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TECHNICAL MEMORANDUM 78252

TORQUE EQUILIBRIUM ATTITUDE CONTROL
FOR SKYLAB REENTRY

INTRODUCTION

With the decision in December 1978 to discontinue efforts to keep
the Skylab Space Station (Fig. 1) in orbit came the decision to terminate
the highly successful end-on-velocity-vector (EOVV) mode of operation
(1] and to reestablish the solar inertial (SI) mode as soon as practical.
This would put the spacecraft in an ideal power attitude and greatly
reduce ground management of systems. It would also increase the drag
on the spacecraft and cause it to reenter sooner. Unfortunately the SI
attitude was not going to be maintainable much below 280 km (150 n.mi.)
since the growing density of the atmosphere was going to cause the aero-
dynamics to grow to the point where the storage capacity of the control
moment gyroscopes (CMG's) for angular momentum was inadequate. Since
control of attitude to 150 km or belcw would be required to be able to
influence reentry and the amount of thruster gas was far too low to
consider control with thrusters, another new attitude control scheme had
to be developed. Aerodynamic torques are proportional to density and
become nearly overwhelming at 150 km, and therefore any attitude control
scheme which would work at 150 km would have to accurately take into
account the aerodynamic disturbances. Thus it became clear that we
must look at the torque equilibrium attitudes (TEA's) if any existed and

plan our control schemes about these. Thus the important early ques-
tions were:

1) Are there equilibrium attitudes?
2) 1f so, is adequate solar power available?

An investigation with the mathematical aerodynamic model of the
Skylab vehicle indicated there were no aerodynamic trim or equilibrium
attitudes but there may be attitudes where aerodynamic, gravity gradient,
‘ and gyroscopic torques balance. Indeed. 12 such attitudes were found.
Most were not useable as control attitudes since there would be insuffi-
cient solar energy available to power the spacecraft and battery power
would be completely inadequate for the several weeks required. Only 3
of the 12 TEA's appeared viable if a control scheme could be developed
for them. So work began on a TEA control scheme. A candidate scheme
which was promising was developed, but there were large uncertainties




Figure 1. Skylab.
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because of lack of confidence in the aerodynamic coefficients. This lack
of confidence was due to the lack of test data confirming the aero moment
model. As a result we did not have high confidence that the new TEA
scheme would work. Later flight performance would show that our models
were much better than we expected. The various mathematical models
and tools needed for TEA control are described here. The operational
aspects (time lines, command history, etc.) of TEA control as well as
more complete background information and descriptions of the other
essential Skylab systems (power, telemetry, etc.) are contained in
Reference 2.

COORDINATE SYSTEMS

The coordinate systems which are pertinent to Skylab TEA control
are defined in this section. Each system has some special geometrical or
physical feature which simplifies the solution of a particular problem.

The following coordinate systems are described in this section:
Orbital, Vehicle, Attitude Reference, Solar Inertial, and Z-local Verticul.
Each coordinate system consists of a set of mutually orthogonal axes
exhibiting right-handedness.

An inertial (with respect to rotation only) coordinate system is a
system which retains its orientation with respect to the celestial sphere,
although the origin may be moving along uny general curvilinear path in
space. Similarly. a vehicle fixed system retains its orientation with
respect to the vehicle.

Orbital Coordinate System (0)

The Orbital Coordinate System (Xo. Yo‘ Zo) is a precessing coor-

dinate system with its origin at the Earth center of mass. The rate of
precession about the Earth's north pole is approximately -5 ¢ - _.ees/day.
The Z0 axis lies in the orbital plune, positive through the ascending

node of the orbit. The Xo axis also lies in the orbital plune 90 degrees
ahead of the Zo axis. Since the Skylab orbit was in the XOZO plane at
all times, the Y0 uxis was parallel to the orbital angular momentum vector,
completing the right-handed system (Fig. 2).
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Figure 2. Coordinate systems.

Vehicle Coordinate System (V)

The Vehicle Coordinate System (Xv. Yv. Zv) is a vehicle-fixed
system with its origin at the center of mass. The xv axis lies along the

long axis of Skylab and is positive in the direction of the Multiple Docking
Adapter (MDA). The Zv axis is positive toward the Apollo Telescope

Mount (ATM) and the Yv axis completes the right-handed system.

Attitude Reference Coordinate System (A)

The Attitude Reference Coordinate System (X A’ Y A’ Z A) is a

movable system with its origin coincident with the Vehicle Coordinate
System origin. The axes of this system represent the instantaneous
desired orientation of (). Vehicle Coordinaie System axes.
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Solar Inertial Coordinate System (1)

The Solar Inertial Coordinate System (Xl, Yl. Zl) is only a pseudo-

inertial system since it makes one revolution per year. !t was used
during the Skylab mission to i:iint the instrumente in the desired dircc-
tion. The origin is coincident with the origin of the Vehicle Coordinate
System origin. The 7%, axis is positive toward the center of the Sun.

1
The )(l axis lies at an angle Yy, from the orbital plane (this angle is cal-
culated on-board such that the principal X axis is in the orbital plane
to minimize the build-up of angular momentum) and is positive toward
the sunset terminator.

Z-ocal Vertical Coordinate System (L)

The Z-Local Vertical Coordinate System (Xl . Yl' Zl) is a votating

system with its origin at the center of mass of Skylab (the ruate of rota-
tion is one revolution Der orbit). The XI axis is positive in the direc-

tion of flight und lies in the orbital plane. The Z, axis is parallel to

the local vertical direction and is positive outward, away from the Earth.
The YL axis is parallel tuv the orbit normal and is positive toward orbital
North.

SKYLAB ATTITUDE AND POINTING CONTROL
SYSTEM (APCS)

The actual control of the Skylub attitude to the attitude reference
was done exactly as in the original mission {3]. However, only the
pointing control system (PCS) of the APCS was used: the experiment
pointing control system (EPCS) was disabled. The maior ports of the
APCS were the rate gyros, the sun sensors, the stur tracker (it had
failed during the original Skylab mission), the Apollo Telescope Mount
Digital Computer (ATMDC), the Workshop Computer Interface Unit
(WCIU). double-gimbuled CMG's, and cold-gas (compressed nitrogen)
Thruster Attitude Control System (TACS).

Six control modes were addressable: (1) STANDBY, (2)., SOLAR
INERTIAL (SI), (3) EXPERIMENT POINTING, (4) ATTITUDE HOLD/CMG,
(5) ATTITUDE HOLD/TACS. and (6; ZLV., TEA control was programmed
to be a substate of the ZLV mode. The basic ZLV (for Z uxis along the
local vertical) attitude was with the Z axis along the local vertical, point-
ing up. and the X axis in the orbitul plane. pointing in the direction of

(&3]
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the velocity vector. Any angular offset from the basic ZLV attitude
(offset identified by the quaternion Q AL) could be commanded via a set

of three Euler angles (x) with a 2-3-1 rotation sequence. Changes in
the TEA attitude reference were achieved by commanding changes to Q AL’

[ALI = [x,]) [x,]g Txgl, A

Since none of the original APCS capabilities were eliminated by the
addition of the TEA control, the torque equilibrium attitude control could
also be held by TACS only (this option was contemplated for low-drag
attitude at low altitudes in case low-drag was needed for reentry control,
but active TEA control had proven impossible).

Tne TACS consisted of software plus six cold-gas thrusters, two
uncoupled ones for control about the Y axis (one would be fired for +Y,
the other for -Y control); four other thrusters for coupled X and 2
control [4].

CMG CONTROL SYSTEM

The CMG control system was composed of three orthogonally
mounted, double-gimbaled CMG's with angular momentum magnitude H of
3050 Nms (2280 ft-lb-sec) as shown in Figure 3. The CMG control law
utilized three normalized torque commands and th CMG momentum status
to generate proper CMG gimbal rate commands [5]. The CMG control law
consisted of three parts: CMG steering law, rotation law, and gimbal
stop avoidance logic. There also were some other routines for specialized
situations like caging the CMG's to a desired momentum state [4].

1. [ ]-quantities are usually 3 x 3 rotation matrices, with the further
definitions (where X; represents any angle; s = sin, ¢ = cos):

1 0 0 c 0 -s
Xy Xy

txx]1 = |0 CXy  SXy | 3 [xy]2 = 0 1 0 ;

[0 -sX, ©Xy4 SXy 0 eXy,

i 0

cXz SXZ

[x, 13 = |=sx, ¢x, 0

| 0 0 1

Fey
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Figure 3. CMG mounting arrangement.

The CMG control law had the ability to operate with either three
or two CMG's for redundancy. Since CMG No. 1 had failed during the

original Skylab mission, the CMG control law was always in the two-CMG
option,

BANK, ATTACK, AND ROLL ANGLES

The aerodynamic forces and torques are dependent on the aero-
dynamic angle of attack and roll angles. To complete the specification of
an arbitrary attitude, a third rotation angle is required. This angle is
the so-called bank angle. The sequence is



(VL1 = (el lod2 [13]1 . (1)

These angles are obtained from the following relations:

o = arc cos (VLn) (2)

B = arc tan (VLIZI-VLm) (3)
four quadrant .

p = arc tan (VLzliVLm) (4)

The Skylab onboard computer works in quaternions so that the matrix
[VL] must be computed from the given quaternions QVI’ Qv A’ Q AL

_ = 2
Qup = Qya 9 - (5)

The matrix [VL] is derived from QVL by taking the upper left 3 x 3
matrix from

[VL] = (upper left 3 x 3 of) év;} éVL 2 (6)

The physical bank, attack, and roll (BAR) angles will differ
slightly from those above, because the orbit of Skylab is not truly cir-
cular and the air tends to move with the Earth surface so that the
velocity of Skylab relative to the air is not exactly just the orbital
velocity. Thus when equations (A2) and (A3) are used, values slightly
different from those in equations (2) and (3) must be used. These
values were only used for evaluation purposes and proved to be quite
useful, so the differences were insignificant.

2. See Appendix E for nomenclature.
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TORQUE EQUILIBRIUM ATTITUDES

As mentioned previously the aerodynamic coefficients are only a
function of the roll angle and the angle-of-attack. Figure 4 shows the
zero-moment curves for the three components with respect to these
angles (see Table 1 for mapping of the vehicle axes). As can be seen,
there is no set of angles, where all three curves intersect. However,
they come close in several areas. To get a true three-axis equilibrium,
other external torques are required. Gravity gradient (GG) torques and
gyroscopic torques were found to be sufficiently large for all altitudes
of concern to create 12 TEA's altogether. Gyroscopic torques come into
play, since the aerodynamic and GG torques are constant with respect
to the rotating local vertical coordinate system, and the total angular
momentum of the Skylab was selectable within certain limits (imposed by
the finite storage capacity of the CMG system). Since the aerodynamic
torques do not change (relative to body-fixed axes) when the Skylab is
rotated about the relative wind velocity vector and GG torques do not
change in body-fixed axes for a rotation of 180 degrees about any axis
perpendicular to the local vertical, there is always a pair of TEA's with
the same angle-of-attack/roll angle combination, but with bank angles
differing by 180 degrees, i.e., there were actually only six basically
different TEAs with respect to the aerodynamic torques (they are
indicated in Fig. 4 by asterisks). The TEA's are shown for an altitude
of 200 km (108 n.mi.) and zero total angular momentum (Table 2).

From solar panel power considerations a sun-pointing, inertially
fixed attitude, as given in the SI mode, is the best and TEA is rather
bad. Nine of the TEAs were completely hopeless when it was established
that 28 percent of full Sun illumination was required, on the average, to
supply the needed power (100 percent is the power received when the
Sun is perpendicular to the solar panels and the vehicle is in an all-
daylight orbit, as is the case for high Sun elevation angles with respect
to the orbital plane). Only the remaining three TEA's were usable, and
these only when the optimum angular momentum was used (each of the
TEA's exists in a volume of the BAR angle space when the total angular
momentum is varied within its available volume). Even then, some of the
TEAs did not have enough power for certain Sun elevation angles. The
three TEA's were named T121P, T121G, and T275, and they are shown
in Figures 5, 6, and 7 where the point of view is slightly south of the
orbital plane and the vehicle is moving from the front lower left to the
back upper right. T275 was a low-drag attitude (the ballistic coefficient
was approximately 275) with the MDA trailing; T121G and T121P were
high-drag attitudes (the ballistic coefficients were about 121). In T121G
the Skylab was approximately in a GG equilibrium attitude with the MDA
pointing upward (the same attitude which Skylab had been left in when
it was deactivated in early 1974); in T121P the MDA was almost perpen-
dicular to the orbital plane and pointing South. For T121G and T121P
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TABLE 1. MAPPING OF VEHICLE AXES

Axis Angle of Attack (deg) Roll Angle (deg)
+x 0 any
-X 180 any
+y 90 90
-y 90 -90
+2 90 0
-2 90 180
TABLE 2. TEA'S FOR 6 = 3.11E-10 kg/m®
(~200 km or 108 n.mi.)
Bank | Angle of Roll
Angle Attack Angle
No. ID (deg) (deg) (deg) CDh BC
1 T121P/SU -78.6
2 ND +101.4 106.0 +124.9 6.66 132.5
3 T121G/UN -173.2
4 DS +6.8 93.8 +124.0 6.94 127.3
5 T275/BU +70.2 _
6 BD -109.8 147.8 1-89.2 3.52 250.5
7 BN -51.4
8 BS +128.6 168.1 -117.6 2.72 324.9
9 DN -11.9
10 Us +168.1 110.6 -60.7 6.37 138.9
11 NU +86.4 _ .
12 SD -93.6 71.8 51.2 7.11 124.2
Not2: These TFA's are for zero angular momentum and a CP offset

of [+0.06, -0.07, -0.11]T m. See Appendix G for

nomenclature.

11



NORTH

a. No angular momentum.

up

1

FORWARD

NORTH o=

b. -1H angular momentum in the Z axis .

Figure 5. TI121P.
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c. +0.5H angular momentum in the X axis.

Figure 5. (Concluded).

t

/ FORWARD
NORTH =

N

Figure 6. T121G (no angular momentum).
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Figure 7. T275 (no angular momentum).

the solar panels were trailing and they were statically stable with respect
to aerodynamic torques. T121G was also statically stable with respect to
the GG torques (therefore stable in all axes) whereas T121P was in an
unstable GG equilibrium.

TEA SEEKING METHOD

The assumption is made that the total external torque, Text’ acting
on Skylab is changing linearly with the attitude offset, A¢ off’ and that
the partial derivatives of the torque with respect to the offset are known.

o1, 3
Toxt = 7% B0, (M

3. An underlined quantity (es I-e . *t) is a vector with three components.

14
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F'a'r1 3T, AT,

96, 3¢q LEN

il a 3T2 8T2 8T2 .

| | %, e, T,

3Ty 3T, 3T,
| 3¢ 3% 344

Evaluation of the on-board total angular momentum change over the
desaturation interval, T des’ results in an estimate of the total external
torques,

Text = (H-H)/T , (8)

~e des

where H is the present total angular momentum and gp is its past value.

The attitude offset from the torgque equilibrium attitude, assuming the
offset is constant, is then

oT

-1
Y -
81p = [Wj‘] Text - %

Changing the attitude reference by ~4¢ ¢ Would, ideally, eliminate a

further angular momentum change. However, the previously accumulated
angular momentum away from a desired momentum state, }-inOm’ has to be
eliminated during the next desaturation interval by

-1
aT
= - i -
Ad om - [m‘] (H-H om)/Tdes . (10)

The total required attitude change is therefore

15



88 = Logn ~ g

A¢

-1
= (H-H__) +(H-H)] (11)
Tdes Mj [(H =nom - - )

This method for attitude change eliminates, ideally, any initial condition
within two desaturation intervals. [The parenthetical expressions in
equation (11) were not combined since these quantities had to be limited
separately. ]

In the Skylab software, all angular momentum quantities were
normalized by the nominal angular momentum magnitude, H, of one CMG,
and they were called e. Equation (11) then becomes

A¢ = [SLOPE] (4e_ + Ae - A_ep) ’ (12)

where

-1
) 3T
(SLOPE] = 'rH [ﬂ?‘]

des
de = (H-H I/H
Ae = the limited value of Ae
é_ep = the past unlimited value of Ae..

The reorientation capability of Skylab was limited and therefore
A¢ had to be limited also. To avoid the possibility of a large momentum
offset overcoming the signal due to a momentum change, g_gm is limited

to a value which cannot command more than approximately 80 percent of
the limit on A¢.

The actual reference change is done by generating a quaternion

16
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0@, = (a¢/2, /1 - 0.25 26717 (13)

and up:.iing the reference .quat@x'nion4

Q, (new) = 2Q,; Q, (old) . (14)

STRAPDOWN DRIFT CORRECTION

The TEA control mode contrins a provision for strapdown updating
from the ground. This capability was used extensively to maintai:- TEA
control. The error in the strapdown was estimated by several te:iniques
which gave either the strapdown error components in the orbit p':ne or
along the orbit normal. The only source of data for strapdown error
about the orbit normal (or orbital Y axis) is data from the Sun sensor
or the solar arrays. These data are available only occasionally from the
Sun sensor when its line of sight along the vehicle Z axis comes within
approximately 18 degrees of the Sun over a ground station. Strapdown
error along orbit normal was estimated from the timing error of solar
passage through the vehicle XZ plane. This event happened once per
orbit on the daylight side. Passage occurred when the X Sun sensor
output passed through null., Null passage was too indistinct to be
reliable when the Sun was greater than 18 degrees away from the vehicle
Z axis at passage. For those periods, the solar array power angle or
the aerodynamic roll angle deviation was used to estimate the strapdown
error. These latter techniques were less reliable and were used only
when a consistent trend was established or when more than one indicator
was telling the same story.

The strapdown is the onboard vehicle attitude reference. The
vehicle angular rates are integrated using quaternions as attitude
parameters. Since the rate data contains errors which are integrated
into these quaternions, they must be corrected periodically to eliminate
offsets from the true reference. Such corrections are referred to as
updates. These strapdown updates are applied through an update
quaternion which is quaternion multiplied onto the strapdown quaternion.
The vehicle strapdown quaternion is called QVI’ and the update

quaternion is AQ—VI' This quaternion is constructed from the vector
angle A OI :

/ 2.T

AQyy = [0.5[VLAu, , /1-0.2508 %) . (15)

4. See Appendix E for nomenclature.
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The quaternion update multiplication is performed as shown

Qy(new) = 3, Qy fo1d) . (16)

The onboard computer computes the quaternion QLI and from this comes

Qp = T Yy (an

and
- -1

The quaternion Q AL is the commanded attitude of the vehicle relative to
the local vertical reference. The quaternion Qv A is the attitude error

quaternion which is maintained close to identity by the onboard control
system. A method for estimating the strapdown correction angle AGL is
given in Appendix D. -—

Originally, an automatic on-board in-the-orbital-plane strapdown
update (with only updates perpendicular to the orbital plane from the
ground) had becn considered. It was assumed that the active TEA con-
trol had brought the V system into alignment with the TEA at the start
of the desaturation interval. At the end of the next desaturation
interval any misalignment about the XL axis then results in a first order

offset from the ideal TEA about the Z, axis. Using part of the A ¢
correction about the ZL axis for a strapdown update should bring the
estimate of the orbital YL axis into alignment with the actual orbital YL
axis, since the misalignment is inertially fixed and the XL misalignment

sweeps the whole orbital plane. This scheme worked as long as the
assumption was made that the relative wind direction is always col...2ar
with the vehicle velocity vector. However, the atmosphere rotat¢: vith
the Eurth and therefore the relative wind direction oscillates approximately
two degrees about the vehicle velocity vector. The result was that the
onboard strapdown update settled out at an offset which was furthermore
dependent upon the TEA used. Since the ground update method (which
did not have these shortcomings) was developed at that time, the onboard
update was disabled by setting its gain to zero. (There was not enough
time available to take it completely out of the ATMDC software [2].
Therefore the ground update method was used through the already exist-
ing ground command capability, eliminating the need for any further
software changes).

18
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TEA OPERATION AND PERFORMANCE

Nominal flight parameters had to be continuously generated for
several days i1 advance since the conditions tended to change (for
example: estimated density, estimated CP location, etc.). The data
were given to the flight controllers in the form of tables (Table 35 shows
the data for DOY 171.5 through DOY 174.5 or 6/20/79 to 6/23/79 at noon
GMT). Since the altitude decreased slowly and everybody needed time to
get used to the TEA operation, the SLOPE was not changed during this
time. ETLN (with components ETLN1, ETLN2, ETLN3 in the L system)
is the normalized nominal angular momentum. Z-AXIS BETA is the
elevation angle of the vehicle Z axis with respect to the orbital plane.
CD and BC are the drag and the ballistic coefficients, respectively.

CMG MOM is the angular momentum in the CMG system and it is in per-
cent of 3H. ETSF is the normalized and filtered total system momentum
in vehicle components. QBLNOM is the nominal attitude reference

quaternion Q AL (a QBL was existing already and could be used; there-

fore, the subscrips A and B are equivalent here).

Table 4 shows the Slope Matrix Update Log. The first three
columns show the date when the Slope was updated (DOY 171 corresponds
to 6/20 and DOY 192 to 7/11). The first entry is the start of TEA con-
trol rather than the time when the initial Slope was loaded. The index
in the fourth column is added to facilitate correlation with Table 5.
Columns 5 throuzh 13 show the components of the Slope as indicated by
the heading. Table 5 shows what data were used to generate the slopes.
The slope generation parameters for index 2 and 3 are the same; the
transpose of Slope 3 had been sent up (Slope 2) by mistake, whercupon
control was promptly lest. Slope 3 was sent as soon as attitude control
had been regained. Slope 13 was used for a higher altitude than the
one for which it was calculated, since n 6 hr gap in the gvound coverage
eliminated an additional slope change and it was considered better to have
the proper slope at a lower altitude and take a reduced gain at the higher
altitudes.

Figure 8 shows the actual BAR angles for DOY 172:03:21 to DOY
172:06: 12 versus time in seconds and the predicted BAR angles are
shown as horizontal lines. It can also be noted that the BAR angle
traces zig-zagged, indicating that the gain was too high. As a conse-
quence the slope gain was later reduced to 0.5 from 1.0, resulting in a
much smoother trace. The actual BAR angles are only correct to within
the strapdown error, which, due to the availabjlity of acquisition Sun
Sensor (ACQ SS) information, was less than 1 degree. A very good
correspondence between the nominal and the actual BAR angles can be
seen, indicating that the prediction of the CM and CP locations, as well

5. In the APL computer language, a minus sign is a superscript minus
(to distinguish it from the subtraction operation).

19

e r——— s e



IS°PEE 95°9  10°9 0°T_8°0 0°0 0t » £T°68F  0S°#LT
Q9°»£T 95°9 1L°9 0°T_ 8°0 0°0 09°0 TI°0¥T  0S°£28
6L°PET SS°9  $9°Q 0°t_ 9°0 0°0 TS £8°0¥F  0S°2L% ‘
ZLPET SS°9 8@ 0°T_ ©°0 0°0 02°0T  l6°T¥T  0S°TLT
ot a vi3g g 2z 3 vi3€ 1Y A0d
) SIXY-2 NL3 .
| 63°T8_ 63°KIT_ 0L°60_ 0°T_9°0 0°0 ot ¥ £I°6£T  0S°¥LE
92°10_ 90°TIT_ £5°00_ 0°T_ 9°0 0°0 09°0 T1°0¥T  0S°SLT
PS I8 SE°TTT_ £2°20_ 0°i_ 8°0 0°0 OV°ST  £8°0¥F  0S°2L%
0£°T0_ 2S°ZTT_ 22°00_ 0°T_ 0°0 0°0 02°8T L6°THT  0S°TLT
ZIND  AIHD  XIND £ 2 T vi3g 17 A0a
N1LT
»2°¥IT 09°S6  0°86_ 0°T_8°0 0°0 0%°p £T°6ST  0S°¥LT
60°¥IT 2£°S6 $0°86_ 0°T_ 8°0 0°0 09°@ 15°0¥7  0S°£L7
66°SIT 22°C6  ¥8°06_ 0°5_ 8°9 8°9 1323 £8°0¥T  0S° 227
90°¥IT 2£°C6 $0°06_ 0°T_ 8°0 0°0 02°97 LE°TPT  0S°TLT
7708 XOULLY  NvE £ 2 T v138 1Y A0d
N1LT
21 g2 9 8S vl IST°68T  TL9°LSE v
z3 2z 9 TR STT1°0FT £6¥°6SC £
z3 12 9 0S°22% »£8°0FT S28°092 2
2t 62 9 0S°5L¥ 896°I¥T SZ6°292 5
dNOH AYA HINOW A0d NN Y X3ANI

IaniILwv

20

SYALAWVIVd LHDITd TVNINON ¢ dTdVL




P %ﬁ%ﬂh;wﬁiz “

LLL*o_ vIvo_

62L°0_ 60¥°0_
10L°0_ SOb°0_
08L°0_ L0b°0_

b 4 A
4513

LLL9°0
£6.9°0
£089°0
96L9°0

1 4

0£6°0
0£6°0
0£6°0
1£6°0

X

€002°0_ LT02°0_ S960
2669°0_ #102°0_ 0S60
S869°0_ S$002°0_ £S60
6869°0_ TI02°0_ 9$60
£ c ¥
HONT80
S0T LT 60 9T_ 0O¥_ ST_
SO0t LT 68 9F_ O¥_ ST_
S01 L8 68 91_ 0O¥_ ST_
S0T L2 68 97_ OF_ ST_
£90 £9I 2950 291 Z A
SITONY TWENID HOW 9KHI

‘0
‘0
‘0
‘0

61
6%
67
6%

X

ODOOO
* o o o
oo

NLI

. o
(RN~ R-J
0009
¢ o o
0000

4 ¥
NT13

1eC°y 06£°7T

LSS°T 611°3
£ £
668°0 SI¥y°0
106°0 <2Ctib°0
106°0 01¥°0
106°0 TI¥r°O

£’ £e

£F

o¥t°o0
ov1°0
o»1°0
or1°0

£1

SININOINOD XINLIUN

et

£S1°0
1ST°0
6st°0
ISt°0

t

0t¥P°0_ TLE°C 99F°T

ere et 1°¢
SININODHOO XI¥LUW 3d01TS
100°0 ©686°0_ 0I¥°0_
¥00°0 ©G86°0_ L0¥°0_

900°0 686°0_ S0¥°0_
S00°0 ©9686°0_ 20¥°0_ 216°0

e‘e c’y 12

(papnouo))

S0J ¥Ia

€ A1dV L

16¢°0_

| K4

016°0
116°0
c16°0

| 2

8£0°e
‘e
£90°0_
6S0°0_
9S0°0_
8S0°0_

| 2 |

1°6£%
| 30 1 4]
0°0¥»1
0°cri

14

1°6£7
1°0¥3
8°0vY
0°crt

47

£1°6£1T
T1°0b1
£8°0v1
L6 Tt

47
£1°6£1
[ 28414
£0°0¥1
L6°1PT

4%

21



632°0_
S9T°0_
0ze o’
220°0
820°0
6L£°0
9£2°0
£09°0
912°0
»89°%
$26°2
206°%
296°%
LSS° 1

£¢

00e%°0
cor°o
69¢°0
¥62°0
eTL°0
S1S°0
9tL°0
Tre‘o
£40°0
gtz°y
990°¢
£IS°t
et
g6L°t

¢t

6L2°0_
002°0_
SLT°0
ve2°0_
92°0
$SS°0
Lot 1.
ses8° ¥
£L6°0
CYTRR
$009°2
sz1°2”
zoL g
99b° T _

1°¢

I6S°0 0LS°0
6£S°0 3£S°0
$62°0 2£2°¢
63£°0 St12°¢
1S£°0 £67°0_
g2s‘c 080°0_
ZEL°0 0S0°0
000°0 261°0
$28°0 $12°0
T05°T SI2°0
28L°T 221°0
*¥2°T  62°0_
£IS°T 6v2°0_
6313°T 0Tp°0_

£°C (X4

9L2°0
9£2°0
$L0°0
90°0
900°0
6£2°0_
299°0_
050°%_
6S2°0_
982°0_
143
9s0°%_
63L°F
162°0_

t°e

LS1°8
SH3°0
$96°0
190°0
980°0_
»20°0_
0£1°0
z12°0
2L0°0
112°0
£00°2
zoLe
s21°2_
12

£t

SININOJINOD XI¥IUW 3d01S

DOT JLVAdN XIdLVRN ddO1S

voz°o
68t1°0
$80°0
6L0°0
£20°0
£50°0
£60°0
LE1°0
¥0e°0
61£°0
60£°%t
61L°T
8S0° ¥ _
et e

(A

‘b A1dV.L

98t°0
681°0
eoZ‘e
£82C°0
eLe°0
»8L°0
880t
ecs’y
v06°1
»99°1
86S°C
SL6°Y
SL6°Y
ege°?

| 3 ¢

HOUMTNO~-0ON

anI

61
16%
16%
06%
691
981
£01
112
087
LLl
9Ly
Sl
St
1Ly

Ava

22



PR

TT°STY
b1°STT
88° 2t
1L°928
er° vt
L¥ L2t
9t°eceTt
e£° 92t
bL°92t
£0°01¢
IS°STY
TO°FIT
coO°Fit
90°v1t

T70¥

cL°set
p1°SOT
0S° 01
co°rot
eL°£07
£0°00t
9S°¥6
SL°¥6
9t1°007
26°86
L6°S6
16°T6
16°T6
TL°£6

AVLLY

SITONY ava

90°29_
£L°0L°
TT°SL
6£°92
es L’
1164
60° 0L
60°00
ST*08_
1S°£9_
£6°90_
L1°26_
L1°26°
$0°Q6_

AINVE
43y

51°0_
1T°0_
13°0_
1T°0_
11°0_
1T°0
11°0_
00°0

00°0

91°0_
91°0"
91°0_
91°0_
00°0

2

20°0_
20°0°
20°0_
L0°0
20°0
L0°0
20°0°
00°0

00°0

20°0_
20°0°
20°0_
20°0_
00°0

A
dJ

90°0
90°0
90°0
90°0
90°0
90°0
90°0
00°0
b
ao
90°0_
90°0
90°0
00°0

of-FvNoccooOoOOOO

© o e o o 0o 0 0 0 0 0
XXX -X-X-X_X-§_-§ X X X ]

* o o

N

eV T°0 H£°28 6¥-2ST
¢'t T°0 9£°90 +6°0ST
&'t 2T°0 2TT°'t6 v9°2LT
€t 2T°0 91°.6 ¥6°6LF
€'t 2¢°0 92°t10T g£S°0%
€'t 2°0 S9°vIl g£e212
't 2°0 00°¥2T S9°622
't ¢°0 69°821 gg£eoefe
C'T 1°0 SS°0£Y @L°1h2
8°0 0°0 T£°SET 6S°0S2
8°0 0°0 @89°9£T f£I°cSe
8°0 0°0 L6°L£Y 2S°SS?
0°0 0°0 26°4£F 2S°SS2
8°0 0°0 ¢°TFT 00°292
A X KN HX

N2 JALIL WY 138

SYHALINVEVd NOILVYANTD IAJOTS 'S FTdVIL

et I MO OO0

N~NOT <

“NMmw
LK R

~TQX ﬁwnvmwhomg

23

R



*(3T:90:3L1/12:€0:2L1 X0d) sodue yvd [enjoy °g 2andyj

|

TIONV JNVH

»3S°

4

%€:%0:50:2LT A0Q LHIINQIK TVIIEIO

AOVLIV-40-TTONV

% { 06:%£:¢0:2.T A0Q IHOINAIW TVIIEHO

dTONV T109

oSt

B T oY

24



e BT

B % T 0 A B8 ot 35 ik e e

as the aerodynamic coefficients, was much better than anticipated. The
nominal BAR angles were generated assuming that the relative wind
velocity is antiparallel to the vehicle velocity vector, but reduced by an
amount appropriate for the Earth rate. The nominal BAR angles are
therefore the nominal average of the actual BAR angles. Some of the
good correspondence is due to the fact that changes in ETLN1 were used
to influence the roll angle. Initially, a roll angle smaller than nominal
was very detrimental since the slope matrix changed drastically such that
a roll angle of less than 90 degrees was found to be unstable: The
actual slope components had changed sign. An initial unfavorable rate
gyro bias could have changed the actual roll angle by that much long
before the ground would have had enough data to detect and correct for
it. To eliminate this possibility, a favorable rate gyro bias compensation
was introduced into the software such that if we had had the bad gyro
drift, the compensstion would have eliminated it, As it turned out, the
real rate gyro bias was in a good direction and the compensation had to
be changed to the opposite polarity (as always, Skylab seemed to refute
Murphy's Law, since anything that could go right, would; also see the
last paragraph of this section). The great sensitivity to the rate-gyro
introduced drift about orbital North was due to the relatively large
negative angular momentum bias in the Z axis (ETLN3 = -1H) which then

was resolved into the actual XL axis thereby changing the equilibrium

position drastically. This resolution also suggested the (at least
temporary) remedy: Buck it with an appropriate amount of momentum
bias in the XL axis.

An overview of the BAR angles for the three weeks of TEA opera-
tion is given in Figure 9. The bank angle is the lowest trace, the
angle of attack is in the middle, and the roll angle is the highest. The
horizontal scale is in days, the numbers indicate the start of a day.
Only BAR angles from the auxiliary storage and playback recorder (ASAP)
tapes are. shown, since they were saved in our ground computer.

TEA control was initiated on DOY 171:13:17 GMT (6/20/79) and
Skylab impact occurred on DOY 192:16:37 GMT (7/11/79). During the
latter half of DOY 171, it can be seen that the average roll angle steadily
increased. This was due to the initial rate gyro bias (intentional com-
pensation and basic bias). After corrective action was taken the angles
settled close to their predicted values. Figures 9a and 9b show the BAR
angles during the shift in ETLN3 from -1H to 0 between DOY 175.5 and
DOY 180.5. With the gradual removal of the ETLN3 the sensitivity to
rate gyro drift was removed; however, the excellent contrcl capability
over the roll angle (and with it, the drag) also vanished. In fact, the
actual roll angle could later not be influenced at all (the indicated roll
angle also showed the effect of strapdown error about orbit North and
this fact in conjunction with the fact that the actual roll angle was
steady, allowed the use of the indicated roll angle for strapdown update
about orbit North).
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To illustrate the evaluation of the information on the ASAP tapes,
DOY 187:16:56:30 to DOY 187:20:56:30 are taken as an example. Table
6 shows the basic QBL/time (QBL = Q AL) information, the equivalent

BAR angles are shown in Table 7 and graphed in Figure 10. The BAR
angles were always evaluated for their average and a sinusoid of orbital
frequency. The latter was fitted by a least-square fit, after the aver-
age had been subtracted. The results for our example are shown in
Figures 11, 12, and 13. In the lower left quadrant of each figure there
is a table of expected angle values (right column) as a function of the
orbital angle (left column). Since the circle charts (Fig. 14) show this
orbital angle, the tables were used to check the actual BAR angles (live;
from telemetry) against these reference angles.

The sinusoids in the angle-of-attack and roll angle were due to the
relative wind direction oscillating about the vehicle velocity direction
(since the atmosphere rotates with the Earth). The sinusoid in the bank
angle was due to the in the orbital-plane strapdown error and the appro-
priate strapdown update is shown in the upper left hand corner of
Figure 11, both with respect to orbital midnight and with respect to the
actual time; the update is to be telemetered. For the latter a resolution
of the error with respect to midnight had to be made.

Application of the various methods was severely hampered by lack
of data and large delays between the occurrence and the receipt of the
data. If the strapdown arror had drifted substantially there would have
been no way to correct it in time to prevent loss of control. Fortunately,
the rate gyro drift components in the orbital plane (if constant) integrate
to exactly zero in one revolution and generally TEA control was not very
sensitive to the drift components along the orbit normal. In-plane strap-
down errors resulted from inaccurate navigation updates and from the
Sun motion of about 1 degree/day. For data on strapdown errors, the
onboard ASAP tape recorder had to be run for at least one full orbit
(more consecutive orbits were desired for noise content reduction) during
a quiet state; i.e., the last slope update had to be done two orbits before
and no other strapdown correction was permitted. Once the ASAP tape
was dumped over a ground station, it took at least another half hour of
data processing and parameter extraction. The results were 18 sets of
Q AL Per orbit, which then had to be fed into our Sigma 5 computer to

be evaluated with the appropriate programs. The actual updating of the
parameters had to wait until the next ground station. The bottom line
was, that the delay in the actual onboard happening and the corrective
action amounted to at least two orbits, sometimes more.

The ground support operations were aided by the "circle charts"
(Fig. 14) and telemetry formats (Format 8 for TEA parameters is shown
in Fig. 15). The data on Format 8 changed every second provided the
Skylab was over a ground station; the circle charts were applicable for
one orbit.
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The circle chart has midnight at the 6 o'clock position; the outer
numbers are minutes from midnight; the inner ones are orbital degrees
from midnight. Orbital night time is indicated by the heavy part of the
circle. The boxes on the outside of the circle indicate the ground
station coverage; the ground stations are Ascension (ACN), Bermuda
(BDA), Goldstone (GDS), Madrid (MAD), and Santiago (AGO).

Format 8 showed the present and the past Ae, the present attitude
reference change A¢, and any impending strapdown update A6. Also
shown were the filtered total system momentum (in units of ), the CMG
momentum (in percent of 3H), and the inner and outer gimbal angles (to
the nearest degree) plus their gimbal rates.

Of further interest are the quaternions Q AL (QBL), QV A’ and
QVI' The first allowed evaluation of the current BAR angles, the second
showed how well the vehicle was following the attitude reiference, and the
third indicated the attitude with respect to the SI system (useful for
determining the closest approach of the Sun line to the center of the
ACQ SS which then was used for strapdown update information).

The history of the TEA control parameters as well as the solar
elevation angle with respect to the orbital plane are shown in Figures
16 through 20. The biasing history of the rate gyros is shown in
Figure 18. Only one rate gyro was still operating in the Y axis (Y3),
two each were averaged for the other two axes (X1 and X3; Z1 and Z2).
As mentioned before (cf. middle of 3rd paragraph of this section), the
initially introduced beneficial bias had to be taken out and replaced with
a bias of the opposite sign. The fact that in two axes two rate gyro
outputs were averaged allowed us to work effectively with half least
significant bits (LSBs) by biasing only one of the averaged gyros with
a full LSB, A trimming of the rate gyros to within about 0.25 degree/
orbit drift was therefore possible.

The relatively many changes in ETLN1 (Fig. 19) reflect our effort
in controlling the roll angle to acceptable values. ETLN2 did not
influence the TEA since it was parallel to the orbital velocity, but it
affected the CMG gimbal angles and was therefore changed once (in two
steps, to minimize the transients) to improve the actual gimbal angle
traces.

Simulation predicted that TEA control in T121P was possible down
to about 140 km (75 n.mi.) and in T275 down to 130 km (70 n.mi.). At
these altitudes the GG and precessional torques were no longer large
enough to achieve zero external torques in all axes simultaneously. Very
fortunately, Skylab was about to reenter on the most desirable orbit,
one with the least population density beneath it. This orbit, however,
did go over the United States, the southern part of Canada and over
Australia, but most of it was over water. Therefore, only a slight
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adjustment of the nominal impact point (which was in the Atlantic Ocean)

was indicated, and there was no need to maneuver to the low-drag T275 i
attitude (this attitude was on an unstable equilibrium in all axes, and ‘
the equilibria were much more precarious than the ones in T121P). The

slight impact point adjustment could be achieved by going to a random

tumble (with somewhat less average drag than T121P) at an altitude of

150 km (81 n.mi.). This was done by commanding a delayed maneuver

from the T121P attitude to the solar inertial attitude. The latter, due

to the high aerodynamic torques, could not be held, and a random

tumbling resulted. On the average this random tumbling had the

desired drag, which then lengthened the lifetime sufficiently to place

the nominal impact at the desired location. The vehicle broke apart

later and, therefore, lower than expected. As a consequence the drag

was reduced, shifting the reentry point farther downrange.

CONCLUSIONS

The TEA control was most successful in performing the mission
that was originally laid out for it. The experience gained from the TEA
control effort in particular and the Skylab Reactivation in general will
be valuable in all future space activities. We found out that we could,
in fairly short order, come up with new control methods, new procedures,
and new tools to perform tasks and accomplish goals that would have been
considered impossible prior to the original mission. However, this fast
reaction capability was due to the fact that we were able to use APL on
a Sigma V computer with interactive terminals. We can flatly state that
without APL the development of the new Skylab control methods (EOVV
and TEA control) would not have been possible in the extremely short
time available (EOVV control [1] was conceived, developed, simulated,
implemented, and flown in less than three months). In many respects
TEA control was more successful and went more smoothly than the pre-
vious phase with EOVV. This may have been due in part to the greater
efforts in preparation and time available for TEA. It seems also likely
that the experience gained from EOVV carried over to TEA and sustained
our confidence. The demonstrated use of aerodynamic torques for space-
craft attitude control seems destined to be of value for design of future,
low altitude spacecraft or tethered vehicles.

44




Al aadticpy & b tac

o ARSI T AT

m’r‘kﬁhﬁcmtwf»i.z’#_ﬂﬂ" FuRhU R U AR SRR T B i et I L, e T

APPENDIX A
AEROD YNAMIC TORQUE MODEL

A set of six coefficients were developed to express forces and
torques in body coordinates as a function of the velocity of the vehicle
relative to the air. If this velocity is V, then the forces and torques
relative to the origin of coordinates are

i

F = 056V AC (Ala)

it

T = 056V ADC, (Alb)

where § [kg/m®] is the density and

A = 79.46 m2 (855.3 ftz) reference area
D = 10.06 m (396 in.) reference diameter
Cr = [-CA, CY, -cN1T force coefficients

Q
"

Cr [CL, CM, CEN]T moment (torque coefficients).

The force and moment coefficients had been calculated by Northrop
[6] with a computer program generated by Lock)wed [7] and are given
in Table Al. These coefficients depend only on the direction of V (it is
to be noted that the density is assumed to “e small enough that free
molecular flow assumptions apply). This direction is customarily expressed
as aerodynamic roll angle and angle of attack, p and u respectively.
These are defined in the Skylab vehicle as (cf. Eqs. 3 and 4):

[
n

arc cos (Vx/I_\L]) (A2)

T
u

arc tan (Vy/Vz) (four quadrant) . (A3)
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RHO = .
RHO = 36u.
RHO = Z2w.
RHO = 4¢.
RHO = ¢u.

46

TABLE Al,

ALPHA CA
v 2 49]
. 3. 166
44 . 4.124
60 . 3.366
Bu 1.433
9% 09l
1) -1 529
12¢0. «4.142
141, =5 136
:6‘1. -g !()6
lbe. =z 598

ALVPUA CA
v < 4u!
zU 3.129
44 3 91y
6L . 3.,25)
Bu. 1.347
Y. - L4
oy, =1 445
120, =3 4,5
140 =g , 1YY
J6l. w3 U586
1B . «2.599

ALPHA CA
L 2.40]
Y 2.964
4. 3 33¢
6. Z.189
LT 1.2%4¢
90 . -.dtl
l6u -1 226
120 -3 332
14, =4 .366
lon. =3 491
I35 -2.590

ALFtHA CA
9. Z 46l
29 . 2.787
40, 3 36
6y 2.5h0
Hyi . .997
Y¢ . 03
1V -, 4993
2 w2z 745
144 -3.591
l6d -3.201
=2 59y

180 .

FORCE AND MOMENT COEFFICIENTS

cy
- {2
Le90
JEO0
S0P
chp
LNy
Ltk
{1
(VIR
LAnp
- vyl

CY
- BH2
- 4K
-1.,143
-l.947
w2 . 644
-2 .857
-2 £2)
- .335
-1 426
- 515
- L@l

(6) ¢
- e
- 724
-1 B4y
-3 375
=4 .49}
L YA
=d ,495
-3 752
-) 3JRRK
- g4
- il

CYy
- 2
- 929
-2, 28
-3 .93}
=4 U59
-5.1613
-4.973
-4.169
-2,663
«~1.143
- ]

CN
Len2
1.314
3.77¢0
f.235
#.578
Y,339
9.153
7.6u05
4 644
1.703
A

CN
RNy
1.225
3.372
5.657
7 626
g.237
g 232
65.757
4,18)
1.552
oy

CN
B2
96y
2.366
4 279
5.647
5 H74
5.659
4.744
3.u73
1.143
N

CN
.92
619

1 419
2.415
3.0026
3J.115%
3.049
2.578
1.695

.716

N

1
1
1
1

CL
0ap
109

.659
958

.458

Y

. 745

L83

CH6¢
iln

N

CH
- 332
-1 578
~3.628
=5.141
-6 132
-6 423
-5.7617
=g, 3y2
-2.161]
w 487
L3na

CcM
- 332

=] . 492
-3.294
-4 ,677
=5.639
-5, H8a7
-5.251
-3.842
-1, HK5
-,4819

364

CM
- 332
-1,249
-2 .49
-3.778
-4.174
-4 . {45
«-3.564
-2.578
-1.326
- 19y
. 304

(&

- 332
-.937
-1.632
-2.263
=2 .284
-2 124
-].854
-1.353
-,693
-,i!49
. 304

CEN
-.298
-.42]

-,522
-.244
-, hyl
.291
776
.943
. 731
.438

CEN
-. 298
-.143

.15

79
1.625
2.141
2 2513
2.4)4
1.944
1.112

L4386

CEN
-, 298
.12)
910
1.971
2.925
3.273
3.345
3.3}
2.537
1.261
436

CEN
-. 298

.527
]1.583
Z4.744
3.434
3.6066
3.599
3.459
2 638
1.356

.436
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RHO =

RHO =

80. ALPHA
0.
29.
49 .
6y .
8” L]
99 .
100,
120.
149,
l66.
180.
99 . ALPHA
v.
20,
49.
60.
v,
90 .
lev.,
12y
140,
169,
189

RHO .= lud. ALPFHA

0.
20,
40.
64 .
8Y .
9¢ .
1w
12¢.
144,
164,
184.

RHO = 12u. ALPHA

0.
20,
4u.
64 .
LTVIR
Yv .
1600,
120
140,
160,
189.

R S

TABLE Al.

CA
2.491
2.600
2.669
2.110

.812

004
-.801

«2.111
-2.760
-2070”
-2.59¢

CA
2.4¢]
2.707
2.687
1,948

<741

<004
-.73¢
-1 988
-2.742
-4.813
-2.590

CA
2.441
2.517
2.719
<.154

832

W04
-.827

-2.186
-2.819
-2.630
~2.59%¢

CA
2.40]
2.952
3.522
2.854
1.122

04

«1.128
-2.943
-3.513
=-3.044
-2.592

CY
-.¥02
- 994
-2.295
-3 711
-4.615
-4.715
-4.600
=3,703
-2,348
-]1.011

-, 60}

cy
-. 002
-1.048
-203‘6
~3.551
-4 .,28¢
-4 348
-4,269
=3.545
-2.372
-]1.066
- 001

cy
-, %92
- 966
-2.330
-3 778
-4 .721
-4 B57
=4.734
“30825
-2.392
- 948
-. 101

CY
-. 02
-.985

«2.637
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The aero data provided us consisted of six coefficients C,, and C,. for

each of 231 directions defined by p = 0,20,...,360,90,270 and « = 0, 20,
...180 o0 To get forces and torques for other directions we had to
interpolate and initially we used a linear interpolation scheme. This was
satisfactary at first but later caused problems in the calculation of TEA
control coefficients. Ultimately a Fourier fit of the data was used. This
model was set up such that each table value was reproduced and since
the in-between values were now produced by a sinusoidal series, the
variations were extremely smooth and computation problems were
eliminated. The coefficients Ci (aj,pk) can be expressed as a finite

series of sines and cosines in a two-step process.

10 10
Ci(aj,pk) = aim(ozj)cos mpk + Z bim(cxj)sm mpk . (Ad)

m=0 m=1

It can be observed that the given set of angles for p is equivalent to the
following more convenient set: p = 0,%20,...,+180,%90. We can simplify
our task by defining two auxiliary functions G and H such that

G(a,p)

[t}

0.5 [C(a,p) + C(a,-p)] (A5)

H(QQQ) 0.5 [C(Q:Q) - C(a;_p)] . (AG)

These functions can be expressed as

10

Z aim(oc].) Cos mpk (AT
m=0

10
Z bim(ozj) sin mp, . (A8)
m=1

)

The functions Gi(aj,pk) and Hi(oc].,pk) can be computed for each % and
equations (A7) and (A8) inverted to obtain a and bim' In turn these

coefficients can be expressed as a fourier series in a. Since the given

51




set of a's only range from 0 to 180, we can make the assumption that

& and bim are symmetric in a. This means we can express & and
b, as cosine series:
im
10
aim(aj) = Z aim cos no, (A9)
n=0
10
bin(e) = 2, b cos noe . (A10)
n=1

Using equations (A7) through (A10) the coefficients aim and Bi m

can be determined. Inspection of the above will reveal that the solution
procedure only requires inversion of the 11 x 11 matrix (cos maj), where

m=20,1,...,10 and aj = 0,20,...,180,90; and the 10 x 10 matrix (sin
maj), where m and aj are as before except the 0 is removed. The final
form of the resulting expansion is

10 10 10
Ci(a,p) = Z coS no E 8mn cos mp + E bimn sin mp . (All)
=0 =0 m=1

The subscript i ranges over the values xyz for torques and xyz for
forces. Thus there are six components of Ci and for each component

there are 121 Eimn and 110 Bimn for a total of 231 per axis which makes
1386 total Fourier coefficients.

The uncertainty in the aero torques are represented by a center
of pressure (CP) offset. The nominal set of zoefficients are computed
for the given coordinate axes and origin. Torques are computed about
the origin and the total force is assumed to act through it. The torque
about the center of mass is

T = % Ben”

19 (A12)
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in the nominal case. If the center of pressure is moved by A, the
torque becomes

Tpe = Tp* 05K, a1

The vector 'Eae is the torque vector required for the aero model we
used. The nominal center of mass location, ch’ was taken from Refer-
ence 8. Details are given in Tables A2 and A3. The units are m(in.).

TABLE A2. NOMINAL CENTER OF MASS LOCATION

Moment Reference Point, Nominal CM Location,
m (in.) m (in.) CM, m (in.)
X 90.037 81.892+0.155 -8.145+40.155
(3544.765) (3224.146.1) (-320.665%6.1)
Y 0 -0.10740.053 ~0.107+0.053
(-4.2%2.1) (-4.2%2.1)
Z 0 +0.838+0,064 +0.838+0.064
(33.2%2.5) (33.2%2.5)

TABLE A3. CENTER OF PRESSURE LOCATION

Acpest’ m(in.) ACPact, m(in.) ACMeff, m(in.)
X 0+1.524(0160) 0.06(+2.36) -8.205(-323.03)
Y 00.762(0+30) -0.07(-2.76) -0.037(-1.46)
Z 0£0.762(0x30) -0.11(-4.33) +0.948(+37.32)

As can be seen in Table A3 the tolerance on the CP location is an
order of magnitude larger than the uncertainty in the center of mass
location. Both have the same effect on the predicted aerodynamic
torques and as a consequence, the CM tolerance can be ignored. Before
actual flight data were available, the large CP tolerance was used to
assess the sensitivity of the TEA seeking methnd (see TEA Seceking
Method). After flight data were available, the actual estimate given in
column 2 of Table A3 was used to give the effective ACM given in
column three.
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Zero contours for the three torque components are shown in Figure
4. Asterisks indicate all TEA's (the feasible ones are also labeled).
Individual contour maps for the torque components are given in Figures
Al, A2, and A3. The contour numbers signify actual aerodynamic
torques in Nm for a density of 3.11E-10 kg/m9, corresponding roughly
to an altitude of 200 km (108 n.mi.) and nominal solar activity.? Table
A4 shows contour number multiplication factors for other altitudes (con-
tour number times multiplication factor equals torque).

Stereo doubles (see Appendix F for an explanation) of Figures Al,
A2, and A3 are given in Figures A4, A5, and A6. Stereo projections
of the contours on unit spheres are shown in Figures A7 through Al2.

TABLE A4. CONTOUR NUMBER MULTIPLICATION FACTORS

Altitude
(km) (n.mi.) Density (kg‘/ma) Multiplication Factor
278 150 5.310E-11 0.17
259 140 7.855E-11 : 0.25
241 130 1.197E-10 0.38
222 120 1.885E-10 0.61
204 110 3.110E-10 1.00
185 100 5.485E-10 1.80
167 90 1.065E-09 3.40
148 80 2.505E-09 8.10
130 70 8.920E-09 28.70

7. Nominal data for 6/15/79 with sun spot activity number 136.2,
F10 = 181.66 and Ap = 17.96.
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APPENDIX B
GRAVITATIONAL TORQUE MODEL

The gravitational torques on a satellite produced by a large,
spherical primary body are important contributors to its rotational
dynamics. The force on a point mass m exerted by the primary M is

R,

Ei e | ; G =6.672E-11 Nmz/kgz é (B1)
R,

The satellite can be viewed as a collection of point masses. The net
torque on this collectiorn of masses about the origin of satellite
coordinates is

gg:-};gixgi i (B2)

The vector r is the position of m, relative to the origin which is at l_lo
relative to the primary center. Thus

B = Bty (B3
and
R +r
T = -Zr x GMm = - (B4)
5. = LR, o+l

In general |g_i| << |1_to| and hence an expansion of Ig keeping only low
order terms becomes sufficient for most purposes. Now

Rty B, R, " 5y
L—i = 5 + 5 - 3R, 7 + h.o.t. (B5)
IR, + 1] IR, | IR, | IR, |
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Using the expansion of equation (B5) in (B4),

R *n»r
B GMm GM -0 H
T: = l_‘cm X IR Is R +3 IR |3 E mix_'i x R -—ll;—l—s'fh.o.t.
-0 -0 i (o}

We have used the definition mr.. =Zmi§i. Reerranging and grouping
equation (B6) we obtain i

R

R
o GMm 3GM —o T . _—o
Tg = "Iem F s 3 * L mEr) R T
R | R, % IR,| i R, e

The term in parentheses in equation (B7) occurs in the definition of the
moment of inertia dyadic (or tensor)

(B8)

L]
"
et

3
)
i

1
AL
NAc

Using this definition in equation (B7) and dropping the higher order
terms yields the gravity gradient torque expression

= - X

T
—£g -cm IR |3—o
—O

R
GM"‘R +3_9M_3._Lx1._—°_. (B9)
B ] R |

As can be seen, if the origin is positioned at the center of mass the
more familiar gravity gradient torque expression results:

(B10)

For an orbiting body m, the orbital angular velocity magnitude is given
by

68




e 2 outhd

R

£
L

3
GM/(R " .

Noting that R /[R_| is a unit

- 2 .
Teg = 39 up ¥l

The torque of equation (B12)
gravity gradient torque.

(B11)

vector up, we finally write

is what is commonly referred to as the
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APPENDIX C
DETERMINATION OF TORQUE EQUILIBRIUM ATTITUDES

The torque equation for a rotating vehicle in vehicle fixed coordi-
nates is

+T . (C1

E-”xﬁzlgg ~ge

The equilibria we seek are those which satisfy H = 0. In the case of
Skylab, the momentum H is not only from vehicle rotation at orbital
velocity but also includes vehicle fixed CMG momentum. Since the dis-
turbance torques on the right hand side of equation (Cl) are smooth
functions, we can use Newton's method to determine equilibrium positions.
The technique starts from the assumption that

H = F(VLD) ; (C2)

i.e., the rate of change of angular momentum in body axes depends upon
the relative attitude only. The symbol (VL] is the direction cosine
matrix or transformation which takes a vector from the L (local vertical)
coordinate system to the V (vehicle fixed) system:

F = F([VL]) + 48 VE_ i la6] small . (C3)

The basic algorithm then is
1) Select [VL]p

2) Ep = E([VL]p) 1
= - ) c
3 48 = lm [-(VE) " E) (C4)

4) [VL]n = [Aez]3 [Aey]2 [AQx]1 [VL]p

5) 1f [A8] < e, set [VL] = [VL]_ and terminate.

6) Otherwise, set [VL]p = [VL]n and loop to step 2).
T FILMED

PRECEDING PAGE puANK NO
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The limit in step 3) is a component limit which limits the changes
of attitude permitted in the iteration procedure above and improves con-
vergence. With this procedure 12 equilibrium attitudes were found.
Others may exist and an exhaustive search was not conducted. These
equilibria could be shifted somewhat by varying the momentum stored
in the CMG's. The total momentum H was held constant in the L frame

to lin om’ The gradient of the vector function F was computed
numerically.
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APPENDIX D
STRAPDOWN ERROR ESTIMATION

The strapdown correction angle _A__e_L was estimated from Skylab

attitude history over one or more ortits in TEA. The assumption is that
the strapdown error changes slowly over an orbit, especially the com-
ponents of the error in the orbital plane. This assumption is justified
by the observation that, since the vehicle orientation stays nearly fixed
relative to the local vertical, the gyro drift resolved into the orbital
plane is nearly sinusoidal and hence averages to near zero over an
orbital period. The out-of-plane drift remains essentially constant and
hence out-of-plane strapdown error grows linearly with time. The three
angles eel, 0e2’ and ee3 represent the strapdown offset error. The

error matrix is

({0]0) = [6

e1]1 [ee2]2 (ee3]3 (bD)

X!

where a k subscript signifies the true quantity and O is the estimate of
the real orbital coordinate system Ok‘ The coordinate system O is

defined such that O coincides with L when the vehicle crosses the ascend-
ing node and is inertially fixed except for orbit regression. We shall
assume orbit regression is too small to have a significant effect on strap-
down error determination. We further assume 8 1 and 6 3 are small
angles. The position of the vehicle is then e €

[VORJ = [VL] [wotlzleelll [6e2]2 lﬁeal3 . (D2)
Using the small angle assumr*ian, we can write
(VO] = [VL] [1- 9] [wt+ 8,0, . (D3)

where

T
[} -
_ee = [wotlzwel’ 01 663] . (D4)
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We can also write

[VOk] = {‘.7Lk] [wot]2 . (D5)

In this expression [VLk] is assumed to remain constant. We can now
equate equations (D3) and (D§) to obtain

[VL] = (VL] [-6 (1- ée'l . (D6)

e2)2

We must also assume that the gyro drift and other drift rates are small
80 6e2 does not change significantly over an orbit. With this assumption

[VLk][I-eé] remains essentially constant. Since the location of the TEA
is not known precisely, [VLk] is unknown and of course at this point
8ag is also unknown so that we may as well .t '

[VLk'] = [VLk] [-eezlz . (D7)

Thus all that is known is that [VLk'] is constant, that _%' varies sinu-

soidally, and that (VL] is available over one or more orbits from teleme-
try. This matrix is used to compute BAR angles. Intuitively it would
seem that the bank angle would contain the most direct information on
the in plane strapdown error, sc let us look first at it.

(v [-VL! ) = 83y + (VL' IVL! ) 6!
tan & = Lo K13 el k11°77k13" "e3 e

1+ (VL' /VL '13) 6'

For high drag TEA, VLkll is small (the angle of attack is near 90
degrees). Thus the inverse tangent of equation (D8) yields

B = B' -8 = B/ -8

K el K el cos(wot) + 8

o3 sin( wot) (D9)

Bo + BC cos(wot) + BS sin(wot) . (D10)
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We can extract the strapdow-: in-plane errors from equation (D10) and
construct the update vector:

- T _ . T
80 = 1810 0, 85" = [-8,, 0, B.] . (D11)

The strapdown correction A8, is develeped from 0] as
= 1
46, = lutl, 8 . (D12)

The time 1t is the time of the update relative to the time of data.

The out-oi-plane strapdown error could only be determined from
timing and Sun passage data. The basic procedure for this was the
same whether Sun sensor or solar array data were used. In either case
it was assumed the strapdown error was along the orbit normu!, i.e.,
Oel = 0e3 = 0. The timing events used occurred when the Sun made a

known angle from a known body-fixed direction. This can be expressed
mathemutically as

Uy, = C . (D13)

This was most easily solved in the L coordinate system:

(LI] (0, 0, 1]F (D 14u)

il

U
—s

vt ug (D 14b)

where 91»‘ is a vehicle-fixed unit vector (sce below, after equution D17c).

The matrices [LI] and [VL] are computed at the timing event instant.
At this instant we car. determine _(_)e 9t

C = (U __, U
sx' s

sra , Usz] [-082] U . (D15)

y 2 —v
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From equation (D15) we obtain

= - 2v. a
8y = arcsin [(C . - U uw)/./s¢2 +Co%]- ¢
or (D16)
6 = n-arcsin[(c -u__u )/ S¢2+C¢i]- ¢
e2 sra sy vy
with
S¢ = st va + Ugz Uvz {D17a)
Ce = st Uvz N Usz va (D17b)
¢ = arc tan (§¢/C¢) . (D17¢)
The Sun sensor null crossing occurred when U, = [0, 1, 0]T and
C = 0. The power angle was determined from sunrise on the solar

sra

arrays so that liF = [0, O, 1]T and for various values of Csra depending

on which array was chosen.
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APPENDIX E
QUATERNIONS — A BRIEF EXPOSITION

Complex numbers of the form z = a + ib have proven to be a
valuable concept ir the study of many physical phenomena. A gerneraliza-
tion of this concept which proves useful in the study of rotational motion
is the quaternion. Recall that the imaginary unit i = v-1. Let us
define additional units j and k together with the product operation o:

ioi = joj = kok = -1
ioj = -joi = Kk
(ED)
jok = -koj =1
koi = 10k = j
We shall define a quaternion as any quantity of the form
Q = Q4+1Q1+jQ2+kQ3 . (E2)

(See Note 1 at end of Appendix E.) By analogy tc the complex number
terminology Q4 13 referred to as the real or scalar part of Q. It will
also be convenieut to think of the remaining part of ) as the imaginary
or vector part. The reason for this will become clear as we proceed.
Let R = R4 + iRl + jR2 + kR3. The sum of quaternions Q and R is
defined as

S = Q+R = (Q4 +R4) +1i (Q1 + R1)
+3(Q2 +R2) + k (Q3 + R3) . (E3)
Frem this Jefinition we can see that the sum operation is commutative

and associative. We can now give the complete definition of the product
operation o:



P = QoR = (Q4 R4-Q1R1-Q2R2-Q3R3)
+ i (Q4 R1 + Q1 R4+ Q2 R3 - Q3 R2)
+ j (Q4R2 + Q2 R4 + Q3 R1 - Q1 RJ)
+ K(Q4RI+Q3IR4+Q1R2-Q2R1) . (E4

With this definition we can show that o is associative and distributive but
not commutative, i.e., Q o R # R 0 Q. We shall call any quaternion
having zero imaginary part a scalar and, obviously, the algebra of
scalars is just the algebra of real numbers. Thus, multiplication of a
quaternion by a scalar simply results in a quaternion whose elements are
multiplied by that scalar according to definition E4. We can now define
the difference operation as

D = Q-R = Q+(1)oR . (ES)

For convenience, we shall always omit the o when multiplying a quater-
nion by a scalar so that (-2) 0 Q = -2 Q.

By analogy to complex algebra, let us define the conjugate quater-
nion to Q. The conjugation operation will be denoted by ( )*. Thus

Q¥ = Q4-iQl-jQ2-kQ3 . (E6)

So far all of our definitions have been extensions of those for complex
numbers as can be seen by assuming Q2 = Q3 = R2 = R3 = 0. Thus the
complex number system is a subset of the quaternions. It can be easily
seen that

Q*0Q = QoQ* = Q1 Q1 +Q2QR2+Q3Q3I+Q4Q4 . (ET)

Note that Q* o Q is a pure real number or scalar. With this observxztion
we can define the inverse:

Q! = (1/(@*0 Q) Q* = Q*(Q*0Q) ; Q% Q # 0 .(ES

Finally then, we can define a division operation:

Q:R = QoR 1 . (E9)

78

e



We can see that Q : Q = Q o Q_l = Q_1 0 Q =1 so that Q~1 satisfies the
necessary properties of an inverse as long as Q # 0. This will be useful
later.

We need some additional results and definitions. First we can show
that

(Qo R)* = R*¥o0 Q* . (E10)

If the quaternion Q = Q*. then Q is necessarily a scalar. Also, if Q =
-Q*, Q is purely imaginary or a vector quaternion. If V is a vector
quaternion, we shall designate this by an underline as is also used to
designate a 3-space vector, i.e., (i, j, and k will not be underlined)

V = 1iVl+jV2+kV3 . (E11)

For compactness of our notation we shall let

Q = Q4+Q , (E12)
where

Q@ = 1Ql+jQ2+k Q3.
Thus

QOoR = (Q4Q4—Q-R_)+Q45+R4g+gx§ . (E13)

The operations + and x are defined as for 3-space vectors so that

Q- R

i

Q1 R1 + Q2 R2 + Q3 R3 (E14)

and

1
x
j=
il

1 (Q2 R3 - 93 R2) +j (Q3 R1 - Q1 R3I)

+ kK (Q1 R3 - Q3 R1) . (E15)
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For vectors A and B,

AoB = -A-B+AxB . (E16)

In general the product of quaternions mixes scalar and vector parts
together so that this produce is not very interesting in the study of
rotational motion in 3-space. The triple product

Vi = Q*oVoQ (E17)

is more interesting since it does preserve scalar and vector parts of V
without mixing them. This property is trivial for the scalar part of V
and follows for the vector part sun.c2

V¥ = (Q*oVoQ)* = -Q*oVoQ = -V . (E18)

Hence as noted the triple quaternion product (E17) takes a scalar into
a scalar and a vector into a vector for any quaternion Q. Furthermore,
the length of the vector |[V| =/V * V and

<
<
|

Vio V¥ = Q*oVoQo (Q¥o VoQ)

1]

(@*0o Q) Vo V* . (E19)

Equation (E19) indicates the triple product (E17) multiplies vector length
by the factor Q* o Q which is a real number. We note that if Q* 0 Q =
1, vector length is preserved and the vector muapping V - V' looks like
a rotation operator. It is a linear operator in that aA + bB - aA' + bB',
Restricting ourselves to normalized quaternions which preserve length,
we see that E17 is equivalent to a rotation of vector V into V'. Since
we are looking only at normalized quaternions, we can without loss of
generality, represent Q as

Q = cos ¢/2 +sin ¢/2u ; where u-u =1 . (E20)

The triple product equation (E17) can be combined with equation (E20)
to give
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P2

o Ao

V' = cos ¢ V-sinpuxV+(l-cos¢)uu-+Vv . (E21)

Equation (E21) is the general form of the rotation of a vector V about
axis u through the angle -¢. That this is true is seen by exammmg
the rotation operation. Clearly any vector along the rotation axis u is
not changed by the rotation so that if the vector V is broken into parts
parallel to and normal to u; i.e.

V=V +V ,wherezn=y'~_g_gandv-g=0

We must also have V'= yu + V' i where V! - u =20 and y_" =V' .
Since Yl and X‘l are normal to u, we can express y_'l as

szxgx\.ll+ylix(1_jx\ll) . ) u23)

2 2 v
- t . = - - 7 -+ = nd V vo=
Now Vl Vl lVll cosq = Yl'vl] y =cos aa vy, *Y

:yllz sin o u and thus x = sin o; where a is the rotation angle. Com-
bining, we obtain

Vi, = sinouxV -cosaux(uxy) (E24)
and

Vi = uu - V+sinauxV-cosaux(uxV) . (EZ25)

The equivalence between equations (E21) and (E25) for a = -¢ is
established. Thus, the mapping (E17) is equivalent to a rotation
operator in a vector 3-space. Since the coordinate directions are also
vectors, we can rotate the coordinate system instead of the vector.
Rotating the vector through -¢ yields the same components V' as
rotating the coordinate axes through ¢. Thus we can 00k at V' as a
new vector formed from V by rotation and expressed in the old axis
system or as the old vector expressed in new axes rotated relative to
the old. We have now demonstrated that any coordinate system rotation
can be represented by a quaternion. Note that if  satisfies equation
(E17), then so does -Q. Looking back at equation (E20) tells us that
-Q corresponds to ¢ + 360 degrees which represents the same attitude
¢ does.
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We now look at the time variations of Q. Since @ is constrained
to be nornialized, we necessarily have

d/dt(@*0 Q) = 0 = Q*0Q +Q*0Q . (E26)

We see from equation (E26) that Q* o Q = -(Q* o Q)* and hence must
be a vector. Let us define this vector by

Q*0Q = 1/2 w (E27)
+Q = 1/2Qouw (sinceQoQ* = Q*¥0Q = 1) . (E28)

We shall see the reason for the 1/2 factor later. When we evaluate the
rate of change of a vector with time in two reference frames, we find

\l:Qoy_'oQ*+QoX’oQ*+Qo!'oQ* . (E29)

Using equations (E28) in (E29),

1

V = Qo [V +1/2(woV -V ouw]oQ* (E30)

V = Qo([V +uxV]oQ* . (E31)

il

Now the reason for the factor 1/2 becomes clear. It is so that we can
identify w. Equation (E31) is exactly like the corresponding equation
for 3-space vectors if we identify n as the angular velocity of the primed
reference frame expressed in primed coordinates. This identification
follows from the fact that equation (E31) holds for an arbitrary vector V.
Thus, u is identified as the relative angular velocity of the primed axes
with respect to the unprimed.

The above discussion completes the basic development of our
quaternion tools. We now turn to the problem of developing a more con-
venient notation. The most logical choice which comes to mind is a
matrix representation. The quaternion Q would logically become
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Q1
Q2
Q = Q3 . (E32)

Q4

Looking back to the definition equation (E4) of the quaternion product o,
we see that for P = Q@ o R we have

Q¢ @3 Q2 Q1] [r1
Q@3 @4 -1 Q2| |Rrz|{ , .

P = |q2 o1 ai Q3| |rs| ZQR - (E33)
Q1 -Q2 -Q3 Q4| |mra4

(See Notes at end of Appendix E.) Similarly, if D = A o B o C, then

!
1

D = AoBC = ABC = ABC . (E34)

This result shows that the set of matrices of the form (:2 have the
properties of the gquaternions and in fact comprise a matrix representa-
tion of quaternion algebra with matrix multiplication corresponding to o.
We can also express the quaternion product in the alternate form

Ra R3 -R2 R1] [qQ1]
-R3 R4 Rl R2 Q2
R2 -R1 R4 R3 Q3
-R1  -R2 -R3 R4 Q4

e - - -

[

g}
it

T

=
&

(E35)

(See Notes at end of Appendix E.) Here the mapping also yields a
matrix representation except the order of the factors must be reversed.
Thus, we have

=l
O

P = QR =

fsul]
@
I
cl
foe] |
>

A

c
1l

(E36)

=
o
@
1
cl
ol
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According to these definitions and results, we have

>
tn
o}

n
>
ci
w
il
ol
ol
>
i
ol
>

B . (E37)

=

Thus, an interesting and sometimes useful result is that AC=CAaA.
Let us now look at our previous work and make use of these new
definitions:

V' = Q*O\_’OQ > Y~' = 6*§‘Q = Q*TQY_ . (E38)

Note that we now have a matrix formed from Q which rotates coordinate
axes and produces V' from V. Linear vector spaces are also represented
by matrices. The 3-space vectors, V and V' are related as

Vi = MV . : (E39)

Here M is a 3 » 3 matrix which transforms components of V to primed
coordinates. Referring back to equation (E25) and replacing a by -¢
we see that

M =111_1T—sin¢)ﬁ+cos¢(1—t_11_lT) . (E40)

(See Notes at end of Appendix E.) The matrix U is the so-called cross
product matrix and just happens to be_the upper 3 x 3 formed by
dropping the final row and column of U. The matrix 1 is the identity
matrix of the appropriate size to fit the current application. We have
already shown the equivalence between M and §* 7. Let us look more
closely at the latter since it is 4 x 4. We can partition the double-tilde
or double-bar matrices as

. Qia Rk
Q = Q41+ | Q = Q,1+|[---=-- ---1 . (E4D)
m | [}
QT 1o QT 1o
1

Since Q* 0 Q =1, Q* = Q ~ so that Q* Q = 1. Also, Q* = Q(transpose)
so that
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*Q =|——m—— LTI ZI L) (E42)

Hence M = Q42 1-2Q4 6 +2Q Q_T - Q2 1. In expanded form

2Q1 Q2 + Q3 Q4) 20Q1 Q3 - Q2 Qb
2002 Q3 + Q1 Qb (E43)

-le - ()2z + ()32 + Q-l2

LR T P
Q1™ - Q27 - Q37 + Q47

M = ]2(Q2 g1 - Q3 Q4 —Ql2 + Q22 - Q32 + (-.)42

2Q3 Q1 + Q2 Q4) 20Q3 w2 - Q1 Q@)

From equation (E28)

" 0 wd -w?2 Wl Q1T
-wd 0 wl w2 Q2
3 Q3
L-wl -w2 -w3 0 J L Q4

. (E44)

<

L]
O] =
o
(o}
i€

4
B
fen
O

It
8] -

w2  -wl 0 w

Equations (E43) and (E44) summarize the useful rcsults from our
discussion.

We are now ready to consider the questior of successive rotations
applied to a coordinate reference. A coordirute frame rotation is a rigid
displacement of all the points in the cystem with a fixed axis passing
through the origin. Thus, it would seem that several successive rota-
tions should displace every point except the origin. [Let us now consider
the coordinate frame as a rigid body and determin2 the most general
displacement of it which keeps one point fixed. We must first explain
what is meant by a rigid body displacement. A rigid bocy displacement
is one which preserves distances between evary possikle pair of points
in the body. The displacement is mathematicslly represented as a vector
function f. This function then has two basic wropeities:

1) £(0) = 0

2 lf(ry) - fey)| = e, -l . (E45)
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To study this in more detail, we define two additional points r, and r,
together with their images under f, f(r)) and f(r,). Let f, = f(r,) and
f, = f(ry). Let us define unit vectors

i = 31/[1_'

1=
|

f,/1e

o N

1
(E46)
T T T o= D -y
s _2 -
‘1_2 Ly ii| lf_z £, - ':119,1'

The vectors i, j, k and Up» Ugs U4 each form orthonormal bases for 3

dimensivnal space. An arbitrary vector r can be expressed as

r = xi+yj+zk . . (E47)
The corresponding f(r) =1f u,+ fy u, +f, u,. Condition 2 of equation
(E45) can only be satisfied if

fr) = xu +yu tzu, . (E48)

Thus we can define two functions f+ and f- that both satisfy equation
(E45) and map r, into f, and r,intof,. The function f- can be viewed as
the reflection (x,y,z) > (x,y.-z) followed by f+. We are only interested
in continuous transitions from an initial position to a final position and
thus reflections must be eliminated since it is not possible to go from
(x,y,z) to (x,y.-z) continuously without violating condition 2 of equa-
tion (E45). Thus continuous rigid displacements can only occur in the
form f+. This function can be written out as

f(r) = xg1+y u, "233 = uxl+(xy]+azk (E49)
o = xup-didyu, - itzu, i
uy:x.‘“_l_l'J’LYEfz'J*'z‘_l_;;‘J (E50)
uélxp_l-k+y1_12‘k+zg3'k
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Equation (E50) can be rewritten in the matrix form
a .= Mr . (E51)

The vectors o and r are of the same length and since this must hold for
all pairs o and r we must have that

MIM = 1 . (E52)

Equation (E52) also implies all eigenvalues of M are of unit magnitude.
The eigenvalues and eigenvectors of M may be complex so that if M x =

A X, then §T*MT Mx=1= \*Ax *x, For 3-dimensional space M must
have at least one real eigenvalue. Since M is real, its eigenvalues must
occur in complex pairs. Therefore at least one eigenvalue of M must be
equal to 1. The value -1 could not be acceptable since it would imply
M u = -u which would be a reflection and already ruled out. Thus, we
have that det M = 1.

The matrix M is now looking very much like a rotation since the
eigenvector u is an eigenaxis. All we must do now is to determine the
angle of rotation. Along with the elgenvector u, let us define unit
vectors v and w such that u, v, w is an orthonormal basis set. Also,
we assume W = u x V. With these definitions we can express the matrix
M as

uT + ... + M, W wT . (E53)

_ T T
M = M, ,uu +M,uv +1v121 u 33 W W

11 — = 12 = —

From the fact that M u = u and that mMIm=1 equation (E53) reduces to

T
M= uu peyt rwwD raww cwyh s pieat =1,

(E54)

We can now eliminate the vectors v and w from this equation by use of
the proper function of u. Thus

M = uul +p(l-uu)-qi . (E55)
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This completes the proof that the matrix M is a rotation matrix. This is
now obvious from inspection of equation (E55) by comparing it to equa-
tion (E40) with p = cos 4 and q = sin ¢. Thus the most gener:l dis-
placement of a rigid body (or transformation of a coordinate system) in
which at least 1 point remains fixed is a rotation about a fixed axis

i.e., the final orientation can be obtained from the original by a single
rctation about the axis u through the angle ¢ (u and ¢ are determined
from M) even though the actual motion from initial to final may have been
more complex.

What all the previous discussion boils down to is that the product
of a pair of rotations is itsclf a rotation. Thus, if M, and M, are rota-

1 2
tions about u, and u, respectively, then M, M2 = M3 is also a rotation
through some uangle 4. about some axis u;. In fancier terms the set of

rotations forms a group under matrix multiplication.

The results of our previous discussions now suggest some new
notation that may aid us in keeping up with the multiplicity of coordinate
systems that must usually be dealt with in analysis of spacecraft rota-
tional dynamics, To vemain completely general, let us consider three
coordinate frames A, B, C. We shall let the symbol [BA] represent the
rotation matrix which transforms a vector expressed in the A frame to a
vector expressed in the B frame.

vB oA v (E56)

For convenicncee we use the notation superscript (A) or (B) etc. to
indicate which coordinate frames the vectors are being expressed in.

It the superscripts are not specified. it peans that the coordinate frame
is implicit in the definition of e symbol or tbet it doesn't matter as
long as all vectors are in the same frame. 'We aic ere more interested
in the rotations [BA] ete. There are three :iutatior: between pairs:
AB, BC, CA. From our previous work

[CA] = [CB] [BA] . (ES7)

Corresponding to equation (B57) is a quaternion relation of similar form.

First, since \;"((') = [CA] \_’_( A), v:e have

<) (A)

Qoat oV P o qu, - (E58)

v
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Here, QC A is the quaternion corresponding to [CA]. Thus analogous
to equation (E57) we have

C s
y_( ) QCB* o QBA* o !(A) 0 QBA o] QCB . (E59)

Interestingly, we see that QCA = QBA o] QCB so that the factors occur

in reverse order from equation (E57). However, if we use the double-
bar operator we can multiply in the same order, i.e.

Qe Wa -

QCA (E60)

This result is the one which we wish to use analogous to equation (E57).
Equations (E57) and (E60) have an easily remembered form and in fact
behave as if multiplication cancelled the terms appearing on the inside.
This makes it quite casy to construct chains of transformations to any
desired system. In this notation we sc¢e that

(BA] = (AB]Y = (aB]"! | also

-1
¥
Qup Qp .

QBA (EG61)

Finally, there are some useful tricks with the new notation we have
defined. Referring to cquation (128) and adding the subscripts we have

- . ~ ‘ L (B) . (B)
defined, we have Opa © 0.5 QBA O ipaA - The vector YBA
angular velocity of B relative to A with components in B. Consider the
quaternion QCB’

is the

. Ll (O ©
Qe * 2%z T 2% %\ %A T IBa )

2 ] ! (€) - _1 * " (B)

= 2% °Zca T 2% \%B %A © %

- 1 (C) _ 1 (B)

) QCB ° Xca 2 uA © QCB
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or in matrix form
>

: L1 f=C) =2 (B) .
Qep = '2('-‘-;A “BA )ch : (E62)

The utility of equation (E62) is most apparent when we use it to compute
the attitude error of a spacecraft relative to a moving or moveable

reference. Note that the components of TCE\L) and L"‘B‘S\B) are expressed
7
in different frames. Normally, '»"'s‘f\U) would come from rate sensors
(BY

which are body fixed while is a commanded manecuver rate which is
y

BA
naturally defined in the moveable reference. This equation then allows
us to use both quantities direcetly without either being transformed.

It often becomes necessary to compute the quaternion correspond-
ing to a given rotation matrix. i.c.. find Q given [BA]. We have
developed a computer algorithin to do this, :

1) Define matrix

8 A,

;32
i
| Ay
T A { H
f Ay
i e~
i \SZ /\13 *A.“ :lI'A ]

A Is the given rotetion,

2) S' s vshoa - e AL
3) 1 = max 8 tindex o” largest clement along diagonal of 8').

A P N TN

. ety A <
1 fo (]4 0

) Q. - . spn th posgn o=
U +1 for Q@ 2 0

Another uscltul and perhaps obvious technique is the expression of the
quaternion resulting from a sequence of LKuler rotations (rotations about
coordinate axes):
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P s A ]

e - 5 A 0 0 N P 0 0 o A AT A e 235 TN i oS e

_ ¢y P
QBA—(C—2~+ES—§-O C—-2—+EZS-§‘ O ...

e

where 8§ A sin and C cos. The corresponding rotation is [BA] and

is given by

(BA] = logl; - [ogly [0y]

I
The vectors u can be any of the three coordinate axes [l,O,O]T,
(0.2,007 or 0,0,1T. 1f u = 11,0,07, then i, = 1, etc. We have

added the convention that a rotation bracket with a subscript is an Euler
rotation about the indicated axis. As an example consider the quaternion
formed when i1 =1, i2 =2, i3 = 3:

L Y2, o %2 ¥3 ¢

9Ba =(C'2—“57>°(C"z‘+ls‘z— °\Cz *kS73
¢ ¢ ¢ ¢ ¢ ¢
- 1 2 3 1 2 3
= CpCxCr Sy Sy Sy

by by 0 6, 0 ¢3>
+](c——zs——2c—~2—s—zc-—2s—2
b by 0 6y 0y 0
1 2 '3 1 2 3

i k<c”2"c‘2“s"2‘+ S"‘S’z‘c"z‘) '

the corresponding [BA] is

)



Co, Coy i 8¢, S¢, Cdy + Cd; Sog

' y hl

" Coy S0y | - S0y Soy 895+ Coy Coy
i

|

1

S, -$¢, Co,

- Coy 5oy Cog + 8¢y S04
Co, 86, Soq + S0, Cog

Co, Co,

In this brief exposition, we have developed a number of useful quaternion
results and notations. This by no means exhausts the possibilities. The
available quaternion literature does not present the material in an easily
applicable form and thus this short development is presented to fill that
gap.

NOTES: The ifollowing notes apply to the previous discussion:

1) We use Q 4 rather than QO for convenience. Since these

quaternion equations will be adapted for the computer and since 0 is not
usually allowed as a subscript it becomes necessary to use something
else. We desire to use 1, 2, 3 for the vector components, hence Q4 is
the real part; )

2) The symbol ~ is called double tilde and the symbol = is called
double bar;

3) We shall define
¢ -Q Q,
Q =]Q v  -Q
Q, Q@ 0

which is the tilde or cross product matrix for the 3-vector Q.
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APPENDIX F
STEREO VISUALIZATION WITHOUT OPTICAL AIDS

(Cross-eyed Stereo)

On many occasions in engineering and physical analysis it would be
useful to be able to sketch in three dimensions. This would be especially
helpful in the study of the rotational motion of spacecraft. To fulfill this
wish in many cases, we have used a convenient technique which requires
no optical devices other than one's eyes and some graph paper. All that
is required is a stereoscopic pair of images. One additional capability is
necessary. The observer must be able to cause the lines of sight of his
eyes to converge; i.e., one must cross one's eyes. The stereo projec-
tions are formed as shown in Figure F1. The images are reversed and
viewed as in Figure F2. With a little practice, one can easily learn to
reconstruct mentally, the 3-dimensional scene from the reversed stereo
pairs. In Appendix G there are several stereo views of the various
equilibrium attitudes for the Skylab vehicle. The Skylab is represented
as an idealized "wire-frame" model which is transparent. The interested
reader should try several viewing distances (the farther away the page
the less crossing of the eyes is required and the easier it becomes to
focus the images). Squinting may also help as it increases one's depth
of focus. When one first looks at a stereo pair, one focuses on the
page and sees two similar but separate images. As one begins to cross
his eyes, the two images become four. Continue crossing the eyes until
the interior pair of images come together. Since the line connecting
corresponding points on the images must be at the same angle about the
line of sight as the line connecting the eyes, it may be necessary to
rotate the pages or rock the head until these two images become super-
imposed and seem to merge into a stereo image. This technique does
require some practice but once mastered it can be very useful for easy
visualization in 3 dimensions.

If a computer with plot capability is available to us, we can con-
struct the necessary stereo projections from a set of points and lines
that represent the object of interest. We have referred to such a
representation as a wire frame model because of the appearance of the
image. Let P be a representative point of the model. Each point P is
projected into the picture plane S as shown in Figure F3. The point P
is projected to the eyepoint E and the line PE intersects the picture
plane S at P'. P' is the projection of P onto S. The set of all points
P' projected from object points P together with the connecting lines form
the desired projection. We set up a reference frame in the plane S. To
do this, we must specify which way is up (so to speak). Let u, be a
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1

unit vector in this direction and u_ = u x 2 is a unit vector in §

pointing to the right. We place the origin of the S coordinate reference

at O. Observe that r,=rpt d %; where r, and r, are position vectors

of O and E respectively. From the geometry shown in Figure F3, we can
see that

zpv = rn t (}lp - _I:E) d/s - (Ep - F.E) .

From this we can compute

Xpi = (@pr " Ig) - W,

Ypr = (xp, go) Ty,
Since X - u = £ u, =0,

XP' = (rp' Eli) y.l

Ypr = (Fpy ~ L) cu,

The set of points (xp,, -VP') plotted conventionally forms the desired

projection. Size can he altered by scale adjustments. These projections
are then placed as desired. Also, the values used for d and eye separa-
tion s are arbitrary and can be adjusted for convenience or eye comfort.
In real life s = 65 mm and d = 250 mm for comfortable reading; however,
it may be more comfortable for d to be larger. Some initial experimenta-
tion with this technique should establish desireable settings.

We have developed some APL software to produce such images.
This software was used on our Sigma V computer and is presented for
the benefit of the interested reader with a background in APL (See
listing at end of Appendix H.).

The software consists of three functions: 1. STSETUP; 2. STROT;
and STEREQ. STSETUP allows the user to specify the various parameters
for the observer such as d, s, 7, ete, STROT allows the user to rotate
the line of sight and the observer position to view the object from a
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different angle without changing the viewing distance or eye separation.
STEREO is the function which takes a set of points connected by straight
lines and forms the stereoscopic projections. Usually these functions are
driven by another function which is set up to draw the object of interest.
A function called SKYLAB does this for us in this case.

LEFTEYE

LEFT IMAGE o \ ﬂ
RIGHT IMAGE
BRAIN

Ep
RIGHT EYE
S
Figure Fl1. Stereo projection.
RIGHT IMAGE
LEFT IMAGE
€r

Figure F2. Stereo reconstruction by cross-eyed viewing.
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APPENDIX G

COMPLETE TEA SET
(Cross-eved Stereo Doubles)
Figures G1 through G12 show all the available TEA's for an altitude
of about 200 km (108 n.mi.). The nomenclature is derived from the
general directions of the vehicle X axis (first letter) and the vehicle Z

axis (second letter) with respect to the L system.

The axes can point

N north

S south

U up

D down

F forward

B backward

The top set of 3 x 3 numbers7 in each figure is the direction
cosine matrix from the L system to the A system. Further the BAR
angles and the y's are given. The vehicle Z axis beta is the elevation
angle of the vehicle Z axis with respect to the orbital plane.

The point of view is from behind the vehicle, slightly south of the
orbital plane. The axes shown are these of the L system. The Y axis
points to the north, the Z axis points up, and the X axis points forward
(into the paper plane). The vehicle is moving from the lower left to the
upper right.

7. In APL computer lunguage the minus sign is a superscript minus
(to distinguish it from the subtraction operation).
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APPENDIX H
TEA SIMULATION AND GROUND SUPPORT

To assess the feasibility and refine the techniques of TEA control,
we had to develop a simulation. Simulation tools already existed to some
extent as a result of our work on EOVV control. These were modified
and extended for TEA. The details of the theoretical background for
most of the development of TEA control are presented elsewhere. We
shall concentrate on a few additional areas.

IBM also had Skylab simulations left over frcm original Skylab days.
These were used to verify the control schemes we developed and also to
verify the resulting new flight computer code. In addition, they were
used to confirm our ground procedures and to predict TACS propellant
usage [2].

The computer and the programming language are of fundamental
importance to the success of this effort. The computer used was a
Xerox/Honeywell Sigma V. We were most fortunate to have ready access
to this machine together with timesharing hardware and software. The
language used was APL, a high order, interpretive language which
offers high computing power together with a relatively simple syntax.
Since the language operates on the tensor or array level, it is a highly
compressed language, allowing one or two lines of APL code to be
equivalent to dozens of lines of Fortran. TEA control and EOVV control
could not have been successfully accomplished in such a short time and
low manpower effort without the efficient use of APL and the Sigma V.
As an example, we were able to assemble virtually from scratch within
one week a complete dynamic simulation of Skylab EOVV with 3-axis
rotational dynamics and CMG control.

For TEA we modified the Skylab EOVV simulation primarily by
redefining the momentum desaturation technique. Since we had to
simulate many orbits of TEA operation to assess its behavior, we had to
adopt a somewhat modified approach. To speed running time of the
simulation functions, it was desireable to lengthen the integration step
being used by an order of magnitude. This was done by sacrificing the
body rotational dynamics. A slow running version of the TEA simulation
was maintained with rotational dynamics in it to spot check this fast
version but was not used much because it proved too slow. We assumed
the vehicle control was perfect in maintaining the vehicle at its
commanded attitude and that small maneuvers were made instantanecously.
These changes in attitude were made at the beginning of the integration
period and afterwards only gyro drift caused attitude changes relative
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to the local vertical reference. To improve accuracy the vehicle torque
was computed twice during each cycle: at the beginning and at the end
of each step. The attitude maneuver made to desaturate the angular
momentum was assumed to be made at the beginning of each step. The
torque was calculated for the new attitude at the beginning. Since the
position may have changed at the end of the interval it is calculated
again and averaged. With this technique we were able to obtain good
results using a 300-sec integration step which was also the TEA desatura-
tion interval. This allowed us to simulate 1 day of orbits in about 5 min,
if we had priority demand on machine time. This was provided in the
month prior to initiating TEA control and allowed us to develop and
refine our operating procedures including those used to initiate TEA
control.

In addition to the simulation, we developed many analysis tools.
As can be noted by examining the listings at the end of this appendix,
there arc many functions including simulation functions, support func-
tions, plotiting functions and auxilliary functions. This set constitutes
the library that was used in developing the TEA control schemes and in
maintaining TEA control once it was estublished. Various subsets of
these functions were used, depending on the application,

Attitude dynamics in the slow simulation was simulated using the
Newton-Euler rigid body rotational equations

Hpe 7 Lok ™ 2yvk * Hpgo

The total system angular momentum [—!Tk was made from the sum of

vehicle and CMG momentum. The CMG momentum was computed from the
gimbal angles which were determined by integration of the rate commands
coming from the CMG steering law of Reference 5. These rate commands
were assumed to be provided by the CMG gimbal dynamics except for
gimbal rate limits and stops on the angles. The vehicle position was
determined by integrating the vehicle angular rate. This rate was
obtained f{rom the vehicle angular momentum by use of the inverse
moment of inertia tensor or in dyadie form,

, -1, -1
dve T oLy Wk T Honek)
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In the fast simulation, measured body rate was assumed controlled
to orbital rate and the true rate Wy Was then determined by subtracting

the gyro drift and dividing by the scale factors as in

4 -1 . -
wyk = Esx * W T 9py)

The CMG momentum was then

Hemok = Box " Lvk " @vk

The total torque from external sources, ’—r—Ek’ is made up of aerodynamic

and gravity gradient torques as developed in previous appendices. The
position variables used were quaternions as explained in Appendix E.

After the TEA control was developed but before it was initiated
in flight, the simulation was modified to convert it to a tool for the
training of ourselves and the JSC and MSFC flight controllers who would
be interfacing with the vehicle when the time came. We were able to
run many practice sessions prior to actual TEA initiation. We had not
been able to do this for EOVV and paid the price for this on several
occasions. As a result of these training and practice sessions, we
learned much on how to maintain TEA even in the face of large simulated
errors between data in the flight computer models and the real vehicle.
As a result we put ourselves in a much more favorable position to
enhance the probability of successful initiation of TEA control. We
learned how to prebias the rate gyros so that the strapdown would
intentionally drift in a favorable direction. This gain in experience was
crucial to overall success.

On the following pages, the simulation functions are listed. The
first four (ACR, AFMT, AGRF, AWM) are proprietary and cannot be
listed. Only AGRF and AFMT are used by the simulation to support
graphics and data formatting. ACR and AWM are used only for listing
all functions in an APL workspace and are not otherwise required.
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LEARA DBARAFAR DBARASUP DCD DDDDER DECMG DEGA DEGQ
DELG LENS DESAT DET DFDOY DFHEX DFOCT DFS DH
DOYFALT UPH DFWK UPWERA DR DKAW DRAWN DRAWNS ODKIFT
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[2]
(3]
(4]
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[8]
(9]
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(11]
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(161

e
W N -
[V X

C+4d X B

A NORNALIZED CROSS PRODUCT

C+(Al2 3 1IxB[3 1 2))-A(3 1 2)xB[2 3 1]
CeCt(+/CxC)*0.5

k«ADEG A HANG;:Q:S

A MAKES DIRECTION CGSINES OUT OF BIGENANGLE IN DEGREES.
Qetp0

QLY )+20HANG«0,5xKFDxMAG A

S+10HANG

QL1 2 3)eSxAtMAG A

k«AFQ @Q

AECONST

A COMPUTES AERODYNAMIC CONSTANTS REQUIRED FOR AERO TORQUE CO
MPUTATIONS.

KTAE+0.5%x79.,46x10,06

LUE+«DENS ALT«RMAG-KEA

+(IBM=1)/L

AHOAV«DB( 1) KBULGE+DB([2)xSEEKFL=0

+0

L:RHOAV+<RHOBASE*1+0.5xAMPx2%342

AETORQUE ;U3;CMA;CNB;SNB

A COMPUTES AERODYNAMIC TORQUE FROM RELATIVE VELOCITY AND ALT
ITUDE.

VAE+«1000xVEK+ . xRD-OMGEK X Kk

U«VAE+MAG VAE

AANG+=~20U[1]

KANG«UL[2]1ATAN UL3])

CMA«20AANG*x0,110

CNB+20KANGX0,110

SNE«10RANGx110
AECOEFF«(CNE+ . x(CMA+ . %xAN))+SNB+ , x(CMA+ . xEN)
+(IBM=1)/L1
RHO«(1-KbULGE*200M0T-THBULGE+01)xRHOAV

+L2

L1:BULGE+1+AMPx (1+4200MOT-THBULGE+01) %342
RHO«(BULGExXKHOBAST ~TEEKFL=0)+RHOAV=SEEKFL=1
L2:TAEK«KTAEXAECGL 7ixgROxVAE+ . xVAE
TAEK+«(34TAEK)-(ACG+ACGNOM)X FAEK+(#10.06)x3+TAEK

R«I AFEA A

m  ROTATION MATRIX FROM EULER ANGLES IN THE SEQUENCE I GOING
A FROM RIGHT TO LEFT FROM THE OLD TO THE NEW.

Re(I[3]EUL AL3))+.x(I[2]BUL AL2) +.xI[1)EVUL A(1]
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AvAFQ @
A DIR CUS MATKIX FROM QUATERNION
A«3 34+ (A«(RQDT Q)+.xQDE Q)(u;u)

ALT«ALTFDOY DOY3XI3YIsI

A INTERPOLATES TABULATED DATA TO ESTIMATE ALTITUDE FROM GIVE
N OZOY.

YI«TABDOY

XI+@TABALTNM

I+17(+/00Ye . >TABDOY)L 10
ALT+*XI[11+(L0Y=-YILIT)x(XI[I+1]-XI(Z1)+YI(I-1])-YI(I]

A«X ANYROOUT Y;I,N:P3Q

A YIELDS POLY&OMIAL WITH SPECIFIED EOOTS WITH REAL PART X
A AND IMAGINARY FART Y.

A 11 [« 1 ;h+pX X+ X
L1:4L2X1U:Y{1};Y*,Y
Pe-2xi[17:3«(X{71%2)+Y[I)%2

Av (A, U, 0)+(Fx(0,4,0))+@x(0,0,A)
+L3

L2:A«(-X[11x(0,A4))+4,0

L3:1+1+1

+L1x (1<)

)

AvY ATAN U
A L L UALGANT INVERSE TANGENT FUNCTION
A+ (200 {(U*x2)+C*2)*0,5)xS5¢|S

APMLf,1 KEFAQGRKR
A 7‘“g1‘hs ik SKYLAB ATHDC.
«»(”(7'1/51L’,
IEBK P« ik b s YRKPETYK BETAP«BETA; NUZEKP«NUZEK
JrRN
Bhae(Gikai )+ ~(ETLS NUZEK)+ . x(EUL1-RFDPxBETA)+ . x(EUL1 RFDx
BRPLF T x (VTLR-NYVKEFY+  xTKEKP
LU« ({07 )= ((02) [UMOT)-ETYK-ETYKEF) +0OMO
PhiLe P L+ TUREXOLS>(TMIL-T)Y+TORB
O AR TR
gfﬂé'fq" GCVRE )+ x{dIN LQEKE
sl LA 37
b <(,4<:Lﬂuh‘d)6 VelVe xOMV EH
u/',‘..
TaCoo bY+ (34 )xiV+ xOMV -THD
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[1]
£2]

v

v

grAXES
Q+S AGRF''a DRAWS X AND Y AXES FOR GRAPHICS.

KRTS+«BAIKSTOW A;Ni;M;E;P;Q:K3J;C;C:8Q3B;D; AP ,
+0x11>N+pA+1+A4+14A4A,E+«1p1E=~5,P«1,0pQ«2+M«0 ,RTS+10

+(2 3=pC+1 0,1*3+pB+0 1, N)/14 13
B[2]«A[2])+(-Px1pB)-Q,0pB{1)+A[1]-P,0pK«J+3

*4x N> 1+K«K+p ,B{K]1«A[K]+(-PxB[K-1])-@xB[K-2]
Cl(2)«B[2]+(-Px1pC)-Q,0pC[1)+B[1]-P

*6x \N>J+J+p ,C(J]+B[J)+(-PxC[J-1])-@xC[J-2]

+9x 1 N=22+p,C«C(N-1]-B[N-1]
+10,P«P+AP«((B[N-1]xC[N-2])-B{N])+D«(C[N-2]%2)-C
P+«FP+AP+«((B[(N-1]xC[N-2))~-BINIxCIN-3])+D+(C[N-21%2)=-CxC[N-3]
Q+Q+8Q+«((B{NIxC[N-2]1)-B[N-1]1xC)+D

+((200<MeM+1) ,E<(|A0Q)+|AP)/16 3

+((1=N),3sN«N-2)/14 3,0pA+«B,0pP«3-Q«2+M«0,0pRTS«RTS,QUAD P,Q
+0xRTS«ATS,QUAD 2pA

a LINE DELETED HERE

+0xRTS«RTS,(-4[1]),0

*SLOW OR NON CONVEKRGENCE'

A ‘A’ CONTAINS THE COEFFICIENTS OF THE N'TH DEGREE POLYNOMIAL
A SUBROUTINE °*QUAD' CALCULATES ROOTS FROM QUADRATIC FACTORS
A AN EXAMPLE WOULD BE SOLVING THE ROOTS FOR THE POLYNOMIAL

A (X x*5)+(2xX*xl)-(UxX**x3)-(20xX**2)-(33xX)-18 s INPUT WOULD
BE

A BAIRSTOW 1 2 =*4 =20 =33 +-18

A PROGRAMMED BY JOHN RICHARSON, 0.C.C.,C.5.7,SPRING*'70

ROUT«BAR KIN;S5;C;Q1;92;:43;:4Qu

A COMPUTES THE BANK, ATTACK AND ROLL ANGLES FROM QUATERNION
SET.

Q1«S+KIN;S«(pkIN+« ,RIN)+4

Q2+«S4+SYRIN

Q3«5+ (2x8)+RIN

Qu«(-S)+RIN

ROUT«DFRx~20(Q1%2)+(-Q2%2)+(-Q3%2)+Qux*2
ROUT+ROUT,[0.11(DFRx((Q1xQ2)~Q3xQu)ATAN(Q1xQ3)+Q2xQ4)
ROUT«(DFRx((Q1xQ2)+Q3xQu)ATAN(Q2xQ4)~-Q1xQ3),[1]1ROUT

BARANGS

A LISTS BAR ANGLES CALCULATED BY BAR FUNCTION IN TABULAR FOR
M.

‘I4,3F8.2°AFMTR®(1~14pQBL),[(1]1BAR =4 0+@QBL
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[s]

{11

BARAV : A

A ALLOVS GRAPHICAL DETERMINATION OF AVERAGE BAR ANGLES AND
A AUTOMATICALLY CALLS TEXPER?.

‘MARK ANGLES IN BAR ORDER °*

A«<O[2]

A«A,0(2]

A«A.D[?]

O«A;QAL+«QFA 1 2 1 AFEA RFDXA

PEXPERT

BEARS INT;T;SC;TSTOP

A DRAWS VERTICAL LINES ON A PLOT AT SPECIFIED INTERVAL.
SC+WHATSCALE

T«INTx[SCL[1]+INT

TSTOP«INTxLSCL2]1+INT

L:MARK T

+(TSTOP2T«T+INT)/L

Q+B0X
g+9 AGRF''a DRAWS A BOX AROUND GRAPHICS WINDOW.

BPRBANK

A BUILDS ARRAY PRBANK USED TO SIMULATE ASAP DATA.
PRBANK+3 <=184BAR PRQAL

PRATT+PRBANK[2;]

PRROLL+PRBANK([3;]

PRBANK+(<=18+4PRT),[0.1)PRBANK([1;]

RO«CHI RI;S;C;Q1:Q2:;Q3;:4Qu

R COMPUTES CHI ANGLES FROM INPUT QUATERNION AREAY.
Q1+S4RI;S+«(pRI«,RI)%Y4

Q2+S54S+RI

Q3+S54(2xS)vKRI

Qu«(-S)+RI

RO« (2x(Q1xQu)-Q2xQ3)ATAN(-Q1xQ1)+(Q2xQ2)+(-Q3xQ3)+QuxQu
FO+«RO,[0.1](2x(Q2xQu)-Q1xQ3)ATAN(Q1xQ1)+(-Q2xQ2)+(-Q3xQ3)+Qux
Qu

RO+DFExRE0,[1]+102x(Q1xQ2)+Q3xQ4
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P+«CHRPOL A3AKiXiN3B;S
a THIS PUNCTION USES LEXERIER'S NETHOD TO OBTAIN COBFFICIENTS
n OF THE CHARACTERISTIC BQUATION OF NATRIX A. THE COSFFICIEN

“m OF THE HIGHEST POWBR IS NORNALIZED TO UNITY.

A WRITTEN BY HOWARD B. WILSON, U. OF ALABANA
PeSe+/ AxB+(1N)o =10, 0pXe1+0xN+14pAK+A

L1:P+P, (&x«xﬂ)x( us)-*/t‘ﬁ-usw +/ ExAK<AK+ %A
¢L1K11<H '

Pel,-P -

RX«CP EA;SEBEXFL;R;RD;VLK;OMGEX;FAEK;TAEK;TGGK3TO0;F0;4CC

‘A ESTIMATBES CP OFFSET FROM FLIGHT DETERMINED EQUILIBRIA.

SEEKFL+1;R+(REA+ALT)xLEK([3;]; RD+OMOKx (REA+ALT)=xLEX[1; J;VLiKe1
2 1 AFEA B4 :
OMGEK*OMGK!(20LAZK)*LEK[2 ]

T0+TRQ VLK;ACG+0 0 O

FO+FAEK

RX+-ACG+(#F0+ . xFO)xF0O X TO

‘NEV SLOPE'

Q«NEWSLOPE+GETSLOPE EA

* CP OFFSET ‘;RX

RX«CPA;SEEKFL;:R;RD;OMGEK; FAEX ;TAEK;TGGK;TO;FO3;ACG VLK EA
A ESTIMATES CP OFFSET FROM SIMULATION DATA.

SgEKFL«i s RMAG*MAG R+(REA+ALT)xLEK(3;]:RD+OMOKx(REA+ALT)xLEK[1
s JsVLK«VL

OMGEK+OMGKx(20LAZK)xLEK[2;]

T0«TRQ VLK;40CG+«0 0 0

FO«FAEK

RX«-ACG+(+FO0+ xFO)xFO0 X TO

‘NEW SLOPE'

O«NEWSLOPE~GETSLOPE EA«l1 2 1 EAFA VLK

* CP OFFSET ':RX
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1]

(2]
(3]
(4]
(s]
{61
[7]
(8]
(9]
(10]

[11)

{12]
(13)
[14)
[15]
[16)
{17]

(1]

(1]

(11

(1]
[2]
[3l

V ACP+CPASUP;VL3kHOSIG;ONOKyALTBTLNON

A GROUND SUPPORT FUNCTION USED T0 ESTINATE CP OFPSETS FRON F
LIGHT DATA.

A THIS FUNCTION CONVERTS DATA TO PROPEBR FORMAT FOR CPA.
*INPUT ALTITUDE IN NAUTICAL MILES'

ALT+KFNx[]

. *INPUT ASCENDING NODE PERIOD IN HMS®

OMOK+02424 60 6040

‘INPUT ESTIMATED SOLAR SIGMA'
REOSIG+0 :

*INPUT ETLNOM' .

'ETLNOM<(]
“ *INPUT ESTIMATED L2 STRAPDOWN OFFSET IN DEG’

ETLNOM«~ETLNOM+.xEUL2 RFDx[]

"THE TRUE MOMENTUM BIAS IS ‘;ETLNOM
*INPUT @QBL'

VL+AFQQ

‘THE BAR ANGLES ARE ';DFRx1 2 1 EAFA VL
ACP«CPA

DAE
1 DRAWN'PRAE'n DRAWS AE VS TIME PLOT.

DA

1 DRAWN'PRA'n DRAWS STRAPDOWN OFFSET FROM SIMULATION VS TIME
PLOTS.

S DARROW A

STEREO FP+A+.xARROWxSa DREWS A STEREO ARROW FOR A 3-SPACE VE
CTOR.

DATE

ERASErR ERASES PAGE AND LABELS PAGE HEADING.

) WORKSPACE ',(129),5 AWM 1

! TIME= ';24 607(L(220)+#360)+10;"' DATE= °*;100 100 100TI25
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{10]
f11]
[12]

[13)
L14)
{151
f16]

- [17]

- (18]

(19)
[20]
[21]
[22)
23]
[24]
{25)
[26]
[27]
{28]
[29]
(301
£31]
(32]
(33]
(3]
{35)
{36]
£37]
[38]
[39]
{uo]
[41]
[u2]
[43]
Cuu)
(us]

)

DBANK;PRT ; AV ; TSTOP; N3 S3C3ANPBNPs PO FC1FS3823C238C;iCISI
PRTF

A BSTINATES STRAPDOWN ERROR FROM SIMULATION DATA SINULATING

ASAP DUNP.

NepPRT+PRBANK[1;]
PRT«DFRxOMOxPRT-(PRT(11-TORB|PRT(1])-TNID)
TSTOP«TOP PRT

- SI+10RPDxPRT ; CI«20RFDxPRT

FO++/PRBANK[2;); FC++/PRBANK(2; 1xCI; PS++/PRBANK(231xSI
C++/CI38¢+/5I3C2++/CInCI;52¢+/SIxSI;SC++/SIxCI
NAT+B(N,C,S),[1)(C,c2,5C),(0.1])5,58C,82
C+NAT+.x(F0,FC,PS)

AV+C[1]; ANP*C(?] BNP«C([3]

1 DRAWNS'PRBANK[2;]-AV'

0 DRAW(C+(ANPx20RFDxPRTF)+BNPx10RFDxPRTF)VS PRTF+30x0,1l
T'STOP+30

*DETHL WRT MIDNIGHT *;(-ANP),0,BNP

°SUGGEST89 DETHL *;(BUL2 OMOT+0MOxAT)+.x(-ANP),0,BNP

"THB AVERAGE BANK ANGLE IS °; AV

THE AMPLITUDE IS ° ((ANPXANP)+BNPKBNP)*0 5
' THE PHASE IS '.360|DFRK( ANP)ATAN BNP

DBANKPAR

*IS ,F9.1'AFMT 13 24PRTF,(1.1)C+AV
FO«+/PRATT ; FC++/PRATTxCI ;FS++/PRATTxSI;[)
C+«MAT+ . xFO,FC,FS
AV«C[1]);ANP+C[2];BNP«C(3]
1 DRAWNS'PRATT-AV®
0 DEAW(C+(ANPx20RFDxPETF)+BNPx1ORFDxPRTF)VS PRTF
'THE AVERAGE ANGLE OF ATTACK IS ';AV

THE AMPLITUDE IS ‘';((ANPxANP)+BNPxBNP)*0.5
* THE PHASE IS '3360|DFEx(-ANP)ATAN BNP
DBANKPAR

*IS,F9.1°AFMT 13 24PRTF,[1.1]C+AV
FO«+/PRROLL; FC++/PRROLLxCI;FS++/PRROLLxSI ;0]
C+MAT+ xFO,FC,FS
AV«C[1);ANP«C[2]);BNP«C[3]
1 DRAWNS'PRROLL-AV'
O DRAW(C+(ANPx20RFDxPRTF)+BNPx10RFDxPRTF)VS PRTF
'THE AVERAGE ROLL ANGLE IS ';AV

THE AMPLITUDE IS °3((ANPxANP)+BNPxBNP)*0.5
* THE PHASE IS ';360|DFRx(-ANP)ATAN BNP
DBANKPAR

*I5,F9.1'AFMT 13 24PRTF,(1.1]C+AV
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SRS Y

[1]
(2]
(3]

';u]

(5]
[6]
(73
(8]
[9]

1]

(2]

[3]

Cu]

[s]

[6]

(71

3

[9]

f10]
{111
[12]
{13]
[14]
(151
{16]
(171
(18]
[19]
[20]
{213
[22]
23]
[24]
[25]
[26]

V DBANKPAR

A PRINTS DATA BLOCK FOR STRAPDOWN ERROR ESTIMATE

‘0ODESIRED UPDATE 0.,13,0:0,12,0:0,12,0:0,F5.2°AFNT 1 4p
DFS T :

‘OMIDNIGHT TIME 0,13,0:0,12,0:0,12,0:0,F5.2"AFNT 1 U4p
DFS TMID ’

‘001 KEV DELTA TIME 0,12,0:0.12,0:0,F5.2°AFNMT 1 3p14DFS
TORB

*0OFIRST @BL TIME 0,13,0:0,12,0:0,12,0:0,P5.2° AFNTR~4 1%
-QBL :

‘0LAST QBL TIME 0,r13,0:0,712,0:0,12,0:0,F5.2°AFMTR~4 *1¢
¢BL :

DBANKSUP;NAME ; AT ;0M0; OMOT ;TGMTO;GMT0;QAL;T; PRQAL; PRT ; PRBANK §

TMID;PORB; PRATT ; PRROLL

A GROUND SUPPORT FUNCTION USED T0 ESTIMATE. STRAPDOWN ERROR F

ROM ' :

A ASAP DATA. THIS PROGRAM SETS UP DATA IN PROPER FORMAT FOR
DBANK.

‘HAS QBLSET FUNCTION BEEN EXECUTED WITH LATEST DATA?'’

‘ENTER Y OR N FOR YES OR NO'

+("YN*e0)/LY,LN

LY:'INPUT GMT OF DESIRED UPDATE IN DHMS'®

T+365 24 60 6010

‘OBTAIN FOLLOWING FROM CIRCLE CHART®

*INPUT MIDNIGHT GMT OF @BL SET®

TMID«+SFDO

*INPUT 1 REV DELTA TIME®

TORB«SFD 0,0

‘TO GET PLOTS OF BANK, ATTACK AND ROLL ANGLES °*

*INPUT CARRIAGE RETURNS'

PRQAL+=4 0+@BL;[

PRT«SFD 4 0+{dBL

OM0+«02:TORB

OMOT+«OMOxTORB|T-TMID

AT<«0

PRBANK«PRT ,[11(BAEK PRQAL)

PRATT«PRBANK[3;] -
PRROLL+PKBANK[4;]

PRBANK++~2 O+PRBANK

DBANK

+0

LN:'EXECUTE FUNCTION QBLSET BEFORE USING THIS FUNCTION'®
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(1]

[3]
[4]

(1]
£2]
[3]
Cul
(5]
(6]

[7]

KA
o

v DBAR;INDSX;IMAX;ST:I;PRBAR

A DRAWS BAR ANGLBS. SBLBCTS PROPEB ORBIT TO PLOT.
1 DRAWN'BAR (4 ,ILEG)+PRQAL'

HMARK 114

HMARK 93

HMARK =98.5

I«0

IMAX«+/ILEGSPRST(2;]

ST« (-IMAX)+PRST([2;]

L:I«I+1 '
INDEX+(ST(I]-1),S7[I],5T(I)+1

0 DRAV(PRBAR*BAR PROAL[ INDEX]))[1;1VS PBT[IHDBX]
0 DRAW PRBAR(2;1VS PRT[INDEX]

0 DRAW PKRBAR([3;1]vs PRT[INDEX]

+>(I<IMAX-1)/L

I«I+1

INDEX+=1+(ST[I])-1),8T(I],ST(I]+1

0 DEKAW(PRBAK+BAR PRQAL[;INDEX1)[1;1VS PRT({INDEX]
0 DRAW PRBAR[2;1VS PRTLINDEX]

0 DEkAW PRBAR(3;1VS PRTLINDEX]

DBARA

A DRAWS BAR ANGLES FOR ALL SIMULATION DATA.
1 DRAWNS'BAR PRQAL'

DBARAPAR

BARANGS

DBARAPAR

A DATA BLOCK PLACED ON BAR ANGLE PLOTS.

2v13 13 | '

‘OMIDNIGHT TIME 0,r3,0:0,12,0:0,I2,0:0,FP5.2'8FMT 1 U4p
DFS TMID

‘01 REV DELTA TIME 0,12,0:0,12,0:0,F5.2°8FMT 1 3p1+DFS
TORB :
‘0OFIRST QBL TIME 0,13,0:0,12,0:0,I2,0:0,F5.2°AFMTR~4 14
QBL

‘0LAST QBL TIME 0,r13,0:0,12,0:0,12,0:0,F5.2°AFMTR*4 =14
QBL
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1]

- [1]

(2]
£3)

(1]

v

v
v
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DBARASUPyNAMEQAL i PRQAL3 PRT;TNIDiTORBTSTOP

A GROUND SUPPORT PUNCTION FOR PLOTTING ASAP BAR ANGLE DATA.
‘HAS QBLSBT FUNCTION BEEN BXBCUTED WITH LATEST DATA?'
‘ENTER Y OR N FOR YES OR NO'

+(*vN'eQ)/LY,LN

LY:'OBTAIN POLLOVING FROM CIRCLE CHART'

‘INPUT MIDNIGHT GNT OF QBL SBT®

INID+SFDO

‘INPUT 1 REV DELTA TINE'

TORB+SFD 0,0

*TO GET A PLOT OF THE BAR ANGLBS'

*INPUT A CARRIAGE RETURN®

PRQAL+*4 0+QBL;0

PRT+SFD 4 0+QBL

TSTOP+TOP PRT+PRT-PRT(1]- TORBIPRT[l] -TMID

DBARA

+0
LN:'EXECUTE FUNCTION QBLSET BBFORE USING THIS FUNCTION'

bedb .
1 DRAWN'PRCD'a DRAWS DRAG COEFFICIENT VS I'IME PLOT.

X+«RD DDDDER R

A COMPUTES 3RD DERIVATIVE OF AR FOR INTEGRATION OF ORBIT D!N
ANICS.

X+ (-GME+R2%RMAG)%RD-0OMOKxEMAG=EX

XX+ ((3xGME+R2xR2xRMAG)*xR)+(DELG R)+.xRD

DECMG
1 DRAWN'PRECMG'a DRAWS ECMG VS TIME PLOT.

A«DEGA R;P
P+«QFA Rm COMPUTES EIGENANGLE FROM DIRECTION COSINES.
A«2xDFEx(=20P(4])x(34P)¢MAG 3+F

A+DEGQ R
A COMPUTES EIGENANGLE FROM INPUT QUATERNION.
A«2xDFRx(=20K(4]1)x(34R)+MAG 34R
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- DG+1000000%(GACCEL R+18+6,0 0)-GNON«GACCEL K
- DG+DG,(1. 111000000% (GACCEL. ‘Re0,18°6 .o)-onon
: DGfDG.lQOOOOO*(GACClL R+0 o.1x-s)-onon

DG+DELG R3GNON3ONOK;XTGG o |
n CONPUTES NUNBRICAL GRADIENT OF onavrrar:ounzfnacszxnnrzoa.

V. ReDBNS HiHL3HU
" Re2p0n  INTERPOLATES DENSITI FRON TABLE OF DENSITY VS ALTITUD

5.

‘HL*ifOl#/HSALTTAB

AU<BL+1

k(1)«RHOTABLHL)x»((ORAOTABLHU)+RHOTABLHL)) ¢ALTTABLHU)~-ALTTABL
HL))xH-ALTTAB(HL)

"K(2)*BULGETABURL)+((BULGETAB(HU)-BULGETAB(HL]) )+ AL?TAB(HY])~

ALTTABLHL))xH=-ALTTAB(RL]

"DBSATiA3A13A2 . T
- APL VERSION OF TEA SBBKING NETEOD USED FOR DSSATURA?IOH.
. ABP+AE

AENP+ABN

ETVNOM«AL+ .xETLNOM
ETACS+VLK+.xEOT+ . x(QVLK)+,xETACS
AB+BTS+EBTACS-BTVNON

ABN«AELIM LINMC AR

APHH«0.5%APHLIM LINC SLOPE+,.xAEM+AE~-ABP
ATHH+0,5%AL+ ,xATHL-KATHxATHLIML (ALL33)+ . xSLOPE+ . xABMP+AE~ABP)
[-ATHLIN

ATHL+0 0 O
AQAL+APT,(1-APT+.xAPT+APHH+ATEA)*0.5
VL+AL+AFQ QAL+(QDB AQAL)+.»QAL '
ETACS«0 0 0

AQVEK+APHH, (1-8PHH+ . xAPHH)*0.5

VEK+AFQ QVEK«(QDB AQVEK)+.xQVEK
VLK+VEK+ .xQLEK

A PRINTOUT

Y«DET X3I:K;V

I«(pX)[Ke1]

+(X(K;K1=0)/7

Ve(Kp0) ,(O(I-K)40X[;K])4X[K; K]
XeX-Veo xX[K:]

+(I>KeK+1)/2

+0,Ye+x/1 10X

Yex(Ke\I-K;K]=0

+(0=+/Y)/10

+3,X0K;)eX(K; )=(Y/01)X[K+1 I-K31)(1s])
Y«0

A COMPUTES DETERMINANT OF ARBITRARY SQUARE MATRIX.
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B«DPDOY A
o CONPUTBS DENS FRON DOY IN DECIMAL FORH.
B+385 24 60 00706“00:& o

ReDFREX X

Re16 16 16 161°440 0 0 0,Xn CONVERTS HEX DATA INTO DECINAL
ReDPOCT X

Re6 8 8 81440 O 0 0,Xn DECINAL PRON OCTAL CONVERSION.
Y+DFS X

7+365 24 60 60TXa CONVERTS SBCONDS INTO DENS.

Dl

1 DRAWN'OBX+.wPRETEX'a DRAWS HTEX IN O FRANE VS TINE.
DOY+DOYFALT ALTiXIsYI3I

A INTERPOLATES DOY VS ALT TABLE TO ESTIMATE DOY FRON GIVEN A
LT.

YI+OTABALTNN

XI«TABDOY

I«1l(+/ALTe STABALTNN)L10
DOY«XILI)+((@ALT)-YI[I))x(XI(I+1)-XI(I1)4YI(I+1])-YI[I]

DPH

1 DRAWN'PRAPH'a DRAWS APR VS TIME.

DPWEK

1 DRAWN'PRENK(1:)'a DRAWS SOLAR ARRAY ENERGY VS TINEB PLOT.
DPWRA; PRT

A DRAWS POWER ANGLE VS TIME FOR SIMULATED ASAP DATA.
1 DRAWN'PRPWRA(2;]' ; PRT+PRPWRAL1;]
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[ 3 N W R W WA B TN DY N

VY DR

& NENU OF PLOTS 70 GO THROUGR T0O ASSBSS SINULATIOR RUA.
DrQ

D0

XH;0

DA

XA;0

DPH (0 .

DrRO:D

DPWER;0

Q<L DEAW R;iC

+((v/Ce((A/1 umpL)v(1mppR)AA/~1 2 3¢pf),(A/1 2mppR),(1=p,fR)V
CA~A/</2 2pL) (~CelmpLe,[),1)/4 3 2,8+10

2 AGRF [

+0,p0+§

6¢' ERRORDRAW *,,(3 6p'LENGTH RANK DOMAIN®)[C1r13]

# GRAPHICS FOR DRAWING 2 OR 3 DIMENSIONAL PLOTS.

P DRAWN NAME;L:R;I;Ni;NI;S;A3Y1

A LABELS, SCALES, AND DRAWS MULTIPLE PLOTS ON A PAGE.
A+eNAME
I+*14p4

A+, A

Ne(pA)tI
NI«[I+P
S+(Px\NI)-P-1
STRAPIS 5
DATE

2v21 21

' PINAL VALUE OF ' NAME,' = °';A[Ix\N)
WINDOW 0.5 7.75 0.5 5.5

BOX

SCALE(-TSTOPx0,1),(TOP TSTOP),(-Y1),Y1«T0P((N,I)pA)([:85]
AXES

L1:0 DRAW A[SIVvS PRT(S]

A«IvA

+(0=pA) /L1
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Pub BB Job BB pb §ub A Jb D 0B WD D I O N F G N [
WOV E DN O b bl bl b bl b bl

et Sl Sl G Gl S S Sl el Sl

-
[
S b

V P DRAVNS NANByLiRi I NiNI3Y1:14:8

L]

L - ]

A+<NANEn PLOTS NANBD VARIABLE(S) V8 TINB ON SINGLE PLOT IN 8§
NALL WINDOW

Y1«T0P A
Jle=1¢p4

A« A
Ne(pA)el
NI«[IepP
Se(Px\AI)=-P~-1
STRAPIS S
DATE

' SINAL VALUB OF °' ,NANB,' s °*

WINDOW 3.8 7.8 0.25 4,25
BoX

SCALE(-T8T0Px0.1),(20P T8TOP),(~-X1),I1
AXBS

L1:0 DRAW ALS)vS PRT(S)
AeI ¢4
+(0=pA) /LY

D«DRIF?

n CONPUTBS ACTUAL STRAPDOWN BRROR FRON SINULATION DATA.
De-0BK+ . x(DEGA(RVLK)+ ,xVL)+ .xLBK

DRO

a DERAWS ALTITUDE VS TINE WIDH INITIAL ALTITUDE AS REFBRENCE.
1 DRAWN'-REA+ALTIC-MAG PRR'

brQ
1 DRAWN'PRTGGK+FRTABK'sn DRAWS TOTAL BXTERNAL TORQUE VS TINE.
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O REWGN ™ O Wl el el el ) Sl

e lalalalalelalel e lalal ol ol g —
St Gl Rl S G O O

OB 0B b B2 b b BB D D Y P N F O [ S X )

V BA«l BAFPA A0S

aTNIS PROGRAN CONPUTES BULER ANGLES FRON DIR COSIRE NATRICRS.
) I.RIADS FRON LBP? TO RIGAT TER ROTATIONS FRON TER OLD 20 TR
5 NBNW. '
aBA(1) I8 ABoUT AXIS I[1] BYC.
aPROGRANNRD BY JORN GLARSE 1-23-79.
U+3 3p1 000
+(Il1)=203))/2
S+0B? Yls1(1),102),1(3))
BAe=108%ALI[3);I(
(2)))ATan ACZ(3):1(3))),84
s201)))arAn ALI(1)3201])]

BA«((-SxalL(3):sI
lsﬁll.(-sﬂlflfﬂl
>
L1I03)+8-2(1)eI(2
BA«=204(1{1):1(1]]

s+0B? U(31011,202),1(9))

BA~EA ALILY FELTIARAN SxaLITa)iI[11)

BA-(ALI(1)3202))A2AN-8SxALZ01)32(3]))) .84

BDITQBL;I

n ALLOWS GROUND CONTROLLBRS 0 BDIT QBL ARRAY AFTER IT BAS B
BEN BNTBRED.

‘BNTBR A, I OR D T0 ADD, INSEBRT OR DBLETR A COLUNN PRON QBL'
+('A4ID'eD)/LA LI, LD

LA:"INPUT NEBW QUATERRION AND GNY'

QBL+QBL,0

+0

LI 'BNTER NUNBBR OF COLUNNS ARRBAD OF LINB TO BR INSERTRD'
QBL+(I-D)e(2])9BL

*ENTBR NEW QUATERRION AND GNT'

QBL+QBL,0

QaL«(-I+1)0(2)QBL

+0

LD: 'ENTER NUNBBR OF COLUNN 20 BE DBLETERD'
QDLO((D.I-1)0035).(O.I‘Q)OQDL
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YeR RIGVEBC AsN;I31K3X03Y03CO1BsLsN

A CONPUTES BIGBNVECTOR PRON GIVEN NATRIX ARD BIGBAVALUE.
Ie(N . N)o1,NpXeOxNel4pA

X0+0.002%°501+24p1001

+REBAL®\R(2])=0

CONPLEX1Y0+0,002x~501+PNp1001
COe((NnuR(2)02) ¢/ ,AxA+A=-R(1])n])#0.8

NeB(InR[2)02)¢A¢ xAeA=In1B*92L0

NeR(C2)uM, (D ,0)pleAs.uN

LOOPY Ve NRNLIZ((L* .%X0)=Ne.%Y0) ,(N+ ,nX0)oLe xY0
Keke1,00X0eN¢V ,0pY0cN¢V ,0p8¢(¢/(V=-20,70)22)%0.5
»((X>100),(220.0001),1)/FAIL,LOOPL RINISNL
PFAIL:+0,,Ve(2,0)p0

PINISHL140,,Ve(2,0)0V

REAL31N+BA-In0, 0001!00*(0/.All‘d-ltlllf)*o $

LOOP21 KoK+l ,00X0eV ,0pBe+/ | X0=Ve(nV[140(V))nVe(o/VxVeN+ xX0)»
0.5

+((X>100),(B218+6),1)/PAIL,LOOP2 ,PINISR2
RINISH2:V«(2,N)0V Np0

RebNC NI

Ie16a BNCODBS DBCINAL DATA INTO UPLINK OCTAL.
Aeln2el-5

+(N20)/L

Nelo2e]

LiR*(Ip2)TL0.49999+N
Re(6008)7(18p2)1(1000,001)\R

R+50000 50000+10 10 10482 3R

@+ERASE
@Q+8 AGRF i1n BRASBS PAGE POR GRAPEICS PUNCTIONS.

kel BUL 4

+(Is1 2 3)/01,02,L3a CONSTRUCTS BULBR ROTATION MNATRIX ABOUT
AXIS I = 1,2,3.

L11+0;R+BUL1 A

L2140 ReBUL2 A

L3:+03keBULY A

A*BUL1 A

RES 3p0a CONPUTES BULEBR ROTATION MATRIX ABOUY X AXIS.
Rl1:1)+1

R(2;2)+R(3;3)+204

R{3;2)e-R[2;3)+104



[1]

(2]
(3]
(4]
{5]
[e]
: . (7]
i (8]
: (9]
(101
[11]

e b ok i <

V R«BUL2 A

RES 3p0n COMPUTES kULER‘ROTATION MATRIX ABOUT Y AXIS.
R(2;2])«1

R{3;2)«R[(1;1)+204

R{133)«-R{3;1]+.04

R«EBUL3 A

R+3 3p0n COMPUTES EULER ROTATION MATRIX ABOUT Z AXIS.
R[33;3)«1

R[1;1)«R([2;71+204

R[231)«-R[1.,7]«104

A«FCF Y3X;C13;S1;CK:SK;K3Q:N
N+0.5x~1+pYan COMPUTES FOURIER COEFFICIENTS FOR DATA Y.
X+0(0,12xN)+N+0.5
S1+10X;C1+20X
CK+1+5K+(1+2xN)p0

K+0;A4+«2 0p0
L:A«A,(Y+ .xCK) ,~Y+ xSK

g+ (CKxC1)-SKxS1
SK+(C1xSK)+51xCK

CK+g

+(N2K«K+1)/L
A+ATOUTx(+/[1)4xA)*0.5
A«((+ATOUTx1+2xN)x0,1N),[0.1]4

FILLTABS;I;N;RTS

A DEVELOPS DATA TO FILL STANDARDIZED TABLES OF TEA ATTITUDE,
BIAS, ETC.

A VS TIME.

I«1;TABSL+0 3 3p0;TABSLRTS«TABEAT+3 0p0

N«pTABALTSU
L:ALT«ALTIC+«KFMxTABALTSU[DO«I]

IC

TABSL+TABSL,[1]SLOPE

RTS«QRALG SLOPE

TABSLRTS+«TABSLRTS ,RTSLAdRTS[31]:1]
TABEAT«TABEAT, ,BAR QAL

>(N2I«I+1)/L
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A«FINDQR R;Ii;N3;S3;LAI{NUIAS;QIIDN XX XKO

I«13IDN+3 3p1 0 O 0OA PBRFORMS QR TRANSFORMATION IN QR ALGORI
THNM.

NeltpHeds xA«l
+(NS2)/03H+B-(Ax2xPR(1]))=-(+/TRxTR)x(N ,N)p1,NpO
Be(8,(N,2)00),01](2,N+2)p0;A«(A,(N,2)00),[11(2,N+2)p0
L:+(EP2[ /| AS+H[S«I+0 1 23I])/LPP
XKO«((+/AS*2)%0.5)x(AS[1)20)~A5[1]<0
NUI«(14A5)+Xk0+AS5(1])

LAI«241++/NUIxNMUI

QI«IDN-LAIx(1 ,NMUI)o.x1 ,MUL

A[;S5)«A[:8)+.xQI

A[S;1+QI+.xA[S:]

H(S;)«QI+.xH[S;]

LPP:+(I<3)/LP

AlI;1I-2]«0

LP:+(N>I+I+1)/L

ALN3\N~-2])+0

Aes2 ~2+4 -

RX«IN FIX X

ATHIS FUNCTION SUBSTITUTES CHARACTERS IN CHARACTER VECTORS.
RIN[1) IS THE OLD CHAKACTER AND IN(2) IS THE NEW.

RE.G. °"-+*' FIX X SUBSTITUTES AN APL MINUS (+) FOR THE SUBTRAC
T

ROPEKATOR MINUS (-) FOR ALL OCCURRENCES OF - IN X.

ACODED BY JOHN R GLAESE, 1/15/79

L:+(~IN[1)eRX+X)/0

+LiX(X1INC1])«IN(2]




Rk
Y

(1]
(2]

(3]
(4]
(sl
(6]
(7]

(8]

£9])

(10]
[11]
[12]
{13)
[14]
[15])
[16]

[17]
18]
[19]
(20]
[21]
[22]

[23]
[24]
[25]
[26]
[27]
[28]

v FORMATS®
R THIS FUNCTION SIMULATES THE OUTPYUTS ON ASCO PORNAT 8.
‘X50,0AN/ATM/ATNDC / / [0,341'APNT 1 30814?103[8!4?[0!?43(2;

11;] '

‘0 GNT 0,13
,0:0,12,0:0,12,0:0,F7.4°AFND? 1 4pDPS GNTO+T

‘0 ™§ID (0O,I3
»0:0,12,0:0,12,0:0,F7.4°AFNT 1 4pDFS TGNTO+TNID-TORB

‘0 DMID 0,13
»0:0,12,0:0,12,0:0,F7.4°AFNT 1 4pDFS TORB

‘0 TEA CONTROL PARAMETERS TGMT 0.I3
»0:0,72,0:0,712,0:0,F7.4°AFMT 1 4pDFS TGMTO+T

' X Y 4 ' DELTA T Tk
A ;0 '
‘CIDELTA E 0,3F10.6AFMT 1 3pAE

‘00DELTA EP 0,3F10.6'AFMT 1 3pAEP

‘0DDELTA PH 0,3F10.6°APMT 1 3p2xAPHH

‘C0DELTA TR 0,3F10.6"AFMT 1 3p2xDFRxATHE

‘00ETSF 0,3F10.6APMT 1 3pETS

‘0OCMG MOM 0,3F10.0°AFMT 1 3p(10043) xBTS-(+H)xIV+ . xVL+.x0
,0”0,0 \3

¢ sesse’MCG Qece ..CIQCMG 3...‘

*IGA IGK' :

‘0GA 0GR’

‘WH SPD'

‘X10,00M41B00,I5,0 MIBO,IS5,00 JET 12345600°AFMT 1 2p40,2633+
MIBSUM
‘X22,0F0 0,I5'AFMT O

‘0QBL O,4F12.7°'AFMT 1 u4pQAL
‘OqvA O,4F12.7'AFMT 1 4p0 0 0 1
‘0QvI O,4F12.7'AFMT 1 4pQFA VL+.xLEK+ . xQIKEK

V CO+«FPWNR P;FO;FP;AC
CO0+«En THIS FUNCTION COMPUTES ANGLE OF INCIDENCE OF SUNRISE.
L:F0«(0.308xCOXCOXxC0)+(=-0,924xC0xC0)+(1.924xC0)-P+0.308
FP+(0.924xC0xC0)+(~-1.8u48xC0)+1.924
AC+-FO#FP
CO0+«CO+AC
+(0.0001<]AC)/L

V A+«GACCEL R
A COMPUTES THE ACCELERATION OF GRAVITY VS R.
ER+R+RMAG+(R2+R+.xR)*0.5
A+«(GMExJ2+R2xR2)x(ERx(7.5xER[2)%2)-1.5)-3xER[(2]%x0 1 0
KTGG+«3xOMOKxOMOK+(GME+R2xRMAG)*0.5
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£13]
v

1]
2]
£3]
Cu]
£s]
(6]
7]
(8]
[9]
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GBP B

A CONPUTEBS GYRO BIASES REQUIRED TO CANCBL OBSERVED DRIPT.
BeVL(;2)xRPDxB+TORB ' _
B+B40.5 1 0.5%0.1xRFPDx2%*10

GBIAS+1 1 1e,xB+0.5 1 0,.5xLB+0.5

ONBIAS«(0.1xRFDx2%+10)x(eB
‘TRUE BIAS ABOUT ORBITAL Y ‘$OMBIAS+ . xVLxTORB*DFR

GBPA3;B; Iy PNRAS

A COMPUTES REQUIRED GYRO BIASES FROM DATA IN SIMULATION
A USING POWER ANGLE OR SUN SBENSOR ANGLE DATA.
I+«PRPWRAL13)1°14PRPWRA[1;]) 3 PHRA«~14PRPWVRAL2;]

I"(I‘i) 'I

+(I1(1)>0)/L1

‘INSUFFICIENT POWER DATA TO CHANGE BIAS'

+L2

L1:B«VL ;2)1xRFU%(OMBIAS+ xVLxDFR)[2)+S«(~-/PRPWRA[2;I])4~/
PRPWERA[1:1]

‘DETHL2 UPDATE = ' ;DFRxATHL[2)+RFDxPWNRA+SxT-PRPWRAL1;I[2]1]
B+«B10.5 1 0.5%0.1xKPDx2%+10

GBIAS+1 1 19 .xB«0.5 1 0.5xLB+0.5
OMBIAS«(0.1xEPDx2%~10)x[JeB

L2:'TRUE BIAS ABOUT ORBITAL Y ‘;OMBIAS+.xVLxTORBxDFR

GBPASUP;T ; PRPNRA;QAL;QVAs;VL;TORB; ALT

A GKOUND SUPPORT FUNCTION TO COMPUTE REQUIRED GYRO BIASES
A FROM POWER ANGLE OR SUN SENSOR ANGLE FLIGHAT DATA.
*INPUT TIME OF DESIRED UPDATE'

T+365 24 60 6040

*INPUT DMID IN HMS®

TORB+24 60 6040

*INPUT LATEST POWER ANGLE AND GMT'

PRPWRA+(365 24 60 6041+4),4A[1]);4+0

*INPUT PREVIOUS POWER ANGLE AND ITS GMT'® "
PRPWRA+((365 24 60 6011+4),A01)),[1.1)PRPWVRA;A+D
*INPUT CURRENT AVERAGE BIASES TO NEAREST HALF LSBS'
GBIAS[1 2 33]«1 1 1e.x(]
OMBIAS+(0.1xRFDx2%~10)xGBIAS[1;]

*INPUT QBL’

QAL+D

VL+AFQ QAL

GBPA
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£2]

(3]
(4]

RES+GETSLOPE BAR;N;VLK;R3RD; SEEXPL;ONGEX

A COMPUTBS SLOPE MATRIX APPROPRIATE 70 INPUT 'BAR ANGLES.
VLK«1 2 1 AFEA BAR;SEEKFL+1

ONGEX+(20LAZX)xONGXx0 1 0+.xLEBX

R+(REA+ALT)xLEK(3;]

RD+(REA+ALT)xONOXxLEK[1;]

M«15*6 JACOBIAN VLK

RES«~(H+AT)xBN

GGTORQUE UOV3
a COMPUTES GRAVITY GRADIENT TORQUE ON VEHRICLE.
TGGK+KTGGxUOV3I X IVK+ ,xUOV3+VLK[;3]

HBARS INT;T;SC;TSTOP

@ DRAWS HORIZONTAL BARS ON GRAPH AT DESIRED INTERVALS.
SC+WHBATSCALE :

T«INTx[SCL3]¢INT

TSTOP+«INTx(SC{4]4INT

L:HMARK T

+(PSTOP2T«T+INT)/L

HELP
R THIS FUNCTION ABORTS ANY SUSPENDED APL FUNCTIONS AND ALLOW
S THE USER

@ T0 REGAIN CONTROL AND START ANY INTERRUPTED OPERATION OVER

:REEHTER FUNCTION AND START OVER'
€')SI CLEAR *

H«HESSEN A;N;I:R;RI;IDN;LI;S

I+1nTRANSFORMS INPUT MATRIX TO HESSENBURG FORM,
Nel1tpH+A

L:LI«(\I),I+V|H{I+N-I;I]

B«H(LI;LI]

ReH[S;I14H[I+1;I);Se1+I+ 1 N-I+1
H(S;)«H[S;)-Ro.xH[I+1;]
Hl;I+1)«H[;I+1]+B(;S)+.%R

B{S;I)«0

+(N>I«I+1)/L

R«HEXFD X
R+«16 16 16 167Xa CONVERTS DECIMAL TO HEX DATA,.
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V HNARK X ) |
(1] O DRAW(X,X,X)VS 1 0 1\24WHATSCALE
tll.g O PRAMILEDIVE 1 0 CALE

vV Q+HONE ' : '
(1] Q«8 AGRF 2n HONES CURSOR FOR GRAPHICS USE.
v : o
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{15]

[16]
[17]
(18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
(27]
[28]
[29]
[30]
(31]
(32]
[33]
[3u4]
[35]
[36]

[37]
[38]
[39]
[40]
[41]
[42]
[u43]
Loyl
[45]
[461]

v Ic

A INITIALIZES ALL PARAHETERS POR START 0? SIMULATION RUN.
TTAPE+MIBSUM«+T+0
OMBIAS*ATHL*ETACS*AB*AEP*ABM*ARNP*APEH‘ATHE*O 0 0

OMOT+0MOTIC

ATD2«AT+2;ETLNON«~ETLNONO

0M0¢0MOK+(GME (REA+ALT<ALTIC)#*3)%0.5
THDM+OMO+(((OMOXOMC)~-(LADY*20LAZK)%2)%0.5)~ LADI!IOLAZK
TORB+(02) +0MO

KPGG+3xOMOK*?2

TMID«TMID-TORBxTMID>0;TMID«-(OMOTIC-ETTN) +OMO

EN«(OEK+(EUL3 LAZK)+.xBUL2 LAYK)([2;]

IEGEN ;ENK«ENKIC; JSEK«(EULS -PHZ)+. ﬁ(iOGAIK) 0, 20GAYX+GAYKIC+
OMSUNXT

LEK«(EUL2 OMOT+ETYK+0~1)+ . x08K

RMAG+MAG R«(REA+ALT)xLEK[3;]; RD+(0MOK+AOMOK!SEEKFL 0)x(RBA+
ALT)xLEK([1;]

A RANIC

‘+(SEEKFL=0)/L2 '

VLKO+SEEK VLKO

SLOPEOQ«<(H+AT) xBM

L2:VLK«AFQ(QDB QFA VLKO)+ .xQVLKOFF
ER«R+REMAG+ (R2++/RxR)}*0.5

EN«EN+tMAG EN«R X kD

EX+EN X EFR

QVEK«QFA VEK«VLK+.xLEK

POWER

VLEST+VI+AL+AFQ QAL+« (QDB QFA VLKO)+.xQALOFF
ETS«ETSOFF+VL+ ., xETLNOM

PHD+«THDMxAL( ;2]

HV+IV+ xOMV«VL+.x0,040,0
OMVK«(OMV+SF)-0OMDK

HVK«IVK+ . xOMVK

HCMGK«HxET+«ETS-HV+H
ATEXK«(HTVK+«HVK+HCMGK)+ . xVEK

PRIC

AE«ETS-AL+ . xETLNOM

GGTORQUE

AETORQUE ; AECONST ; OMGEK<OMGK*x0 1 03 RHOTAB+RHOTABO+REOSIGKx
RHOTAB1-RHOTABO

DERDD+(GACCEL R)+(FAEK+MSKY)+ xVEX
DERDDD«RD DDDDER R

TEKP«TEK+(QVEK)+ .xTAEK+TGGK
OUTPUT ;: ATHRAN«0

STATIONTAB«STATIONTABIC
STATIONTAB«86220|STATIONTAB+((STSH-GMT0),0)0,.%x25p1
STATIONTAB+STATIONTABL ; ASTATIONTAB[1; ]]
GBIAS+3 3p0

SLOPE«SLOPEQ

ILEG+1
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IBGBNUB13US2;U83;8SBE(CBE

A CONPUTES (IB) FPROM GIVEN SINULATION DATA.
US3«USBX

US1«UB1¢NAG USL«BN X U8Bk

US82«US3 X USA

CBE«US2+ .xENBETA«DFRx~108BE+U83+, ull
ngzxfo(--aoxtxazlox[1;11)+-1o-xt1;a]-sasocasx((x[1;11*2>+x[1;
2]%2)%0,5

UI1K+(US1x20NUZBK)+US2x10NULEBK

UI2K«USEK X UIiK
IKEK«UI1K,(1)0T2Kk,(0.1]U88BK

OEK+0OBEK*NAG OBK+«0 1 0 X BN

OBX+BN,[0.1]0BKX

OBX«~(BN X 08X(2;])),({1]0BK

BTYXK+(USEXK+ . x0EX(13))ATAN USEX+ .x0BX[3;)
DAERX«=((((REA+ALT)#2)-REA%«2)%0,5)¢REA+ALT

RES«A JACOBIAN VLK;AVLK;TO;T

A NUNMERICALLY COMPUTES GRADIERT OF AIRODIHANIC + GRAVITY GRA
DIENT

A TORQUB WITH RBSPECT TO SMALL ROTATIONS ABOUT BODY AXRS.
T0«TRQ VLK

AVLK«BUL1 4

T«TRQ AVLK+ .xVLK

RES«(%A)xT=-T0

AVLK«EUL2 A

T«TRQ AVLK+.xVLK

RES+«RES,[1.1)(4A)x7-T70

AVLX«EUL3 A

T«TRQ AVLK+.xVLK

RES+«RES,[2](#A)xT-T0

ReL LINC A
ReA+[/1,|A¢Ln PROPORTIONAL LIMIT ON LARGEST COMPONENT.

ReL LINM A
ReA+(/1,MAG A+La PROPORTIONAL LIMIT ON MAGNITUDE.V
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A NAIN SINULATIOR DRIVIR IﬂlO!IOl.
- b11GGTORQUE :

ABTORQUB

POWEBR

DBRDDD+RD DDDDBR R
DERDP+DERD+RD-ONOKxRMAGxBX s DERDD+(GACCBL R)+(PPRAXBxLEXK(1:]¢
. MSKY)+(PABK4¢NSKY)+ . nVBK

PEX~(TAEK+TGGK)+ . xVEBX

ONVeVL+.%0,040,0

ONVK«(ONV¢8F)-ONDK+ONBIAS

QVEK«ONVK UPDATE QVBX

ONOT<0ONOT+AT0NO

OeTer+AT

DERD+DERD+ATD2% (2xDBRDD)+AT*DBRDDD

A DlR«(A!xDlRD)+(ArlAIDQﬂDlRDD)OAIKAIIAfﬂ(06)!DlRDDD
DBR«ATD2%DBRDP+DEBRD

Re(RNAGx (BRx200MOKxAT ) +BXx100MOKxAT )+DER
RD«DERD+ONOK»EN X R-DBR

REF

USEX+(BUL3-PHZ)+ .x(10GAYK) ,0,20GAYK«GAYXKIC+ONSUNXT
POWEER ; ENDKP«BNDK
BNK+2S500LENK+ATD2xENDX+BNDXP-2nP¥RDR
ABTORQUE ; ABCONST

GGTORQUE

TEXPP«TEKP

TEXP+TEX

TEX+(TAEK+TGGK)+ . xVEBX
HTEK+«HTRK+ATD2xTEX+TEXP-PERCxTEXP-TEKPP
BTVK«VEK+ . xHDTEX

BVK«IVK+ . xONVK

HCNGK«BTVK-HVK

ATNDC

ouTPUT

+(T<TSTOPISTATIONTABL1;1]))/L1

+(P278T0P)/0

TTAPE«TTAPE ,STATIONTAB([131]

STNAME«STATIONTAB[2;1)

STATIONTAB«0 14+STATIONTAB,STATIONTAB(;1)+86220,0
+((+/PRENK[1;])<0)s0)/0

*ATTITUDE CONTROL LOST DUE TO LOSS OF POWER'

->
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Py

(1)

(1]

NeMAG V

Ne(+/[1)VxV)%0.5aCONPUTES MAGNITUDES OF A SET OF COLUNN VBCTO

RS.

MARX N

0 DRAW(1 0 1\*24WHATSCALE)VS Nan DRAWS VERTPICAL LINE ON GRAPH
AT X.

NAVUP
A SINULATES A NAV UPDATE POR SINULATIONS OVEBR SEVBRAL DAXS.

OMO«( ((OMOKxOMOK)=-(LADY*x20LAZK)*2)%0,5)-LADYx10LAZK
TORB+0240M0

NOM ‘

n RETURNS RANDOMIZED PARAMETERS T0 THEIR NOMINAL VALUBS.
SF«1 1 1

QVLKOFF«0 0 0 1

ACG+«0 0 O

RHOSIGK+RHOSIG

STSH«0

ETSOFF«0 0 0

ETLNOMO+ETLNOMNOM
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Q <9 «a w29

R+NORN X

A SBLECTS SET OF SANE SHAPE AS X FRON NORNAL DISTRIBUTION WI

28 0 NEAN
A AND 1 STANDARD DBVIATION.
Re(+/(2Xp1000),~2Xp1000)¢912.873X«(pX),8

ReNRNLIZ XYiN3X3Y3J3X03Y0

A NORNALIZBS CONPLEX BIGEBNVECLOR TO UNIT MAGNITUDB.
Je1tYRe(XnX) e YxYeN4XY ,0pX+N4XY 0000, 8%pXY
Re(2,0)p((XOxX)+YOxY) ,=(XxY0+2[J])=YnX0eX[J)

ReRe(+/ RxR)%0.5

R«OCTFD X
R+8 8 8 8TXan CONVERTS DECINAL DATA T0 0CTAL.

ORBNARK;T

A NARKS TINE PLOTS AT 1 ORBIT INTBRVALS.
T+T0kB-ONOTIC+0NO

LiNARK T

+(TST0P2T+T+TORB)/L

ouTPUT?

A SBLBCTS PARANBTERG FRON SINULATION 0 SAVE FOR PLOT?ING.
PRT«PRT,T

PRTGGK+PRTGGK ,TGGX

PRTAEK+PRTABK ,TABK

PRETEX+PRHTEX ,ATEX

PRBCMG+PRECNG ,ACNGK+H

PRONVK<+PRONVK ,ONVK

PRA+PRA ,08K+.x(QLBK)+.%x=DBGA(RVLK)+.xVL
PRAPH+~PRAOPH ,DPRx 2% APHRE
PRONOX+PRONOK , (RD+ ,xBX) ¢ RNAG

PRCD+PRCD ,NAG ABCOBPF[4 $ 8]

PRR<PRR,R

PRRD«PRRD ,RD

PRENX<PRENK ,ENX ,BNDKP

PRQAL+PRQAL,QAL

PRAE<PRAE , A8
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‘9 PARLLX ) '
LIS? INPORTANT SINULATION PARANETER DATA.

[

®

® E . - B )
: \ ‘s NANB |
[ ] [ ]

‘ALY s "1ALT;° XN, "iALT=NPK;' BN’

‘ETLNON = ' ;ETLNON

‘AELIN = °‘;ABLIN

‘XATH s ‘3 KATH

'APHLIN = °*;APHLINM;' RAD, °';DPRxAPELIN;' DRG' .
‘ATHLIN = °*;ATHLIN;' RAD, 'i;DPRxATRLIN;' DBG'

‘VLKO z '3;VLXO

*SLOPE = °';SLOPE .
‘QAL =z *;QAL

‘QVLK = *;QFPA VLXK

'QVLKO = ';QFA VLXO

‘LLX 2 ";LLK,NAG LLX+DEGA(RVL)+ xVLKX

‘QALOFF = °*;QALOFPF

‘QVLKOFF= *;QVLXKOFF

‘ETVX s *3HTVKeH

‘ETLX = ‘;(QVLK)+ . .xHTVX¢H

‘ACG = *:ACC

‘OMDK = ';OMDK;' RAD/S *sDFPRxONDK; * DBG/S'

‘SF = '8P
‘AT ,TSTOP,OMOTIC =2°';AT,TSTOP,DFR®ONOYIC
*SEEKFL ,IBM =';SEEXFL ,IBM

V P+PFR K
P+MAG RRn COMPUTES SPHERICAL POLAR FRON RECTANGULAR REPREBSENT
4TION.
P+P,-~10R[3]+P
P«P,R[2]JATAN R[1]

V POWER
A THIS FUNCTION SUPPLIED BY ROY LANIER 3-2514
n IT COMPUTES THE NORMALIZED SOLAR ARRAY POWEBR FOR GIVEN SUN
a POSITION IN VEHICLE REFBRENCE. .
ENDK«USVKU3IxDARK<VLK(;3)¢ .xUSVK+VEK+ . xUSEBK
ENDK+O[ENDK-0,308x(1-ENDK)*3
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PRIC

n INITIALIERS PLOT STORAGE ARRAYS.

PROMOX«PRCD«PR?+10
PRAB<PRAPE«PRAPRONVE«PRYGGK+PRTARK+PRECNG+PRATEK+3 000
PRPVRA-PRST«PRENK+2 090

PRRD<PRR+3 0900

PRQAL*N 090

R+L PUT &
A ALLOWS USBR TO PUT LABBL R ON GRAPE AT POSITION L.
Qes AGRF OpOef.% AGRF [

PVRANGLB I:PP;8: 113 I1P1TROTROB1US U303 SPACPRSALLLEINANE;
SNAX _

n CONPUTES POWBR ANGLE FRON PLIGRY DATA.

‘INPUT QBL'

AL+QD

*INPUT QVA'

AL«ARQ(QDBD) +.%AL

*INPUT QVI®

LB«(RAL)+.x(A2Q0)

US~LB[;)3)

U30+AL(3;])

*INPUT ANGLEB OF INCIDEBNCE IN DBEGREBS'

CSRA«20RPDx()

SPE«(USC1)xU30(1))+USC3)xV30(3)
CPR«(USC1)xVU30(3))-US[3)InU30(1)

PHOB+DPRx(-SPH ATAN CPH)+(0,01)+1 =ix+101L((CSRA-USL[2)xVU30(2)
)¢ ((CPExCPH)+SPEnSPH)*0,.5)(~1
THOE+(360%PHOB<*180)+(=360x2H08>10C)+THOB

‘CBPONER ANGLE [, P8.2°AFPNT THOB[1¢4|THOB)

QBLCRECK; I :
() glIS PUNCTION DISPLAYS THE CURRBNT? QBL SBT TO CHBECK FOR BR
RORS .

‘THE CURRBNT QBL SBT IS AS POLLOWS:'®

*THB COLUNNS ARE DISPLAYBD A8 RONS POR CONCISENBSS'

Je1°14pQBL
*Iy , 4P13.7,17,0:0,12,0:0,12,0:0,P5.2°8a7N701,(1)4Q8L
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Y QBLSBT;PQALLiPQALII
A DHIS FPUNCTION IS USBD AS AN AID IN BNTERING ASAP QBL DAT4A
USsD
A IN BSTINATING STRAPDOWNN BRRORS.
*INPUT QBL AND GNT IN DHENS POR BACH POINT’
‘e ENTRIES ARE EXPSCTED AT BACH POINT.'
*IP AN BRROR IS ENCCUSTBRED, TYPE +L+2 AND REENTER'
PQALL+8 000
PQALI<(]
+Nx18mp ,PQALI+~¢PQALI
L1+(0.01<]1-+/PQALI[1 2 3 4])*2)/N
PQALL+PQALL ,PQALI
*ENTER NEXT COLUNN, D T0 DELETE LINE JUST BNTBRBD'
‘Ok T T0 TERNINADE INPUT®
+('TD*¢PQALI*D)/LT.LD
+l-1
LT:'0Q5L LUILT? WITH B,13,0 COLUNNS.O'APNT ~14pPQALL
QBL+PQALL
‘DO YOU WISKR TO SAVE THIS QBL SB8T?'
*IFP YBS, ENTER Y, OTHERWISE JUST RETURN'
*(~'r¢,0)/0
QBLS+QBLS ,.QBL
‘QELS CONTAINS ‘';14pQBLS;* COLUMNS'
€' )SAVE®
+0
M:'INVALID DATA, REENTER'
+L+2
LD: 'ENTER INDEX OF LINE TO BE DELBTED’
PQALL«((8,I-1)4PQALL),(0,I+0)+PRALL
‘OLINE 0,13,0 DELETEDD'AFNT I
+L+2

v e

VY QBLSETSH:T;:Q
A THIS FUNCTION DOES SAME AS QBLSET VITH ABBREVIATED INPUT.
‘ENTER INITIAL TIME IN D H M S°*
T+=300+SFD0
QB8L+4 0p0
‘ENTER FIKST THEKEE COMPONENTS OF QBL'
‘ENTER 0 WHEN FINISHED'
L1:+(0=+/Q«0)/L2
055‘055.0.(1-0*.10)*0.5
+[1
L2:T«T+300x1(p@QBL)[2)
T«DFS T
UBL+Q(RQBL) kT
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P

N S T

[1)

2]
£3]
(4]

[1]

(1]
(2]

(3]

(4]
{5]
Cel

1]
2]
(3]
[4)

<

P«QDB Q
A PORNS Q DOUBLE BAR.
P*(Q.'Q)[SDB]

Q+QDBG A3;HANG;S ‘

QelpOn THIS PUNCTION COMPUTES QUATERNION FRON INPUT BIGENANG
LS.

QL4 )+200ANG+0.5xRPDXNAG A

S+10HANG

QL1 2 3]«SxAtMAG A

P<QDT Q
A FORMS Q DOUBLE TILDE.
P«(Q,-Q)(spT]

Q«QFA A;S;TRA;I

ACOMPUTES QUATERNIONS FROM DIRECTION COSINES

ACODED BY J GLAESE $5-12-78

g*(A.[1]-A[3;2].A[1:3].A[Q;i]).A[2;3].A[3;1].A[1:2].TRA¢+/1 1
A

I+«(9(1 195+S+8S)+1-TRA)[1]

Q+(S[I;)+(-I)$0 0 0,1-TRA)#+2x(1+S[I;I)-TRA)*0.5
QeQxQCul+(QLu)

R«QIN Q :
Re@x+*1 =1 *1 1a TAKES INVERS OF Q.

RTS+QRALG A3;H;EP

A DRIVER FOR QR ALGORITHM,

a THIS VERSION OF THE QR ALGORITHM WAS CODED BY JOHN GLAESE

3-20-79 :
A T0 USE THIS ALGORITHM YOU ALSO NEED THE FOLLOWING FUNCTION
S:

n FINDQR, HESSEN, MAG, QUADM, SPLIT.

HeHESSEN A;EP+1E~12

RTS«SPLIT H

Z+«QUAD A;B;W
+3x10<W+A[2]-A(1])x(-B«-A(1)42)42,2410
+0,2¢«(B+W),0,(B-N+(|W)*0.5),0

Z«B,(-W) ,B,W«(|W)*0.5

A COMPUTES ROOTS FROM QUADRATIC FACTORS.
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v

R+QUADM M;D
A COMPUTES EIGENVALUES FOR 2x2 MATRICES.
Re+/1 10N

ReR,(N[131)xM[2321)-M{132]1xM2;51])
De(R[1)#2)-uxR{2]

+(D20)/L

R+0.5xR[1),D,R[1],-D+(-D)*0.5

+0 :
L:R«0.5x(R(1]-D),0,(R(1]+D+((R(1]20)-R[1]<0)x(|D)*0.5),0

R«LSB QUANTIZE X
A QUANTIZES INPUT INTO MULTIPLES OF LSB.
R«LSBxL0.5+XtLSB

RANIC;R

A COMPUTES RANDOM INITIAL CONDITIONS ON SELECTED PARAMETERS
R TO0 TEST OUR ABILITY TO MAINTAIN TEA CONTROL IN FACE OF

A UNCERTAIN DATA.

SF«1 1 140.01x1-0.02x?3p100

QVLKOFF«RKFDx0,5x(LEK+.xUSEKxNORM 1)+0.5x(LEK+ ,xIKEK[1;]1xNORM
1)+LEK+ ., xIKEK[2;1xNORM 1

QVLKOFF+QVLKOFF,(1-+/QVLKOFF%2)*0.5

ACG+2 1 1x0.0254x15xNORM 1 1 1

RHOSIGK+«NORM 1

ETSOFF+«0.1x1-0.002x21000 1000 1000

RANPAR
A DISPLAYS VALUES OF RANDOMIZED PARAMETERS.

‘0 SF = 0,3F8.2°AFMT 1 3p(100xSF-1)
‘0 CP = 0,3F8.2'AFMT 1 3p-ACG

‘0 OFF = (1,3F8.,2'AFMT 1 3pDEGQ QVLKOFF
‘0 ETS OFFSET = 0,3F8.2'AFMT 1 3pETSOFF

‘! SUNSPOT SIGMA 0,F8.2"'AFMT RHOSIGK
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Y RDTAPE;I T3S I1;I1PiTHOTROB 1US U303 SPHsCPHALsLEsNANE; SNAX
1] 'R SINULATES READING ASAP TAPE DATA AND CONPUTING SUN SENSOR
0
2] A POWER ANGLE DATA AS WBLL AS QBL DATA.
- [3] ¢+ /PPAPEST-1800; NANB«2 So ' POVEBR 3I*Pe0
4] +(I>0)/L1
(s] :Nq TAPE DATA AVAILABLE'

7] +Lu
(s8] L1:TT«TTAPE(I]
(9] I«+/PRT<TT-TORB
1l +(I>0)/L3
] *'NO TAPE DATA AVAILABLE YEB?*
12] Ly
)|
]

L3:I+I ,ILEG++/PRTSTT
; S+PRENK[2:I[11+0,1I(2)-I(1));PRBANX+PRT(I[1)+0,11(02])~1(1]],(
. : 0.1)(BAR PRQALL:I[1)+0,1I[2])-I[1]))(1;)
! [15] Ii«S510;I«I-1
? [16) I1«(I1-1)+(((I1-1)¢S)=0)11
(17) +((I1<pS)xI1>1)/L2
[18] *NO SUNRISE DETECTED'
(191 Ly
{20] L2:THO+03;CSRA+«FPWR S[I1]
(21) LB<PRR[;I[1]+I1-1]
{22) LE<«LE#+MAG LE
(23] LE«(LE X PRRD(;I(1]+I1-11),(0.1]LE
C24) LE(1;)+LE[1;)+¢MAG LE[1:]
£25) LE«(LE(1:;)x LEBC2:;)),(1]LE
£26) U30«AL[3:;);AL«(BULY AL([3))+.x(BUL2 AL[2]))+.xBUL1(AL+RFDx ,BAR
PRQALL;IC1]+I1-1]1)[1]
[27] US+L§+.X(EUL3-PHZ)+.K(1OGAYK).0.2QGA!KtGAIKIC#0MSUNXPRT[I[1]+
Il-1
[28] SPH«(US[1IxU30[1))+US[3)xy30(3)
[29) CPH«-(-US[11xU30[3]))+US[3IxyU30(1]
1l THOE+«DFRx(-SPH ATAN CPH)+(00 1)+1 *1x~10(CSRA- US[2]*USO(2])*(
(CPH%x2)+SPH%*2)%0.5
(31] THOE+THOE([144ITHOE]
1 °'s5A41,00 ANGLE(D,Pe.2,00 READ AT GMT 0O,I3,0:0,I2,0:0,I2,0: 0.,F6.2°
AFMT(NAME 1 SpTHOE,DFS GMTO+TLDT*PRT[I[1]+11 -11])

(33) PRPWRA+PRPWRA,PRT(I(1]+I1],THOE-THO

(34] L4:+(USVK[3]<O.94)/O

[35) CSRA«USVK(2]

(36) LE«LEK

[37) U30«AL[2;);AL«(BULY AL[3))+.x(BUL2 AL(2])+. xEULi(AL*RFDX BAR
PRQAL[.'1+DPRT])C1]

[38] US«LE+.xUSEK

(391 SPH«(US[1)xU30(1])+US[3]xU30(3)

(40) CPH+(US[1IxU30(3])-US[3]xU30([1]

(41) THOE+DFRx(-SPH ATAN CPH)+(0,01)+1 *1x=101L((C5RA-US(2]xU30[2]
Y+ ((CPHXCPH)+SPAxSPH)*0.5)( =1

{42] °*LIVE SUN SENSOR DATA’
(43) THOE+(360xTHOE<~180)+(~360xTHOE>180)+THOE
[44] °'[JSUN SENSOR ANGLE (,F8.2°'AFMT THOE[1+44|THOE]
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1]

[2]
£3)
fu]

(1]

(2]
3]
4]
£s]
(6]
€71
(8]
[9]
{101
[11)
(121
[13]
[1u]
{15]
{161
[17]
[18]
f19]
(201

REF : e o .

A GENERATES ALL REQUIRED ROTATIONAL zRANSRORM5110NQ\BOR SINU -
LATION. : . :
ER«R¥RMAG+(R2++/RxR)*0,.5 e . ;
EN«EN+MAG EN<«R X RD ' N
EX«EN X ER X,
LEK+EX,(11EN,(0.1]ER : N
VEK+AFQ QVEKX S N
VLK+VEK+ ,xQLEKX . :

REFRESH :
A ERASES THE DISPLAY AND PUTS LATEST DATA EVALUATION BLOCK U
P. - s S S

ERASE

TEAEVAL

RDTAPE

REPRIC;N

A THROWS AWAY OLD DATA FROM PLOT ARRAYS SO THAT ENOUGH MEMOR
Y IS

A IS A7AILABLE TO CONTINUE.
N++/FRT<T-2xTORB

PRT«N+PRT

PRCD«N+PRCD

PROMOK«NYPROMOK
PRHTEK+«N+PRHTEK3;N«O,N
PRECMG+N+PRECMG
PRTAEK«N+YPRTAEK
PRTGGK+«NYPRTGGK
PROMVK«N+PROMVK

PRA«N+PRA

PRAPH+N+PRAPH

PRENK+N+PRENK

PRR«N+PRR

PRRD+N+PRRD

PRQAL+N+PRQAL

PRAE+N+PRAE
N«+/PRST[1;1<T-2xTORB;PRST(2;)«PRST(2;])-N[2]
PRST+(0,N)+PRST
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|
é

-{10])

(11)
[12]

{13)
(14]
£15]
(16]
(17)

(18]

f19]
{201
[21]
[22]
23]
(24]
[25)
[26]
£271]
[28]
(29]
(30]
[31]
(32]
{33]
{3u4]
[35])
[36]

(37]
(38]
[39]
{uo0]
[u1]
(u2]
{43])

RUN3NANE
A T0 SINPLIFPY RUNNING THE SIMULATION FOR TRAINING PURPOSES

-4 THIS PUNCTION SERVES AS AN BXBCUTIVE T0 DRIVE ALL THE VARI

ous

A SUBFUNCTIONS REQUIRED SO THAT THE USBR DOES NOT HAVE TO BB -

@ AN APL BXPBRT.
IC

LooP
+(T2TSTOP) /0

RDTAPE;TEAEBVAL
*DO YOU WISH TO CHANGE ANY PARANETERS NOW OR TERMINATE RUN?®

*IF YBES, ENTER T, Y OR F TO TERMINATE ,CHANGE OR BVAL. A FUNCT
ION® '

*IF YOU TERMINATE , YOU MAY RESUME BY TYPING RUNON AND RETURN

:IF N0 CHANGE IS DBESIRED, HIT CARRIAGE RETURN TO CONTINUE.®
*IF AN ERROR IS ENCOUNTERED, TYPE +6 AND RETURN.'

LO:+((1<pNANE)V((NAME« ) e'TYF')=0)/L3
+('TYF'eNAME)/O,L1,L2

+2

L1:'ENTER NAME OF VARIABLE TO BE CHANGED*

NAME«¢[}

+(0=(14NAME) ¢ ' AABCDEFGHIJKLMNOPQRSTUVWXYZ')/ERROR

*ENTER NEW VALUE(S)'®

eNAME, <0’
OMBIAS[1]+(0.1xRFDx2%=10)x0.5%xGBIAS(1;1)+GBIAS(3;1]
OMBIAS(2])+(0.1xRPDx2%*10)xGBIAS[3;2]
OMBIAS[3)+(0.1xRPDx2%=10)x0.5xGBIAS[1;3]+GBIAS[2;3]
*ANY OTHER CHANGES?®

+7

ERRKOR:*IMPROPER VARIABLE NAME'

‘DO YOU WANT TO STOP OR GO ON?'®

+7

L2:"ENTER FUNCTION WITH INPUT OR OTHER EXPRESSION.®
*AFTER FUNCTION COMPLETION, HIT CARRIAGE RETURN TO RESUME SIM
ULATION.'

*IF AN ERROR IS MADE RERE, TYPE +L2 AND RETURN.'
‘YOU MAY HAVE TO EXECUTE RUNON °

e

*ANY OTHEEK CHANGES?' ;[

+7

L3:"ENTRIES RESTRICTED TO T, Y OR F.'

+L0
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, V RUNON;NANE
{1} & 7PHIS FUNCTION DOES SAME AS RUJ BXCEPT THE RANDOHIZED PARAM

1 . .. ETERS ARE
] {2] A NOT CHANGED FROM THBIR CURREHT VALUES.
: (3] = IC

(4] rLoop

[s] +(r2TSTOP)/0
(6] + RDTAPB;TEAEVAL y

[71 s s ; A - ) .

| (8] ‘DO YOU WISH TO CHANGE ANY PARAMETERS NOW OR TERMINATE RUN?'

. [9) ‘IF YBS, ENTER T, Y OR F T0 TERMINATE,CHANGE OR EVAL. A FUKCT

t

IoN®
(10] ‘IF YOU TERMINATE , YOU MAY RESUME BY TYPING RUNON AND RETURN )

{11) °*IF NO CHANGE IS DESIRED, HIT CARRIAGE RETURN TO CONTINUE.®

E12% *IF AN ERROR IS ENCOUNTERED, TYPE +6 AND RETURN.' -
13 ' : ‘

C14) LO:+((1<pNAME)V((NAME+,[)e'TYP*)=0)/L3

[15) +('TYF'eNAME)/O0,L1,L2

[16] =2

C17) L1:°ENTER NAME OF VARIABLE TO BE CHANGED'®

[18] NAME«e[)

E19} +(0=(14NAME ) €' AABCDEFGHIJKLMNOPQRSTUVNXYZ")/ERROR
20 ' A

(21] “°ENTER NEW VALUE(S)®

£221y * °

(23] eNAME,'+0’

[24)] OMBIAS[1]«(0.1xRFDx2%10)x0.5xGBIAS{1;1)+GBIAS(3;1]

[25] OMBIAS[2]+«(0.1xRFDx2*+10)xGBIAS([3;2]

[26) OMBIAS(3)«(0.1xRFPDx2%<10)x0.5xGBIAS[13;31+GBIAS[2;3]

£27) ‘*ANY OTHER CHANGES?'

[28] =7

(29] ERROR:'IMPROPER VARIABLE NAME®

(30) *'DO YOU WANT TO STOP OR GO ON?'®

€313} * °

{32] =7

{33) L2:'ENTER FUNCTION WITH INPUT OR OTHER EXPRESSION.'

{341 ‘*APTER FUNCTION COMPLETION HIT CARRIAGE RETURN TO RESUME SIM

ULATION.'

[35) °'IF AN ERROR IS MADE HERE, TYPE +L2 AND RETURK.'

[36] *YOU MAY HAVE T0 EXECUTE RUNON °*

[37] €I

(38] ‘*ANY OTHER CHANGES?' ;D

£39] =7

(40] L3:'ENTRIES RESTRICTED TO T, Y OR F.'

(41 =+LoO
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(1]

(2]
(3]
Ly
(s)
[6]
(7]

(1]
(2]

£3]
(4]
(s)
[6)
£7]
(8]

V Q+SCALE R

+2+v/Qe(A/0 4 62pR) ,~A/</3 29(3*.&) 1,2

+0,Q+3 AGRF §

@+0p(+64¢°* BRRORSCALE *',,(2 690 LENGTHDONAIN')(Q113]
A ALLOWS USBR TO SBT SCALB FOR GRAPHICS PROGRANS.

RES+SEEK VLK3;TO

A THIS FUNCTIONS DRIVES THE ITERATIVE PROCESS WRICH SEEKS A
TEA. -
OMGEX+~(20LAZK)xONGKx0 1 0+.xLEKX

M+1E~6 JACOBIAN VLK

T0+TRQ VLK

O«ATH+-TOBN

RES+VLK+(BUL1 ATH(1))+.x(BUL2 ATH(2]1)+.x(BUL3 ATH([3))+.xVLK
+(1E5~8<NAG ATH)/1

SETSTATIONS; NAME

A SETS UP A SERIES OF SIMULATED GROUND STATIONS OVER WHICH

A DATA IS AVAILABLE FROM THE SIMULATION. NO DATA IS AVAILAB
LE

A ELSEWHERE. THIS IS FOR GROUND CONTROLLER TRAINING.

*INPUT STATION A0S TIME IN HRS MINS SECS'®

NAME+(

NAME+(365 24 60 60.DOY,NAME(1 21,0) ,NAME(3]
STATIONTABIC+STATIONTABIC ,NAME

+1
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SETUP

A SIMPLIFIES SBETTING UP SIMULATION TO NATCH FLIGHT CONDITION
S.

*INPUT LANBDA Y'

LAYK«RFDx0

*INPUT GANNA Y'

GAYK+GAYKIC+RFDxD

' INPUT GNT TGNT AND TNID CORRSSPONDING T0 ABOVE DAIA'

*INPUT GNT'

GNT00+SFD0O

*INPUT CURRENT ALTITUDE IN NN'
ALTIC+KFNx[)

*INPUT TGMTO'

TGMTO«SFDO

*INPUT TMID®

TNID+SFDO
TMID«TMID+GMTO00-TGMTO

*INPUT REGRESSION RATE DEG/DAY’
LADY+RFDx[0#86400

*INPUT DESIRED GMT'

GMTO0«SFDO
LAYK+LAYK+LADYxGMT0~-GMT00
GAYKIC+GAYK«GAYKIC+OMSUNXGMTQ-GMTO00

R+«SFD DHMS
A COMPUTES TIME IN SECONDS FROM INPUT DHMS.
R+«365 24 60 60.DHMS
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VY SKYLAB ANANB: I ;A
A DRAWS IDBALIZBD SKYLAB VllICLl IN STEBRBO PROJBCYTIONS.
.;StBAaIS 8
‘ScALR SC
DATE ; A+~QcANANB
STBRBO XAXIS
STERBO LBTTERX+3 6p(6p8),1200
STBRBO YAXIS
STEREO LETTERY+3 6p(6p0),(8p8),6p0
.. 8PBRBO ZAXIS
" STBRBO LBTTEBRZ+3 6p(12p0),68p8
STERBO A+ .xPXEBND
STBREO A+.xNXEND
Ie1
LiSTERBO A+ .x(BUL1 IxOt4)+,x8IDE1
+(82J«J+1)/L
STEBREO A+.%ATN
STBRBO A+.xBASB
STEBRRO A+.xOWS

‘BQUILIBRIUNM ATTITUDE ‘' ,ANANE;RA

*BANK ANGLE, ANGLE OF ATTACK, ROLL ANGLE = °*;DPRx1 2 1 BAFAR
A

-

V XKSL SLUPDATE I;SiMiN;SL
A GBNERATES SLOPE NMATRIX UPDATE DATA IN PROPER FORNAT FOR UP
LINK.
DATE
‘0grLNt,2,3 = D,3F6.2,0 DoY = (,”6.2,0 ALT = 0,r5.0,0 BETA
; O0.,76.2°AFMT 1 6pTABBIAS(I;),TABDOYLI),TABALTENLI),TABBETA(
I

' XKSL = *;XSL

' SLOPE MATRIX UPDATE DCS CONMAND
s'

' §2002 UPDATED SLOPE'’

SL+TABSLLI;;)xKSL

SL+(L0.5+1000%5L)+1000

N+l

LN: N1

LN S+BNC SLLNN)

*X29,15,0 sSLor(0,11,0,0,I1,0) = O, P6.3°AFNT(S[1)sN;:N;
SLINN])

'xgs.zs'arnr 5(2]

+(32NeN+1)/LN
+(32N+N+1)/LN
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(1)

[2]
(3]

1]

mraen
F®N
(W] S ] W
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PO A A &b b b b Bub b I b B8 pB D OO ~3 OO OB
NS OWRVNOOE ON S O WD

N e el B e Bl Gl B e Gl B ) Bl

SPIN N3X3l

I«in THIS PUNCTION ADJUSTS THE SBRD POR THE RANDON NUMBER GE

NERATOR
X+21000000
»(N2lel+1)/2

R+SPLIT BiNiLD3I3TR3TRT{TRPILD

A SPLITS OFF LINBAR OR QUADRATIC FACTORS POR THE QR ALGORITH

“.
Re0 200

T0P:+(0 1 2=§)/0,L3,L13I«0;N+(pA)[1);TR«TRT«0 O

LOsA«FINDQR H3I«I+1

+(I>30)/L4

LD+=241 181 048

+(EP>|LD)/L1,L3

+(</ILD)/LL

TRT*TR+H(N;N),0; TRP«TRY
+(0.25>(NAG TR-TRP)4NAG TR)/LO
TR«0 O

+L0

LL1:TRe2 20QUADN =2 ~24H;TRP«TRT
PRT«TR«,TRC1+4|TR(;1)-H(N:ND;)
+(0.25>(MAG TR-TRP)4#MAG TR)/LO
TR«+0 0

+L0

L31+TOPiHe~1 148 ;ReR,(1)B[N;N],0
L1:+T0P;H+~2 *24H;R+R,(1]2 2pQUADM +2 ~24H
Lys *SLOW OR NONCONVERGENCE®

‘OF THE NATRIX H':R

Be(N,2)00
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(1]

(2]
(3]
Cu)
(s]
{6)
7]
Ce)
{9]
(10)
(11)
{12)
{13]

[14)
[1s])

(1]

(2]
(3l
(u]
£(s)
(6]
£7)

9 SSANGLB;S;4

A CONPUTES SUN SBNSOR ANGLE FRON FLIGHT DATA.

A 2HIS PUNCTION ALLOWNS INTBRPOLATION BETWEBN NORB THAN ONE T
INE

A POINT POR INCREASBD ACCURACY.

*INPUT QUATBRNION DATA AS RBQUIRED®

'IGPUT X 8Uk SBNSOR RBADING'

Se

A+«8SANGLED

*‘IP YOU WISH TO INTEBRPOLATE 8UN SBNSOR ANGLBS,'

*HIT CARRIAGE RETURN; OTHEBRWISE BNTER T TO TERNINATE'
‘(~'r'¢00)/LI

*SUN SBNSOR ANGLE ‘4

+0

LI1'INPUT 28D SBT OF DATA'

'INPST X SUN SEHSOR READOUT PROM PFPORMAT 7°

S+S

A~A ,SSANGLEO

AOA[iJ*(A[2J-AIIJ)l-8[1]08[2]-8[1]

*INTBRPOLATED SUN SENSOR ARGLE ‘A

THOE«SSANGLEO; I;TD;:S:I1;I1P;TEO3US ;U303 SPHCPHAL; LB NANE
SNAX

A THIS FUNCTION COMPUTES THE SUN SENSOR ANGLE FROM FLIGET DA
TA.

*INPUT QBL'

AL+

*INPUT QVA'

AL+AFQ(QDBO)+.xAL

*INPUT QVI'®

LE+(RAL)+.x(APGD)

US«LEB[ ;3]

UV30+AL(2;])

CSRA+0

SPR«(US(1IxL3001]))+US(3)xV30(3)
CPH«(US[1]xU30(3))-US(3]xp30(1])

THOE+DFRx(-SPH ATAN CPR)+(0,01)+1 '1l-101l((0884-08[2]*”30[2]
)¢ ((CPHXCPR)+SPHxSPR)*0.5)[*1
THOR+(360xTHOE<180)+(~360xTH05>180)+THOB

TEOE+THOB[144I1THOR]

STAXES

A THIS FUNCTION DRAWS THE STEREO AXBS AND LABELS THEM WITH §
TEREO LETIERS.

STBREO XAXIS

STBREO LETTERX+3 60(6p6),1200

STERBO YAXIS

STEREO LETTERY+3 60(600),(606),6p0

STEREO 2AXIS

STEREO LBTTBRZ+3 60(1200),6p6
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Y STBREO PyBiXRi}XLi YN
1) " gRAHS STEREO PROJBCTIONS OF POINT S8BT P USING PRBVIOUSLY 8
PECIFIED
(2] A BYB LOCATION, SBPARATION, LINER OF SIGHYT, BYC.
(3] Pe(BT,(1)UR.[0.1]008)+.xP
[s) Ne(P[3;)-B28(3))¢D

(8] XLe(P(1;)+8-BXB(1))eN;XRe(P(1;)-8+RXB(1]))eN
(6] Ye(P[2;)-RIB[2))¢N
(7) WINDOW 3.5 8 0.5 S
[(8) O DRAW Y VS XL
[9) WINDOW O 4.5 0.5 S
£10]) O DRAW Y VS XR
v
Y STPAR
[1) a PRINDS OUT CURLENT STEREO PARANBTERS.
(2)  ‘'LINB OF SIGHT *;L08
(3] '0OBSEKVBRS RIGHT ‘38T
f4)  ‘OBSERVBRS UP ‘U
[S) ‘'AVBRAGE EYB POSITION  °*;BYExLQS
(6]  ‘EYE SBPARATION 38
{7)  °'PAGB DISTANCE ‘32
v

Vv Q+STRAPIS §
{1] a SETS UP PROPER STRAPPING FOR GRAPRICS PUNCTIONS AT AN INST
ALLATION.
{2) A AT MSFC IT SHOULD BE SET T0 S AND MNUST BE BXBCUTED ONCE AT
LEAST
(3] a POR EACH TERMINAL SESSION.
(4] +BRRx 1 (7<) VS>F«148:Q+10
(s) +0;g«11 AGERF §
(e] ERR:°'NO SUCH STRAPPING'

V STROT;TR;TR1;TH
(1) n NOVES LOS AND BYE ON SURFACE OF SPHERE FPOR BETTEBR VIBWING.
(2] *INPUT DBSIRED AZINUTH AND ELEVATION OF LOS'
(3) ‘OBJECT T0O OBSERVER, ANGLES IN DEBGREBBS'
(4] TReRFDx+1 1x¢0
(5) TH«1+PFR-[QS
[6) TRi+«(BUL2 TH(1))+.xBUL3 TH([2]
(7) TReR(EUL2 TR[1])+.=BUL3 TR(2)
(8) TReIR+.xTR1
(9)  LQS+TR+.xL0§
(10) {UPeTR+.xlP
(11]) JI«TR+.xET
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v S78BTUP
n SBT8 OBSERVER PARAMETERS FOR STERBO VIEVING.
EXE~Qi0«"'0BSBRVER LOCATION'
LQE+D:0+"0BSERVER LINE OF SIGET IS?*
UP+Ds0«"0BSERVER VBRTICAL DIRECTION (NBED NOT BB BXACT)'
LQE+LO§*NAG L0
UB+UB-LAa~Lag*.*UR
UB+UBNAG
EI&+(RL,(1)UE,(0.11408)+. ~BXRs RT+LOS X UB
§+0.5x0;0«BYB SBPARATION IN USER UNITS'

] DReEIRC3)aBYE-SCREBN DISTANCE

v

e lalelalnlalalala)
[CX X K"K N I° & NS ¥
© Sl bl bl Sod d e ) S
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HH""‘!—“f‘l"‘\HH""l""lHO“'HHI"HHHHHHHHHHHH”HHHF\HH
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(1]
(2]
(3]
fu)
(sl
(6]
(7}

(8]
(9]

V TACS BTS

v

n THIS FUNCTION SINULATES THE SKYLAB TACS PIRING LOGIC
+(1.92>NAG BTS)/0

FIRE«8 390
+(CCI18TS[2))>C187S[3))+B3B)A(IBTS(2))>1B78(1]))/1L1
+((C(18rs(3))+8358)21878(2))v(IB2801))2|B?8(2))/L}
+0

Lit+(EPS(2])20)/L2

FIRE(43l«1 1 1

" ‘JBT &°

+L7

L2:FIRE[(13])«1 1 1

" ‘JET 1°

+L7

L3:+(BTS[1)<5B(1))/LS

+(87803120)/Lu

PIRE(6;)+1 1 1

" ‘JET 6°

+L7

LusPIRE[2;)*1 1 1

A ‘JET 2°

+L7

L5:+(BETS(3]20)/L6

FIRE[3;]+: 1 1

[ ‘JET 3°

+L7

L6:PIRB(5;)+1 1 1

[ ‘JET §°
L7:HTEK«(QVEX)+ . xHTVKHTVK+ARTVKe+ /NIBxLEVS X NIBS»QPIRE
" ‘P o= 3Ty AHTVK = ‘;AHTVK:® EBTOK = 'iNAG RTOX+R
ETACS«EPACS-AHTVKH

ETS«ETS+AHTVKH

OeNIBSUM«MIBSUN+1

a ‘MIBS="* ;MIBSUM

+1

TEAEVAL

A THIS FUNCTION PRINTS A STATION BLOCK OF DATA TO RELP BVALU
ATE

a TEA CONTROL PERFORMANCE,

STATIONLSTNAME;]),, ('X7,0 GNT = 0,23,0:0.12,0:0,12,0:0.P6.2°
LFMT 1 uLpDFS GMTO+T)

‘CITIME TIL NEXT STATION 0,12,0:0,12,0:0,FP6.2,0 PRESENT A
LTO,F6.0 °*AFMT 4 up(24 60 60TSTATIONTAB(1;1)-7) NPKnALT
‘OELAPSED SIM TIME = (0,13,0:0,12,0:0,72,0:0,P6.2°8FNT 1 4p
DPS T

‘MBANK, ATTACK, ROLL ANGLE = (,3P10.2°AFPNTRBAR 4 = 14PRQAL
PRST«PRST ,T ,PRT\T

A °‘CJORBITAL DRIFT ANGLE [D,F10.2°'AFNT *1¢PRCHI
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i 2 s e+

1]

(2]
£3)
(4]

[s)
[6]
£7]
(8]
(9]
£10]
(11]

[1]

(2]
[3)
(4]

YV TEXPERT;T3ACG;SLP;A;ONGEK Ry RD; SEEXFL

A THIS FUNCTION ESTIMATED THE CP OFFSET AND RECOMMENDED A MO
NENTUN b14AS

A TO HELP US ACHIBVE OUR DESIRED ATYITUDE.

SEBKFL+1

OMGEK*(ZOLAZK)xOMGKXLEKEZ:];R*(RSA*ALT)!LEKE3;] RD«ONOKx(REA+
ALT)xLEXC13]

ACG+-CPASUP

A ‘INPUT CURRENT SLOPE MATRIX®

A SLP«(

ETLNON«0 0 O

T«TRQ AL+1 2 1 AFEA RFDxEBATNOM

‘SUGGESTED MOMENTUM BIAS'

QeBETL+-(+H)x(20NO)X0 1 0 X T+ ,xAL

k+TOP A;L;:P

A DETERMINES RANGE OF VARIATION AND ROUNDS OFF TO CONVENIERT
NUMBER.

RePtL«10xL100P«[/ | ,A

P«1.5 2 2.5 3 4 56 7 8 9 10

Re«P[1+4+/R2P)xL
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V TRANSLATE
[11 a PROVIDES CONVERSION TABLE TO CONVERT SKYLAB TERNINOLOGY T0
(2] A SINULATION TERMINOLOGY.
(3] ‘'BTLN1 = ‘' ,BTLN1
L[4  °BTLN2 = ' ,ETLN2
{8} ‘ETLN3 = *,ETLN3
[6] ‘KDETHX= * ,KDETHX
(7]  ‘*KDETHZ= ‘' ,KDETHZ
(8] - ‘DETHL1= ‘' ,DETHL1
(9]  ‘'DETHL2= *,DETHL?
(10) ‘DETHL3= ‘' ,DETHL3
(11] ‘'DEPHL1= ‘' ,DEPHL1
(12] ‘DEPHL2= *',DEPHL?2
(13] °*DEPHL3= ',DEPHL3
(14} ‘'DELY = *',DEL1
{15 ‘'DEL2 = ‘',DEL2
(16] *DEL3 = *,DEL3
(17] ‘*TDESAT= ‘' ,TDESAT
(18) °DEPHC3L=',DEPHC3L
(19] °*PHD1DX= *,PHD1DX
[20) ‘PHD1DY= ‘',PHD1DY
(21) ‘'PHD1DZ= *,PHD1DZ
(22] ‘*PHD2DX= ‘' ,PHED2DX
(23) ‘*PHD2DY= ‘' ,PHD2DY
{24] ‘'PHD2DZ= ' ,PHD2DZ
(25] °*PHD3DX= *,PHD3DX
[(26) °*PHD3DY= *,PHD3DY
{27) ‘PHD3DZ= ',PHD3DZ

v

V RES+TRQ VLK;OMVK;HVK;VEK;RHOTAB
[1] A COMPUTES EXTERNAL TORQUES. USED IN SEEK AND JACOBIAN.
[2] RHOTAB+«RHOTABO+RHOSIGxRHOTAB1-RHOTABO
[3] AETORQUE ;GGTORQUE ; VEK+VLK+ .xLEK s AECONST
(4] OMVK«VLK+.%x0,0M0K,0
[s] HVK«IVK+.xOMVK
[6] RES«TGGK+TAEK-OMVK X HxVLK+.xETLNOM

V QNEW+OMA UPDATE QOLD;QOM; APHI;MAGOM

; (1] A QUATERNION INTEGRATION FUNCTION.
i [2] UOM«OMA+MAGOM+MAG OMA

: (3]  APHI«MAGOMxATD2

' L ]  QOM«(UOMx10APHI),20MPHI

f (5] QNEW«(QDB QOM)+.xQOLD
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Dot A T AR N A st Wes e x - - T N T Y e e, YT T, m e e

S V QeL VS BiCiDsB
3 A (1) +2+4v/Ce(A/Cn16C¢1,(E*pL* L) D*+1¢pB+ (=241 1,08)pR),(1<ppf)V2¢<p

PR
| (2]  +0xp@e(((1408),2)pk).C11(R+EIR) 0L
: €3) ,(2 37p'AN ARGUMEBNT OF VS IS OF INPROPER RANXKARGUMERTS OF VS
- ARE NOT CONFORMABLE *)[($£)11;)

(sl A TAKES 2 VECTORS OF SAME LENGTH AND CONSTRUCTS 2xN MATRIX F
OR PLOTTING.

V QeWHATSCALE
(1] Q+11 AGRF 1a DISPLAYS CURRENT SCALE SETTING.

wr

| V QeWHATWINDOW
'+ [11 Q@«11 AGRP 2a DISPLAYS CURRENT WINDOW SETTING.

Y Q«WINDOW
(1] +2+v/Qe(A/0 42pR) ,n/</2 20(R¢ k) 11
(2] +pQe2 AGRF §
(3] g«0p(+6%' ERRORWINDOW °*,,(2 6p'LENGTHDONAIN')[@Q11;]
(4) a ALLOWS USER TO SET NEW WINDOW SPECIFICATION.

VCeA X B
(1] A CROSS PRODUCT
(2]  C«((240114)x(~1601]1B))-(16[1]B)x~14[1]4

vV XA
(1] A CONSTRUCTS CROSSPLOTS OF THE IN PLANE STRAPDOWN ERROR.
(2] 1 XPLOT'PRA(3 1;]°

s i 4 coo A Pt

vV XH
(1] A CROSSPLOTS IN PLANE COMPONENTS OF HTEK.
(2] 1 XPLOT'(OEK+.xPRHTEK)[3 13]°
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N AT AT S W ST M T AR LT T R e e T

V P XPLOT NANE;S;N;I;NI;Y1
(1) A NAKES CROSS PLOT OF DESIRED DATA ON SQUARE WINDOW.
(2] STRAPIS S
[3) DATE
(4] I«(peNAME)[2]
(5] NIe[I+P
(6] Se(Px\NI)=-P-1
7] WINDOW 2 7 0.25 5.25
[8] Box
(9] SCALE(-Y1),Y1,(~Y1),Y1+TOP(/[1]|eNAME
{10] AXES
£11) O DRAW(eNAME)(;S]
[12]
(13] °*FINAL VALUE *,NAME,®' = *;,(eNAME)([;~1%peNAME]
v

b

2
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Jivrge i flror—

GEORGE D. HOPSON
Director, Systems Dynamics Laboratory

166

T T T MR N T YR A A ATV T EE AT TR TR T AL LT e e T e T TR R e R T TR A N ARG, R T




	1980005912.pdf
	0011A02.TIF
	0011A03.TIF
	0011A04.TIF
	0011A05.TIF
	0011A06.TIF
	0011A07.TIF
	0011A08.TIF
	0011A09.TIF
	0011A10.TIF
	0011A11.TIF
	0011A12.TIF
	0011A13.TIF
	0011A14.TIF
	0011B01.TIF
	0011B02.TIF
	0011B03.TIF
	0011B04.TIF
	0011B05.TIF
	0011B06.TIF
	0011B07.TIF
	0011B08.TIF
	0011B09.TIF
	0011B10.TIF
	0011B11.TIF
	0011B12.TIF
	0011B13.TIF
	0011B14.TIF
	0011C01.TIF
	0011C02.TIF
	0011C03.TIF
	0011C04.TIF
	0011C05.TIF
	0011C06.TIF
	0011C07.TIF
	0011C08.TIF
	0011C09.TIF
	0011C10.TIF
	0011C11.TIF
	0011C12.TIF
	0011C13.TIF
	0011C14.TIF
	0011D01.TIF
	0011D02.TIF
	0011D03.TIF
	0011D04.TIF
	0011D05.TIF
	0011D06.TIF
	0011D07.TIF
	0011D08.TIF
	0011D09.TIF
	0011D10.TIF
	0011D11.TIF
	0011D12.TIF
	0011D13.TIF
	0011D14.TIF
	0011E01.TIF
	0011E02.TIF
	0011E03.TIF
	0011E04.TIF
	0011E05.TIF
	0011E06.TIF
	0011E07.TIF
	0011E08.TIF
	0011E09.JPG
	0011E09.TIF
	0011E10.JPG
	0011E11.JPG
	0011E12.JPG
	0011E13.JPG
	0011E14.JPG
	0011F01.JPG
	0011F02.JPG
	0011F03.JPG
	0011F04.JPG
	0011F05.JPG
	0011F06.JPG
	0011F07.JPG
	0011F08.TIF
	0011F09.TIF
	0011F10.TIF
	0011F11.TIF
	0011F12.TIF
	0011F13.TIF
	0011F14.TIF
	0011G01.TIF
	0011G02.TIF
	0011G03.TIF
	0011G04.TIF
	0011G05.TIF
	0011G06.TIF
	0011G07.TIF
	0011G08.TIF
	0011G09.TIF
	0011G10.TIF
	0011G11.TIF
	0011G12.TIF
	0011G13.TIF
	0011G14.TIF
	0012A02.TIF
	0012A03.TIF
	0012A04.TIF
	0012A05.TIF
	0012A06.TIF
	0012A07.TIF
	0012A08.TIF
	0012A09.TIF
	0012A10.TIF
	0012A11.TIF
	0012A12.TIF
	0012A13.TIF
	0012A14.TIF
	0012B01.TIF
	0012B02.TIF
	0012B03.TIF
	0012B04.TIF
	0012B05.TIF
	0012B06.TIF
	0012B07.TIF
	0012B08.TIF
	0012B09.TIF
	0012B10.TIF
	0012B11.TIF
	0012B12.TIF
	0012B13.TIF
	0012B14.TIF
	0012C01.TIF
	0012C02.TIF
	0012C03.TIF
	0012C04.TIF
	0012C05.TIF
	0012C06.TIF
	0012C07.TIF
	0012C08.TIF
	0012C09.TIF
	0012C10.TIF
	0012C11.TIF
	0012C12.TIF
	0012C13.TIF
	0012C14.TIF
	0012D01.TIF
	0012D02.TIF
	0012D03.TIF
	0012D04.TIF
	0012D05.TIF
	0012D06.TIF
	0012D07.TIF
	0012D08.TIF
	0012D09.TIF
	0012D10.TIF
	0012D11.TIF
	0012D12.TIF
	0012D13.TIF
	0012D14.TIF
	0012E01.TIF
	0012E02.TIF
	0012E03.TIF
	0012E04.TIF
	0012E05.TIF
	0012E06.TIF
	0012E07.TIF
	0012E08.TIF
	0012E09.TIF
	0012E10.TIF
	0012E11.TIF
	0012E12.TIF
	0012E13.TIF
	0012E14.TIF
	0012F01.TIF
	0012F02.TIF
	0012F03.TIF
	0012F04.TIF
	0012F05.TIF
	0012F06.TIF
	0012F07.TIF




