y
LG 11c U= 1410
110 1GET(J) = 0O
GO TU (111001202130 134¢11501364117+1189119,1181)¢ 1CODE
111 IOFET (1) = 1
GO Tu 120
112 10ET(2) = |
GO Tu 120
11) 10T (3) =
6GU TL 120
114 10T (4) =
GO YU 119
11 10FET(1) =
10FT(2) =
LG TU 120
116 10T (1) = }
10 T(3) =
GG TU 120
117 10FT(2) =
10FT(3) =
C Tu 120
118 JOFT(}) = 1
10k T(2) =
ICFT(3y =
L0 Te 120
1181 I1CHT(S) =
GO Tu 120
119 IGHF = 1
120 SEENC = DAL(2)
NFEASE = CA(3)
VhH = LUA(4)
vv = DA(S)
WKITEL (60921) MM

¢o Tu 100

12 xDYP = DA(1)
TFC = DAle)
hM s DA(3)

tRC(4) = DA(W)
ERC(Y) = DA(S)
WRITL (64921) MM
GO T¢ 100
13 DO 131 J = 145
131 ERC(U+5) = DA(J)
WRI1TL (6¢921) NN
G TU 100
14 Lo 143 Umled
141 EKC(U*l0) = LA(J)
WRITL (61921) MM
GO TC¢ 100
15 Lo 11 JU = 145
151 ERC(U+15) = DA(S)
WRITEL (6¢921) MM
GO Tu 100
16 LO 1ol J = 14
161 ERC((U+20) = DA(J)
KC(1) = DLA(S)
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1?7
171

172
18
181

182

19

191

20

250
260

21

290

20U

300

310
320

WRITL(€992]1) MM

G0 TU 100

LO 171 J=m1.+2

KC(J+1l) = DA(J)

LO 172 J = 143

AKE(U) = DA(U+2)

WRITE(6¢921) MM

GO Tu 10¢C

VO ledl U s 193

FP(J) = DA(J)

LO 12 JU = 102

RktJ) = DA(J+I)

WRITL (64921) MM

GO TU 100

Rk (3) s DA(L)

UG 191 U= 143

ShiL(u) = DA(J+L)

ce(1) = DA(5)

WRITE (6¢921) MM

GO TL 100

LO 250 Js teg

CB(J+1l) = DA(J)

LO 200 J = 143

CF(J) = DA(J+2)

wWR1TL (6¢921) MM

60 Tu 100

XMLF s DA(})

XML B s DA(Z)

LO 290 JU = 1.3

TAL(J) = DA(J+2)

WRITE (6:¢921) NV

w0 T¢ 100

IF (I0FF) 310¢310¢3CC

(A g 8 0.0

G0 T¢ 320

UTH = XDTP

WRITL (6¢922) SERNCes NPHASE

MM= }

WhITL (60901) MMe XMe XIXe YIYe Z1Z2¢ X1Y
MMs 2

WRITE (61902) MMe XI12+ YI2¢ XMPe XLDOs DELCG
MM= 3

WRITL (6¢903) MMe XLFo XLLe XLAe G ¢ ALPHACI(D)
MMl

WRITL (6:904) MMe ALFPHAD(Z) o ALPHK(1)e ALPHK(2) BEETADes XLC
mMMsS

WRITL (6990%5) MMy HEOs XIALPHe XIGAM¢ HFOe
PMe b

WRITL (64906) MMy UF XDOTOC YDOTOC+ 2DOYOC
MMsT7

WRITL (64907) MM XNUs XLDMINIXKS

MM 8

WRITE (64908) MM,

MM=9

WRITEL (64909) MMy THETSCs FSIODe PHIORe X10D¢ XLAMDD
hMe 10

WRITE (6¢010) MMy (JIOMEGA(J) o JUmle3) oWILEY
MM=] )

THETD(1)e THETD(2)e¢ THETD(I)
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WRITL (Ge911) MMy CODFE e STENGe KFHASL Y VHe VV

L = 12

WKITL (64912) MMy LTPe TECIHMe (ERO(JY e Jx Uef)

mMMm = |3

WRITe (69913) MP J(UEFCU () v JE 6410)

MM = 14

wk1TL (6e914) MMy (UsEROIU)Y U = 11¢15)

MM = 15

WRITL (€4915) MMy (JIERO(JY Y J= 160 209

[ R = 16

WhITE (61916) MM (JIERO(U)r J= 21424) 0 RCI(YL)

MM = 17

wR1TL (64917) MM, (JsFC(J)r JE203) s (Ue XKL (J) e U= 1e3)
MM = 18

wWhilTL (64916) MM (JFFP{U) e J= 103)0 (JeRR(J) v U= 1102)
M = 19

Wk1To (69919) Mbo FR(3) o (JeSRLIJ) Um 1¢3) ¢ CEB(D)
MM = 20

WrITL (64920) MMy (JeCE(J) e Jm213) e (JeCF(J) 0 J= 1e¢3)
M = 2)

wWR1TL (641921) MMy AMUF ¢ XMUBe (JeTAU( L) e U= 143)
FI = 3.14159265

LECRalL= FI 7 1800

RA{DtGs 180.,0 7/ FI

o CHiANGE INPUT ANGLES FROM LEGREES TO RACIANS
THETA (L) s DEGRAL » THETCL (1)
THETL(2) = DEGRADL & THFYr¢(2)
THETA(3) 8 DEGRAC # THETC(S)
THETAS = DEGRAC # THETSL
FS10 = DLGRAD & FSIOr
FHIO = NDEGRAL » FHIOP
XIC = DEGRAL » XIcU

" ALFHA(]) = DEGRAD » ALPHRD (1)
ALFHA(2) = DEGRAU #» ALFH2L(Z)
BETA = DELGRAD ¢ LETAr
XLAMLA = DEGRAL # XLAMIO
CMEG(]) = OMEGA(1)$DEGFAC:
CMEG(2) & OMEGA (2)%UEGFAr
OMEG(3) = OMEGA (3)%DEGFArL
XMEP(1) = xMP
XMFP(2) = XMF
AMIP(3) = XMF

C

g SET INERTIA MATKIX XJ(3¢3)
XJt1e1) = XIX
XJ(ii12) = X1V
XJ(1¢3) ®» oxl2
AJi2e3) = X]Y
XJ(2:2) = vYlY
XJ(2:13) = -yl2
XJ(3¢1) = =X12
XJ(312) = «v]2
XJ(3:3) = 212
Lo 850 U = 424

650 ERF (V) = ERO(J)
co 851 U = 410

851 IO0FT(J) = [ABS (IOPT(J))
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Tt = TFC

Jt = UNC
IF CIWILEY (1) + IwILFY(2) + IwILEY(3)) 1102¢11C2¢1101}
1101 uN = 0

1102 COP TINUE
S0C FOFMAT(I7¢5X15E12.5)

901 FOFMaT (S5t CARD13+¢1Ch Xt =1E12.5¢10H IXX ®eE12¢5410H 1
1YY =1E312450)0H 122 =4F12e5¢10H IXY =¢F12.%/7)
902 FOFMAT (5H CARD¢13410H IXE =0E12¢5410H IYZ =1E125410H X

1MP =1E12e45410H XLUO =¢F12¢5¢10H DFLCG =¢F12.%/)
903 FOIMAT(5h CARD 134 10K ALF ®=iEf2e¢%5110H XLL =¢F12¢5¢10H X

ILA =1E£12.50110H G =1F12e5010H ALPHA(1)®F12,%5/)

9OU FOFMAT(5H CARD¢13410h ALPHA(2)21E}2e5¢10H ALPHK (1)1m1E12e5¢10H ALPH
IK(2)=1EL126%0¢10KH BETA =4F12+45¢10H XLC =1E12,8/)

905 FOFMAT(SH CARDe13410H HRU  ®1E1265010H XIALPH =91E1245010H X1
16GAt =1E1245¢10H hFO =¢F12e5¢10M DB =¢E12.57)

906 FOFMAT (IXUHCARUIS‘OXUHDF = E12e5¢2XBHXDOTOC = E12.5¢ 2XBHYDOTOC =
906f LElae5¢ 2XBHZLCUTOC = F12e% /)
907 FOFMAT (IXUHCARL I3ZeSXSHXANU = E12.5¢2XEHXLDMIN = E12.5¢3XSHXKS =
G071 E12.5 /)
908 FOFMAT(SH CARD13, 1OH THETY
10(1)=eEL12,5¢10H THETLU(2)meEL12¢5¢10H THETD(3)®¢EL12,.%/)
G089 FOFMAT(SH CARKD¢13,10h THETAS =1E12¢5410H PSI10 =:1E12¢5,10M P
1HIC S9E12:5010H XIO =meF12e50v10H XL AMDD =¢E12.57)

Q10 FOFMAT (IXUHCARL 13¢ 3(1X6HOMEGA(11¢zH)=E12¢5) +IXTHCODER = E12.5/)
911 FOFMAT (5H CARD13:10H CUDE =eF12¢5:10H SEF NC ®¢F12:8¢10N PHA
Q91118SE NUseI12 +10H VH =,E12:50¢10H VV 84E12.5/)
912 FORMAT (LIXUHCARUDIS ¢ SASHLTF = EJ2.8¢6XUHTF = E12.%&XU4HHM & E12.5
9121 2xBHERR(U) = E12,5¢ 2XBHERR(S) = E12.8 / )
913 FOFMAY (IX4UHCARDIZ: U(2XURFRR(I143H) = E12,5)s IXUHERR(I2+3M) = EU
9131 2.5/)
QlU FOFMAT (I1XUHCARDIS: S(IXURMERR(I2:3H) = E12,5)7)
915 FORMAT (IXUHCARDISZ, S(1XUHFRR(I2¢3H) = E12,5)/)
916 FOFMAT (IXUHCARUISZIM(IXUMHERKII2¢3H) ® F12,8)¢ SXTHRC (1) = E12.5/)
917 FOFMAT (IXUHCARDISy Z(3X3HRCII1e¢3H) = F12,5)¢ S(2XUHXKN(I1+3H) = E
Q178 12e5)/) :
918 FOFMAT (IXUHCARDIZy I(3X3HFFP(I1e3H) = F12.5) ¢2(3X3HRR(J1¢3H) = E12
9181 8)/)
910 FORMAT (IXY4HCARDII¢IXTHRE(S) = E12,5¢3(2X4HSRL(TI1e3H) = E12+5) ¢ 3X
9181 7rCE(L) ® E12.5 7 )
9:01FOFHAT (IXUHCARDISy 2(3X3RCE(I193H) = F12.8) ¢+ I(3IXSHCF(11¢34) = E}2
%201 t)/)
1921 FOFMAT (LIXUHCARUIZ (UXGHXNUF = EL12.8¢4X6HXMUB = EJ2.50 J(2xuNTAU(T L
19218 + 3h) = E12.5)/)
921 FORMAT (IOM NEW DATA CAFL FOR THIS CASE It NO, =,15)
922 FOFMAT (//27H THIS CASE 1S SERIES NOe = F12¢30
vaal 20H AMRD PHASE MO = 9 1U//7 28H  INPUY DATA FOLLOWS. //)

RETURN

ENL
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SUERLUTINE INIT
LINELSTON XMPP(3)y ALPHK(2)
LIPERSION A(3)e AA(D)
COM MCN/NT/ ALPDOT(3)s ALFH(3)+ GAMDOT(2) s GAMMA(3) e+ XDCTCs YDOTC.
1 200TCe XCo YCo» 2Ce OUMEG(3)e PSIs PHI+ X1+ PFLAGe KFLAGe PSIO»
2 PHIUY XI0s THETA(S) e THFTASe ALPHA(2)s BETAe XJ(3¢3)e PI,
% UEGRADe RADLEG
COPMUN/NG/ AL(3) s A2(2) 0 A3(2)e AU(3¢2¢3) 0 AS(302¢3) 9 AG(3)Y e AT
1 AE(3¢3)e Dis D21 D3¢ DUy PSe D6 N7 (8¢ N9 C10s Dite 0120
2 D13¢0144D151DI6sD1T1018,L 1500200 XXe FA(L10) s W(3elr6) e HPL(303)
COr MUN/NLQ/FCOTI(100) e FOOTZ(100)s FOOTI(100) s
101 ALOCKI(10C) e FLOCK2(100) s Bt OCKSI(10C)
102 SHOCKI (1GL) ¢ SHOCK2(100) s SHOCK3(10C)
COPMUN/NLL/CBIS) aXMoXIXOVIYI2I20XIYoXIZoYTIZ e XMFPeXIPIDELCGoXLP
1 XLL o XLACGIALPHK ¢ XL C o HBO ¢« NPHASE ¢ HFOsHFMIN ¢DF +RC (3) eRR(3) o
2 XLOOP o XLUC o XRL (3) ¢ XK Sy XNU o XLPMIP ¢CCeCF (3) o ALAMDA + XMUF ¢
s XEUB o RUNNC ¢ SERNO ¢V ¢ VH Db o XTALPH e XTGAMIDELMAX s SRL (%) ¢FP(3)
COMMUN/NL2/XDOTUC s YDOTOC ¢ 2PCTOCITAII(S) o ISETII) o XALS) e YA(3) ¢ ZAL(3)
COPMUR/ZHLIG/SLOPEL (3)eSLOPE2 (3) e XCNP(12) 1 YCPP(12) oFPSB (3) o XHPU(3) ¢
1 YHPU(3) ¢ ZHFU(2) ¢ SINTHS1COSTHS ¢PSP (3412) oNDELEL (3) oF 1MAX(3) s
2 ZFREFASINTH (D) ¢ COCTHI(I) o T2ZEROWVZERO12B0 ()
COPMUN/NIS/ B(3e3)1e XB(3)e YB(3)s 2B(3)s XFF(3)s YFP(3) e ZFPI(3)
1 DFES(3¢3¢3)
COPMUN/NIO/NNFLAG(3) 1PSBC(3)+1PSPQ(Se12)+IBEEN(E)
100 SINThS = SIN ( THEYAS)
COLTHS = CcOS ( THFTAS)
LO 1US U = 143
ISET(J) = O
XA(J) = 0,0
YA(J) = 0,0
2A(J) = 0,0
CELEL(J) = FPLJ)/XKS
F1PAX(J) = 0.0
IbEEI(J) = O
IBLEL(JU+3) = O
105 COMTINUL
LELMAX = XLDO = XLODMIM
K = IFIX(FUOTL(2))+3
SL(PLl(l) s (FOOT)(Ke1)=FOOTL(K))/(FCOTLI(4)=FOOT1(3))
= IFIX(FOOT2(2) )+
SLLPL1(2) m (FOOT2(Kep)=FGOT2(K))/(FOOT2(4)=FOCT2(3))
K = JFIXIFOOT3(2))+y
SL(PLI(J) s (FOOT3(K¢1)=FCOTI(K))/(FOOTI(4)=FOCTI(3))
s JFIX(BLOCKLI(2))e)
sL(PLZ(ID s (BLUCK) (K43 )=BLOCCKI(K))I/Z(BLOCKE (4)=BLOCKL(3))
K ® IFIX(BLOCK2(2))e3
SLLPLZ(Zi s (BLUCK2(R+]1)ebLOCK2(K) )/ (BLOCK2(4)=BLOCKR2(3))
= JFIX(BLOCK3I(2))43

SLCPLz(J) e (BLOCK3(K+))ehLUCKI(K))/(BLOCK3I(4)=-BLOCKI(3))
110 XC= (o0

YC= UeO

2C= (0

PS] = PSIO

FH] = PHIO

Al = X10

73} = COS(PS])
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g NeNaKel

OO0

1101

1102

1103

1104

111

112

114

Lea = COS ( PHID
L3 = CoS ( x1 )
L4 = SIN ( PSI)
C5 = SIN ( PHI)

L6 = SIN ( X1 )
t(l¢l) = C2 & D3

Blled) = «p2 »D6

E(1¢d) = DS

Etzel) = 04 DS »C3 + 01 »00
Eleve) = DY DS #CE +C1 »CD
blee3) = -p4 =D

B(2evl) = «p) »DS =03 + Cu » Do
b(21z) = D] *DS *Ne +04§ »0U3

E(345) = ) »C2
GO TO (1102+110143103) ¢ NPHASE

XOCTL m=VH & SIN (XLAMDA)
YDCTCL = VH » COS (XLAMDA)
20(TL = vy
GC Tu 111}

XDCTe= xLovoC
YOC(TLe= YDOYOC
ZD(T(¢= ZDoTOC
O T¢ 11t

ACl) = XDOTOC
ale) = YDOYOC
A(3) = ZDOTOC

to 1104 | = 1,3

AA(L) 8 0.0

Lo 11cu4 L = 143

AA(L) 8 AA(L) + B(IoL) » A(L)
XCCTC = AA())

YOCTL = AA(2)

20CTC = AA(D)

PFL AG 8 +1,0

ABCVE P FLAG IS USEL IN ECX 1815 OF FORCE SUBRCUTIME,
NOY CALCULATE T suB ZzERe

LC 112 1 =1+3
AA(l) = 0,0

LO 112 L =143

AALL) = AA(T) ¢ XJU(1+l) & OUMEGIL)
Cor TINUE

Di = 0,0

LO 114 L =1¢3

U1 = D] + OMEG(L)®AA (L)

COLTINVE

TZER(® (5% ( XM % ( XUOTC » XDOTC + YLOYC  YDOYC ¢ 2007TC & ZDOYC)
1 « D1

THE FOLLOWING ChANGES ( YC COMMENTS CAPD MARKEC END OF CHANGES )
ARL LHANGES MADE IN DECK NOe 2 ONLY.

XCLP (1) = 040

ACLP (2) = 0.0

YCLP(L) = ( 240 7/ 3¢0 ) » OF 7 P}
YCLP(2) = = YCLP(])
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o

tNL oF DECK NCo 2 CHANGES

L1S = XLA # XLA + XLL * ¥yiLL
L2(C = 240 % ALA =XLL
GAMMLG = BETA + ASIN ((XLDO®XLDO - D19) / C20)
LCEMLX = 0,0
L17 = SIN ( BETA )
L1t = COS ( LETA )
LO 2L40 U =1,+3
140 GAMMA(J) = GAMMAOD
ALFH(J) = GAMMAC
SIPTH(J) = SIN ( THETA(J) )
COSThU) = CLS ( THETA(J)Y )
PFSE(u) = 0.0
FSEQ(J) = 0«0
AB(J) = XLC % SIMNTH(W)
YB(J) = XLC » CUSTH(J)
bl {y) = DELCG + WRC
AHEUGJ) = SINTH(J) »( XLF + XLA * D17 )
YHIU(J) = COSTH(J) #( XLF + XLA = D17 )
chiUGJ) = DELCG - XLA « Lt
GANTDOUT(J) = Qa0
ALFCCT (J) = (eO
AFF(u) = SINTH(J) #{ XLP + XLL * COS ( GAMMA(J) ))
YFFE(U) = COSTH(J) #( XIP + XLL % COS ( GAMMA(J) ))
dFELU) = DELCG + XLL * SIN ( GAMMA(J) )
HPL (Jel) = XLP * SINTH (J)
FFL (Je2) = XLP * COSTH (J)
HFL (Je3) = LELCG

150 LhE&(uelel) = COSTH(J)
LRE(U1102) = SINTH(J)
LRE(UI1e3) = 0,0
DR&{Ue2e1) =& = SIANTHID)
LRE(L1202) = COSTH(J)
LRS(U12¢3) = 0,0
LRE(UI3e]l) = Q.0
URS(U1302) = Q60
LRS(uU13¢3) = 1.0

AG(1l) = XFP(JU)
h6(2) = YFP(J)
A6(3) = ZFP(J)

C K L0 LCOFS HERE AND AT 20C AKE CHANGEL IN DECK MOo 2 o

LG 190 K = 142
16C AA(]1) = XCDP(K)
AA(2) = YCDP(K)
AA(3) = HFQ
CO 1e2 Ll =143
AlLY) = A6 (L))
LO 1ue L2 =143
ALLL) = A(LY) + LRStUsL1oL2) * AA(L2)
162 COFMTINUE
CO Jed LI wmle3
Al(L1l) = 0,0
CO 104 L2 =143

ALCLL) = AQ(L1) + B(L1sL2) » A(L2)
164 CONT}NUE
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176
18C
19¢
<00
216

220
240
250

A7 = SINTHS » AL(Z) + CUSTHS * AL(3)

1IF( AT = 2CPMAX)160¢19016C
2CF MaX = A7

COrTINUE

LO 260 K = 102

FSE(UIK) = 060
FSFQ(JeK) = 060
Cot TINUE

Cot TINUE

4C= =2CPMAX / CC(STHS

ZFIEF = « 2FF(3) « hFO = Ce50C
VZERL = = XM * G * 2C

LA(7) = XM % G

LA(B) = Pl % DF /7 Be( % [F
DA(9) = 65,0 % LEGRAD

CA(IC) = P » Db » DL / 4.0
RETURN .

ENL
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SUERCUTINE FLb
LINELSTON XMFP(2)e aLPHK (2) +tSHKMAX(3)
LITEESICM A(3)e AA(D)
COMPUR/NZ/ZT Y (5U) oD (50)
COLMUR/ZRS Y/ TALPHA(3) o TG2MMA(S) Y FU(3)e TG(3)
COMEUR/ZNE/0MEGDT (3) 0 ALFII.P(3) e GAMDL(3) s G(3)s PSILs PHIDs XIDs
1 UiLwhey
COPMUN/ZNT/ ALFDLT(3) 0 ALFKH(3) e GAMDOUT(3) s GAMMA(3) e XDCTCs YDOTC
1 ZLOTCy XCo YCo 2C¢ CMFG(3)e FPSle PHIY XIes FFLAGYy KFLAGY PSIO.
2 PHIUY XICe THETA(X) e THFTASY ALPHA(2)y RFETAY XJU(3e¢3)e Pl
3 LEGRALDY RADLEG
COrMOU /B LEFLAG
CCPNCE/NG/ AT(3) e A2(2) 0 A3Z(2) 0 AU(30203)¢ AS(30¢2¢3)0 AG(S)s AT
1 AE(Oe2)e D1y D2e 030 Ple CLe PO NT7e 8y G0 C10s DIy C120
2 DI301ELIS 100l 1ToUSEL.160020¢ XXo TALLC) e Y (3eUe6) s KPPl (343)
COPRUN/NLL/ZCEU3) axMoRIXovTY 212 eXIYOXIZoYTZ0XMEPoXTFIDELCGIXLP
XLU o XLASGUIALFHK o X1 C o LEBOSNPHASE ¢ HFO o -FMIP oDF ohC (3) 1RR(3) 4
XLUOP o XLUC o XKL () ¢ XK S s XPiJe XLEMINSCCoCF (3) o XL AMDA o« XMUF ¢
XPUBoRUNNC ¢ SERNO VY o VHeCB o XTAL PHoXIGAMICEL PAXSRL (%) oFP ()
CCPMUM/NEIZ/ Ao AA
COMMUN/MIL/SLOPL L (3) oSLOFE2(3) o XCOHP(12) 1YCLF (12) 1FSB(3) o XHPU(3) o
1 YHEEUI3) 0 LML) o STRYHS 1 COSTHS 1PEP (3412) +DFLFL(3) oF {MAX(S) o
2 ZlREFoSIhTH(S)orOSTH(S)oTZFPOcV?ERO-ZGO(‘)
COMMLM/MNLIS/ B (303, AR(3)es YBU(3)e 2B(3)¢ XFF(3)e YFF(3)s Z2FP(3)
1 DES{3e303)
COtMUN/MLE/ RNI3) e RITU(3¢2)0 XLOD(3) o XLDDOT(3) e XIPCTP(X02)
1 YOCTF(3e2)r S(342)0 CCSXT (3), HF (3012)0 ZCOTF(3¢2)0s HB(3) ¢
2 GFS(3¢3¢3), TA
COtMUN/NLT/ XFPC(3)e YFFPC(X) o ZFPC (D)
COrMUL/NLB/ NFLAG
COPMLN/NIG/NNFLAC(S)cPSbC(?)oFSPC(JoIZ)v!BEEN(()
COtMLL/N20/DWORK (15)
COMMUN/N2UZICPT IO Uty L TH

(RS

1F (LFLAG) 1%9,1901¢C
16 IF (LFLAG=1) 70¢7041%
15 ISTALL = ¢
6O YU 70
19 IF (LFLAG) 2002024
206 LO 23 1= Uzl
1F (ABS(Y (1)) « 10.,E4123021021
21 LG 22 Um Jecld

22 L) = C.0
L(c2) = j0.L6

GO T¢ 150
23 COLTINUE
24 Ly 30 1= 143

ALIOLT (1) = Y(I)
ALFH(I) = Y{(]I+3)
GAMDULT (I)= Y(1e¢06)
GANLMA(1) & Y(1e9)
3C UHEG(I) = y(]1418)

ADCTC = v(313)
YOLTC = y(i4)
«LCTC = y(15)
xC * Y(16)
YC = Y(17)
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C = Y(1b)
FS1 = Y(22)
Fhl = Y(2D)
A = Y(24)
1A = T
catl CUNFIG
1F (nFLAG ) 13Ue120e3¢
3¢ CALL STAB
LO 3L U=ie3
1F (ICEEN(J)) 37¢3703L
37 1Ff (FSP({Je1) ¢ FSP(Jez) ) 384384374
38 (Ct TINUE
381 (.© 363 U=1.43
1F (IRPEFK(JU+D)) 382¢3&2¢383
3682 IF (FSE(J)) 3R€+383¢%%6
383 ot TINUE
GO Tu 368
384 WKITL (64385) JT
385 FOFMaT (1OX12HFUGOTPAL NC, 12¢40H HAS ILITIALLY CCHTYACTED SURFACE A

38517 T = FlO0e4e 9H SFCONDESy)
IBLEN(Y) =

Lo To
386 WRITL
387 FOIMaT

b1

(61387) JeT

(1OX1EHBOLY LLOCK NOe I2¢ 4OH HAS IMNITIALLY CONTACTED SURFA

3B71CE AT T = FlOe419n SECONIS, 7/ )
IGEEL(JU®3) = )

GO TU 383

388 IF (KFLAG) 4050160

4C whITL (6148)

45 FOFMAT (USHe*s%% VEHICLE 1S UNSTABLE IN PITCH #se%xs )
1STALL = =}
Lo Te 70

50 WKITL {6155)

55 FOIMAT (4SHesxs®x VEHICLE IS UNSTABLE IN YAV sssss )
ISTALL = =}

70 LFLAL =

SICMIN = SIGHIN®EADUEG

WRITE (LeT71) Te S1GMIN
71 FOFMAY (1OX?HTIME = F 10,4y 10X SHSIGMIN = F10.4+8HK DEGREES/)
LSS = V60
L6S = 0.0
wOFK s 0,0
K ® 5 ¢ IABS (ICPT(3)) * 10
Lo 72 Um 14K
Te wut K 8 WORK ¢ Y(u+al)
Lo 76 Km}]e3
Alr) s 0,0
Lo T4 Umioe3
74 A()) ® A(K)¢ UMEG (J)eXJ(Ked)
LSS ® A(K)SOMEG (K)+r8G
76 Le6% & GAMUOT (K)»GAMIOT (K)+D69S
13 B DSG /2.4D69FX1GAM/2, +Xp/72e% (XDCTCEXDOTC
1 +YDOTC = YDCTC + 7DCTC * 2DOTC)
EFL 8 VIFRO+LA(T7)e2C
WRITL (6078) TZEROEFDoMCRK 1EF ¢+ (SHKMAX (J) eUm 1 e3) ¢GCMIN
78 FOI MuT ¢
T6L1I0)HURINITIAL KINETIC ENEKEY (EKO) s F20.5¢7H FT LBS/

TB210X4CHDIFFERENCE TN POTELTTIAL ENERGY (EPD) ® F20.5:7H FT LBS/
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3-80

763104 bl ISSIRATEL FRLRGY (ECIS)
TEULC > BChHE TRAL RIMLETIC ENEROY

T65:C330HEAXTHUN, SHCCK aBSCREET
786021 7HLEC rAGel FE(Y) =
T670317HLEG NOe2 FAL(2) =
TEPCHIITHLEC 10e3 FA(3) =

(EKF)
FORCES- /
r20s1C/s
$20C10/
F20e10//

= F2Ce5¢7H FT LES/
= FZCo5e7H FT LBS//

769100510 I IMUN CLEAFAILCE FETWEEM GROLLUL PLAME AMD FFAME = F1OeUs UH

76) FTe /)
KRETUEN

oC 1F (ICPTI4)) 605160508 30L

605 IF (T) 6Le6lre2

61 SI(Hhilh = 10.LE
oerIf. = 10.L6
LG 6l] imleS

Gll SHPMX(J) = L0

62 SICMIN =AMIND (STIGMING W (3:40e2))
GOrIte = AMINI(GOMN TP enl(lolie2))
LG el U=l eD

2]l ShEPAX(J)Y = AMAXI(SHRMAR(U) s W(Jedel))

63 1F (SIGMIN = (754 ) L ev6EBe€ER

6 IF (W(3ee2) = S1IGHIT = 0.87UY 661€8B166

66 Wi 1TL (¢ e67)

67 FOFbaT (L2HESSSS VIHICLE 18 STAELE (HOCK=-BACK) $$$3$ /)
ISTALL = |
uC YU 70

6t 1F (ZFREF=(YCRSINTHS+Z2C*COUSTHS))  7547%54013C

7% IF (C00TCRZUCTIC=LeO) ECeB0O130

8¢ 1F (YDOTC*YLCYC= 4.0) 6L 90130

9C 1F (XDOTC*XLOTC=koC) 10Le10001%0

10G IF (CMEA(L1Y*CPMEG(L) = <C1) 110,110e130

110 IF (CHMEGL2)% OMEC(Z) = «01)12041204¢130

120 1F (CMENISISOMFGU3) =« (1 ) 125:12%0130C

125 WELITL (64126)

120 FOUMNAT (4&Hxan®n VEMICLE 1S STABLE #akwx )
ISTALL =
W T¢ 70

13C CALL F(RCE
1F (PFLAG) 13141320132

131 ISTALL = -
60 Tu 70

132 (ALL INTEQM
Le 140 I=140
1F (MFLAG) 13012001 Y4U

134 L1} = ALPHODD(])

13¢ L(1+2) = ALPLOT(])
UG1+,5) &= AMAX]L (-10Ce0e¢( AMINL (ALPDOT(I)s 100.0)))
Lil+u) = GAM DD(I)
L(I+y) = GAMLOT(I)
Lil+1zg) = Q¢(1)

Li1+15)= Y(1412)

140 L(]+1b)= CMEGDT(I])
Lte2) = pPSIL
L(3) = PHIL
L) = xiInp
Lo 145 U=1415

145 D(J+eld) = DWORK (V)

150 RETULN
ENC




O0OONn

SUERLCUTIMNE COUNFIG

LITERSION XMFP(3) e ALPHK (2)

LILENLSION A(3) o AALD)

COtHUN/NT /7 ALPDUT (3) 0 ALFE-(3)v GAMDCT(®)¢ CAMMA(N)s XDOTCe YDOTCo

1 ZLOTCe XCo YCo 2Co CMFG(3)e PSI1e PHIe X1¢ FFLAGs FFLACY PSSO,
2 FLIGY X10y THETA(3) e THFTASY ALPHA(2)s RETAY XJ(3e3)e PI,
® UL GrALY RADLEG

COrMUh/NB/LFLAG
COPMOCE/NG/ AL(3) 0 Ac(2)e AZ(2) 0 AU(342e3) 0 AS(3:2e3)0 AG(3)s AT

1 AE(2¢2)0 D1v Do 30 Nl 0Se D€y D7y B [9s T1Ce Tile T2
2 UI3eL149D15eDIOIGITIDIE19¢D2Cr XXo LALLIC) s Y (Xole6) e KPR (303)

COPMUN/NLL/CLI3) o XMoo XIXoYIYIZIZoXIYIXIZoYIZoeXMFPoXIPeNELCGoXLP

1 XLL e XLA2GoALFHK ¢ XI € s HECoNPHASE ¢ HFO o HFMIM oDF oRC (3) sRR(3) ¢
2 XLOOP e XLLO o XKL (3) e XK Sy XMILeXLPMINCCCoCF (X)) e XLAMEC A o XMUF ¢
h ] XMUBoRUNNC o SERNO V'V o VHICE o XTALPH o XICAMICELP AXsSFL () oFP (D)

COMMUN/NL2/XUOTUC o YLOTOC 4 2P CTOCITALIIS) o ISET(S) o XA(X) s YA(S) ¢ZA(Y)

COt MUMN/NLIS/ Ar AA

COPMULA/NLU/SLOPE L (3) +SLOFE2(3) e XCOP(12) 21 YCCF (I2) oFEB(3) e XHPUI(I) 0

1 YEFUIS) o LHPUIS) 9 STINTHS ¢ COSTHS1FEP(3012) oDELEL (%) oF {MAX(3) ¢

2 ZFREFsSINTH(3) s COSTH(3) v TZFROWWZERD:2BO(S)

109

11C

COPMUN/NLIS/ E(3e3)0 XB(3)s YBUI3)s ZRB(3)e XFF(3)e YFP(3)e ZFP(3)

1 CES(343¢3)
COPMUA/NLG/ RN(3)y XIT(3e2)e XLD(3)s XL DODOT(3)e XCCTP(302)
1 YOOTF(392)s S(302)0 COCSYI (3)s FE(3¢17)e ZLOTF(3¢2) e HB (%) 0

2 GFS(3e¢313)y TA

COMMUN/NLT/Z XFPL(3)e YFPC(3) o ZFPC(3)

COl MCN/MHLIB/NFLAG
COMMUA/NLIG/MNFLAC (3) sPSEC(S) tPSPO(3012) + IBEEN(€)
COMMUN/NE22/FOCT(3:3)

COP MUM/N2U/ZICPT(10) e UMy LTH

1F (PSISFSI+PRI®FHI+XTI%X]I=10000) 110+1€901CO
bS] = Pl/ge0

Fhl B 0N

X1 = 0,0

Lii= COS (PSI)

Lic= COS (PhI)

Lids (COS (x1)

Uit Sk (PSI)

Lite SIN (PhI)

Dies SIM (xX1)

Bllel) = D128D1S

E(lvz) ==D124D16

b(1¢3) = D18

Blzel) = C1unD15%D13+D1100L6
bleve) ==NiynD158n 164Dy 10013
E(z1d% menNiUunDl2

B(2v1) == 16DISeD 3401 U[. 1€
E(31c) ® D11%D1S*106+D UGS
b(3¢.) = D11eD)2

Li7+L16+0194L20 ARE SET IN INIT TO SIN(BETA) +COS(BETA) ¢
XL/#XLA P XLL®XLL + 2,0wXxLAsXLL RESFECTIVFLY

126 a(3) = 0.0

Alg) = SINTHS
A(d) = CoSTHS
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3-82

124

130
14c
15C
160

(ge1

162

17¢

172

18¢C

LC 1.4 L =13

PRt ) = Taq

LG 1ol Le =103

RhtL) = Eh(L) + E(lcoel) » A(L2)

CCr T L

CeeXlb = 6H(2¢3) » SILTHS ¢ L{3e3) = COSTHS
AlGlee) = ACOS ( COSXIE )

Mlleo2) = X11(102)

AT 02) = XIT(1e2)

IFC COCSXIR % COOXIR - «GOLO0L ) 31U40e150015C
CoLnt. = ,0ud
LO 240 J 1¢3

L7 = SIN ( GAMPAL))
Lo = CCS ( GAMMAL( 1))
AFE(G) & SIMNTHUU)Y #»(C XLk + XLL = Db)
YRt (L) = COSTH(J) %t XxLF + XLL * N8)
ZEE (y) = CELCG + xLL » 17
ALL(O) = SQRT ( (10 « 20 * ( D7 = ULULIB - DE * [17 ) )
AITALT(Y) = XLa % XIL & GAMDOT(J) » (DRxL1E + 7 #D17) /XLD (W)
AA(L) = AFP(U) .
LA(2) = YFP(J)
LA(3) = ZFP(U)
LC 12 I=g,3
L6(1) = 0.0
LU lee L =143
AG(T) = A6(T) + E(IoL) » A2(L)
COtTIME
YREC(J) = AE(l)
YFrC(J) = A6()
cFHEC(J) = 461(3)
Aaltl) = =XLL ® GAMDOT(J) » L7 = SINTH(Y)

L1(2) = =XLL * GAYDPCT(J) & LT % COSTH ()

A1(3) =  XLL * GAMDGTI(Y) » LE

AALL) = AJ(1) + CHEGL(2)% 2FF(J) ~ OMEG(3)® YFP(J)
AA(2) = A (2) 4+ GMEGC(3)® XFF (J) - OMEG(1)% ZFP (J)
AAI3) = AL(3) ¢+ CMEGIIY® YFF(J) = OMEG(2)% XFP(J)

LC 17 1 =343

«{1) = Q.0

LG 172 L =143

A1) = A(T) + P(IsL) ® Ap(L)

COt TiMLE

ACTE(Uel) = XDUTC + A(D)

YOCTHLUsL) = COSTHS »( YIGTC + A(2)) =SINTHS *( 20CTC + A(Y))
CUCTHEYIY) =S5INTHSH(YNCTr+A(2))+COSTHSH (ZDCTCH+A(S))
Stoel) = SQRT ( XNOTH(Je1) * XDOTP(Jel) + YCOTF(Jel) *YDOTP(Jel))
L1 = SIN ( ALFH(J) = GAMrA(U))

L2 = CCS ( ALPH(J) - GAMrA(J) )

h6(l) = D1 &« SIiTH(W)

he(2) = L) & CCSTH(J)

L6(3) = D2

COTXI(U) = RN(L) & A€(]) « RAN(2) %A6(2) + FN(I) » 26(3)
AlItuerl) & ACOS ( CUSXTI(U))

LREtOr3el) = COSTH(J)

LhEGCr102) = SINTH(J) »L2

LRE(UILe3) m SINTH(J) wl}

LRE(LI20)) ==SINTH(J)

LEE(L0202) = COSTH(J) =02

LKECGL1243) = COSTH(J) =0}




200

201

¢02

204
PIVL
2042
2043
2044
3001

300z

3003

3004

3005

2045

2048

2049
205
206

LEkS{ut3e)) = Q60

LRE(Ue302) ==D)

LRE(UDIe3) = B2

1IFC 211(Jel) = LA(9) )1200:2001220
Al2) = HFO

LO 216 K = 1+¢2

w(l) = XCOP(R)

Lti) = YCOP(K)

LG 2u2 L = e3

KA(L) = 0,0

LC 20 1 =143

LA(L) = AA(L) + CRS(U'L]) = ALD)
COMTLINVE

Al(1l) = XFP(J) + AA())

Al(2) = YFP(J) + AA(L)

AL(3) = ZFP(J) + AAL(D)

L1 ® 0.0

L2 8 040

L3 = Co.0

LG 20K L=1,3

L1 = D] + B{l.L) * Ag(L)

L2 s D2 ¢ P(2+L) *® Ay(L)

us = 03 + R(3sL) = Ag(L)
COLTINUE

1F (1OPT(4)) 20UL120UE+204]
IF (TA=TAU(J)) 2C6:2C4202042
1F (ISET(J)) 2043:20u3,2045
1F (NFLAG) 206 206¢204L

I1SLM = 0

Lo 3001 L= 13

1Sl M = ISUM + ISET(L)

1F (1SUM) 30023002 1300%
+S10 = PS]1

FH10- s PHI

rIC = X1

1F (NPHASE = 3 ) 3004+¢3C03¢3004

VHCRIZ = SQRT ( XPCTCxXDOTE + YLCTC*YDOTC)

XU(TLC = XpOTC
YD(TLG = YDOTC

VVERT = 2pOTC
IStT(J) =

sury = 0,0
surz s 0,0
XA(J) = D) + XC
YA(J) = D2 + YC
ZA(J) = D3 + 2C
GU TL 206

sSury s D2 + YC = YA(J)

sur e ® D3 + 2C «2A())

A7 = SINTHS % SUMY + CCSTHS » SUMZ

00 TU 2049

FOLT(Jel) = XFPC(U) + XC

FOCT(Ji2) m (YFPC(J) + YC)#CLOSTHS=(ZFPC(J) ¢ ZC)*SINTHS
FOLT(J93) m (YFFC(J) + YC) ® SINTHS + (ZFPC(J) + 2¢) # COSTHS
A7 = (D2+YC)%SILTHS+([:3+42C)1#COSTRS

HF(JIK) = HFO = A7 / CCSXI(J)

IF( PSPUJIK) + HF (Ush) = HFU)218421842C6

HF(Jek) ® HFC = FSP(uUk)
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<lb

22(

<2l

el
22¢
223

h (1CPT(W)Y) 22
I LeGld) = v
CGTe o 230

L6 (1) X ()
LE(2) YE(J)
L6(3) 2t 0(J)

L3 = 0,0

L = (.0

Lu el L=103

LY = L3 + p(24L)
LY = LU + P(3.L)
CorTatut

L7 =SIMTHS *( Lo + YC)
he(J) = hEO=AT/LOSXIL

1220219

"non

» Ao(lL)
* a6 (L)

+ COSTHS *( D4 + 2(C)

WF LaG(Jd) = +1

IF (NFLAG) 22202220222
tst (o) = FSAGIY)
1F( b SULJ) « HO(J)
NN LG (J) = U

GG YO &3u

b () LELCUL + th(J)
AL (1) OMEG(2)* 2F (L)~
AA(2) CMEG(3)*® xF(J) -
LAa(3) CrEG(L)Y» YEL(U) -
[.O 2.9 L‘l ']

L(lL) = QeC

LG 209 1 =143

A(L) = A(L) + BlL.1)
(orTitut

2LCTE (uve) = XDUTC + A(L)

YLCTE(Je2) = COSTHS »( YIOTL +A(2)) = SINTHS *( 2ccTC ¢+ A(M))
LUCTEH (Ure) =SINTHSH (YUOTr48(2))14COSTHS» (2D0TC+A (D))
S{eve) = SORT ( XOCGIP(Je2) * XUCTP(Je2) + YDOTP (J+2)

- HEC)Z2L 922U 223

nn

CMFLI(3)* YR({U)
CrEG(L)%® ZR ()
CrrCU2)% XRUJ)

. n

* Az(1)

* YDOTP(Je

1 2))

230 GhEtuelel)
CLhetue102)
Gh&(u103)
(:f\i‘u.?'l,
GRS 20
GhE(Le203)
GRS (ue30l)

= COLTHIJ)
= STHLTIH ()
==STLTe (J)
2 SThTH(J)
= COSTH(U)
w=COSTH (J)
= 0.0

re
r?

<32

240

2401

YO C
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GRS GLue3e2) = D7
GRE(Ue32e3) = DP
LC 23« L= 243
AlL) = UeC

LO 2:2¢ 1= 143

hl)
LOr TIMUE

& L(L)

+ B(LsT)eHFL(Uel)

Ab(Jil)= SINTHS #(YC+A(2))+COSThS®(ZC+A(3))

corTituE

I+ (1oPT(4))

250025Ce 2401

1F (TSET(1I®ISET(2)%1SET(3)) 2504125002499

THIS SLCTION COMFUTES GRCLIL SLCFE AND CROSS SLOFE ANGLE IF

FOCTE AL

IMPACT TIMFS AFE SPLCIFIED

ANC OPTION 4

1€ ENABLEN




2499

2496

2402
2403

2404
2405

2406

241C

241}

2ut2
2413
2uly

2415

au4le

2417

3ol
2418
2u19

2420
242}
2422

2423
2424

AX = XAl(e) = XA()) !

AY ® YA(e) = YAL(})

A2 8 ZAlg) = ZA(L1)

FEX B XA(D) = XAl}Y)

(33 4 s YA(S) = YA(})

t.2 ® ZA(D) = 220}

AXE X = AY&L2 - A2#bY

AXtY ® AZ2e%bX - AX®E2

AXE Z & AXsbY = AYSEX

AXEMAG = SOPT (AXRXSAXBX ¢ AXBYSAXBY + AXBZ¢AXEF 2)
WRITL (6s2u498) Ta

FOFMLY (/BXSHTA = F7.446} SELCONCS )

IF (AXBMAG) 240202U0242410

WhITL (GCe2403)

FORMAT (/3ZHensxxIr PALT FCINTS COLINEAR®®®as //)
WRITE (602404) XA(1)eYA())02A())

FOFRAT (SXBHXA(L) = FT7.2¢5Y6HYA(L) ® F7,2.8X8HZA(]) = F7.2
RRITE  (0424805) XA(2) e YL(D)s 2A(2)

FOIHAT (SXAHXA (<) = FTe2¢8XbHYA(2) ® F7,2¢8X8HZA(2) = FTe2
WR1TL (Go2UO6) XA(3) e YAIS)eZA(Y)

FOFPAT (SXBHXA(D) & F7.2,5X6HYA(S) = F7¢2¢5X8HZA(3) = F7.2
LFLACL =

Lo To 2%

(V] )] = AXEXZAXEMAG

UNY s AXHYZAXEP AG

UNZ = AXRZ/ZAXENAG

IF (UN2) 2411.241202015

UNX s «yUhX

UNY = =Ny

UNg = -UNZ

¢ Tu 2431s

WR1TL (€o2413)

FOFMAaT (/24 Hensxs L ANLED OF VYALL®®xus 77)

WRITL (622404) XA(1)eYA(L)e ZALY])

WhITe (C+2U0S) XA(2)eYA(2)er 2A(2)

WR1TL (Ge2406) XA(3) o YA(I) 0 ZA(DS)

LFLAL =

G T¢ 2%0

THETAS & ACOS(UNZ)

CU Tu (241612417 ,3011) ohFHASE

VH(R]Z = EQRT (XCOTUC*YDOTOC+YDOTOC®YDETOC)
XD(TLG = XDOTOC

YLCTLG = ypoTOC

GO0 T¢ 3011

AUCTCL = «yHESIN(XLAMDA)

YUCTLQ = yH=eCOS (Xt AMUA)

VH(R]Z = yH

1F (VHORI1Z) 2416241842420

WRITL (642419) VVEKT

FOFMAT (/37Hess®s yH=Q LAMDA®=O (ARBITRARY) VVe £20.8/77)
G TL 2usp

IF (THETAS) 24210242342430

WRITL (Ge24z2)

FORMAT (/22K %8s KRCR ThE TASSSass /)

60 TL 2414

IF (XDOTCO) 2u24¢2Uu2%:242%

LBt ® ¢1,0

GO TL 2426

/)
/)

/)
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2L25%
26420

243C

cn31

2432
2633

2448
2447

2449
2u5C

2651

2u52

2454

245%

265¢

2658
3458

3u5¢9
24569

2460

2401
2462

2463

3-86

[S714 = ~1,C

COsLatl = YDOTCQ/VHCRIZ

ASLGHE = PRH®ACOS(CCELAM)

6L T 24up

ArLG = €QRT (UM X®UNX4UF YRUNY)

uad = UNX/AMAC

LAY = UNY/ZAPMAC

1F (UAX*YDOTCG-UAY®XCUTCQ) 2U31e243202432
(AN s «1,0

¢ Tou 243y

E&E = 4+1.0

COLLul = (UAXBXLOTOGHULYRYDLTOG) /VHORTZ
ASLOFE = FRRBACOUS(CUSLAM)

XSL0LG = XSLCPE * RALDEG

LRITL  (©002447) VHORIZWVVEFRT

FOFMAT (ZEXSHVH = F562¢ 16k FT/SEC VV ® FEL2¢7TH FY/SEC
VRITE (64244L4G9) XSLODEG
FPOGFERT(/ZSXBHLAMDA = FS.ce6H CEGREES /)
THEOULG = THFETAS * RALDFG

WKITo (6+2451) THEDEG

FOF MY (UXQHTHETAS = FEe2¢8t DEGREES //)
WRITL (602404) NA(L)eY2 (1) ecA(])

WhITL  (64,2005) XA(2) e YA(2)02A(2)

WRITL (Co2406) XA(3)YA(I)02A(3)

1F (THETAS) 2uS<se2Uu52,2458

FSIU = PSIOxhADULLG

FHI0 = PHIORADDCEG

AI( = A]JOxRALDEG

wWhlTL (6.2u54) PSIC

FOFMuT (7X6HFST = F7e2¢6F CEGREES/)
wRI1TL (€e2455) FHIO

FOEMAT (7X6HFHI = F7e2+6F PeGREES/)
wkITL (62456) XI0O

FOFMLT (BXEHA]I = F7e2+6H LEGREES/)

LFLAL =

GO T 2%0

IF (VHORIZ) 3uUEb¢1345¢F 43459
AMAG s SORY ( UNX®UNX + UMYRUNY )
LA = UNX/AMAG

LAY = UNY/AMAG

1F (UAX) 245G ,.24¢€002U6}
t.tst 2 41,0

GO TL 2462

eBt = (.0

GO Te 2462

t.bt & ~1.V

COs2LT = yAY

<ETA = RAA®ACUS(COSZET)

<E10LG = ZETA®RACDEG

WR1TL (6+12463)ZLTNFG

FOFMAT(6XTHZETA = F5.218K DiLGREES /)
SItZeY = SIN(ZETA)

SItPH] & SIN(PHIC)
COLPrl = COS(PHIC)
SITPS] = SIN(PSIO)
COLPS] = COSIPSIC)
SItX] = SIN(XIO)
LCsXl = coS(X10)

o



>

(ol o

247¢

250
252
254

256
2506

26C
262

Chebil = SINFRI®COSLLT=-SINPSI®CCSPHI®SINZETY

STLFp = SQRT (le0 = (STPFHI®COSZET=-SIPPSIwCOSFHI®SINZET)s%2)
CRANKRE = (STLFHISQINZET + SINPSISCOSFHISCOSZET)I/STUFF

CRENED = (COSFHI’S!hAX*CrS7EY-(COSPS!&(OSX!-SINPS!OSINPHICSINXI)‘

IN2ET)/STUFF
+h10 = ASTMN (ChANKYL)
FS1UL = ASIt (CFRANRG)
2IK( = ASIN (CFANRD)
WRITL  (€92470)
FOI MAT (32H%wwkx CHECK GULACKANT OF X1 wasws //)

Lo To 2452
ENL LF SPECIAL GROUNL SLCFE AND CROSS SLOPE ANGLE CALCULATION

IF (Rhb(le})=AB(213))25F128R1252
IF (A€ (101)=AB(391))25f 2861254
=]

GO Tu 26z

Ja?

GO Tu 262

IF (LE(21)1)=AB(311))456125€1260
Jug

K(11492) & =AB(J1r])

W(stee2) = FLOAT(U)

ReYURK

ENL

3-87



SUut FULTIHE STAR

LITEILSTON XMEF (D) ALPHK(Z)

LIMENSION IFLAC(DY)

CCEMUP /NT/ ALPOUT(3) e ALFP (2) e GAMDUTI(™) e CAMMA(2)y ADCTCs YDCTC,
1 ZELGCICs XCo YCo £Co OMECGCE3)y PSIe PHIe X1 FFLAGY ¥FLACY PSIC,
PFHEICe AICe THETA(3) e THET2SY ALFHA(Z)s FETAY XJ(3¢3)s Pl
T Lt GHADY RAULLEG

CCEPLP /NS AL(3) 0 Ac(2)r A3(2)e AU(302¢3) e AS(Xe2¢2)0 AG(S) e AT
1 AL (e3)s Dte Deo 30 [ U, Ee DOy N7 TRy 9 C1Ce LIty T2
2 LI3+L 1400150016000 170L1800:19¢020¢ XXxo PALLICY e VP (Xqlot) s WP (303)
COPMOE /ML L /ZCHE U3 oxb o RIY eYIY O ZTIZ o XIYOXIZ oYTIZeXMICoXIF «DLLCGXLPY

XLLU o XLACUIALFHK o Xt CotBOINFHASE ¢ FOOHFMIP oCF oRCI3) 4RO (3)
XLPCPoXLUC o XRL (X) o XK S XNUeXLEMINGCCoCF (X)) o XL AML A o XMUF 0

< XPURSRURNNO ¢ SERNCoUV e VHICB o XTALPY + XICAMALELFEXsSFL (%) oFP(2)

COtMUb/NLIS 7 LU3e3)e XB(3)e YB(3)e 2R(31e XFF(3)e YFF(3)s 26P(3) 0

1 LDIS(2e313)

COPMUN/ZINLTZ XFFC(3)e YFRC(2) o 2FFCLD)

IF (WS (XDOTC) =,00Ul) 20:¢20C0 10

16 11 = |

G Tu €V

2C IF ( AES ( YLOTL ) =e0C1) 3010010
36 IF ( AES ( THETAS ) = ,001) 50¢4C U0
40 11 = o

W TL 6V

5¢C Il = 3

6C LO 9C U= |3
Lo Tou ( €246806L) o 1

02 M = Y[.OTC * XFPC(J) = X{CLTC ®= YFPC(U)
W YO ¢b :

64 Xx = = THETAS / AES ( ThETAS ) ® XFPC(J)
Lo To ¢b

06 2x = XFPC(Y)
6t IF (XX) EQe70e 70
70 IFLAGIU)I= |

GO TL K9

80 1ttt AL(Y) = 0
89 LA(S) = 1,0
9C CutTIKLE

IFC IFLAG(1) = IFLAGLI2) )17Ce13Ce100
100 1F( IFLAC(3) )12CGeg2Cetl0
116 U = ¢
GU TU 200
120 uu =
GG TC 200
130 IF( JFLAG(L) = IFLAGLI3) 115001604140
14C Uu = 3
LU YO 200
15¢ uu = 3
Lo T¢ 200
160 KFLAGL = 0
RETURN
17C IF( IFLAG(3) 1904190180
180 uu = |
G TU 200
1906 uu = ¢
GO TL 200

N -
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200 N = LU +}
IF( =3 1220¢2200210

ilO 'c = } ‘

22C IF( LFLAG(JJ) Ycb®,2u45923C

&30 N = yJ -]
IFC 1.)2404,240 1245

<HC h = O

«845 O TU (25042510251 )01l

<50 Lis AUCTC % ( YFFC (L) = YFEPLIJY) ) = YLOTC $( XFPC(N) = XFPC(JJ))
IF  (ABS(C1)=e0001) 5102511255

251 XXx & XFFC(JUJ) 7 ( XFPC(JJ) = XFPC(N))

(0 TC 256

«55 AXx= ( YCOTC #* XFFC(JJ) = ADOUTC & YFPC(JJ)) /7 D}
25¢ AX = XXX % ( XFFC(K) = YFEFLIJJI) ) & XFPC(JUJ)

AY m XXX % ( YFFC(MN) =« YFFC(JJ) ) ¢ YFPC(JJ)

AZ = XXX % ( ZFFCIN) = 2FPC(JJ) ) & Z2FPC(JJ)

hAw =  SQKT ( AX * AX ¢AY»AY ¢ A2 $AZ )

GO TU ( 257:258¢258) 411
&37 w3014 02) = SIGN (ACULS (AZ/7AW) ¢ (AXEXDUTC+AYSYDOTC))
G TL 259
258 W (3:402) = ACOS (Ac/zam)
259 IF ( W (31442)) 206042601270
260 KFLAL = -}
RETULN
«TC KRFLALU = +}
RETURN
ENL



SUFFLUTITE FORCL

LITE . 5100 XMEF(3)e ALPER(2)

LINELSION A(3)e 24(3)y R(3:2)

LIMELSTOMN LELWE (%)e FCE(S)e TELWC(3) e CELWF (3) PCl12)
1 CELWL(De2)

COLMUM/NS 7 TALPHA(3) e TOAMMALIS) e F(3)e TC(2)

COMELR/NG/OMLGET (S) e ALFIEP(3) e GAMDL(2) e C(3)e FSIDe FHIDe XIDo
1t LlLwkK

CCIMUMN/NT /7 ALPOUT (3) e ALFE (3) e GAMPOT(S)e CAMMA(S) e XDCTCe YOCTYC
1 Z210YCe XCo YCo 2Co CMEG(S)e PSIe PHIe XIe FFLAGY FFLAGY PSIO
2 FITIGe XICy THETA(3) e THETASY ALFHA(2) e RETAY XJ(3e¢3)e PI,
% ULt GhADe RANLEG

COPMUN/ND /7 ABUS) e A2 (2) e AS(2) e AU(3¢2¢3) s AS(Te2e3) 0 AG(3) e AT
1 AL (2e3)e D1y DZ2e 030 [Ue 2o DEe N7e P (Se C1Ce C1te 0120
2 LISl 140015001601 TIVILL 150020 Xhe FACLIC) e Y (Xl ob) o RPL (303)
COHMUR/NIO/ZFOCTLI(1CC) e FCOGTZ(100)e FLOTI(I1CO)
1C1 BLOCKRL(1CL) e FLOCK2(100) e B OCKI(10C)H 0
ez SFOCRKRLI(1CLY s eheCK2(100Ye SHOCK3(10C)
COPMUR/NLI/ZCE IS axb o RIX oY IYOZI2oeXIYOXIZeYTZoXMFPoXIPIDELCGeXLF o
XLLoXLAvGoALFRKeRI Cot.BOIKPHASE ¢« HFO«HFMIP oCF o KC(X) ¢RRI3) 0
XLOOP o XLLCoXPD(2) o xKSe XNUFoXLPMIM o CCoCF (3) o Xl AMUA « XMUF ¢

: Xt UB s RUMINC ¢ SERNC o VNV o VHICB o X TALPH o XTCAMICELFLZXISFLII) oFP(2)
COPMUM/NLIS/, A AA
COtMUN/NIU/SLOPEL(3) ¢SLUFED(3) o XCUP(12) e YCLF (L) oFSB(3) e XHPUI3) s
1 YHERU(3) o FFUC2) o SINTHS sCOSTHSI1PEP (3012) ¢DELEL(3) oF {MAX(3) ¢
2 ZPFEFsSIKNTH(3) o COETHID)I o TZFPCVIERO 1 2BO ()

COPPUA/NLIS/ E(3e¢310 AB(3)s YE(3)e 2BU(3) e XFF (310 YFP(3)s 2FP(3)
1 DIS(2:43:3)

COtMLE/NL6/7 RINE3) e A11(3¢2)e XLCU(3) 0 XL DULOT(3) e XLCTF(30c) e

1 YICTF(302)e S{3e2) 0 COSX1 (3)e HF(3012) ¢ ZLCTF (302) s HB(3) 0
2 GIS(34303)e TA

COGIMLM/NLIEB/ MFLAC
COtMUR/INIQ/MNNFLAC(3) ePESEC () oPSHFC(3e12) ¢ IGEEN(E)
COPMUN/NZO/DWORK (17)
CCPMUM/NZU/ZICFT (IO e JUNe LTH
PUMP = O
rtA(IC = 0O
LC 250 JU =13
LG 170 N=g,2
1F (N=1) 94942
2 IF (WKWNFLAGIU) I ebg1C
4t L 6 L=l
AL(Jrg L )=m0eC
AS(JeZ2L)m0oU
6 COtTINLE
W(Jrbe3) = 0.0
LA3(2) = 0.0
IF (WFLAG) 8CLL170+8
g +StO(Y) = psSE(Y)
GO YU 179

(v IS

601 FSL(V) = PSDBG(Y)

woTLU 170
9 LO 9L L=yg,2

1F (HF (JeL) ¢ PSE(JL) = HFO ¢ 000001 ) 10¢901¢901

901 FC(L) = 0,0
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LC 92 L= 1,43
AU (Jell) = VO

902 AS5(Jelsl) = (O
A3(1) = C,0
hi{Jrbold) = 0.0 .
1F (MNFLAG) 905¢1700¢9C3

903 [C YLl L= ¢

90U FSEG(JIL) = FSPLUeL)
o TU 170

905 LU 9Lb L= 142

Q906 FSH (uel) = PSPQ(JWL)

GC TC 17¢
16 MFLAG = 0O
IF (N=1) 12012413
12 xmt = XMUF
GO Te 14
13 Xxmi = XMUL
14 1F (S(JIN)=e05) 2092003C
20 A2( M) = 24,0 = S(UeN) * XMU
6U TU ¢0

3C IF( S(JIN) = 1405 ) 50450140
4C A2( NKN) = xMu
60 Tu 60
5C A2( N) 8 XMU %( 1621-.20 ®* StJeN))
60 IF( N =1)80480¢70
7¢ LELE = HBO « HB(J)

IF (NFLAG) 7001+70024+7002
7001 ¢St (L) = PSBG(J)
7002 IF ( DELE = PSB(J) = +0CO0C1) 7T004:+7004:7C1C
7004 FCt{V) = 0,0
@0 Ty 7092
7010 IF( (LGTF(Je2) )706C 702007020

7020 kKDL M =
GO TC (7021070220 70a3) vy

7021 callL ENTRP(DELE+PCB(J) ¢ DUMe BLOCKS ¢ KDUM)
GO TLv 7080

7022 CALL ENTRP (DELR+ FCE(U) s DUMs BLOCK2¢ KLUM)

GO0 T¢ 7080
7023 CALL ENTRP (DELBe FCF(J) ¢ DUMy BLOCKSe KLUM)
7080 A7 = DELE - PcB(v) / SLUPE2(J)

7084 IF ( A7 = PSB(J)) 70LS0:TOS1T08S
7085 KSt(v) = A7
GC TL 7092
T709C FCE (u) = SLOFPE2(J) & (UELB=FSL (J))
7092 IF ( NFLAG ) 7093475¢7¢%u
7093 PSE(u) = PSBRG(U)
GO TCL 75
7094 +SEG(V) = PSB(J)
75 A3(N) = DA(IO) * PCb(J) & ( o75 ¢ «25 % COS ( 240 & XII (JoN) ) )

! *CB(J)

MUtk e3)mAZ(N)I#COSXI (D)

L TC 120
80 IF( XII(JeN) = CA(9) 11000100090
90 A3( N) = 187.0

6o Tu 115

100 SUMPC = 0,0
1009 LO 10L9% K =192
1010 LELP & HFO = HF (JsK)
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3-92

coocCcoOo0o0e

1011
101e
1013

1ul4s
120
1030
1034
1040
1041}
1042
1042
1082
1086
1087
1092

1095
110

115
12¢
125

130
140

142
14%

15C

155

153
156

157

1F (AFLAC) 10114101241C12

FSELUIK) = PSPQIJeK)

1F (LELP = FSF(JiK) = C00001) 1013+1013¢1C14
FC(K) = 0,0

0o Yo 1030

IF( JLCTF(Jel) ) 1020¢104001040

FCIR) = SLOPEI(J)» (LELF=-FSP(JeK))

IF (NFLAG) 1062410021034

FSFG(JeK) = FSP(JoK)

GC Toe 1092

KCUM L |

GO TU (104103042, 1043)0 U

CALL ENTRP (DELPy FC(K)e LUMe FOOT1e KDUM)
¢C YU 1082

CALL ENTRP (DLLFe FPC(R)e LUMe FOOT2e¢ KDUM)
uC Yu 1082

CALL EMNTRP (DELFe rC(R) o CUMe FOOT3e KDUM)
AX = DELP = FC(K) / .SLOPEL (L)

IF (AX=PSP(JeK)) 102Cs10F7,1067

FSE(LUIR) = XX

60 TC 1030

SUMPC = SUMPC + FC(N)

CCLTINUE

LA(S) = CA(B) 7/ COSAI(J) * ( «75 + 425 % COS ( 2.0 * XII(JN)

*CF (J)
A3( KN) = DA(S) & SUMF(
Wl s l)=AS(N)IRCCSXE(J)
LO 15 L =143
Ab(Jehel) = = AR N} & RN(L)
CCH TINUE
IF (S(UeN)Y)LI401400150
LG 145 Lsped

Whth A3 IS ZFEWRCED HERE., THEN AA(L) SHOULD ALSO
ECLAL  QOe0 IN BCX 210 AMNE SETTING DA(L) FQUAL YO 2FkO
JUST THIS. THIS 1S UONE ALY FOR N = |,

AS(Jelil) = CeO
IF ( h=1 ) 14241424145
LA(L) = 0.0

Ot TINUE

GO YU 170

ACl) = XLOTP(UIN) / StJeN)

Alz) = YCOTP(JIN) / S(Jdsr) & COSTHS

A(2) = YDOTP(JUII) / StJeh) % ( - SIANTHS)

LO 156 L=q,3

AL(L) = 0,0

LO 15 1 =14

AL(L) = Ag(L) « E(IeL) * A(])
COMTINUE

IF € N=1 ) 153¢153,15%5¢

LA(L) = Agq(L)

Cor TINUE
LS =  «A2(N) ® A3(N)
1¢ (N=1) 157¢157¢1€0

wW(Jeleé) = AS(N)
‘(u".'(\) = 05




hW(urore) = AL (N)
16C LU 1eE L =143
AS(Jebol) = LS ® AQ(L)
165 COt TINUE
170 COtTINUVE
18C¢ LEL = XxXLDO - XxLL ()

L = g
1F ( ABS(DEL) = «00C00] ) 1802¢1803+1P03
16802 LEL = 040
1603 IF (VEL=-CELEL (U)) §1605:1805¢1810
1805 L1 = XKS % DEL
L = 2
GO TC 1820
161G IF (NFLAG) 1820018201811

1611 IF( LEL - DELMAX ) 1£20¢162C+1815
1615 FFLAL = =1,0
WRITE (6¢940) J
QUG FOFMAT (//724H SHOCK ABSGRBER NOe ¢1406X045H HAS BOTTOMED OUT.
1THIS IS END OF TH1S CASE.//)
KETURN
1620 KDLM - 2
GO TCU (1821+1822018223)0 g
1621 CALL ENTRP (DEL+s She Srs SHUCKLs KLUM)
GO TL 1665
1622 CALL ENTRP (DEL+ She SCo SHOCK2e KLUM)
GO TU 1865
1623 CALL ENTRP (DbL+e SKe SCe SHOCK3, KLUp)
1665 GO TU (1866018701 L
1866 L1 s XKD(J) * Sk » (CEL=DELEL(J)) ¢ FP(J)
1670 IF( ALDDOT(J) )1EBO+1880,1875
1675 JFLAG = -~}

RD = RR(J)
S0 ® 1,0 + SKL(J) * CEL
GO TU 189¢
1860 JUFLAG = |
AU = RC(J)
1890 IF (GAMDOT(J)) 1£9611665 1869
1689 IF (MFLAG) 1940¢1940,1RG1
1891 IF (CEL) 1892,1892,1¢94
1692 MUIP =
1693 L2 = 0,0
Ly s 0,0
L = 0.0

LO 1t94 L=y,
1694 w(Leut]l) = 0,0

GO Tv 193
1696 L2 s XNUSFLOAT (JFLAG)®ALS (D1)
1897 L3 s FLOAT(JFLAG)»YLCDOT (J)*XLDODOT (J)#RUSSC

LITTLE OL SsMUOTHY
GALOT = ABS(GAMDOT(J))
IF (GADOT= +20) 1858,189841899
1698 FACTUR = GADCT/ 20
vas ® (((FACTCR=3¢0)*FACTOR) + 3,0)sFACTOR

L2 = C2«023
L3 = D3x(23
1899 L4 = 0] ¢+ D2 + B
GO Tv 19c3
194G IF (DEL) 1904,1904¢1896

3-93



1904

1903

191

192

194

1941
1942

1943
194y

3-94

196

200

203

204
205

210

215
<20

221
222

223

MACTC = 1

C2 = (0,0
L3 = 0,0
(9 = 0,0

WMiloeuvl) = D4 /7 XLC(J) » ( AHPU(Y) = XFP(J))
W(seurl) = DU/ XLD(JY) * ( YHPU(J) = YFP(J))
WiXeutl) = Ph 7/ XID(J) ® ( 2HFULY) = 2FP(U))
(O 192 L=1+3

RiloeusS) = ALG(JrleL) + AS(Jelol)

wWlleued) = A4(Jr2eL) ¢ AS(Je2eL)

AtL) & Al(Joeloel) & AS(Jerel) = W(LeJel)

cot TINUE

LO 1yd Leje3

R(utl) = 0,0

LO 194 1 =ie3

htuel) = ReJeL) ¢+ GRS(Jelel) * A(])

COt TINVE
1F (MAGIC) 19LUr19UU,104]
1F (R(Je3)) 194U 10UL,1942

LO 1943 L=1¢3

wWilleuvl) = Al(JUelel) +AS(UsloL)

RiJol) = 0,0

MACTC =

A6(Y) = R(Jsl)

ho(2) = R(Je2)

LU 196 L=g,3

W(lrvue2)=0,0

LO 196 I=1,2

Wilrue2)mw (L1 J12)+GRO(JrL o T} %ACL])

COMNTINUE
l(1'v'“)-W(3|Jo¢)t(YFP(J)-HPL(d'2))-h(?QJ'Z)*(ZFP(J’-HPL(J'3))
t(}vuo“)ll(loJoZ)-(ZFP(J)-HPL(JOS))-l(3ld'?)#(XFP(J)-HPL(JOl))
WIS et ImW(20Je2) w{XFP(JI=HFL{Jr 1)) =W(1sJe2)2(YFFLJ)=HPL(J2))
R(usle)) = SGRT ( WlLodo)®W (1o Jdel) + W(2eJel)kP (20Je])eW(3edel)®

Iw(deuel))

IF { MUMF ) 2041204703
TGAMMA(J) = =TSe*XTGAM *AMAXL((GAMDOT(J) = +001)¢ CeO)
GANDUT (J) = Q.0

MUNP = 0

GO T¢ 205

TGAMMA(J) asXLL * R(J3)

TALPhA(J) = 0.0

1F (MFLAG) 210¢210¢224

LU 215 L = 143

A(L) = Q.0

AA(L) = 0,0

LO 215 1 =143

A(L) = A(L) + ULRS(Jeslol) » RN(D)
AA(L) = AA(L) + CRS(Jelel) *= DAC(I])
COMNTINULE

DS = A(3) + A2(l) %= AA(D)

Le = A(2) + A2(1) % AA(2)
IF(XII(Jerl) = DA(D) 122122110223
CO 2¢2 K =102

TALPHA(J) = TALPHA(J) « CA(S) % PC(K) » ( - YCOP(K) * D5
1 ¢« nwF(Jrk) = D& )

GO TU 224

TALPHA(J) ® =1B7.0 ® ( =[F /7 240 % D5 ¢ HF(J'K) / 240 * D6 )




224
225

226
226
229

230
231
<33

23%
250

255
260
a7C

275
28¢C

290
300

303

303 A(L) = A(L) * Ab(uelel) ¢ AS(JeloL) ¢

304
310

3104

IF (WLFH(J) = ALFPHA(1)) 22502261226

A=|

LS = +1.0

GO0 To 229

IF (ALPH({J) = ALFHA(Z)) 2351235¢228

=g

L5= «1,0

Le = ALPLOT (U *(1e0=100Ce0% (DS (ALFHA(P )=ALPH(J))))
1F (ALPDCT(JIADS) 230:235¢235

1F (CExDO6) 23923142V

ALFDLT(J) = GO

G TU 235

ALFDOUT(J) = L6

COor TINUE

LELWE (J) = A3(2) »

LELWL(J) » =« DUXI COOUT (J)
LO 2L5 N =12
LELWULIJUINISA(N) » AD(M) »

cot TINVE

IF( AIT(Jel) -

DA(S)

LELWF (J) = 0.0
L6 s LA(S) » Z00TR(Je})
LC 275 K =iz
LELWKH(J) = DELWF(J) ¢ L6 % FC(K)

COrTIMUE
60 TC 290

LELWF(J) = 0.0

Cot TINVE

CO L4 L = 103

A(L) ® V.0

LU 302 JU s 13

IF( NNFLAG(Y)

13014301303

200TF (Je2)

S(JeN)

127042704280

A(L) = A(L) ¢ AG(UsLIL) ¢ AL(JUeloL)

6C TU 302

1 ALtui2el) ¢ AS(Js2eL)
302 COI TINUE

Fil) = DA(7)

COl TIMUE
Ta(l)
YC(2)® 0.0
TQ(3)® Q.0

® E(3:L) ¢ A(L)

B 04N

LO 3101 Je 145
LWC(RR(J) = 0.0
LO 315 Jsyes

IF (

NFLAG(J)

311170(1) s TO(1) ¢ YFP(J)

1
1

«ZFP(J)

TQ(2) = TQ(2) + ZFP(V)

“XFF(J)

TG(3) = TO(3) + XFF(J)

Lo Tu 315

“YFP (J)

L 2R R 2R 3K N J

314 TO(1) = TO(1) ¢ YB(J) #¢(

1

03) ¢ AS(U1212)

13113100314

(

-~ e o o o

Al (Jr1e3)
Ald(Jr1e2)
Al (Jelel)
AR (J11+3)
Al (Jele2)
AB(Jele)

AU(Je213) ¢

2 = 2FP(J) & ( AW(UIL102) ¢ ASLJeLe2)
TC(2) ®» TO(2) ¢ ZA(J) #( AU(JI201) ¢ AB(Je201) ’ - XB(J) st AS(Je2

1

t3) ¢ AS(Jeged)

L 2K 2K 3K 2K B 2

AS(Jele3)
AS(Je102)
AS(Jele}d)
AS(Jele3)
AS(Jele2)
AS(Jele})

AS(Ue213) ) = 2B(J) o( AB(Je2

) + YFP(U) *({ AU(Je1e3) » AS(J.!O”

) ¢ ZFP(UY *( Al(Jelol) & AB(JeLD)



315

320
325

330

340
345

350
J60C

3-96

2 = Xkt (J)

TGE3) = TG(3) + XE(J) #( AU(Je2¢2) + AS(Je2+2)
1 1) ¢ AS5(gezel) ) ¢+ XFP(J) *!
2 = YEF(J) » ( AU4(elel) & AS(UUeLeY)
CCLTINUE

1F (ICPT(3)) 3ULU320¢3uUC

LG 325 U=1.45

UWCRA(J) = 0.0

Lo 330 J=143

OUwCRRh(1) = DWORKI(1) + CLELWD(J)
UWCRR(2) = DWORK(2) ¢ DELWF(J)
CWCRA(3) = DWOFK(3) ¢ DELWF(J)
LWCKR (L) = DRORKR(ULY) + PELWL'(Jo L)
LW(RA(E) = DWORK(®) + [ELWII(Je2)
GO TC 360

LG 348 U=1415

Lw(KkniJ) = 0,0

Lo 35¢C JU=1e3

K = (J=1)%5

CWCRR(Kk+}) = DELWD(J)

CWCRR(K+2) = DELWF (J)

Cw(RR(K+3) = DELWR(J)

LW(RA(R+U4) = DFLWU(Je})
LWCRK(K+S5) = DELWL(Je2)

KETURNK

ENC

*

{

A4 (Jele3)

+ AS5(JUle3)

}

)

- YB(J)

Al (Jele2) + AS(Jels2)

*(

Ald(Je2
)




10
20

25

99

SUL RCUTINE ENTRE (X FXle FR2¢ To K)
LItELSION FX(2)e T(L)

L = |

S = K

) = IFIA(T(2))

L9 s Je2

Lo 10 1= 4oM}

IF (X=T(])) 4210

+ = Jrl
FX(L) = T(I¢h)
GO Tu (9643)0 Ly

L = 2
N =

GC TL 2

[ s Jwl+]

FX(L) & (T(M)=T (M=) /Z(T (1) =T(I=1))u(X=T(1=1))eT(}=})
GO Tu (99¢5)0 N

L = 2

N =

O T¢ 4

COMTINUE

[ 3 s JulLeM}

FX(L) 28 (T(M)=T(M=l ) Z(T(FL)=T(F1=1) ) (X=T(Mi=1))eT(M=1)
GO TU (96425)0 N

L s 2

N = |

60 Tu 20

FX} = FX{(})
FXe = Fx(2)
RETUL.N

ENC
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SUEL RGUTINE INTEGE

LITERSION XMPP(3)s ALPHK(2)

LIPENSION A(3e3)¢ AA(303)e AJINV(3:e3)e BAZ (D)

COF MUA/NS/ TALPHA(3) e TGAMMA(3)Y F(3)e TQ(S)

CCt MUN/NG/OMEGDT(3) ¢ ALPHIN(3) e GAMDL(3) C(3)e PSI0s FHIDe XICo
1 UL LwRK

COP MUN/NT /7 ALPDUT (3) 0 ALFHh(3) e GAMDOT(X) e GAMMA(R) x00TCes YDOTC.
§ ZLOTCe XCo YCo 2Co OMEG(3)¢ PSIs PHIs X1o PFLAGe kFLAG PSIO.
> FRICY X10y THETA(S)e THETASe ALFHA(2)e BETAY XJ(3e3)e Pl
* LEGRADY RADDEG

COPMUN/NG/ ALIS)e A2(2) s AS(2) s AU(3012:13)0s AS5(3¢203) s AG(3) 0 AT
1 AE(D13)0 D1y D2y D3¢ Clo DS D6 N7y [Be DSe [100 D11 D120
2 UISe0I4eC19¢0169D1700164L1G00200 XXo CALLIC) e ¥ (Sekie6) e HPL (3¢3)
LOPMbh/Nll/Cb(!)OXFOXIXQYIYOZIZ'XIYOX!Z'YIZOXHPPQX!PODFLCGQXLPO

1 XLL oXLAYGoALFPHK o Xl C ¢ hBOINPHASE 1 HFO s HFMINIDF ¢+RC (3) +RR(3) 0
2 XLOOP o XLLO XKL (3) o XKS e XNUIe XLOMINICCICF(3) ¢ XLAMDA ¢« XMUF ¢
h XMUB ¢ RUNNC ¢ SERNO o'V o VHeDB o XTALPH e XTGAMeCELMAXsSRLES) o FP (D)
COMMUN/NIU/SLOPLI(3) +SLOPED(3) e XCOP(12) o YCDP(12) sPSB(3) ¢ XHPUI(3I) ¢
1 YHPU(3) ¢ ZHPU3) ¢ SINTHS ¢ COSTHS PSP (3¢12) eDELFL(3) ¢tFIMAX(3) o
2 ZPREFISINTH(I) +COKTHII) ¢ TZEROVZERN:2BO( )

COMMUN/NLIS/ BI(3e3)s XB(3)e YB(3)e 2B(3)e¢ XFP(3)e YFP(3) 2FP(3)
1 UES(3¢e303)

Cor MUN/N23/M]SS

1F (MISS) 5¢5,¢35
5 L0 6 Imied

Lo 6 Umle]}
6 A(leu) = XJ(led)

Le S J=1+3
G LAl(JYJ) = |

Lo 20 1=1+3

TE*P s A(le])

Lo 10 Uy=1+¢3

A(lou) s A(ToJ)/TEMK
10 AA(lod) = AA(TJ)/TEMNP

[ = Jet

L = 143=]

co 20 M=k ol

1F (Me3) 21021422
21 LL .M

6o TL 23
22 LL s pa3
23 TEMP s A(LLeI)

oo 20 Umi1+3

A(LLoJ) = A(LLoJ)=A(LoJ)STEMP
20 AA(LLYJ) = AA(LLYJ)=AA(LJ)STEMP

H14S LI |
Lo 31 =13
Lo 31 U=}l
31 XJINVIIeJ) = AA(]4J)
(9] 4] 33 K=1+3
Lo 33 M= 14D
Sub = 0,0
Lo 32 N=l 3

32 sut ® XJIKeNISXJIAV(NsM) ¢ SUM
33 AA(KIM) = gup,

WRITE (6034) ((IXI(MIN) ehmye3) o (XUINVIMIN) oN=103) o (AAIMIN) oN®103))
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-

|

(ol al¥ o I o

1
34
1
2
35
1
1

1

40
4

50

60

70

80
%0

Qf'x-l.:)
FOFHAT (/3(2XF1Ue5) 06 X3UIZXF1CeS)16X3(2XF10e5)/
B3(2XF10e5) e XX (2XF10e&) 16 X3(2XF10.5)/
I(OXFL0Ce&) 0EXX(2XF10e5)06X3(2XF10.5)/7 )
bAZ (1) = TQ(1) +(OMEG(2)90OMEG(2)-OMEG(S)*OMEG(3) )% Y12+0MEG(])»
CMFC(2) %X I1Z=0MEC (1) *OMEG(S)I%XTY=(212-YIY)sOMEG(2)+%OMEG(3)
bAz(e) = TQ(2) +(OMLG(Z)2OMEG(3)=OMEG(I)I%OMVEG(1))%XIZ2¢OMEGI2)
CMEG(3)#XIY=OMEC (2 )%OMEG(1 )1 %Y I1Z2=(XIX=2T12)0CMEG(3)%OMEG(])
CAc (o) = TQ(I3) +(CMEGII)IROMEG()=OMEG(2)SOMEGI(2))ISXIYSCMEGI3) &
OMEC (1) %YI2~0MEC(3)#OMEG(2) X1 2Z=(YIY=XIX)%OMNFG(]1)sOMEC(2)

Lo 50 Jm 143

LA = 0,

OMEGLT(J) = GeO

Lo 40 K=31+3

UMLGLT (J)eXJINVIJeKI*BAZ (R) + OMEGDT (J)
FA} = E(Jok)®F (K)+PAFR

etV = PAR/XM

GAILDL(JU) & TGAMMA(J)/XIGaM

ALFHLD (J)s TALPHA(J)}/XTIALPH + GAMDD(J)
CONMTINUVE

Li1ze U150 D16y U3 ARE SET ' = TC COS(FHI)e SIM(PHI) «
SIN (XI)e AND COS(XI) FESFECTIVELY IM CONMFIG AMC HELD FOR HERE.

CPH1 = D12

1F (CPHI ) 70:06047C

Alt = XID

FS1D s SIGN ((OMEG(3)=XIC)ePHI)

FRID = SQRY (OMFG(Z)#OMEC(2) + OMEG())»OMEG(]))

GO T¢C 90

SPH 1 = DiS%

THt 1 s SPM1/CFH]
X1 ® D16

Cxl = D13
A(1v1) = CX1/CPHI
Allig) = = SXI/CFHI
A(lv2) = C,0
Alaerl) = SXI
Alare) = CXI
A(Z1>) = C,0
A(30]) & oCXI®TPH]
A{Z1a) = EXIaTPHI
A(31D) = 1,0

FSI0D = O

FHID ® O,

Al = 0,

Lo 80 Us 1D

+S1D a8 A1 J)ROMEGIJY)*FSIL
FH1D B A(2¢J)BO0MEGLJ)*PHID

1 314 ® A(3¢J)SOMEG(J)*XID
RETURN

ENC
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3-100

10
20
30
40
50

60
70

4}

SUERCUTIME RKP

UIMENSION A(SO)1C(SC)IeV(50)DYL(50)eLY2(50)

UIPERSION XK1(3)eXK2(3)oxk3(3)

CIPENSION ERROR(50) ¢ ARSFR (50)¢ ABSUM(FO) ¢ ARITH(20)

CUIMENSION NKI(b)e NRYG(B)e AKS(50)

COPMUN/NE/Z NoeTOsTFISHoHF ¢ YI(50) eYO(50) 1ERR(50)
COMMUN/N2/ToY(50) «D(50)

COMMUN/N3/TPoU(50) oMo TELSH

COt MUN/NT/ ALPDOT(3) e ALFR(3) e GAMDOT(S)e+ GAMMA(3)s XDOTC. YDOTC,
1 20CTCoe XCo YCo 2Co CMEG(3)e PSle PHIs X1e¢ PFLAGe KFLAGY PS10

2 FrIue XI0e THETA(3) e THFTASe ALPHA(2)s BETAY XJ(3e3)s PI,

3 DEGRADe RADDEG

COMMUN/NB/ LFLAG

COPMUN/NG/ AL(3) e A2(2) e A3(2) 0 AU(312¢3)e AS(302¢3)0 AG(3)e A7
1 AE(2e3)e D1y D2¢ D30 ClUy S5e D6 DTy B¢ Sy 010y DIl D12
2 DI3+014 D18 eD16¢D17e¢018B,01900200 XXo DACL10) e Y (Ssle€&) e HPL(3:3)
COPMUN/NLIU/SLOPEL(3) +SLCPED(3) o XCDP(12) s YCEP(12) 1FPSB(3) o+ XHPU(3) v
1 YHPU(3) ¢+ LHPU(3) ¢ SINTHS 1COSTHS PSP (3¢12) ¢OELFL () oF IMAX(S) ¢
2 ZPREFeSINTH(3) ¢COCTHI(3) e TZEROIVIERO+ZBO(Y)

COMMUN/NLIS/ B(3¢3)s XB(3)e YB(3)e 2B(3)¢ XFF(3)e YFP(3)e ZFP(3)
1 DIS(3¢303)

COr MUN/NLB/ NFLAG

LFLAG = «}

TP = 0,0

T s 70

xkil(l) = g,0

xKile) ® 2,0

xK1(3) = 2,0

AKe (1) = §1,.0

XKZ(c’ = 1.0

XKg(3) = 2,0

AK2()) = 0,5

AK3({.) = 0,0

XK3(o) = 0.5

XL(GIO = ALOG(10.0)
XL(Ge = ALOG(2.C)

1F (SH) 54616

sGt & «1,0

6o TC 7

SGHh = 1.0

CCOr TINVE

IF (N) 480+480410
1F (N=50) 20¢200480
1F (TF«TC) 30,u48C 30
IF (SGN® (HM=SH)) 4040480
1F (HM) 50:4804¢50

h = SH

1F (SGN* (TF=T=H)) 60¢70¢70
h = YF=-T

IPTSs =

IELSw = §

KKk} =0

1ICMTY = 0

Lo 71 1= 148

NKU4(L) = O

NKi(l) = ©




72

80

11¢
120

125
126
130

140
150

160

170

180

190

200

Lo

72 1= 1450

ARITHLI) = 0,0
ABSUMN(]) = 0,0

ANKS (1) = C

Lo 80 I= 1l

L1} = YI(])

A(l) = YI(])

CALL PRY

Lo 11C¢ 1= 1M

vil) = A(T)

cely) = A(l])

I1k&ESw = |

IRFC = 0

P-FLAL L |

co 125 1=1+N

YiIn = A(])

Catl FEF

1F (LFLAG) 12641260405
NFLAG = 0

Lo 130 1 = 1o

LYidl) = p(r)

b2 LY 14|

Lo 170 K=1e¢d

21¢ = HeXhi(K)/6e.0

ZA} = H2wxK2 (k)

Lo 160 I=t«N

viy) = v(1) + L(1) * Z21F
Yil} = C(I) + [ (1) = 22F
T = TeXK3(R)wH

CALL FEtp

NFLAL = C

oM TINUE

21F = H/6.0

Lo 180 1 = 1N

vil) ® V(1) + D(1) » Z1F
IRKC = [RKC + |

GO TU (190+210¢2U0) 2 IRKC
vo 200 I=1.h

el = DYI(I)

vil) = V(I)

vil) = A(])

T = TeH

h = H2

NFLAG = =

€GO TL ko

Lo 22C Is=1N

Y(l) = V(1)

cun) s v(I)

CALL FEpP

Lo 23C 1s1N

CLyctl) = D(1)

60 TU 150

U2FALA = C,

Lo 270 Im1N

vil) ® V(I =(UlI)=V(1))/150

ERFORII) & (LU(I) =« V(1)) / 18040
ABSER(I) = AbS (EFROR(1))

1F

((I=14)/11) 27042054270
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3-102

320

330
340
350
360
361
362

363
364

369
370
380
3%
400

403

Le B ABSER(I)/(ZeO%HRERR(]))

IF (U2=1,0) 25012500430

1F (U2=UZMAX) 2702701260

L2FAX = U2

ko = 1

COLTINUE

GO Tu (280¢350)¢ IFHTSW

1F (SGN* (T=2.02h=TF)) 290¢330,+330

IF (SGN# (TP=T)) 310¢300¢340

TPH = TP

Lo 3085 1= gl

Ll = V(1)

CALL PRY

1F (SGN= (TPH=TP)) 340¢330¢330

TPH = TP

HP = TP=T+H+H

hSC ® HeH

MYl s HSQ*H

T ® HSQ*HSGQ

Lo 320 Is1.N

LE s A(D)

(0] = DYL(])

1 s C(1)

(10} a Dy2tl)

hA B ((V(I)=5.#EL)%e254C1=H¥ (DD%0.&+0D2) ) /FTH
bB B (2.0%(LE=Cl=AA®} TH)+H®(DD+DD2) ) /HTD
1 ® (C1=-EE=AAsHTH=Hs U D=BB*HTD) /HSO
uel) = EE+hPe(DDeHF % (CreHF e (BB+HPRAA)))
CALL PRT

1F (SGN®*TPH=TP) 260,33C1330

IPISY = 2

GO Tu (3%0+410) o IEDSW

1F (SGN®(TF=T)) 4OZ 1403360

1F (2.0%bi=160) 363:363:361

WRITE (69362) H

FOFMuT (/7/60X3HH= F10,5/)

K& =

GO0 TU 36y

Ry s MINO(BY (INT(ALCG(Ce5/H)/XLOGLICO)Y ¢ 1))

NKL(RB) & NKUIKG) ¢ 1

ki

® MINO( By (INT(ALOG(SH/H®¢S5) /XLOG2)+1))

AKLI(RL) = NKL1(KD) & ¢

1ChY

NKS (RS

]
SH
0o

® ICNT + |
® NK9(KS) & |
8 (2eU=UZMAX)S24,08h
. M
369 1 = N

ARITH{I) w ARITH(I) + ERROR(I)
ABSUM(T) = ABSUN(]) + AESER(I)

1F

IF

H

Lo
ALl
cen
GO V¢
LFLAG
CALL

(SGN® (TF=T=H)) 370:390:390
(SGN* (TF=T=NM) ) 403¢3600¢ 380
s TF-T

400 1= 1N

= V(1)

& Vtil)

120

s 2

FLtp




409 TP =7
LFLAG =
Lo 405 1= 1eb

405 L 1) = V(1)
421 WRITL (€442c) ( ARITH(I)e 1= 1029)
422 FCIMAT (/10XDURAFITHMETIC SUM OF ERKUKE FOLLOWS-

4221

BOIXELUeT)I/PUIXRELUCT)I/B(IXELIUTY/S(IRELULT) /)

WRITE (64423) ( AESLM(]IYe Im1,29)

423 FOEMAT (/710XDISHSUM OF ThF ALSOLUTE ERRCRS FOLLCWS- /

4231

1

BOIXFIUTY/ECIXFIUTI/E(IXFIUT)/SIIXELLTY /)

AVL = (T=TO)/AMAXLI(FLCATY(ICNT)s1a0)
WRITL (60427) TCHTe AVCe (NKU(TI)e IsSeF)y (NKL(K]I)oKimloeB) s

(NFO(KO) 1KGmloN)

427 FOLMAT (/10X19HNO. OF INTERVALS = e/

4271
4272
4273
4274
41c
42¢

43¢
431

432
1

433

44c

450
460

470

480

49¢

10x16hAVGe ILTEFVAL = Flie.ey
10X21HINTEFVAL ISTFIBUTION /7 10X 818//
10X 16HCULY DISTFIFLYION / 10X818//

10X30HCRITICAL VAFTALLE CISTRIBUTION / S(10%x1018/))
CALL PRT
TF =7
LO 420 =N
YO(l) = v(l)
RETURN
IF (h = hM) 43106310433
IkSSe ® 2

BRITE (601432) TeloHeV(I)e U2

FORMAT (liHesseeTIMES F1OU1SX3HI= 12+5X10HINTERVAL® F10.60¢5XTHVAL
LE= F 1064y SATHLPFCORE Flr.%)

GO TC  (U450444O) s TRSSW

L2 ® 1,0

60U T¢ 250

T 8 Te2.08h
1kr C =

h s H2

Lo 47C Isioh

uiy) = C(1)
vil) = A(l)
cel) = A(1)
Ley) s pDy1(l)
NFLAL = =)

GO T¢ 4o

H = 10.L6
whiTE (64490)
FOl:uT (/7/710028HRUNGE=KUTTA SUBROUTINE ERROR //)
ST(

EM



SULRCLLTINE PRY

LIPERSIOMN XMPH(3)Ye ALPHK(Z)

CINELLSTION ONLAR (&F)

CCGPMUR/ZNI /TP oU(DCY oo 1ELSW

COPEUA/NT/Z ALPDUT (%) 0 2LEF (3) e GAMDOT(®) s CAMMA(X) ¢ XDOTCys YDOTC
1 ZLOYTCs XCe YCo ZCe CMEG(3)e PSIs PHIs X14¢ FFLAGs ¥FLAGe PSI0y
2 kPl XICe THETA(Y) s THETASY ALPHA(Z)s FETAe XJ(3e¢3)e Pl

3 ULtGLALY FADLEG

COPMUL/NG/ AL(3) e A2(2)e AR(2) e AL(3020¢3)s AS(302¢3) e A6(3) ¢ AT
1 At(ue3)e Dte Do D30 Chy [Se D6y N7 T8 [Ge 10e D11e D12

2 U130 1400150017 eD1E G 1900200 ¥Xe TA(I0) 0 ¥ (30l16) 0 HPL(343)
COtRUL /L3 1 /7CEU3) axF o RIXoYIYIZIZoXIVeXIZoYTZ o XMFPoXTF ¢NELCGeXLPY

1 XLLOXLA!bQLL'“KoXlLohBOoNPH#S!OPFO.HFMXforroRC(S)cRQ(S)Q

2 ALDPOP o XLLC o XKL () o XK S XN o XLPMIN¢CCoCF (3) o XLLAMDA o« XMUF ¢
x X?URlF.UF'N(‘.SL'\N('\'\loVH'DBoXYAlPP—OXIGAN.FELH!XOSRL(‘)OFP(S)
CONMUN/ZNLIU/ZSLOPEL () oSI ORE2(3) o XCUP(12) o YCCF (12) oFEB(3) o XHPUI(3) 0
1 YHFU(3)OZFVU(3)cS)NYhSGCOSTHSoPSP(SQlZ)QOFLFL(3)'FIMAX(B)|
2 ZFREFeSINTH(3) e CLETHI(3) e TZFRGIVIERD12BC(3)

CCIMUN/MNEE/ FN(3)e XII(3¢2)0 XLD(3)e XIDDOT(3)e XCCTF(302) 0

1 OYICTE (302)e S{302)0e CCSYT (3)s FF(3012) e 20UCTF(342) e HKB(3) 0
P GLIS(3e3e3)0TA

COPMLEL/NZ2Z/FCOT(3e3)

COMMUM/NSU/ZTIOPT(SC) v UNILTF

COtMUA/NZS/7TWILEY (1C)

1F (10PT(1) + TGET(Z) + IOPT(3)) 14341}
1 WRITL (€e2)
2 FOLHAT (/)
3 LStT = 2
If (JUN) 4980
4 Jt = 2
 1C 10
S uh =

16 wWRITL (6420)
2C FOIMeT (///710X3&t 35388 PUNCH OPTION ENABLEL $3$s$ //)

FHIZSUGRT (%060)
Sc Lo 60 J = 1¢3
1F (IOPT(J)) &OtLO6C

60 whiTL (6470)
70 FOFMAT (JOXU4OHTHE FOULLOWING ARKAYS AFE ORGANIZED AS FOLLCwS- //)
Lo 75 1 =8 1¢3
0o 75 K = 143
75 FOLT(1eK) @ LeO
W(Z1he2) = 0,0
wWilebe2z) = 060
<Ef O = Ut1b)

GO0 T¢ 100
8C COMTINUL
100 1F (1I0PT(1)) 1100200410k

104 JOFT (1) = oy

WRITL (6410%)
105 FOIMAT (3OXIHT
1051 JUXOHOMLCAX s J4XGHUMEGAY ¢ LUXGHOMEGAZ ¢+ 15XSHS TGMA ¢ 16X 2HMC /
1051 19X HROIGXIHY ¢ §OX1HZ ¢ §6YLHXDOT 1 16XUHYFOT o 16XURZDOT/
1052 1TXCHPST ¢ 17XIHFH]T o JBX2HX] o LUXGHFSTDC T ¢ 14X6HPHIDOT o 15XSHXINOTY/
10530U)6HGAMMAL ¢ LUXGHGAMMAD ¢ 1URGHGANMAS ¢ § TXTHCAMDCT S ¢ 1 SXTHGAMNOT2013X
1054 7 GaMDOTI /1 TXIHAPL o 17YSEYF L e JTXIHZPL o 1 TXIEXP2 o 1 TXSHYP2 ¢ 17X 3H2ZF2/
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1055 17XZhXF3 e ) TX3IHYF 3 1 7X3H7 3/7)

LSt T = 1

Lo Te 200
116 CFt 1 ® COS(U(L3))

IF (CFHI) 13Cs1<Co130
120 x1It = XID

+S1D ® SIGN((U(21)=XIL)e L(23))
FHID ® SQRT(U(2G)*L (20) + U(19)1%UJ(19))
GC Ty 145
130 SPt 1 = SIN(U(LZLI))
T¢I = SPHI/CPL Y

SX1 ® SIN(U((cE))
Cxl = COS(Ulck))
AB(l9r]l) = Cx1/CPHY
LB(1eg) = SXI/CPH]
AB(1+3) = 0,0
AB(2+:]1) = gx1
AB(2+2) = CX]
Ab(2:3) = 0,0
AB(3+1) = CXI%TFRI]
AB(312) = SX1%THI]
LB(34¢3) & 1,0

FS1D = 0.0

Fh1D = Q0,0

AL ® 0.0

Lo 1680 =143

FSI10 ® AB(leJ)SU(J+LIR) ¢ FSIC

FHID ® AB(2¢J) » UlJ+lt) « FHID
180 x1t & AB(3e¢J) & U(y+lr) + x1IC
145 LO 1,0 J= 31,3

Liu+lB) = yru+ib) » RADCEG

LUlU+al) = y(Ju+2l) » FAPLFG

Ulu+l? ® y(4+46) * RALDFG
150 U(u+y) = y(u+9) * RALDEG

FsiD = FSIU = FADLEG

FHIU ® FHIL * RADDEG

xXIt ®= XID =x HACDEG

W3ke ® W(3:de2) o FADLEG

LL1G) s U(18) - 2¢KC
WRITL  (64160) TFy (U(J*1B) s Jmie3)y WSU2, Bllele2)s (UlJe1S)e U
1 m302)0(U(Jel2)edmield), (LEJ*21) rum1e3) 0 FSIDIFHIDY XIDs (U(J49) s
2 JUn1e3)0(UGJ+6) 1Um]e3), (LFCOT(JeK) oKmt 03) o Um) oY)
160 FOFMAT (/5(6F20e%/) v 3F20.5)
1F (IWILEY (1)) 18041F00:190
18C GO Tu (16554 190) ¢ UN
190 FUICh 195 TPe (U(Jy+18)e Umli3)y W3U2em (Lo lie )0 (ULJ+18) 0y
1 #3030 0(UJ+12)0um1ed) (LEJ*21)0umie3) e PSIDFHIDY XIDs (U(J+9)
2 Usled)e(L(Us6)eUmied), ((FCOT(JeK) 0 Km1e3) 0 Jm]e3)
195 FOFMAT (5(6E12¢517X1H1/), SL12eSeU43X1IHY)

1685 Lo 196 U = 143

Utu+i8) ® yrystb) » CEGKLD
196 U(ueu) = U(ges) » DEGRAD
LI18) e Y(tE) + ZERU
200 1IF (10PT(2))208¢3001205
205 10FT(2) = ay
WRITE (64200)
206 ForhaT(19x1HT.17X3HFA1017RSHFA2017X3HFA3016X“HFAX1016XCHFAY1/
ZOGIIG)QhFAZIo16XAH$AX2016!“HFAY20lﬁxaHFAZ?ol&x“HFAXSolbquFAvsl
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2062 JCXGHFAZ3 ¢ JOXUHFE XL o 1EXLHFLY 1o 1EXUHFB7 10 J6XUHFEXZ ¢ 16XUHFRY2/
06N LEXGHFBZ2 ¢ 1OXUNFRX3 0 e XLHFLY3 e 1€ XUHF B3¢ 1 &XUH X1 0 16XUHMARY L/
2064 1E€XGEPOZ1 ¢ 1CXUBPE XD 0 1EXIRME Y20 16XUHMEB?2 ¢ 1EXUHY 1Y 39 16 XUHMRY 3/
7068 JEXLHPBI3¢1OXUEFOXL 01O RURFLY Lo 16XURFC2 1o 1EXUHFCX2 0 16 XUHFC Y2/
cOOALENUNF CZa o |AXUHFCX 30 16XUHFCYS e 16XUHFCZ o 16XUHFF X1 ¢ 1OXUHFFY L/

2067 1eXUHFFZ1 o 1OXUNFEX2 0 1 e XERFFYZ o 16XUHFF72 016 XUHFFX3 016 XUHFFY3 /

206P16)U1EFFZ3 4 1SASHPSP 1101 XERPSP 120 15X5HPEP21 o 1SXEHFSF22 ¢ 15XSHPSP31/
2009155 EPJ2//)

Lo 2C7 J= 188
207 (CLAL(U) = 0.0
LSET = |
o Tu 300
208 1+ (TF) 20902060 1C
209 WRI1TL (€e220) (CDFAR(J) e J®1¢55)
I+ (IvILLY(2) + UN = 1) 300130002005
V95 FUICH  29Ce (ODLAR(J) e J= 11085)
6L T¢ 30C

21C WRITL (60220) The (wlJdelel)e JUmle3)e ((W(Jolol)edmle3)elmioed)e
2101 ((WiJeLo2)eu=1e ) olm1e3)0 ((W(Jel elU)oeymge3)elmle3)e

21C2 ((Wiuele3)e JUxlo3)e Lzl o3) el (W(Jel ¢8)edmloe3) el =i o)
21C3 ((PSF(JIK)y Kmle2)e Um],3)

220 FOULMAT (/769 (AF20e8/)s F2C,5)

1F (INILEY(2)) 270:¢27C 180
270 (C To (3C012B0) o+ JN
280 FULCh 290, TEe (WlJelel)e Umle3)e ((WiJoeLoel)edmio3)elmtie3)e

21C1 ((W(Jelo2)eumleZ)olmi oIy ((R(Jol sl)eUus)e3)elmie3)e
2102 (U(W(JiLo3)e Umle3)e Ll e3) el (N{Jel ¢5)edmted)el=1e3)0
2103 ((PLFUJiK)y Kmle2)e Umle3)

290 FUFMAT (S(6F12e507X1H2/) 0 F12e¢501€67X1H2)

30C IF (1OPT(3)) 310+400.:3Ck
304 I0FT(3) = oy

WRITE  (60305)
305 FOFMAT (19X1HTr JIBX2HEK s 18X2HEF ¢ 1 7X3HESL ¢ 17X3HES2¢ 1 TX3HESY/
3051 17XOREFLe1TXIFEF2 ¢ 1TXIHEF e 1TXSHFEB1 03 7TX31 EB2417X3HER3/
3052 1EXUMEFF Lo 1CXUNEFF20 16 XOMFFF3¢16XUHEBF 1+ 16XUHFEFZ o 16 XUHERF3///)

LSt Y = 1
tC TU 40¢
310 L5E ® 040
Leés s 0,0
316 LO 330 K=14¢3
ﬂl‘K) B 040
Lo 320 JU=1+3
320 AL(R) & AL(K) ¢ U(U+18)eXJ(KeJ)
L5¢ ® 059 + AL(K) & U(k+18)
330 Le6% ® DE9 ¢ LU(ket)sl' (Kee) .
tk & [859/2.+L¢9%NIGAL/D0 SXM/2. 5 (UI13)sU13)eU(L4) sV
1016) ¢ U(1s) & UL1R))
LF ® «(VZERG ¢ GA(T) » L(18))
» a 0
Lo 338 K= 2024
Lo 338 U= 143
L s S%) ¢ A

3 =M+t
338 (UEAK(M) = (L)

WRITL  (64340) TPy ERe EFe (ODEAR(J)Y J = §015)
34C POLFAT (/3(6F20e%/))

1F (IWILEY(3)) 370:¢370¢390
370 GO TLU  (400¢390) syl
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39C FUPCH 395 TFe Ehe EFe (OLEAR() e U = 1¢15)

395 FGEMaT (3(6EL12e5¢7X1H3/))

40C IF (IOPT(5)) L105CULOL

Lo4 JCET(S) = -}

WRITEL  (Gel05)

405 FOFMAT (/10XS3IHTHE FCLLLOVING ARRAYS ARE ORGA! IZED AS FOLLOWS
751e 7/ 16XUHTINE s 12XEHIMTFRVAL/IX12HALPHA DCT(1)e 3SX12HALFHA DOT(2)
752 o+ 3INIZHALPHA DOT(3) s TXRHALFHA(L) ¢ TXRHALFHA(2) ¢ TXBHALPHA(3) ¢
75% 3)1.hGAMMA LOT(1)e 3X12HGAMMA COT(2) s 3X12HGAMMA DOT(3) o+ TXEHGA
TS5UMMA (LY TXBHCAMKA(2) e TXRHGAMMA(3) e 1OXSHX UOTe 10OXSHY DOTe 10XSHZ
755 UCTy LU4XIKHX /7 1Ux1HYe QuX1h2Ze BXTHOPEGA Xo BXTHOMFGA Ys AXTHOMEGA
796 24 LeX3hPSTe 12X3HPHIe 13XZHXI /

TS710YSHWCRK L ¢ 10OXSHWORKZ ¢ 1OXSHWORK3 ¢ 1OXSHYORKU ¢ JOXYSHYECRKS  //)

“1G Lo 420 u= 11?2
420 Ut) = 1(J) & FADLLG
Lo 43¢ Us 1924

430 UtY) = U(.)) % KADLEG
w3Le = W(3S:U44+2) %« RACLEG
WhITe (64440) TPe He 23420 (UGJ)e JUm 1429)
QUG FUIMAT (S(10XFLUS)I/ZE(SXFI0e5)/8(85XF10,5)1/8(S5XF10.,%)/5(5XF10e5)/7/)
500 GG YU  (3¢51G) e LS&FT
510 TP = TP + DTF
RE YUk
ENC
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3.4.4 Usage of Computer Program

In this section, details of various options, the method of table and data input and program

output are delineated. Following this presentation, a sample of the program output is
presented,

3.4.4.1 Input Functions (Tables)

The input tables, consisting of the profiles for the footpads, blocks, and shock absorbers

are read in with an F format using 8 fields, 10 columns wide (8F10.X). All the tables use
the same input sequence:

1. An identification number which specifies whether the table refers to the
footpad, block or shock absorber and secondly, specifies the particular
leg set to which the data applies.

2. The number of corresponding points in the table.
3. The independent variable list (units of inches).
4. The dependent variable list or lists (dimensionless).

The order of the input cards is critical within a table and no blank fields are allowed

within a table. However, the order in which the tables are introduced does not affect the
operation,

When all of the tables have been read, a blank card must follow to indicate that all of the
tables have been read.

The identification number mentioned above will always start in the first field. Blank

fields after the last table value are permitted (and ignored). The identification number
consists of a two digit number. The first digit refers to table type and the second digit
toleg set. In regard to the first digit, Number 1 refers to footpad, Number 2 refers to
blocks and Number 3 refers to shock absorbers. The second digit is numerically equal

to the leg set number 1, 2, or 3. As an example, the block table for leg set Number 3
would have an identification number of 23.0.

In some cases, the table data will be the same for all leg sets. In this situtation two
methods may be used to read in the data. The first method is to read in the data for each
leg set as described above. The second method is to read in the data for the number one

(1) leg set only. The program will then construct tables for the second and third leg set
automatically.

The actual table data which is read in is the crush profile for the footpads, the crush

profile for the blocks and the spring rate profile and the damping profile during compres-
sion for the shock absorber.
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Example:

Consider the following situation:

1.
2.

Footpad No. 1 - 2 values (2 independent and 2 dependent variables)
Footpad No. 2 - 6 values. |

Footpad No. 3 - 9 values

Block No.1, 2 & 3 - 3 values

Shock Absorber No. 1, 2, 3 - 4 values

(Since there are two sets of dependent variables, this table will have 4
independent variables and 8 dependent variables.)

Using X.N to denote the Nth independent variable, FN & GN to denote the Nth dependent
variables and B to denote Blank, the cards would be punched in the following manner:

Card Number

(1)
(2)
(3)
49
(5)
(6)
(M
(8)
(8)
(10)
(11)
(12)
(13)
(14)
(15)
(16)

10 20 X, X, F F, B B
120 60 X, X, X, X, Xq Xg
F, F, F F, F, Fg B B
3.0 9.0 X X, X, X, X, X,
X Xg Xy Fy Fy Fg Fy Fy
Fq F, Fg Fy B B B B
2.0 3.0 X, X, X, F, F, F,
280 3.0 X X, X, F, F, F,
20 3.0 X X, X, F, F, F,
3.0 40 X, X, X, X, F, F,
Fy F, G, G, G, G, B B
320 40 X, X, X, X, F, F,
F F, G, G, Gy G, B B
330 40 X, X, X, X, F, F,
Fy F, G, G, Gy G, B B
B B B B B B B B

Note that blocks No. 2 and No. 3 (cards 9 & 8) have been purposely put out of sequence.
This is permissible.
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The table data is summarized in the output printing according to a format which is identi-
cal regardless of the input option being utilized. The tables are printed using 7 fields,
each field 10 columns wide (7F10.3). Each table is identified separately by a note such as

"BLOCK NO. 2". The list of independent variables follows this note. The list or lists of
dependent variables then follows.

In addition to such machine diagnostics as improper card format which should stop the
program, there are several additional programmed diagnostics which will stop the program.
Prior to stopping the program, a message will be printed which indicates why the program
was terminated. In the following discussion a sample diagnostic will be followed by an
explanation of how it might be generated.

1. ** TABLE ERROR NO. 1, FIRST NO, OUT OF RANGE, No.= X X

This diagnostic will appear if either of the digits in the identification
number is not 1, 2 or 3.

2, ** TABLE ERROR NO, 2, LIST EXCEEDS ARRAY LENGTH, LIST IS
NO. XX . LIST LENGTHIS X .
This diagnostic will appear if the total list length exceeds 100. Identi-
fication of the table and the calculated list length is provided.

3. * TABLE ERRORNO, 3, LIST XX LENGTH = 0.

This diagnostic will appear if a number equal to or less than zero is
specified for the list length.

4. ** TABLE ERROR NO. 4, INSUFFICIENT TABLE DATA ( X ), ( X ).

The diagnostic will appear in the event that more or fewer tables than are required have
been read in. This diagnostic is only a function of the identification numbers. Two
numbers are printed out in the diagnostic statement. The first is the sum of the first
digits of the identification number which should be 18 or 6 depending on the input option
which is used and the second is the sum of the second digits which should be 18 or 3
depending on the option which is used. Hopefully, printing out these sums will give some
insight into the error in the table data. Table error No. 4 will appear if the wrong number
of tables is read in. For example, if individual tables are read in for each of the three

footpads, while reading in only one table for the blocks and one table for the shock absorbers,
then the diagnostic message will appear.

3.4.4.2 Input Constants

The input constants used in the program describe the spacecraft geometry and touchdown
configuration, nominal values of parameters for elements which generate forces, allowable
truncation errors and various codes for selection of computation mode and output options.
These constants are read in on a set of 21 data cards. Six fields are used on the data cards.
The first field is in columns 1 - 7 and contains the card number in integer (I) format. The
next five columns are not used (8 - 12). The remaining 5 fields are 12 columns wide and

use floating point (E) format. The final columns on the card (73-80) are not used. A blank
card follows the input data,
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When runs are to be stacked, it is necessary only to read in data cards containing new
data., This card or cards must also be followed by a blank card in order to execute the
program. The input summary printout will specify the cards which have been replaced,
and will also list the data from all 21 cards.

The input constants found on the 21 cards are defined below. The units are combinations
of feet, pounds, seconds, and degrees.

Card No. Parameter

1 XM
o
1YY
122
IXY

2 I1XZ

I1YZ
XMP
XLDO
DELCG
3 XLP
XLL
XLA
G
ALPHA (1)
4 ALPHA (2)
ALPHK (1)
ALPHK (2)
BETA
XLC

Description

Mass of spacecraft.

moments and products of inertia about spacecraft axes

The inertia matrix is
IXX -IXY -IXZ
J= -IXY IYY -IYZ
-1XZ -1YZ 1ZZ

mass of footpad (no longer used in calculations)
original length of shock absorber link

distance from spacecraft CG to lower hardpoint plane
distance from spacecraft CL to lower hardpoints
length of lower link

length of link joining upper and lower hardpoints
gravitational acceleration

lower limit on footpad angle relative to lower link
upper limit on footpad angle relative to lower link
spring rate of footpad lower limit stop

spring rate of footpad upper limit stop

angle between XLA and spacecraft CL

distance from spacecraft CL to block CL
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Card No.

Parameter

5
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HBO
XIALPH
XIGAM
HFO

DB

DF
XDOTOC
YDOTOC
ZDOTOC

XLDMIN

THETD (1)
THETD (3)
THETD (3)

Description
thickness of uncrushed block

moment of inertia of footpad about pivot

moment of inertia of lower link about lower hardpoint
thickness of uncrushed footpad

diameter of block

diameter of footpad

velocity of spacecraft CG in ground coordinates
(PHASE NO, = 1) or in vehicle coordinates (PHASE
NO, = 3). See Card 11 below.

mechanical friction coefficient for shock absorber
minimum length permitted for shock absorber link

spring rate of shock absorber stop

angular orientation of leg sets No. 1, 3, 8 with re-
spect yz plane (vehicle coordinates). Angles increase
in left-handed sense.

ground slope
pitch angle
yaw angle
roll angle

relative to ground coordinates




Card No.

Parameter

9
(cont'd)

10

11

12

13

XLAMDD

OMEGA (1)
OMEGA (2)
OMEGA (3)

CODE2

CODE
SER NO

PHASE NO

Vv
DTP
TF

HM
ERR (4)
ERR (5)
ERR (6)

ERR (7)

Description

cross slope angle, measured between CG velocity
vector and YZ plane (ground coordinates). Applicable

only for PHASE NO.= 2 (see Card 11, below)
angular rates about spacecraft x, y, z-axes
for selection of punch options (see next section)

for selection of print options (see next section)

serial number (arbitrary)

for selection of method of specifying spacecraft CG

velocities. PHASE NO=1 or 3 denotes that XDOTOC,

YDOTOC, ZDOTOC (Card 6) are applicable; PHASE

NO=2 denotes that XLAMDD (Card 9), VH and VV (this

card) #re to be used.

horizontal velocity of spacecraft CG} Applicable only
if Phase No. = 2

vertical velocity of spacecraft CG

print/punch interval

finél time

minimum integration interval

allowable truncation error (per second)-#1footpad angle

allowable truncation error (per second)-#2footpad angle

allowable truncation error (per second)-#3 footpad angle

allowable truncation error (per second)-#1 lower link

angular rate



Card No.

Parameter

13
(cont'd)

14

15
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ERR (8)

ERR (9)

ERR (10)

ERR (11)

ERR (12)

ERR (13)

ERR (14)

ERR (15)

ERR (16)

ERR (17)

ERR (18)

ERR (19)

Description

allowable truncation error (per second)-#2 lower link
angular rate

allowable truncation error (per second)-#3 lower link
angular rate

allowable truncation error (per second)-#1 lower link
angle

allowable truncation error (per second)-#2 lower link
angle

allowable truncation error (per second)-#3 lower link
angle

allowable truncation error (per second)-CG velocity
(X-direction)

allowable truncation error (per second)-CG velocity
(Y-direction)

allowable truncation error (per second)-CG velocity
(Z-direction)

allowable truncation error (per second)-CG position
(X-direction)

allowable truncation error (per second)-CG position

(Y-direction)

allowable truncation error (per second)-CG position
(Z-direction)

allowable truncation error (per second)-spacecraft

angular rate (x-axis)




Card No.

15
(cont'd)

16

17

18

19

20

Parameter

ERR (20)

ERR (21)

ERR (22)
ERR (23)
ERR (24)
RC (1)
RC (2)
RC (3)
XKD (1)
XKD (2)
XKD (3)
FP (1)
FP (2)
FP (3)
RR (1)
RR (2)

RR (3)
SRL (1)
SRL (2)
SRL (3)
CB (1)

CB (2)
CB (3)

Description

allowable truncation error (per second) - spacecraft

angular rate (y-axis)

allowable truncation error (per second)-spacecraft

angular rate (z-axis)

allowable truncation error (per second)-pitch angle

allowable truncation error (per second)-yaw angle

allowable truncation error (per second)-roll angle

nominal damping coefficient
for shock absorbers #1, 2 & 3
during stroking

nominal spring rate

for shock absorbers

#1,2 &3

preload for shock absorbers #1, 2 & 3

nominal damping coefficient
for shock absorbers #1, 2 & 3
during rebound

slope of profile for rebound
damping in shock absorbers
#1,2 &3

nominal crush

pressure for

blocks #1, 2 & 3
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Card No. Parameter Description

20 CF (1) nominal crush
(cont'd)

CF (2) pressure for
CF (3) footpads #1, 2 & 3

21 XMUF nominal sliding friction coefficient for footpads
XMUB nominal sliding friction coefficient for blocks
TAU (1) impact times for footpads #1, 2 & 3. These
TAU (2) are specifi'ed if CODE=4 is specified
TAU (3) (see following section)

3.4.4.3 Output

At the completion of a run, the program has the capability of providing several output
options. In the time history mode (i.e.,CODE%4), the program will predict the spacecraft
dynamics which result from a specific set of touchdown conditions. Computation will
continue until one of the following decisions is made:

1. Vehicle stable (motion has subsided, or vehicle is "rocking back'' from a
critical attitude).

2. Vehicle unstable (toppling).
3. Time expired (problem time exceeded TF).

The standard output for the time history mode contains a statement of this decision, to-
gether with the time at which the decision was made and the minimum value of stability
angle which was encountered in the run. After this printout, a statement regarding the
energy of the system is printed. The initial kinetic energy of the system, the difference
between the initial and final potential energy, the dissipated energy of the system (includ-
ing any stored energy in the shock absorber) and the final kinetic energy are printed.
From an energy balance point of view, the original kinetic energy plus the difference in
potential energy minus the ""dissipated" energy should equal the final kinetic energy.

Following the energy printout, the maximum shock absorber force for three leg sets are
printed. The minimum ground clearance is printed after this shock absorber force printing.

The printing above pertains to the dynamics of the vehicle. The output which will be de-
scribed now pertains to details concerning the overall integration process. The arithmetic
sum of the truncation errors accepted during the integration process is first printed. This
array is 29 long and reads from left to right; 1 - 8 in the first row, 9 - 16 in the second
row, 17 - 24 in the third row and 25 - 29 in the fourth row. The numbers refer to the
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number assigned to each of the integrated variables. Footpad angular velocity for the
three footpads are 1 - 3, footpad angular position are 4 - 6, lower leg angular velocities
are 7 - 9, lower leg angular positions are 10 - 12, CG velocities are 13 - 15, CG positions
are 16 - 18, CG angular velocities are 19 - 21, CG angular positions are 22 - 24 and 25 -
29 are energies. The units are radians, feet and seconds. The arithmetic sum would be
of most interest to one who is attempting to determine the total truncation error of the
integrated variables. Since the sign of the truncation error may be positive or negative,
some cancellation of errors is possible. The next array is similar to the arithmetic sum
array but this array contains the sum of the absolute values of the truncation error. These
values give an indication of how closely the allowable and actual error agree. If onevaria-
ble controlled the size of the integration interval, then the absolute sum should approach
but always be less than the allowable value. In general, various integrated values control
the integration interval and these numbers will be significantly less than the allowable

values.

The next group of printout relates to a summary of the integration process. The first
number is simply the total number of integration intervals. The next number is the aver-
age interval size in seconds. The next array describes how the intervals were distributed.
The first number indicates the number of intervals between .1 and 1 second, the second
indicates the number of intervals between .01 and .1, and so on. The next array describes
the distribution of the number of times the integration routine had to halve an interval in
order to pass on error check. The first number is for zero cuts, the second is 1 cut, the
third is for 2 cuts, and so on. This is one of the best indicators of the ""'smoothness' of
the program in general and secondly, the efficiency of the integration method. Ideally, the
number for zero cuts would be equal to the number of integration intervals. Practically,
this zero cut number has been greater than half of the total integration intervals. The
final array shows which of the integrated variables was instrumental in determining the
next interval., The array is numbered in the same sequence as above and 1 - 10 are in
the first row, 11 - 20 in the second, and so on.

Finally, output printing at the final time reached in the integration is performed and the
program is finished.

In addition to the standard output for the program in the time history mode, three other
basic options for printing/punching are available. These options provide detailed time
histories of the vehicle motion (option 1), loads (option 2) and energy (option 3).

Output option 1, time history of vehicle motion, is in the following format:

T OMEGAX OMEGAY OMEGAZ SIGMA MC
X Y Z XDOT YDOT ZDOT
PSI PHI X1 PSIDOT PHIDOT XIDOT
GAMMAL1 GAMMA2 GAMMA3 GAMDOT1 GAMDOT2 GAMDOTS3
XP1 YP1 ZP1 XP2 YP2 Zp2

XP3 YP3 ZP3

3-117



The symbolism is:

T

OMEGA

SIGMA

MC

X, Y, Z

XDOT, YDOT,
ZDOT

PSI, PHI, XI

PSIDOT,
PHIDOT,
XIDOT

GAMMA

GAMDOT

XPi, YPi,
ZPi

Output option

time (sec)

vehicle angular velocity in vehicle coordinate system (deg/sec)
stability angle (deg)

grouhd clearance (ft)

location of vehicle CG in ground coordinates; origin at vehicle CG at
T = 0 sec. (ft)

velocity of CG in ground coordinates (ft/sec)
vehicle orientation in ground coordinates (deg)

vehicle angular rates in ground coordinates (deg/sec)

lower strut angular orientation in vehicle coordinates (deg)
lower strut angular rates in vehicle coordinates (deg/sec)

location of the ith footpad pivet in surface coordinates (ft)

2, time history of loads, torques and deformations, is in the following format:

T FA1l FA2 FA3 FAX1 FAY1
FAZ1 FAX2 FAY2 FAZ2 FAX3 FAY3
FAZ3 FBX1 FBY1 FBZ1 FBX2 FBY2
FBZ2 FBX3 FBY3 FBZ3 MBX1 MBY1
MBZ1 MBX2 MBY2 MBZ2 MBX3 MBY3
MBZ3 FCX1 FCY1 FCZ1 FCX2 FCY2
FCZ2 FCX3 FCY3 FCZ3 FFX1 FFY1
FFZ1 FFX2 FFY2 FFZ2 FFX3 FFY3
FFZ3 PSP11 PSP12 PSP21 PSP22 PSP31
PSP32
The symbolism is:
T time (sec)
FAi force in ith shock absorber (lb)

FAXi, FAYi, force components of ith upper hardpoint in the vehicle coordinate system (lb)

FAZi
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FBXi, FBY],
FBZi

MBXi, MBYi,
MBZi

FCXi, FCYi,
FCZi

FFXi, FFYi,
FFZi

PSPij

force components of ith lower hardpoint in the vehicle coordinate
system (lb)

moment components of ith lower hardpoint in the vehicle coordinate
system (ft-1b)

force components of ith body block in vehicle coordinates (1b)

force components of ith footpad pivot in the vehicle coordinate
system (lb)

deformation of the jth segment of the ith footpad along the centerline
of the footpad (ft)

Output option 3, time history of energies and energy states of various elements, is in
the following format:

T EK EP ES1 ES2 ES3
EF1 EF2 EF3 EB1 EB2 EB3
EFF1 EFF2 EFF3 EBF1 EBF2 EBF3

The symbolism is:

T
EK
EP
ESi
EFi

EBi

EFFi
EBFi

time (sec)

total kinetic energy (ft-1b)

potential energy (ft-1b)

total energy stored and dissipated in ith shock absorber (ft-1b)

total energy, excluding friction, stored and dissipated in the ithfootpad
(ft-1b)

total energy, excluding friction, stored and dissipated in the ith body
block (ft-1b)

total energy dissipated by friction by the ith footpad (ft-1b) .
total energy dissipated by friction by the ith body block (ft-1b)

The output option is selected by assigning the appropriate numbers to CODE and CODE 2
on input cards 11 and 10. The code numbers are:

Code No,

T 7 SN

Output Options Specified Code No. Output Options Specified
1 - (motion time history) 5 1&2
2 - (load time history) 6 1&3
3 - (energy time history) 7 2& 3
4 - (surface determination, 8 1,2 &3
to be discussed later) 9 No output
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To select a printing option, set the appropriate code number in CODE. If it is desired to
punch 2all the options which are printed, insert a minus sign in the value of CODE. Punch
options may be specified independently of CODE by inserting one of the above code numbers
in CODE2 (always positive).

To illustrate the use of the print/punch options, consider the following example. Suppose
option 2 and 3 have been selected to be printed and option 2 is to be punched. Code number
7 would appear in CODE and code number 2 would appear in CODE2. It should be noted
that data cannot be punched which is not printed. That is, option 2 and 3 could not be
punched if only option 1 were to be printed. No error will result from placing any combi-
nation of numbers between 1 and 10 in these coded locations.

A code number of 10 in CODE enables diagnostic type printing. This option bears a
resemblance to option 1, and has been retained in the program primarily for historical
interest. In CODE2 a code number of 10 is ignored.

An error ("'out of range computed go to") will be generated if a number or numbers
beyond the range of 1to 10 are put in CODE and/or CODE2, with the exception of nega-
tive numbers being permitted in CODE.

If CODE = 4 a very special output printing results. Under these circumstances internal
modifications are made to the program which permit the specification of footpad impact
times and calculate the ground slope and cross slope angle from the resulting motions.
The input data required for the CODE = 4 version is essentially the same as for the
time history version, with the addition of TAU (1), TAU (2), TAU (3), the times at which
the respective footpads strike the surface. Any times greater than or equal to zero may
be specified, but it is necessary to specify the spacecraft attitude and motion at zero
time. The spacecraft attitude can be specified in any convenient coordinate system, pro-
vided the z-axis is positive vertically downward.

The output of the CODE = 4 version consists of statements of the value of the cross slope
angle LAMDA, ground slope THETAS, and coordinates of the impact points in the con-
venient coordinate system. The values of 4 angles are then printed. ZETA is the required
rotation between the convenient coordinate system and the customary ground coordinate
system, while PSI, PHI, XI are the touchdown pitch, yaw, roll angle specifications relative
to the customary ground coordinate system. Due to an ambiguity in the method of determi-

nation, it is possible that the roll angle XI will be in error. This can be checked by means
of the approximation

XI = XIO - ZETA

which is exact only for a level vehicle, but should be only a few degrees off for a moder-
ately tipped vehicle. If the printed data satisfies the above approximation, the correct

v:lue of XI has been printed. Otherwise the supplement of the printed value of XI must be
chosen.
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The ambiguity which exists in the determination of the roll angle XI results from the
nature of the inverse sine function evaluation. The output of this evaluation is always an
angle in the first or fourth quadrant. Consider the angle in the second quadrant,

Z =90° + A . If the sine of this angle is computed, a number N between 0 and 1.0 will
result. Now if we take the inverse sine of N, the angle we have in mindis = = 90° + a .

But the computer will calculate that the inverse sine of N is = CALC - 90° - A. Note

that the sines of Z and = CALC 2Te numerically equal.

If |E|590°, there is no problem and the above approximation will be satisfied. Otherwise
the approximation will reveal a discrepancy, and an adjustment must be applied. Suppose

that ETRUE =90° + &

then ECALC =90° - 4

8o *rRUE *ZcaLc © 180°

and ETRUE is seen to be the supplement of ECALC' A similar

result is obtained for
: = - o . . . s
TRUE (90° +4) which is in the third quadrant.

in which case

=TRUE® =caLc = - 180

where = TRUE and = CALC will be negative.
To summarize:

It ®TRUE = = CALC

supplement of = CALC

3.4.5 Sample Program Output

A sample of the program output follows. This sample presents options 1, 2 & 3 with no
punching, The program was terminated by the decision that the vehicle was stable.
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The equations developed in Section II are programmed in subroutines INIT, CONFIG,
STAB, FORCE, and INTEQM. In order to further associate physical concepts with the
program listing, the following cross reference between the listing and Section II is pre-
sented. Since there is not a one-for-one correspondence between Section II equations
and statements in the listing, and since not every statement in the listing is numbered,
then the statement numbers tabulated below should be regarded as approximate locations
for the FORTRAN version of the Section II equations.

INIT

Statement No.
from Listing

110
114
150
160

CONFIG

Statement No.
from Listing

110
120
124
160
1604

162}
170

172

180
201
202
202}
3005
2045}
2049

3-128

Section I
Equation No.

14,13,5,17,6

Section II
Equation No,

1
16
17
7,11, 12

8

9,10
25, 26, 3
14

15

21
28

Statement No.
from Listing

220}
221
221
224 }
229
230
232

2499
2410
2415
2430
2433
3458
2462
2463

262

}

Section II
Equation No.

18

19
21, 22, 24

70
81, 82

83
84
86
84
87
88
71




STAB

Statement No. Section I
from Listing Equation No,
62 72

250

255} 76

256 77,78

257 79
FORCE

Statement No.
from Listing

15
110
120
150
156}
160

180
1805
1866
1896
1897

INTEQM

Statement No.
from Listing

351
40
42

60
w0

Section I
Equation No.

33
29
30
31, 32

32

40
42
43
45
44

Section II
Equation No.

60

55
68, 69
67

85, 66

Statement No.
from Listing

1899
1903
191 }
192
204
222
301
303}
302

34

Section II
Equation No.

46
47

48

49
52

38, 55

39
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SECTION IV
COMPUTER STUDIES

4.1 SPECIAL STUDIES

In the course of developing the computer program, investigations were planned to answer
such questions as:

1. Could the computer simulation of the Surveyor landing be made more efficient ?

2. Were there any integration methods immediately available which would surpass
variable interval Runge-Kutta in overall performance?

3. Could the strategy of interval adjustment be made more efficient ?

4. Was it feasible to relax the error specifications in order to improve running
time ?

5. What would be the effect of modifications to the representation of the sliding
friction coefficient ?

Based on the results of studies pertaining to these questions, the parametric studies
were begun with confidence that the efficiency was optimum. A discussion of these
studies appears in the following paragraphs.

4.1.1 Simulation Efficiency

It was apparent from examination of the Phase I test cases (see Reference (b)) that pro-
gram running time could be improved substantially by '"smoothing' some calculations
and by eliminating others when they were unnecessary to the determination of spacecraft
motion. The '"smoothing' refers to the elimination of unrealistic abrupt changes in
force levels, and to the removal of numerical "noise' which can occur when a balance
between two opposing forces is sought. These phenomena can have a ruinous effect on
the error checking integration method without contributing to the vehicle dynamics.

This smoothing process was employed to advantage in easing the transition from the shock
absorber stroking to the restroking condition. Asthis change takes place, the shock
absorber damping and friction forces change sign. In order to prevent step changes in
these forces which are neither physically realistic nor conducive to rapid computation, a
function was introduced in the simulation which allows these forces to pass through zero
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with no discontinuity. This higher order smoothing function has the characteristics of
zeroing the dissipative forces at zero stroking velocity, but smoothly blending them into
their normal computation mode when the stroke velocity has achieved a significant value.

During the restroking with the footpads off the surface, an approximate equilibrium be-
tween the shock absorber spring and damping forces exists. Due to the difficulty of
accurately determining the difference between two substantial numbers, it is virtually
impossible to get an accurate determination of the shock absorber force during this
situation. As a result, the motion of the lower leg is erratic and small integration inter-
vals result. Furthermore, these motions are inconsequential to the spacecraft dynamics
since the footpad in question is not then in contact with the surface.

Because of the ineffectiveness of the footpad at this time, it should be satisfactory to
employ an approximate technique to describe restroking with the footpad off the surface.
If the inertia force is regarded as a small constant, the following differential equation is
approximately true for this condition:

K+c‘;‘2 + kyYy =0

where ¥ is the angular depression of the lower leg. This equation implies the assumption
that ¥ changes approximately in proportion with the shock absorber stroke. Rearranging,

‘i= \,a‘Y +b

which expresses v as a function of ¥ and two constants which were empirically deter-
mined from calculations performed using the more rigorous expression of the differential
equation. Figure 4-1 shows the adequate representation of the Y and Y time histories
which is provided by the approximation. Integration of the semi-empirical ¥ was used to
return the leg to the stop if all the following conditions were met:

1. Footpads off the surface.

2. Shock absorber restroking velocity from standard calculation equal or in
excess of the programmed approximate equation.

3. Lower leg not on extension stop.

The above change improved the running time somewhat and in general, had a smoothing
effect on the calculations during off-the-ground restroking. This approximation was used
to advantage throughout the parametric study, but had to be removed from the final version
of the program. Since the approximation is applicable only to a specific set of shock ab-
sorber parameters, its presence in the program would unnecessarily decrease the
generality of the program,

Originally, the lower leg extension stop was represented by a very stiff spring. After

the leg encountered the stop, an oscillation of the lower leg resulted. The damping force
was quite low, and oscillations persisted for some time. A different stop was programmed
which set the lower leg rates to zero when the stop was encountered. This froze the motion
of the lower leg at the stop and was effective in eliminating the oscillations.
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Another aspect of the mechanical stop problem concerned the lower leg angular rate (7)
that results from integration of the lower leg angular acceleration (¥). Under normal
situations,?y is used to calculate the lower leg angular position (). However, when the
shock absorber is on the extension stop, this is no longer true. In this instance, the
forces are arbitrarily set to zero resulting in a¥ of zero and a ¥ equal to the last value
calculated. No problem exists until a force tending to stroke the leg appears. At this
time, ¥ has the wrong value, and some time must pass before Y is integrated to the
correct number so that the leg moves off the stop. Even though this time is small, the
vehicle acts as if it has stiff legs for this time period. To alleviate this condition, a
fictitious value of ¥ is generated to run Y to a small value. This procedure is only used
when the lower leg is on the stop and Y has a value greater than the above small value.
Since ¥ is sensed to determine whether the shock absorber is stroking or restroking, Y

must be held to a small positive value to keep from unnecessarily and incorrectly leaving
the stop.

In the original version of the program, the calculation of the crushable block forces was
suspended if the blocks were not in contact with the surface. Since one or more footpads
are often off the surface and generating no forces, a procedure similar to that for the
blocks was instituted for the footpads in the event they were not in contact with the sur-
face. This increased the program efficiency by eliminating some unnecessary calculations.

These program modifications were all incorporated for the purpose of streamlining the
simulation without affecting accuracy. For the original version of the program, the ratio

of computer time to problem time was 215:1; this figure was reduced to 175:1 by means
of the modifications.

Another method of reducing running time is simply an earlier termination of the run.
This is feasible in some cases, since a stable landing can often be identified before the
vehicle motions subside. This identification makes use of the results of the stability
angle calculations described in Section II. When the spacecraft rocks up on one or two
feet but does not topple, the calculated stability angle attains a minimum value at the end
of the rocking motion and then experiences a substantial jump which is due to changing
the reference used to calculate the stability angle at that instant. The program was modi-
fied to utilize this jump with the result that running time was saved in a large number of
runs performed during the parametric studies.

4.1.2 Comparison of Integration Methods

In order to evaluate our choice of integration method, a limited study of various integration
methods was conducted. The methods investigated were:

1. Variable interval, error checking Runge-Kutta,
2. Variable interval, error checking Milne with Runge-Kutta start and restart.
3. Constant interval (.002 second) Runge-Kutta.

4, Trapezoidal (.002 and .0005 second).
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Method 1 was used as a basis for comparison purposes. Methods 3 and 4 are inherently
simpler, but suffer from the disadvantage that no error control or estimation is possible.

The first comparison of integration methods was performed for a problem which was
simple compared to the Surveyor landing dynamics problem. The problem was to deter-
mine the motion-time history of a bouncing ball which was idealized as an undamped,
single degree of freedom system. The motion was predictable in closed form, and since
the system was undamped, the motion was periodic. Further, the motion was similar to
Surveyor in that abrupt contacts with the surface were made from time to time. Both
error checking integration methods kept the problem under control. Milne integration
(2) was slower to expand the integration interval and failed to expand the interval to as
large a value as method 1. The lack of speed was due to a requirement for several past
values to be in existence prior to interval expansion,

Reluctance of Method 2 to increase the interval was due to the method of interval ex-
pansion used in the available Milne integration routine. Interval expansion is restricted

to interval doubling; that is, if the error is sufficiently small, the interval will be doubled.
For a case in which a given interval results in small errors but twice that interval pro-
duces excessive errors, interval expansion will not occur, Therefore, this method will

in general be running at an integration interval which is less than optimum and consequently
smaller than the interval selected by method 1.

Method 4 with an integration interval of .0005 second had accuracy problems when the
ball was in contact with the surface and was ""loafing” when the ball was off the surface,
The method seemed to have an ""energy generator''; that is, the ball bounced to higher
positions with each cycle. Method 3 performed with satisfactory accuracy, but like

the other methods, was unable to improve upon the running time for Method 1.

Comparisons using Case 2 from Phase I (see Reference (b)) also support the selection of
the variable interval Runge-Kutta integration. Method 2 failed to recover from the initial
impact asthe integration interval was reduced to a minimum and remained there. No
meaningful data could be obtained. Method 3 resulted in satisfactory results, but no time
improvement was noted. Method 4 with an interval of .002 second experienced permature
termination of the run due to the absurd result that shock absorber bottoming occurred.
Reducing the interval to .0005 second resulted in satisfactory answers but lost any running
time advantage over either Methods 1 or 3. In general, no usable running time advantage
was found in any of Methods 2,3 or 4 over Method 1. Further, accuracy was as good or
better in Method 1 than in the other methods.

4.1.3 Interval Adjustment Strategy

The strategy used in adjusting the integration interval size was examined in a further
effort to improve program efficiency. It is tempting to reason that since there will be
physically meaningful discontinuities in the applied forces (such as at recontact after free
flight), and since it is a virtual certainty that the time interval will have to be closed down
to a very small value in order to get through this discontinuity, then it would seem that
computation could be saved when the discontinuity is encountered by immediately reducing
the time interval to a small value. The time-consuming process of error checking, halving
the interval and again error checking, etc., might be eliminatedunderthese circumstances.
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This is specious reasoning, however, as it fails to recognize that during the free flight,
intervals as large as .3 seconds have been observed. When the discontinuity is encounter-
ed with this interval, there is a probability of .5 that by cutting the interval in half, the
error check will be passed because the vehicle will not yet have contacted the surface.

Carrying this one step further, the probability that the error check will be passed after
n cuts is:

n .
P=3Y (/2
j=1

This means, for example, that if the time interval were .3 second when the recontact
discontinuity was encountered, then the probability would be .875 that the error check
would be passed with a time interval of .0375 or greater. This is clearly superior to
arbitrarily dropping the time interval to the minimum allowable (say .00001) as soon as
the discontinuity occurs. ‘

It is possible that further gains in speed could have been achieved by increasing the time
interval more quickly when a smooth portion of the landing occurs, such as the free flight
phase. Although time interval selection might not have been quite optimum, the strategy
used to select intervals appeared to be rather good. This contention was supported by a
special calculation which was incorporated in the computer program. Printed out were
the number of integration intervals in a run, the average size, the distribution of sizes,
and a distribution of the number of times that successive cuts in interval size had to be
made to pass an error check. This information showed that in all runs made using the
existing strategy, no interval cutting was required in over half of the integration steps.
This is indicative of a rather efficient process.

One attempt was made to use a slightly modified interval adjusting technique. This
method was more conservative for errors close to the maximum and more liberal

for errors close to zero error than the present method. The modified technique was found
to be significantly less efficient than the original method.

4.14 Error Specification

Having obtained confidence that the program is functioning efficiently, the possibility of
relaxing the truncation error specification was investigated. Since these specifications
are used in the error check, they control the interval size and therefore the problem
running time. Additional special printouts were instituted as an aid in assessing the
effect of changing the error specifications. Two of these printouts provided summations
of truncation errors actually incurred in the integration of the problem variables. Sum-
mations are performed both on an absolute and an algebraic basis. A third special print-
out provided a distribution of the critical variables in the form of a tabulation of how
many times each of the dependent variables restricted the interval size.

The allowable error specifications on a per second basis used in the Phase I test cases
(see Reference (b)) aretabulated on the next page.
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6 degrees for footpad angles
2 degrees/second for lower strut angular rates - E(7)
| 4 degrees for lower strut angles
1/6 foot/second for CG velocities
1/6 foot for CG position
1/6 degree/second for rotational rates about the CG - E(w)
2/3 degree for rotation about the CG
With these specifications the special printout affirmed that ¥ (lower leg angular rate)

was the most critical variable. The body angular rates (w) provided a significant amount
of limiting, but much less so than .

Several combinations of specified Yand w errors were applied to Case 2, and the effects
on running are tabulated below:

E(Y) E(w) Computer Running Time
Deg/Sec/Sec Deg/Sec/Sec Problem Time
1/6 175
1/6 155
1/6 120
16 1/6 120
8 1/2 130
16 1/2 120
{ 8 1/4 125
i It is evident from this tabulation that relaxation of the error criteria does decrease run-
ning time. Note, however, that running time does not decrease uniformly as the allowable

) errors are increased. Evidently E(Y) and E(w) are both restricting the interval size
in the latter 5 cases, so that when one set of errors is relaxed, the other set provides
additional limiting.

Figure 4-2 jllustrates the effect of increased error criteria on the pitch angle versus

time plot. This time history, chosen because of the importance of pitch angle in stability
determination, shows that two of the specified error criteria result in departures of 6°
and 8° from the original choice of E(Y¥) = 2 and E(w) = 1/6. The remaining 4 combinations
were not distinguishable from the original choice.

The choice of E(Y) = 8 and E(w) = 1/6 is attractive because of its relatively low running

time ratio (120:1) as well as its good agreement with respect to the pitch angle time
history. The variation in the pitch angle time history with specified error unfortunately
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is not clearly understood, so that a conservative choice of criteria was selected for the
parametric studies. The values selected were the original values which included E(?Y) =
2 and E(w) = 1/6.

4.1.5 Sliding Friction

A study was undertaken to establish whether or not the phenomenon of footpad chatter
would be predicted by the computer program. Accordingly, the nominal coefficient of
friction was raisedfrom .8to 1.4, and the variation of sliding friction coefficient as a
function of velocity was changed. Figure 4-3 shows the various forms of the profile
which were considered. Profile C is shown in two different scales; all profiles coincide
for sliding velocities of .05 foot/second and above.

Computer runs which were conducted using i = 1.4 and the various friction coefficient
profiles revealed two distinct difficulties, both of which had a disastrous effect on running
time. First, the expected difficulty associated with a sharp change in sliding friction
force at low velocities was experienced. This problem was most severe for the "step"
representation of the friction profile (profile A), while profile C was sufficiently smooth
that little difficulty was encountered. For profile A, and to a lesser extent profile B, the
abrupt change in friction coefficient at low velocities did not permit the error checks to
be passed, so that the integration interval was reduced to the minimum value.

This problem was accentuated by a second difficulty, which was an accuracy problem.

It appears that the use of a minimum time interval of .000001 second can result in error
checking meaningless numbers due to the number of significant figures carried in the
single precision mode on the UNIVAC 1107, In effect, round-off errors generated in the
computations were being checked instead of truncation errors. This problem develops
when the integration interval approaches the minimum allowable time interval,

Once the time interval has been reduced to a minimum, it becomes nearly impossible to
pass an error check, open up the time interval and thereby return the calculated values

to the realm of significance. This difficulty is not restricted to the occurrence of rapidly
changing friction forces, however. In fact it was first identified in a situation where the
sliding velocity was in excess of 1 foot/second, but the torques tending to rotate the
spacecraft were approximately in balance. As was previously noted, equilibrium conditions
of this type are difficult to describe accurately. Therefore, the time interval closed

down and having done so, could not recover. It has been found that increasing the minimum
time interval to .00001 seconds has alleviated the problem of accuracy, but the problem

of sharp changes in friction force remain with profiles A and B.

Figure 4-4 compares the pitch angle time histories throughout the first 1/2 second of

the landing for the cases in which 4 = 1.4 (profiles A, B and C) with the time history

for u = .8 (profile C). First, note that there is very little difference among the three
plots for u = 1.4 data. Although the amount of data is admittedly sparse, there is no
indication that profile C is inadequate. Since this profile results in smoother calculations
at no loss in accuracy, it was used for the parametric studies.
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4.2 PARAMETRIC STUDIES

The program development effort which has been discussed throughout this report was
motivated primarily by the requirement to perform extensive parametric studies. These
studies, which constituted the majority of the effort expended in Phase II, were formulated
to establish Surveyor landing stability boundaries for a wide range of touchdown conditions.

The dynamics of the spacecraft landing are functions of two major types of variables:
those which describe the vehicle configuration (geometry, shock absorber characteristics,
etc.) and those which specify the touchdown conditions (CG velocities, angular rates,
angular orientation, nominal sliding friction coefficient, etc.). The vehicle configuration
was held constant throughout the parametric studies although provision has been included
in the simulation to facilitate changes in these parameters.

The spacecraft configuration is described by the parameters in Table 4-1, Table 4-2
lists the variables describing the touchdown conditions. The variables which were varied
in the parametric study were chosen from Table 4-2.

In order to keep the extent of the parametric study within reasonable bounds, the range
of touchdown conditions to be considered was necessarily subject to some limitations.
As indicated in Table 4-2, the ground slope and friction coefficient were assigned con-
stant values, while no angular rates were considered during the parametric studies.
The approach followed in varying the angular orientation and initial CG velocity vector
was first to establish a baseline configuration and then to study the effect of variations
about this set of parameters,

4.2.1 Baseline Configuration

In selecting a set of baseline conditions, it is logical to require that the configuration

will result in a "planar' landing. That is, the landing can be thought of as a 2 dimensional
problem in which there is no motion of the CG across the slope, nor is there any space-
craft rotation except pitch. This choice appeals to the intuition since it would seem
reasonable to expect that the most critical touchdown conditions from the standpoint of
overturning would involve the CG velocity in the direction of maximum slope, tending to
topple the vehicle over two downhill feet. It turns out that intuition is a reliable, but not

infalliable, guide; only a few conditions have been found which are more critical than the
planar cases.

A second baseline condition can be arbitrarily assigned. This is the condition that the
spacecraft is level at touchdown (vertical centerline). This choice has only simplicity
to recommend it; the pitch and yaw angles will be zero.

It was planned that the stability profiles would be generated by varying horizontal velocity
until the transition value was established. Vertical velocity was to be held at a fixed value
for various angular orientations and cross-slope angles. A vertical velocity of 20 feet/
second was chosen with the thought that variations in stability boundaries would be accen-
tuated by the high vertical velocity. Figures 4-5 and 4-6 indicate that this was not the
case. Rather, another phenomenon was being introduced which rendered 20 feet/second
vertical velocity useless for stability considerations.
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TABLE 4-1. NUMERICAL VALUES OF PARAMETERS DESCRIBING

SPACECRAFT CONFIGURATION

coefficient

Parameter Description Value

M mass 20 slugs

Ixx moment of inertia relative to x-axis 138.12 slug-ft.z

Iyy moment of inertia relative to y-axis 134.29 slug-ft.2

IZz moment of inertia relative to z-axis 145.78 slug-ft.2

Ixy moment of inertia relative to x and y-axes 6.81 slug-ft.2

Ixz moment of inertia relative to x and z-axes -5.87 slug-ft.2

Iyz moment of inertia relative to y and z-axes 2.57 slug-ft.

-QDO extended length of shock absorber link 3.1275 ft.

_QD min minimum length of shock absorber link 2.7525 ft.

ACG height of CG above base plane 1.445 ft,

Lp digtance from vehicle centerline to lower hard- 3.1875 ft.
point

QL length of lower link 3.375 ft.

N length of A-frame link .95833 ft.

g Gravitational acceleration 5.31 ft./ sec.?

aq footpad rotational stop (lower) .75 deg.

a, footpad rotational stop (upper) 45 deg.
Inclination of A-frame link 41 deg.

Qc distance from vehicle centerline to block center- 2.4167 ft.
line

hBO uncrushed block thickness .66667 ft.

| 9% moment of inertia of footpad about pivot 00373 slug-ft.2

eV moment of inertia of lower link about hinge 1.347 slug-ft.

th uncrushed footpad thickness 54167 ft.

dg block diameter .58333 ft.

df footpad diameter 1 ft.

Rc nominal shock absorber compressive damping 54 lbs.-sec.z/ft.2
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TABLE 4-1. NUMERICAL VALUES OF PARAMETERS DESCRIBING
SPACECRAFT CONFIGURATION (CONC.)

Parameter Description Value
RR nominal shock absorber rebound damping 864 lbs.-sec .2/ft2
coefficient
K, shock absorber hydraulic spring rate 3600 Ib/ft.
KS shock absorber extension stop spring rate 100,000 1b/ft.
Fp shock absorber preload 185 1b.
shock absorber mechanical friction .05 (dimensionless)
v coefficient
C}3 nominal block crush pressure 5425.6 lb/ft2
C; nominal footpad crush pressure 1578.8 lb/ft2
e, angle between spacecraft y-axis and No, 1 0 deg.
leg set
e, angle between spacecraft y-axis and No. 2 120 deg.
leg set
64 angle between spacecraft y-axis and No. 3 240 deg.

leg set

TABLE 4-2. NUMERICAL VALUES OF PARAMETERS DESCRIBING

TOUCHDOWN CONDITIONS

Parameter Description Value
0 ground slope 15 deg.
M sliding friction coefficient 1.0 (dimensionless)
W, initial angular rate about vehicle x-axis 0 deg/sec.
wy initial angular rate about vehicle y-axis 0 deg/sec.
w, initial angular rate about vehicle z-axis 0 deg/sec.
L2 initial pitch angle variable (deg.)
¢, initial yaw angle variable (deg.)
Z, initial roll angle variable (deg.)
Vv touchdown vertical velocity variable (ft/sec.)
vH touchdown horizontal velocity variable (ft/sec.)
Y cross-slope angle variable (deg.)
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Figure 4-5 presents the horizontal velocity versus roll angle stability profile for a level
vehicle. The vertical velocity was 20 feet/second and the cross-slope angle was 0°
(uphill, planar landing). The cross-slope angle is measured between the horizontal veloc-
ity vector and the Y-axis (ground coordinates). See Figure 4-22. The roll angle was
varied between 0° (No. 1 foot uphill) and 60° (No. 3 foot downhill). No instances of
toppling were observed, but the range of tolerable horizontal velocity was limited by
shock absorber bottoming. The same result is shown in Figure 4-6 in which the hori-
zontalovelocity versus cross-slope angle stability profile was sought. The roll angle

was 0°,

The data shown in these two figures strongly suggest that a systematic search for the
baseline configuration be conducted. A cross-slope angle of 180° (downhill landing) was
chosen, together with a roll angle of 0°, as these conditions would seem less likely to
produce excessive stroking than the uphill landings. Figure 4-7 presents a vertical
velocity versus horizontal velocity stability profile for these conditions. It was possible

to define the stability boundary since toppling, not excessive stroke was the limiting
phenomenon. Notice the lack of transition at low vertical velocities. Figure 4-8 presents
data for a similar investigation, but with a 60° roll angle. Again no toppling was observed,
and excessive stroke was the limiting factor at rather high velocities.

The data presented in Figures 4-5 through 4-8 are quite informative regarding the general
stability characteristics of Surveyor. Figure 4-7 especially suggests that the spacecraft
is an inherently stable configuration. Further, downhill landings seem to be much more
critical than uphill landings, especially those downhill landings with roll angles around

0°. Figure 4-7 also suggests that a vertical velocity of 14 feet/second would be attractive
for a baseline condition as it results in one of the lowest transition horizontal velocities,
but it is high enough to avoid the area of high stability at vertical velocities of 10 feet/
second and below. Then the baseline conditions can be summarized as follows: 14 feet/
second vertical velocity, level vehicle and planar motion.

4.2.2 Parametric Variations for Level Vehicle

The parametric studies have made use of certain symmetries which exist in the space-
craft configuration. The three-legged configuration possesses a symmetry which repeats
at roll angle intervals of 120°. The definition of cross-slope angle (see Figure 4-22)
permits negative cross-slope angles to be neglected since there is no fundamental differ-
ence between positive and negative cross-slope angles. Strictly speaking, these sym-
metries do not exist in a dynamical sense, since the spacecraft products of inertia are
non-zero. The products are inconsequential compared with the moments of inertia, how-
ever, 8o that the symmetries can be utilized.

The interaction of horizontal velocity, roll angle and cross-slope angle was investigated
for a level vehicle with a 14 foot/second vertical velocity. Figure 4-9 is a horizontal
velocity versus roll angle stability profile for 180° cross-slope angle (downhill landing).
The transition which occurs at 0° roll angle (1 foot uphill) is considered to represent
the baseline condition. The baseline transition horizontal velocity is between 11 and 11-
1/2 feet/second, Figure 4-9 (180° cross-slope) shows that as the roll angle becomes
larger, the transition horizontal velocity increases.
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Figures 4- 10 through 4- 19 present horizontal velocity versus roll angle stability profiles
for cross-slope angles from 170° through 80° in increments of 10°. With the exception
of Figure 4-19 (80° roll angle) where no transitions were found, the figures present
stability profiles which can all be characterized as concave upward. That is, for each
choice of cross-slope angle there is a range of roll angles for which the transition hori-
zontal velocity is minimum. As cross-slope angle proceeds from 180° toward 80°, two
trends can be observed: first, the minimum transition horizontal velocity increases;
also, the range of roll angles which produce the minimum transition horizontal velocities
shifts toward the negatively increasing roll angles.

These trends are perhaps more clearly illustrated by depicting the stability boundary as
a surface rather than a family of curves. Figure 4-20 shows the stability surface in
perspective. The surface may be interpreted as the transition horizontal velocity as a
function of roll and cross-slope angles. Combinations of roll and cross-slope angles
which lie above the surface will produce toppling. Figure 4-20 actually shows only half
of the surface; the plot could be extended to show the symmetry about the vertical axis
defined by a 0° roll angle and a 180° cross-slope angle. That is, if the plot were extended
beyond the cross-slope angle of 180° (e.g.to cross-slope angles of -160°, -140°, etc.)

then the additional half of the surface would look like Figure 4-20 with the signs of the
scales reversed.

Figure 2-21 is the top view of the stability surface, and can be regarded as a contour map
showing transition horizontal velocity as a function of cross-slope angle and roll angle.
The tendency for transition horizontal velocities to increase as the horizontal velocity
vector swings from the 180° cross-slope angle (downhill) around to 90° (across the slope)
can be readily observed. The shift in critical transition horizontal velocities toward

the negatively increasing roll angles can also be seen.

It is interesting to examine the reasons underlying these trends. The increase in stability
which accompanies the departure of the horizontal velocity vector from the downhill
direction is not surprising. It is to be expected that toppling is more likely to occur for

a downhill landing than for a landing across the slope. The tendency for the "'valley" in

the contour map of Figure 4-21 to run up and to the right deserves further comment,
however.

Superimposed on the contour map of Figure 4-21 is the straight line AB, which extends
from the point representing a 0° roll angle and a 180° cross-slope angle (downhill base-
line case) to the point representing a 30° roll angle and a 90° cross-slope angle. This

line is the locus of roll angle cross-slope angle combinations for which the horizontal
velocity vector at touchdown bisects a line joining the two leading feet. Intuition suggests
that the critical combination of roll angle and cross-slope angle should lie on or near the
line, since the vehicle touchdown configuration would seem to offer the minimum resist-
ance to toppling under these circumstances. That is, for a roll angle of -30°, for example
a cross-slope angle of 150° would be expected to be critical. This rationale is probably
adequate to explain the general character of the stability surface, but Figure 4-21 indicates
the locus of critical horizontal velocities is actually rotated slightly counter-clock-
wise from AB,

’
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Examination of detailed time history data for touchdown conditions in the vicinity of line
AB offers some explanation of the phenomenon. It appears that for these landings the
crushable blocks influence the motion markedly. As one or more blocks contact the
surface during a cross-slope landing, the velocity in the X-direction (across the slope)
is virtually arrested, and the cross-slope angle increases toward 180°. When the blocks
lose contact, this velocity again becomes significant, but less so than at touchdown. The
cross-slope angle does not return to its initial value, but to a value somewhat closer to
180° than existed initially. This results in landings which appear as if the horizontal
velocity vector were pointed more '""downhill" than the actual touchdown conditions would
indicate.

Table 4-3, which lists a portion of the time history for one set of landing conditions,
illustrates this phenomenon. The touchdown conditions considered were a level vehicle,
14 feet/second vertical velocity, 12 feet/second horizontal velocity, 170° cross-slope
angle and -10° roll angle. This was an unstable run which was used to determine the
transition point marked by a square in Figure 4-21. Much larger variations in cross-
slope angle have been observed in other cases. This case is presented for illustrative
purposes only.

TABLE 4-3. ABBREVIATED TIME HISTORY

_ .CG Velocities Cross-Slope Angle
Time X Y

(Sec) (Ft/Sec) (Ft/Sec) (Degrees)

0 -2.08 -11.82 170.0

14 -1.85 -10.90 170.3
22 -1.15 - 9.24 172.9
24 - 913 - 8.31 173.7
.26 - .656 - 7.21 174.8
.28 - 127 - 435 178.3
.30 - .083 - 291 178.3
.32 - .135 - 241 176.8
34 - .175 - 2.31 175.8
38 - .230 - 2.36 174.4
.38 - .290 - 2.34 172.9
42 - 335 - 2.37 172.0
.50 - 381 - 2.40 171.0
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X
Recalling that tanA= -;-1-, the variation in cross-slope angle is largely dependent upon
the variation in X. The cross-slope angle first increases and then decreases as X first
decreases and then increases. The apparent cause of the increase in X is worth men-
tioning, since none of the crush forces have components across the slope. Evidently
both leading feet are sliding due to shock absorber restroking at this time, and there is
an unbalance of friction force due to an unbalance in crush force.

Another significant feature of the contour map which was investigated in detail was the
discontinuity in transition horizontal velocity in the area bounded by cross-slope angles
of 160° and 170° and roll angles of +20° to +40°. The transition horizontal velocity
changes abruptly in this area from about 13 feet/second to over 20 feet/second for a roll
angle change of only 10°. The change in contour, as might be expected, is apparently due
to a gross change in the vehicle motion. For the extremely stable cases to the left,
little or no change of cross-slope angle occurs during the landing. For the cases to the
right of the discontinuity, the cross-slope angle changes in such a way as to put the
horizontal velocity vector between the downhill legs, the least stable orientation. The
change in cross-slope angle occurs shortly after one or more of the blocks contact the
surface.

The main distinguishing features of the contour map seem to be due to the effect of the
blocks on vehicle dynamics. It would seem reasonable that these features would be less
pronounced for lower vertical velocity landings and more pronounced for landings at
higher vertical velocities.

Although the footpads and shock absorbers are also absorbing energy during the landings,
they do not seem to affect the direction of the horizontal velocity vector as do the crush-
able blocks. Footpad impacts can be associated with small changes in the roll angle
(less than 5°), but these changes are small compared with some of the observed changes
in velocity vector orientation (up to 30°).

To recapitulate the results of the parametric study for the level vehicle, no cases were
observed to have lower transition horizontal velocities than the baseline case (11-1/4
feet/second). The transition horizontal velocity increases as the touchdown horizontal
velocity vector is directed further away from the downhill orientation. As the touchdown
horizontal velocity vector turns away from downhill, the range of critical roll angles
(for a given cross-slope angle) shifts toward the negatively increasing direction.

4.2.3 Parametric Variations for Tipped Vehicle

The final aspect of the Surveyor lunar landing for which a parametric study was conducted
was the effect of tipping the vehicle. Two combinations of roll angle and cross-slope angle
were chosen from Figure 4-21. These combinations were chosen for their relatively low
transition horizontal velocities. The combinations were a 180° cross-slope angle with 0°
roll angle, and a 150° cross-slope angle with a -10° roll angle.

Before describing these investigations, it is necessary to define the method used to
specify the tipped vehicle. Referring to Figure 4-22, the cross-slope angle (\) is
measured between the Y-axis in ground coordinates and the horizontal velocity vector.
The cross-slope angle is measured positive in a right hand sense about the Z-axis in
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ground coordinates. To specify a tipped orientation, consider a vehicle with the vehicle
axes originally aligned parallel to the ground coordinate system (see Section II). The
vehicle centerline is to be tipped in a certain direction by a positive angle ¥ , measured
from the vertical. The plane formed by the original and new positions of the vehicle
centerline is located relative to the Y-axis in ground coordinates by the angle T .

The angle T is also measured positive in a right hand sense relative to the Z-axis in
ground coordinates. Any required roll orientation is accomplished by rotation through
an angle K about the vehicle centerline. The angle K is defined similarly to the Euler
roll angle = , but the two differ in magnitude.

For a given tipped vehicle specification the Euler angles can be obtained from:

cos T sinvy

Jl - sin2 r sin2 v

sin ¥ =
sin & = ginTsinv
sin 'cos T (cos v -1
sin (=-K) = 1-sin"Isin”v

Note that for small v, the difference between £ and K is small,

Figure 4-23 is a stability profile of touchdown horizontal velocity versus the angle T .
The vehicle centerline was tipped 9°, and the cross-slope angle was 180° (downhill
landing). The nominal roll angle (K) was specified as 0°. This profile was the first
instance in which transition horizontal velocities smaller than the baseline case were ob-
served. Figure 4-23 shows transition velocities of about 10-1/2 feet/second for 1
between 112-1/2° and 157-1/2°. The same transition velocity exists for I' between
-112-1/2° and -157-1/2° since there is symmetry of the profile with respect to T .

In an effort to further understand this critical area, the detailed time history data was
once again consulted, but with less impressive results than previously. A comparison
was made for the cases of I' = 90° and I' =112-1/2° with a horizontal velocity of

11 feet/second in both cases. It was observed that for I' = 112-1/2° (unstable), the
pitch angle at the end of the free flight phase ( ¥ = -36.8°) was slightly more pronounced
than for the stable case of T = 90° (¥ = -34.2°), This small difference.in pitch angle,
which results mainly from differences in pitch rate during the free flight, is evidently
enough to result in toppling. The cause of the pitch rate difference is not apparent, how-
ever,

Figure 4-24 presents a similar stability profile, but with the vehicle tipped only 5°. Com-
parison of Figures 4-23 and 4-24 reveals that the profiles differ only for I = +80°. At
these values of T, a vehicle initially tipped 5° topples for a horizontal velocity of 11 feet/
second, while a vehicle initially tipped 9° is stable.
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It may be noted that the I' = 0° and 180° transition points from Figures 4-23 and 4-24
correspond to pure pitch angles. These points, together with the baseline case, could be
used to define a very limited stability profile of transition horizontal velocity versus
pitch angle, over a range of pitch angles between +9°. These transition velocities all
lie between 11 and 12 feet/second, so that no particular trend can be identified.

The final situation which was studied concerned a vehicle tipped 9° with a cross-slope
angle of 150° and a nominal roll angle of -10°, The horizontal velocity versus I stability
profile (Figure 4-25) shows transition horizontal velocities of 11-1/2 feet/second and

above. These transitions are higher than the most critical velocities shown in Figures
4-23 and 4-24.

The results of the parametric studies for the tipped vehicle are naturally less extensive
than for the level vehicle, since a much greater proportion of the effort was devoted to the
level vehicle. For a cross-slope angle of 180° and a nominal roll angle of 0°, there are
values of T for which the transition horizontal velocities are less than for the baseline

case. Limited data concerning the effect of pitch angle on stability show no particular
trend.

4.2.4 Conclusions from Parametric Studies

The most important conclusion to be drawn from the parametric studies is that the
stability picture for non-planar landings is more critical than for the baseline conditions
in a few cases only. For the combinations of touchdown conditions studied, the few cases
which were more critical than the baseline case exhibited transitional horizontal veloc-
ities which were about 1 foot/second less than the baseline transition.

The stability of landings which are primarily downhill is quite high for low vertical
velocities. Even at higher vertical velocities, substantial horizontal velocities are re-
quired to produce toppling. For landings which are primarily uphill, the limiting con-
sideration appears to be excessive shock absorber stroking, since the vehicle is highly
stable in the uphill direction.

In general, stability increases as the touchdown configuration becomes remote from
situations where the horizontal velocity vector is directed between the two downhill feet.
No particular stability trend was evident for small changes in pitch angle.
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REFERENCES

Appendix A to JPL Contract 951304 entitled, "Surveyor Lunar Touchdown
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Stability Study'', by R. G. Alderson and D. A. Wells, dated 30 November 1965,
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FOREWORD

The current Surveyor Lunar Touchdown Stability
Computer Program version used at the Jet Propulsion
Laboratory contains a provision to circumvent the
stability subroutine STAB. This provisionis not docu-
mented in the main body ofthe report. It was included
to facilitate the use of this program in the flight data
interpretation for a stable landing. The real time clock

interrogation has been eliminated fromthe JPL version.

This addendum contains only those pages of the
main report wherein changes are reflected.
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Reads and
SUBROUTINE Modifies
INPUT Input Data
Consists of Reading:
READ
INPUT XM XDOTOC
DATA XIX YDOTOC
YIY ZDOTOC
Z1Z XKD (1), XKD (2), XKD (3)
XTY XKS
PRINT XI1Z FP (1), FP (2), FP (3)
INPUT Y1Z XNU
DATA XMP XLDMIN
XLDO CB (1), CB (2), CB (3)
DELCG CF (1), CF (2), CF (3)
SET CONSTANTS: XLP THETD (1)
x, ¥/180, 180/x XLL THETD (2)
XLA THETD (3)
G THETSD
CONVERT ANGLES ALPHAD (1) PSIOD
AND ANGULAR RATES ALPHAD (2)  PHIOD
FROM DEGREES AND ALPHK (1) XI0D
DEGREES/SEC TO | ALPHK (2) XLAMDD
RADIANS AND RADIANS/SEC . BETAD OMEGA (1)
RESPECTIVELY XLC OMEGA (2)
HBO OMEGA (3)
| XIALPH RR (1), RR (2), RR (3)
SET INERTIA (XJ) XIGAM RUNNO
MATRIX HFO SERNO
DB NPHASE
DF VH
RC (1), RC (2), VV
gENgURN | RC (3) IWILEY
SRL (1), SRL (2) ICODE
SRL (3) XDTP
XMUF TFO
XMUB HM
TAU (1), TAU (2),
TAU (3) ERR (4) through
ERR (24)
CRUX

JPL Change 2 Dec 1966 3-11




J23
J31
J32

J33

KSUM

L

LF

LSUM

L3

M

SHOCK1 (N10)
SHOCK2 (N10)
SHOCK3 (N10)

STUPE

INPUT

BETA (N7)

BETAD

CODE
CRUX
DA (N9)

DEGRAD (N7)

DELCG (N11)

DTP (N24)

JPL Change 2 Dec 1966

Number of independent variables in the Block No. 3 table.

Number of independent variables in the Shock Absorber No. 1 table.
Number of indepen&ent variables in the Shock Absorber No. 2 table.
Number of independent variables in the Shock Absorber No. 3 table.
First digit of the table code number.

Sum of the first digits of the code numbers.

Second digit of the table code numbers.

Second table value in integer form.

Sum of the second digits of the code numbers.

Total number of values in a given table.

Leg number corresponding to a given table.

Table of Characteristics for Shock Absorber No. 1.

Table of Characteristics for Shock Absorber No. 2.

Table of Characteristics for Shock Absorber No. 3.

Temporary storage for the values on a given card.

The angle between the vehicle centerline and a line joining the upper
and lower hardpoints on a leg set (rad).

Same as BETA except for units (degrees).

A numeric which controls program output.
Stability key.
Utility array used for temporary storage.

Conversion factor (rad/deg).

Distance between CG and lower hardpoint measured along the vehicle
centerline (feet).

Time interval for output printing and punching (sec).

J
w
w
o




SIBFT

20

21

22
23

24
2%

26
27

10

18
185

186

C MAIN M94 ¢ XR7

COMMON/N1/ NoTOsTF9SHesHMsYI(50),Y0({50)+ERR(50)

COMMON/NT/ ALPDOT(3)s ALPH(3)9 GAMDOT(3)s GAMMA(3), XDOTCs YDOTCo
1 ZDOTCs XCs» YCs ZCy OMEG(3)y PSIs PHI» X1s PFLAGs KFLAGy PSIO»

2 PHIO» xIO.”THETAfjfi'THETKS?”ALPHKTzii”BETA. XJ(393)s Pl

3 DEGRADy» RADDEG

COMMON/NS/ Al(3)s A2(2)s A3(2)> AG(302+3)9 AS5(39293)s A6(3)s AT»

1 AB(3+3)s D1s D2y D3s D4s» D54 D6y D7s D8s D9s D10s D1lle D12y

2 D13s0D149sD15sD169D1790189D19+D020s XX DA(10)s Wi39406)s HPL({3+3)

COMMON/NIZ/XDOTOCpYDOTOCOZDOTOCoTAU(3)OISET(3)9XA(3)9YA(3)OZA(3)

COMMON/N14/5L0P5113)}SLOPEZ1§7;YCDPTiéj-YCDP(12)0958(3)’XHPU(3)v

1 VHPU(3)’ZHPU(3)vSINTHS.COSTHSo?SP(3912)’DELEL(S)oFlMAX(3)9
2 ZPREFQSINTH(3)oCOSTH(3’0TIEROQVZERO’ZBO(3)

COMMON/N15/ B(3s3)s XB(3)s YB(3)s ZB(3)>» XFP(3)s YFP(3)y ZFP(3),

1 DRS(393+3)

COMMON/N24/10PT(10)s JNs DTP

CALL TABLINW_,_M._WMA_“___m_"______ﬂm__"m

IPRINT = O

1F = 0,0 . R V_mdih‘wd_,_"_AAA
HM = 060

TO = 06,0

WRITE (6+20)

FORMAT (1H1)

CALL  INPUT o

IF (IOPT(3)) 21521522

N = 29 )

GO TO 23

N = 39

CALL INIT T T
IF (IOPT(4)) 269269264

TAMIN = AMINI(TAU(1)s TAUL2), TAU(3))

IF (TAMIN) 26926925

SH = TAMIN + HM

GO YO 27

SH = (0005 " T
DO 10 1 = 13

YIt1) = ALPDOTI(I)
YI(1+3)= ALPH(I)
YI(I1+6)= GAMDOTI(I)
YI{I+9)= GAMMA(I)
YI{I+18) = OMEG(IYy ~— ~~ T~ T
Yi(13) = XDOTC

YI(l4) = YDOTC

YI1(1%) = ZDOTC

YIitie) xcC

Yieim YC

Yi(iss ¢ T T T
Yi(22) PSIO

Y1(23) PHIO

YI(24) = XIO :

Do 18 J= 25450

YI(J) = 0.0

DO 185 J= 49127 T
ERR(J) = ERR(J)*DEGRAD

Do 186 J= 19,24

ERR(J) = ERR(J) * DEGRAD
CALL RkP i T
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SUBROUTINE INPUT
DIMENSION XMPP(3)s ALPHK(2)

DIMENSION OMEGA(3)s THETD{3)s ALPHAD(3) +»ERO(50)
COMMON/N1/ NsTOsTFoSHeHMsYI(50)sY0(50)+ERR(50)

COMMON/NT/ ALPDOT(37s ALPH(3), GAMDOT(3)e GAMMA(3)s XDOTCs YDOTC»
1 2ZDOTCs XCs YCs 2C» OMEG(3)y PSIs PHIs X1y PFLAGs KFLAG, PSIO,

2 PHIOs XIOs THETA(3)s THETAS, ALPHA(2)s BETAs XJ(3e3)s Pl
3 DEGRADs RADDEG _

COMMON/N9/ Al(3)s A2(2)s A3(2)s AGI(392+3)s A5(35293)9 A6(3)s ATy
1 AB(3+3)s Dls D2s D3s Dé4s D59 D6s D7s D8y D9 D10y D11y D12y
2 D13sD149D15+D16+D17+018sD19,020s XXs DAT10)s W(39496)s HPL(3+3)
COMMON/N11/CB(3) o XMoXIXoYIYsZIZoXIYsXIZoYIZsXMPPoXIPsDELCGoXLP

1 XLL s XLA »G o ALPHK o XLC o HBO ¢ NPHASE o HFO o HFMIN9DF ¢ RC(3) sRR(3)

2 XLDOP s XLDO» XKD (3) s XKS» XNUsXLOMINsCCoCF (3) o XLAMDA » XMUF »
3 XMUB ¢+ RUNNO s SERNO s VV s VH »DB o X IALPH s X IGAMs DELMAX o SRL (3 ) o FP(3)
COMMON/N12/XDOTOC »YDOTOC sZDOTOCsTAU(3) s ISET(3)sXA(3)sYA(3)sZA(3)
COMMON/N23/MISS o

COMMON/N24/710PT(10)s JNs DTP

COMMON/N25/IWILEY(10) T
COMMON/N30/CRUX
10FF = 0
DTP 2 060
100 DO 101 K=1e8 ~ 7
10] DA(K) = 040
READ (5,900) MMsl DA(J)e J21,8]
1F (MM)109+200,109

109 GO TO (10203"’5.6079809}16;11;12913’1b915.l6’17.18.l9020921 ) oMM

1 XM = DA(1)

XIX = DA(2Y 77 .
YIY = DA(3)

212 = DAl4) ) : e e e

X1Y = DA(S5)

MISS = 0 : L e e e

WRITE (6+921) MM

GO TO 100 : e —

2 X1z = DA(1)
YIZ = DA(2)
XMP = DA(3)
XLDO = DA(4)
DELCG= DA(3)
MISS .
WRITE (6+921) MM
GO TO 100
3 XLP = DA(1)
XLL = DA(2)
XLA = DA(3)
G = DALY T
ALPHAD(1)= DA(5)
WRITE (6+921) MM
GO 70 100
4 ALPHAD(2)= DA(1)
ALPHK (1) = DA(2)
ALPHK(2) = DAL3) ST o e e
BETAD = DA(G)
xXLC = DA(S)
WRITE (64921) MM
GO TO 100
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5 HBO = DA(IY
XIALPH= DA(2)
XIGAM = DA(3)
HFO DA(&)

DB = DA(S)
WRITE (65921) MM
! GO TO 100
6 DF = DA(1)
XDOTOC= DA(2)
YDOTOC= DA(3)

\ 200TOC= DA(4)
CRUX= DAL(S)

GO TO 100
XLOMIN= DA(2)

7 XNU = DA(1} o

WRITE (6+921) MM

XKS ~ = DAU3Y

! GO 10 100
| 8 THETD(1) = DA(1)

THETD(3) = DA(3)

WRITE (6+4921) MM

THETD(2) = DA(2)

T HRITE (649217 MM
GO 70 100

PSIOD = DA(2)
PHIOD = DA(3)
X100 = DA(4)

9 THETSD = DA(I)

© TTTTTXUAMDD = DATS)
WRITE (6+921) MM

o "GO Yo 100
10 OMEGA(1)= DA(1)

OMEGA(2)= DA(2)
OMEGA(3)= DA(3)

TWILEY = DATS)

1001 IWILEY(J) = O

——

ICODE = IFIX (ABS (WILEY))
DO 1001 J= 1,10

GO TO (IOIToTUIZXTUI3oIUZU}IOT5_TOI6o1017o1018o102091020)olCODE

1011 IWILEY(1) = 1}

GO 70 1020

1018 IWILEY(1) = 1

ST TINTLEY Y =
GO TO 1020

1016 IWILEY(1Y #'1
IWILEY(3) = ]

GO TO 10207
1017 IWILEY(2) = )

TIWTLEYT3Y 5 1
GO TO 1020

1018 DO 1014 JU=s"1,3
1014 IWILEY(J) = 1

1020 CONTINUE —
WRITE (6+921) MM

T TGO TTO 100

, 1012 IWILEY(2) = 1
' "GO0 TO 1020
o 1013 IV!LEY(3) = ]
I "GO0 TO 1020
i JPL Change 2 Dec 1966
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mn

WRITE(6+921) MM

GO TO 100
17 DO 171 J=1s2
RC(J+1) = DA(J)

DO 172 J = 1,3
XKD(J) = DA(J+2)
WRITE(6+921) MM

. GO TO 100
18 DO 181 J = 1,2
181 FP(J) = DA(J)
DO 182 J = 142
182 RR(J) = DA(J+3)
WRITE (6+921) MM
GO TO 100 °
19 RR(3) = DATY)
DO 191 J = 1,3
191 SRL(J) = DA{J+1)
CB(1) = DA(S)
WRITE (6+921) MM
GO To 100

20 DO 280 J= 1,2

W

250 CBlJ+1) = DA(J)
h DO 260 J = 1,3 T
260 CF(J) = DA(J+2)
" WRITE (6+921) MM o
GO TO 100
21 XMUF = DA{1)
xmuB = DA(2)
TTTTDO 290 J s T3 -
290 TAU(J) = DA(J+2) )
" WRITE (6+921) NN -
GO TO 100
~ 200 IF° (10FF) 310,310,300 -
300 DTP = 060
TTTG0TYD T 320 o
310 DTP = XDTP i
220 WRITE (6+922) SERNO, NPHASE
MM=1
WRITE (6+901) MMy XMy XIXs YIYVs ZIZ» XIY
MM=2
T WRITE (63902) MMy XIZs YIZs XMP, XUDO» DELCG
MM=13
WRITE (6+903) MM, XUP, XLLs XLAs G » ALPHADI())
MM=4
WRITE 16+904) MWy ALPHADIZY » ALPHK(1)s ALPHK(2)» BETADy» XLC
MM=5%
= —WRITE (&+90%5) ™M, HBUs XIALPH» XIGAM, HFO, DB
MM=§
WRITE {6+,906) MMs DFs ~ XDOTOCs YDOTOCs ZDOTOCsCRUX
MM=7
WRITE (6+907) MM, XNUs» XLDMIN,XKS T
MM=8
T WRITE  T&99UB) MW, TRETD(I)s THETD{Z)s THETD(3)
MM=9
WRITE (699097 MM+ THETSDs PSTOD, PHIODs XIOD» XLAMDD
MM=10 .
WRITE (64910} MM [JsOMEGATJ) » J=193)1 SWILEY
MM=11

-T1
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TF ‘= TFO

IN = UNO S
IF (IWILEY(1) + IWILEY(2) % IWILEY(3)) 110251102,1101
1101 JN =0

1102 CONTINUE

900 FORMAT(I795Xs5E1245) S

901 FORMAT(5H CARD»13410H ‘XM =4E1245910H IXX =4E12454510H I
1YY =4E1245910H 122 =29E12.5410H IXY =24E12457)

902 FORMAT(5H CARDs13,10H "IXZ  =9E12e45910H IYZ =9E1245+10H X
IMP  =4F12e%510H XLDO =9E12e¢5910H DELCG =9E12¢5/)

903 FORMAT(5H CARD»I3,10H XLP  =9ET1245910H  XLL =9E1245910H X

1LA =4E12¢5+10H G =9E125910H ALPHA(1)=25E1245/)

904 FORMAT{SH CARD»13,10H ALPHA(2)=yE12+5+10H ALPHK(1)=3E12,5910H ALPH
1K(2)=9E1265910H BETA 29E1245,10H XLC =243E1245/)

905 FORMAT(5H CARD»I13,10H "HBO " =3£1245910H XIALPH =4E12.5510H X1
1GAM =4E12.5,10H HFO =9,E1245,10H DB =4E1245/)

906 FORMAT (IX4HCARDI3,6X4HDF = E12.5+2X8HXD0TOC = E12.5+ 2X8HYDOTOC =

9061 E€12¢5s 2XBHZDOTOC = E12e5910H STAB KEY= E1245/)
907 FORMAT (1X4HCARD I345X5HXNU = ElZ S92X8BHXLDMIN = E12.595X5HXKS =
9071 E12.5 /)

- 908 FORMAT(S5H CARD»T3, T 10H THET
10(1)=5E12e5910H THETD(2)=9E1245,10H THETD(3)=yE1245/)
- 909 FORMAT(3H CARD»I3,10H THETAS =,E12.5+10H PSIO =4E1245+10H P

1HIO =4E1265910H XIO =29E1265910H XLAMDD =4E1245/)

910 FORMAT (1X4HCARD 13, 3(IX6HOMEGA(T1+2H)=E£12e5)+2XTHCODE2 = E12¢5/)
911 FORMAT (5H CARDsI13,10H CODE =9F12e5910H SER NO =9F12.5+10H PHA
91115E NO=,112 +10H = VH 23EYZ2e5,I0H & VV =,E12.5/)

912 FORMAT (1X4HCARDI3,5X5HDTP = E12.5o6X4HTF = E12e596X4HHM = E1245,
9121 2XBHERRT&G) = EIZ2,5s 2XBHERR(S) E1Z.5 7 )

913 FORMAT (1X4HCARDI3, k(ZXQHERR(Il.BH) = E1245)9 1X4HERR(I2,3H) = E1l
9131 2e57) T

914 FORMAT (1X4HCARDI3s S(1X4HERR(I2+3H) = E12,5)/)

915 FORMAT (1X4HCARDI3,s S{IX4HERRITZ,3H) = E12.5)/)

916 FORMAT (1X4HCARDI3+4(1X4HERR(1293H) = E1245)9 3XTHRC(1) = E12.5/)
917 FORMAT U1X4HCARDT3, Z2TU3X3HRCITI3H) = E1245)s 3(2X4HXKD(I19s3H) = E
9171 124,5)/)

918 FORMAT (1X4HCARDI3s 3(3X3HFP(1143H) = E1245)92(3X3HRR(I143H) = E12
9181 «5)/)

919 FORMAT (1X4HCARDI343XTHRRI3) = E12e5+3(2X4HSRL(I1+3H) = E1245)» 3X
9191 THCB(1) = E1245 / )

920 FORMAT T11X4HCARDI3, 7T§Y§HCETYI 3H) = E12.5)93(3X3HCF(I193H4) = E12
9201 +51/)

1921 FORMAT (1X4HCARDI344X6HXMUF = E12e5+4X6HXMUB = E1245s 3(2X4HTAULI1
19211 » 3H) = E1245)/)

921 FORMAT (39H NEW DATA CARD FOR THTS CASE IS NOe =415)

922 FORMAT (//2TH THIS CASE IS SERIES NOe = F1243,

9221 2CH '~ ~AND PHASE NO., = , T4/7 21IH [INPUT DATA FOLLOWS. //)
RETURN
END
JPL Change 2 Dec 1960 . 3.
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10
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21
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2h
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SUBROUTINE FEP

DIMENSION XMPP(3)y ALPHK(2) sSHKMAX(3)

DIMENSION A(3)s AA(3)

COMMON/N2/TsY(150)+0D(50)

COMMON/NS/ TALPHA(3)s TGAMMA{3)y F(3)» TQ(3)
COMMON/N6/OMEGDT(3)s ALPHDD(3)y GAMDD(3)s Q(3)s PSIDs PHIDs XID»
1 DELWRK

COMMON/NT7/ ALPDOT(3)s ALPH(3), GAMDOT(3)s GAMMA(3)s XDOTCs YDOTC,
1 ZDOTCy XCs» YCy» ZCy OMEG(3)y PSI, PHIs XIy PFLAGs KFLAG, PSIO,
2 PHIOs XIOs THETA(3)s THETAS, ALPHA({2)s BETA, XJ(393)y Pl

3 DEGRADs RADDEG T e e

COMMON/N8/ LFLAG

COMMON/N9/ Al1(3)s A202)s A3(2)y AG(3+2+3)s A5(352+3), A6{3)s A7y
1 AB8(353)y Dls D2y D3s D&s D5, D6y D79 D8s D9s D10, D11y D12,
2 D134,D14+D15+D16sD179018901940209 XXs DA(10)s W(3e496) s HPL{3,3)
COMMON/N11/CB(3) 9 XMsXIXoYIY9Z12Z9XIYsXIZoYIZ 9 XMPPoXIPoDELCGsXLPo

1 XLLsXLAsGoALPHK s XLCoHBO s NPHASE sHFO s HFMINsDF sRC(3) sRR(3) »
2 XLDOP s XLDO s XKD (3) s XKS» XNUs XLOMINoCCoCF(3) o XLAMDA s XMUF
3 XMUB,RUNNO’SERNOQVV.VH’DBOXIALPHOXIGAM’DELMAXQSRL(3’9FP‘3'
COMMON/N13/ As AA
COMMON/NI#/SLOPEI(S)oSLOPEZ(B)'XCDP(IZ!oYCDP(lZ)oPSB(3)oXHPU(3)v
1 YHPU(3) sZHPU(3)sSINTHSsCOSTHS oPSP(3912) sDELEL(3) s FIMAX(3)»
2 ZPREF sSTNTHI3) sCOSTHI3 1+ TZERDO»V2ZERO »2B0( 3)

COMMON/N15/ B(393)s XB(3)s YB(3)s 2ZB(3)s XFP(3)s YFP(3), ZFP(3)
1 DRS(34393})

COMMON/N16/ RN(3)s XI1(3s2)s XLD(3)s XLDDOT(3)s XDOTP(3+2)s

1 YDOTP(3+2)s S{392)s COSXI [3)s HF(3412)s ZDOTP(3+2)s HB(3)s

72 GRS(393+¢3)s TA

COMMON/N17/ XFPCT315y YFPCI3T » ZFPCI3Y
COMMON/N18/ NFLAG
COMMON/N19/NNFLAG(3) +PSBQI3) 4P5PQ(3+12) 4 IBEEN(6)
COMMON/N20/DWORK (15)

COMMON/N24/10PT(10)s JNs DTP

COMMON/N30/CRUX

IF ° (LFLAG) T9519510 T
IF (LFLAG-1) 70470415

ISTABL = 0

GO 7O 70

IF (NFLAG) 204+20+24

DO 23 I= 4424
CIF T TABSUYUITY = 10.,E&8123,21,21 7
10 22 J= 1426

D) 3 0,60

D(22) = 10.E6

GO TO 150 T R
CONTINUE

DO 30 TaE Yy T e e

ALPDOT(I) = Y(1)

ALPH(I) = Y(]1+43)
GAMOOT(I)= Y(1+6)
GAMMA(1) = Y(1+9)

OMEG(I) = Y(1+18)

XDOTC = Y(13) T
YDOTC = Y(1&)

ZDOTC = Y(1%)

XxC = Y(16)

YC = Y(17)



——— e e ——

78310X40HOISSIPATED ENERGY TEDISY "~ "7 = F20.5,7H FT LBS/
78410X40HF INAL KINETIC ENERGY (EKF) = F20.5,7H FT LBS//
78510X30HMAXIMUM SHOCK ABSORBER FORCES- /

78620X17HLEG NOe1 FA(1) = F20410/

78720X17HLEG NO+2 FA(2) = F20,107

78820X17HLEG NOe3 FA(3) = F20,10//

78910X51HMINIMUM CLEARANCE BETWEEN GROUND PLANE AND FRAME = F10e4, 4H
781 FT, /)

60
605
61

611
62

621
63
65
66

67

134
" 138

" 1a0

‘DUT+3) ="ALPDOTIIY

RETURN

IF (I0PT(4)) 605960545130
1F (T) 61961462
SIGMIN = 10.E8

GCMIN = 10,.€8

DO 611 JU=1,43
SHKMAX(J) = 0,0
SIGMIN =AMIN1 (SIGMINs W(394,2))
GCMIN = AMINITGCMIN»W{l1e4+21)

Do 621 J=1,.3 _
SHKMAX(J) = AMAX1(SHKMAX(J)s W(Je&sl))

IF (SIGMIN - 047854 ) 65,6868

1F (W(304492) - SIGMIN - 0,874) 68+68+66

IF (CRUX) 6661685666
WRITE (6+67)

FORMAT (42HSS$SS VEHICLE 1S STABLE (ROCK-BACK) $S$3S /)
1STABL = 1

GO To 70

IF (ZPREF-{YC#SINTHS+ZC*COSTHS Y)Y 75,755,130
IF (ZDOTC#ZDOTC~4+0) 80,80+130

IF°  TUYDOYC#YDOYC= 4+0) 90,590,130

IF (XDOTC#XDOTC=440) 10091004130

IF (OMEG(1)%OMEG(1) = 401) 110+1104130

IF (OMEG(2)* OMEGI2) = 401)1205120,130

IF (OMEG (3 ) #OMEG(3) = ¢01 ) 125,125,130

IF (CRUX) 1025,5130,1025

WRITE (641267
FORMAT (4SH##%%% VEHICLE IS STABLE w#ses ‘ )
ISTABL = 1 o
GO TO 70 ‘
CALL FORCE ST T T
IF (PFLAG) 131,132,132
 ISTABL ® =T~ ;
GO TO 70
CALL  INTEGM B
00 140 I=1,3 B
1F  (NFLAG) 136,136,136
D(I) = ALPHDD(I)

D(I+3) = AMAX1 (- 100+0s( AMIN1 (ALPDOT(I)s 10040)))
DIiI+6}) GAM DDI(1)" I
D(1+9) GAMDOT (1)

DiI+12) = QUT) T
D(I+1%)= Y(1+12)
D(I+18)= OMEGDYIT) -

" D(22) = PSID

148
150

D(23) = PHID

D(24) = xID

00 145 JU=1,1%

D(J+24) = DHORK(J’

RETURN T -
END
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2062 16X4HFAZ3 2 16X4HFBXY 016 X4HFBY1916X4HFBZ1916X4HFBX2916X4HFBY2/
2063 16X4HFBZ2916X4HFBXI916X4HFBYI 9 16X4HFBZ3 9 16X4HMBX 1 9 16X4HMBY 1/
2064 16X4HMBZ1416X&HMBX2+16X4HMBY2 9 16X4HMBZ2 4 16X4HMBX316X4HMBY 3/
2065 16X4HMBZ3 9 16X4HFCX1016X4HFCY1916X4HFC21916X4HFCX2916X4HFCY2/
206616 X4HFCZ2y 16 X4HFCX I s 16XGAFCY 3 s 16 X4HFCZ3 s 18XGHFF X1 9 16 X&4HFFY1/

2067 16X4HFFZ1916X4HFFX2916X4HFFY2216X4HFF22+16X4HFFX3916X4HFFY3 /
206816X4HFFZ3+15X5HPSP11 9 15XSHPSP T2, 18X5HPSP21515X5HPSP22,415X5HPSP31/

206915XSHPSP32//)
DO 207 J= 1+55 T T
207 ODEAR(J) = 0,0
LSET =1 T
GO TO 300
208 IF {TP) 209,209,210 o
209 WRITE (69220) (ODEAR(J)» J=1,553)
1F (IWILEY(2) + UN = 1) 30043002095
2095 PUNCH 290, (ODEAR{J)s J= 1,55)
7 60 T0 300

210 WRITE (69220) TPs (W{Jeasl)s Jmls3)e ((W{JsLoel)eJ=le3)el=mle3),
2101 (TW{JeL 2V 9 d=Te3Tsl=Ys3Ts (IWIIeLs4)sJ=193)el=192)

2102 (W Jel s3)s J=z193) L‘ltS)o((U(J0L95)9J3103)0L8103)o

2103 UIPSP(JsK)s K=1y2)s J=1+3)
220 FORMAT (/9(6F2Ce5/)s F20e5)
TUTUUIFE T TUINILEYUZYY 270,270,780
270 GO TO (300,280) » JN

280 PUNCH 290s TPy (WiJdsasl)s J=1,»3)
290 FORMAT (9(6F12+597X1H2/) s 51205’67X1H2’
300 IF (10PT(3)) 310,400,304

304 I0PT(3) = -1

) WRITE 1893057~
308 FORMAT (19X1HTs 18X2HEKs 18X2HEP»17TX3HES1+17X3HES2+17X3HES3/
3081 17X3HEF1s1TX3HEF2,17TX3HEF3, 17X3HEB1s17TX3HEB2+17X3HEB3/

30852 16X#HEFF1’le#HEFFZ!16X4HEFF3916X#HEBF1 16X4HEBF 2+ 16X4HEBF3//7/7)

LSET = 1
GO TO 400
310 D59 T =0,.0 - T
069 = 0.0
318 DO 330 K=1,3" T T o
Al(K) = 0.0
Do 320 J=1,3 )

320 Al(K) = AL(K) + U(J+18)#XJ(KyJ)
T DpsS9 = DS+ AIIKY ¥ UTK+I8Y 77
330 D69 = D69 + U(K+6)RUIK+6)

EX 2 D59/2.+D69#XIGAM/ 2, T #XM/2.%(UL13)%U(13)+U (1) %Y
1(16) + U{15) * UL15))

EP = -{VZ2ERO + DAIT) ¥ U(18)}

M s 0
DO T 338 K= 20,24 h

DO 338 J = 143
L ‘ ‘= §#¥) ¢ K T T

M = M+ ]

338 ODEAR(M) = U(L)

WRITE (69340) TP, EKy EPs {ODEAR(J)y J = 1+15)
T340 FORMAY (/73T6F2U0.571)

IF (IWILEY(3)) 370'3700390
370 GO TO {(4009390)sUN
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Card No,

Parameter

5
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HBO
XIALPH
XIGAM
HFO

DB

DF
XDOTOC
YDOTOC
ZDOTOC

STAB KEY

XNU
XLDMIN
XKS

THETD (1)
THETD (2)

THETD (3)

THETAS
PSIO

PHIO

Description
thickness of uncrushed block

moment of inertia of footpad about pivot
moment of inertia of lower link about lower hardpoint
thickness of uncrushed footpad

diameter of block

diameter of footpad
velocity of spacecraft CG in ground coordinates
(PHASE NO. = 1) or in vehicle coordinates (PHASE

NO. = 3). See Card 11 below.

= 0 stability subroutine has essentially no control of
program

= 1 stability subroutine has partial control of program

mechanical friction coefficient for shock absorber

minimum length permitted for shock absorber link

spring rate of shock absorber stop

angular orientation of leg sets No. 1, 2, 3 with re-
spect yz plane (vehicle coordinates). Angles increase

in left-handed sense.

ground slope
pitch angle
yaw angle relative to ground coordinates

roll angle
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