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List of Abbreviations

DOF - Degree of Freedom

IMU - Inertial Measurement Unit
INT - TREETOPS INTERACTIVE file
MSFC - Marshall Space Flight Center
P/OF - Pinhole/Occulter Facility

VRCS - Vernier Reaction Control System

wrt - with respect to



1.0 INTRODUCTION
The objective of this contract was twofold:

1.) To demonstrate the feasibility of using a generic simulation,
TREETOPS, to simulate the Pinhole/Occul ter Facility (P/OF).

2.) To determine the pointing performance of the P/OF using the baseline
control system.

In order to accomplish these objectives two tasks were defined:
TASK 1.1 Modeling and TREETOPS setup

This task included modeling the structure as a three body problem
including the flexibility of the P/OF 32 meter boom. Modeling of
the sensors, actuators and control algorithm was also required.

TASK 1.2 TREETOPS Setup, Simulation and Analysis

The TREETOPS simulation was defined based on the models of Task 1.1,
Transient responses were obtained for comparison with previous anal-
ysis results,

During the execution of these tasks the direction of the contract was
changed such that Honeywell would design and supply & control algorithm for
use in TREETOPS and the comparison with previous results would be deleted.

The detailed math models for the structure, sensors and actuators is
presented in Section 4.1. The control algorithm and corresponding design
procedure is presented in Section 4.2. The closed loop pointing performance
using this controller is presented in Section 4.3. Computer listings of the
simulation are presented in Section 5 for the sake of completeness.



2.0 CONCLUSIONS

Two major conclusions were reached as a result of the study contract.

1.) The TREETOPS simulation is an excellent tool for this type applica-
tion. Its gemeric nature gives us the flexibility to change models

easily and the linearization option provides a natural link to
control design tools.

2.) Steady state P/OF pointing to within 1 arcsecond appears feasible.

I* should be noted that the emphasis of this contract was on the feasi-
bility of simulation via TREETOPS and on control algorithm design as opposed
to emphasing closed loop performance assessment. The transient pointing
errors during orbiter maneuver periods were large (47 arcsec) but when the
maneuvers were complete the steady state errors were small (less than 1 arc-

sec). Our conclusion is that steady state errors will depend largely on
sensor errors and noise rather than loop dynamics.

The next phase of this contract will model sensor and actuator noise and
thus give a much better prediction of the steady state pointing error.



3.0 RECOMMENDATIONS

The objective of this contract was primarily to develop a TREETOPS based
simulation of the P/OF. The simulation proved to be very useful and our
recommendation is to use the imulation for further studies oriented toward
understanding the performance 1imitations of the P/OF. Specifically, we
recommend three areas of study that will provide significant near term bene—
fits.

1. IMPLEMENTATION - This task would put the pointing control system in s
form suitable for digital computer implementation and would try to minimize
the comruter resources required for implementation.

2. STEADY-STATE PERFORMANCE - The addition of sensor and actuator error
sources to the simulation would allow sensitivity studies for determining the
relationship between pointing accuracy and contro' system characteristics.
These relationships would form the basis for predicting pointing accuracy and
the assuciated error budget allocations.

3. MOUNTING BASE - The current simulation utilizes the shuttle orbiter
as a mounting base. The viability of the P/OF. concept would be enhanced if we
showed acceptable performance for a varieiy of bases such as space station,
space lab or a free-flier base.



4.0 DISCUSSION

The purpose of this section is to present the results of this study as
they relate to the statement of work. Section 4.1 presents the detailed math
models developed according to Task 1.1 of the contract. Section 4.2 presents
the pointing control system design which was an add on task. Finally, Section
4.3 presents the closed loop performance responses obtained from the simula-
tion according to Task 1.2,

4.1 MATH MODELS

The simulation math model can be divided into four main parts: struc-
ture, sensors, actuators and comtroller.

4.1.1 Structure Math Model

The structure being modeled consists of the Space Shuttle orbiter,
Instrument Pointing System (IPS) and Pinhold Occul ter facility as illustrated
in Figure 1. We are treating the structure as three bodies connected in a
chain configuration. The simulation is 3 dimensional (as opposed.to planar)
and has 9 degrees of freedom in addition to the flexibility of the boom. The
orbiter and IPS are both treated as rigid bodies while the boom is a flexible
body. The orbiter has 6 degrees of freedom (3 rotation, 3 translation) wrt
the inertial frame and the IPS has 3 rotational degrees of freedom wrt the
orbiter.

The IPS is modeled as a single 3 DOF hinge which means that the indivi-
dual gimbals are not modeled. That part of the IPS outboard of the gimbals is
combined with the P/OF sensors snd the boom deployment canister to make up
Body No. 2.

The third body is the 32 meter flexible boom with the P/OF mask assembly
mounted at the outboard end. It is connmected to the canister with a zero DOF
hinge representing a cantilever beam. The flexibility of the boom is repre-
sented using the cantilever modes obtained from the finite element model
suppl ied by MSFC. The three bodies and three hinges are illustrated in Fig-
ures 2 through 4 and the corresponding TREETOPS input data is presented in
Tables 1 through 6.
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AN ILLUSTRATION OF THE P/OF STRUCTURE

FIGURE 1
SPACE SHUTTLE INSTRUMENTY PINHOLE OCCULTER
‘mv’mnc SYSTEM FACILITY
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FIGURE 3
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P/OF CCORDINATE FRAME AD HINGE ILLUSTRATIUN

FIGURE 4
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. BODY #1
SPACE SHJITLE ORBITER
TABLE 1

(REVISION 1)

1.) 1D# = ]
2.) TYPE = RIGID
3.) MAss = 95395 Kg (210,311.5 LES)

4.) INERTIA = (Eg -m?)

Ipg = 1.261 x 105 (930,016 slug-ft?)
lyy =  9.691 x 106 (7,148,059 slug-ft?)
I,, = 10.150 x 10% (7,485,903 slug-ft2)

Ipy = 1337 (986 slug-ft?)

I, = 3.125 x 10% (230,475 slug-fe?)

Iy, = =676.6 (-499 slug-ft?)
5.) ATTACH POINT COORGINATES (meters)

27.736, -.0025, 9.469 (1092.0 in, -.1 inm, 372.C in)
6.) NODE #1 = MASS CENTER (meters)

27.736, -.0025, 9.469 (1092.0, -.1, 372.8 in)



7.)

TABLE 1

(CONTINUED)

NODE #2 = HINGE POINT (meters®

25.527, 0, 10.566 (1005, 0, 416 in)

NODE #3 = IPS ACCELEROMETERS (meters)

25.527, 0, 10.26 (1005, O, 404 in)

NODE ".5.6.758)9 = VERNIER JETS (..t‘f.)

i
#5
#6
#
#8
#9

F5R

F5L

RSR

L5L

R5D

LSD

8.24,
8.24,
39.75,
39.175,
39.75,

39.75

1.52,
-1.52,
3.8,
-3.81,

3.0.

3.0,

8.89 (324.4,
8.89 (324.4,
11.66 (1565.,
11.66 (1565.,
11.57 (1565.,

11.57 (1565.,

_10_

59.7,
-59.7,
149.9,

-149.9,
118.,

-118-1

350.1

350.1

459.

459.

455 .4

in)
in)
in)
in)
in)

in)



BODY #2

IPS + CANISTER

TABLE 2
1.) Ip# =2
2.) TYPE = RIGID
3.) NASS = 1875 Kg

4.) MOMENT OF INERTIA (Kg -m)

I, = 12691 (9361 slug-ft?)

12354 (9112 slug-ft?)

lyy

I

2
=3 1903 (1404 slug-ft“)

I,= 0

0

I,= O
5.) ATTACH POINT COORD. (meters)
0,0,0
6.) NODE #1 = MASS CENTER (meters)
0,0, 1.8 (5.9 ft)
7.) NODE #2 = HINGE POINT (meters)
0,0, 4.3198
NODE #3 = RATE GYRO MOUNTING POINT (meters)

(0,0,1)



BODY #3

BOOM + MASK
TABLE 3
1.) ID# =3
2.) TIPE = RIGID
3.) MASS = 69.87 Kg

4.) MOMENT OF INERTIA (Kg -m?)

1,, = 65391
lyy = 65416
1,,= 81
Ixy = 0
Iyz = 0
I,= 0

5.) ATTAQI POINT COORD. (meters)
0,0,0
6.) NODE #1 = MASS CENTER (meters)
0,0, 29.92
7.) NODE #2 = P/OF SENSOR MOUNTING POINT (meters)

(0,0, 32.)

-12_



HINGE #1

TABLE 4

1.) ID# =1

2.) INBOARD BODY ID# = 0
3.) OUTBOARD BODY ID# = 1
4.) HINGE POINT NODE # =1
5.) NR=3

6.) ROTATION OPTION = GIMBALLED

1.0 511,(“ =1,0,0
8.) Llj =1,0,0
9.} 2,4 =0,0,1
L(j)
10.) £3j =0,0,1
11.) kg =0,0,0
12.) Bg =0,0,0
13.) e(tq) =0,0,0
14.) Oy =0,0,0
15.) NT =3
16.) g9 =1,0,0
gzj =0.,1,0
237 =0,0,1
17.) K, = 0,0,0
18.) B, =0,0,0
19.) y(tg) =0,0,0
20.)  ynuLL = 0,0,0

-13-



1.)
2.)
3.)
4.)
5.)
6.)
7.)
8.)

9.)

11.)

12.)

13.)
14.)

15.)

HINGE #2
IPS GIMBAL

TABLE 5

ID# = 2

INBOARD BODY ID# =1
OUTBOARD BODY ID# = 2
HINGE POINT NODE # = 2
NR =3

(ROTATION OPTION - NOT REQUIRED)

2, =1,0,0
L(j)

L =1,0,0
1;

L =0,0,1

=31y

2 =0,0,1
3;

kg =0,0,0

Bg =0,0,0

6((0) =0,0,0

ONULL = 0.0,0

NT =0

-1 ‘_



HINGE #3
CANISTER TO BOOM INTERFACE

TABLE 6

1.) ID# =3

2.) INBOARD BODY ID# = 2
3.) OUTBOARD BODY ID# = 3
4.) HINGE POINT NODE # = 2
5.) NR=0

6.) (ROTATION OPTION - NOT REQUIRED)

7.) &1 =1,0,0
L(j)

80) ilj -1.0,0

9.) 2L, =0,0,1
L(j)

10.) %, =0,0,1
J

-15-



4.1.2 Sensor Math Models

The P/OF simulation uses standard rate gyros mounted on the outboard
portion of the IPS and accelerometers on the base of the IPS. In addition, we
have added a special sensor that measures line of sight error, mask tilt and
tip deflection of the P/OF boom.

The two accelerometers are mounted at Node 3 of Body 1. Their input axes
are aligned along the orbiter X and Y axes respectively. Node 3 of Body 1
corresponds to a location on the base of the IPS. It should be noted that the
accelerometers were t~ be used for cancelling the disturbance effect of base
motion but the technique which was based on a rigid boom did not work well for
a flexible boom. The accelerometers remain in the simulation but are not used
as part of the control system.

The simulation has three standard rate gyros mounted at Node 3 of Body 2
which is the instrument mounting plate on the outboard end of the IPS. Their
input exes are aligned along the X, Y and Z axes of the IPS respectively. The
X and Y gyros are used as feedback sensors for the rol! and pitch axes respec-
tively and the Z gyro is unused.

The final sensor is a line-of-sight (LOS) sensor developed specifically
for the P/OF simulation. This sensor has seven outputs defined as follows:

1 g, )
2 Py ) tilt angles (rad) of mask planme wrt detector plane
3 By )

4 1, ) relative displacement (meters) of mask wrt detector due
5 x5 ) to elastic deformation

6 &, ) line of sight error (radians)
7 8, )

The geometry of the P/OF sensor is illustrated in Figure 5. The P/OF
boom is modeled as a flexible body attached to the IPS (Body 2) in a canti-
lever sense, i.e. the attach point has zero elastic deformation in both rota-
tion and translation. If we let the vector p locate the tip of the boom
(mask) wrt the attach point of the boom then the relative tilt and displace-
ment measured by the senscr is simply the elastic deformation at node p.

p= BJ + _nj(!!)

where gJ is "rigid body location" of the mask node point, j is a body
index identifier and !’(g) is the elastic deformation at node P.

-=16-



P/OF ALIGNMENT GEOMETRY

FIGURE §

ur TARGET UNIT VECTOR

DETECTOR
PLANE
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.

B[ = 2 4riemf
-ﬁ,. k=1
1 N
i !J([) - } !{(z)ﬂi
L2y gt
where n) are the gemeralized coordinates of the body j, §'J(P) and Qi([)

are the mode slopes and mode displacements respectively of body j node P.

The line of sight errors are defined in terms of the target vector u, and

the mask location vector p.

located along the bore sight axis of the u

P/OF.

8, X ur = sin a uy i af " UNIT(p)

a = line of sight angle

Let the target vector be nominally

Ut = o3

By, = sin 83 dy - cos b3 sin &) d3
+ cos b, cos 6y d3

1}

Bp =83 dy - 8y d2 + d3

Sy, x oy = =83 d) - 63 42

If we define &, and 5, as the line of sight errors about the d, and d,
respectively tLen they can be computed as follows:

[bl]

5 = -

2 4p X UT
0 4

The TREEIOPS input data needed to define all the P/OF sensors are listed

in Table 7.

-18-



P/OF SENSOR DEFINITION

TABLE 7

1.) IPS ACCELEROMETER (X)
TYPE = ACCELEROMETER
ID# =1
ATTACH POINT BODY ID# = 1
NODE ID# = 3
INPUT AXIS = 1,0,0
2.) IPS ACCELEROMETER (Y)
TYPE = ACCEL
ID# =2
ATTACH POINT BODY ID# = 1
NODE ID# = 3
INPUT AXIS = 0,1,0
3.) 1IPS RATE GYRO (X)
TYPE = GYRO
ID# =3
MOUNTING POINT BODY ID# = 2
NODE ID# = 3
INPUT AXIS =1,0,0
4.) IPS RATE GYkO (Y)
TYPE = GYRO
ID# = 4
MOUNTING POINT BODY ID# = 2
NODE ID# = 3

INPUT AXIS = 0,1,0



TABLE 7

(CONTINUED)

5.) IPS RATE GYRO (Z)
TYPE = GYRO
ID# =5
MOUNTING POINT BODY ID# = 2
NODE ID# = 3
INPUT AXIS = 0,0,1
6.) P/OF LINE OF SIGHT SENSOR
TYPE = LOS
ID# = 99
MOUNTING POINT BODY ID# = 3
NODE ID# = 2

TARGET UN1T VECTOR = 0,0,1

-20-



4.1.3 Actuator Math Models

The P/OF simulation has a total of 9 actuators 3 torque mntors mounted
on the gimbal axes of the IPS and 6 reaction jets for the shuttle orbiter
vernier RCS control system. Each of these are standard TREETOPS actuators and
the input data necessary for their definition are presented in Table 8.

-21=



P/OF ACTUATOR DEFINITION

TABLE 8

1.) IPS TORQUE MOTOR - ROLL - X

TYPE = TORCUE MOTOR

ID# =1
MOUNTING POINT HINGE # = 2
AXIS # =1
2.) IPS TORQUE MOTOR - PITCH - Y
TYPE = TORQUE MOTOR
ID¥ =2
MOUNTING POINT HINGE # = 2
AXIS # =2

3.) IPS TORQUE MOTOR - YAW - Z
TYPE = TORQUE MOTOR
ID¥ =3

MOUNTING POINT HINGE #

"
~

AXIS #

L}
w

-22-



‘l50607..p,a’

JET
JET
JET
JET
JET

JET

VERNIER RCS JETS

4

s

TABLE 8

(CONTINUED)

MOUNTING POINT
IXPE .4 DODY # NODE #

i

4

5

-23~

71718

.11706

.02582

.02582

.95768

—OUVT AXLS
.03265, -.69625,
.03265, .69625,
0 . -.9997,
0 ., .99967,
-.02656, -.28662,
~.02656, .28662,

.957¢68



4.1.4 Controller Math Model

TREETOPS has the capability for simulating three types of controllers;
continuous, discrete and user defined. The P/OF simulation has 3 separate and
distinct control systems and they are all embedded within the user defined
controller. An overview of the user controller is presented in the intercon-
nect diagram, Figure 6, which also defines the inputs and outputs. The 3
separate control systems are 1) the roll gimbal pointing control, 2) the pitch
gimbal pointing control and 3) the vernier RCS orbiter attitude control.

ROLL ITCH GI POINTING CONTROL

The roll and pitch gimbal controller both utilize the full state control-
ler discussed in Section 4.2. The full state controller was developed for the
pitch axis and when used for the roll axis it requires a phase change (sign
reversal) on the tip deflection input, x,. Both pointing controllers have
provisious to use the accelerometer feedbacks for disturbance rejection but
the gain on these feedbacks is currently set to zero.

ORBITER VERNIER RCS CONTROL LAW

The vernier RCS control system fires jets to hold the orbiter at the
initial attitude or maneuver to a commanded attitude. The inputs are attitude
commands supplied by the user via user controller inputs 11, 12 and 13.

UUSER(11) = roll attitude command (deg)
UUSER(12) = pitch attitude command (deg)
UUSER(13) = yaw attitnde commnand (deg)

The vernier RCS control law consists of 4 primary parts as illustrated in
Figure 7.

PHASE PLANE The phase plane operates on each axis (roll, pitch and yaw)
to determine whether positive, negative or zero RCS control torque is required
to null attitude and rate errors. MUysteresis is included to reduce jet on/off
cycling. Disturbance acceleration logic sets up one sided 1imit cycles that
remain within the attitude error deadbands while maximizing the time tetween
jet pulses., The phase plane logic is illustrated in Figure 8.

JET SELECT The jet seiect logic will select a set of 1, 2 or 3 vernier
RCS jets to produce the control torque requested by the phase plane. The jets
to be used are selected via a'" dot product" approach. Thut is, the control
torque produced by each jet is projected (dot product) onto the desired torque
vector. The jet with the largest prcjection is turned on. If a second jet
with at least half the projection of the maximam jet is found, then it is
turned on. Similarly, if a third jet is found with 40% of the maximum proje--
tion it also is turned on.

STATE ESTIMATOR The steste estimator is patterned after a fixed gain
Kalman Filter, The state is extrapolated forward to each contro) instant
(12.5 Hz) assuming that acceleratior is constant over the interval. The
states are then updated based on attitude measurements at 6.25 Hz rate. The
estimator has threc separate filtezs for attitude, ratc and disturbance accel-

~24-
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x IF RIC FROM PREVIOUS CYCLE + +SIGN (uy) Tty
» TWEN LEAVE IT AT THAT VALUE o ", s
ELSE NIC « SIGN oy ) WFRATE (———— THEN HS!
S - (e 1F RIC FROM PREVIOUS CYCLE « SIGN IUg)
. $i TMEN LEAVE IT AT TMAT VALVE
-y ELst
IF FORCE FIRE + 0N RIC « SIGN (Up)

1F {N REGION 7 USE MYSTERESIS DISTURBANCE LOGIC

ELse Yi-$11
NEDEFINE PHASE PLANE PARANETERS NIC - -GN (U WERATE | s
YieSIN Y1+ SIGN (VD) de \1] DETEAMING IF 1N NS
Y2+ S1GN (UD) we —_—
———— 8 gVl gae
\ \ AND
" 9 oSt segvI<sn
b | 5 s THEN HS2 =
LR 1 IF RJC FROM PREVIOUS CYCLE * SIGN (Ug)
\ " sie THEN LEAVE 1T AT THAT VALUE L
52 b eLse st
TEAMINE IF INC'S \ )
purmmirmit -} _’r‘.’.ﬁ\_ = 1% FGACE FIRE = ON AIC - SIGN (ug!
TXIRAAES U :::‘ o v v
ino n « $1GK (Ug) WFRA ]
ocvicsy { i
svis u
2
THEN C31

SNV -Y2
. mave |20
RIC + SIGN (UD) WFRATE [“""""]
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eration., The bandwidth of each filter is tuned to improve the overall perfor-
mance of the system. The equations for the state estimator are presented in

Figure 9.

ATTITUDE PROCESSOR The attitude processor computes the incremental atti-
tude changes between successive sample times. It should be noted that the
inputs to the phasc plane lre'nngulur rate and its integral. The integral of
rate is not in the strict sense an attitude measurement except for planar
rotation. The integral of rate is computed by summing the incremental atti-
tude changes where the incremental rotations are about the body axes. In the
flight system the attitude is measured by the IMU. For this simulation we
have neglected IMU dynamics by extracting the direction cosines directly from
the truth model and computing angular increments as shown in Figure 10.
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VERNIER RCS ATTITUDE PROCESSOR

FIGURE 10
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4.2 FULL STATE CONTROLLER
4.2.1 Introduction

The "full state controlle! 1is a pointing control system for the P/CF.
It uses identical control algorithms for pointing of both the roll and pitch
gimbals of the instrument pointing system (IPS). The third gimbal allows
rotation about the line-of-sight axis and is currently uncontrol led.

The full state controller was developed primarily for the purpose of
demonstrating the closed loop performance capability cf the TREETOPS simul a-
tion. As such, the control design does not represent a finished product, but
it does demonstrate the feasibility of the approach and it also provides a
basis for further ref inement and development.

4.2.2 Salient Features

1.) Uncoupled Axes - The P/OF boom is constructed such that the bending
modes are uncoupled between axes. This allows us to separate the
three axis model into three single axis models for the purpose of
control system design. Furthermore, the roll and pitch axis models
are nearly identical enabling the use of identical control algor-
ithms for the two axes.

2.) Reduced Order Model - The full state controller is based on optimal
Linear Quadratic Gaussian (LOG) design techniques and requires full
knowledge of the system state for implementation. Computational
requirements are minimized by reducing the state vector dimension
which for the P/OF is equivalent to reducing the number of bending
modes. The model used for control design and implementation uses
two modes per axis and is a derivative of the verification model
which uses eight modes; four in the roll axis, three in pitchk and
the final one is a torsion mode.

2,) Sensors - Three sensors are used for each axis. The first senses
line of sight error which is the basic control varisble of the P/OF.
The second measures bending deformation of the bcom tip with respect
to its base allowing the control system to null bending motion. The
third sensor is a rate gyro mounted on the IPS and used to provide
inner loop stability. The TREETOPS simulation uses these sensors
together with an observer to estimate the state vector rather than
simply extracting the state from the simulation for use in the
controller,

4.2.3 Design Methodology

The full state controller i: based on LQG design techniques and was
accomplished using two computer programs; TREETOPS and HONEY-X. The basic
procedure is to first create a multi-body, 3-axis, non-liinear model on
TREETOPS. Second, use the TREETOPS linearization option to compute a linear
model for input to HONEY-X. Third, develop a single axis model and design the
control system using HONEY-X. Fourth, iustall two copiles (oue each for roll
and pitch) of the single azxis controller into TREETOPS for evaluation in a

=g L~



fully coupled, non-linear simulation.

The TREETOPS model used for the design process has 13 degrees of freedom;
3 rotation and 3 translation DOF's for the orbiter with respect to inertial
space, 3 rotation DOF's for the IPS gimbals and 4 bending DOF's for the P/OF
boom. Each DOF is described by a second order differential equation which
means the state vector dimension will be 26.

The linear model obtained from TREETOPS has the following standard form:

X2 = Az + Bu

=

= Cx + Du
where:

X = state vector dimensioned 26

= input vector dimensioned 9
£ = output vector dimensioned 12

and the constant coefficient matrix quadrupies are dimensioned A(26,26),
B(26,9), C(12,26), D(12,9).

The input, output and state vectors are defined in Figure 11.

The s!ngle axis linear model was obtained from the three axis model by
selecting the pitch axis variables and deleting the rest to form the model
presented in Figure 12.

We can now compute an "optimal" controller for this system using LQG
design techniques. This controller has the form shown below.

u x I

b

(s1-A) 1 84}-

The control gain K, is defined as follows:
For the cost function

7= 1/2 f3 (sTag + aTRwiat
the optimal control is given by
£, = =1’k

where i is a solution of the non-linear matrix equation

KA - Alx + kBR7IBTR - @ =0
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STATE VECTOR
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PINHOLE/OCCULTER FACILITY SINGLE AXiS LINEAR MODEL

FIGURE 12
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The cost functions Q and R were chosen to penalize line of sight error &,
and torque moto: commands Ty resrectively.

6 = Dx
where D is the thiy’ row of matrix C
Q = pTe2p
where o is a normalizing function chosen as 1 arcsec.
02 = (1/1 arcsec)? = (206264 rad)? = 4.25 ¢ 1010
R was chosen as (1 newton-meter)?

The resulting gain matrix, K , was obtained using HONEY-X.

K, = (728866 18874.7 126.068 206152 3968.17 201.292)

Now that we have a controller gain, K,, the next step of the design
process is to design an observer that will estimate the state vector. The
observer will have the form

i=Az+Ba® ¢+ Ko(z - g)

]
2 = -K.x

r=Cz

£=Cz

where x, r are the estimated state and measurement vectors, 3. is the ovptimal
control and Ky is the observer gain matrix. The observer gain matrix Ko is
computed by the HONEY-X program KFILT which solves the Ricatti equation

ATP + PAT + vy - pcTvyicp = 0

where A, C are the system matrices, P is the error covariance matrix and Vl,
Vz are the plant disturbance noise and measurement noise matcices.

Since we do not huve good knowledge of the system noisc characteristics
we used the loop shaping techniques developed by the Honeywell System Research

Center to choose Vl and V, and thereby obtain acceptable loop frequency responses.

The state noise is assumed to enter the system through the actustors or system
inputs. The measurement noise is arbitrarily set to unity and p is & ratio of
measurement noise to disturbance noise which is varied until acceptable per-
formance is achieved,

VZ-I

v, = pBBT

for a value of 9-101 the following observer gain was obtaiuned along with
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acceptable loop characteristics.

2.30058E1 -1.53860E1 1.91755E-1

-8.26491E2 $.79737E2 9.02389E0

llol = -1.91229E2 1.25491E2 1.93675E0
6.72579E-1 -4.77782E-1 8.15181E-1

1.5493221 3.04520E1 4.70518E-1

-3.65191E0 6.82726E0 9.98093E-2

The structure of the full state controller is shown in Figure 13. The
values for the system matrices A, B, C are defined in Figure 12 and the
control ler and observer gains are defined previousiy in this section. For
this simulation the observer was left in the continuous domain and a fourth
order Runge-Kutta algoritkm was used for the numerical integration. Ia future
work we would cast the filter in the discrete domain and use transition
matrices rather than numerical integration to propagate the state between
control sample instants.
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4.3 PERFORMANCE ANALYSIS

The TREETOPS simulation was used tc det:rmine the transient response of
the P/OF pointing control system to disturbance inputs. We chose a three axis
orbiter VRCS attitude maneuver as the disturbence. The attitude command was
-2, +.2 and -.2 degrees for the roll], pitch and yaw axes respectively. This
combination was selected becsuse it produces a worst case combinmation nf jet
pulses with pulse durations as lnap as 4.5 seconds. The orbiter attitude ic
shown in Figure 14 and rates in Figure 15. The attitude reached .3 dez in
each axis befure the maneuver was completed. This is equal to the command,
+2° plus the attitude deadband, +.1°,

The P/OF pointing error corresponding to this distorbance is shown in
Figure 16. During the period when the orbiter is manecuvering there is a
steady stats error because the system has no integral control. The transient
errors are damped to less than 1 arcsec within 10 seconds. The torque motor
outputs necessary to stabilize pointing are shown in Figure 1i7.
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5.0 COMPUTER LISTINGS

In order to completely reproduce the results presented in Section 4.3, s
user needs a copy of the TREETOPS program, the TREETOPS input (INT file) for
the P/OF simulation, the modsl data file and the user supplied control subrou-
tine. The TREETOPS program is documented in other sources, the input data
file (RJVPH6.INT;1) and user control source program (POFCONT.FOR) are included
herein for the sake of completeness.
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'$ TY ROFCONT.FOR R 2 - s

0

aOo

OO0

00

———— = e s - ., i Bt

SUBROUTINE UCONTROLCTIME,U.R) ' /-7/90/ £y
CIMENSION DESATT(3).UC1),RC1),JETONCEY,Y<3), x1<10>,xacxo>
*,XCC10)
DATA IFIRST ~0-
f
IFCIFIRST.EQ.1)60 TU 100 g
INITIALIZE THE YERMIER RCS CDNTROLLER

AND THE FULL STRTE GIMBRAL COMTROLLER.

ACGAIN=0
INIT=-1
CALL FCSCINIT,DESATT,JETOM)
INIT=0
CALL. FCSCINIT,DESRTT,JETOND
DT=.C2
CALL FSCONTCINIT,DT,X1.XC,Y,TEMP)
CALL FSCUNTCINIT,DT,X2.XC,Y,TENP)
1125=4
INIT=1
IFIRST=1

120 CONTINLE
so00000ee¢ RIOLL SIMBAL CONTROL LAl €000066400606000000606000000

FC1O=U(3

Y2 ==11(4)

Y(32=4(S

CALL FSCOMTCINIT,DT,X1,.%C.Y,.TEMP)
R(1)»=TEMP-ACEAINeUC(2)
R(2>=206264. NeU(S)

So000et00e PITCH GIMBAL CONTROL LALW eessessssssvssssssssssssss

Y¥<15=U(8:

Y2 =U(9

¥(3>=UC102

CALL FSCONTCINIT,DT.A2,XC,Y.TEMP)
R(3)>=TEMP+RACHAINeLI(?7)
R(4)>=206264. 0eLJC(10>

s000004¢0¢ (ORBITER YERNIER RC3 CONTROL LAW essscesessssssecves

1125=1125+1

IFCI12S.LT.4)G0 TO 101
1125=0

DESATT(1)=-1JC11)

PESATT(29= 12>
DESATT(3)=-J(13)

CALL FCSCINIT,DESATT.JETON)
RCSI=JETONC1)+109,
R(6)>=JETON(2)+109,
R(7I=JZTONCR)I*1906.8 )
R(8)>=JETON(4)#106.8 ¢
RC(I)=JETON(S) ¢64. 68
RC10)=JETONCH)*64.68

101 CONTINUE

RETURN
END
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+ SUBROUTINE FCSCINIT,DESATT,JETON) ; /
DIMENSION DWRCS(3)>.RJCMDC(3)>,UDACCC3),JETONCE)
DIMENSIUN RATEST(3),ATTITUDE(3),RECI),WE(3),DESATT(I)

IFC(INIT>100,200,300
CONTINUE

SET PARAMETER DEFAULT YALUES

CALL STATESTCINIT.DWRCSE,ATTITUDE,RATEST,UDACC)
CALL OPHFLCINIT.RE.WE,UDRCC,RJCMD)
CALL JET SELECTCINIT.RJCMD, JETUN DUWRCS)

--—_QETUR"_-L-—_- — Aitat * T ettt o R d . o e = am WPEae s " Ceadble

. SET INITIAL VALUES FOR FLIGHT CONTROL MODULES

200

CONTINUE

CALL STATESTCINIT,DWRCS.ATTITUDE,RATEST,UDACC)
CRLL JET SELECTC(IMIT,RJCMD,JETCN,DWRCS)

RETURN

+ TIME HISTORY COMPUTATIONS

300

("]

100
200
202
=413 §

300

CONTINUE

CALL STATESTC(IMIT,DWRCS,ATTITUDE,RATEST.UDACC)
I0 2 IRK=1.Z

RECIAX>=ATTITUDECIAX)>-DESATTY IAX)
WECIRXY=RATESTCIAM?

CALL OPHPLCINIT.RE,WE,UDARCC,RJCMD)

CALL JET SELECTCIMIT.RJCMD,JETON,DWRCSD

RETURN
END
SUBROUTINE ATTPROCCINIT,DELATT)

DIMENSIOMN DELATT(3),CT(3,3>,C(3,3>
INCLUTE ‘DEP.FOR-
INCLUDE “DBB.FOR”

IFCINIT>100,2C0,300

CONTINUE A

RETURN ORIC NAL F
CONTINUE OF ‘PCOR QUALII

o 201 1=1,2

pa 202 J=1.3

CT<{I.J>=0.0 .
CTC(I,1>=1.0 .
RETURN

CONTINUE :

CALL MXMCCT.CTRANSC(1,1.1),C43,3.3.
DELATT(1)>=(C(2,3>-C(3,2>)428.6479
DELATT(2>=(C(1,3>-C(3,1))423.6479
DELATT(3>»={C(1,2)-C(2,1))+28.6479
o 391 I=1,3

DO 301 JU=1.3
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301 CTCI,J)=CTRANSC(J, I, 1)
RETURN
END
SUBROUTIME STATESTCINIT,DWRCS,ATTITUDE,OMEGAL,ALPHR2)
DIMENSION DWRCSC(3).ATTITUDEC3).DELATT(3)>, THETAM(3),
*THETR1(3).THETA2¢3),DELY1¢(3), DELY2¢(3),
+0OMEGA1¢3),0MEBR2¢(3).ALPHR2(3>

IFCINIT>100,200,300
100 TONTINUE

*seee SET DEFAULT VALUES »esee
THMERS=. 16
TDAP=, 08
TDAP2=TDRP-2.
ATGAIN1=, 064
ATGAIN2=1.0
RG6AIN1=. 0816/TMERAS
REAIN2=, 013/TMERAS
ACCGARIN=6.4E-5/(TMEASee2)
CALL ATTPROCCINIT,DELARTT)
RETURN
200 CONTINUE

¢soe+ SET INITIAL COMDITIONS eeoee

ro 201 I1=1.3
DURCSC(I)>=n,
ATTITUDEC I »=1.
THETAMCI>=0.
THETAL I »=0.
THETA2C(I>=10.
OMEGALCI>=0,
OMEGR2CI)=0.
RLPHR2C(I»=0,

201 CONTINUE
1€25=0.
RETURN

300 COMTINUE

seese ENTRAPNLATE THE “TATE OF RLL THREE FILTEPRE e¢esee
Lo 301 I=1.%

ATTITUDE<I>=ATTITUDE(I»+TDAP*(ALPHA2C(I)*TDAP2+OMEGAL (I »+DYRCECI 2

THETAL1<I)>)=THETALCI>+TDAP+{ALPHA2C( 1)+ TDAP2+0OMEGAL (L) +DWRCS(1Y>
OMEEAL (I>=0OMEGR1 (1) +TDRP4ALFHAZ2CI)+DWRCS(I>

THETA2CI>=THETA2CI>+TDAP+(ALPHAZC I )+ TDAP2+OMEGR2C(I >+ DURCSCI)
OMEGR2(I)=0OMEER2Y I Y+TDAPSALPHR2CI>+DWRCS(I>

301 CONTINUE
+¢+¢¢)PDATE THE STATES AT 6.25 HZ RATE eseees
1€25=1625+1
IFC(IA235.EQ. 1260 TO 2
1625=0

OF POOR QUALITY
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.CALL ATTPROCCINIT,DELATT)
DO 302 I=1,3

THETAMC I >)=THETAMC L) +DELATTCL)
ATTITUDECI)=THETAMCI)

DELY1<(I>X>=THETAMC(1)-THETR1<I)
THETARLCIO=THETA1 (I "+ATFAIM1eDELY1 (1™
OMEGAL1<I>=0OMEGARLC(I>+ REARIN1eDELY1(I)D

DELY2CI»=THETAMCI »~THETAR2 1>

THETR2C(I)> (1HETR2CI>+ATGAIN2eLELY2C(I )
OMEGA2(I>=0OMEGA2¢ 1) +RGAIN2 ¢DELY2(I)
RLPHR2CI*ALPHAR2 (1 >+ACCGRINSDELY2CI)

302 CONTINUE

CONTINUE
RETURN
END
SUBROUTINE JET SELECTCINIT.RJCHMD, JETON,DWRCS)
DIMENSION JFW{(6).R/CMD(3),JETONCG)

DIMENSION HFAIL(6),
20JETONCE) . DWRCS(3) ,ORJICMD(3 > ,RHGINC(6,32,
*YJCMDC(3> ,ROTYAL (3D

INTEGER 1.J.FAILC,JETC.JETON.OJETON,
SINIT,.M. K. R, R, S

RERL FSFLAG.RJCMD, JFY.%.%FRILD,
+DWRCS,.ORJCMD, VJUCHMD, ROTVAL,
+ MREFERT, THRESHE. THRESHS,

*ANGINC , IJSL.KJSL,
*YALL,YALK,YRLY ,YALZ

LOGICAL HFAIL, JFCF,VFARIL
DATACCAMGINCCI, J> . J=1,3),I=1,6)~
*—.4401E-03 . 0,7197E-93 ., -.6793E-03
¢0.4401E-02 , 0.7177E-02 , 0.6793E-03
&—_.7501E-03 , -.158B1E-N4 , 0.5561E-03
¢0.7500E-02 , -.1855ZE-04 , -.5561E-03
*—,7300E-N3 |, -,32407E-03 , N.76S7E-N4
*0.7800E-n3 , -.340%E~-03 ., -.7699E-N4

\\d ‘a - w g

OQUTPUTS: JETONC6) = RCS JET COMMAND (1=0N,0= OFF)>

IFCINITY 14243
CONTINUE
MREEFERT = S
THRESH2 = .50
THRESH3 = .4
pgos8i=1,6

8 OJETONCI) = 0



aa —-— LR dhen aant. - - Sy ¥ At Do M e

P91 =1,3
9 'ORJCMDCI) = 0
KJSL = 0
2 RETURN ChiGivaL
THIS PROGRAM IS THE ON=ORBIT DAP JET SELECT LOGIC  OF POOR /)4
FOR THE VERIER JETS A

000G O

R T 2 TR TR 2T o 2 o o R TR e R e e s el e el e e e el sl d ad oot d

(oLl

RJCHMDC 3> ROTATIONAL CHMDS

(W

COMSTAMTS: ANGINC = ANGLULAR RATES

C MREPERT = MUMBER OF FHSSEZ WITHIUT CMI CHANGE (5S>
[ THRESH2 = THRESHUOLD FOR 2HD VERNIER JET(.S0)
B THRES3 = THRESHOLD FOR VYERMIER JET 3(.4)
Cc
c QUTPUTS: JETONCA) = RCS JET COMMANDS
C DWRCS = DELTR CMEGA RCS
c
[ = = N e & = R e T S 2 S T
2 CONTINUE
DO S I=1.6
5 JETCMCI> =0

VALX = 1

YALY = 0

YALZ = 1)

0 =10

R =20

=N
': PLPPLPPLEOLOLPTELRLLILPP VLTI TPOOPPIIPOPPOIPOPTTEeLIteRPOPtPOITPEIPIO oo
15 CHECK IF VERNIEFR CHMDT ARE DIFFERENT FROM LAST PACS
C . 0OR MAX REPEAT IS EXCEEDED
C

M=0

ro 40 1 = 1.2
IFCCINTCRJICMDCID > . NE.ORJCMDCID }.OR. {KJSL.EQ.MREPEATY>> M=1
40 CONTINUE '
IFCM _NE.1> GO TO 200
(0900000002000 0 490200 OCICINIVIPILIII40P S90S 0
L CHECK IF ABSC(YERNIED CMD> = 1.0
C
[FCCABSCRJCMDC1>>,EQ.1.0>.0R. (ABSC(RJCMDC2)>>.EQ. 1. 0>.0R.
¢ (ABS(RJICMDC3> > . EQ.1.0>> 60 TO S0

60 1O 200

C

S0 CONTINUE
C
Com“wwm o s a2 2 2 2 o T S o s a s o R X 2 S o 2 4
C COMDLICY TESTS 1= FER FIG. 4.2.2 2.1-20
C TO SELECT VERNWIER JET CMDE (JETONC1-6)
c
T TEST I FIND MAX OF ANG INC & YECTORCYJICMD)

mvo I = 1.6
VALL = 0

- v Ol ofin

a4 B u
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., DD B0 K = 1,3
VALL = VAL1 + RJICMDCKISANGINCCI,K)D
80 CONTINUE
IF(VALL1.GT.VALX) GO TO 7S
60 TO 70
73 VALX = VAL1L
Q=1
70 CONTINUE
000000000000 00000000000000003000000000000007004000500000000
C TEST 2 FIND 2ND MRX NF ANGINCeYECTOR(YJCMD) >THRESH2eYALKY
g 901 = 1,6
YALL = 0
IFCI.EQ. Q> G0 TO 20
DO 100 K = 1,3
VYALL = VYAL1 + RJICMDCKIeANGINCI{I.K)
100 CONT.INUE
IFCCVPLL.GT. (THRESH2#VALX))>.AND. (VAL1.6GT.VALY)>> 60 TO 93
GO TO 9N
95 VALY = VAL1
R =1
90 CONTINUE
Coe st 0ttt ttttsttes ttttttttsrstotttttttttttttsiastdstotese
C TEST 2 FIND 2RD MRY NF ANGINCeVECTOR(YV.CMDI >THRESH3®YALX
IF(R.E0O.0> GO TO 12¢
PO 120 I = 1,6
YALL = 0
IFCCI.NE.Q).AND. (L. HE.R>>Y 5C TO 115
G0 TO 120
103 DO 110 K = 1.3
YAL1 = YRL1 4+ RJICMDCK)eRNGIMCCI.K?>
110 CONTINUE
IF¢CVYALL.GT. (THRESH3eVALM) ) . AND. (VAL1.GT.VALZY>> 60 TO 115

GO TO 120
113 VALZ = VAL
S =1

120 CONTINUE
|: POPOLOPLRALPICELPOCPLOTOLICEPOICOLBLPE VLI PIOTEEOLIP 0PSSO0 e®
C <ET JETON(3S-44> FER RESLLTS OF TESTS 1-3 (Q.R,SY
JETOMCQY=1
IFCR.HE. N3 JETOMCPY = 1
IFCS.NE. D) JETONCS) = 1
200 CONTINUE
C COMPUTE DELTA OMEGA RCS
PO 220 K = 1.3
DWRCS(K)=N. 0 -
PD 220 T = 1.6
IFCJETONCI Y. EQ. 1 ) DURCSCK ) =DURCSCKI+ANGINCC I, K)
220 CONTINUE :
KJSL = 0
DO 260 I = 1,3
ORJCMDCI)> = INTCRJCMDCID)
260 CONTINUE
DO 270 I = 1.6
OJETONC T = JETONCI)

4 e .

=

A T N

e T
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279. CONTINUE

60 7O 310

‘300 KJSL. 7+ KJSL + 1

310

100
SET

101

200

300

G 20 I = 1,6 ORIGINAL |

JETONCI) = OQJETONCID

POCR
CONT INUE i

RETURN
END

e
QUALILY

SUBROUTINE OPHPLCINIT,AE,.VE.JDACC,RJICMDD

ON-ORBIT PHASE PLANE —-——

DIMENSION REC(3),WEC(3),DB1<¢3).RLIMIT(3),

ACC(3D,

* UDRCCCA) . WMINC3) . RJCMDCI), BYPASS(3),WFRATE(3),
. X1¢3),Y1(3),X2(I). Y2

IFC(INIT>100,200.300
CONTINUE

DEFRULT VALUES

PO 101 I=1.3
WFRATEC(I>=0N.8
DB1<I>=0.1
RLUIMITCI)=. N2

CONTINUE
ACCC1>=, 01872
ACC(R)»=.01096
ACC(3)>=.01264
WMINC1)=,001872
WMINC2>=, 001096
WMINCI)=, 001EG4
RETURN

CONTINUE

RETURN

CONTINUE

DEFINE LOCAL YAR1ABLES

DO 301 TAX=1.3

X1CIRK) = SIGNCI. . NECIRX) YSRECIAXD
ReCIAx) ABSCWECIAX))

Y1 CIRXD SIEMC1.0.UDACCCIRX Y YSRECIAKD

YeC(IAX) SIGNC1.0,UDARCCCIAXI YSWECIAXD
c =1.0

IFCABSC(RJCMDCIAX))> .NE. 1.0> C= 1.25%

DEFINE SWITCHING LINES

NEY 1B DELETED A®S UDACT PER CR12710

UCF = ACCCIRAX>=STENC1. ,WECIRI) YSUDRCCCIAKD
S=0.9
SY = 0.0



TIFCUCP .EQ. 0.0) 60 Td 108 T -

c

oOQoOcCon

SO0 OO0

(s Ny X

C
c

S = ~(X2CIRX)OHNBCIAX) )/ (2. 0eUCP)
f = =(Y2CIAX)SY2CIAX) )7 (2. 0eUCP)

10SCONTINUE

S1 = S + DBICIAXD

S1V = S¥Y + DBLICIRXD

S2 = SeC -~ 1.2¢DB1CIRAXD
32t = S'reC - 1.2¢DB1CIRAXD
S3 = RLIMITCIRXY

34 = 0,.ReRLIMITCIRAD

S5 = 0.65eRLIMITCIAXY

S7 = (=1)eSIBNCL. . Y2C(IRX) )e(~1, )¢S ¢=DB1CIRKD
38 = -RLIMITCIAX)

S10 = (=t.)eCeSY + 1.2¢DB1C(IAXD

IFCCYICIAX) LLT. (=.S5)eDB1C(/AXI Y. AND. (Y1 IAX) .GE. C~1.2) #DB1<IAX)
*)»

¢ Si1l = 0.0

IF<(Y1CIAX) .GE.~0.S¢DB1C(IAX) ). AND. (Y1 CIAX) .LE.S1 D)
) S11 = -SORTC——oooo . .

e 2.06ALSCUDACCCIAY) ) (FI(IAXY+0.SeDBL (IAX) ) ) +WMINCIAX)
IF(S1! .GT. 0.0) S11 = 0.0

IFCS11.LT. C=RLIMITCIRXD+WMINCIAX) ))S11==RLIMITC(IRX) +WIMINCIAK)
S14 = =S¢ + DBI(IRK>

PHASE PLANE CONTROL LOGIC

REGION 1 CUITROL

IFCCXICIAX) .GT.S2).0R. (X2CIAXY.GT.S3>)> =0 7O 10

REGION 2 CONTROL
*¢DISTURBANCE HYSTERESIS REEIGNee

IFCCX1CIAK) .GE.S2).AND. (X1 C(TAX) .LE.S1).AND. (X2C(IAX) .LE.33))
e GO TO IS

REGION 3 CONMTROL

IF{CXICIRX) LLT.S2Y . AND. (A2 IAXD.1.T.2S)>» 6O TO 25

REGION 4 CONTROL

IFCUXICIAX) LT.S2). AND. (S4.LE. X2/JAX)) . AND. (X2CIAX) . LE.S3>)
e GC 7O 3%
REGION 5 CONTROL

IFCCXICIAXD . LT.S2). AND. (SS.LE. X2CIAX) ). AND. (X2CIRX) . LT.S4>)
¢ 60 TO 40

WRITE(6,100y)

1000 FORMATC ‘PHASE PLANE ERROR - FALLS THRU REGION S LOGIC’)

GO TO 8r
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o000

(o Nw Ryl

O 00

PHASE PLANE SCTION.
REGION 1 ACTION

10 CONTINUE ﬂ#\:'

RJCMDCIAXY = —SIGNCL.,WECIAXD)D !
GO TO 80 .

REGIOM 2 ACTION
*oDISTURBANCE HYSTFPESIS REGION LOGIC

REGION 2 RCTION, CS REGION CONTROL

13 CONTINUE

IFCC(S2Y.LE. Y1 CTAX) > .AND. (Y1 CIAX) .LT.S?7).AND. (Y2(IAX).GE. 0. 0> . AND.
. CY2CIRAX) .LE.S3)).0R. (C(S14.LT.Y1CIAX) ) . AND. ¢(Y1(IAX)>.LE.S10?
. .AND. (S8.LE.Y2CIAX) ) .AND. C(Y2CIAX).LT.S11)>) 60 TO 20

DISTURBANCE HYSTERESIS REGION 1

FCOCSTLLE.YLCOIAK) D AND. (Y1 CIAX) . LE. S1Y) . AND. (Y2C(IAX) .GE. 0. 0> . ANHD.
A (Y2CIRAY LLE.S32).0R. ((S7.LE.Y1<{IARX) >.AND. (Y1 (IAX).LE.S10).AND.
. (S11.LE.Y2C(IAX) > .AND. <Y2C(IAX).LT.0.02>> 60 7O 21

DISTURBANCE KYSTEREL1S REGION 2
DEFAULT DISTURBANCE HYSTERETIS

60 70 23

CS REGION ACTION

20 CONTINUE

RJCMDCIAXY = TIGMN<1.N.UDACCCIAR) >eWFRATECIAX)+
SC(SI=Y2CIR M A(RLIMITCIAXM+Z11 )
GO TO 80

HYSTERESIS REGION 1 ACTION

21 CONTINUE

IF(RICILC(IAXY . EQ.-SIGNC1.0,UDACCCIAX>)>)> GO TO S0
22 CONTINUE
RJCMDCIAX) = (—1,)>eSIGNC1.0,UDACCCIAX) YSWFRATECIAX) &

. CCY2CIAKI=S11)/7CRLIMITIIRXI=S11)>
50 TO 30

HYSTERESIS REGION 2 ACTION
DEFRULT ACTION



20 0)

[ N L

M

23 COMTINUE
IFCRJICMDC IAX) . EQ. SIGNC1. 0, UDACCCIAXY >) GO 1O 80
RJCMDCIAXY = SI61<1.0,UDACCCIAX) >oNFATECIAX)®

- CC¢S11-Y2CIAX) )~ <RLIMITCIAXI+S11))
60 TO 89

REGION 2 ACTION

25 CONTINUE
RJCMDCIAXY = ZIGMCL. WECIAX)D
GO TO 80

REGIUN 4 ACTIOM

35 IF(RJCMDCIAX).ER.-SIGNC1.0,WECIAX)>)>> 6O TO 80
RJCMDCIAXY==SIGNC( 1. N. WECIAX > )oWFRATECIAX) ¢ ((0.8oRLIMITCIRXD
—X2C(IAX)>7C(0.20RLIMITCIAXY))
GO 7O €0

40 IFC(RJCMDCIAX).EQ.SIGHC1.0,WECIAXY)>) GO TA 80
RJCMDCIRXI=SIENC1. 0. WECIAX) D*NFRATEC IRX)»
*(C0.8PL MITCIAXI-X2CIAX) )~ (0. 2¢RLIMITCIAX) ) >
GO 1D 8¢

30 CONTINUE

31 CDONTINLUE

301 CONMTINUE
RETURHN

END
SUBROUTINE FSCONTCINIT,.DT.X.HC.Y.R)
DIMENSION ACH.6).B(A).KC(6) KN(6, 32
DIMENSION C(3,6),BKC(H,6),SUMC6,6),KOC(6,6),Y(3)
DIMENSINN KOY(6>.SMX(6),BKCXC(6),XD(6),X(6),ERR(ED
DIMENSION %D0¢6),%CC6)
RERL KC,K0.KOC,KNY
DIMENSION PHIC6).%0(5)
IFCINIT.GT. 0G0 TO 100
DT2=DT,/2.0
DT&=DNT 5.0
——-—-ZERO MATRICES A,B.K0,C.KC.C AND VECTORS ¥, %C,%D0=-———m——n
o1 I=1.6 :
BCIY=0.0
KC{1)=0.0
RCId=0.0
XCCIr=0.0
®XDOCI>=0.0
I0 1 K=1.6 :
ACI,K)=D.0
1 CONTINUE
pg 2 I=t.6
g 2 J=1.2
T KOCILJy=0.0
CCJ. 11=0.0



DU - SSSRRRS e 2 AR L0 iR

2. CONTINUE
cy—-—-—-snrsn NON-ZERO VALUES INTO A
ACl.2)= S.06513E-04
ACL,3)= 2.01764E-0N4
AC1.5)= 1.3R693E-02

ACL,63= 1.18327E-01 Uine 481 PART

- 2 Y = - 4 =
fc ' i'l-uu io

A2,2r=-2.12523E-02
A2 ,3)==7,27879E-N2
9(2.5)=-5 81931E-N1
A(2.6)r=-4.22620E+0N

A(3,.2)=-4,.28586E-13
R(3,.3)=-6.03547E-1c
A<3,3)=-1.17383E-01

A(3,6)=-3.353957E+01
c
A4, 1O=1.0)
A(S.2)=1.1
AC6,3)=1.0
C

ENTER THE NON-ZERO YALUES OF B

B(1>= 3.03740E-03
B(2)»=-2,.9233T€E~-N2
B(3)=-6.73078E-N4

2——=EHTER NON-ZERO VALUES INTO KC

£
L

KC(1)= 7,.23286E+NS

KCi2)= 1.88747E+na

KC(3)= 1.26058E+02

KC(4r= 2, 0615PE+NS

KC(S)= 3.26817E+03

KC(hI= 2, N129ZE+N2

——ENTER NIM-ZERO WALUES INTO KO
K0Cl.15>= 2.3005BE+N!
KoC1,25==1.52860E+n1

K0C1,32»= 1.71755E-C1

C
KO({2,1>=-1,26491E+02
Kn(2,2x»= S5.79737E+02
K0<(2.3>= 9.10238%E+00
C
K0¢(3,1)>==1,91229E+02
K0{3,2>= 1.25491F+1?
K0¢3,3)= 1.2367SE+00
r: .
K0C(4,' 5= 6,.72379E-01
K0c4,8r=-4,7778PE-N1
K0¢(4,3>= 3.15181E-01
c

K0(S,1>=-1,54932E+01
K0(S.2>= 3.04520E+01

LITY



C

. K0¢6,1>=-3.63191E+00
K0C6,2>= 6.B2726E+00
K0(6,3)= 9.98093E-02

C
C———<ENTER NON-ZERO C
CC1.1)=1.0
c(2.5>=1.0
C2,.6)r=-2.93514E-02
C(2,4>= 9,99933E-N1
CL3,5»= 3.12500E-0E
C(3,6)=-9,17230E-D4 :
L~——==—CALCULATE BXKC,.KOC, SUM——e——
CALL MXM(B,KC.BKC.6+,1.6,1>
CALL MXMC(KO0,C.KDC,6.3.6.3>
Do 3 I=1,.6
DO 3 J=1.6
3 SUMCI,J>=ACI,J>-K0C(I,J>-BKC(I,J)

START DYNAMIC LOOP

OO0

100 CON.INUE
C=———COMPUTE STATE RATES, XD
CRLL MAMCKO,Y.KDY.643.1.3>
CALL MXMCSUM,X,SUMX.6,6.1,62
CALL MXMCBKC.,XC.BKCXC.6.5.1.60
DO 11 I=1.6
11  XDCIY=KOYCId+SUMKYII+EKCKEC(IY
C==———INTEGRATE STATE VECTOR-———
DO 20 1=1,6
ROCII=XCI)
PHICI)=XD(I
20 XC(I)=X0CI)+XDCI)*DT2

CALL MXM(SUM, X,SUM¥Y,6.6,1.6)
Do 21 I=1,6
ADCI=KAYCIX+SUMKCI *+BKCRC(I>
PHICIO=PHII>+2.0eXDC1D

21l XCIX=X0(I>+XD(I)eDT2

CALL MXAMCSUM,X.SUMR.6,6,1,.56)
N0 22 I1=1.6
ADCII=KNYCI>+SLIMXCI»+BKCKXCCID
PHICI>=PHICI>+XD(1)>#3.0

22 XC(I)=X0CI>+XD(I)>+DT

CALL MXM(SUM,X.SUMX,6,6.1,6)
o0 23 1=1.6 '
RDCII=KOYCIY+SUMXCI ) +BKCXC( 1)
HCID=X0CII+CPHICI »+XDCI))«DT6

23 ERRCI)=XCCI>=XCI)

3 =————C0OMPUTE CONTROLLER OUTPUT,R=—
TRl MMMC{KC.ERR.R.1.10D.1,10>
RETURM

. - -=-FNT
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