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ABSTRACT

A program was written to simulate the three axis attitude control system
of LES-8/9. The underlying theory to the computer simulation and de-
tailed outlines of each of the subroutines involved in the complete program

are described.

Whenever feasible, the simulation was written to duplicate as closely as
possible the logic and signal flow of the actual digital attitude control sys-
tem. Each subroutine was thoroughly verified as accurate by independent
and integral system operation, as well as by theoretical estimates, analog

computer simulations and actual experimental data.

A substantial compilation of data from this working program was catalogued
and analvzed for attitude control system evaluation and optimization. This
program also proved itself to be invaluable in the analysis of stability and

performance of the complete attitude control system,

Accepted for the Air Force
Joseph R. Waterman, Lt. Col., USAF
Chief, Lincoln Laboratory Project Office
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NOMENCLATURE

principal axes of satellite body designated pitch, roll, yaw
axes, respectively

Euler angle representing pitch axis pointing error

Euler angle representing roll axis pointing error

Euler angle representing yaw axis pointing error

momentum wheel gimbal angle

angular momentum stored in reaction wheel (wheel speed)
rate about pitch axis

rate about roll axis

rate about yaw axis

quantization scale factor for roll axis control law (ft-1bs/bit)
sensor measured angle representing pitch axis pointing error
sensor measured angle representing roll axis pointing error
satellite principal inertias about pitch, roll, yaw axes,
respectively

inertia of reaction wheel rotor about spin axis

misalignment (offset) angles between gimbal axis and satellite
principal axis

roll axis control law input to gimbal power amplifier

pitch axis control law input to momentum wheel speed con-
trol logic

pulsed plasma thruster control torques applied along the axes
Zi' ZZ’ Z3, respectively

momentum wheel speed period quantization in parts per
second

gimbal damping coefficient
gimbal flex pivot spring constant

external disturbance torques applied along the Zi’ ZZ' Z3
axes, respectively

standard deviation (rms value) of random noise generated
by earth sensor

pitch axis control law parameters
roll axis control law parameters

reaction control torque of momentum wheel about its spin axis
in the on-off state, respectively

update period or interval between sampling times

vi



LLES-8/9 ATTITUDE CONTROL SYSTEM SIMULATION

i INTRODUCTION

The numerical simulation of the motion of a rigid body satellite containing a single gimbaled
momentum wheel about its center of gravity is described. Also included is a simulation of the
digital logic flow of the various attitude controllaws, IR earth sensors and pulsed plasma thrusters.

A brief description of the satellite equations of motion and kinematics is included in Sec. 1l.
An Adams-Moulton, Runge-Kutta integration subroutine1 was used to solve the basic body dy-
namic equations. This simulation is intended for the analysis of relatively short real time atti-
tude motion of the satellite on the order of a few minutes. Required integration time is large
enough in this program so that the long term steady state response to very low frequency disturb-
ances such as solar pressure torques are more economically determined in a separate simula-
tion not included here. The exact kinematics are included so that both small and large angle
attitude motion can be simulated with this program.

The various parts of the simulation are broken into 13 subroutines, each of which is briefly
described in Sec. 1V of this report. Required input data and typical output data for the program
are given in Sec. V. A listing of the program is given in the Appendix. The attitude control laws

for each operating mode of the pitch and roll axis systems are described in Sec. IlI.

II. SYSTEM EQUATIONS

The Euler equations of motion for a rigid body satellite containing a single gimbaled momen-
tum wheel are given in Ref. 2, along with the assumptions used in the derivation. These equations
are solved in the numerical simulation to provide the satellite body rates. The body rates are
then converted to Euler angle rates referenced to an orbital reference frame. The Luler angle
rates are then integrated to provide an inertial attitude reference for the satellite. The Luler
angles are finally converted to earth sensor measured angles which are the true inputs to the atti-

tude control system.

A. Euler Equations of Motion

Y, = _X;D1 {(XDy) ¥, + Y5 [Yg + (Y, + Mp) (Y = M3Y)]} —K_ (IRNR) (1)
Py 2 Ty (2)
Y, = \’—]1 (e, & Ty, 4 300,.) Yo g 4 (%, # W) F(T, #78,)= Typ— MLE X ] (3)
¥, = —\’—,2 [, + TD, + (K, ) ¥ ¥~ (T, # M) Yo (¥, + MY )+ MyTp = ¥, ¥,1  (4)
98 \—1]; [Ty # Tl — T, ) X, Yo Tl 4 Ve db 0, + W) Dy $ WLELT ) 0 45)

Conversion from a satellite reference frame to an orbit reference frame is accomplished using

the standard Euler angle transformation with Yi‘ YZ‘ Y3 taken about the axes Z1 ZZ' 23 in this

order, respectively.



B. [Luler Angle ’I‘ransformations3

'11 =[\6cosY3—-Y7 smY3]/cosY2—wo (6)
Y2 = Y6 sinY3 + Y7 cos Y3 (7)
Y3 = Y8 — tan Y2 [Y6 cos Y3 - Y7 sin Y3] . (8)

C. Earth Sensor Measured Angles

i - . s )
S1 = tan [smY1 cosY3 oh cosY1 smY3 sm‘lz]/cos\1 cosY2 (9)

S| o . ) o . .
S2 = tan [cos\1 smY2 cos\3— sin 5111\3]/cos\1 cos Y2 . {10)

D. Earth Sensor Simulation

Relating the earth pitch axis sensor measured angle S1 to the output (ISAMP) of the pitch

sensor at sampling intervals of (1S) seconds yields

ISAMP(IS) = [Si/DELTAR + RMS] (11)

where
DELTAR = least significant bit of sensor quantized output (rad/bit)

RMS = quantized Gaussian distributed random noise generated
by sensor with zero mean and standard deviation SIGMA

IS = sampling interval = 1,2, ...16.

At periods of 16 sampling intervals the value of 1S is reset to zero and the stored values of

ISAMP(1S) are averaged to yield the sensor output 1SP.

16
ISP=— 2 ) ISAMP() . (12)
16 4L

I=1

The value of ISP is updated once for every 16 samples of ISAMP. Since ISAMP is sampled once
every DELTAT seconds, the value of ISP is updated once every N seconds, where N = (16)
DEITAT.

The roll sensor is simulated identically to the pitch sensor. Repeating kEqgs.(11) and (12)

with roll sensor variables yields

ISAMR(1S) = [S,/DELTAR + RMSR] (13)
16

ISk = & Y IsAMR(M) . (14)
1=1

Thus, the quantized output of the pitch and roll earth sensors are named ISP’ and ISR, respectively.
The linear field of view limitation on both sensors is included in the simulation. The total
field of view is not terminated abruptly at the end of the linear range, but extends in a piecewise
linear symmetrical configuration called a "foldover" characteristic. This characteristic effec-
tively doubles the acquisition field of view of the control system. Also included here is the effect

of roll attitude error on the pitch sensor field of view and vice versa.



111. ATTITUDE CONTROL LAWS

The attitude control laws for the pitch and roll axis systems are broken into two categories:
(a) momentum exchange and (b) momentum expulsion. 1n this program there are several control
modes simulated for both pitch and roll axis control. A separate control law is described for

each operating mode in the attitude control system.

A. Pitch Axis Control Modes

There are 5 operating modes available for controlling the satellite attitude about the pitch
axis. IFour modes utilize momentum exchange capability of the reaction wheel and one uses the
pulsed plasma thruster for direct momentum expulsion attitude control. The control laws utilized

in these 5 operating modes are described.

1. Momentum Wheel Speed Control

The control laws relating to the motor torque T“ and momentum Y. to the wheel speed ref-

5
erence input IRNP are given in this section. The actual relative wheel speed period Tp is

simulated from the equation

FESSS 27/[\5/AJ4—\6 +Y,Y

The control system determines the wheel speed period Tp by measuring the interval between
8 successive tachometer pulses. The value of Tp is quantized into L.SB bits per second and is
updated at the rate of once per period. The digital number used to represent TP is given by
IPNP, where

IPNP = TP(LSB) bits . 16)

The value of IPNP is compared once per period with the wheel speed command IRNP to determine

the error in the loop.
IERROR = (IPNP — IRNP) . 17)

The momentum wheel speed is binary controlled by either applying a constant reference voltage

or zero to the motor windings according to the control law:

If (ERRORS0) , Ty=-T,

1f (ERROR >0) TM = T1 s (18)

This binary control loop is updated once per period.

The reaction torque values Ti‘ T, used in the simulation closely approximate the actual

2
nonlinear wheel control torques. This is accomplished by least-squares, fitting a first degree

function to a set of experimentally determined torque values from the actual wheel.

v
. : -
3 A1 + Biu . «w = momentum wheel speed = <3

5 Q
2 = 8y tByw (19)

The coefficients Ai' AZ are determined in a one g environment and to relate them to a

zero g field requires a reduction in their value to compensatc for the reduction in coulomb fric-

T

BN

T

tion in space. The coefficients Bi‘ B2 will vary slightly with wheel temperature. This is taken

into account when simulating various conditions in which the wheel operates.
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Since the momentum wheel always operates at a positive bias speed W, the value of IRNP

will be limited within a fixed range of values for all operating modes.

2. Mode P1

In mode P1 (constant wheel speed) shown in Fig. 1, the input to the wheel speed system
IRNP is fixed at a constant value. 1n this mode the wheel speed is held at its initial condition

value unless commanded to a different speed.

3 Mode P2

In mode P2 (normal pitch control) shown in Fig.2, the input IRNP to the wheel speed system
is a function of the earth sensor output ISP. The control law for this mode uses momentum ex-
change to control the pitch pointing. 1n addition, a coarse momentum expulsion control law is
used to regulate wheel speed within fixed upper and lower bounds to prevent saturation. The

mode P2 control equations are given below.
IRNP = ISP(XP1) + IQNP(XP2) . (20)

This relation is updated at intervals of N seconds when the value of ISP is updated. The con-

stants XP1, XP2 are parameters whose values are adjusted to yield optimum pitch performance
in mode P2.

IQNP & S ISP ., NP=integer , N=4sec . (21)
(NINP

Relation (21) is updated at intervals of (N)(NP) seconds. The parameter NP is also adjusted to
optimize pointing performance in conjunction with XP1, XP2. The value of IQNP is limited to

the bounds
QNPMIN ¢ IQNP g QNPMAX (22)
to keep the wheel speed from saturating.
4. Mode P3

Mode P3 is termed the "sun acquisition" mode. In this nmode shown in Fig. 3, the output

from a wide angle sun sensor is used to automatically stop large spin rates about the pitch axis

PREVIOUS | 1550 18-1-2404
VALUE
STORAGE
= INTEGER
INTEGER MULTIPLICATION
SUBTRACTION gy XP3
o= ] N
MMODEP
7155" . 1PNP J R
SUN Xc INTEGER 1516 IRNPT| ot
SENSOR ADOITION ZToEL { Tl LOOP
~MMODEP

t IPNP

Fig, 3. Mode P3: Sun acquisition mode.




and point a reference axis to the sun within one degree. This mode uses the sun sensor refer-
ence S1 as an input to the mode P3 control law logic. This mode is a momentum exchange law
which uses the reaction wheel for its torque source. The quantized output, 1SSP, of the sun

reference sensor is given by the relation

ISSP = [—Si/DELTS] , (23)

where DELTS = least significant bit of quantized sun sensor output.
The mode P3 control Iaw generates a proportional plus derivative switching function, ISIG.
When ISIG is less than a threshold value, IDEL, the momentum wheel is run at constant speed.

When [SIG exceeds 1DEL, the wheel speed is increased or decreased based on the sign of ISIG.

where

SUP3

IS1G == [ISSP — ISSPO] + [SSP

XP3 = constant design parameter controlling the amount of damping
in the system

ISSPO = value of ISSP at the previous sampling interval . (24)

The function ISIG is updated at intervals of N seconds and is nulled about a threshold value
IDEL with the control law:

If JISIG| >IDEL , IRNPT = (MMODEP) sgn (ISIG) (25)

If |ISIG] ¢ IDEI. , IRNPT

IPNP | (26)
where
IDEL = quantized threshold value of mode P3 pointing accuracy
MMODEP = large constant representing an overriding input to the wheel
speed control Ioop which effectively uncouples the wheel

speed feedback

IRNPT = quantized input to the wheel speed control system, re-
placing the quantity IRNP used in mode P2.

5. Mode P4

Mode P4 is termed the pitch axis "back-up" mode. In this mode shown in Fig. 4, the ternary

control law is similar in nature to that of mode P3, but now the system is a momentum expulsion

PREVIOUS | 15PO

VALUE
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- INTEGER
INTEGER MULTIPLICATION
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PITCH
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Fig. 4. Mode P4: Back-up mode,
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system with the thrusters providing the eontrol torque source. This mode provides a partial
baek-up to the mode P2 eontrol law. It is assumed that the momentum wheel is running at eon-
stant speed in this mode. The control function ISIGB is given by the relation

(XP4)

ISIGB =

where

XP4

constant design parameter controlling the damping in the
system

ISPO = value of ISP at the previous sampling interval

INP

integer number of sampling intervals between update times;
i.e., relation (27) is updated at intervals of N(INP) seconds.

The funetion ISIGB is nulled about a threshold value IDEIL.B, with the control law:

If ISIGB > IDELB . ISEQU, = 5
If ISIGB<-IDELB , ISEQU, =1
If |ISIGB| < IDELB ISEQU, = 0 (28)

where
IDELB = quantized threshold value of mode P4 piteh axis pointing

aeeuraey

ISEQUi = Jogie input to thruster eontrol matrix for torque about
piteh axis (0, 1, 5 commands designate zero, plus and minus
torque, respeetively).

6. Mode P5

This mode is ealled the "gyro" eontrol mode. It is a tentative mode and has not been simu-
lated in detail yet. A preliminary eoarse simulation of the gyro mode as envisioned for use in
1.EES-8/9 is ineluded here. The rate integrating gyro output ISAMP is assumed proportional to

the integral of piteh axis rate, i.e.,

t
ISAMP(IS) = m S vy dt o . (29)

to

To be eompatible with the earth sensor interfaee the gyro output is quantized with the same
resolution and same sampling time N as the earth sensors. This mode simply replaces the
earth sensor with a rate gyro output. Detailed simulation of the gyro dynamics may be ineluded

at a later time if neeessary.

B. Piteh Axis Coarse Momentum Control

In addition to the above modes, there is a eocarse momentum expulsion limit eontrol used
when the system is in modes P2 or P3. This control is used to maintain the angular momentum
stored in the whecl within +10 pereent of its nominal bias value. The coarse eontrol law is a

binary "on-off" hysteresis switch
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= - 'xr . i -
If rY5 \501<|\50 Y ., ISEQU, =0

5 min'
If Y5 > Y5 — s ISEQU1 = 5 until (Y5 = YSO) L0
1f \5 < Y5 min E ISEQU{l = Ylantal (Y5 - YSO) >0 (30)

where

ISEQU1 = thruster logic input for pitch torque command

\’50 nominal bias momecntum value

Y5 — minimum bias momentum allowable before dumping

YSmax = maximum bias momentum allowable before dumping.

C. Roll Axis Control Modes

There are 4 operating modes available for controlling the satellite attitude about the roll
axis. Three modes utilize momentum exchange capability of the gimbal control system and one
mode uses the pulsed plasma thruster for direct momentum expulsion attitude control. The

control laws utilized in these 4 modes are listed below.

1. Mode R1

This mode, shown in Fig.5, is tcrmed the "damping mode" and consists primarily of a
single analog rate loop used to generate heavy damping of gimbal angle rates. In Refs.2, 4 it
was shown that the existence of this loop caused active nutation damping at all times and iner-
tially stabilized the large angular momentum vector stored in the momentum wheel. In this
mode the gimbal damping coefficient XL)1 and spring constant XD2 are included in Iiq.{1) as fixed

control laws and the gimbal input IRNR = 0.

2. Mode R2

This mode, shown in Fig. 6, is termed the "normal" roll control mode. The input IRNR to
the gimbal control system is a function of the earth sensor output ISR. The control law for
mode R2 uses momentum exchange between the gimbal control system and satellite body to con-
trol the roll axis pointing. The gimbal torque motor provides the necessary reaction control
torque to move the satellite body about the momentum whcel gimbal axis (roll axis). In addition,
a coarsc momentum expulsion limit control law is used to regulate maximum gimbal angle mag-
nitude within fixed upper and lower bounds to prevent gimbal saturation and excessive yaw axis

attitudc4 errors. The mode R2 control equations are given below.
IRNR = [ISR + (IQNR) XR2] (XR1) . (31)

This rclation is updated at intervals of N seconds when the value of ISR is updated. The con-
stants XR1, XR2 are parameters whose values are adjusted to yield optimum roll pointing per-
formance in mode R2.

IQNRQ > ISR, NR=integer , N = 4sec (32)
N(NR)



Relation (32) is updated at intervals of N(NR) seconds. The parameter NR is adjusted to opti-
mize pointing performance in cooperation with XR1, XR2. The values of IQNR and IRNR are

limited to the bounds
QNRMIN < IQNR < QNRMAX
[IRNR| ¢ RMAX (33)

to keep the gimbal control motor from saturating and thus provide no damping.

3. DMode R3

Mode R3, shown in Fig.7, is termed the "gimbal control" mode. In this mode the control
laws are identical to those used in mode R2 except that the earth sensor output ISR is replaced

by the quantized gimbal angle sensor output Y4.
ISR = —Y4/DELTAR . (34)

This mode can be used to independently control the satellite orientation about the roll axis as,
for instance, in an acquisition search scan, etc. This mode is a momentum exchange system

also and relies upon gimbal control motor reaction torque.

N I
QUANTIZATION FLOATING POINT TRUNCATION
s ~ INTEGER BT Ao " To SATURATION
DELTAR ADDITION BY XR! AN INTEGER

(N) (NR} t LT

RATE
LooP

IQNR FLOATING POINT TRUNCATION
SATURATION MULTIPLICATION 10 Y4
BY xP2 AN INTEGER

INTEGER INTEGER
ADDITION STORAGE

t

18-7-2408

Fig. 7. Mode R3: Gimbal control.

4. NMode R4
This mode is termed the roll axis "back-up" mode (see Fig.8). The control system con-
sists of a binary "on-off" hysteresis control function whose sign controls the satellite attitude
control thrusters. This system is a momentum expulsion system whose primary function is to
provide a back-up capability to mode R2. This mode depends upon the momentum storage

T_' 18-1-2409

CHATE

N
EARTH |S2 "-Q_ -Y2mox Y 2 max YAW
s

ENSOR B THRUSTERS

—

Fig. 8. Mode R4: Back-up mode.
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capability of the wheel due to the steady state precession equations relating roll axis motion with
torque about the yaw axis. The control law for this mode uses the roll axis earth sensor input

S, to activatc the yaw thrusters.

If |52| <Y, .y o+ ISEQU;=0
¥ 2%, .. ., ISEQU, = 3 until S, < 0
I B =T ISEQU, = 7 until 5, 20 (35)

where
ISEQU3 = thruster logic input for yaw torque command

¥, e guantized threshold value of mode R4 roll axis pointing
- accuracy.

D. Roll Axis Coarse Momentum Control

In addition to the above roll control modes, there is a coarse momentum expulsion limit
control used when the system is in modec R2. This control is used to maintain the satellite an-
gular momentum vector orientation perpendicular to the orbit plane within a given threshold
value. The input to this control law is the gimbal angle Y4. This control law maintains I\'4|
within a threshold region at all times so that yaw attitude error is held to an acceptable value
over the entire orbit. Sec Ref. 4 for a description of how Y4 couples into Y3 when the satellite
is in mode R2. The control Jaw for coarse momentum control is a binary "on-off" hysteresis

switch as follows:

If |Y4| <Yymax -+ ISEQU;=0 (36a)

1f Y4 > Y4 R ISEQU3 = 3 until Y4 <0 (36b)

If Y_4 —Y4 — : ISEQU3 = 7 until Y4 >0 (36¢)
where

\'4 —— angular threshold value of mode R2 yaw axis pointing

accuracy.
Note that rclations (36b) or (36c) hold until the value of Y, reaches zero or changes sign and

then control is shifted to relation (36a).

IV. DESCRIPTION OF SIMULATION

In this section, the subroutines which are used to perform the simulation are briefly described
and flow diagrams of the new subroutines are given. The overall simulation is performed by 13

subroutines. These are broken into three basic groups according to their functions.

(a) Subroutine linkage ard integration subroutines

Main Program
RK (Runge- Kutta)1
AM (Adams- Moulton)?

14
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(b) Satellite dynamics, kinematics, sensors and control law subroutines

DER1V
DIGIT
TORK
TORQUE
UNLOAD

(¢) Output format and plotting subroutines

G 1

GR 2
QUTPUT
FRAME V
PRINT V

A. DMain Program of the Simulation

The main routine sets up the initial conditions, reads each data set in turn, calls the simula-
tion routines, and plots the results (see Fig.9). There are several routines called in various
sections of the program which are in the Lincoln Library. They are DUMIPV, TIMIIR,5 REREAD,
STOIDV, FRAMEYV, PRINTV, PLTND.

The input is read in via NAMELIST/PETE/. All variables are computed in standard engi-
neering units, degrees, degrees/second, rpm for the wheel speed. Those variables in the input
list whose units have to be altered for the simulations are stored as they are initialized and new
variables hold the converted values. The variable names differ by 0 (zero) as the final character
of the variable name. I‘ollowing the namelist, two title cards are read in. The program stores
all 80 columns of the first card and the first 48 columns of the second card. Successive data sets
may be added for each simulation desired. The program may be terminated in either of two ways:
(1) the absence of data to be read in terminates the program normally, (2) the namelist may be
read in with the logical variable FIN set to TRUE : FIN = T.

The program was originally written to produce punched output with the intention of continuing
a particular simulation. Those write statements in subroutine AM on logical unit 7 are currently
commented out. To read these cards back in, the user should initial all variables in the name-
list as they originally were with the exception of the logical variable T00 : T00 = T. The punched
cards follow the namelist and precede the titles in the input stream. When this method of initial-
ization is used, the array YO has units used by the program rather than engineering units. For
a successive data set, all of YO0 should be initialized.

To perform the requested simulation the program makes an initial call to TORK to initialize
constants for the thrusting sequencing routine TORQUE and UNLOAD. These constants are used
via the calls to the entry point THRUST in TORK. An initial call to OUTPUT stores the initial
values of Y to be plotted. The sequence of calls to RK and AM perform the simulation. Control
returns to MAIN when T exceeds TBOUND. The stored arrays PY1,PY2....PYn are plotted
via calls to GR1. NFR controls the number of frames the data are to be plotted on; PT is the
array of times, PYi is the corresponding array of data. If PYi is constant throughout, no ptot
can be generated. IERR is returned nonzero. The calls to PRINTV label the last frame of each
set of frames per array plotted. The first and last frame for each simulation are the input

parameters and titles.

13
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After resetting the appropriate parameters and counters, program control returns to the
reader for another set of data for the next simulation. An empty reader terminates the program.
The current size of the program requires that simulations totaling 2000 seconds or less be

run as Class C jobs under Lincoln's MVT, longer simulations are Class F.

B. Major Subroutines
1. DERIV Subroutine

Subroutine DERIV is called by RK and AM once for each step in the integration. The call-
ing sequence is Y, YDOT. Y is the array of values coming in; YDOT is the array of values re-
turned. In addition to calculating YDOT for each defined entry of the array, DERIV sets up the
parameters needed by DIGIT, calls DIGIT, and updates the motor torque TM using the results of
DIGIT every ’I‘}3 seconds.

The parameters 1B and IBE are flags for the initial step of each simulation. They are zero
until used once, then they are nonzero until a new simulation is begun.

The state variables Y, YDOT are dimensioned 20 in the calling programs. Currently, the
program uses 12 of these 20 locations. To add to the existing system of differential equations,
one need define YDOT(i) in DERIV, where 12 < ig 20. The variable NEQ is initialized on
BLOCK DATA and can be changed in the main program via NAMELIST. The parameter NEQ is

the number of equations in the system being solved.

2. DIGIT Subroutine

Subroutine DIGIT contains the mathematical model of the actual digital control system on the
pitch and roll axes. 1t receives from DERIV the current values of S(1), S(2), Y(4), Y(5), and
Y(10). It returns to DERIV the values of the sensors for the pitch and roll axes, IRNP and IRNR.

The main flow of this routine is shown in IFig. 10 and is constructed with three major blocks.
The first block is executed once at the beginning of each simulation. 1n this block all parameters
necessary for the digital model and dependent on the particular input data set are calculated and
all counters are initialized.

Parameter IB flags whether or not the first block has been executed. The second block
stores the sensor output every quarter second [see Figs. 11(a) and 11(b)]. The third block aver-
ages the sensor output over 4 second intervals and uses these averages to calculate the returned
values for the controlling system of equations.

In the first block, SIGMA is converted from degrees to least significant bits, and its value
is adjusted for 4 second averaging effects by being multiplied by 4. Maximum and minimum
saturation values are calculated for the integrator registers and these values are returned to
DERIV. The variable T is the current time as calculated in RK and AM. TZERO is the initial
time of each quarter second sampling period. IS is the incremented index to storc the sampled
information. IS is set to zero initially and after each set of 16 sensor samples.

If MODEP is 3, there is a delay in returning the pitch sensor output back to DERIV. The de-
lay is controlled by TIMDEL, an input parameter. IP3 delays the program logic flow until the
sensor output is generated before checking to see if elapsed time equals or exceeds the time de-
lay. TP3 is the time that the sensor output was generated.

The second block of DIGIT stores the sensor output every quarter second to be eventually

averaged (see [Figs. 11(c) and 11(d). These are two principal controlling statements. The first
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is a computer GO TO for the roll axis. The second is a computer GO TO for the pitch axis, i.e.,
GO TO (19, 29, 19), MODER.

When MODER = 1 or 3, the program logic flow goes to labeled statement 19. Likewise, when
MODER = 2, program control branches to labeled statement 29.

Value Meaning

MODER 1 DAMPING MODE

2 POINTING MODE

3 GIMBAL CONTROL MODE
MODEP 1 CONSTANT SPEED

2 POINTING MODE

3 ACQUISITION MODE

4 PITCH BACK-UP MODE

5 RATE INTEGRATING GYRO MODE

To inerease the number of modes for either roll or piteh axis, another labeled eontrol sec-
tion must be added and the label put in the list for the appropriate eomputed GO TO statement.

In DERIV, regardless of whieh roll axis is used, eontrol passes eventually to labeled statement
19, the eomputed GO TO for the piteh axis. The various piteh modes finally pass eontrol to
labeled statement 18 where TZERO is set, and IS is checked to see if 16 samples have been
stored. If less than 16 samples are in storage, eontrol returns to DERIV. Otherwise, control
passes to the third block in DIGIT.

For the roll axis, no sampling takes place in modes 1 and 3. IFor mode 2, the values of
Y(2), (S(2) in DERIV) are stored. The decimal fraction of Y(2) is truncated; the integrals re-
maining are then eonverted from radians to least significant bits. For a nonzero SIGMA, a
random number from a Gaussian distribution is added to Y(2). The storage array is ISAMR.
Aeeording to the value of Y(1), (S(1) in DERIV), limits of the field of view for the sensor are de-
termined. If Y(1) is outside the field of view, FOV, a zero is stored. If the absolute value of
ISAMR lies between 1024 and 2047, the differenece between 2048 and ISAMR is stored with the
signs of the original value. This proeess is referred to as the "fold over" sensor charaeteristic.
When the roll axis sensor output is stored, the program then repeats the procedure for the pitch
axis sensor.

For the piteh axis, no sampling takes place for modes 1 and 3. For mode 5, the variable
Y(10) (the rate gyro output) is converted from radians to least significant bits and stored in
ISAMP. For piteh modes 2 and 4 the eurrent value of Y(1) plus any random noise is stored in
ISAMP. The random noise is seleeted from a Gaussian distribution with standard deviation,
SIGMA. For SIGMA equal to zero no noise is added. The program eompares SIGMA + EPS
(where EPS is a small number) with zero, sinee testing on equality with real numbers is not al-
ways reliable. If Y(2) indicates that the sensor is out of the field of view, ISAMP is set to zero.
The fold over sensor eharaeteristie is identieal for both the piteh and roll axis sensors.

After the pitch axis information is stored, TZERO is reset. IS is eompared to see if 16 sam-
ples have been taken. The 16 samples parallel the actual 16 samples taken every 1/4 second for
4 seeonds. A eounter rather than absolute time is used beeause of the variety of time inerements
possible to be used by AM. Four seeonds could mean 15 or 17 samples taken. If IS is less than

16, program control returns to DIGIT.
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When IS equals 16, program control passes to the third block of DIGIT. The integer N is a
continuous counter of the number of times sensor averaging has taken place. Thus, certain
calculations can be done every ith change in N by a comparison of N mod i with zero.

In the third block of DIGIT, the two principal control statements are computed GO TO's for
roll and pitch axis. Any additional modes added in the second block must also be added to these
GO TO's even though the averaging logic is the same as some prcvious mode. Whatever roll
axis mode is used, control eventually passes to labeled statement 69. Statement 69 is the com-
puted GO TO for the pitch axis. Each pitch mode eventually returns to labeled statement 68.
liere the counter IS is reset to zero and control returns to DERIV,

IFor the roll axis, mode 1 returns a zero in the output IRNR. For mode 2, the 16 stored
sensor values are averaged as ISR. For mode 3, Y(4) is converted from radians to degrecs and
then quantized and stored as ISR. The variables ISR and IQNR are used to calculate IRNR. IQNR
is updated by ISR every I\'Rth time and is limited by QNRMAX and QNRMIN. The absolute value
of IRNR is limited by RMAX and is returned to DIGIT. After this operation, control passes to
the computed GO TO for the pitch axis.

IFor the pitch axis, mode 1 returns the initial wheel speed with appropriate unit manipulations
via IINT as IRNP. For mode 2, the 16 samples in ISAMP are averaged and the result stored as
ISP. INDEX is a counter for storage of time and sensor output to be plotted. IRNP is calculated
using ISP and IQNP where IQNP is updated by ISP every NPth time through the loop. IQNP is
bounded by QNPMAX and QNPMIN. For mode 5, the output of sensor one, Y(1) is bounded by
+ and converted from radians to least significant bits and stored as ISSP. For the time delay
option TP3 is set to T, IP3 is set to 1.

I'or mode 4, control law calculations take place every INPth time and this affects the values
of ISEQU. ISEQU controls the sequence of the firing of the thrusters. In this mode IRNP is

returned as in mode 1.

3. TORK, TORQUE, and UNLOAD Subroutines

The three subroutines TORK, TORQUE, and UNLOAD provide DERIV with the appropriate
torques, L1, L2, L3, which simulate the firing of the thrusters. Subroutine TORK is called
once per simulation from the main program to establish certain tables dependent on the physical
location of the thrusters on the satellite body. Subroutine TORQUE is called once per integra-
tion step by both AM and RK. UNLOAD is called each time TORQUE is entered. If it is time
to fire a thruster, TORQUE calls TORK via ENTRY TIHRUST. At this time torques L.1, 1.2, L.3
are updated for DERIV.

The thruster torques are passed through COMMON/CONTROL/ and they have different

names in cach routine.

Subroutine Variable Name
TORK T(1) T2 T(3)
TORQUE (1) 1.(2) L(3)
DERIV 1% 12 1.3

In each routine they are REAL*8 variables.

Subroutine TORK accepts as input the distance in inches of the thrustcrs from the origin of
the satellite reference frame. TORK establishes a torque look-up table, TABLE, first by filling
in the signs (+ or —) of the torque components for each thruster in a 12 X 3 array. It then
computes the magnitudes of the torques and replaces each entry with the torque components
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along the Zi’ ZZ’ and Z3 axes. THETA is the angle of thrust with respect to ZZZ1 plane and PHI
is the angle of thrust with respect to ZZZ3 plane. FORCE is the average force per firing pulse
for each thruster. The ENTRY THRUST routine adds the component torques of each of the
thrusters fired to the total components stored in COMMON/CONTROL/.

Subroutine TORQUE contains the logic to kecp track of which thruster is being fired, along
with the length of firing time, and determines the sequence of the firing. Two arrays initialized
in BLOCK DATA arc critical to the functioning of TORQUE.

ASEQ is an integer array of numbers from 0 to 8 which specifies the sequence of torquing
activity. The program will spccify thruster torque about each of the three satellite axes for
100 scconds. At the end of each 100 second interval, the program will automatically shift to thec
next axis indicated. The following table establishes a correspondencec bectween ASEQ array

values and comimon torquc about the axes.
Torque ASEQ Index

no torque

+21 torque

+22 torque

+23 torque

+22 stationkeeping
—21 torque

—22 torquc

—23 torque

X N0y N W N e O

— 22 stationkeeping

The thruster selection rulcs can be easily changed. The thruster sclcction rules are imple-
mentcd by a thruster selcction table initialized by BLOCK DATA. The thrustcr selection table
is kept in the labeled common block, SELECT. SELECT is an 8 X 4 intcger array. The first
index spccifies the desired action according to the previous table while thec sccond index specifies
the sclected thrusters. The thrusters and the indices uscd to specify them are listed in the fol-

lowing table for refercnce.

Thruster Select Index
A1 1
AZ 2
B1 3
BZ 4
C1 5
C2 6
I)1 7
l)2 8
E, 9
EZ 10
F1 14
FZ 112
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This table is used for the selection of up to four thrusters to provide torque about each
axis.

ASEQU is passed in common/SEQU/ and SELECT in common/TABLES/. ATIME and ALIMIT
are the current length of time of firing and maximum allowable timc of firing about thc current
axis. TTIME and TLIMIT are the current length of time of firing and maximum allowable time
of firing with the current thruster. APOINT specifies the current axis. TCUR specifies the cur-
rent thruster. The call to THRUST is made with the appropriate value of IFIRE taken from an
appropriate place in SELECT. With the three forces updated, control returns to DERIV.

At the beginning of TORQUE is a call to subroutine UNLOAD (see Fig. 12). The values of
ASEQU are updated depending on the values of MODER and MODEP (ASEQU is called ISEQU in
UNLOAD). Tirst the roll axis modes are examined, then the pitch axis modes. If the roll axis
mode is 1 or 3, there is a choice of a back-up mode, MODE = 2, If there is no back-up on
these modes, UNLOAD does nothing. If MODE = 2, ISEQU(3) is changed to 0 or 3 or 7 depending
on the previous value of ISEQU(3), the current value of Y(4) and the maximum limit on Y(4)( YMAX).
In the back-up mode for the roll axis, ISEQU(3) becomes 0, 3, or 7 depending on the previous
value of ISEQU(3), the current value of Y(2) and the limiting Y2MAX. This is referred to as the
gimbal dump logic.

For the pitch axis in modes 1 and 2 the valuc of ISEQU(1) is changed to 0, 1, or 5 depending
on the previous value of ISEQU(1), the current value of Y(5), the upper and lower limits, YS5MAX

and Y5MIN, and the initial wheel speed Y050. This is referred to as the wheel dump logic.

C. Output Format and Plotting Subroutines

The printed and optional punched output is produced in subroutine AM. The plotted output is
stored by OUTPUT and plotted by GR1 and GR2. OUTPUT is called periodically by AM, every
2 seconds. To alter the frequency, MPT should be changed in BLOCKDATA and AM. The fre-

quency of points plotted is related to the initial step size HO.

frequency = ZSI&P__<T_H()
Printed output is produced every TBOUND-TO0/10 seconds, to yield 10 sets total per simulation.
Punched output is produced at the end of each simulation. The punched output is in Z format as
it is intended for machine use only. The punched output does not include the current sensor in-
formation from DIGIT.

Subroutine GR1 is called from thc main program once for each variable to be plotted. The
calling sequence is NFR, X, Y. NI'R is the number of frames to spread the data over; X is the
array of horizontal values; Y is the array of vertical values. GR1 calls GR2 passing necessary
parameters via COMMON/GR/. GR2 calls the SC4020 routines necessary to produce a grid,
points, and lines connecting the points. If all the Y values are constant, no grid can be drawn,
as the scale on each grid is depcndent on the range of the Y values. In case no grid can be
drawn, a flag, IERR, is returned non-negative. No further processing is performed in GR2 and
the flag is returned to the main program via common/SKIP/ so that the printing of the titles is
skipped also.

If it is desired to add the plotting of another variable, the variable should be stored in an
array in subroutine OUTPUT. The array should be dimensioned 5001, should be REAL * 4,
and should be in common /OTPT/ in both OUTPUT and in MAIN. In MAIN two additional cards
are needed, one call to GR1 and one conditional call to PRINTV to produce a title on the plot.

Deleting a frame of output is similar.
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V. USE OF TIHE PROGRAM
The required program input variables along with typical values used and the output data
format are described in this section. For each computer run input data are printed out at the
beginning of the run to identify the parameter values used. The input variables are listed below
in the same order as required in the program.
A. Input Variables
[0 = initial computation step size (seconds)
TBOUND = final computation time (seconds)
TO = initial computation time (seconds)

YO = initial conditions of variables Y1 through Y12, respectively,
att =TO

NEF'R = integer number of frames of plotted output per simulation
FIN = I or T, logical false or true which stops program

TOO = F or T, logical false or true which is used to signify continua-
tion of a run

GLIB = greatest lower bound limit on integration error over one
step (10-7)

LLUB = least upper bound limit on integration error for one step (1075)

XJ = principal inertias of satellite and reaction wheel rotor (XJ1,
XJ2, XJ3, XJ4)

Z2 - thruster location distance from satellite center of gravity on
coordinate Z2 (inches), one dimension

ZA = thruster location distances from satellite center of gravity on
coordinate Z1 (inches), two dimensions

ASEQU = three integers representing the initial values of thruster firing
command about pitch, roll, yaw axes, respectively

XP1 = pitch axis proportional gain parameter (integer)
XP2 = pitch axis integral gain parameter

XD1 = nutation damping coefficient parameter

XD2 = gimbal flexible spring constant

XD3 = not being used (spare parameter)

XR1 = roll axis proportional gain parameter

XR2 = roll axis integral gain parameter

MODIZ = (1 or 2) roll axis back-up enable switch indicating normal or
back-up control mode operation

SIGMA = RMS value of random noise output of earth sensor (deg)
NR = roll axis integral gain sampling ratio (integer)

MODER - integer representing desired roll axis operating mode (1-4)
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MODEP = integer representing desired pitch axis operating mode (1-5)
MMODEP = integer number input to wheel speed control in pitch acquisition
mode
1IDEL = integer number reprcsenting deadband in pitch acquisition mode
(bits)
TIMDEL = time delay in updating pitch acquisition mode logic after each
sensor sample (seconds)
NP = pitch axis integral gain sampling ratio (integer)
M2 = gimbal misalignment angle about the Z2 axis (radians)
M3 = gimbal misalignment angle about the Z3 axis (radians)
XP3 = pitch axis derived rate gain parameter in acquisition mode
(integer)
I.SB = wheel speed period resolution (bits/second)
TD1 = external torque about pitch axis (ft-1bs)
TD3 - external torque about yaw axis (ft-1bs)
Y4MAXO0 = maximum gimbal angle allowable in roll axis normal mode before
momentum dumping (degrees)
YS5MINO = minimum wheel speed allowable before momentum dumping
starts (rpm)
Y5MAXO0 = maximum wheel speed allowable before momentum dumping
starts (rpm)
Y2MAXO0 = deadband in roll axis back-up mode (degrees)
Y5NO = nominal bias wheel speed (rpm)
XP4 = pitch axis derived rate gain parameter in back-up mode (integer)
IDELRB = integer number reprcsenting deadband in pitch back-up mode
(bits)
INP = sampling ratio of pitch back-up logic to sensor sampling (integer)

Typical values for the above defined variables for simulation of the LLES-8/9 current configura-

tion are given below:

HO = 0.25sec, TBOUND = 300 —1200sec, TO = 0.0

YO0 = (initial conditions for all state variables), Y10 = initial
pitch axis error (degrees)
\'20 = initial roll axis error (degrees), \’30 = initial yaw axis error
(degrees)
Y-IO = initial gimbal angle (dcgrees), YSO = initial whecl speed (rpm)
Y = initial pitch axis body rate (deg/sec), Y = initial roll axis
60 70
body rate (deg/sec)
Y80 = initial yaw axis body rate (deg/sec), YQO not used = 0
Y100 = initial value of integral of Yi’ Y“0 = initial 1TAE value for

pitch error
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\'120 = initial ITAE value for roll error, NFR =1, FIN = F,

7

P08 = T, GLB = 40™°. LUB = 40

’

XJ = {values of inertias): XJ1 = 120 slug-ftz, XJ2 = 130 slug-ft2

XJ3 = 28 slug-ft>, XJ4 = 0.065 slug-ft%, Z2 = 20 inches,
Z4 = 14.75, 16.25 inches, ASEQU = 0, 0, 0
XP1 = 2, XP2 = 0.125, XD1 = 6.0 ft-lbs-sec/rad, XD2 = 0.3 ft-1bs/rad
XD3 = 0, XR1 = 0.25, XR2 = 0.5 MODE = 1, SIGMA = 0,03 degrees
NR = 2, MODER = 2, MODEP = 2, MMODEP = 200,000, IDEL - 24,
TIMDEL = 0, NP = 3, M2 = 0, M3 = 0, XP3 = 6,
LSB = 500,000, TD1 = 0, TD3 = 0, Y4MAXO = 0.1 degrees,
YSMINO = 1000 rpm, YSMAXO = 1200 rpm, Y2MAXO = 0.1 deg,

Y5NO = 1100 rpm, XP4 = 200, IDELB = 20, INP =5

B. Output Data

Output data from the program described here is in the form of plots. The subroutines used
to generate the output plots are described in Sec.IV-C., Typical transient response plots of the
variables \'1, YZ' YS’ versus times are illustrated in Figs. 13, 14, 15, respectively. The input
data for these runs are listed in Sec. V-A, The plot coordinates are scaled in common units for
ease of analysis; deg, deg/sec, bits, rpm, seconds.

In addition to the plots, each computer run contains a torque table printed out at the top of

the input variable listing. This table is the output from subroutine TORK and consists of a

=Tl

Y, ldeg)

o ; : e
T 200 o0 oo e oo
o it . o 100 200 300 4

TIME (sec) —» TIME (sec)

Fig. 13. Computer plot of pitch transient Fig. 14. Computer plot of roll transient
response, response.
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Fig. 15. Computer plot of reaction wheel
speed response for Fig. 13,

Y 5/ (rpm}

ot S e e

1 L L
00 200 300 400 300 6
TIME (sec} —

3 X 12 matrix of torque components. This matrix consists of the components of torque impulse
about each principal axis of the satellite resulting from each thruster on the satellite.

Also, included with each run is a printout of all variable values at a few discrete points in
the solution time. These data are strictly for diagnostic purposes in monitoring the performance
of the simulation. At the end of the output data is printed the final value of the performance in-
dex Y“ and YiZ' These indexes are useful for fine evaluation of control system transient re-

sponse performance.
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APPENDIX

(3

[

C SHORT TERM SIMUNATION FOR LES-7 TEMOOU4O
IMPLICIT RE*L%*8 (A-H,0-2) TEMD0050
DIMUNSTON TTTLLLL6) s Y(20),YCL20)4P{4a),CU4),6Y120,5),XJ14),LABELI4STEMNNOGD

2) /102) TEMQOOT0

LOGICAL FINSTOO,TERM TE~ONDOBO

[VTEGER ASCETU(3), APUINT TEMOONS0

REAL %8 M2,M"

YEAL%G PYLIS00L1),PY2L5001),PY3(5001),PY&(5001),PYS5(5001),PT(5001),TEMODOL00
2 TIMEY, TIMEZ2, ELTIME, ITIME TEMNO110

REAL®4 PYT7(%001)

REAL*®4 XT,Y?'

FRCAL®H LUB, X TEMOO0120
OCOMMON JCUEF/P4CyTBOUND  WR«MPT yNCT,NSTEP, NEtQ TFMOO0130
1 /OTPT/PT,PYL,PY2,PY3,PY4,PYS TEMOO0140
2 JPARAN/XI 9 XI234XJ31 9 XJ2L o T1 3 T230UMEGAUGXPL s XP2,X0D1,XD2+X03, TEMON150
3 XR1y¥R2 TEMO0160
5 /ANGYOM/HSQO TEMOOLT0
2 /SEWLY'/S Hy ATIME, TTINME, ASEQLU, APOINT TEMOOLRO
) /GR/ DUML ), NPL TEM0O0190

COMMIMN JFRE"/ YOLO, INDLX

COMMON /PLUT/ XTU{S5000),YT(5000)

COMMUN JALITN/ M2,M3
COMMOMN /SKID/ TERR
CUMMUN/PTITICH/XP4, IDELE,y INP
COMMON JELL™N/ TIMDEL TIM,SIGMALIDB APy MODERNRy IRNP, [RNR,MOVEP,
2INEL +MMODLP,IPNP,,XP3,LSE
CUMMUN /TLM™/ PYT
COoMMUN /DISTURYZ TDL,L,TD3
COMMUON /OUMD/YSLMAX,, YSMIN,YS5MAX,y Y2ZMAX, YSN,MOUE
REAL®4 SP(5M01,2)

COMMUN /BLTTER/ S(2),SP

DATA TOC VI /T4F/aYOD/20%20,00/7,GLByLLB/1.D-7T41.0-5/ TEMDN200

UATA PI /3.141592653589793/, L1, L2 /14.75, 16.25, 20.0/ TEM0D210

NAMLLIST /PFTE/HC, TRUUNL sTO3YOWNFRHWyFIN,TCO4GLByLUEy XJ, TEMND220
2 L2421 4 ASEQUXP1,XP2,XD14XD2+XD3,XR1yXR2,M(0DE,

3 SIGMA  NRyMODER yMCDEP ¢ MMUDEP IDEL TIMCEL NP ,M2,M3,
3 XP3yLSbyTOLaTD3,Y&MAXO, YSMING,YSMAXO,YZMAXD, YOSNO
& 1 XP4, ICELL, INP
TEMOOD240
TEMQDZS0
CALL STUICVETATTITUDE CUNTRCL SYSTeM PLTE SHITH D-371 x58157,
146,0)

CALL DUMPY (264)

CALL RERLEAD (R, 300) TEMOO0Z2B0

C TEMNOZ230
fel=0.90
T33=0.0
HO=,12%

TO=(0
Y4aMAXO=,1
YSMINC=1000.

YSMAXD=1200,

Y2MAXO=,.1
YSNO=11C0.

NER=]

NEWL=12
Pll)==,37%0" TEr0no0300
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P2)=37.00/°%4.0D0
P(3)=-59.0£0/24.00
P(4)=55.00/74.00
C(11=1.C0/24.00
Cl2)==5.00/24.D0
Cl3)=13.00/74.00
Cla)=.1375C0

OMEGAD = (2.00+400)1%P1/(24.00+400%3.60+03)

C BEGINNING OF IN?UT LOOP

€ FOR
10
C aND

750

20

60

30

4N

50
(o

PETL SMITH YHE UNITS OF THE

QEAC (S,PE:I'",[:NU=70)

FCR THE WHEYL SPEFO TO RPM

INOLX=0
RAD=5T.29%7°

CO 750 [SP=1,4
YUISP)Y=YO(ISP)/RAD
Y{5)=Y0(5)*,.0006805%
YRSC=Y(5)

O Tul IPS=6,NECQ
YUIPS)I=YD(IPS)/RAD
YeMAX=Y4MAXN/RAD
Y2MAX=Y2MAX"/RAU

YOMInN=YSMINT%,0068055
YSMAX=YSMAX"*,0068055

YSN=Y5NO*, 0768055
I't (FIN) &8 TO 70
[F (TN0) GO TC 30
READ (%,20) TO,YOU
FORMAT (Z16)

LU 60 I=1, NLC
Y(1)=Y0(1)

GO Ty 4C

TO=0.N0

READ (5,%C) TITLE
FORMAT (ICA®°)

C INITIAL ANGULAR MOMENTUM

61

1

X=Y(5)*(Y(6)*Y(4)+Y(B))
HSQO=(XJ L) EY(6)+Y(S)%0COSIY(4)))e%24X (2) %Y (T)¥%2+(XI(3)*Y(8B)~
Y{S)*DSIN(Y(4)))*x2

XJ23=xJ(2)=YJ(3)
XJ31=xJ(3)-¥J(1)
XJ2l=xJ(2)-¥Jy(1l)

H=h0

r=rc

TiM=T

[PRN=D

1R=0

CALL TORKI(ZLY,y L2)
WR=(TROUND-T0)/LU.DO
WRITE (6L,PETL)

WRITe (64,61) TITLE
FORMAT ('1*,16A8)

(33
C PEGIN STAULATIDO®

TERM=.FALSL .
5(1)=0.0

INPUT WERE CHANGEO TO DEGREES

30

TEMDO310
TEMOO320
TEMOO330
TEMDD 340
TEMOO350
TEMOO0360
TEMOOD370
TEMNDDABO
TEMDO0390
TEMOQ400

TEMOO430
TEMOO &40
TEMDO450
TEMOO0460
TEMDDE3D
TEMNDG64O
TEMOO&TD
TEMOO4B0
TEFOO4L9D
TEMOOS0D
TEMDOS10
TEMNOS20

TEMDOSTO
TEMODSBD
TEMOO530
TEMOD&0O
TEMOOGID
TEMOO6L20

TEMOO650
TEMDD 66D
TEMOOGTO
TEMODGBD
TEMOD690
TEMODT700
TFMNOTL0
TEMQOT20



62

b4
55

¢ PLOD

63

67

70

S(2)1=0,0
CALL OUTPUTIT,Y,TERM)
CALL TI“HRI{TIMEL)
CALL RK(H, T .Y, FY,TERM)
caLL AM(HVIva}Y'GLH'LUb'TLRN)
CALL FIYHR(TIME2)
ELT IME = VlsE2 — TIMEL
ITIMNE = (LLTIME/NSTEP)®3600.0
ELTIME = ELTIME*60.0
WelIE(6,62) ITIVE, ELTIME
FORMAT(? cLAPSED TIME FUR ONE LTERATICN = *,FT7.5,!
SULARICN TIM® = 'y FT7.5, ' MINUTES® )
WRITE(H, 641V (11)
WRITE(H6,65) Y(12)

TEMOOT730
TEMNOT40
TEMOO 750
TEMOO760
TEMOOTTO
TEMOO0 780
TEMOO0790
TEMOO0B00
TEMDOELD

SECONDS SIMTFMOO0ORZ20

FORMAT(//* PEREFORMANCE INDICATECR EFCR PITCH AXISO ',610.3)
FORMAT(// TERFORMANCE INDICAVEUR FCR RULL AXISO *',G1l0.3)

T INFEGRAL CURVES,
WRLITE(R,G3VIYO(T)yI=1411),H0,TO,TBCUND,XJ

FORMATO'YO="y11(FQab,y' 4')," Yy THO= 'y Foaly'y T='yF6.1s" TD

IF6.1e?' SECe » J=',3(610.3 ,'y '),'JA=",0610.3)
REAL, (Ry&67) LABLL
FORMAT (4GA7%)

CALL FRAMLVIO)

CALL °ORINTVI(128,T1TLEL0,975)

CALL PRINTV(124,LABLL,0,895)

CALL PRINTVI=14,"INITIAL VALULS',50C,1010)

CALL PRINTV(T72,LABLLI32),0,865)

CALL G2LINF",PT,PY1}

[F (1ERR.LI.0ICALL PRINTVI=11,'EPSELN]1 VS T',0,1007)
CALL GRYIINE",PT,PY2)

If (1ER2,Lu.0)1CALL PRINTVI-11,'EPSLN2 VS T
CALL GRIINFP,PT,PY3)

[F (TERRLEND.OICALL PRINTV(-11,"EPSLN3 VS T1,0,1007)
CALL GRIINF?,PT,PY4)

IF (IERR.L1.OVCALL PRINIVI-114," THETA VS T',0,1007)
CALL GRLIINFP,PT,PYS)

It (IERR.EU.OICALL PRINIVI-14a,y"WHEEL-MOM VS T',0,1007)
CALL GRIINF™,PT,PYT)

IFCIERR.EC.MICALL PRINTV(=4,'Y(6)',0,1007)

CALL GRLIINET,PT,S5P(1,1))

TECHLRRLEC.MICALL PRINTV(-13,*SENSOR 1 VS T1,0,1007)
CALL GRIINET,PT 5P (1,2))

[FOIER.EC.0Y CALL PRINTV(-13,'SENSOR 2 VS T',0,1007)
NPL=TNDLX

[H(MUDEP.LU.2VCALL GRIINFRyXT ,YT)

CALL FRAMEVIO)

CALL PRINTVI128,TITLe,0,975)

CALL PRENTVI1I24,LABCL,0,895)

CALL PRINTV(T72,LABEL(32),0,48065)

»0,1007)

NPL =0

TTIME 1.00+03
ATIMC Ls 0@3
APOINT = C
HSTEP = ¢

GO 1Y 1C
CONTINU=

non

CALL PLTNL
STup
END
IS 2T TSNS SRS R 2 2
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1

TEMOOH30

TEMDO0B840
TEMOORSO

TEMNOSOO
TEMOO910
TEMDOS920
TEMOO0930
TEMO0940

TEMD0960
TEMODSY0
TEMOL1C20
TEMOL1050

TEMO 1080

TEMOLIO00
TEMOL1110

TEMO1130
TEMYOL 140
TEMD1150
TEMOL160
TEMOL1T70
TFMO1180
TEMN1190
TEMDL 200

TEMOL210
TLM01220
TEMO1230



SUBRUUTINE NERIVIY,YDQOT) TEMO2620
C 1 2 3 4 5 & 7 8 9 10 11 TEMO2630
C Y=EPSL1yEPS2HyEPSA, THETA, WHEEL-MOM,0OM1,0MZ2,0M3,4X1 yX2,4X3 TEMD2640
& TEMN2650
IMPLICIT REAL®*B (A=~H,0=2) TEMD 2660
C TR’GULS TEMO26T0
RLAL*8 M2,M?
REAL®B L1, 12, L3 TEM02680
OIMENSION YCL)Y,YOOT(L) 4 XJ(4) TEMD2690
COMIPFON /ALICN/ MZ2,M3
CNMMUN JELLFN/ TIMDEL,TIM,SIGMA,IB+NPyMOCER,NR,IRNP,IRNR,MOCEP,
2IDELyMMCDEP, IPNPyXP3,LSE
COMMON /ZPARAM/XJ e XJ233Xd314XJ21,T1,T2,0MEGAQXPLyXP2,XD1,XD2,XxD3, TEMO2700
2 XR1yXR2 TEMO2710
2 JCONTRL/Z L1, L2y L3 TEVMD2720
COMMUN /DISTUB/ TIDL,TC3
RLAL%¥4 SP(5"01,2)
COMMUN /BETTER/ S(2),SP
C TEM02730
C DFEINTION OF COMTRUL VARIABLES TEMO2740
G NAME NESCRIPTION SYSTEM UNITS TEMO2750
& XPi PP PITCH SEC. D -1 TEMD2T760
€l | X2 IMTELRAL PITCH SEC: D=2 TEMN2TT0
& XDl DFRIVALLVE DAMPER NUNE TEMO2780
c xD2 PeOP DAMPER SEC. D -1 TEMN2T790
(& XR 1 PP ROLL SEC D -1 TEMO28I0
C AR 2 INTEGRAL RCLL SeEC 0 -2 TEMQZ2820
£ TEMO28B30
T1=.0647-.4460D-3%Y(5)/XJ(4)
12==.00107+.6627T0-4%Y(S)/XJ(4)
CY1=DCOSCY(1))
SYL=DSINCY(1))
CY2=DCUS(Y(2))
SYZz=DSIN(Y(?))
Cy3=0COSCY(2)})
SY3=DSIntY(*))
TY2=SY2/CY2
S(L)=DATAN2(SYL1*CY3+(CY1%SY3%SY2, CY1*CY2)
S(2)=DATAN2(SY2*CYI%CY3-SY1*SY3,CYL*CY2)
IP=(6.223185C01/7(Y(5)/XxJ(4)=-Y(6)+Y(BI*Y(4))
IPNP=IDINT(TP&DFLOAT(LSR))
IF(lo.EC.0ITBE=0
CALL DIGLIT (Y(4),Y(5),Y(10))
[FIBE.NELOQ) GU TG 10
[KE=10
GO TO 11
1o IFC(TIM=-TLAST) LT .TAU) GO Tu 15
11 ILRRUK=1PNP-TRNP
TLAST=TIM
TAU=TP
LS CONT INUE
THLOUT=(=1."DO/XDL)*(XD2%Y(4)+Y(S)I*(Y(8)+(Y(4)+M2)%Y(6)
1 ~M3EY(T)I2(Y(4)+M2))
2 ~0.59580-C4*DFLCAT(IRNR))
HTHLT = Y(S5)&(THLDOT + Y(7)) TEMO287T0
C MQOTCR TURAQUE TEMNDZ2890
TM=T1
[FOILRRUR.LY .C.O000) TM=-T2
C FIRST ORDER ECULFR ANGLES TEMD2920
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o

YROTOU)={Y(F)%CY3-Y(T7)%SY3)/CY2-0UMEGAD
YOUT(2)=Y(6)%2SY3¢Y(T)%CY])
YOCV(3)=Y{B)-TY2*¥{Y{6)*CY3-Y(T)*SY3)

ROLL AXIS TEMD2960
YOUT(4) = THEQRUT TEMDO2970
PITCH axIS TEMO2980
Youtr(sy = 1* TEMDZ2990
PATLS TEMO3000
Hi=L1+TO1
H3=L3+T0)

YOUT(EY={HL+#XI23%Y (7)Y (B)+({Y{4)+M2)2HTHET-TM-M3Ixy ({S)xY{8))/XJ(1})
YOUT(E7)=(L24XJI3LRY(HA)XRY(B)+MIETM=Y ()R (Y(&L)+M2 )% (Y (6)+MIXTHEDULT) +
LY{g)Y))y/xJ(2?

YOOTEBY=(H3-XJ212Y(6) Y I)+RTHETH (Y (4)4M2)RTMeMIXY (5) %Y (6))/XI(3)
PITCH AXIS CONTPOL LAw TEMO3040
YOUT(9)Y=y (1} TEMO3GSO

YOOCT(L0)=Y(#)-CMEGAO

YOOTULL)=CAPS(Y (L) )*TIM

YLOUT(12)=CAS(Y(2))*TiM

RETURN TEMD3080

END TEMO3090
G EEE R KRR G R R AR R AR kK
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OO0 000

ey

C
c
€
I

SUBRUUTINE "IGIT (Y&4,Y5,Y10)

IMPLICIT REAL*B (A-H,0-2) 01600020
DIMENSION TSAMP(16),1SAMR(LGE)
INTEGER UNPYIN,CNRMIN,QNPMAX, QNRMAX NDIGN0040

COMMON ZELLON/TIMDELT,SIGMAL,1B4NPyMCDER,NR, IRNP, IRNR,M0ODEP, IDEL,
IMMGULP, IPNP,XP3,LSE
COMMUN/PARAY/XJ(6) LUMIE) 4 XP1,XP2, X011y DUMM(2) 4 XR 1, XR2

REAL®*4 SP(S5N01,2)

CGMMUN JULTYER/ Y(2),SP

REAL*4 XT,YT DIGOOOTO
CUMMUN /PLUT/ XT(5000),YT(5000) 0DIG0O0080
CUMMON /FREP/ YCHOC, INCEX 01600090

COMMUN/SEQU/DUM2(3) , ISEQUL( 3)
COMMUN/PITCH/XP4, IOFLB, INP
CUMMUN /COEf/ZIx(8),TBOUND

EOUIVALENCT (XJ4,0UM(4)),(ZP]1,4XP1) DIGOOIN0
01600110
CATA DELTAT/0.2500/,0LLTAD/O0.0ULL/,DELTAR/0.1920-3/,KRAN/1%56278530/01G00120
DATA FPS/1.7-12/,FUV/0.1745300/ DIGNO130
COMMCN /LELLEN/ APPEARS IN MAIN,AM,DERIV,RK DIGO0140
01600150
SUBROUTINE OIGIT 01G00160
SIMULATFES OTGITAL CONTRUL ON RDLL AXIS AND ON PITCH AXIS OF LEST OIGOOLTO
oIGn0ian
LUOP PRCCFSSSED AT [INITIAL CALL TC OIGIT FOR EACH SET DOF INPUT CATA DIGO0OI90
IF(IB.NE.C) GC TU 1C 01G00200
TZERU=T oIGC0210
N=0 01600220
[S=0 01600230
{SPG=0
I8=10 DIGN0N240
TWOUPI=6.283185300
CCNVERT SIGMA T2 LSB UNITS DELTA =.011 OEG DIG00250
CALCULATE PusaA”ILITY pIGOD270

SIGMATL IS5 FUR A 4 SLC RMS

SIGMAG=SIGMY %4

SIGMA=SIGMAG/OLLTAD

P=(SIGMA)Y®%D2/2.4

XLSEB=DFLUAT(LSS)
TINT=IDINT((6.283189008XJ(4)=XLSB)/Z(YCSU2XP2))
IQNP=ININT((0.28318%00%XJ(4)%XLSB)/(YS *xpP?2))
CNPMAX=IDINT(((6£.82318500%9,5500% XLSB)/6.D2)/XP2)
ONPMIN=TOINT(((6.28316500%9.55D0% XLSR)/13.02)/X%XP2)
ONRMIN=IOINT(-2,0%*10./(XR1%®XR2))
CNRMAX=TABS(QNRMIN)

RMAX=2.C0%%10,00 01G00330
[CNR=0 DIGO0340
[RNR=0 01600370
IRNP=TOCINT(ICFLUAT(IUNP) ) *(XP2)) 01600380
[P3=0 01G00390
NELTS=3.1419926/4096.00 01600400
[1SSsPU=0 NDIGON410
[*NPT=0 0IGN0430
[RNPC=1PNP
Ge 10 19 N1G00440
DIG00450
TCEST FUR PICKING UP SENSUR UUTPUT IN SN ACQUISITION MCOE (PITCH AXISOIG00460
DIGN0&T0
IF(MUTSEP.NL.3) GU TO 109 01600480
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[FUIP3.EQ.O0VCC TU IC9 01G0D490

IECT=TP3.LY.TIMDEL) GO TO 109 01600500

IP3=0 0IGO0S510

IRNP=IRNPT 01GA0520
[ DIG0O0S30
C *¥%& TSV TU Stk IF ELLAPSEC TIMbL IS 1/4 SEC *=% NIGO0540
(0 0IG00S50
109 [F(T-VZEROLI TLOELTAT) RETURN 0IGN0S560

[S=1S+1 016005170
C DIGDDSAD
C DIGITAL CCNTROL LCOPS -- EVERY 1/4 StC BIGO0OS90
C l. ADJUSTABLE GAIN PARAMETERS DIGDDEOD
C 2 ADJUSTAUTE [INTEGRATGUR SAMPLE PERIOD AND SATURATICN LLOP BIGO0&10
C 3 SENSCR FOLL-UVER CHAKACTERISTICS 0IG00620
C 4 SENSGR NTISE BIGD0O630
€ 5 MUDE SWITCH -- PITCH AXIS 0IG00640
C MOOEP =1 CUONSTANT SPEED DIGO0ESO
€ MODEP =2 PUINTING DIGO0660
c MCOEP =3 ACCUISITICN DIGO06TD
€ 6 THTEGER ARITHMETIC D1G00680
C 1 MOCE SWIYCH -- ROLL AXIS DIG00690
C MODER = 1 DAMPING 01GBD700
G MCPER = 2 POINTING 01600710
L MCDER = 3 GIMpBAL CONTRUL 0I1G0D720
¥ 0DIGO00730
C #xxsxdRLL AXIS CCNTROUL SECTICN *%%xkkktdkkixs 01600740
(6] 0IG00750

GU (U (19927,19) yMOBER DIGOOT60
20 PMSR=0.0 BIGOO770
C 01GN0780
C GENLRATL KANDUM NUMBER DIGO0O 730
G 01600800

[FLSTGMA+EPCS,GE.O.DOLANDLSIGMA-EPS.LE.O0.CO) GO TC 129 DIGN08LIO

CO 119 I=1,100 01G0DB20

IF(RANZ2(KRAY).LE.P)RMSR=RMSR+10.
119 IFIRANZ2(KRAY )} LLLP) RMSR=RMSR-]C.

C DIGOO8SO
C FOLU CvEr SENSO”™ CHARACTERISTIC ANO FIELO OF VILW DIGOORLO
¢ DIGOOETOD
129 [SAMRITIS)I=ITINT(Y(2)/DELTVAR4RMSR) DIGO088BO
YMUUB=CMUOCY (1), TWGPT)
IF(LARSIYMOM™M)JGTFLFUVITISAMRELS)=0 DIGODES3N
IF(TABSEISAYRI1S))GEe1024.ANOLTABSTISAMRITIS))LTL2048) 0IG00S00
I ITSAMRIIS)I=(2C48-TABSIISAMRIIS))II*ISIGNIL,ISAMR(IS)) DIGO0910
IF{TABSUISAYR(IS))GLEL2048)ISAMRITS)=0 DIGD0S20
C DIGOD930
C #*%%xxsx PITCH AXTS CONTRCL SLCTIUN ®eskxsxtex 01G00940
< BIGO0A50
9 GO TG (184299184 28425),¥0ODEP
C MUCEP=n RATE INMTEGRATING GYRU SIMULATICN FOR PITCH AXIS
25 [SAMPLIS)I=ITINY(YIO/O0ELTAR)
G0 T 18
C 0I1G00970
C NOLISE GLNERATLR DIG00940
C INPUTO STGMA (uSL) TO CALCULATE P FIRST TIME THROULGH) DIGO0S90
C SPECIFY SENSOR RMS NUISt LEVEL IN DEGRELS FCR ONE SCAN 0O SIG 0IGN1C00
C QuUTPUTO  RMS BIGOL1010
C CIGITAL NUMPER WwITH ZCeRU MEAN AND RMS IS APPROX. SIG FUR ADCITIGN DIGO1020
G YO SAMPLELD, GUANTIZFD PITCH ERRCR olgolc3o
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¢ 01601040

28 RMS=0U.0 DIGO1CSN
IF(SIGMA+EPS.GE.0.D0.AND. SIGMA-EPS.LE.O0.DO) GO TG 12 DIGO1060

g DIGOL1CTO

U GENERATE RANDUM NUMEER D1GO10480

€ DIGO1CY90
o 11 1=1,170 01601100
TE(RANZI(KRAM) JLE.P) RMS=RMS+10.

11 TF(RANZ2(KRAM)LE.P) RMS=RMS-10.

L2 YMGH=DMUGIY (1), TWOPIT)

[SAMPOIS)Y=I"INT(YMOD/CLLVAR+RMS) 0DI1G01130

(& DIGN1140

C FOLD OVER SENSO™ CHARACTERISITIC ANO FIELD OF VIEW DIGO1150

C FIELD GF VIEW LYMITATION CN ROLL ERROR FOR PITCH SENSCR DIGOL160
IF(CABSIY(2))GT.FUV)ISAMP(LIS)=0 DIGOL1170

C FOLD OVLR CHARACTERISTIC WITHIN F(OV DIGOL1IRO
[FCTABSTISAMPIIS))aGLla1024.ANDSTABS(ISAMP(IS)) L T.2048)1ISAMP(IS)= DIGOLIS0O

112048=TABSCTSAMP(IS)))*ISIGN(L,ISAMP(]S)) DIGO1200
IF(TABS(ISAMP(IS)).GL.2048) ISAMP(IS)=0 DIGN1210

c D1G01220

c D1GO1230

C s&xxdkxssx [HECY TU SEE IF ELAPSED TIME ECUALS & SEC. *¥xxsdxsxx DIGO1240

€ DIGO1250

18 TLLRU=T DIGO1260
(FOIS.LT.16) RETURN DIGO1270
N=N+1 DIGO1280

G DIGO1290

C *%% RULL AXIS ®¢xx DIGO1300

C DIGO1310
GU Tu (39,47,59),MODER 01G01320

449 ISR=0 DIGO1330
LU 159 1=1,16 DIGO1 340

159 (SR=ISR+ISAtR(1T) DIGO1350
[SR=ISR/16 DIGO1360
GO T8 119 DIGO1370

3% ISR==IDINT(Y4/DELTAR)

110 (RNR=TDINT(PFLOAT(ISR+ICINTIOELUAT(IQNR)*XR2) ) * XKR1) DIGO1390
TE(MURINYNRYLEG.O)IGNR=TQNR+ ISR D1GO1400
TFCTGNRGT SANRMAX) TQNR=CNRMAX DIGO1410
TFCTINROLTOANRMINY TQNR=CNRMIN DIGO1420

C DIGN1430

C  SATURATICN FUR RCLL AXIX KRNR DIGO144N

G DIGO1450
RTEMP=DFLUAT (IRNR) DIGO1l4ao
IFCTABSUIRNR ) oGV RMAX) IRNR=RMAX*DSIGN( 1.0D0O,RTEMP) DIG0O1470
GN Ty 69 DIGO1480

39 IRNRR=0.0 DIGN1490

G DIGO1500

C x&%xx PITCH AXIS CUNTROL SLCTIUN *%%xx% DIGO1510

c DIGN1520

69 GO TL (38,49,58,78,48),MCDLP

b YMGL=CMODIY L)Y, TWCPIT)

I[SSP=ICINT{VYMCD/UELTS) DIGO1540
1SSP==iL¥] 55P

[AS=1ABS(1S°P) DIGO15%50
TF((AS G e l1"24.ANDGTASLTL2048) 1SSP=1024%ISIGN(1,1SSP) DIGOL1560
IFL(AS.GEL2748)1SSP=0 DIGNLSTO
IDAP=( [SSP=-T1S5PU) /4

[SSPU=1S55P DIGNLI530
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[SIG=TOAPXIOINT(XP3)+1SsP DIGO1600
[FCTABSOISIT).OT.IDEL)Y GO TU 56
IRNPT=IRNPC

GO Ta 57
S0 [RNPT=MMUBEN*ISIGNIL,151G)
[RNPC=1PNP
5.7 IP3=1
TPi=T1 DIGO1640
cC Ty 62 01601650
< DIGNL1660
C AVERAGING LEGIC 0IGO16T70
¢ DIGOL16GRO
48 [SP=0 N1601690
G0 1» I=ly1f plcolLron
1o [SP=1SP+ISA“P(]) D1GOL1710
[SP=1SP/lo*(-1) DIGOL1720
INDEX=INDEX* ] DIGOL730
XTIINDEX)=T D1G01740
YTIINOEX)=]CP NIGN1750
C DIGNO1760
C INTEGRATUR SATUTATIOGN LOGIC - PITCH AND ROLL DIGO1770
C Tite SATURATION LCGIC LIMITS THL INTEGRATGR CONTENT TG NUMEERS 01601780
C REPRESENTING whell SPEELS CF 90C TGO 1300 RPM APPRUXIMATLLY DIGN1790
C THE wWHEFL SPLLY REGISTLR CONTENT REPRESENTS CNE FOURTH CF A ODESIRED D1G01800
C REVLLUTION. PERIGN RESULVED TO 0.1 MSEC DIGO1810
C UPPER THRESHOLD 1300 RPM NIGOL1R20
[RNP=(CISPY*IDINTOXPLI+IDINTC(OFLOATCIGNP) )Y *IXP2))) DIGO1830
IFT MODINGND)eEG.O) TQNP=TQNP+]SP DIGN1840
[TETTONP GTLTNPMAX) ICNP=CNPMAX D1GO18%0
[FTTQNPLLTLONPRIN)IGNP=UNPMIN D1G0186O
[Wh=IQNP=-TI"'T DIGOLETO
L5 WRITE(H,6LTVT ISP,y WM DIGO1#RBO
ol7 FORMAT(LX,* TIME=*,1PL13.6,*' SECONDS ", ISP=*,16," [UNP=?,16,//) DIGOLRIO
GGoTU bR 01601900
C MOLEP=4 [S THE "ITCH EACK UP MLULE
I [HFIMUDING INT)NELD) 0O TO 68
[SpP=0C
0C 79 1=1,1°¢
79 [SP=1SP+ISAvP(])
[SP=1SP/1l6
[CAPB=(ISP-TSPO)/(INPX4)
[SPO=1SP
[STOL=1CAPB*ICINTIXP4) +]SP
IFTISIGR.GT.ICELBYIISEQUCL) =5
[TFCISIGH.LT.-1*TUELB)ISEQUIT) =1
[FCTARSTISITB)cLE IDELB)ISLGU(CL) =0
38 [RNP=[[N]#X"2
HR [S=t DIGO1920
RETLRN DIGO1930
END DIGO19340

S REEEE e o ek ek E R R E o REREEK

37



[aNel

(SR Gl

[aNaNe]

10
20

SUBKUUTINE CUTPUT (T,Y,TERM)
IMPLIC(T REAL*BIA-H,0-2)
UDIMENSICN Y1)

REAL®4 PX(5C0L1),PYI{5001),PY2{%001),PY3{5001),PY4{5C01),PY5{5001)

REAL%G SP(5701,2)

REAL*4 PYT(SCO1)

COMMON /TEM"/ PYT

CUMMUN /BETTER/ S(2),5P

LCGICAL TERV

OCCMMON /GR/DUME3) 4 NPL

L /OTPT/PX4sPYL4yPY24PY3,PY4,4PYS
CATA RAC /.0174532925/

NPL=NPL¢+L
PICK UP The INITIAL WHEEL SPEED BIAS

[FINPL.CQa1IWHSDO=Y{5)/.0068055
[F (NPL.LT.S00L1) GO Tu 20
TERM=.TRUE.

WRITE (6,10)

FORMAT (*'C "LCT ARRAYS HILLED COMPLETELY.')
PX{NPL)=T

PYLINPL)=Y{')/RAD
PY2(NPL)=Y{?)/RAD
PYS(NPLI=Y(3)/RAL

PY&(NPL)=Y(4) /RAD
SPINPL,11)=St1)/RAD
SPINPLs2)=S12)/RAD

SUBTRACT THF INITIAL WHEEL SPEED BIAS WHSDO

PYS(NPLY=Y(5)/.006BCS55-WHSDO
PYTINPLY=Y(A)/RAD

RETURN

END

B AR R AR R R AR R AR R R RN
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TEMO3990
TEMD4000
TEMD4OLO
TEM0O4C20

TEMO4030
TEMO4G40
TEMO4CHO

TEMO4C60
TEMO4O0T0
TEMO40B0

TEM0O4C90
TEM0O4100
TEMO4110
TEMO4120
TEMD4 130
TEMO4140
TEMD4 150
TEMD4160
TFMO&41T70

TEMD4190
TEM04200
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SUBRUUTINE *MIH,T,Y,FY,GCLB,LUB, TERM) TEMOL1240
IMPLICIT REAL®*8 (A-H,(C-2) TEMO1250
DIMENSICN COR(2C),¥YDBOT(20),Y(20),¥YP{20),FY(20,5),P(4),C(4) TEMOL1260
INTEGER HLV.DBL TEMOL1270
LOGICAL TLRY TEMO1280
REAL®R LUB,"AX, K TEMD1290
COMMUN /CCET/P,C o THBOUND,WR,MPT ,NCTNSTEP, NEQ TEMD1300
COMMUN /ZANGMOM/HSQO TEMOL 310
COMMUN /PARAM/XJI(4)4XJ234XJ31,XJ214T1,T2,CMEGAOD,XP14XP2,XD1lyXD2, TEMOL1320
2 X33y X1y XK2 TEMOL 330
COMMUN JELL"N/ TIMODEL TIMySIGMALIByANPyMODERGNRy IRNP, IRNR,MOCEP,
2IDEL yMMCOEP, IPNP,XP3,L5E
CATA DBL,HLVY/2%0/ TEMDL 340
(6 TEMOL1350
€ TEMOI360
LRSCal = 172.00+4007270.00+00 TEMOL1370
10 CALL TORQUEI(Y)
CALL CERIVIY,YDOT) TEMO1390
0 20 I=1, “EQ TEMO1400
20 FY(I,4)=YCUT(]) TEMD1410
¢ TEMO1420
C CALCULATE PRECICTCR TEMO1430
ce 30 I=I, “MEQ TEMO1440
30 YPUI)=Y(I)+ % (POL)RFY(I,1)4P(2)%FY([42)4P(3)%FY(I,43)+P(4)*FY([,4))TEMDL1650
C TEMO1460
C CALCLLATE CCRREFTCR TEMOL470
CALL CERIVIYP,YDUT) TEMOD1480
B0 60 I=1, “MEQ TEMOL1490
4C FY(I,9)=YC0T(I) TEMO1500
oL %0 I=1, NLW TEMOLS10
SO YOI)=Y(I)Y+HA(COLIRFY(T 42)+¢C(2)*FY(T43)+4C(3)%FY([,4)+C(4)%xFY(I,5)) TEMO1520
T=TF4+H TEMDL1S3D
TIM=
NSTEP=NSTLP+] TEMO1540
NCT=NCTeMPT TEMDL1550
C TEMD1560
C SEE IF IT'S TIMY TU PLOT, WRITE, OR TERMINATEL. TEMO1570
[F (NCTL.LT.?56) GO TO 53 TEMO 1530
NCT=0 TEMO1590
CALL CUTPUTIT,Y,TERM) TEMD1600
It (7ER’M) GN TU 130 TEMOL1610
93 NWR=T/WR+] TEMOL1620
I[F (DABS(T-""WRx=wR).GT.H®*2.D0) GC YO S7 TEMOL1630
'wQ["L(f).S‘))T'(Y([)'[:l'll)'NSTEp'HLVvDBL
5% FORMAT (/" AT T=7,F7.27' Y=',11(G1l0.3,'y" )/,' NSTEP=',16,' HLV=',TEMDI650
1 I5,'y CoL=',15/7) TEMD1660
X=Y(S5)E(Y(O6VEY(4)+Y(B))
THECUT=(-To/XDL)*(XU2%Y(4)+XD3%Y(1]1)-XR1*Y(2)-XRZ2%Y(1C)+X)
BHSGE=((XJOLI2Y(O)+Y () *DCOS(Y(4)))*%2 TEMOL1680
1 + O XJ(2)*Y(T)%%2
2 +(XJ(3)%Y(8) -Y(5)*DPSINIY(4)))%%2 TEMDLTOO0
3 -HSCO) /MSCO TEM21710
WRITE (k,56) DHSGQ TEMO1720
56 FORMAT (' CHANGL IN SQUARE UF ANGULAR MOMENTUM = 7,G10.3) TEMDLT73ND
97 IF (T.GE.TBYUND) 6O TL 130 TEMD1740
C TEMDI 750
C SEE IF STEP SIZ' SHLULD vk CHANGED. TEMOL1760
BG 7w I=1, MEG TEMDLT70O
I'E CDABS (YT )) s UEsH:0-6) GO T 60 TEMDL1 780



60
10

80
90

CORCII=DABSO(Y(I)=YP(I))/Y(L1))

GU Tg 70

COR(I)=0.D0

CONTINUE

MAX=COR(1)

DU 30 =2, “EQ

If (MAX-CCROI)) ©80+90,90
MAX=COR(T)

CUNTINUC

MAX = MAX*ESCAL

I[F (MAX.LT.CLDB) GC TO 16O
I+ (MAX.LL.IUB) GO TO 110

C HALVE H,

THL

g aNaNgl

100

C H UNCHANGLED.

110

120

c

C TERMINATL INTEGRATION. WRITE AND PUNCH FINAL VALUES.
WRITE(HS5) Ty (YLTI)y1=1,311)4NSTEP,HLV,DBL

130
G
140

IF (nPT.EG.Y) GG TO 110
1H=H/2.00

MPT=MPT/2

HLV=HLV+!

CALL RK(HyToY FY,TERM)
IF (TERM) G TO 130

GO TU 1C

DOUBLE H.
32 IN FOLLOYING CARD wWAS PUT
THE NUMBER CF TIMLS THL STEP SIZE COULD BE DOULBLED
IF (MPT.EQ."2 UR. MODINCT/MPT,2).NE.O)

H=h%2.N0

MPT=MPT %2

OBL=DRBL+1

CALL RK(H T,Y, FY,TERM)
I[F (TERM) o7 TO 130
GO 10 10

CO 120 Jd=1,7

O 120 I=1, NEG
FYUTL4J)=FY(l,041)
GO Tu 1C

WRITL (7,147) T,Y
FORMAT (216)
NCT=u

MPT=16

DrL =0

HLV=0

RETURN

END

S s s T I

IN FOR THE CIGITAL SYSTEM

SHIFT TG EIND NEW SEV CE DERIVATIVES.

40

GC 10 110

TEMOL1790
TEMO1800
TEMOL1810
TEMD1820
TEMOL1830
TEMN 1840
TEMD1850
TEMOL1R60
TEMOL1870
TEMO1K80
TEMO1830
TEMN 1900
TEMOL9ID
TEMND1G20
TEMN1930
TEMO1940
TEMO1950
TEMD1960
TEMOL970
TEMO1980
TEMO1990
TEMD2COO0
TEMD2010

TEMD2020
TEMO2030
TEMD2040
TEMD2050
TEMD2060
TEMQ2070
TEM02080
TEMD2090
TEMQ2100
TEMO2110
TEMD2120
TEMO2130
TEMD2140
TEMO2150
TEMO2160

TEMN21R0
TEMD2190
TEM(02200
TEMD2210
TENMD2220
TEMO2230
TEMN 2240
TEMD2250
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10

20

30

401
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SUBRCGUTINE “K{HyToYFY,TERM) TEMO4210

IMPLICIT REAL*B (A-h,y(=2) TEMD4220
GIMENSICON YU1),FY(20,5),YDOT(20),G61(20),52(20),G3(20),64(20),21(20TEMN4230
1)y £2(2C)422(20),PHI(2C) TEMO4240
Lacicat TER™ TEMDG250
COMMUN /CCEF/LUM(IB) , TROUND ¢ WR yMPT,NCT ,NSTEP, NEQ TEMD4260

COMMUN/ELLEN/ TIMDEL,T1IM,SIGMA,1ByNPyMUGERNRy IRNP, IRNRyMODEP,
2TDEL 4 MMCDEP, IPNP,XP3,LSE

TEMD42T0
TEMOG 280
h2=k/2.C0 TEMND4290
NC HU M=2,4 TEMO4 400
CALL TGORQUE (Y)
CALL DERLIV(IY,YDOT) TEMO4320
00 10 I=1, “EQ TEM04330
FY(L,M=1)=Y"0T(1]) TEMNO4 340
GI(I)=YCOUT(T) TEMDG 350
L101)=Y (T )+7 1 () %2 TEMND4 360
TEMO4370
CALL DERIVI(71,YDUT) TEMND4380
o 20 1=1, MNEQ TEMO4 390
G2(1)=yYCOT(T) TEM04400
22(1)=¥(1)+72(1)%H2 TEMND4G4L10
TEMD4420
CALL CERIV(72,Y0UT) TEMO44 30
DO 30 I=1,N%Q TEMO4440
G3(t1)=yQuT (1) TEMD4450
L3CI)=Y (1 )+C3(])%*H TEMO4460
TEMD4a 0
CALL DERIV(73,Y00T) TEMD4G 4GB0
CO 40 1=1, “tLGQ TEMDSG4930
Ga(1)=YCOT(T) TEMD4500
PHI(I)=(GL(T)+2.00%G2(1)+2.00%G4(1)1+G4(1)1)1/6.D0 TEMO4SIO
Y{L)=Y(1)+H=PRI (1) TENDGS20
T=T+H TEMOGS530
Tim=T
NSTLP=NSTEP+1 TEMDG540
NCT=NCT+MPT TEMO&LHS50
[F (NCT.LT.?%6) GO TU 50 TEMD4560
NCT =0 TEMD4S5T0
CALL CUTPUTH(T,Y,TERM) TEMD4580
I[F (TERM) RTTURN TEM0O4590
CONTINUCE TEMO4 60D
RETURN TEMO4610
END TEMND4620

EREREERREREERER R IR AR KKK
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SULRUUTINE TR2(X,Y)

DIMENSICN X(1),Y(1)

COMMEN /SKI™/ TLERR

INTEGER VMPH, HKMPH, VLBL yHLBL y VCHR ,HCHFR,BEGIN

CUMMUN /GR/ZYL o XR o YB YT VLN HLNyNPL W N NPT BEGIN, INC
CATA CC/2C.7

CALL DXEYVEY g XL p XRyOXyNX [ 4 NNX,DC, [ ERR)
[FITERR.NELT) RETURN

CALL DXUYVI?,YByYT Y, My JyNY,OCyIERR)
[FOTERRJNLE.M) RETURN

CALL GRIDIVEL XL e XRyYBs YT 4UX DY NXgMy 1y JeNNXyNY)

CALL APLIOTVINPT#INC X({BEGINY Y(BEGIN) ) INCyINCyly44,LR)

BU 1 I=3EGIMyN, INC

CALL LINEVIMXVEXOLY Y gNYVIY L))o NXVIXTT#INCY Yo NYVIYTT+INCY))

CONTINUE
RETULRYN
CND
ERAERERF R ERRRK R TR LA R RS
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TEMN3740
TEMO3750

TEMO3760
TEMO3770

TEMN 3790

TEMO3810
TEMD3B20
TEMO3RIO
TEMN 3840
TEMO038650
TEMDI6K60



SUBROUTINE UNLGAD (Y)
UNLAUDING SIMULATION LES 8/9

COMPUTES THE FUNCTIUN ASEQU (ISEQU)
ASEQU IS THE CONTRCL LINK TO SUBROUTINES TORK AND TCRQUE

Do OO0

IMPLICIT RLAL® 8 (A-H,0-2)
REAL *8 Y(1)
COMMUN /SEQUY/ DUM(3),[SECQU(3)
COMHON /DUMT/ Y4MAX,YSMIN, YSMAX,Y2MAX, YOS50, MODE
COMMUN/ELLEY /DUMI(4) ,MODER, IDUM(3),MCDEP
C
GU TU (10,27,10),MOCER
10 GO TO (40,3"),M0DE
C MNDL=1 NURMAL 0O"ERATION
C MODLL=Z2 RULL DACY-ULP CCONTRCL

40 GO TU (50,50,60,95%),M00LP
60 ISLuutl)=0

10 ISEwul2)=0

15 RETURN

C

T T T Y

E

20 [3=1SELUL 3)
[FC13121421,24

21 [F{GCARS(Y(4Y) L T.Y4MAX) GO TCO 40
[FeY(4).GTovaMAX) GO TO 23
[Stiui3)=7

GG T3 4C

23 [SELL(3)=3
GU Tu 4C

24 BN B=3) 25 2526

25 [F(Y(4) LE.T) [SEQUI3)=C
GU Ty &C

26 [FCY(A)YaGE") 1SLLUl3)=0
GU Tu 40

G

C *%kkkrkkbtks

(&

30 [FOISEQUI3))31,31, 34

31 ITF(LABS(Y(2)) . LT.Y2MAX) GU TO 4C
[F{Y(2).GE.Y2MAX) GG TO 33
ISECUI3)=7
GO T 4C

33 [SCLul3)=3
GN TU 4C

34 [FCISEQUI3)-3) 35,35, 306

35 IF(Y(2).LE.D) ISECUL3)=0
G0 TU 40

36 [FIY(2).6E.") ISEQUI3)=0C
GO TO 4C

(&5

( HhekrfkEk

(3

50 ITOISEQLIL1)ISTL951,52

1 IFILARSIY(5Y-YUSU)LT.DABSIYOS5U-YSMINYIGC TO 90
IF(Y(S).GT.YH5MAX) TSEQUIT)I=S
[FIY(S)eL T YSMIN) ISEQUIT)=]
TFCISEQUELYabGaC) WRITE(O64100)Y(5),YS5MIN,YSMAX, Y050

e
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UNLOOOIO
UNL0OO0O020
UNLOO0O30
UNLDO0O4O
UNLOOCS0
UNLOOCSKO
UNLOOOT70
UNLOOOBO
UNLOODOSO0

UNL0OO120
UNLOO130
UNLOO140
UNLOO150
UNLOO160
UNLOOI 70

UNLOODI90
UNLOO0200

UNLO00220
UNLO0O0Z230
UNL0O0240
UNL0OOZ250
UNLOO 260
UNLDOZ2T70
UNLOOZ28BO
UNL0O0290
UNLOO 300
UNL0OO310
UNLO00320
UNL0OO 330
UNLOD340
UNLOO350
UNLO0360
UNLOO3T7Q
UNLOOD 380
UNL00 330
UNLO0O040OO
UNLCOATO
UNLOD420
UNL0DO04 30
UNLO0DGS4O
UNLOO&50
UNLO0OOD4 60
UNLOOGT0
UNL0O04B0
UNL 00490
UNLOOS00
UNLOOSI]O0
UNLOO520
UNL0OOS530
UNLOOS¢N
UNLODS50
UNLOOS60
UNLOOSTD

UNL0O0600



100 FORMAT(* ERRORGC THERE IS NOUO TRUEC CCMBINATICON FCR YI(S5)'/*' Y(5)=',EUNLOOGIO

120.8,'YSMIN=',E20.8,*' Y5MAX=',E20.8,' YO50=*,E20.8) UNL0O620
GN Ty 90 UNL 00630
22 IFUISEQUILI=-1) 53,53,%¢4 UNLOO6KGO
53 [FIY(5)-YU57.LE.O) ISECUIL)=0 UNL0OO650
GO Tu 90 UNLNO&660
54 [F{Y({5)-YU5".0E.O) [SECU(Ll)=0 UNLOO670
o) 1O 90 UNLOO680
END UNLOO690

ke kR ke Rk ek ok kK
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TEMD4E30

TEMO&4 640

SUGRUUTINE TURK(AA,BB) TEMO46SO
TEMO4 660

AA IS THE ITHPUSTER LCCATION CUGRDINATE GN 21, BB IS THE LOCATION TEMQ46TO
CLUKDINATE ON L2, THIS SUBRUGUTINE ESTAGLISHES A TCRQUE TEMD4 68O
LOOX=UP TABtEL FIRST BY FILLING IN THE SIGNS (+ OR -) UFf THE TEM04690
TGRGUE CUMPONENTS F(GR EACH THRUSTER IN A 12 X 3 ARRAY. v TEMQO&4TOO
THEN COMPUTES THE MAGNITUDES OF THE TORCUES ANU REPLACES EACH TEMOGT10
ENTRY  wWITH THE TORQUE CUMPONENTS ALCNG THE 21, 22y AND Z3 AXES. TEMNLT20
TEMNGTIO

[MPLICIT REAL*B(A-H,0-Z) TEMD&4 740
INTEGER*4  TRUST1,TRUST2,TRUST3,TRUST4,J TEMOLTSO
REAL®R TARLT{12,3),L1,L2(2), L3(2), AA(2), T(3), AF(2) TEMO&LT60
COMMUN /CCNTRLZ T TEMO&LTTO
[,‘ATA TA"!Lt/‘l-'1-1‘1-'l-'lov‘l-'1.,‘1-'00'00100900' TFMO‘O78“
(& Yer=leg=lesles=lesleylay-1ay4Cas0e4s0440a4, TEMD&LTSIO
C ‘lov‘lov1o'l-v‘l-"lovlo'lo'l-v'l-v'l-'l- /X TEMO04 800
c THETALPHI P1/30+4+5.93.1415926535897/,FCRCE/.000036/ TEMDA4RLO
TEMO4R20

CONVERT FRUY CEGREES TO RADIANS AND FRGM INCHES TC FEET TEMO&4R3O
TEMO4B4O

THETR = THETA ¢ (P1/180.) TEHO4HBS50

PHR = PHT * (PI/18C.) TEMO4GREOD

At (1) = AA(1)/12.0D+00 TEMO&4BRTO
AF(Z2) = AA(7)/12.0D+00 TEMO4BKO
gt = RB/12.7D+00 TEMO4 B0
Ll = uF * FCRCEC * DSIN(THETR) TEMO4900

L0 8 I =1, 2 TEMND4T10
L2(1) = AF{T)*tURCF*DSIN(THE TK) TEMD4320
L3(1Y = AR{T)*FUORCE*DCUS(THETR) TEMO4S30
BESIN = "F % FORCE * DSIN(PHR) TEMD&LQ40

J =1 TEMNA4A50
g 7 1=1,8 TEMN496N
TABLLE(I.1) = USICNILL,TARLE(T 1)) TEMD4G IO

TARLL (T, 2) = DSIOGN(LZ2(J), l1ABLe(I, 2)) TEMO4S80
TatLE(TL, 3) = OSIGN(L3(J), TAbLL(I, 3)) TEMD4990
Jf = 0 e ) TEMOSCOO0
IF{ J GE. 2 ) U =1 TEMOSCLO
CUNTINLE TEVYOS020
TABLL(9,3) = CFSIN TEMOS5030

TapLe (1G,3) = -BFSIN TEMOS040
TABLEfLLl,3) = -BFSIN TEMOS050
TABLE(12+3) = bFSIN TEMOSCED
WRITE(H, 107 ) ((TABLE(TL,J)yJ=193)y1=1,12) TEMOSCTO
FOURMAT('ITCRCUE TARLE IS SUT UP AS FCLLCWSO'//, TEMDS0R80

C 12(10X,D12.5,10X4,012.5,10X,1212.571)) TEMOS0Y0
Re TURN TEMOS100
TEMOS110

TEMDS5120

ENTRY THRUST(TRUSTL, TRUST2,TRUST3,TRUSTA) TFEMOS5]130
TEMDS140

THIS IS THe ATTIVE PART Ut THe SUKKOUTINL, TRUST1-4 ARE TEMOS5150
NUN-NESATIVE INTEGERS wHICH SIGNIFY wWhHICH AND HOW MANY THRUSTERS ARETEMNS]60
TC BE TURNEDC PN, TRUSTL IS ASSUMED TC BE ZERC IF NCL THRUSTERS ARE TEMDS1TD
TU Bt FIRED.  THE SUBROUTINE ACDS THE CCMPONENT TCRQUES OF THL TEMDS180
THRUSTLRS FIRTO TG TAkE TOTAL TCROUY CCMPONLNTS  STOREC IN CCOMMON. TEMOS5190
TEMODS5200

[F(TRUSTY .Lf. 0) GO TG le TEMNDS 210
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ASSIGN

1 10 9

K = TRUSTI]
GO TO 14
1 [TELTRUST? .LE. 0O) GO TO 18

ASSIGN

12 TG .9

K = TRUTT?2
GO TR 14
32 [F{TRUST? .LE. O0) GO TO 18

ASSIGN

13 70 4

K = TRUST3

Lt TY 1

4

13 [F{TRUST4 .LE. O) GO TO 148

ASSIGN

g Te 3

K = TRUST4
14 Cu 15 I=1,3

T(1) =

15 CUNTINUL

GO 1C J,

16 wITE(G,

L7 FORMAT (!

18 CONTINUL

RETURN
END

TARLE(K,T) + T(])

(11,12,13,18)
17)
ENTRY POINT THRUST CALLED UNNECESSARILY.')

SR bR RERRERRARER KKK KR E KA
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TEM0S5220
TEM0S5230
TEMDS5240
TEMO5250
TEM0S5260
TEMOS2T0
TEM0O5280
TEMNDS5230
TEMOS300
TEMOS310
TEM05320
TEMOS330
TEM0S5340
TEM0S5350
TEM05360
TEMOS370
TEMNS 380
TEMNS51330
TEMNS5400
TEMOS5410
TEM0S5420
TEMDS430
TEMOS440



SUBRUUTINL TORGULE (YY)
REAL®H Y(I1)

REAL%*8 TTIMF, H, TLIMIT, ATIME, ALIMIT, L(3) TEMOS460
INTEGER%4 ACEQU(I3)Y), AXIS, TCUR, APCINT, SELECT(8, &) TEMDS54T70
COMMUN /CCNTRL/Z L TEMDS 480
2 /Seu'"/ Hy ATIME, TTIMF, ASEQU, APUINT TEMDS 430
3 /TABLES/ SELECT TEMDS5500
DATA TLIMIT. ALIMIT /1.06D+00, 1.0D+C2/ TEMNSSHI0
C TEFMOS5520
(& SET TCRUUES TC ZLRO TEMOS5530
C TEMO5540
CALL UNLOAD (Y)
LU toC I = Lty 3 TEMOS555%0
In0 LII)Y = 0.040D+00 TEMOSH60
IF( APOINY .GE. 4 ) RETURN TEMOSSHTD
G TEMO5480
C HAVE WE BEEM FIRING AbOUT THIS AXIS MORE ThAN ALIMIT TEMOS590
C TEMOS5600
IF( ATIME 0T, ALIMIT ) GO TO 200 TEMOS5610
C TENNS 620
€ SELECT NEW AXIS TE®NS€630
G TEMNS6ELO
APUINT = APTINT + 1 TEMDSE6S0
IFCAPCINT G 3YAPOINT=1
AXTS = ASEQU(APCINT) TEMOS6TO
IF( ( AXIS LT. oI ) <CRe ( AXIS .GT. 8 ) ) RETURN TEMNS 680
ATIML = 0.07+CO TEMOSE90
TEUES = 11 TEMOST00
GO T 210 TEMOSTLO
C TENMOS5T20
C HAVE WE Btce® FIRING THIS THRUSTER FCR MCPE THAN TLIMIT TEMN5T30
G TEMOS 740
200 1F( TTIME LT, TLIMIT ) GG TG 3CO TEMOS5750
G TEMOSTHO
o SELECT NEw THRUSTCK TEMOSTTO
C TEMDSTRO
TCUK = TCUR + | TEMOS5T790
IF( (TCUR .7T. 4) .(OR. (SELECT(AXIS, TCURY LT. [} ) TCUR = 1 TEMOSHEOD
210 IFIRE = SELTCT(AXIS, TCUR) TEMDSELD
TTiME = 0.07+00 TEMOSB20
G TEMDSA30
L SET UP CALL TC THRUST AND INCREMENT TIMES TEMOSHEGLO
(& TEMNOS5KH50
300 CALL THRUST(IFIRE, O, 0O, 0} TEMOSREN
ATIWE = ATIME # H TEMNSETO
ITIME = TTI"c + H TEMOSKBO
301 RETURN
ENU TE*NDS900

BER R XA EE AR A G EE R A XA E K
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[aKg]

[Nl

N R

oo

BLOCK

DATA

[MPLICIT REAL*8
REAL#*8 K

REAL %8 M2,M1
CUOMMUN /JALINGN/ M2,M3

COMMUN /ELLYN/ TIMDEL,TIM,SIGMA,IB,NP,MCCERyNRyIRNP,IRNR,MODEP,

(A-t,0=-2)

LIDEL ,MMCDEP, [PNP,XP3,LSB
DIMENSION PL4)},Cla),XJ14)

JOARAM/ XS ZyOUMLI(3),T1,T2,0MeGAUXPLyXP2+X014XD2yX03,XR1,

OCOMMUN /CCET/PCyTBOUND WRyMPTyNCTyNSTEP, NEQ
1 /GR/TUMI3 ) 4NPL,IDUMI3 ), INC

2

3 xXr2

3 /SEQU/ GUM2I3), ISEQUE3)Y, [POINT

4 /TABLES/ [SELIB, 4)

COMMON/PLITCH/XP4y IDELB, INP

INTIALIZE

/PARAM/

DATA XJ /1274413042041 .065/

DATa XPlyXP?yXUlyXD2y X033 XRLyXR2/1e1e125464443404,4.125,1.0/

INITI

CATA MPT,NCT NSTEP,NEC/16,2%0,12/

INITI

CATA

INTTVI

ualA
DATA

DATA
DATA
DATA
CATA
DATA
DATA
DATA
DATA
LATA
AT A
CATA
patTa
OATA
DATA
0atTA
INITI

DATA

END

ALIZE

ALTZE

NPLy IMC /0,

ALIZE

/COEFR/

/GR/

1/

/SEQL/

[POINT,[SEGU/0,0,0,0/,0UM213),
/1.00+03/

cuM2(2}

TBOUND/600.7/
SIGMA /0.0/

NR 72/

MGCER/ Y/

Mooep 72/
MMCODEP /2000007
IDLL /724/

YP4, [DFLBy INP/2004420,5/
TIMOEL /0.0/

NP /3/
M2/70.0/
M3/0.0/

XP3/16./
LSH /57000007

XP3/6.7
ALIZE

ISEL /7
7
n
n

L
L
\J
L

/SELECT/

Ly
7,
0,
Oy

3,
Ty
()
(V)

Ily 19 2
12y 8y, Y,
Gy ‘Qy O,
Uy Oy 0Oy

2
6
0y
Oy

DUM2(3)/2%1.00+03/

LR RSS2 2 R R L R R R
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TEM0 2260
TEMO2270
TEMO2280

TEMO2290
TEMNZ2 300
TEMO2310
TEMO2320
TEMO2330
TEM0D2340
TEMN2350

TEMO2360
TEMO2370
TEMOZ2 380

TENO2420
TEM02430
TEMO2440

TEMN2460
TEMD2470
TEMO2480
TEMO2490
TEMO2500
TEMN2510
TEMD2520

TEMO2540

TEM0O2550
TEM0O2560
TEMO25T70
TEMO2580
TEM0O2590
TEMN2600
TEMO2610



SULRUUTINE “RI(FR,X,Y) TEMO3100

CIMENSION XT1),Y(1) TEMO3110

INTLGER BEGIN,FR TEMNO3120
COMMUN /GR/ZYL,XR 4 YB, YT, UXy CYy NPL,NODC,NPT,tEGIN,INC

(® TEMO3140

C FIND UPPZR AND tOWER GRID LIMITS TEMD3150

CALL MINMAXIY,NPL,YB,YT) TEMO3160

IF (yB) 1C,0,20 TEMO3170

10 YH=1.05%*YE TEMO3180

60O TO 30 TEMO03190

20 YB=(.95%YbE TEM0O3200

30 CUONTINUE TEMO3Z210

IF (YT) 4C4F0,50 TEMN3220

40 YT=0.952YT TEMD3230

GO T4 60 TEM0 3240

S50 YT=1.05%YT TEMN3250

60 CONTINUE TEMO3260

C TEMO3270

BEGIN=1 TEM03280

XL=X(1) TEM0O3290

BY=(YTr=-YB) /0. TEMO 3300

G TEMN3310

C IS MURE THAN CNF FRAME DESIRED TEM03320

IF (FR.GT.1) GO TO 80 TE+03330

C ENTIRE 5RAPH TU LE PLUTTEU UN UNE FRAME. TE¥N 3340

NPT =NPL TEMO3350

XR=X(NPL) TEMO3360

CX=(XR=-KL)/20. TEMO3370

NOG=3ECIN+(*PT-1)%INC-1 TEMP 341D

CALL GR2({X,V) TEMO3420

RETUAN TEMN 3430

€ TEM0 3440

C GRAPH 10 BE PLOTTED CN MUORE THAN UNFE ERAME. TEMO 3450

HO THR1=FR-1 TEMD 3460

NPLFR=(NPL+TFR1)/FR TEMQ 3470

[F (MODINPL*IFRLyFR).NE.O) NPLER=NPLFR+] TEM0O3480

NPT=NPLFR TEMN 3490

NM1=NPLER-] TEMN 3500

DX=(X{NPT)=-¥YL)/20. TEMO3510

C TEMND 3540

C PLOT INITIAL FR*MES. TEMO 3550

CXR=2C.2DX TEMO3IS60

XR=XL+DXR TEMN3570

CO 90 I=1,IFR1 TEMO3580

Ix=1 TEMN 3590

NDG=BEGIN+ (*PT-T1)%INC-1 TEMO3600

CALL GR2IX,Y) TFMO3610

XL=xA TEMD 3620

XRz X3+ XR TEMO 3630

BEGIN=HBEGIN+NM] TEMO 3640

IF (XRkR.GELX{NPL)) GO TO 100 TEMO3650

90 CONTINUE TEMD36H0

G TEMO3670

C PLOT #IiVAL FRAMT, : TEMO3680

1900 NPT=4PL-1X%®MM] TEMO 3690

NDO=BEGIN+("PT=1)%INC-1 TEMO 3700

CALL GR2(X,V) TEMD3T710

RETURN TEMN 3720

END TEMD3 730
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SUBROUTINE “INMAX (X,
DIMENSION X(1)

XMIN = X(1)

xMax = x(1)

CO 10 1=2,N

[F (X{I)=-XMIN) 14242
XMIN = X(1)

IF (XMAX-X{T)) 3,10,1C
XMAX = xX(1)

CONTINUE

ReTURN

END

Ny XMIN, XMAX )

EEREEERAAAER KT ERAAKEEER
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TEMD3BT0
TEMO3880
TEMO 3830
TEMD3900
TEMO3910
TEM0 39320
TEMO3930
TEM0 3940
TEM0 3950
TEMO 3960
TEMD3970
TEMD3980
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