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TECHNICAL MEMORANDUM X- 64660

A DESCRIPTION OF THE THRUSTER ATT ITUDE CONTROL
SIMULATION AND ITS APPLICATION TO THE HEAO-C STUDY

SECTION 1. INTRODUCTION

. During the design and evaluation of a Reaction Control System (RCS),
it is desirable to have a digital computer program simulating vehicle dynamics,
disturbance torques, RCS logic, and control torques. The Thruster Attitude
Control Simulation (TACS) is just such a computer program. The first part
of this report is devoted to a description of the TACS, while the remaining
portion is devoted to the results of the HEAO-C RCS performance study as a
demonstration of the TACS applicability.

SECTION 11, DESCRIPTION OF THE TACS COMPUTER PROGRAM

The TACS is a relatively sophisticated digital computer program that
includes all the major parameters involved in the attitude control of a vehicle
using an RCS for control. It includes the effects of gravity gradient torque
and HEAO-C aerodynamic torques so that realistic runs can be made in the
areas of fuel consumption and engine actuation rates. Also, the program is
general enough that any engine configuration and logic scheme can be imple-
mented in a reasonable amount of time; i.e. , a major change is usually im-
plemented in a few days.

A. Coordinate Systems

The TACS uses only two coordinate systems: a vehicle body system
and a quasi-inertial system. The vehicle body coordinate system has its
origin at the center of mass of the vehicle with the XB body axis along the

longitudinal axis of the vehicle, the Z_ body axis normal to the solar panel

B

axis in the case of the HEAO, and the Y]3 body axis completes the right-hand

triad. The origin at the center of mass of the vehicle was chosen to imple-
ment the gravity gradient equations in an efficient manner.



The quasi-inertial coordinate system has its origin at the center of the
earth. The X inertial axis can be assumed to be inclined 23. 5 degrees from

S
the earth's spin vector, while the Ys and ZS axes lie in the ecliptic plane.
The YS and ZS axes have no particular pointing direction, so the time of

year of the orbit chosen, along with a particular vehicle orientation, is simulated
by choosing the proper orbital inclination in the quasi-inertial system to give

the desired orbital parameters. The method works well for runs of a few

orbits; but if longer on-orbit times were to be studied, a coordinate system
rotating once a year would have to be added.

B. Program Description

The TACS consists of four main divisions:
1. General Equations

2. Rotational Dynamics

3. Véhicle Dynamics

4, Translational Dynamics

Although it is not included as a separate division here, the TACS
initialization procedure to ensure that all variables are initialized is rather
lengthy and should not be overlooked. A flow chart of the entire program is
shown in Figure 1 and the equations discussed are shown in Appendix A. It
is believed that the most convenient way to discuss the TACS will be under the
four divisions previously mentioned. '

C. General Equations

There are five equations under this heading and each calculates ele-
ments that are used in one or more other sections of the program (Appendix A).
Inertial position and velocity of the vehicle are calculated by the root-sum-
square (rss) method for use in several other equations. The gravitational
acceleration at altitude is calculated for orbital mechanics purposes and the
final two calculations for vehicle altitude and position angle are performed
primarily for the programmer's benefit.
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D. Rotational Dynamics

In this section are calculated the gravity'gré.dient torques, the aero-
dynamic torques, the thruster torques, vehicle angular acceleration and ré;tes,
and the direction cosine matrix. The gravity gradient equations were taken
from Reference i where they are derived and explained in detail. The equa-
tions are valid only if the body coordinate system has its origin at the center
of mass of the vehicle in orbit. :

The torques caused by RCS engine firings are calculated simply by
multiplying the thruster force by the corresponding lever arm (s). Since the
equations for each axis are therefore relatively simple, it was decided to
change them for each new engine configuration rather than try to write a
general expression suitable for all configurations. The resulting savings in
run fime and program complex1ty more than make up for the small 1ncon- '
venience.

The aerodynamic torques used in the TACS are valid only for the HEAO'
vehicles. Therefore, if any other vehicle is studied with the TACS and it is :
desired to include aerodynamic torques, the aerodynamic equations will have’
to be rewritten. The aero equations presently in the TACS were taken from -
Reference 2. They are written for the HEAO-A and HEAO-B vehicles, but it
was felt they would be suitable at least for a preliminary study of the HEAO-C
vehicle. The main drawback is that the effects of the orbit adjust stage (OAS)
are not included. The aerodynamic torques are a function of the angle of attack
and the roll angle so these parameters are fed into a group of aerodynamic co-
efficient equations derived by a curve fitting procedure. The resulting co-
efficients are modified according to center of gravity considerations and then
these body aerodynamic coefficients are used in the aerodynamic equations.

A more detailed analysis and discussion of the aero equations can be found in
Reference 2.

The various vehicle torques are used to calculate the angular accelera-
tions on the vehicle. These angular accelerations include equations simulating
the effects of precession exhibited by a rotating body. The acceleration due to
each source is integrated to obtain angular rates. Various methods of integra-
tion are used to produce the highest degree of accuracy. For instance, rec-
tangular integration is absolutely correct for accelerations due to thruster
torques whereas forward trapezoidal integration is suitable for the integration
of accelerations due to gravity gradient torques. The rectangular integration
is appropriate.since the thruster firings are modeled w1th ,a perfect rectangular
wave form of duratlon At .



Direction cosines rather than Euler angles are used in the attitude
determination of the vehicle to avoid the 90-degree angular rotation limit in
one axis. The direction cosines, [A], are illustrated in Figure 2. The rates
of change of the elements of the direction cosine matrix are determined from
vehicle angular rates and previously calculated direction cosines. These new
rates are then integrated to obtain new values for the direction cosines. Since
the program is digital, a finite At must be used. Thus, there is some in-
accuracy in obtaining the direction cosine rates to be integrated. Therefore,
the direction cosine subroutine utilizes a simple ortho-normalization pro-
cedure to ensure that an overall drift of the direction cosines will not occur.
A more detailed discussion of direction cosines can be found in Reference 3.
It should be noted that the elements of the [A] matrix must be initialized
accurately, '

E. Vehicle Dyhamics

The desired attitude of the vehicle is expressed with another direction
cosine matrix, the attitude control matrlx [c]. By multiplying the transpose

of the attitq.de'control matrix; [C] , times the direction cosine matrix [A],
a third 3 x 3 matrix, [D], is obtained. By comparing the elements of this
matrix with those of a comparable Euler matrix, appropriate terms can be
chosen and combined to express the attitude errors. These errors are not
absolutely correct but as the attitude error approaches zero, the deviation
from the actual attitude error also approaches zero. Hence, for the small
deadbands normally used during RCS control, the attitude errors generated
are for all practical purposes correct. .

If an attitude other than inertial hold is desired, the control matrix
[C] will no longer consist of constant elements. Instead, trigonometric re-
lationships will have to be used to express the elements. In addition, if the
vehicle is required to spin about an axis, a spin angle will have to be in-
troduced to express the desired vehicle attitude at each instant of time. The
rate at which the spm angle changes will, of course, determine the spin rate
. of the vehicle. :

Once the attitude errors are -obtained, they are combined with the
angular rates using suitable gains to obtain the control error signals or
command torques. Presently the TACS uses a constant slope deadband, but
it would be easy to implement other types of control laws. Using these com-
mand torques, the engine logic decides which engine or engines should be fired
for a particular error. The logm equatlons in Appendix A are expressed only
in general terms because engine logic normally changes between studies. The
. implementation of a particular logic configuration can be seen in the sample
printout in Appendix B. The logic is that shown in Figure 3.
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Figure 3. A three-axis logic scheme for selecting proper
thrusters during attitude control.

F. Translational Dynamics

Since aefodynamic drag is ignored in the TACS, the only contributors
to translational motion are thruster firings and gravity. The equations for
force due to thruster actuations are simply summations per axis of the engine
thrusting along the axes. Normally the engines are assumed to be aligned
along the three axes, but if they are skewed at some angle, only a simple
trigonometric relation needs to be added. These equations are changed for



each new engine configuration to reduce program complexity and run time.
The thruster forces are used to generate body translational accelerations
which are transformed and combined with acceleration due to gravity to pro-
duce a total inertial acceleration. These translational accelerations are then
integrated twice to obtain velocity and position in inertial space. Inertial
velocity and position are then transformed to velocity and position in the body
coordinate system. These transformed values are required in the gravity
gradient and aerodynamic equations.

SECTION 111. HI-EAO—C PERFORMANCE SIMULATION

The two primary HEAO-C vehicle requirements placed on the RCS are
control moment gyro (CMG) momentum desaturation and attitude control.
CMG desaturation requires by far the largest amount of fuel and is the pri-
mary driver in the selection of an engine configuration and control law. Since
some attitude control is required of the RCS (one contingency mode may last
30 days) , it was decided to perform an analysis from the RCS attitude control
viewpoint. However, as presently baselined it should be ' remembered that the
HEAO-C RCS depends upon CMG desaturation efficiency and not so much on
performance in the RCS attitude control mode.

A. Baseline RCS Configuration and Control Law

The HEAO-C baseline RCS configuration is shown in Figure 4. It
consists of four reaction engine modules each containing four reaction engines,
two primary and two redundant. Four engines can control both pitch (rota- .
tions about ZB) and/or roll (rotations about XB) whereas the other four can

control yaw (rotations about YB) and/or roll. The engines are numbered

according to (1) the quadrant in which they are located, and (2) according to
the direction they are pointing. Four of the engines have three identifying
numbers rather than two. This is required since they are located in the same
quadrant and point in the same direction. The third number is merely the
quadrant they are nearest (not in). Hence each engme has its own identity
and can be distinguished from the other seven. :

Since the configuration lends itself so well to signal mixing, roll is
mixed in with both pitch and yaw on all eight of the engines as shown in
Figure 3 (see Figure 4 for the engine nomenclature). The resulting signal is
routed through the modulators and then to the selected engine(s). ‘
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A straight line constant gain law was used with a gain ratio of five.
Unless the roll error is exactly zero, this control law prevents two engine
burns in a single axis at the same time. This, of course, allows “onger burn-
times since only one engine will be performing vehicle control at ..y time.
The longer burn times result in a higher Isp and therefore more efficient

use of the fuel. The signal modulators 'depi'cted in Figure 4 are m :rely a plus
or minus deadband device with no attempt being made to enhance t-¢ signal
for better efficiency.

B Simulation Results

_ In all of the cases where the RCS was used for attitude control, the
worst case orientation for gravity gradient was used. Therefore, the data
presented depict the worst case fuel consumption and cycle rate in all cases
unless otherwise noted.

Table 1 presents the results of the TACS study of the baseline HEAO-C.
About half of the items listed were analyzed using hand calculations but they
are included to complete the timeline. The first item studied was the separa-
tion of the HEAO from the launch vehicle with the resultant vehicle rates. in~
troduced on the HEAO. The TACS was initialized with the vehicle in the 140 by
250 n. mi. orbit with 3 degi‘ee/_second rates on all three axes and the HEAO
was immediately commanded to maintain attitude and null the rates. The fuel
consumed, 7. 45 lbm, includes that required for returning the véhicle to the
same attitude as it had at the beginning of the burn, in addition to nulling rates,
although the attitude hold may not be a requirement for the HEAO..

The next TACS application involved vehicle control in the insertion
orbit of 140 n. mi. by 250 n. mi. Although nominally RCS control in this orbit,
as well as the others, will not be a system driver, the contingency of about a
30-day stay in the 140 n. mi. by 250 n. mi. orbit will affect fuel consumption
drastically if attitude is maintained within +0. 5 degree. The TACS analysis
in this orbit indicated a fuel consumption rate of 0. 244 lbm/orbit. Hence the
nominal mission will require a maximum of 1. 09 pounds of fuel in this orbit,
but for the 30-day stay almost 115 pounds will be needed. The actual require-
ments should be less than those mentioned since vehicle attitude will vary
with time; i. e., the worst case will not be maintained for 30 days. Also, it
should be noted that a deadband of +0. 5 degree probably would not be needed
and could be relaxed during this part of the mission.

10



TABLE 1.

SIMULATION RESULTS FOR THE BASELINE HEAO-C

atl =140 sec Worat Case
.. Total ap Engine Cycling

Event Impulse (lb~sec) (1bm) for an Engine Comments
Null 3 degrees/second 1043, 8 7.45 30 Includes Attitude
8 Axes Coptrol
Solar Acquisition 268.0 1.91 4 2 degrees/second
{90 degrees about X arnd Y) Maximum Manuever Rate
Attitude Control in 158. 8 2. 9 at 4. 5 Orbits 318 or 0. 244 1bm/Orbit
140 x 250 n. mi, Orhit 16 082. 0 114. 8 at 30 Days 81 500
QAS Thrust Vector
Misalignment During 1079.5 7.7 150 7. 5 minute Burn
Burn to 205 x 250 n. mi.
Attitude Control in 33. 49 0. 239 70 0. 238 1bm/Orbit
205 x 260 n. mi. Orbit for 1 Orbit
OAS Thrust Vector .
Misalignment During 804. 1. 6. 74 112 6. 58 minute Burn
Burn to 250 x 270 n. mi.
Attitude Control in 51.0 0. 364 108. 0. 243 1bm/Orbit for
250 x 270 n. mi. 1. 5 Orbits
QAS Thrust Vector
Misalignment During | 678. 2 4. 80 94 4. 68 minute Burn
Burn to 270 n. mi. Circular Orbit
Attitude Control in
270 n. mi. Orbit until
CMG's are up to 253 3 1.84 451 0. 245 1bm/Orbit
Speed, End of Checkout for 7. 4 Orbits
and Acquisition of X-ray
Reference
CMG Momentum 107 767 769.7 211 080 Only 52 780
Dumping at 270 n. mi. Actuations per

Engine are Expected
Totals 113 126. 99 or 795, 647 or . 212 428 or
138 035. 39 209, 957 243 607

11




The 'engine actuation rate.could be extremely high’in this orbit if the
30-day stay time is used. Extrapolating the worst case figures gives 31 500
cycles for one engine which is about one-sixth of the engine's rating. Again it
must be noted that this is a worst case figure since a deadband of +0. 5 degree
was used. If the deadband were relaxed, the actuation rate would decrease
appreciably. The nominal staytime of 4. 5 orbits requires only 319 actuations
for a worst case engine, so no problem is ant1c1pated if the nom1nal mission
t1mel1ne is followed

At the end of the stay period in the insertion orbit, the RCS will be used
to acquire the proper vehicle é.ttitude' for the OAS burn into the 205 by 250 n. mi.
orbit. The RCS will also be used to maintain vehicle attitude during the OAS
burn. For both attitude acquisition and burn control, a 1080 lb-sec impulse .
will be required. This impulse determination was made without the use of the .
TACS.
Once the HEAO has been inserted in the 205 by 250 n. mi. orbit, the
RCS will be used to maintain attitude control until the next OAS burn and -
nominally should require one orbit. During the orbit, only a 33. 5 lbf-sec .
impulse will be required. A total of 70 engine actuations will be requlred for
the worst case engine.

After the HEAO has completed one orbit in the 205 by 250 n. mi. orbit,
it must be positioned for an OAS burn into the 250 by 270 n. mi. orbit. The
impulse required for attitude acquisition and OAS thrust m1sal1gnment manage—
ment was-found to be 804 1b-sec. If a single RCS engine is required to do all
of the control during the OAS burn, it will be actuated a maximum of 112 times,
a negligible amount compared to CMG desaturation requirements. :

The vehicle will remain in this orbit for 1. 5 revolutions during which
time the RCS will require a 51 lb-sec impulse to maintain the HEAO within the
required deadband. At the end of 1.5 orbits, the HEAO injection into a
270 n. mi: circular orbit will require an impulse of approximately 673 Ib-sec
impulse from the RCS. After the HEAO acquires the 270 n. mi. orbit, the
RCS may be needed for 7. 4 orbits after which the CMGs will take over attitude .
control. RCS control for 7. 4 orbits will require an impulse of 253 Ib-sec.

The worst case engine can be -expected to actuate 451 t1mes during the 7. 4

orb1ts X
"Thesé last numbers ¢an be uséd to obtain a worst case fuel consump-
tion and actuation history in the case of a failure of the CMG; 253 1b-sec for
7. 4 orbits gives 34. 22 lb-sec per orbit at 270 n. mi. Since a 2-year mission

12



will have about 11 000 orbits, an impulse budget of 379 842 lb-sec will be
required. At an ISp of 140 seconds this indicates a fuel requirement of

2713 pounds. This number is valid only if the HEAO. remains in the worst
case gravity gradient attitude for the entire mission (an unreasonable criteria),
but it does place an upper limit-on fuel requirements for a 2-year mission in
the case of an early CMG failure.  Also, the vehicle would be operating ina
degraded mode as the above figures reflect a. deadband of +0. 5 degree. The
actuation’ h1story md1cates that 61 actuations may be expected per orbit for a
single engine as shown in Figure 5. If this number is extrapolated for 2 years,
677 100 actuations could be expected of a single engine. This exceeds by about
a factor of four the present cycle lifetime of an engine but it must again be
remembered that this is a worst case number and would actually be s1gmf1—
cantly smaller, perhaps even w1th1n the eng'me specifications.

A single run was made w1th the TACS to determine if a control system
using only an RCS would be feasible for HEAO-C. A deadband of +1 arc min
was placed on all three axes and a 0. 5-pound thrust level was used for the
_thrusters This combination produced about 1600 actuations per., orbit which
‘would quickly exceed thé cycle lifetime of present’ RCS thrusters It was also
felt that the ISp would be so low as to preclude the RCS on a fuel weight basis.

At this point it was decided to drop any further studies along this line.

Although CMG momentum desaturation is almost the exclusive-RCS
driver on the HEAO-C, a TACS study could not be performed since TACS
does not include the necessary: CMG equations. An analytical calculation
showed that about 108 000 lb-sec i.apu’ will ideally be required for the 2-
year mission but the RCS conflguratlon used will determme the actual amount
of 1mpulse and fuel requ1red

" C. Alternate System~

The alternate RCS configuration for HEAO-C is shown in Figure 6.
The four reaction engine modules are retained from the baseline system but
they are relocated to the pos1t10ns shown. For 1dent1flcat1on a two-digit
number is used for each engine, The first digit of each number gives the
quadrant the engine is in and the second digit tells the direction in wh1ch the
engine is pomtmg o

-Two control, laws were tr1ed for this alternate system The first,

shown in Flgure 7, proved to be very undesirable from both actuatlon and
fuel consumption v1ewpo1nts Hence the second law, F1gure 8, was devised.

13
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Figure 5. Typical thruster actuation history for the baseline HEAO-C.
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Pitch and yaw are controlled with the radial engines so there is no roll control
when either pitch or yaw is being corrected. Roll is controlled with the tan-
gential engines where two of the four engines available are chosen depending
on the polarity of the roll error signal. Only one engine is finally used,
though, depending upon the polarity of any error in pitch or yaw. Hence,
roll is partially coupled to pitch and yaw in that only one engine will be used
at any one time for roll control depending on which roll engine of the two
selected will best help pitch or yaw. Only when the roll error has exceeded
the deadband, however, will a roll engine be actuated. This law proved to be
much more efficient than the first law tried, therefore, it was used for the
TACS study of the alternate RCS system.

The study followed the same timeline as was used for the baseline
study with the results shown in Table 2. Fuel consumption and actuation
rates are larger than they were in the baseline system. This was expected
since the baseline configuration allows single engine burns to efficiently con-
trol two axes. However, it is felt that the alternate system would be the
better system for the HEAO-C since long single engine burns would be allowed
when dumping momentum. A modification to TACS to include the CMG equa-
tions is being considered and will probably be added at a later date.

D. Conclusion

The TACS has been shown to be a valuable tool in the performance
studies of vehicles using an RCS for attitude control. It has been demon-
strated that various RCS configurations and logic schemes can be imple-
mented in a short time so that a detailed tradeoff study can be made of various
candidate systems. For the HEAO-C in particular, the simulation is very
comprehensive in that aerodynamic torques are included in addition to the
gravity gradient torques. However, if aerodynamic torques are desired for
any other vehicle, the equations for that vehicle will have to be substituted
for the HEAO-C aerodyanmic equations since the ones now in the TACS are
applicable only to the HEAO.,

The TACS was used primarily to determine fuel consumption and
engine actuations. For the alternate system, two control laws were con-
sidered. The first of these was shown to be somewhat less efficient as com-
pared to the law finally used. Hence, it is seen that the TACS can be used
to aid the selection of a particular RCS configuration, choose a control law
for that configuration, and finally, allow a performance study of the chosen
configuration.
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TABLE 2. SIMULATION RESULTS FOR THE ALTERNATE HEAO-C RCS

Fuel Required

Worst Case
Total at Isp = 140 sec Engine Cycling

Event Impulse (1b-sec) (1bm) for an Engine Comments
Null 3 degrees/second 1043.8 7.45 30 Includes Attitude
3 Axes Control
Solar Acquisition 268.0 1. 90 4 2 degrees/second
(90 degrees about X and Y) Maximum Manuever Rate
Attitude Coutrol in 165. 9 1. 18 at 4. 5 Orbits 675 or 70 632 0. 263 1bm/Orbit
140 x 250 n, mi. Orbit 17 374.0 124. 1 at 30 Days
OAS Thrust Vector
Misalignment During 1079.5 7.7 150 7. 5 minute Burn
Burn to 205 x 250 n. mi.
Attitude Contral in 36. 55 0. 261 146 0. 261 1bm/Orbit
205 x 250 n. mi. -Orbit for 1 Orbit
OAS Thrust Vector
Misalignment During 804. 1 5.74 112 5. 58 minute Burn
Burn to 250 x 270 n. mi.
Attitude Control in 54.4 0.38 144 0. 259 1bm/Orbit
250 x 270 n. mi. Orbit for 1. 5 Orbits
OAS Thrust Vector
Misalignment During 673. 2 4,80 94 4. 68 minute Burn
Burn to 270 n. mi. Circular Orbit
Attitude Control in
270 n. mf, ‘Orbit Until
CMGs are up to 266.9 1. 90 1 058 0. 258 lbm/Orbit
Speed. End of Checkout for 7. 4 Orbits
and Acquisition of X-ray
Reference

N . Typically 105 545
CMG Momentum 107 767 769.7 422 180 Actuations per
Dumping at 270 n. mi. . Engine are

Expected
Totals 112 159, 35 or 801. 02 or 424 593 or
129 367. 45 923. 94 494 550
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APPENDIX A

EQUATIONS DERIVED TO IMPLEMENT THE THRUSTER
ATTITUDE CONTROL SIMULATION

0.0 General Equations
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1.27

1. 28

Agg = Aué’y - A12‘i5x
A21 = Azzﬁbz - Azad’y
Ay = A23¢.’x - Azid;z
Ay = Azlqsy - Azz‘i’x
Agy = Asz‘i’z - A;s‘i’y
Agy = Assé’x - A31¢.>.Z
Agy = A31<1.5y - Aazqax

A= J Aij dt

ORTHO NORMALIZATION

1.29

1.30

1.31

1.32

1.33

1.34

1.35

1.36

1.37

1.38

22

A21'= AgzAgp - Apphys
Agp = AplAgy - Ay
Ay = Appfigr - Anfge
Agy = Ajpfgs - Ay
Agy = AgzAgy - AyyAgg

Agy = Ay1Ag - ApAy

ORTHO; =N A + Ayd + A

ORTHO; = "[A312 + Ayf + Ayd

Aij corrected = Aij/ORTHO
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2.9

3.1
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APPENDIX B

AN EXPLANATION OF THE SYMBOLS USED IN THE DIGITAL
PROGRAM TACS AND A REPRESENTATIVE PRINTOUT OF TACS

SYMBOL
A (1,3)
AO

A1l

AD (i,j)
ADP (i,])

ALT
AMASS
APOGEE
AREF
ARUN
AT

ATIME

AXIS
C (1,j)
CA

CAO

'DE FINITION
elements of the direction cosine matrix
attitude error gain
angular rate éain

rate of change of the elements of the direction
cosine matrix

value of AD(I,j) during the previous computa-
tion cycle

altitude of the vehicle in nautical miles
mass of the vehicle

apogee of the orbit

aerodynamic reference area
conversion of RUN into seconds

the aerodynamic angle of attack

a time used in the print loop to determine how
often to print

one-half the major axis of the orbit
elements of the command matrix
aerodynamic coefficient

aerodynamic coefficient
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SYMBOL
CFiik
CL
CLCG
CN
CNO

CONV

CSM
CSMCG
CSMO
CSN
CSNCG
Cvx
CYy

D (,j)

DB 1, 2, 3

DELTX, Y, Z

DELTYO

DELTZO

DREF

26

DEFINITION
engine on time (cumulative)
aerodynamié coefficient
aerodynamic coefficient
aerodynamic coefficient
aerodynamic coefficient

a conversion factor equal to the number of

degrees per radian

aerodynamic coefficient
aerodynamic coefficient
aerodynamic coefficient
aerodynamic coefficient
aerodynamic coefficient
aerodynamic coefficient
aerodynamic coefficient
elements of the attitude error matrix

three deadbands available for use (multiples of
epsilon)

command torques derived from attitude error
and angular rate signals

main engine command torque
main engine command torque

aerodynamic reference length



SYMBOL

DTL

DTS

EPDX, Y, Z

EPDDX, Y, Z

EPDDXP, YP, ZP

EPSLN

ETA

Tigk

FMTX, Y, Z
FMXCG, YCG, ZCG
FPDX, Y, Z
FPDDX, Y, Z

G
GO
GIX, Y, Z

GIXY, XZ, ZY

DEFINITION
fime increment
normal time inerement

time increment during engine burn i(equasl to
minimum on time)

angular rate due to inertial .cross coupling

-angular ;aceeleration due ‘to inertial cross

wvalue .of EPDDX, Y, Z during the previous

~ computation cycle

.deadband walue for -attitude .control

.angular position of wehicle ‘in orbit relative ito
.an arbitrary reference point

«engine name :and ‘thrust ilevel during -acomputa-
tion cycle

total torgue -due to -engine burns

torque due ‘to aerodynamics

-angular rate due {o engine torques
-angular :acceleration due to engine torques
itotal engine ‘thrust in .each :axis
;gzﬁﬁtaﬁona’l :acceleration :at ;ﬂtihxde h
.gravitational :acceleration at sea level
principal moments of inertia

:cross ;products -of inertia
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SYMBOL

GMGX, Y, Z
GMU

GMULT :/ - -
GPDX, Y, Z*

GPDDX, ¥, Z
GPDDXP, vP, ZP

H

IAC Tijk

Jijk
NISUM 1, 2

ORTHO 1 2 3

_PDXYZ

28

PDDX, Y Z
PERIGEE
PERIOD

PHI

P

“ISUM 1,527 57 s o

DEFINITION Cu

gravity gradiént torques

- gravitational constant

« gravitational parameter used ir- :ualculating
‘gravity gradient torques

angular rate due to gravity gradient dand
aero torques

ang'ular acceleramon due to grav1ty grad1ent

and aero torques

values of 'GPDDX, Y, Z during previous

computatlon cycle

altlw.de above sea level

3

: number of engine actuations for each engine

' ‘parameéter used to determine if an engine has

fired (for printout purposes)

: logic element in engine firing logic -

parameter used for engine actuation printout
purposes

an orthogonalization parameter

vehicle 4angu1ar rates

vehicle angular accelerations

perigee of the orbit

i

per10d of t.he orbit

A aerodynarmc roll angle

RS




SYMBOL

PPDX, Y, Z

PRINT

PSIX,.Y, Z

RHO

RUN

T, T1, T2
TEST

TIME

TMX, Y, Z

TTi’ 2 e Doy

VPDX, T, Z

XB, YB, ZB

DE FINITION R

e 1r, constant -

va.lues of PDX Y Z during prev1ous computa—
+ion cycle -

: - determines the:time between print cycles

. attitude error signals - ...+

initialization constant to avoid dividing by a DT

- of zero durlng the first:computation cycle

ratio of DT to the prevmus DT

y .atmOSphere dens1ty at a1t1tude h

~distance in inertial reference system from the:

center of the earth to the center of mass of the

vehicle

B

sets the time the vehicle will orbii:

. the RCS thrust level, T, and two multiples: -

of it, if needed

used to choose between normal DT and mlmmum

_.-on time DT .-

time (veh1cle, not real time)

sum of gravity gradient and aerodynamic torques
- .. parameter used in calculating engine on time ;.

initial angular rates

vehicle velocity in the inertial reference system

body axes
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SYMBOL,

XCcG

XDB, YDB, ZDB

XDDB, YDDB, ZDDB:

XDDSF, YDDSF, ZDDSF
XDDSG, YDDSG, ZDDSG

XDDSP, YDDSP, ZDDSP

XDS,, YDS, ZDS
XDSP, YDSP, ZDSP

XIMP
XS, YS, ZS

YCG
YIMP
ZCG

ZIMP

30

DEFINITION

distance from center of mass to geometrical
center along X axis ’

rates in body axes
accelerations in body axes

transforms of body accelerations to inertial
reference system:

acceleration due to gravity in inertial reference
system

values of XDDSG, YDDSG, ZDDSG during the
previous computation cyecle

vehicle velocity expressed in the inertial
reference system

values of XDS, YDS, ZDS during the previous
computation cycle

absolute value of disturbance impulse in X axis
inertial axes

distance from centér of mass to geometrical
center along Y axis

absolute value of disturbance impulse on vehicle
in Y axis:

distance from center of mass to geometrical
center along Z axis

aboslute value of disturbance impulse on vehicle
in: Z axis. ‘



PROGRAM YACS

'
'

DIMEASION Ni(‘)'"?“) N3(4),N4(4), N5(4),N6(4),N7(‘)'N8(4) N9(4)
DIMENSION AD( 1304037, 3)0ADPC3a3), Cl3izdoDizs3

READ
RINY
EAD

PRINT

READ

PRINY

READ
RINY
EAD

PRINT

READ

PRINT

READ

pRINT
RBap
PR;NT
‘READ
gR!N!
READ
PRINT

67,N1,RE,N2,80/Nx, AMASS,NgsP!, N5,CONV¢N6-T N7,FO, NB,G]X
67,N1,RE,N2,G g AMASS, N4, p1/N5,C NV, N6, T,N7,F,N8,GX
67,N1,G61Y, NZ:EIZ;NS GIZY,N4,GIXY, Ng GlXZaNécVCL? N7,YCL2
67.N1.GIY N2)GIZ,Ng,GIZYsNg,GIXY N5,GIXZ,NgyYCLL, N7,VCL2
67,N1,2CL1,N2, ZCLZ;NS.Xi,N4 X2,N5,X3,N6,X4,N7,X5,N8,X6,N9, X7

67,N1)2ZCL1,N2,2CL2,N3, X1 4N4,X2,NS, X3 N6, X4, N7,X5,N8,X6,N9, X7 ~

67:NLaXB N2, X9o N3, Y2 Ngs YqoN52Y6sN6,YBINT7,23,NB)2Z :N9r25
67 NL) XBoNZ, X9 NY, Y2,N4, Y4,N3, Y6, NGsYBINT»Z3 N8, 28, N1 25
67,N1,2Z7,N2,RS,N3,%XB,N4, VB;NS'ZB.NG.XS N?,YS,N8,25,N9, XDS
67,N1227,No RSyN3, X8, N ,YBINS)ZB N6, XS,N7,YS,N8,ZS,N9,XDS
67,N1,YDS, 2, 205, N3, XDDS,; N4, YDDS, N5, ZDDS, N6, EpSLN, N7+ DELTY
67.N1,YDS,N2,20S,N3, XDDS, N4, YDDS, N5, ZDDS ,N& s EPSLNsN7, DELTYS
67,N1,DELTZO,N2,PDX,N ,PDV.N4.PD!,N5,GPDX,N6.GPDV.N7.GPDZ
67,N1,DELT20,N2,pDX,N DV.N‘. D2,N5,6,Dx,N6,G Dv.N7.

67 N1.FPDX, N2, FPDY, N3, FPDZs N4, PDDX N5, PODY, NG, b ATNAN 1
67, N1, FPDX,N2, FPDV;NaaFPDZJN40PDDX:Nﬁ:PDDY.NQ;PDDZ;N7:GPDDX
67,"1; DDV,NZO BDDZ,NS,Ao:N‘,‘1‘N5'DTS‘N6,DTL)N7'A xN
67.N1.6PDDYINZ. G DDZ;NJ.A01N4:A1.N5,DTS,N6.DYL1N7.AgRlNY
67,NLRUN

67 Ni,RUN

READ -500,CF11,CF12,CF14,CF21,CF22,CF28,CF32,CF33, GF34:Cfﬂ1,CFQ3,CF

lagq
READ 500,CF55,CF96,CF58,CF65,CF66,CF67, CP76,CF77 CF78,CFB5,CF87,CF

188

67 FORMAT (1X.4A4;2X:F15 5
500 FORMAT (12F4,1)
Do %03 ls1,3
DO 501 -Jsl,3
A(lﬁv)'O'o
AD(I,J)%0,0
A(l,1)meq,0
A(Ly2)al, 0
A2 1=0 0
A(2,1)20.0
Al2;2)med 0
AC2,3)m0,0
A(3,1)80, 0
A(3,2)00,0

501

A(3,2

1%1.0

I{MP=D 0
N
ZIHP'OQO
xnusc-o,o

DDSGlo.o

ZDDSGug

TUMBLE;O 65219785/CONY
DELTxe0,0
DELTY®0,0
DELT2%0,0

O=e2,

TIMEsg, 0
ATIMESg,q
PRINTsg,

DT=g,q

TEST=0,0
GMUlc.398603795015
ETAsc, 0.
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APDQEE®250,0
PERIGEES140,0

AX!SI(2.-RE01852.'(APOGEE¢PERIGEE))/Z.

PERICD=Q,#P|*SORT(AXISeAXISeAX]S/GMU)

CF22180,0
CF223%0,p
CFé41s0,0
CFa4sg,g
PDX=FDX/CONY
PDY=FUY/CONYV
POZaR DZ/CONY
PDDXePDDX/CONV
PDDYaPDDY/CONY
PDD2sPDDZ/CONY
GPDX2GPDX/CONY
GPDYsGPDY/CONY
GPD22GPDZ/CONY
GPDUX2GPDRX/CONV
GPOLYSGPDDY/CONV
GPDD2sGPDDZ/CONV
FPOXesFPDX/CONV
FPDYsFPDY/CONY
FPD2sFPDZ/CONY
DELTYOSDELTYO/CONY
DELT20sDELTZ0/CONY
EPSLNSEPSLN/CONV
N]SUM,20,0
nisuriao, 0

ARUNIRUNt60 0
vPDXsPDX
VPDYsPDY
VvPD22PD2
DB1eEPSLN
- DB3=rBy
.DB2sy,5¢pBg

Tis?

T2anlgeT
EpDXs0,0
EPDYL0,0
EPDZs0,0
EPDOY=g,q
EPDOYSQ,g
EPDD2%g,p
HERS«RE
_ALTEr/31852,

RHO= .95225235 DB-EXP(-ALT' 041755)
xcasd, 828

YCaG -.005718
20084 ,06538
DREF2,5399 .
AREF.;,1415926'DREFODREF/4.°

xDBag,0
vna-7eo7 73
Z08a¢ 0

{ACT2120,0
JACT3320,0
1ACT41s9,0
1ACT43sp,
IACTZ24%0,0
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IACTZ2380,0
1ACT441s0,0
{ACT44350,0
1ACT 34y,
1ACTz2mp,
fACT 389,
1ACT44ug,
1ACT14sg,
1ACTZ3ng,
1ACT 2200,
1ACT41xg,
c
69 CONTINUE
c LOBLIC CONFIGURATION 1 (ONEY,,,
J21=(DELTX°DFLTV 081‘100.)/100.
2 (sDELTX=DELTZ" DE *,00,)/7,00,
38845 (REL TxebELTZoDB11B0, /180,
J23s(»DEL TX-DELTY-DB14100,)/100,
J442(«DEL TX+DELTY~-DB4#400,0/400,
QI!(DELTXODELTZ DBi 100 )/100.
J4431(-DELTXoDELTZ DB1+100,2/100,
J439(DELTX=DELTY-DBy+,00,)/400,
F210,24#7
F23a,23.7
Fdgs, 4qey
:43;.43'7 '
sJdoolw
FE%JIJSES'T
Fa412J44y,7
F4431y443e7
FT%aC,0
FTY=F4410F443 F2231- -F223
FTZgF23,F43=F21+F41
PTESIITEST
TESTaF21eF23+F414F43¢F2214F223¢F4414F 443
RS2SCRT(XS*XS+YSeYSeZS#2S)
G2GOa (RE/RS)*(RE/RS)
HERS«RE
VS'SCRT(XDS'XDS*YDS'YDSOZDS'ZDS)
POTRCT
“1Ft@) 57,57,433
1 IF(YEST)56.56.55
gg pT=D1S
JSUM120 0
ISUMZSF24eF234Fa14F434F2214F223¢F4416F 443
MISUNM1BNISUM1eISUML
NISUr2aNISUM2+ISUM2
TT42CT/7s
TT25CT/1, "
CFayeCFa e (FoyeTT
crzilCFzst(F 3'TT})
CF41aCF 1o(f 1=7T71)
CFa3,CF43, (Fa3+TTY)
C:ZZiﬂgF221¢t:221';;§;
CFoyae 3e( -
351ICF§§10(F 52.771)
CFA424CF443,(Fa430TTY)
GO TC 57
56 DTaD1L
57 022,
TIMEsTIME+DT
HDYsLT/2,0
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JF(PLT)IL34,134,135
135 RDT=LT/PDY
GU TC 436
134 RDTag,0
136 CONT [ NUE
FMTX21,5¢(F23nF21)%1,485%(F4q-Fq3)+,233#(FA430F223)+,376%(F224°F44
1)
FMTY20,567«(F23¢Fa3aF21-F4y)
FMY236,567%(F2214F223eF441F443)
JACT 1-((9 9=DT+PDT)/10,)eJrte]ACT L
IACT¢$=((9 9-DTepDT)/10, )ans.lAchs
TACT418((9,9-DT+PDT) ,10,),J48+1ACT4L
1ACT43=2(¢9,9~- DToPDT)/iD.)-Jqs.lACY43
1ACT-213((9,9«DT+pDT)/10,)¢y 1.!ACTE 1
TACTE83a((9}92DTepDT)/104)4 8834 1ACT223
1ACT4448((9,9«DT+PDT) 10 Yo J441+1ACTA4Y
1ACT4438((9, O-DToPDT)/éU,)'J443olACT443
GMUL1®3,0%GMU/ (RS*RS*RS*RSeRS
GMGXsGMULT*((GIZ~ GIV)-va-zBonzv-(ZB-ZB ~YB*YB)eGIXY#XBe2BeG|XZ*XBe
1v8)
GMGYSGMULT*((GIX=GlZ)*ZB*XBeGIX2*(XB*XBrZB*7B)eGllY*YBeXBaG]XYYRS

128)
enGz-bMuLT-((GIY GIX)*XB*YBeG]XY*(YB*YBeXBOXB)+GIXZ9ZB*YBaG]2Y*ZB*
1x8)
xXHPlleP'DT'ABS(GMGX)
YIMPaYIMP+DT«ABS(GMGY)
ZIMPsZIMP+DT#ABS(GMGZ)
FPDLYBFMTX/GIX
FPDUYBFMYY/ZGIY
FPDL28FMTZ/GIZ
GPDLxPaGPDOX
GPDUYP2GPDDY
GPDU2P=GPDDZ
PHIsATNB(YDH,2DB)
cvxsxDB/VS
IF(AES(CYX)~1,)8,7,8
8 AT=pl/2.—(CVXOCVXOCVX'CVX/é oa.-CvXnCVXnCVX'CVX'CVX/‘O *15,2CVX2CY
1XeCVXaCVXWCYXWCVXRCVX,/336,)
G0 ¢ qp
7 AY=0,0
10 CONIINUE
CAOB% ,779219C0S(AT)=1,75706+C0S(3,*AT)=,40363%C0S{5,*AT)=,08961+CO
1547, cAT)..04869ac05(9 “AT)
CNunE 77165-SIN(AT)-.96271.sln(3,.AY)-.3430305XN(5 #AT)e,022384SIN
107, 'AT)o 20889¢S!N(9 W #AT)
CS4U214,88051«SN(AT}el, 6023.5;N(3,cAr)-.5.17a-sxu(5.nAr). 00297+S
LINC7? ,*AT)=~,01482SIN(9, 'AT)
CAsCaD
CNeCNO*COSEPH])
CYo=CNO*SIN(PHI)
cL=0,0
CSHMal SMg«CpS(pHI)
CSN3-CSMO*SIN(PHI)
CSMCGECSM+CA#*Z2CG/DREFCNeXCG/DREF
CSNCGRCSN=CY#XCG/DREF«CA*YCG/DREF
CLCG2CL+*CY*2CG/DREF«CN*YCG/DREF
ALTablibs
88,2068 OS-EXP(- 3805Ee060 (ALT#ALT®ALT~,7774E03 %Al ToALT+,2911E0
16'9Ll)) ] NOMINAL
08,50RH0eVSaVS
FMXCCmQ*AREF »DREF#CLCG
FUYCCuQe AREF « DREF 2 CSMCG
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LAD(L, 5084

FH!CGIO'AREF-EREFQCSNCG
THXSGMGXaFMXC

TMY=2GMGY«FMYCQ

TH28GMG24FMICE

GPDLxsTMX/G]X

GPDDYSTMY/G]Y

GPDD2sTMZ/G 12

EPanP.EpDD}

EPDDYPeEPDDY

EPOD2PeEPDRDZ
EPDDXs((PDX*PDY+PDDZ)#GIX2Zn(G1Z«GLY)*PDY*PDZ)/G]X
EPDOYE((Q[Z~G[X)oPDZ*PDX¢(PDZePDZ-PDX*PDX})eBIXZ)/G1Y
EPDD2n((GIX=G]Y)#PDX*PDY+(PDDX~PDY*PDZ)*GIXZ)/GI2Z
EPDXsEPDx*DT¢ (EPDDX+ ((EPDDXEPDDXP)/2,)*RDT)
EPDY2EPDY+DT«(EPDDY+( (EPDDYwEPDDYP)/2,)*RDT)
EPDZ-EPDZODT'(EPDDZO((EPDDZ-EPDDZP)/Z,)'RDT)
FPDXsFPOX*DT+FPDDX

FPDYsFPDY¢DT*FPODY

FPDZeFPDZ+0T#*FPDDZ
GPDX:GPDXODT'(GPDDXo((GPDDX-GPDDXP)IZ.)'RDT)
GPDYGPDY*DT*(GPDDY+{(GPDDY«GPDDYP)/2,)*RDT)
apuz-apnzour-(69002~<(annz-GPDDZP)/g.)-Rnr)

. PPDXsPDX

PPDY4PDY
PPDZaPDZ
PDXSFPDX+GPDX+VPDX+EPDX
PDYSFPDY«GPDYeVPDYSEPDY
PD23FPDZeGPUZ«VPDZSEPDY
PDDXsFPDDX+GPDDXEPDDX
PODYsFPDDY*GPDDY+EPDDY
PDN22FPDDZ+APDD2+EPDDZ
DO 5¢ ldg,3
Do s¢& Jlios
ADp(T, 0 sAD(T, 0}
AD(1,1)84(1,2).PDZ"A(1,3),RDY
AD!;.Z)IA(}nS)'PDX'A‘xn )+PDZ
{1,1)¢PDY=A(1,2)2PDX
ADt2,1)ma(2,2) DZ'A(ZpS)- nv-
AD(Z:Z)-A(Z:S)'gDX A(Zal)'
AD(Z,J)IA(Z:1)'PDV-A(2.2)-PDX
AD(3,3)8A(302)2PD2wAly, 1) #PDY
AD(i.Z)ia( 13w nx-a(g.{)- 114
An(s.am(3o1)~5nv.u3.2)- DX
no ss l'lo
DO 95 Jey
A(ld.)-A(loJ)oDT'(ADCan)o(AD(I.J)-Anp(lud))'Rnle )

AC2,100A(1,3),A(3,2)°A(1,2),A(3,3)
A( :;).A( i,"‘3l3"“ 03)"(301)

")ll(i YeA(xoed)=AlLs1) A (g,
A(S.!).A(l.!)nA¢3 3)-A(1.3).A(3
A(l,:)-A(i:J)tA(Zot)-A(x.x)'A(z,J)
A(S.!)-A(tot)'A(2.2)-A(1n2)-A(251) .
ORTHCLmSORT(ACL,1)9A(1,21)0A(1,2)%A01:2)¢A(1,3)0A(3,3))
ORTHC2380RT(A(2;1)9A02,1)4A(2,2)0A02,2)4A(2,3)¢A(2,3))
ORTHC sSORT(A( pl)"(;:1)0‘(3.2)'A(302)OA(3]3)"(3'3))
A(t.!?-A::.x)/ RTHOL
A(L,3)eA(1,2)/70RTHOL .
l(lp\)l‘(ln 3 /0RTHOL
A(ao YuAt2;1)/gRTHg2

FaymA, 2,2y, RYNB!
AiﬁnS"A 2+3)/70RTHO2
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a0

A(3,1)mA(3,1)/0RTHO3
A(Yr2)mA(3,2)/70RTHOS

A : "A( 13)/0RTHO3
tHE € MATRIX IS YHE GUIDANCE MATRIX AND THE POSIYJON ERRORS ARE OBYAINED
FROM THE D MATRIX,

ZB ALONG 2S, YB IN ORBITAL PLANE, XB PEP,
Cli:1)meg, 0 ' -
- C(iyd)s0,0

~C(1,)m0,0
C(2,3)%0 0
C(2,3)8ei 0
C(2,2)m0,
c{3;1)=0,0
(3:3)m0,0
(3,0)%2,0
po 60 1l=3,3
DO 60 Jmyg,3
60 D(Iﬁ-)'ctlnlltA(iaJ)*C(Zul)'l(?oJ)‘C(;cl)"(goJ)
SiXe 0.5‘(0(3 2)1eD(2,3
PS1vs0,5,(D¢1,3,-D¢3,1,
pPSI2e 2.5'(0(2,1) D(112;)
DELTXSA0ePSIXeAL#PDX
DELTYSAQupSIYeAlspDY
DELTI8AQePSIZeALePDZ
DELTYQ=DELTY
DELT20=DELTZ

PRI e et et st cces PPt atananrtentty

xDDBeFTX/AMASS
YDDBaF TY/AMASS
2DDBsFTZ/AMASS
'xDDSPeXDDSG
yDDSE=YDDSE
2DDSe=2ZDDSE
XxDDSFaA(g,1)*XDDBeA(1,2)¢YDDBeA(L,3)+2DDB
YDDSPA(2,1)eXDDBsA(2,2)#YDDBsA(2,3)*2IDDB’
ZD0SFEA(3,1)«XD0B+A(3,2)+YDDBA(S, g)-ZDDB
XDDSGa=GeXS/RS
YDDSG==GeYS/RS
Z2DDSGu~GeZS/RS
%xDSPaXDS
yDSPeYDS
208Ps20S
xDs-xbSooT-XDosr.uT~(xDDSG-((xbnsg-xuospile.)'RDT)
YDS3YDS+DT¢YDDSF« DY« YDDSG#( L YDDSG=YDDSP) /2, ) *RDY)
zDS'zUS*DT'ZDDSFoDT'(ZDDSG#((zDDSG-ZDDSP)lg.)'RDT)
XSaXSeMDT* (XDSeXDSP)
YSsYS+HDT#(YDSaYDSP)
25028 +HDTH(ZDS+ZDSP)
XBs  A(1,1)*XS4A(,,1)*YS+A(3,1)¢2S
ve- AlL, 2)-xs-A( .2)-vs-4(g.2)-zs

A1, 3)#XSwA(2,3)%YS4A(3,3)%sS
§DB-A(1.1)~xos-A(2,1)-VDSoA(3 1)2DS
yDBaA(1,2)*XDS+A(2,2)#YDSeA(y,2)¢2DS
zna-:(1,3)-xnsoA:2.3)-VDSoA(§ 3)%20g
ETAS(VS*DT/RS)ETA
ATIMESATIMESDY
IFCAYIME-PRINT) 69,70,70

" 70 ATIMESO0,0

PRINTSAPRINT
DEG1sETA,CONV
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DEG2ePS]Xx*CONY
DEG3aPS]yeCONYV
DEG4sPS]Z¢CONY
DEGS=DELTX*CONV
DEG6sDELTY*CONV
DEG7=DELYZ*CONV
DEGB8sPDX«CONV
DEG9sPDY«CONV
DEG1CsPD2#CONY
DEG113AT«CoNV
DEGLzsPHI#CONYV
PRINY 600,TIME,XS, XBoDEGS.YMX GHGX.G.VS YB, DEGb:THY GMGY,H,25,28,D

IEG7;1HZ,8HGZ Vs, xps,DEG2, DEGS, FYX,RS,YDS;DEG3,DEG9 FTY, DEGlpZDS:DE‘

264,DeG10,FTZ,PERIOD
600 roanntt/;.(1x.4nrxns.2x F12,3,5X,2HXS, 4X,F12, .5x,2ux9,4x F12, 345X
1,5KH0ELTX,1%,F7,3,5X,3HTMX,3X,F12,6,5X,4HGMGX ?;2 6,/7,1X,1HG,5X F12
203,5x, 2HYS, 4x,F12,3,5x, 2HYB, 4x,F12.3,5
ix,rl:.a.sx. 4HGMGY, Fi?,b. .1X,1HHan'F12-315Xn2HZSI X,F12, X:?HZB
4X,F12,3,5X,5HDELTZ,1X,F7,3,5X,3ATMZ,3X,F12,6 5x. HGMGZ, 91 6,/,1
5x,zn»s 4y,F12, 3,5, 3HXDS, 3X, F12,3,5X, 4upszx.2x Fi2, 3,5%, SHPDX, 1X,F
6915e2X)gHFTX, sX;F12,3,/, 1x,2Hns.4x.F1£. 15%X03HYDS s 3X, FL20 305X 1 gHPS
71223, F12,3,5%, SHoDYo1XiF945,5%, SHFTY, SR, F1253,/,1%, SHETASSX, F12,3
8,5%,1H2DS, 3X r1a. ,5X% 4upsxz ,2%,F12,3,5X 3HPDZ 1X,F9,5,5%,3HFTZ,3X
9, r12 3, 5x.6HPERlOD,F8 20
PRINT 601,DEG11, DEG12,FMXCG,FMYCG,FMZCG
601 ronnnr(zsx SHALpHA,2X,F11,4,9%,3HpHT,4X,F11, 4.5x SHFMXCG,F12,6,5X,
15HFHvCGaP12 6, 5x.5urnzcs.r12.e)
. “PRINT 6 56.XIMP.YIHPnZIMP
6358 ronnnrcix.zoux IMPULSER,E11,4,5X,10HY IMPULSE®,E1l,4,5%10HZ IMPUL
1SEs, EL11,4,/) .
tF (nxsun1)1uoo.1ooo.1001
1001 PRINT 1005,CF11,CF14,CF22,CF23,CF32,CF33,CF4Y, CFas
1005 FORHAT¢1H0.5HCF11=oFG. BN  CFi4s.F6,348H crzzs FoegsBH P24z
1,F6,3,8H CF32s,F6, §H CF33s,F6,3,84 CF44s,F6,3,BH CF4az, r
26 3 .
PRI&1 7359, 1ACT11, 1ACT22, IACT33, 1ACT44, 1ACT14, [ACT23, [ACT32, [ACTAY
7359 FORMAT(1xX,5HACT11, 15,80  ACT22,15,84 ~ ACTa3s1s.8H ACT44015.9H
1 ACT14,15,9H ACT23,15,9H ACT32,15,9 ACT41,15)
1000 IF (hlSUMZ,iOOS 1003, 1004
4 PRINY 08 Cin,CF23:07221,CF223.CP41aCF43nCF44% ,CF443
1885 FORHAT( Aoy sHCF 218, Fé, .au CF23s,F6,3.8H CF2218,F6,308H CF2242
1,F6,3,8H CF44:,F6,3, CF432,F6,3,8H CFadys,F6,3,B0 CF443z,F
26 3
pa1&1 7356,[ACTZ1 TACT23, 1ACY4Y, 1ACT43, [ACT221, [ACT223, ]ACT44Y,14AC

7358 roaﬂpv(zx SHACT21,15,84  ACY23,15,8H  ACT41,15,8H  ACT43,15,9H
ACY221,15,9H  ACT223,15,9H  ACT441,15,9H = ACT443,15)
100y L CONTINGE : :
NIsSUNLImD
‘NISUM 280
2047 CONTINUE .
IF(TIME=ARUN) 69, 73,73
73 STOP
END,

X.BHDELYY,1X F7, 3.5x.3k7nv 3
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GPDX
GpDY
GPDZ
FPDX
FPDY
FRDZ.
PDDX
pODY

xxxzxx:x:xx‘xxxzxzxixx:xx'xxx

NETER
N/8/8
Kg

RAD
DEG,RAD
N

N

NoeMeSeed.

NeMeaSoe
NeMeSee2
NeMaSen2
‘NeMeSew

N*MeSend

L]

M/S
x\wmn
M/S
‘M/5/8
M/5/8
M/S/S
‘DEG

DEG
‘DEG
DEG/SEC
DEG,SEC
DEG/SEC
DEG/S
‘DEG/S
DEG/S
DEG/S
DEG,S
DEG/S
DEG/S/S
DEG/S/S

6378244,70993
9,79800
7209,40000
3,141%9
57,20580
22,24000

0
3902,43000

94246, 38000
2497475000

\

*4,97840

~4,97840

»1,36150
1,3817¢
..c
0
1,46050

(- X-X-X-1-)

*$,28270

0

0
-6637524,79993
«4693430,79504

']
4693438,79492
4693438,79492
0
4693438,79492
, 0
-#7807,73000

,02000
401000
+01000

oo ocoooco

cooooooo

(—N-X-X_)
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PBDZ DEG/S/S
GpDDX DEG/S/S
apDDY DEG/S/S
GpDDL DEG/S/S

AO

Al SEC

DTS SEC

ot SEC

ABRINT  SEC

RUN MIN

TIME 0
1] 9,047
H 259279,99¢
Vs 7807,73¢
RS 6637524,79¢8
ETA ¢
X JMPULSE= 0
TIME 100,300
G 9,04¢
L] 299960,27¢
vs 7806,942
RS 6638205,075
ETA 6,759

X IMPULSEa 1,3236E=02

cr2is  ,150 CF2la
ACT21 6 acr2?
TIME 200,45¢
G 9,04¢
] 262000,978
Vs T 7804,57%
RS 6640245,77¢
ETA 13,80¢

X [MPULSEs 5,0380E02

CFRis 225 CF2lu
ACT2y 9 aCt2?
TIME 300,55¢
G . 9,031
H 265371,032
vs 7800,67)
RS 6643615,832
ETA 20,244

X IMPULSEs 1,0B45E~01

Cr21s 275 CFalx

0
0
0
0
1,00000
5,00000
, 02500
150000
100,00000
45,00000
XS 4693438,795
Y$ 0
28 4693438,795
x0s 0
Ybs -«7807,730
zZDs 0
ALPHA 90,0000
Y IMPULSE=
X$ 4661297 ,334
'] ~781327,073
143 © 4661297,293
XDSs v 640,141
Y0s =7754,269
208 *640,142
ALPHA 84,8399
Y IMPULSE= 1,85
0 CF221s= 0
0 ACT4y 4 AC
XS 4565523,45¢
5 »1550818,034
28 4565523, 315
xD§ «1270,193
YDs »7595,027
208 »1270,194
ALPHA 80,3065
Y |MPULSE= 3,65
0 CF221s - 0
0 ACT4y 6 AC
XS 4407575,830
YS «2298793,454
2s 4407575,563
XDs «1881,863
Yis «7332,624
208 «1881,864
ALPHA 76,1142

Y IMPULSE= 5,35

0 CcF221s 0

76E 0%

CF223s
143 'y

81E 01

CF223s
T43 ]

91E 01

CF223x

«4693438,795
0
4693438,795
0
0
0
90,0000
2 [MPULSE=

+4690242,729
817359,964
4625948,889
'*04006
1434
1447

94,6555

DELTX
DELTY
DELTZ

PDY
4174
FMXCG

DELTX
DELTy
DELTZ
PDX
PDY
PDZ

FHXCG

2 JMPULSE= 1,6642E 00

0 CFd1ms  ,100 CFa3
ACT224 0 ACT223
-4590155,803 DELTX
1577164,071 DELTY
4531673,784 DELT2
1045 PDX
1408 PDY
, 285 PD2
99,4596 FMXCG

Z [MPULSE= 6,3323E 00

0 « CF4g= 450 CF43
ACT221 0 ACT223
~4444421,407 DELTX
2285463,866 DELTY
4377404,672 DELTZ
»0,015 PDX
1398 PDY
*0,158 PDZ
104,2502 FMXCG

2 IMPULSEs 1,3633E 01

0 CFdgs 200

CF4

1020 THX 1004185 GMGX 0
050 ™Y +186209 GMBY 1186209
1030 ™™ 032854 GMGZ 0
,01000 FTX 0
401000 FTY 0 .
+01000 FTZ . 0 PERIOD 55p6,04
1004185 FMYCG  »0,000000 FHzC6 032884
0,001 TMX ,004363 GMGX 1000254
4430 ™y 185552 GMGy ,183339
1447 T™Z +000681 GMGZ  »0.031979
100085 FTX 0
=0.00085 FTY 0 .
“0+00005 FT2 0 PERIOD 5506,04
1004408 FMYCG . 002213 FMZCG6 , 032060
® . 0 CFddis 0 CFe43s ,125
0 ACTa4y 0 ACT443 5
1003 THX 1004317 GMGX 1000481
4pd ™Y ,179785 GMGY +175518
1269 ™Z »0,030877 GMBZ  «0.060463
-0,00831 FTX 0 ) )
=0,00080 F1Y 0
-0,00320 F1z 0 PERIOD 5506, 04
003836 FMYCG .004267 FHICa ,029785
& Q CFa4gs ,025 CF443: ,425
0 ACTé4y 1 ACT443 5 .
=0,027 TMX 1004086 GMGX +000672
1403 ™Y +16959g GMaY + 163767
-0,187 ™2 »0,058343 GMGZ  =0,(84677
~0,00236 FTX 0 :
+00098 FTY 0
“0,005%0 Frz 0 PERJOD 5%06,04
1003413 FMYCG ,003823 FMZCG - ,p2643%
s 0 CFdd4es ,025 CFe43s 125
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