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AH,TRACT
This dissertation presents the design for an optical tracker 
which accurately quantifies the 1ine-of-sight between a 
target and the optical tracker. An optical tracker forms an 
essential element of defensive installations, yet publications 
on tracking schemes for optical trackers, as opposed to radar 
trackers, are hard to find.

In this dissertation a comprehensive analysis of an optical 
tracker for high-speed, manoeuvenng targets has been done. The 
optical tracker was to be mobile, and therefore subject to 
vehicle motion perturbations. A literature survey was made, 
giving an overview of methoos available for tracking such 
targets and quantifying the resulting line-of-sight. The 
options considered included line-of-sight data obtained as 
outputs of Kalman or Linear Regression Filters of various 
orders. Tracking aids using linear filters, among others, were 
also presented in the literature.

The human operator was seen to be an integral part of the 
optical tracker. The literature survey pointed out some of 
the advantages inherent in including the human operator in 
series in the loop, but it was clear that difficulties would 
arise when trying to design an optimized controller around the 
human operator.

The approach taken in this dissertation was to make a mathe= 
mat ical model of the system so that the controller could be 
analyzed, simulated and evaluated in the shortest possible time 
and at the lowest possible cost. This included human operator 
models and, in some cases, actual human operators.

First the equations of motion for the gimballed platform 
containing the stabilized optical element were derived from 
first principles. Using the linearized version of these 
equations, classical controller deciqn methods (e.g. Root Locus 
techniques, Bode diagrams) were applied to determine the trans = 
fer function of the optimum stabilization control loop. The 
non-linear equations of motion were used to construct a simu= 
lator on which the controller could be tuned. The performance 
of the stabilization loops was found with respect to base 
motion stabilization as well as to input command. Non-linearz

vi i



i L i c s includod wore, 3 m o n g othsrsj fr i.cfcj.on j st let ion snd 
volt o''’ nnd current limits.

A human operator model was constructed using measured data 
from a simulated tracking task and a parameter estimation 
routine. This model was coupled to the stabilization loops 
to form a tracking loop, and it was shown that tracker inst a = 
bility could occur at low loop gains. After conside ing 
various tracking aid algorithms, it was found that a propor = 
tional-plus-incegral-type aid improved the gain margin con = 
siderably.

The implementation of this tracking aid was checked by 
subjecting t he simulator to tests using three different human 
operators. Results confirmed that for the tracking tasks, 
analyzed, thr introduction of the tracking aid improved system 
performance fourfold. Furthermore, the tracking aid was im = 
plcrentcd digitally, and it was found that the tracking aid 
could be adapted to form part of a linear filter. This was 
used to generate best estimates of the target position and 
rates in inertial space. Range information was also avail = 
able, filtered, and together with the angular data, fed to the 
main control unit so that the aiming angles of the guns could 
be calculated.

This dissertation has shown that accuracies with which a 
highspeed target can be tracked and the sightline guantified 
were dependent on many factors, not least on the training and 
capabilities of the human operator. Other potential sources 
of inaccuracy were the digital signal processing, transducer 
noise, drifts and other stabilization errors. These were 
analyzed and tloir effects noted. Simulation showed that 
the design could achie.e the specifications set for the optical 
tracker.
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1 I N T R O D U C T I O N

Much research and development has been carried out in the field 
of radar trackers, and a number of schemes have been published 
which present ajds and controllers for radar tracking systems 
(references 6, 10, 21, 24). Applications of controllers for 
optical trackers have not been widely published. Such ootical 
trackers can jc both back-up systems to a radar tracking unit, 
as well as tracking systems in their own right. This dissert= 
ation contains the development of a controller for an optical 
tracker unit for military purposes.

As the human operator is an integral oart of the controller 
the optical tracker is potentially more versatile than a radar 
tracker. Some important operational decisions can be made by 
the human operator before and during tracking and during firing 
of coupled weapons, if any. Most radar tracker studies (e.g.
Rue (reference 21)) point out the need for high accuracy tracking 
(and controllers to achieve this) in order to maintain accep= 
table hit probabilities when engaging modern, high-speed and 
highly manoeu.arable aerial targets. The tracking accuracy 
achieved by the optical tracker must be comparable to that of 
radar trackers (better than 2mrad rms pointing vector error), 
and this dissertation contains the analysis of a controller 
required to achieve such accuracies.

The human operator is, as mentoned above, an advantageous 
feature to incorporate into th^ system. Unfortunately, it 
was all the more difficult to design a controller with optimum 
performance around the human operator due to the adaptability 
and unpredictability of the operator. A trained operator could 
partly compensate for neuromuscular and overall system delay 
by predicting target motion and controlling the tracker accor= 
dingly. On the other hand, he was also required to monitor 
extensively the performance of the system during a tracking 
task. The tracker could be mounted un a moving vehicle, thus 
itself moving relative to inertial space, so that even a sta= 
tionary target would appear to the operator to move. What is 
more, this base motion was of a random nature, so that it 
would be very difficult for the operator to compensate for it.
It was therefore unlikely that his full attention would be



'vun to the tracking task, and it would be advantageous to 
create a system which functioned autonomously for short 
periods of time.

Taking into account the indications of a short prestudy 
He F ad yen (reference 14)), and using an estimated system accu = 

racy requirement of 1,5mrad mis tracking error, it was decided 
that the sightline should be stabilized in inertial space.
This assured that the operator would not see any relative 
motion when looking at a stationary target through the optical 
system, and he would see the true mot'on in space of a moving 
target. This required the incorporation of a stabilized 
optical element into the system, chosen to br a mirror mounted 
on a two-degree-of-freedom gimballed platform. By prudent 
choice of inertial components and by careful design of the 
stabilizer control loops, most of t' e rotational and linear 
base motion of the tracker could be compensated for.

The sightline was required to sweep through a f< 11 360° 
in azimuth, but the overall design of the tracker base or 
pedestal precluded the rotation of the stabilized mirror 
through large angles. It was therefore necessary to rotate 
the whole pedestal, requiring additional drive and control.

The pedestal and the stabilized platform made up the basic 
system hardware. A simulator was constructed representing the 
tracker and the performance of the human operator was measured. 
Various tracking aids were tested, and change in performance 
characteristics were noted, until sufficient system accuracy 
was achieved.

It must be realized too that the optical tracker may be 
part of an air defence system, so that data would be required 
from the tracker for the purpose of aiming the weapons. This 
specifically was accurate target kinematic data (position and 
rates), which was used by the weapon control computer to find 
the aiming angle of the weapon. This study was concerned with 
such target data.

Here in not simply a complete design report of an optical 
tracker. Instead an attempt has been made to highlight and 
analyze problem areas, specifically human operator performance. 
Solutions are offered which are "good" in the sense that they



satisfy the engineering requirement that the system meet the 
specifications, be economical and robust. This study was 
carried out with the restrictions of cost, time and materials 
imposed by any engineering project in the manufacturing 
industry.

The third chapter provides a conceptual layout of the tracker, 
giving nomenclature and defining coordinate systems. Certain 
aerial target attack profiles, which are representative of 
actual attacks the tracker may encounter in a given operational 
situation, are discussed.

The fourth chapter contains the derivation of the gimbal 
equations of motion and a mathematical model of the stabilized
platform used to design the stabilizer control loops. The
pedestal servo control loop is also discussed.

The fifth chapter is concerned with the measurement of the 
performance of and the derivation of a model of •"he human
operator. This data is used to find a tracking aid which
improves the system performance. Simulator performance figures 
arc obtained and the viability of the tracking aid is demon= 
stratcd. The aid is expanded into a linear filtering algorithm 
which enables the required target data to be obtained.

The aim of this study is to find the configuration and 
parameters necessary for an optical tracker, in the presence 
of base motion, to track accurately a high-speed manoeuvering 
target. These parameters are to form the basis for specifics^ 
lions for the construction of such a tracker.



2 LITERATURE SURVEY
Having enumerated the requirements of the study, a start must 
be made to find solutions to the problem. In general, it can 
be said that the problem is to quantify a line-of-sight in the 
direction of a target. By implication this is an optical 
system and may be simply a pair of binoculars trained on the 
target. This will allow the target to be observed, but no 
information about the accurate position of the target in space 
can be obtained. This can be achieved easily by mounting the 
pair of binoculars or telescope on a tripod and reading off 
azimuth and elevation angles relative to some arbitrary zero 
position. A theodolite would suffice, some being capable of 
angular resolution of up to 10yrad (0,0001°).

The stationary theodolite would be a viable solution to the 
problem but for two factors: the tracker is mounted on a
moving base and it must be able to accurately track a fast- 
moving aerial target. Both factors cause serious degradation 
of performance, not because of any limitation of the optics, 
but because of the limited capabilities of the human operator 
(despite the advantages of his adaptability), discussed in 
MeRuer (reference 15). Random base disturbances are impossible 
for the human operator to predict and therefore his performance 
deteriorates. Targets also execute manoeuvres at random inter = 
valu, causing lags in the tracking action of the operator. It 
is therefore necessary to concentrate on the design of a base 
motion isolation loop and tracking loop which will enable the 
tracker to function successfully.

Rue (reference 21), besides discussing other reasons why 
tracking systems need to be accurately stabilized, points out 
the need for determining mathematical relationships between 
the various optical and mechanical elements. He derives the 
equation of motion for a general , two-axis gimballed mirror 
and then goes on to find the block diagram for a particular 
tracking and stabilization system. His methodology has been 
applied to the tracker designed in this report with modifies: 
tions to cater for differences in configuration, layout and 
instrumentation. He does not discuss the implementation of 
any tracking aid or filter other than that it is the input to 
the block diagram of the tracker dynamics.
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Spr ingarn and Wcidemann (reference 24) suggest the use of 
a Linear Regression Filter to obtain estimates of target 
position in inertial space. They derive a classical 2nd 
order filter ^expanding memory) and give performance relation: 
ships for non-manoeuvering targets, showing that these are 
better than those for a Kalman Filter (2nd order) in polar 
coordinates. For manoeuvering targets they suggest the imple = 
mentation of a similar filter with truncation (fading memory).
The performance of this filter is dependent on the truncation 
time.

Singer (reference 23) uses a different approach to obtain 
accurate target position. He derives a 3rd order Kalman Filter 
executed in inertial coordinates and assumes that the '■ate of 
change of acceleration follows a gaussian probability distrir 
but ion function. Fitts (reference 6) then uses the work of 
Singer to define and illustrate the concept of aided tracking.
The performance of a conventional tracking system is shown to 
improve with the application of either position or rate aided 
tracking.

The computer implementation of the algorithm for this study 
was, however, subjected to realtime execution limitations, the 
computer to be used having no firmware implementation of trigonor 
metric functions. Measurements, made in line-of-sight coor = 
dinates, had to be transformed using software routines to the 
inertial frame of reference in order that any of the above- 
mentioned schemes could be applied.

This placed a very stringent execution time limit on the 
algorithm used; so much so that the above schemes were not 
able to be implemented.

Algolithms executed in line-of-sight coordinates are, how = 
ever, available in the literature. Gholson and Moose (refer: 
cnee 10) and Moose (lefcrence 16) derive a linearized 2nd 
order target model for use in a Kalman Filter, augmented by 
on estimated manoeuver command modelled as a semi-markov process. 
Possible acceleration inputs are selected according to some 
a priori manoeuver probability. This scheme was successfully 
implemented and found to be very versatile.



Similar work has been aone by Ricker and Williams (reference 
20) who compute a weighted average of possible target manoeuvre 
commands and update the filter. Chan et al (reference 4) derive 
a least squares estimator of manoeuvre command and use this to 
update the filter.

Another important aspect of this project was that man-in- 
the-loop tracking was implicit to the system. The studies 
mentioned ,bovc arc aimed more at. radar tracker applications 
where the tracking loop is not necessarily closed through the 
human operator.

HcRuer (reference 15) gives a wide survey of problems 
encountered when designing eround the human operator in 
vehicular control tasks. Specifically, the versatility of the 
human operator as an information processing device and the 
ability to act, with training, as time-optimal controller are 
mentioned. The implementation of any tracking aid for the 
optical tracker can therefore be tested and judged only 
through experimentation.

Thus the literature survey has served to point the way to 
a number of possible solutions to the optical tracker design 
problem. No ready-cut answers were supplied howevei, so that 
''bottom up" design principles had to be applied and the best 
solution derived using basic techniques.
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3 SYSTEM DESCRIPTION AND NOMENCLATURE

3 .1 Int roduct ion 
In general, an optical tracker or optical director could have 
many different shapes and structures. Each structure will be 
best determined by the particular operational requirement of 
the director, and each particular operational requirement will 
dictate a set of performance requirements. The require nent 
specified for this study was that the director track a wide 
spectrum of targets (see below) which need high tracking rate 
capability with good stability characteristics. This demanded 
high resolution optics and led to the decision to use a mirror 
as tfie stabilized optical element. The mirror was large and 
heavy, so that special attention had to be given to the sta = 
bilization loop design. The mechanical layout of the gimbals 
was also determined by packaging considerations, as the 
stabilized optics had to be mounted on a rotatable pedestal.

The basic structure of the optical director is described 
below, performance limits given and axis systems and nomen = 
clature defined. Target attack profiles are chosen and 
described, so that tracker performance can be evaluated.

3.2 The Optical Director 
The optical director, shown schematically in Figure 3.1, is 
basically a rotating platform on which the human operator sits 
and on which the sighting system and supporting mechanics and 
electronics are mounted. The platform, or pedestal, can rotate 
through 3600 about the k-axis relative to the base, which itself 
may or muy not move with respect to inertial space. Axes and 
nomenclature are indicated on the figure.

3 . 3 The Stabilized Group 
This unit is mounted on the optical director and contains the 
sensitive instruments needed for measuring the motion in iner = 
tial space of the sightline. Shown in Figure 3,2, the unit 
consists of a gimbal which moves the sightline in elevation 
from -25° (down elevation) to +85° (up elevation) relative to 
the pedestal , and a stable platform or cluster to which a mirror 
is attached (the stabilized optical element). The mirror moves 
the sightline through 20° in azimuth. The maximum sightline
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turning rate is 2 ,3rad/s (130deg/s) and the maximum angular 
acceleration is 2 , 5rad/s 2 150deg/s ’ ). Axes and nomenclature 
arc indicated on the figure.

3 . 4 Target Profiles 
The optical director is in general used as part of some 
surface defence installation. Attacks on this installation 
can be carried out by personnel, ground vehicles, helicopters, 
aircraft and missiles. This represents a wide spectrum of 
possible target manoeuvres which would require a prohibitive 
amount of time to investigate. It is however possible to 
select some typical tcrget manoeuvres which would sufficiently 
test the tracker and allow conclusions to be made about its 
performance with respect Lo the whole spectrum of targets.
Bearing in mind then that critical parameters for a tracker 
arc tracking speed and stability, target manoeuvre selection 
was made to give high sightline turning rates (aircraft) and 
zero sightline turning rate but maximum range rate (approaching 
missile).

3.4.1 Medium Toss Bombing Attack
This is shown in Figure 3.3 and occurs during a bombing 
attack after which the aircraft executes an evasive manoeuvre.
For the purpose of this analysis the aircraft was always tracked 
so that tracker ability in azimuth as well as elevation was 
evaluated. This was useful also for testing operator coordi= 
not ion.

3.4.2 Dive Attack
This is shown in Figure 3.4 and represents a rocket or strafing 
attack. As the aircraft passes overhead, very high sightline 
turning rates result, representing a worst case. Structural 
limits on the tracker prevent it from being able to look vert i = 
cally up, nevertheless it is a useful point for compari tive 
tracking loop evaluation.

3.4.3 M issile Attack
T‘m ‘ missile is assumed to fly straight at the tracker at 500m/s 
(Mnch 1,7) at a constant altitude of 10m. Sightline turning 
rates were therefore zero, allowing the stability of the tracking 
loops to be tested. It also represented a worst case for the 
range estimator due to the high approach velocity.
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The system has now been defined to a degree that allows 
the equations of motion to be derived. This will be done in 
the following chapter.



4 S 1 GH T L INF! STABILIZATION

4.1 Introduction 
In Chapter 1 and the Literature Survey it was pointed out that 
in order to achieve the accuracies necessary to shoot down 
modern, high-speed aircraft: electro-optical pointing systems 
should be stabilized in inertial space. In this chapter base 
motion stabilization is discussed.

namely rotational and linear motion. The approach taken in 
stabilizing each was different. First , however , the equations 
of motion for the system were derived and implemented according 
to the actual mechanical structure. The control loops were then 
designed and evaluated, and it is then shown that the proposed 
stabilization of the target in inertial space was achieved.

4.2 Stabilized Group Equations of Motion 
In order to find the transfer function of the stabilized group, 
the equations of motion had to be known. First the rotational 
motion of a body in inertial space was considered (Figure 4.1). 
By Newton's Second La w , the torque acting on the body was given
by

The motion of the base was divided into two components

4.1

where Ml = the angular momentum of the bodv, 
and s = the reference to a stationary (inertial)

frame of reference.

The sum of the torques on the body was represented as

U i 0 4.2
und

H (r x V )M o. H = r x(u x r )M 4.3

If the body had a Moment of Inertia J , then (Halfman (refer: 
once 12), and Thomson (reference 26))
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The equation of Coriolis (Wrigley, et al (reference 28)) 
was also applicable. This equation relates the total change 
of state of a point in a rotating axis system relative to a 
fixed axis system, with the change of state of the point 
relative to the rotating axis system. It was formulated as 
follows:

fd T )S 5. = (H t }Q ^  + H.sg * 2. 4,5

a = general vector describing the state after
point

(~--)r = derivative in the S coordinate system

(̂ -r ) = derivative in the Q coordinate systemat Q

rotation of the 1) coordinate system relative 
to the S coordinate system

Referring to igure 3.2, and using the equations given 
above, the equations of motion for the stabilized group could 
be found.

The following simplifying assumptions could be m a d e , however. 
Consider the cluster and mirror to be one mechanically rigid 
unit with centre of gravity on the intersection of the exes. 
Similarly, let the centre of gravity of the gimbal be at the 
origin of the axis system. The derivation was then as follows. 
Let the inertia sensor of the cluster and gimbal be respectively 
given by

JR Jre Jrd
J Jr- Jre E ed
urd Jed JCD

JN Jnj Jnd
Jnj JJ

J.,d
Jjd

Jnd J0D
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The torque exerted on the cluster by the drive was 
represented by

-CD

where
and

0
0

LDd~rd

Dd the drive toroue (d-axis only) 
the friction constant

4.6

and the torque exerted on the gimbal by the drive by

-0D 0

LDj'Fj

4.7

where
and

LDj
Fj

the drive torque (j-axis only) 
the friction constant.

Using equation 4.4, the angular momentum of the cluster 
could be written as

H IC
where
and

^ I C

k
— I c

4.8

inertia of stable cluster 
rotation rate of stable cluster with 
respect to inertial coordinate system

Incorporating equation 4.1, the sum of the torques was 
given by

-IC (d t )I — IC
and using the equation of Coriolis

-IC (— IC >: jc-IC) + =C — IC

4.9

4.11

This Was the vector form of the cluster equation of motion. 
Similarly, the vector form of the equation of motion of the 
gimbal was given by

-10 (d t }I— 10 = 10 x =0— 10  ̂ + =0— 10 + -IC 4.1

where Jg = inertia of gimbal

and - 1 0 = rotation rate of gimbal with respect to inertial 
coordinate system
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There were three distinct, independent rotation rates 
involved in this study. These were the rotation of the pedestal 
with respect to inertial space, the rotation of the gimbal 
relative to the pedestal (about the j-axis), and the rotation 
of the cluster relative to the gimbal (about the d-axis).
Their r e l at i on s hi p  was as follows:

—  10 - I P
a.i:

-i p

where Wjp

and

the rotation rate of the pedestal in 
inertial space
the rotation rate of the gimbal relative 
to the pedestal.

-IC

— I C

—10 +
6.13

( nc )

-10 + -n-c
where = the rotation rate of the cluster relative

to the gimbal

The following coordinate transformations could also be 
defined. From the pedestal (i,j,k) axis system to the gimbal 
axis system (n , j ,d )

loB
0

-sine)

° 5
cose )

and from the gimbal axis system (n,j,d) to the cluster axis 
system (r , e , d )

= (cose ((
(sine

0
1
0

6.14

Ico ( cosn ( sinn
^-sin n( 
( 0

cos n
0)

°)
0 1 )

The above vector equations of motion (4.10 and 4.11) were 
useful only in the respective free rotation coordinates (the 
d- and j-axes). Using equations 4.12 to 4.15, they were 
expanded as follows:

4.15
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sC =0B— IB +I +Iq c\ )] 4.17

where J the total moment of inertia of the gimbal and
cluster , which could be found by applying the definition of 
moment of inertia

These equations fully described the motion of the gimbal 
and cluster in response to drive torques. They contained 
the necessary cross-coupling terms so that, together with th 
inclusion of stiction and mechanical and electrical endstops, 
they could be used in a non-linear model of the system. By 
making suitable assumptions, these equations also lent them = 
selves to linearization, so that linear control system design 
techniques could be applied.

4.3 Meehani c a 1 Desiqn of the Stabilized Group 
It is not intended i give a detailed description of the 
mechanical design of the stabilized group here. A sketch of 
the layout is shown in rigure 4.2. It is however worth nothing 
that the mechanical layout of the components has been done to 
minimize the crossproducts of inertia (using the Grey optimi = 
zntion algorithm, Enyelbrecht (reference 5)) and th ''ef ore the 
cross-coupling between the axes, and to ensure that the centre 
of gravity lies on the rotation axes. The assumptions made 
above in the derivation of the equations of motion were there: 
fore valid.

J = 1x ’dm
J = J j + J^cos1 n + JpSin’n - Jresin2n 4.18
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The inertia tensors were calculated from the mechanical 
layout, and were as follows:

Cluster inertias JR = 0,0189kgm 2

2

JE = 0,0218kgm’
JCD = 0,0069kgm2
J = 0,0032kgm
C  = 0,0
Jrd = 0,0

Cimbal inertias JN = 0,0036kgmJ
J . = 0,0022kgm2
J0D = 0,0021kgm2

Jnj = °'0
Jjd = 0 >°
Jnd = 0 *°

These values showed that the cross-coupling between the 
cluster and the gimbal was small , so that, in linearizing the 
equations of motion, the cluster and gimbal could be analyzed 
seperately without introducing too large an error.

Given the components to be used in the construction of the 
cluster and gimbal, as well as the results of some measurements, 
an estimate of the friction/stiction model required could be 
made. This is shown in Figure A.3.

4.4 Vehicle Motion Amplitude Spectra 
In order to evaluate the performance of the stabilization 
loops, an idea was required of the motion of the vehicle on 
which the pedestal was mounted. This spectrum of motion could 
be divided conveniently into two parts, (i ) that which resulted 
from the passage of the vehicle over a particular terrain or 
through a series of manoeuvres (low frequencies generally), and 
(ii) that which resulted from vehicle structure vibrations, 
produced for example by the vehicle engine (generally high 
frequencies).

for this particular project, the spectral density of the low 
frequency motion (below 2rad/s) was specified. For comparison 
purposes, this had to be transformed to an amplitude spectrum. 
This was done as follows (Pnpoulis (reference 14)):
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-0,0084
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FIGURE 4.3 FRICTI0N/5TICTJ0N MODEL
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The spectral density was defined as

A'(fk)
G(fk ) = 26f 4.19

where Af = 1, T

and T was the period over which the Fourier Transform was 
evaluated. A (fk ) was the value of the amplitude spectrum at 
frequency fk . Using the values supplied, the ampliture spec = 
trum was drawn and is shown in Figure 4.4, together with the 
spectrum at high frequencies.

Using the above data, it was also possible to find an 
approximate deterministic or random vehicle motion in the 
time domain. A simple Fourier cosine series expansion was 
used i

a (t ) = In A(f.) cosw.t 4.20
i = 1

where = 2tif^

This gave a deterministic signal. In order to obtain a 
random signal , a random phase-shift could be incorporated 
into the above relation.

4.5 Stabilization Loop Design and Analysis 
In the preceding paragraphs the equations of motion for the 
gimbal and cluster were derived. A sketch of the mechanical 
layout was presented which showed that cross-products of inertia 
could be minimized, the system statically balanced, and estimates 
of friction and stiction obtained. Next an energy spectrum of 
the estimated tracker base motion was presented and it was shown 
how a deterministic time signal could be derived, which was 
useful in evaluation of the stabilization loops. All tools were 
then available, so the loops could be designed.

The feature of the stabilization loops for rotational motion 
of the base, was the choice of a rate integrating gyroscope as 
prime sensing instrument. This had, as a byproduct, encouraged 
the development of the advanced technology necessary to process 
the gyro output signals. The hardware involved will not be 
discussed here, but the design of the compensator transfer 
functions for the stabilization loops will be presented. Upon
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1 inc.-ir izat ion 01" the l^op components , elementary control 
system d e s i r] n techniques could be applied, but the design was 
checked using a non-linear model and simulation techniques.

I he stabilization loops for linear motion of the base will 
be discussed in the next paragraph.

4 .5.1 Linear Control Loop Design
The equations of motion (equations 4.16 and 4.17) were used to
model the gimbal and cluster dynamics, assuming that the cross-
products of inertia could be neglected and that the friction
torque was proportional to the rotation rate. The gimbal and
cluster could therefore be decoupled, and adding a linearized
model of the torquer and gyro, could be represented in block
diagram form as shown in Figure 4.5. The values of the constants
in the diagram are

tiyro pickoff constant PK = 859,5V/rad
Torquer constant TKK = 0,031Nm/A
Torquer resistance R = 4,3a
Torquer back emf EMF = 0,029V/rad/s
Cluster/gimbal and torquer D J = 0,02kgm 2
inertia
Friction constant BD = 0,005Nms

There were two design criteria to be considered: Firstly,
the system had to react quickly and without oscillation to an 
input step command. Secondly, and this was the prime duty of 
the stabilization loop, the base motion had to be well isolated. 
The decision on the loop constants to be used was therefore 
based on whether satisfactory base motion isolation was obtained.

Using a standard analysis technique, Mason's Analysis 
(Alera (reference 1)), the open loop transfer function was
found and used to find a compensator transfer function which
would result in a closed loop transfer function having character =
istiea satisfying the above criteria. The compensator wae of
the form

LhNS (1+tz18)(1+tz2s)
T f  +  T p  1 S ) 7 T  + T  p  2 S  )

and the values of the gain and time constants were

—
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FIGURE 4.5 GIMBAL/CLUSTER DYNAMICS BLOCK DIAGRAM
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t z1 = 0,050s
T . = 0 , 0 1 0 s
pi

t z 2 ’ 0,005s
T 0 z 0 , 0 0 1 4 s  
P2

CONS 15V/V

The Root Locus diagram representing the transfer function 
from input to output , shown in Figure 4.6, illustrated that 
the loop remained critically damped for all values of loop 
gain. A very fast response could therefore be obtain'd without 
the loop becoming unstable. It must be pointed out here, 
however, that the gyro demodulator transfer function was omitted 
in this analysis. It consisted of a pole pair with natural 
frequency of 3 267rad/s and damping ratio 0,5 which become 
unstable for very high loop gains. The closed loop position 
of this pair was

-1 633 ,6 ± j 2 029,6rad/s 
for the above loop gain.

The disturbance response transfer function (from torquer 
(rate disturbance) to output angle) was also found and the 
frequency response plotted, shown in Figure 4.7. The good low 
frequency di sturbance isolation, due to the gyro integrator, 
was clearly illustrated. The peak in the curve occured at the 
loop natural frequency, and represented the frequency at which 
disturbance motion isolation was at its worst. Given the 
vehicle (disturbance) motion spectrum of Figure 4.4, the net 
motion of the output could be found. This is shown in Figure 
4.0, and it can be seen that the stabilized system output 
(solid line) is well below the required output (dashed line). 
These results are for the linearized loop, and although the 
non-linear simulation results were worse, the stabilization 
still met the requirements.

4.5 2 Non-lineor Loop Sensitivity Analysis 
Based on the block diagram of the linear loop (Figure 4.5), 
a non-linear model of the stabilization loop was constructed.
The non-linearities consisted of a 7,5V limit on the gyro 
pickoff voltage, a 15,7V limit on the torqucr input voltage, 
u 3,7V limit on the torquer current , the use of the nonlinear
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friction model (Figure 4.3) and the incorporation of the 
inertia cross-coupling terms. The cluster and gimbal 
stabilization loops were then no longer identical.

Subjecting the loops to sinusoidal inputs and disturbances 
and measuring the output amplitude (ie. the cluster and 
gimbal motion), the freguency responses shown in Figures 4.9, 
4.10, 4.11 and 4.12 could be obtained. These show that the 
loops satisfy the design criteria.

The step response of the two loops is also shown in 
Figure 4.13 and 4.14. The difference in the responses was due 
mainly to the difference in the cluster and gimbal inertias.

For obvious reasons, the model implemented only approximated 
the real system. It was therefore desirable to know the 
sensitivity of the results from the model to model parameter 
inaccuracies.

Using low frequency base motion disturbance (see Figure 4.4) 
with no command input to the loops, the variation of stabilir 
ration error with variation of model parameters was investigated 
The effects observed will be summarized as follows.

Due to stiction, the system developed an initial angle, 
which could be 0,2mrad or more. Thereafter the variation was 
smaller than 0,1mrad. Because this analysis was done in a 
"hands off" mode, the large initial angular error was not 
corrected. In the real system, it was expected that the human 
operator would zero the initial bias due to stiction, if it. 
occured.

The error, apa»• t from the bias, was not very sensitive to 
changes in the value of stiction, except when the value ex = 
ceeded that of friction, when the error increased markedly.

A 30% increase in friction doubled the stabilization 
angular error.

A 30% decrease in friction reduced the stabilization 
angular error by 2 3%.

An increase of 10% in inertia reduced the stabilization angu= 
lar error by 20%.

A decrease in inertia of 10% increased the stabilization 
angular error by 20%.

This indicated that the results of the model should be accu = 
rate to * 20%, assuming a 10% uncertainty in the value of the 
porametera.
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It munt be remembered, that because all the measuring instru= 
mcnts were mounteu on the cluster, and the elevation rate thus 
sensed in cluster axes, there was a component of the cluster 
rolling motion (about the r-axis) present in the elevation rate 
integrating gyro measurement. This had to be removed by 
measuring the roll rate using a rate gyro, as it was found that
otherwise stabilization would be seriously degraded.

A further source of error was the noise in the sensors, that 
is primarily the rate integrating gyro. This instrument not 
only produced signal output noise, but also drifting of the 
signal due to shock and temperature changes. Drift due to
temperature changes has been eliminated by the creation of a
controlled environment for the tracker optics and stable plat= 
form. Drift due to shock and day-to-day drift of the sensor 
null have been eliminated using manual offset adjustments.
Only output signal noise therefore remained to be considered.

The peak value was specified as 7 0mV, which resulted in a 
platform input torque of 7, 6mNm. This was less than the 
estimated stiction torque of 8 ,4mNm, so it was expected that 
the platform would show no jitter. When stiction was over = 
come, the 70rnV peak noise resulted in a stabilization error of 
A u r a d (from Figure 4.9) at 500rad/s (the expected maximum) , 
which is negligible.

In the above paragraphs, the equations of motion have been 
derived and implemented according to the mechanical layout of 
the stabilized group. Subjecting the model to expected base 
motion disturbances, it has been shown that effective rota= 
tionol motion stabilization has been achieved. It has also 
been shown that the model is not unduly sensitive to errors in 
parameter choice.

In the following paragraphs a compensation method for linear 
motion will be derived and evaluated.

4.6 Linear Motion Compensation 
A different approach has been taken in compensating for the 
linear motion of the vehicle. It was not practical to measure 
the linear velocities and instead the linear accelerations 
wore measured. These were then integrated digitally in the 
appropriate set of axes, and the velocities obtained were used



to calculate the relevant sight line turning rates which would 
in e f r e c t correct for the linear motion.

The method could best be illustrated by considering a station: 
ary target and moving vehicle, shown in Figure 4.15. The rela= 
tivc motion induced a sightline turning rate, given by the 
vector equation

Ttie stable platform had only two degrees of freedom, ele = 
votion and azimuth. Therefore, using the nomenclature defined 
in Figure 3.2, the sightline turning rates in these axes could 
be written as

If, then, the gimbal and cluster were to be rotated at 
these rates, there would be no relative turning of the sight: 
line, and linear motion of the vehicle would not be apparent 
to the operator.

To find out whether the linear motion of the vehicle played 
a significant role or not, the maximum expected heave velocity 
o r the vehicle of 3,0ms was considered. At a range of 500m, 
the relevant sightline turning rate (Se above) is 6mrad/s.

For sinusoidal motion at a frequency of 0,2Hz this would 
imply a position amplitude of approximately 6mrad. This could 
be seen as a stabilization error by the operator, and the 
figure was outside the requirement of the system specification. 
It was therefore desirable that this error should be removed by 
linear motion compensation.

An can be seen from equation 4.21, the compensation would be 
moot cl I active when tracking moving targets at short range.

4.6.1 Illustration of the Method

4.21

where fj : the sightline turning rate
V : the relative velocity
R : the range.

Se
Vd
R 4.22

and Sd R



Moving
vehicle

Reference
coordinate
system

z

Stationary
target

FIGURE: 4.15 SIGHIUNC TURNING RATE ILLUSTRATION

Linear
vehicle
motion

Range
measurement

Inteqration

FIGURE 4.16 BLOCK DIAGRAM Of LINEAR MU1ION STABILIZATION PROCESS

CinOal end 
"luster con 
troi loop



4.6.2 The Transformation Process 
Thn linear motion of the vehicle was sensed by two accelero= 
meters mounted along the e- and d-axes (Figure 3.2). By 
their very nature, the acceleration measurements would be 
corrupted by 1g 1, the acceleration due to gravity. This was , 
however, known only Jn the inertial axis system, so the measure 
men Is and 1g 1 would have to be transformed to the same set of 
axes.

furthermore, the axis system in which the linear motion 
measurements were made rotated with respect to inertial space, 
and as could be seen from the equation of Coriolis (equation 
4.5), if the accelerations were integrated in this axis system, 
n component of the rolling motion of the axis system would be 
introduced. It was therefore advisable to transform the 
measurements to a stationary axis system (e.g. the inertial 
axis system) and to integrate them there. The 1g 1 vector was 
also subtracted here.

-I = IlC-C 4-23

where G„ = (0 )

w
N
is the vector of measured acceleration,

= the measured accelerations in inertial space,

ancl lie = Ii s Is b Iq o Io C ’ "here 1SQ has the same form as T ^ .

l(j£ and T(jy can be found from equations 4.14 and 4.15

and I IS =

( c j s O c o s t  co.-Y s i n G  smO - s i n Y  c o s G  c o s Y  s i n Q  c o s G  + s i n Y  s i n G )
 ̂cosO sinY sinY sinG sinG +cosY cosG sinY sinG cosG -cosY sinej
(-sinG cosG sinG cosG cos9 )
where Y , 0 ,» are the yaw, pitcti and roll angles of the vehicle 
in inertial space.

The gravity vector could then be subtracted from the result 
and this integrated. The resulting velocity was transformed 
back to the cluster axis system using the inverse of the above



transformation. Because the transformation matrices were 
ortho ,onal , it was only necessary to use the transpose 
matrices.

Using the correct coordinates of the resulting velocity, 
the sight line turning rate could be found.

A word must be said about the choice of initial conditions 
for the integration process , however. The process may have been 
started at any time, and there was no way of knowing what the 
velocity ut that time was. The initial velocity was therefore 
assumed to be zero, and the resulting error removed by aver = 
aging. That is, the average velocity was zero or a given value 
(e.g. the forward speed of the vehicle), and Dy comparing the 
average velocity obtained by the measurement and integration 
process with the actual average velocity, the error due to 
incorrect choice of initial condition could be corrected. This 
process of correction could be continually carried out, so that 
errors due to long-term drift could be compensated for.

The process is represented in block diagram form in Figure 
4.16.

4.6.3 Simulation Results and Discussion 
The above procedure and operations were implemented on a 
digital computer a n d , using a deterministic model of the vehicle 
motion and the non-linear model of the stable platform dear 
cribcd in paragraph 4.5.2, the following results were obtained.

After more than 100s 1 start-up1 period, the calculated 
overano velocity was within 2% of the actual average velocity.
Hie stabilization error after a further 50s was less than 0,25mrad 
for a stationary target at 2 000m range.

It was found that the fact that all three accelerations were 
net measured did not significantly influence the results. This 
was a characteristic of the specific type of vehicle motion con = 
oidered for this study.

A number of practical limitations were aiso illustrated.
Due to the limited capacity of the on-board computer linear 
(notion compensation could only be carried out every 250ms, 
compared with a sampling interval of 50ms, so that high fre= 
guoncy linear disturbances could not be compensated for. 
Quuntizization error and round-off error were also factors that 
contributed to error build-up. These will be analyzed in more 
detail in the following chapter.



A fu l'nr source of error was the noise introduced by the 
accelerometers, the angle encoders, the transformation and 
integration processes. The accelerometers had a scale factor 
non-linearity and hysteresis which could be summarized as 
output signal noise of 0,0125m/s2 peak value. The transformer 
t i on and integration processes were executed numerically, and 
these could achieve accuracies of at least 0,1% of the irput 
value. Computation resolution was 24 bits (for the mantissa 
of a number) and integration step size was 50ms or less.

The angles used in the transformation were digitally encor 
dcd with 16 bit (lOOprad) resolution and 44urad rms accuracy. 
Simulation then showed that corrupting the measurements with 
noise resulted in a linear motion stabilization error increase 
of 1 vrad, which is insignificant. This is due to the corrector 
characteristic of the loop

Despite these restrictions, the method described here signi= 
ficantly reduced the stabilization errors due to the motion of 
the vehicle, and together with the rotational stabilization 
loops, would effectively stabilize the target in inertial space, 
allowing the operator to give more attention to tracking the 
target accurately.
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4 .7 Podestn l_follow-up Loop 
It woo pointed out in paragraph 3.3 that the mirror on the 
stabilized group was only able to rotate the sightline through 
20" in a z i m u t h . For some target tracking tasks and for target 
search tasks the sightline had to be rotated through larger 
nng2o s . It was therefore necessary that the pedestal be able 
to rotate through 360°. The question then arose as to whether 
the pedestal control loop should form part of the stabilization 
of the sightline.

Obviously, the human operator would be most comfortable if 
the pedestal were stabilized in inertial space, thereby in = 
creasing his chances of successfully tracking the target. Be= 
cause of the complexity of design required to achieve this, as 
well as the large amount of energy required to move the pedes = 
ta 1 , operator, optics and ancillary equipment , a stabilized 
pedestal was considered impractical.

Even to stabilize the pedestal in azimuth would be problem: 
atical, due to the large inertia of the system and relatively 
high accelerations required. Therefore, instead of supplying 
some form of imperfect stabilization, which would only dis= 
or.cntote the operator , it was decided to stabilize the line of 
sight and allow the pedestal to undergo base motion. Tnis 
suggested that a deadband be introduced for small azimuth angles 
which would prevent the pedestal servo amplifier from getting 
any input commands. The choice of the deadband was determined 
by the exported target attack profiles, described in paragraph
3,4.

Consdelinq the lateral (azimuth) motion of the target during 
a medium tons bombing attack profile, most of the target manoeuvre 
took place within a sightline azimuth angle of 5°. The dead = 
band was therefore chosen as * 5°. The pedestal follow-up liop 
was then driven by the cluster angle nc through a non-linear 
gain. A block diagram of the loop is shown in figure 4.17, and 
the appropriate constants are 
Servo Amplifier and Pedestal Drive

Servo amplifier gain SAG a 10,5V/V
Current feedback gain PCFG 0,1 B V / A
Armature resistance PRA 1,050
Electrical time constant pie - 0,0057s
Motor constant PTK s 1,6Nm / A
Moment of inertia PJ - 10,24kgm1
Pedestal friction term PB B 0,2.Nm/rad/s
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The pedestal drive motor torque was transmitted through a 
gearbox with ratio 6 : 1 .  The actual moment of inertia is
thus given by

P J = 6 x 1 0 , 2 6
= 61 ,54kgm*

The friction term was also an approximation for the estimated 
friction torque, which is shown in Figure 4.18.

6.7.1 Linear Model: Stability check
The pedestal follow-up loop was too non-linear to allow the 
shaping networ and loop gain to be found using a linearized 
model. I lie linear model was, however, used to investigate the 
stability of the loop.

A quick analysis of the loop under open loop conditions 
showed that there were three poles at the origin. When the 
loop was closed, two of these poles moved into the rignt half 
plane, causing the loop to be unstable when PGAIN moved out of 
the dnndband area (Figure 4.19).

This situation could be remedied by introducing a feedforward 
term, and the reselling root locus diagram is shown in Figure 
4.20.

4.7.2 Mon-1 inear odol : Loop Design
The optimum values of the shaping network and gain were now
found using a model which contained all the system non-linc=
arities, including the servo amplifier input voltage limit of 
6 V and current limit of 24A. Using the results of the linear 
analysis as a guide, the shaping network parameters were 
obtained.

piz = 0,12s
pip = 0,01s

The non-linear gain is shown in Figure 4.22.
The step response curves for three different step sizes are 

shown in Figure 4.21. It must be noted here that these curves 
illustrate the pedestal rotation rate response. Because the 
pedestal response time was so much slower than the cluster 
response time, the mirror reached .he endotop before the pedestal 
had caught up. Although this only happened for large input 
commands, it was considered advisable to introduce a position
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feedback loop around the cluster which slowed the mirror so 
that the impact against the endstop was lessened. This simple 
loop was only operative for mirr.'r deflections between 4° and 
V ,  and had a loop gain of 3r ad/s/rad. As the pedestal 
rotation rale come close to that commanded, the mirror moved 
away from the endstop and vhe cluster angle settled at a non~ 
zero steady-state value such that the command to the pedestal 
follow-up loop was sufficient to maintain the required rotation 
rate. The steady state cluster angle was small enough to allow 
for any additional deflections required for stabilization.

The frequency response of the pedestal follow-up loop was 
til 30 obtained, and is shown in Figure 4.23. It is clear that 
the loop response time was much slower than that of the cluster 
(Figure 4.11).

A sensitivity analysis was performed on the parameters of 
the loop, and the results can be summarised as follows.

A decrease of 17% in the value of the pedestal inertia 
decreased the settling time of the step response by Is. An 
increase of 17% in the inertia increased the settling time of 
the step response by 0,1s. The stability of the loop was not 
significantly affected.

A variation of 10% in the shaping network time constants 
did not significantly affect the sett''ng time of the step 
response. A reduction in the feed forward gain (PGAN), however, 
resulted in more oscillations.

There were a number of possible variations in the gain PGAIN. 
Two were investigated, shown in Figures 4.24 and 4.23. The 
linear gain had a very small effect on tfie step input response 
(the settling time was 0,1s longer ). The bang -bang type gain did 
not significantly improve the rise time for the step input 
response, as the current to the motor is limited anyway. Because 
of the deadband in the yain however, the response tended to 
oscillate around the final value, rather than approach it. This 
was considered a less attractive possibility for the gain.

4 . 0  S u m m a r y
In tliis chapter the requirement to stabilize the target c f fee t = 
ively in inertial space has been met. In paragraph 4.2 the 
equations of motion were derived for a general gimballed system.



FIGURE 4.23 PEDESTAL FOLLOW-UP LOOP FREQUENCY RESPONSE
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When ronuidrrinq the mechanical layout of the stabilized 
group (paragraph 4.3) it was possible to justify certain 
simplifying assumptions w t h  respect to the moments of 
inertia and therefore decoupling of the elevation and azimuth 
motions. At this stage a mathematical model of the stabilized 
group was defined, which, when subjected to base motion dis= 
turbuncos described in paragraph 4.3, and when controlled by 
the loops derived in paragraph 4.5, allowed the evaluation of 
the rotational motion stabilization. A non-linear model of 
the stabilized group was used to determine the sensitivity 
oI the design to system parameter and measurement errors. It 
woo found that the model was sufficiently robust to assure 
that the results were valid.

An algorithm for compensating for the linear motion of 
the banc in inertial space was derived and evaluated in 
paragraph 4.6. Here it was pointed out that due to computing 
time limitations only low frequency linear motion could be 
stabilized.

Because the movement of the stabilized mirror was limited 
in azimuth, a pedestal follow-up loop had to be implemented. 
Thu design of the control loop required was given in paragraph 
4.7, and evaluation showed that the follow-up loop allowed the 
sight line to be rotated in an optimum manner through 360°, yet 
did not inter fete with stabilization during tracking tasks.

It now remains to analyze the system described here in a 
track:ng situation, so that it can be determined whether the 
iracking spci f ications will be met. This will be done in the 
following chapter.



5 T MACK I ATP AND FILTER DEVELOPMENT

5.1 Introduction 
In the previous chapter it was shown that stabilization loops 
have been designed which would keep the optical director pointing 
vector stable with respect to vehicle motion. The accuracy 
attained was 1 .Omrad for periods of time greater than 3 minutes, 
which was an order of magnitude greater than the time taken 
for a typical engagement. The human operator could then give 
his full attention to the task at hand, namely the tracking
of moving targets.

In this chapter it As described how the results of the 
stabilization analysis were used to construct a tracking system 
simulator, and the performance of the human operator was 
evaluated. Using measurements obtained for a given tracking 
took, the human operator transfer function was found. This 
was applied to a linear system model so that system stability 
could be investigated. The performance of the tracker for 
various aids was compared, and when a satisfactory controller 
response had been obtained, a tracking filter algorithm could 
bn analyzed and implemented. The target states required foi 
aiming the weapon could then be estimated. As had been done in 
previous sections, the sensitivity of the system to changes or 
errors in the algorithm parameters was determined, and it was 
shown that the design met the system requirements.

5. 2 Tracker Simulator Construction 
The purpose of constructing a tracker simulator was firstly, 
to enable the human operator characteristics to be measured 
and analyzed and secondly, to enable the tracking aid 'Com­
pensator) and tracking filter to be evaluated. Simulator con­
struction was seen to be an inexpensive and effective method of 
determining system performance without waiting for any haidwars 
to be built. As the cos' of developing the tracker exceeded 
Rim and took more than two years, errors discovered at an 
early stage could save time and money. The simulator would 
Highlight possible problem areas which might require special 
attention during the design.

5.2.1 n Loop Representation
The human operator steered the s i g h t  line in space via his joy-
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stick and the stabilization loops. The response time of the 
s,ahil.,at ion loops was much shorter than that of the target, 
so the stabilization loop transfer functions were considered 
unity for simulator purposes. The stabilization error w-s not 
neglected, however, and was simulated by adding a random rate 
to the loop at the average frequency of the base motion. The 
RMS value of these random rates was restricted to approximate 
the RMS stabilization error (0 , Smrad ).

5,2.2 Simulator Construction 
The simulator, shown in Figure 5.1, was built around a digital 
computer, which generated the target profiles (in a random 
sequence, and with random initial condition ), and displayed 
the tracking error on the VDU, which had a crosshair on its 
centre. The operator had to keep the target (represented by a
moving dot) on the crosshair.

The simulator only approximated the actual tracker in the

following:
a The simulator was situated in a laboratory, so that the 

operator was exposed neither to the elements nor to base 
motion.

b The VDU size was only a fraction of the total field of 
view. The operator also had no indication of the range 
of the target due to the difficulty of realizing depth on 
the VDU.

c The operator used a joystick which was not the same as the 
actual joystick , nor did ho have to watch other inputs
(eg. the control panel', or give firing commands.

5.3 Human O p e r a t o r  Linear Open Loop Transfer f uncj ijĵn
In order to understand the system more fully, a linearized 
transfer function of the human operator was determined. Thi-j
transfer function consisted of a deliy, which was found using
cross-correlation techniques , and lead and lag terms, found 
using n paramtcr identification method. This analysis helped 
to explain the behaviour of the system under certain conditions 
and could bo used to determine what changes in the system would 
result in improved performance.

5.3.1 Human Operator Delay 
Using the simulator described above, the input to the human
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iperotor tracking err- ' and the output of the human operator 
juysticl output) were p ed and recorded in an array. The 
toss-corre 1 ation between tnese two signals was then found 
'1 n p o u i i a (reference 17,18)).

Hie fourier transforms of the two signals were found using 
f f T algorithm (Brigham (.reference 3)).

1 1 ( t ) - r 1 (w)
fgft) » Igf*)

I he cross energy spectrum was found by multiplying F2 (w) by 
the conjugate of f^(w).

I:12(M ) F * 1 (w ) F 2 (w )
I In ro: . -correlation between the two signals was then given 
11\ I lie inverse transformation of the cross-energy spectrum

f . Q ( M y ‘ ‘ P ̂ 2 . t
because the signals f1 (t ) and f2 (t ) were aperiodic , and 
■ u in FFT algorithm was used (ie. , the signal was approximated
i f i ni' series of points), "leakage" of the spectra occured.

lb.: inimiZed by multiplying the signals by the Hanning
: '.dow , do fined by

h t e d  o < t < Tc 5..1

\ Iyj 1 resulting cross-'orrelation function is shown in 
ii' . . The delay of the operator was given by the first

linimuii in The graph. The other peaks were harmonics
' ' 1.1;i I i'si peak. The value was

11|.| 0 , 3sec
he for tne above example was 0,2 samples/sec).

'' ' -i in a ii Operator Gain, Lead and Lag Terms
I' i 'll inq open loop transfer function for the human oper =
In i ..as 1 hosen

-vs K ; 1 + as)
(i + s s r n  + is)

1 tin: a'thou used to find the values of the parameters is
i: l.chcd b :• Ie I 1 y below.

’ O' dfi.lay i was found in paragraph 5.3.1.
1i 1nd y were found using the parameter identification 

ihod de i r ibed in Oabay and Mcrhav (reference 7.8). 1 he
lion and human operator input were sampled every 

,02'',. I hose signals ..ere passed through filters with transfer 
Tunc I ion
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H ( s )  = (5- — 3 0 5*
and the derivatives of the signals were found. The input 
signal was also time-shifted by a delay of 0 ,2s and the expected 
values of the parameters were found by applying the orthogonality 
condition on the filtered input signal and the error signal.

A typical plot of the parameters is shown in Figure 5. .5 and 
a number of interesting phenomena could be seen. The region 
of instability in the centre of the graphs corresponded to 
the target fly-over (dive attack profile, Figure 3.3). Here 
the identification algorithm settling time was too slow to cope
with the change of parameters.

As the target approached and flew away, however, definite 
parameter values were identified. Note that the lead decreased 
and gain increased after fly-over, indicating that the operator 
automatically compensated for a change in situation (the target 
was flying away, so that the operator was more relaxed and 
could increase his gain without losing control or destabilizing 
the system). The lag term 8 remained more or less constant , 
but the y term disappeared indicating a redundant term in the

mode 1 .
The open loop transfer function for the human operator could

therefore be represented from equation 5.2 as
..=(=> =

but it must be remembered that the values of these parameters 
underwent significant changes as the tracking task changed and
the operator adapted.

Interestingly, this transfer function was not inconsistent 
with that found in the literature (reference 29).

5.4 I r • System I. inear Analysis
A linear model of the tracker system could now be constructed
and analyzed. Using rout locus diagrams, a compensator tor 
improving the trr r performance was suggested.

5.4.1 I rack _r_ Root Locus Diagram 
The human operator transfer function time constants were givet, 
in equation 5.4. The delay was represented using the standard 
P.h IF appi ox iiniit i on

-ts 1 - t/2s
c ; 1 T ' T / 2s
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The poles or the system were therefore (in rad/s)
0 ,U t jO.O (error integration)
-6,67 - jO.O (Padd approximation
-333,3 i jO.O (Lag term)

and the zeros were
6,67 - jO ,0 (I’add approximation )
-0,03 - JO ,0 (Lead term)
The root locus diagram is sketched in Figure 5.4. It was 

obvious that the system became unstable r or even smail loop 
gains, due to the human operator delay pole: zero pair.

This could be changed by introducing a compensator into the 
system. A number o" options were available: an integral 
element, a  p r o p o r t i o n a l -plus-integral element or a proportional-
integral -derivative element.

After analysing the influence of each type of compensator, 
considering the system performance improvement obtained and 
the degree of complexity required for each, it was decided 
to implement the proportiona1 -p1 us-integral element and to 
study the resulting system response to see if the system tracking
accuracy could be met•

The root locus diagram incorporating the proportiona1-plus- 
integral element is shown in Figure 5.5. A much higher loop 
gain could now be tolerated before the system became unstable.
It was also easier to maintain a good system response character = 
istic (i.e. fast response time with critical damping) .

5.5 T r nrkinq Aid Implementation 
In evaluating the performance of any tracker which included 
a human operator, the question of the standard human operator 
arose. The human operator was himself a very adaptive controller, 
and he exhibited a strong learning ability.

In order to find out whether tracker perforamnce improved 
when aided by a compensator element, some standard had there fori 
to be defined. The standard for this analysis has been chosen 
os the average performance of three untrained operators. I Tie 
operators were required to do the tracking tasks, as desc ribed 
in paragraph 3.4 for three different tracker configurations, 
n An uncompensated system. The joystick commands of the 

human operator directly drove the sightline.



54

(rad/s)

6,67o (rad/s) -3)3

figure 5.4 UNCOMPENSATED TRACKER ROOT LOCUS DIAGRAM

(rad/s)

.-0 ,02. 6,67

FIGURE 5.5 COMPENSATED TRACKER ROOT LOCUS DIAGRAM



- 55 -

■ K

s  E = =

iiiiilli'
determine the real tracking error.



- 56  -

TARCtl
DYNAMICS 1 'r VD'J

Hunan
operator Joys 

£»t ick
Tracking
aid

Noise

+. Tracker) dynamics

t ZGURE 5.6 BLOCK DIAGRAM OF TRACKER CONFIGURATOR

Tracking
error
(mrad)

€

A

2

0 30
Tjiue (Hro)

Sightlinr
turning
rate

riClHZE 5.7 OPfffATOR LCARNINC CURVE



TAULE 5.1 RMS TRACKING ERROR

UNAIDED
TRACKER

TRACKER WITH 
NON-LINEAR JUY= 
STICK GAIN

AIDED
TRACKER

Medium loos bombiny 
attack (avereqc for 
3 operators 1

5,5mrad 3, Omrad 1 ,8mrad

Missile attack 
(average fur 
3 operators)

5,Imrad 2 ,8mrad 1 , 7mrad

Dive attack 
(overage for 
3 operators)

6 ,7mrad 3 ,9mrad 1 ,9mrad

Average performance 
(untrained oper = 
ators )

5 ,8mrad 3 ,2mrad 1 , Omrad



- 58 -

5.6 A cl a p U v  r Iter inq Alq orithm Appli cation 
It has been shown that the implementation of a proportional- 
plus-incaral element in the tracker allowed the human operator 
to meet the system accuracy requirements. As has been pointed 
out before however, the target states had to be derived bv 
the tracker for transmission to the weapon aiming mechanism, 
and it will be shown here that the tracking aid described above 
lends itself to expansion into a tracking filter algorithm.
This algorithm is derived end evaluated below.

5.6.1 Jraekinq Filter Algorithm 
Consider first the implementation of the proportional-plus- 
integral element, shown in figure 5.8. As this was done 
digitally, the equivalent sampled discrete time representation 
is shown in Figure 5.9. The transfer function of the integrator 
with sampled input was given in the Z-domain by Gupta and 
llasdorff (reference 1 0 ).

o Z  + K - 1   ̂ 5
i = Z - 1

If the bilinear transformation Z = 4 "  was applied, the pro = 
portional-plus-pintegral properties of the element were clearly 
seen.

°JL - c r.±.K/(2-Kl 5.6
1*1 w

The expansion of the algorithm in this form to that of the 
adaptive tracking filter now followed readily. This is shown 
in Figure 5.10 and follows the pattern of the optimal linear 
filter (Sage and Me Isa (reference 22)).

There was then some doubt as to the validity of the measure =
mcnt process of the linear filter presented here with respect 
to that defined for the optimal linear filter. The answer lay 
in the joystick input. This was a function of the difference 
between the actual target state (oi sight lino turning rate) u (k ) 
and the estimated state u (k) (the crosshair or pointing vector 
turning rate).

Let the joystick input be
j(k) = w(k) - w ( k )  + n(k) 5.7

where i(k ) is a zero mean white noise process with
cov { n (k ) n ( k ) ) = L" ( k ) 6 (k-j )
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The innovation process in the tracking filter
I (k ) = Kj[z(k) - <2 (k ) ] 5.8

where
z(k ) = w(k) + j(k ) + v(k) 5.9

is the measurement process and v(k) is a zero mean white noise 
proce:- . Substituting equation 5.7 one obtains the following 

z(k) = w(k) + u(k) 5.10
with v (k ) = n(k) + v (k), a zero mean white noise process with 

cov {u (k ), u (k )} = V (k ) 6 (k-j )
The measurement process of the tracking filter algorithm 

was therefore consistent with that defined for the optimal 
li: ear filter, so that the tracking filter algorithm was the 
best linear estimator of the tracking process.

This algorithm was by no means the only option considered 
(see Chapter 2). In fact , because the target moved in inertial 
space, it would have been easier to model the target accurately 
in cartesian coordinates in inertial space. The measurements, 
however, (range, elevation rate, azimuth rate), were made in 
Polar coordinates in the cluster axis system, so that these 
would have to be transformed to inertial space. This transfer= 
motion was highly non-linear, so a non-linear filter would be 
obtained eventually.

The practical difficulty encountered with the transformation 
of the measurements, was the computation time required. Initial 
estimates showed that the transformation would require so much 
computational effort, that there would be insufficient time 
left to implement the other algorithms and control functions 
satisfactorily such as linear motion stabilization (refer to the 
discussion of Chapter 2). furthermore, the tracking aid would 
have to be implemented separately from the tracking filter.

The solution obtained here to the problem, namely the imp 1e = 
mentation of a linearized filtering algorithm in Polar coordi = 
nates in the cluster axis system, was found to he the best 
trade-olf between the different requirements. It was shown 
too, that reasonable filter output accuracy could be achieved.

5.6.2 Range I ilter Algor1Lhm 
An additional advantage of implementing the tracking filter in 
polar coordinates, cluster axes was that the range filter
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- ; ;i u r i t hn could bo decoupled ana considered separately. As 
ucjfjcitod in reference 1 0 , a second order linear discrete 

l ]. I;e,• wns implemented. The structu e , being the same as 
t.lml of the tracking filter, will be detailed below.

1 Matrix Equations o f the Algorithms 
The algorithms described above could be written in m a tr i x 
form as follows. Given the message model (reference 9,22)

x(k +1 ) = *x (k ) + r(k ) w(k ) 5.11

and measurement model

zik) = IJx(k) + ^ ( k )  5.12

with t k + i = tk + T, T the algorithm step size of 50ms.
The state vector is represented by

x (k ) = (
( 
(

where

R(k) ) 
) )R(k)

( ae (k ) )
w )
6 ) 

aa (k) )

i;(k) 
R(k ) 

a0 (k ) 
we (k) 
n a  (k )
w n (k ) 

The matrix *

range
range rate 
elevation angle 
elevation rate 
azimuth angle 
azimuth rate

(m )
(m/s ) 
(rad ) 
(rad/s) 
(rad ) 
(rad/s)

= ( 1 , 0

I "
( 0 
((
( 0■

0

( 0

0 ,,05 0 0 0 0

11,0 0 0 0 0
0 1,0 0 ,,05 0 0
0 0 1 ,,0 0 1
0 0 0 1,0 0 ,,05
0 0 0 0 1 ,,0

i the state transition matrix , and
f(k)=( 0,4

■ S 1 C
( o 
' 0

I "! 0

0 
0 
0,0

0,3x (rn
RTk)
0

0

0,05x

0
0
0
0
R (0) 
FTkT /co ;.,(k)

" ' 5 Xr o 2)/C01,% (k)
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is the input transition matrix

w(k) and u(k) zero mean white noise processes with
cov ( w ( k ) , w (k ) } - y 5^k-j.<
and cov ( (k ) , (k )} = Y 6 (k - j )
and Z(k ) = (ZR (k ) ) the measurement process

(Zc(k))
(Za (k) )

and H = (1,0 0 0 0 0 0 )
|0 0 0 1,0 0 0 j
(0 0 0 0 0 1 ,0 )

The filter algorithm is then given by
X (k + 1) = *x(k) + K(k + 1) [_Z (k+1) - y I x(k)] 5.13

K (k + 1) is the filter gain, and is found from

k (k + i) = yx((k+i) |k) yT [y yx ((k+i)|k) yT + y ] - 1 s . n

and Vx (k ) is the state covariance matrix from 

V x ((k + 1) |k) = * V x(k ) + [(k) y [T (k) 5.15

and V x(k+1) =[I - K(k+1) H] Vx ((k+1)|k) 5.16

The initial matrix Vx(0) is given by
v x ;o) = i

The noise covariance matrices are

V r ( 1 , 0  0 0 ) = W
| 0 10,0 0
( 0 0 10,0 )

The values of the constants were found by simulation of the 
process, and the results obtained are described below.

5.6.4 Simulation Results 
The matrix equations were implemented on a digital computer 
and the dive attack profile was generated. Appropriate 
"measurements" (range, elevation and azimuth rates) w e e  made 
and corrupted with zero mean, gaussian noise. The response 
and filtering effect of the algorithms could then be studied 
and evaluated.

Fig. 5.11 shows the results obtained for the range algorithm. 
The best estimate of the range had a deviation of approximately 
1m, but to improve this the filter tracking ability would become
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degraded, and the bias at high range rates became unacceptably 
large. As it was, at fly-over there was i large uias in the 
results (fig. 5 .1 2 ) but this was not thought to be serious, 
as the optical director was mechanicall; unable to cope with 
such a situation anyway.

fig. 5.11 gives the equivalent results for the elevation 
algorithm. Results for the azimuth algorithm were not obtained, 
but they were expected to be similar.

The filtering effect could be illustrated by a Bode plot. 
Consider the algorithm block diagram of Fig. 5.19. The dis= 
crete time transfer function for range was found to be

0 . k2z - k 2 + k3 k 1________  5 1?
1 ’ Z' - (2-K2 )Z - K 2 + K3 K1 + 1

and for elevation/azimuth

0 x K5Z ~ K 5 + K6K4 q 1R
1 e/a = (Z- 1 ) (Z + K4 -1 )

Applying the bilinear transformation 
1 +w

1 = TTz
the following resulted

0 « (1-w) (w + K3Ki/(2K2-KlKi)) q lq
r* R " A K3K 1 + (2K2 - 2 K3K -1 ) w + (4-2K2 + K3K-, )o2

I". \ _ p (1-h) (" + K6K*/(2K5-K6K4))
i ‘ e/a - w (w + K4 /(2-K4 ))
The Bode plot is sketched in Figure 5.14 for a given set 

of gains, found during simulation of the algorithms.
The trucking filter algorithms were also implemented on 

the simulator. Here it was found that the accuracy of the 
estimated states was very dependent on the performance of 
the human operator, as could be expected. If the tracking 
error was kept below 1 ,2mrad, the elevation/azimuth angles 
were correct to within Imrad deviation , and the rates to Imrad/s 
deviation (see Table 5.2), but these estimated states developed 
large bias errors as soon as the tracking error increased.

This again illustrated the critical role of the human oper = 
a tor in the tracking loop.

5.6.5 Bias Correct ion 
It wan possible that large tracking filter biases could be
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developed. For this reason some form of correction would be 
needed over longer periods. It. was therefore advisable that 
the position transducer outputs on the cluster and gimbal be 
transformed to iner'ial space, converted to cluster axes and he 
compared with the filter algorithm outputs. These outputs would
then tie updated periodically.

If many updates were available, the mean filter algorithm 
output would be the same as the actual measurements, as the 
measurement bias was z e r o .

The problem was the time required for the transformation.
Thin would depend on the amount of time available in the 
computer, and the update or correction period would therefore 
be determined by computer limitations.

5.6.6 Parameter Sensitivity Analysis 
The constants specified above for the algorithms were chosen 
so that optimal filter response and noise rejection was ob = 
tninod. It was therefore desirable that they should be imple = 
merited as accurately as possible. It w a s , however, probable 
that further tuning of the filter would be required during 
testing and evaluation of the tracking system, as the values 
of the constants were obtained using simulation techniques.
The sensitivity of the filter response to changes in parameter 
values is therefore discussed.

TAI1LE 5.2 TYPICAL TRACKING FILTER OUTPUT ACCURACIES (RMS)

PROFILE
SIGHTLINE 
POSITION 
ERROR (in rad)

ESTIMATED 
LINE RATE 

(mrad)

SIGHT:
ERROR

ESTIMATED SIGHT: 
LINE P O S H  ION 
ERROR (mrad)

Medium toss 
bombing attack 1 ,4 0 ,42 0,30

Missile attack 0,6 0,12 0,04

Dive attack 
(lie fore cross: 
over ) 1,5 0,64 0,00

Dive attack 
(including 
crosn over) 2,5 1 ,20 25,00
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5.6.6. 1 The Message Model 
As this equation (equation 5.11) represents the kinematics of 
the target in inertial space, changes in these values of  ̂
would drastically alter the filter behaviour. Alteration would 
imply redesign of the whole filter.

5.6 .6 .2 Ha in Calculation
This is where tuning of the filter should be done. As there 
are a lot of parameters that could be changed, the sensitivity 
of each is discussed.

The V and W matrits should not be changed, except if the 
noise characteirstics of the process differed considerably 
from those considered during simulation.

The r matrix parameters had a sensitivity as follows:
A 10% change in the first two parameters of the r matrix 
resulted in a 10% change in the deviation of the range and 
range rate filtered outputs.

A 10% variation in the other parameter values had an over = 
all 10% variation in the deviation of either azimuth or ele = 
vat ion angle and rate filtered outputs. These outputs are 
coupled, so that the effect of changing the value of one para = 
meter could not be predicted easily. Trial and error methods 
for filter tuning will have to be applied.

5.6.7 Sources of Error 
The tracking filter outputs were intended to reflect accurately 
the position of the 1ine-of-sight between the tiacker and the 
target. Helow arc listed the sources of error which affected 
the accuracy of the filter outputs.

5 . 6 . 7 . 1 Filter parameter Errors 
These arise mainly from target modelling inaccuracies and have 
been discussed above (see Table 5.2).

5.6 .7.2 Digital Signal Processing_Errors 
When processing digital signals, three inherent sources of 
error arise: errors due to quantization of the input signal
(sampling), round-off error during processing (i.e. in calcu= 
lot ions) and quantization error of constants (Deled and Liu 
(reference 19)). All processes described above have been 
simulated on 3 2 bit computers, using floating point notation



(single precision) which used 24 bits to handle the mantissa 
of a given number. The microprocessor on which the algorithms 
were lo he implemented in the tracker controller also had 
32 bits with 24 bits used to handle the mantissa. This was 
considered accurate for the purposes of this study, so that 
round-off and coefficient errors were disregarded. The analog 
to digital converter however, through which the input signals 
had to pass, used at best 16 bits. The error due to quantization 
of the input was therefore investigated.

Takahashi et a 1 (reference 23) derived a relationship be = 
tween the mean square error (e) between an analog input signal 
and a digital output signal due to quantization interval (a)

a a 2e = 1T
Thc graph of e vs a is shown in Figure 5.15 (dashed line).

The tracking filter algorithm simulation was subjected to 
a known input. The output for quantization interval corres: 
ponding to 24 bits was used as standard, and the outputs for 
progressively larger quantization step sizes were compared.
The graph is shown in Figure 5.15 (solid line).

It can be seen that, in order to maintain processing 
accuracy comparable to the accuracy of the measured data 
(40 rad rms) analog to digital conversion resolution of at 
least 15ubi ts should be used.

A furl her possible error could indirectly have been caused 
by the digital processing of the signal. Due to the nature 
of the process, the estimated target rate from the tracking 
aid was added to the loop approximately 45ms after the measure = 
merit had been made. The interval between samples was 50ms. 
this delay did not affect the performance of the tracker, nor 
was there any perceptible jitter when this was implemented 
on the simulator.

5 . 6 . 7.3 Transducer Noise 
In chapters 3 and 4 the effect of noise in the angular trans= 
ducer readings has been discussed. The overall result is to 
create a stabilization error of 0 ,5mrad RMS. 1 his was simulated 
(see paragraph 5.2.1), so that the filtered parameter erros 
(Table 5.2) include errors due to transducer noise.
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b. 7 Summnry
This chapter has shown that, assuming a stabilized platform, 
and using simulator techniques, it was possible for a human 
operator to track the targets discussed in Chapter 3 to the 
accuracy required by the system. This was, however, only 
possible using a tracking aid, and it was found that a pro = 
p o r t i ona 1-plus-integral element gave the best results. This 
element could then easily be expanded into a filtering 
algorithm which gave best estimates of target states.

In paragraph 5.2 the construction of the tracker simulate 
was discussed. Tins simulator was used to give data for a 
particular tracking task from which the parameters for a linear 
transfer function of the human operator could be found. The 
human operator delay was estimated using cross-correlation 
techniques. In paragraph 5.4 a linear analysis of the tracker 
was done to investigate the stability of the loop. Already 
here it was shown that a proportional-plus-integral element 
improved the gain margin of the system.

In paragraph 5.5 tracking performance results of some 
compensated and uncompensated systems were compared. It was 
clear that the proportional-plus-integral element implementation 
gave a sufficiently good performance improvement to allow the 
trained human operator to meet the tracking accuracy spci ficas 
tiono. The final requirement of  ̂he tracker was to find the states 
of the target in inertial space, lich was done by expanding the 
tracking aid into a linear filter! n algorithm, shown in para = 
graph 5.4. This algorithm was cva I ated and the sensitivity 
of parameters was investigated. Results indicate that the 
algorithm was stable and robust. , and it was well suited to 
the application.
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6 RfSUlTS AND CONCLUSIONS
In this study a number of aspects of the design of optical trackers 
not covered in the literature have been considered with applicar 
tion to a specific case. It has been shown that, provided 
the tracker motion can be stabilized, a tracking aid can be 
found which will enable the human operator to use the tracker 
to track high-speed manoeuvring targets to - accuracy suffi= 
cient for possible engagement of the target.

In o'-dcr to compensate for the tracker motion, an element 
of the optics, in this case a mirror, was mounted on a gim= 
balled platform so that it could he stabilized. The equations 
of motion were derived and, considering the tracker motion and 
the actual mechanical configuration of the system, feedback 
loops coulo be specified which simulation showed could stabilize 
the sight line to within 0,5mrad RMS for reasonable periods of 
time both for rotational linear base motion. Tracker motion
and target motion could then effectively be decoupled.

Consequently, a simulator was constructed which generated 
typical target attack profiles for the operator to track, 
against which his performance was measured. A simple linearized 
transfer function of the system including the operator was 
derived which enabled system stability to be checked. It was 

clear that the introduction of a proportional-plus-integral 
element would improve the gain margin for increased system 
stability.

This element was then implemented as a tracking aid, and 
the performance of the operator was measured and compared 
with the unaided or partly aided (non-linear joystick trans = 
for function) case. It was now shown that the target could 
be tracked to within the required 1,5mrad RMS error by a 
trained human operator. Difficulties posed by the design 
around a human operator have therefore been overcome by simu = 
lot ion techniques.

Finally, the estimation of target states was looked into, 
and it was found that an optimal linear filter could be simply 
implemented. Simulation showed that good state estimation 
could be obtained and that the algorithm was robust.
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It can therefore be said that the aim of this study, namely 
to find the configuration and parameters necessary to track 
manoeuvring targets accurately in the presence of tracker 
motion has been achieved. The results have also been used as 
specifications for a tracker which is being built. A summary 
of the relevant specifications follow:

6.1 St A H 11 IZAT IHN LOOPS
Rotational motion stabilization was achieved using the cont ~ol 
loop given in block diagram form in Figure 4.4. For the ele= 
vat ion and azimuth loops the compensator was specified as

C (izio + 1 ) (tz2 + 1 )
CVp 1 a +1 ) (tp2s +1 )

tz1 = 0,050s +10%
Tp1 = 0 ,0 1 0s 1 1 0 %
x z2 = 0,005s 110%
i p 2 = 0,0014s j-10%
C = 1 5  15%
Lineai motion stabilization was achieved using the scheme 

given in Figure 4.15. A digital integration process was 
specified with maximum step size of 0 ,0 1s and maximum sampling 
inteva1 of 0,25s.

The pedestal follow-up loop compensator was specified as

1+[,tzs

1' V p "

pT „ = 0,12s 1 10%
t = 0 ,0 1s ± 1 0%P P

with loop gain as given in Figure 4.21 arid feedforward gain 

PCAN = 0,3 x i PGAIM| 1 5%

6.2 I RACKING AID AMD F1L1LR
The algorithm specified is described in Figure 5.10 and was 
to have a cycle time of 50ms. The matrix equations of the 
algorithm and coefficient values were specified as given in 
paragraph 5.6.3.
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7 SUCCrSTI0N5 FOR FURTHER STUDY
Thio dissertation has clearly shown how critical a part the 
performance of the human operator plays in the tracking accu= 
racy of the whole system, A lot of emphasis has therefore to 
bo placed on tne training of the human operator.

A study should therefore be undertaken to determine the 
best training program which will integrate the operator and 
the system to achieve optimal overall performance. Only then 
can maximum tracker effectivity be attained.

It would also be very interesting to determine how a tracking 
aid, which adapts to the performance of the human operator , 
affects the overall system accuracy. This would involve a fast 
and efficient parameter estimation algorithm coupled in some 
way to the tracking aid.
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APPENDIX A
This appendix contains a set of computer program listings. 
These programs and subroutines are written in DSL77 or FORTRAN 
and were used to obtain the results for this dissertation.
It must be noted that the output statements given in these 
listings do not cover all figures, curves and tables in this 
dissertation, but they can be obtained by a simplt modi f i = 
cation. On pages A2 to A30 are the listings of programs used 
in conjunction with the analyses of Chapter 4.

On pages A31 to A42 are the listings of programs used to 
obtain the human operator transfer function (Chapter 5).

On pages A4 3 to A50 are the listings of programs used in
the Optical tracker simulator (Chapter 5).

On pages A51 to A38 are the listings of programs used to
analyse the performance of the tracking filter (Chapter 3).
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c TUI S neOG"6M f i n h s  T H -"  tc«k c,f ri- *
C FUN'.IICM CF A ST»DLIF!Ffi Aim LlNEA- *
r P izrn, Gi*<SAL/rLU5T R stami.ization «
c |_opn UEIMC. M G N A L  FLHa NOTATION. *

c  S U F F O U T I N E S  u s e d :  *

c srr a l e o t c  ipFFrpc^cr ii f o r  *
c A 0ETAILED DESCRIPTION. *

  -    -
$
c P A R  AMFTFRS

c LOOT GAIN (V/V)
CONS = 16.0 

C DO 100 1=1.10
C PF AO C s .*) A
C GCNCPAL1 ZED 1NFC TI A (K G V •v ) ANO DAMPING (NU/RAO/S)

DJ = .0?
RD = .COS

C GYRO INPUT GAIN (RAn/S/PAD/S) AND PIC<-OFF CONSTANT (V/RAD/S) 
TKG = 1.000 
PK — RFO.SO

C TQPOUFR CONSTANT I NY/A) AND RESISTANCE I OHMS)
TKK c .031 
P = « . 3

C PACK f m f  f V/PAD/S)
E M F  = .029

'#
C START ANALYSIS
c

CALL DYEA 10)
CALL P A T H ( 1. 2 $ I • * 0)
c a l l PA T m ( 2, 3 , TKG * 0)
CALL OATMC 3• A, 1 . •-3 )
CALL PA T H ( A • 5• PK • 0)
c a l l PATHC 6, 6t 3 . , 0)
c a l l C M PX°L ( (: . 1 2» 0.5,32 57. 2)
CALL LFDL AGC12 • 17 • 0,050 ,0. o i o :
c a l l LFOLAG(!7,23 ,.0050 . .003 4
CALL PA THC 23,2A , 1 , 0 , 0)
C I PATHC24,25. CONS , 0)
r PATH(25.2o* 1 . /P , 0)
CALL PATHI26.27, TKK • 0)
CALL PATH(27,2°. 1 « • 0 )
CALL PATHC 2 5,20, 1 • /nj •-1)
CALL PA TMC20,?« • -eo • C)
CALL PATHC as,25. -EMF » 0)
CALL PATHC 2^,20, 1 • - 3 )
CALL PATHC?'5, 3, — 3.0 • 0)
CALL 50LV1 C 27.30)

C DO s e n s i t i v i t y  a n a l y s i s
c
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CALL SrNST(|P.l'5.?..S0..c ..l«21«-'700*

FIND STFP FFSPONSF

CALL TRFSPI.11

f i n d  FCEOUFNCV RESPONSE

CALL FRF S° I.1.1..01

CONTINUE
STOP
END
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U 
V

C * e •••♦♦**•*•*«********»•******••**********
C THIS oc.rr,r?AM riMrq THC T= ANSFFP s
C FUK'CTtON OF THE L INF*- I ZED PF OF e.TAL *
C roi.Ln v-Un L nnP. & L ? NF A o 1 ZC C MOr»EL *
C Or t h e  CLUSTER/CIMHAL IS INCORPO- ♦
C RATFO# *
c *
c s u r p c u t i n f s  u s e d : •
c Src ALE°S (PEFESFNCE 1) FOR A »
c OFT AI LET) nEEf R !PT ION, *

C'c
C G I ̂ HAL/CI.USTFP LOOP PAP AMETFF S
C
C LOOP GAIN (V/V)

CONS = 15.0 
C 00 400 1=1.10
c PF AH (S,*) A
C GENERALI ?Fl> INF °T 1 A ( KGM AM ) ANO DAMPING (NM/RAEZS)

OJ - .02
BD = .005

C CYP1 INPUT GAIN (RAD/S/PAP/S) AND PICK-OFF CONSTANT (V/RAD/S)
T KG = 1 .^00 
PK = BSP.GO

C TORQUE R CONSTANT (N M / A ) AND FFSISTANCE COHMS )
TKK = .031 
F = 4 .7

C BACK FMF (V/PAD/S)
E MF -* .029

PEDESTAL FOLLOW-UP LOOP PAPA m e TFPS

SFPVO a m p  GAIN (V/V) AND C 4T FEEDBACK GAIN (V/A)
SAG = 1 0 . 5  
PC*7 G = 0. 1 B

SERVO RFSIGTANCE (OHMS) .CONST ANT (NM/A) AND TIME CONSTANT (RAD/S) 
PR A = 1.05 
PTK = 1.60 
RTF = .0057

LOOP GAIN (RAD/V)
P G M  N =  3 5 .

PFDFSTAL INERTIA ( K G M * M )  AND DAMPING (NM/RAD/S)
PJ = 10.26 
P8 = 0.20

ANALVSIs

C CLUSTEc /G 1 MR A*_ LOOP
CALL DYSA(0)
CALL PATH' I, 2 . 1 • e 0)
CALL P A T H t  2 , -* . T KG • 0)
CALL PATHC 3 . A , 1 . •-1 )
c a l l PATMf A. 5. PK . 0 )
CALL PATHC 5. 6. 1 . , 0)



C AL L  
CAl  L 
CALL  
C AL L  
CALL 
C AL L  
CALL  
C AL L  
CALL  
CALL 
CALL  
C AL L  

F FOE ST At 
C A L L  
C A L L  
CAI .L  
C A L L  
C AL L  
C A L L  
C A L L  
C A L L  
C A L L  
C A L L  
C AL L  
CAL'  
C AL L

C « P X F L  C t  « !  Z . O . S . P P f ' A  .  ^  )  
L F D L A r . C I Z . I  7 . 0 . C S 0 . 0 . 0 1 3 )  
L F D L A f i l  1 7 • ?  3  • e O O F C  • • 0 0  t A I
P A T H I ? 3 . 2 * .
P A T M I 2 6 , 7 5 .  
P A T h ( 2 S . 7 S ,  

P A r H ( ? f > . ? 7 .  

P A  T K C  2 7 , ? = ,  

P A T H ( ? P » ? 0 .  

P A T H  ( 2 ^ 1 . 2 5 ,
P A T H J 2  5 . 3 0 .  

P A T H ( ? o ,  3 »  

F O L L O * - U D 

P A T H (  5 , 3 1 «  
P A T H l 3 0 , 2 1

1 . 0
CONS 
1 ./»
T KK 
1 .
1 .  FOJ 
-BO 
1 •
- 1 . 0

LOOP 
1 •
PGA I N

0) , 0) 
. 01 
. 0) 
. 0) 
,- 1 ) 
.  0  > 
, — 11 
. 0)
. 01
. 0 )

L  r  O L  A G ( 7 1  . 4 0  

P A  T H ( 6 0  » A 1 ,  1 *
P A  T H ( * 1 , 4 ? ,  S A G
P A T H ( * 2 . 6 1 «  l . / P P A
F r A L P L ( 4 - . 4 ° . p T E>

0 . 0 3 0 . 0 . 0 1 0 0 )  

0 )
0 )
0 )

P A  T H ( A  p . 4 P .
PA T H (6 »,6 t ,
PA T i l t  6 S  ,  5 0  •
P A  T H (  5 0 .  A P ,

P A T H t F O ,  3 .  
S O L V E ( 1 . 5 0 , 1 1

PTK 
-PCFG 
1 ,/PJ
—P3 
— 1 * 1

• 01
, 0 ) 
• - 1 1 
. 0) 

0 )

c
c
c
c

SENSITIVITY ANALYSIS

A O 0

00
CALL SfNSTC A ,2 * A 0.•A 000••SO.•A# 20#-200,
C O N T 1MUF
STO C>

END



Tut c pcnQCA V IISFS A ocrrrrvt ►; [ ST |C BASE •
MOTION ^Er'=L ENTATION AA'O A NON—LINEAR »
MO'TEL nF THE GI vrAL/CLUSTFO DYNAMICS TO *
TEST THE E'-'FCCT I VfN-SS Or THE STASILI- *
ZATION LCOD S • *

■
s u d s d u t i n e s  u s e d : *

d a s e m  *
GYMOAt. *

PAFAMFTEF OFT]NITIONS

PAGAM PH!O f O .0030....
1 H r  O =  Oe 0 0 0 0 * • *  * 
ET*r>=n . 000 •
wcnn=o.o. 
wo j o - o.o
E T A 0- 0 . 0 
EPS0=0.0 
C GY 0=0. •
GGro = o. •,

K G0 P = 1 • O 0 • i
cr.Ai N=i c . ooo.
r . G A  1 5 .  0 0  0 ,

TK™0.031 , e » .
TP-A.3,...
CRAT=0.?0nAC
G » A  T =  0 . 0 0 P A  0

U F T = C .  020.
T Zl-0.0 5 0 , •.
T Z2-0.005,..
TP1=0.0 10,, 
TP?cO.0014,
TDr>=0 . 0 i
T JP = 0 .0,
[TATP=%,
CPSTPsl<
zcpcsr.= i
ZKQCSS*1

IGIMAAI. AK'GLC irJfT. CCNO. (KAO) 
rCLU^rrc ANGLE INIT. CONDe (PAD)
SP^OFSTAL t-^T AT ION ANGLE (KAO)
:CLUKTFC KPT A T T nN PATE INIT. C O N O .  (FAO/S) 
:Glvi4L rPTATIPN K A T F INIT. CO.NO# ( K AD/f ) 
:1NTT I*L CLUSTFP ANGLE k - l • TO GIv 3AL (c A O )
: INITIAL GI Vo*L ANGLE d CL. TP P = OF STAL (KAO) 
• CL11STF® GY°0 ERROR INIT. CONO. (KAO)
2GIMSAL GYPC ERRPT INIT. CONO. (RAD)
:GYCP o j c k -PFF GAIN (VZPAD)
:CST!VATED GYRO FEE06ACK GAIN (PAD/G/V)
2 CLUSTER L O O P  GAIN (V/V)
ZGl^OaL LOOP GAIN (V/V)
:TOR1HEP CONSTANT (NM/A)
rrorouRF k f s i s t a n c e  (Oh m s )
rCLU^TFR ST IC TI ON (NM)
:G!wa&L ST ICTICN (N u >
:3ACK C*/F (V/PAO/S)
:C Pv nE N S A T P K ZERO Tivc CONSTANT (KAO/S) 
ICOvofNSATnR ZERO TIMC CONSTANT (CAD/S) 
:CnMPpNSATnR PPLE T I C O N S T A N T  (c a D/S)
:CP 4PFNSATPK POLr TIME CONSTANT (PAD/S) 
2CLUSTER LfCP INPUT SIGNAL (KAO/S)
2GIMUAL LOOP INPUT SIGNAL (K AD/S)
:CLUSTER INITIALIZATION KATE (KAO/S) 
rGI.VHAL INITIALIZATION RATE (RAD/5)
JCLUSTFO Z FPO-C ROSS INITIALIZER 
G I vr,AL ZERO-CROSS INITIALIZER

CONTKL PELT,.0005,PINT I,100.0 
1NTEG AOAm s

i n i t i a l

OYNAM 1C 
#

WCO
wnj
THE
phi

1n t g p (WCOO•wcnr)
1 . ' TG-v  (  >. 0  J O  ,  w c  J T  )

1 NT GK ( T Hf; 0  , w C D )
INTGR( 0 , v E J)

:CLUSTER POTATION CATE (R A 0/5) 
:GI MG AL ROTATION RATE (RAC'S)
! CLUSTER INERTIAL ANGLE (RAO)
:GIMbAL INERT IAL ANGLE (RAD)

t ME 2 I = INTGR(THEO•T HE?) : INTEGRAL TO FIND fRROQ



- A T -

pm! ? I = TMTC.cf nni 0* cn'l 2 ) 2 TMTrG6 AL to FIND frMF easot
ETA = 1 »'TG^Cr T A0,r T a t ) iCt tlf TF^ ANGLf GFL. TO GI v n  AL (RAJ)
FPS = 1 NTG’V C fPSD • m ^ T  ) :f,f»*pAL ANGlC PFL. TP orOF <Tf L (R AD)
c C.Y = I NT r.r ( C^.Y O, C r,YT ) rCt.USTRC GYRO ANGLE FRfcCR (RAO)
GGY = INTr.P ( f.r.Y 0e GGYT ) J r» J MG AL GY&0 ANGLE FRRHR fPAO)

#
a F I NO Oc'!rRM! N! ST IC « ASE viOTIOfi RF PRESENT AT ION
w,
PR DC CD THfT ,DHI T e ZTr O U ei( T 1 ME )

CALL DACE M( T I N E •ZT.p h IT.Tnrr)
rnd^rp
a TRANSFORM TO PfOESTAI. ROT AT ! PN FATES 
#.

WBX=-THr T*ST N( I T A P ) 4 PHIT^CPSC ETAP)
*PY= THFT♦rcS(ET a p ) ♦ P m !T*SIN(ETAP)
W O Z -• 0.

a
• CONTROL LOOP COMPONENTS

# C = CLUSTER
a G = G1MPAL
a GY r GYRO
a G P  = G Y R O  p I C < O F F
» DM = DEMQOULA TOP
* S N  = S m a o I N G  N E T w n p <
a PT = PLATFDF v TOPQUEP
* C - OUTPUT
s
a GYRO i n p u t  PATE ERROR SIGNAL 

CGVT = TOO-t^O 
GGYT = T JO- ViC J 

a GYR3 P|CK-ot;F OUTPUT 
C G°0 = CGYaGKP 
cr.nr) r GGV»GKP 

a- SHAPING NETWORK OUTPUTS
C SNOl , Y 1 zr L F n L G !  0. .’r 7 1 • TP! ,CGPO)
GSNOI ,Y1 = LEOLG(0.•TZ 1 , TP| •GG«0)
CSNO?,YT = L F O L G O .  • TZ?*Te? .CSNOl )
G S N 0 2 •Y4 = L C D L G ! 0 . • T ? ? , T P ? , G S N O ! )

#
a- F 1 NO CLUSTrv/G I MO&L MOTION ACCORD INS TQ A NON-LI NEAR MQOF.L

PRQCCD kCOT.WOJT.FTAT,FOST,CPTO,GPTO = OU»M (7CR0SS.?K»CSSt•••
TImf fWCO*WOJ,C SNOP.GSNO?.FT A,Co5•ETATP,EPSTo ♦ . •.
V»DX* W9Y. a«?2w C O A T  # G 9 A T *  ET A P t C G A  I N # G G A  IN, TK« TR » R C M F  )

#
CALL GYM HAL ( wRX , WRY .'%3Z . W C O , w O J , C D TO , GOTO . e • •

FT AT,ETA.EPST.Ef ,E t ATPtS P STP•ZCRQSS,ZKROSS•.••
CBAT , GHAT , WCOI • V»OJT )

a FIND R rL AT 1VE POTATION RATFS CLUSTFp ; GI MRAL2 PEDESTAL 
C P S I  = W O J - W R Y
FT AT = wrO-( «RxaSlN(C°S)♦WBZaCOSC FPS) ) 

a F | m  TOROUER OUTPUTS



C ° T 0  = C C C A l N » r C N O z - g ^ v r e f T A I ) • T < / r R  
OPTO = ( GGA I N w r , S N O ? - H f ^ F  * F  o c  r  ) *  T K / T R

FNDP^O
#
•  F I N D  P M $  ST I L  I  ZFP M i l  1 ON

T HF 2 «  T M f  •  THF  
o h  I r  r>m  I * r>H I

°POCED C'WSANsGOvcAN * r>,,.x ■» , r  f .-c , T Hc ? , e I ? I , r I NT I , DF L T ) 
I F  ( T I v F  , L  T .  C F I N T I - O E L T ) ) GO TO 1 0  

<f) = T f T H ' ?  I  / T  I V f  )
G R M $ A N = S O R T ( P H I  ? I / T  J M F )

1 0  C O N T I N U E  
F N OP R Q

terminal
#
#
»»RNTF ? .  0 0 ,  W C O , T H F # C W MS A N ,  w n j ,  p h  I , G P M S A N
FNO
S TOP



- A9 -

T H U S  U $ c  ^  A 0 ' r T ' = ‘ - v  1 N T  S T  ! C  =i A S E
MOTION CEOcrSCNTATI ON Af O TMr NON-LINEAO
M r n c t  o f  T h e  C L U S T r c / C I M S A L  O T N A M  I C S  TO 
T F S T  T H E  E F F E C T  C F  V  I N E  A C  M O T I O N  S T  A 3 1-  

L  I Z  A T  I O N .  'I
SUDcruTINES u s e d :

DASEMC 
SHPMOT 
GVMHAL 
L M T H A N
VCOOSS N
I L M T F N

t ' A R A M f  T E R S

P H !  0 -  0 * 0 3 0 0 .  •  • : I N I T I A L 9 A f E  P O L L  A N G L E  ( W A D )

T H r 0= 0.00  3 3 . •  . : I N I T I A L B A S C P I T C H  A N G L E  I P 1 0 )

r > H t  00=3  •  0 3 0 .  .  . 2 I N I T I A L H A S P  P O L L  P A T E  ( P / - 0 / S )

T H ^ D O e O e 0 0 0 . . • 2 I M  T 1 A L C A S E  P I T  r  H  P A T E  ( P  A D / S )

X n f > ~ - 0 e 0 C «174 ,  . .  . : I N I T ! A t R A S r  F O P w A R O  M O T I C N  ( * / S )

y o o = - o . n o ^ a $ . . : I N I T I A L B A S E  L A T E R A L  M O T I C N  ( M / S )

Z D 0 = - 1 . ? 0 < . . . . : I P  I  T I  A L a a $ P  V E R T I C A L  M O T I O N  < M / S )

p s ; = 3 . 0 0 0 * . . . :  B  ASF-  V A *  A N G L E  ( R A O )

F T A P = 0 *  0 * • •  • : P E O E  S T  A L  a n g l e  ( P A 3 )

w r r> o  = o . o .  •  •  # : I N I T I A L C L U S T E R  R A T E  ( P A D / S )

#f C) V3 *""0 .  0 . : 1 k I T i A L G I  v h  A L  R A T E  ( P A D / S )

C T A 0 = 0 . 0 .  • :  i n i t m l C L U S T E R  A N G L E  R f L <1t !  V S  T O  G 1 " C  A L  ( R A O )

F P S 0 = 0 . O 3 . . . • : i n i T I A L G I  MR A L  A N G L E  R E L A T I V E  T O  P E D E S T A L  ( R A D )

z m o o = o . o . # # • :  T ^ I  T  I  A L m e a s u r e d  v e r t i c a l  M C T I C N  ( m / S )

Y Mf > 0 =  0 .  0 .  •  •  • : I N i T 1*1 M E A S U R E D  l a t e r a l  M O T I O N  ( M / S )

X M O O r 0 . 0 . • • • : I N I T I A L M E A S U R E D  F O R * A R D  M O T I O N  ( M / S )

X V O = 0 . 0 * • • • : I N I T I A L M E A S U R E D  F O R W A R D  P O S I T I O N  ( M )

Y »̂ 0 =  0 . 0 .  •  •  • : I N I T I A L M E A S U R E D  L A T E R  A L  P O S I T I O N  ( u )

Z M0 “ 0 • 0 . •  •  * : I N I T I A L M E A S U R E D  V E R T I C A L  P O S I T I O N  M >

T A V = 150.0  0 .  .  .  • : A V ^ r A G I N G  T I M E  ( S )

C O  I f  0=0  .0 .  .  •  . : C L U S T F P E R R O R  A N G L E  I N I T I A L  C O N D I T I O N  ( R A O )

C O f f '0 = 0 . 0 . .  * « :  G l  W U A l E R R O R  A N G L E  I N I T I A L  C O E D  I T I  O N  ( R A D )

S 1 •  3 .  •  .  . : A v r r a c t c a l c u l a t i o n  S W I T C H

C S L  A 0 =  0 . 3 0 0 0 . • .  . :  c l  u s  r r .  p 51 O U T L I N E  A N G L E  1N 1T .  f . O N O .  ( R A D )

r , 5 l .  A 0 =  0 .0 3 3 3 ,  . .  . 2G I M w A L s i g h t l i n f  a n g l e  i n i t .  c o n d .  ( r a d )

P H A S *  =  1 .  3 03  ,  •  . 2 P H A S E  A N G l ^  I P  A O )

Y H A S F = 1 -  003  .  •  • * 2 P H A S E  A N G L E  I P A D )

I A S ( = 1 . 0 0 0 . . . . :  P H  A  s r .  A N G L E  ( P A D )

Z C L U S r l 0 . 0 0 0 . . : C L l l S T c - t ; 0 1S P L A C F  M E N T  F R O M  C E N T R E  O F  R O  •  I T )

C Ce Y  C = 0 .  ,  .  .  * : I N | T I A L C L U S T E R  G Y R O  O U T P U T

OGYi * . ' =  0 .  ,  .  •  . • . I N I T I A L O I M O A L  G Y R O  O U T P U T

G G 6 1 N  =  1 [> .  0 0 0 •  •  • 2 G I M n A L L O O P  G A I N  ( V / V )

C C A  | M r  15.000 : C L U S r r P L O O P  G A I N  ( V / V )

C L M C . N i -1 . 0^0  .  . : c l u s t f L I N E A R  M O T I O N  L O O P  G A I N  ( R A D / S / k A D / S )

G L M r , * . - .  1 .000  . . \ G I  A L L  I  N f  A R M O T I O N  L O O P  G A I N  ( A A n / S / 1- A D / S  )

P A N G F = ? 0 0 0 . 0 , .  . S T  A Q G t. T i A N G E  (  m )

C K P  •? C*o .  5 .  .  .  . : g y p p  p  1 C K ' - n r r  g a i n  ( v / p a d >

d



- A 1 0 -

TK=0 . 0"* 1 • • • .
T PcA*?,*#,
GnAT = CsOO”* 0,... 
Cf'AT-0. 00^* 0 . . . . 
f j F M l '  = 0 . 0 2 9 . . . .  

TZI=0.040, 
TZ?=0.004
m i  =o.cio
TP?=0.001
rcr,=o .o..
T J 0 = 0 . 0 . .

ETA T n = l , 
r p s m = i  .. 
zr«:os5= i.
ZKkns4=1.' 
SINT=0.25

: T o n  f)l)FR r O N C T A N T  1 N M / A 1  
:TOPOUCP Pt A 1 ST anCE (O H M S )
: g i * ' 6 a l  s u c t i o n  c o n s t a n t  i n n )
I C L U S l F t -  C . T 1 CT1 0N C ON S TA NT ( N M )
;3ACH Fvr (V/PAC/S1
I C O T .  =T A f i .  L O OP  CO« or NSATC«C Z F ° 0  ( P A 0  /  S 1
S P O T .  ST AH .  LOOP C O » P F N S A  TOP ZERO ( E A P / S )
. c r j T  .  S T \ n .  LOOP C 9  m o t  n s  A T o p  P OL E  ( F A O / S )
: p o t • s t a p .  l o o p  c j n p f n s a t o p  p o l e  ( p a d / s i

• CLUSTFC LPOP INPUT fPVMANO 1 RAO/SI 
: GI'THAL l o o p  i n p u t  COMMAND tCAOZS)
:CLUSTER MODEL INITIALIZER
:1I"=. ZL W0DFL INITIALIZER
: z F c n - r p o s s  i n i t i a l i z e r

:ZFCO-CRPSF INITIALIZER
SLINFAP vOT 1 ON SAV.PL I NO INTERVAL IS)

CONTRL C E L T «.0005.FINTI.220.0 
INTFG ADAMS

INITIAL
SA MPT = 0.0
co ir = o.o
GOIF = 0.0

: INITIAL FAMPLP TIMP I SI
I INITIAL CIUSTFP ANGLE DIFFERENCE (RAD) 
I 1NIT 1AL G 1Mn AL ANGLE DIFFERENCE (NAD)

DYNAMIC

C GY
6GY

$
* f- !Nn
»

INTGR<ZOO.ZDDT)
INTGP(YDT.YPDT)
INT GC IXDO,XDD T I 
(F'TGR ( XVOO. x 'T'DT ) 

r. INTGFf YVOO. YVOOT )
= INTG <( ZVOO.ZMOOT I :
INTG«IX«0.XNOT1 :
IF TG1 < Y»0.v V D T ) :
INTGRIZ " 0 . Z'DT) :
= |NTGFITMFDO.THEDOT)
= I >JTGP t °HI DO «PH I ODT ) 
IMTGO(TH=0.TM=DT) :
1NT&R(PHIO.PHIDT) I
INTGRIa c d o .w c o t ) :
INTGRIHDJO.woJTI I
INTGn ITHCO.VCD) :
In i g p (p h i o .w n j ) :
lNTGR(FTAO.FT AT) :
INTGR(PPSO.RPST| :

CSLA = IMTGRCCSLAO.SLO) : 
GSL A = INTGRJGSLAO.SLJ) : 
COIF I = INTGRI CD IPO.CDIF) :
GOIFI = INTGRI501=0.G D I F ) :

= INTGP(CGYO.CGYT) :
= INTGP(GGYO.GCYT) :

AVERAGE OF MOTION

ZDT = 
YOT = 
XOT = 
XMDT 
YMOT 
ZMOT 
XV s 
YM =. 
ZM = 
TH=DT 
PHI DT 
THE = 
PHI = 
WCO = 
WOJ = 
CAN = 
GAN = 
ETA = 
FPS rs

VERTICAL OASE M.DTION I "/SI 
LATFFAL HASE vjTIDN Iv / S 1
f o p y a p d  h a c r m o t i c n  I't/r.l
M= ASUkFD F C"w ADD M O T I O N  I M/S 1 
MEASUR’D LATERAL MOTION («/?)
MR AFUPED VERTICAL MDTION I M/S I 
me A SUE c D ECRWA60 POSITION IM) 
MEASURED L A T e b a l  POSITION Iw ) 
v f a RURFD VERTICAL POSITION IP)
:p»5f p i t c h  rate iqaozs)
:?ASK POLL PATE (R AO/S) 
pa s r  PITCH ANGLE I RAO)
HA SF ROLL ANGLE (RAD)
CLUSTER ROTATION PATF (EAO/S) 
GIMpAL POTATION PATF (PAD/S) 
CALCULATED SIGHTLINF a n g l e  (RAD) 
CALCULATED SIGHTLINF A.NGlr (RAO) 
CLUSTER ANGLE PEL TU GI"EAL (RAO) 
r. i m u  At, a n g l e  PEL TO OEDESTAI (RAD) 
c l u s t e r  sightline a n g l e  (r a o )
GI M 3 AL SIGHTLINE ANGLE (RAD) 
DIFFERENCE ANGLE IN T E G R AL 
DIFFERENCE ANGLE INTEGRAL 
CLUSTFP GYRO INTEGRAL 
6 1 MHAL GYFO INTtGBAL



- All -

P P n C F O  x v n r  v = n u N (  X M O T  ,  Y' . 'OT , Z v  r, T , X D v  ,  Y  r. A V ,  z  n  A V ,  S w ,  1 A V ,  .  .  .  
r J n , r,& n , c SL « , r, sl n ) 

ir (sw .lt. o.) go io s 
X " 0 T =  X V O T - X O Z V  
Y ^ O I r Y P O T - Y O t V  
Z v r ) T  =  Z ' « D T - Z O A V  
C A N = C K L A  
G«N=GSLA  
S W = - 2 .

5 C O N T I N U E  
X V Q Tv=o.

fiNDPPO

* P0TA1 10MAL VOTION STAOILI ZATION
* C = C L U S T E P
* G = GI«OAL
» GY = GYPQ
* G 0 = GY=0 P 1CKOFF
* O M  = O E M O n u L A T n p
* S N  = G H A ^ I K  G NC T W O P K
* PT = PLATFORM TOR QUEP
ppocfo v.'cot , «ojt. rcvT , f , G Y T .  z r ,phi r , thft.epst ,cT AT=DUM, i .

T I ME .*Cr>.v,oj,cSN02.G«:‘iC?,Fr A, EPS, = TATo,epsTP, . . .
ZC’T P S S s Z K O O E S . C O A T . G H A T . T O O e T J D i ^ T A P , , . .
TOOL , TJOL .T<,t ?,«E»'F ,rr,ilH,GGArN,TAV)

* ZEPO p IT AT TONAL VC T I CN
CALL BASCVCC T IM F, ZT, PH lT,  THFT)

* TR ANFFORM TO P E P E S T  AL POT A T I ON PAT E S

WOX=— THFT*SIN(FTSP) + D HIT*CPS(FTAPJ 
W3Y= THEY»COS(F TAO> + ° H !T t SIM1E T A P )
ve>= 0.
IF (T | V F . L F . T » v ) GO TO 30 
EPST = WOJ -WP Y
EfAT = VCO-I W«TX» FIN(rPS ) FWF|7i«C0S( EnS> )

* NOfj-L I NCAC C L USTEo/G! MOAL v q o e l
CALL G Y v ^ al ( wnx , WVY , ivqz , FCD. ti'Oj ,r- , o. GPTO ,E TAT . ETA. . . .

E P S T . E P S . F T A T P . F O S T P . Z C P O S S , Z X R O S S . C O A T . G H A T . W C D T .WOJT) 
EPST — W O J - W P Y  ,
ETAT = W C O - ( w 3 X » S ! N C F P S l + w n z * C O S ( E P S > |

' GYRO I NP'JT R ATE EPF no SIGNAL 
CGYT = (TOOL « T O O )-WCO
GGYT = (TJOL « T J O )-WOJ I

* TOROUCP OUTP UTS
CPTO = ( c G A I N * c S r. -f|FMr»rTAT I *TK/TP ’
GOTO = (GGAIN WGS MU  a E M F = E P S T )eTK/TR
GO TO 31 

VO EPST f O.O 
ET AT— 0.0 
CGYT= 0.C  
GGY T -■ 0 * 0 
W11J=W0Y
wco---( wp.x « s i n  (r:p  s ) t w o ? t c o s  c r pr,))



- A 1 2  -

VOJT-O.O 
WCOT=3.0 

31 CONTINUE 
CNPPHO 
# :
» U N C A P  MOTION STABILIZATION

pPOC CO TOOL•T J DL•X O0T •Y OOT« lODT.THcooT e PH I DOT#P O T •DDT ,EOT• • ••
X P A V .  V O I V ,  X O A V ,  XUOPT .  W O D T .  ZMODT=nt l ««?  (  T I "  E .  H C L T  ,  XM ,  YM ,  ZM , .  .  .  
r H A S c . T H \ s r , Z  A S C . E T A 3 . E T A . c n s , Z C L U S . X O T . Y O T . Z D T , r > S l . T h c , . . .  
n n l  ,  t  A NS c  . C L ' ' G v . C , L ” S ■ .  ' • A v a r  . S I  ‘ . ' T . T A V .  S w . X V I C T .  YAIOT , ?MOT )

* GENERATE "ASF m o t i o n  <ACCFLEFAT IONS)
c a l l  SHOvoT(TIVc,nHAFE«THASF,ZASE«ZnDr,THEOOT . PH I D O T )

*  l i n e a r  A C C E L E R A T I O N S  < M / S » S )
XOOTi THEOOT* ZCLUS 
YOOTaPHlOOT *ZCLUS

* TPANSFORH TO CLUSTER AXE?
CALL LMTR A*l( XPT, YOT , xni.PS I .THF*0Hl ,ETAI»,EPS.E7A. RDT.EOT. OOT )

* |E (TI"F .LC.tavJ GO TO ?0
* IF I(T|Mr-5A“P T ) .LT. SINT) GO TO 25

20 CALL LPTA A“’( XOOT . YOOT , ZOTlT ,PSI . THE, PH I, E TAP. EPS. FT A. ROOT , . . . 
FOOT.ODOT)

CALL TLFTPNIXMOOT,YYOOT.Z v ODT.PSI.THE.PHI.ETAP.EPS.ETA.O..... 
BOOT,D O O T )

CALL L'-.TRAMXMOT.Y-DT, ZYOT.p s I.THE.PHI.FTAPtEPS.ETA.FMOT,...
E E O T ,0W0 T 3 

SAYPT = TIVE
* APD TO CLUCTC P/C, I V?AL C O W A N O

25 T J O L = <GLVGN*DvoT/RANGE)*C O SI F T A I 
TOOL=-(CL“GN»rmot/range)

* AVEPAC.F VT LHC I TY COMPONENTS
IF ( T I ••E.FO. 0 . J GO TO 10
XOAV = XM/TI ME
YDAV = YM/TIMF
ZOAV = ZV/TIvg
IF ITIVE.LT.TAV) GO TO 10
IF ITIVF.GE.(TAV+DELT)) GO TO 10
Sw = 1 .

* T A V=TAVA\ , 0 
10 CONTINUE

ENOPRO
*
* FIND ACTUAL SIGHTLINE TURNING PATE ABOUT
* D < CLUSTER) AND J ( C,I MtiAL ) AXES.

SLO = -n>T/QANGE
SLJ=(DOT/RANGE> *C0 3lFTA)

*
• FIND PMS SIGHTLINE FRROP
*
I'POCFD CRM SEP. C.OMSEP = DUM3C TIVE.S-K.CAN.CSLA.GAN.GSLA,...

COITI,GDIcI.COIF,GDIF)
IF (5*1 .GF. -1.5) GO TO 15 
cnir=(rAN-csLA)«(can-csla)
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GOl F= Cf. AN-GSL ')*( GAN-GSLA )

G^vSER-SQCTtc.niFI /T IMC)
15 CONTINUE 

INDPPO
# j
* CONTROL LOnn COMPONENTS

C GPO = CGYAGKP 
GGPO = GGY* GKP
CSNPlsY1 = LEDLG<0..TZ1 ,Trn ,rGon)
GSNOl .Y? = LFDLGC 0.,TZ1•TP} ,GGPO)
C S N 0 2 .Y ? = LCOLGIO.. TZ2#TP2,CSN01 )
GSNOP,YA = LIOLG(0.•TZ2»TP2,GSNOl>

TFPU)HAL

PPNTF ? ,000. Xvir>T, XOT, YMHT »YPT, ZM0T * ZDT
PRNTS S . 000,XPAV,YOAV,ZOAV.C5LA,rAN,G^LA,GAN.CPMSEPeGRMSFR 
f Nf)
STOP
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THIS PPCG^AM c o n t a i n s  a n o n -l i n c a r  *
KnnrL nr rnr o ^ o c s t a l  a n ."» g Iv n a l *
OYNAMICS sn that Th6 OEOF ST al follow- * 
up LOOP can qe c h f c k f o  *

SUR^OUT fN^S U5FO: *
GYM1AL *
A V D P O  *

G1MCAL/CLUSTFO OYNAVICS p a h  Am ETFP5

AO a m  PH:O=0.OO)O.*..
TMr0-0•0000 . . .. 
wCO0=0• 0 • «
WOJ0 — 0•0. • • # 

•ETA0= 0#0...# 
FPFO^O.0.•..
C GY0=0.....
GGY0= 0 «.«•«
GKO = F5Q . . .
GKF D = 1 .00...*
CGA TN=1 f>. 000. . • . 
GGAIN=15.00 0...• 
TK = 0.0?1 . .we 
TP= A # TQ .... 
BF^r-O.0?Q.... 
CRAT = O.OOc»AO,... 
GHATrrO.OO^AO. • • . 
T71=0.05,...
T Z?-0.005,••. 
TPI=0.010.... 
7PP-0.0014,...
E TT P = leO.ee. 
FPSTP=I.o.... 
ZCCCSS=1.0.... 
ZKr'OBSs 1 .0 , • . .
T .JR= 0 . n • ...
T % * 30* . . .
TFPF0 = 1 .500,.. . 
CAmo-o.1t.*. 
CPRTFrr.0500,... 
COO|Fc=.0 50 0,... 
CPAMUsOw*... 
CAVDDQrr .50. . . . '
01=0. 1 A , ...

. LFR=3.0,*.. 
r>TP = 0 .0 50 .... 
DTZ=0.0050..
GL 1 ** = f o .....
5 w = %*,**.
POCOT = 0 •

:GlMnAL a n g l e  INIT. CCNO. fQAO)
:CLUSTFR ANGLE INIT.COMO. (Pa d )
:CLUCTCm ROTATION PATE IN!T.CnNO. (RAO/S)
: GT MO AL ROTATION P ATr iNfT.mNp. (RAO/S)
: INITIAL C L U S T r o  ANGLE OFL. TO GIVBAL (PAOT 
: INITIAL GfMHAL AN3Lc R cL . TO PEDESTAL (PAD)
2 CLUSTER GYRn PpQOR IN!T. COND. (FAD)
:GlvyAL GYRO RRROR TNIT. COND. (RAD)
:GYRD oICK-OFR GAIN (V/RAQ)
tFSTT VSTFP GYRO FEEDBACK g a i n  (PADZS/V)
:CLUSTER LOOP GAIN (V/V)
I G I M ’AL LOCO GAIN (V/V)
2 T DR0H=F CONSTANT (NM/A )
2 THROURR RESISTANCE (OHMS)
2 PAC< = mf (V/RAD/S)
2 CL US TEP STirriON (NM)
2 GIv n a t STICTIDN ( N M )
ICPMnrxsATQC 7fRD TI ME. CONST ANT (RAD/S)
2 COM^rKSA TOP Z = PD T I mf CONSTANT (RAD/S)
2CDMDFNSATOR POLE TI mt CONSTANT (RAD/S)
•COMprNSATnq POLE TICONSTANT (RAD/S)
2CI USTEC INITIALIZATION PATE (PAD/5)
2 GI m A L f NITIALIZAT ION RATE (RAO/S)
2 CLUSTER 7 FRO— CROSS INITIALIZER 
2 Gl Mi AL ZF PO—CPOSS INITIALIZED 
2 GlMBAL LPPO INPUT SIGNAL (PAD/S)
2 CLUSTrc LOC*p SIN- INPUT AVPl ITUDF (RAD/S)
2 CLUSTER (COP SINE INPUT FREQUENCY (RAD/S)
2 Ifvn I ALT ZRO FOR AMPL . RATIO CALr UL AT ION
2 INIT I ALI?RC FOR AMOL . RATIO CALCULATION
2 INITIALIZER FOR A‘*oL „ PATIO CALCULATION
: i n i t i a l i z e r  f o r  a m o l . r a t i o  c a l c u l a t i o n
: i n i t i a l i z e r  f o p  a m p l . r a t i o  c a l c u l a t i o n
2CL USTrP a n g l e  of ADBA ND LIMIT (RAO)
2 CLUSTER LIMIT pp FELDSACK GAIN < R AD/5/P AD)
2 CLUSTER FEEDBACK LOOP CQMPENSA TO- RGLF (RAD/s) 
2 Cl USTER FFFDMACK LOOP COMPENSATOR ZERO ( R A t V S )  
2 GYRO OUTPUT LIMIT 
2 LIMIT INITIALIZER 
2L IV IT INITIALIZER

p e d e s t a l  d y n a m i c s  CONSTANTS
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r»An v< er »on-o .....
ETATO0=0.....
PG»N = 0.0 1,. .. 
s»r.= io.ro....
CrG— 0 .1 n. .. . 
TF=0.00'"-T3, .. . 
PI = ’ . J*1 <5. . . . 
“ »o= ! .o=.... 
P0-J .77 .... 
PKTrO.GC.. . . 
P<r =P.'.0, ...
PJ = f 1 .' A ... . 
PTZ1=3.1P0.... 
P T O 1=3.010....
v l iM= r .oo... .
ILIv=24.0,... 
ELIv=.i75

*
• LODK-UP TAOLF
* INPUT COVVANO

: i n i t i a l  p f d f f t a l  a n g l e  i r a q )
I INlTI At P-DfSTAL RATE IR AD)
* rF F OFOR s a r d  g a i n  (V / V )
: SEP vn AWPL IF T="R GAIN ( V/V)
IS’ CVO CURRENT FE = nilAC< GAIN I V/A )

• :SFRVO T|VP CONSTANT (R AD/S)

: SERVO resist ANCr ICW«S)
$NON-LINF AO FRICTION (NM)
: SfRVP rONSTANT (NV/A )
: SRR vn BACK C" VF ( V/RAD/S)
I °Fr)r ST Al_ INERTIA ( KGV*V)
;cpvoENSATDR ZERO TI«E CONSTANT (CAD/S) 
ICPM-ENSATnR POLE TI v p  CONSTANT (PAD/S) 
: SPPVO INDIJT VOLTAGE LIV| T (V)
:SFCVO CURRENT LIMIT (A)
:CLUSTER ANGLR LI VIT (RAD)

- c l u s t e r  a z . a n g l e  (r a d )i p f d f s t a l
(V)

AIGEN F P C p- 10 . .-6.,-D.r,-=..-A..-4..-6...
3 e #—A , # — *"^#*0* #0*

6e • 3e W I 0 • e •

C o n t f l  DrLT,e000?»F|NT|,5e0
INTfG ADAMS 
*
IN!T|AL

K VL T M -- VL I M 
Nit I !L fm
N C L !M = - E L  IM
NDL--0L 
YO = 0.
Y00 = 0, 
Y 000 = 0•*

DYNAMIC

WCD z= 
wnj z.
THE =
n H f e
f T A =
EPS = 
CGY = 
GGY =

INTGRCWCDO, 
1 NTG° C vo JO , 
! NT<30< THCO, 
1 NTSr (Ou,! n t 
! NT GO ( ET A 0 • 
I »»TĜ (rr>S0 ,
I NT G” C C G Y O • 
I NTGP(GGY 0•

WCDT ) 
WO JT ) 
WCD) 
•vn j ) 
c T A T ) 
rr»ST ) 
C JYT ) 
r.GYT )

ICLUSTCR POTATION PATE (PAO/5)
: r, I v-itL POTATION RATE (RAD/S)
I rLHSTp'c I NFP T I AL ANGLE (PAD)
IGIV3AL INEPT I At. ANGLE (PAD)
I CLUSTER ANGLE PEL* TO G I y r’ AL (RAO)
Z G I v 3 A L ANGLE PEL. TO PEOFffAL (RAO1 
2CLUSTFP GYRO PQGf TI ON FRPQP 
IGIM8AL GYRO pQ5I I |ON FRRQP

CTATr = I NTGPIFTATOQ.ETADTO)IPFDCSTAL RATC R = . TO PASE (RAC I 
Cl AP=INTGR( ETAPO.RTATU):PEDESTAL ANGLE PEL. TO OASE (F AD)

CTAL = LIMIT(NRlIV.CLIV.FTA)
GC NCR ATE ST', p INPUT COMMAND 

TODS = STEP(.001)



THOr TAM P*Tf)DS

p p o c r o  7T , n u t  T , THc-T = n U M i  ( y 1 mc e T A v n^  r r P E O )
*  T H I S  S U rl P n U T  f N f  f r n o s  t h f  n A f»c ►•?T10N P A R A M f T ^ R S

C At. I  n a s r v r  ( T I M F , 7 T * P H I  T ,  TH ET  >
» T H I S  S U ^ k O U T l N F  G F N C R A T F ?  A S I M P L E  S I N E  CURVE
*  C AL L  F P G F N I  T I M E  . T A M P , T F P E O . T O D )
r  NDPRO

* CLUSTFR/f.l MDAL DYNAMICS

*  C =  C L U S T E R
*  G = G I M Q A L
*  GY = G Y P !
*  Go =  GYRO P I C K Q R F
*  DM = D c MOOULAT OR
* S'4 = SHARING NCT#OPK
*  PT =  P L A T F OR M  T C R QU F R
*  P =  PE OF ST AL

*  TRANf.F< M TO D C D F S T A L  P O T A T I O N  P A T E S
WHX= THF T e,S l N ( r 1 a d ) ♦ r»H ! T * c n s c  E T A P  )
WDY= THC T * C O S (  F T  AO ) -  P H I  T * - S ! N C F  T A P )
WOZ= E T A T o

*  CL US T f R / G I  MHAL NON — L T N, r  A Q OOc L
PPOCro v C D T . w n j  f t a t , F D r r , C P T " % G P T O = n U M 2 ( w p x , w r y . wS7 . ,  .  .

ZCRC » i .  ? < R r S r ,  T I T  . v r O • w ' D j , C S N l ^ , r  T A . ^ P S . E T T P , F P S T P ,  . 
C T A L . C P A T . G r J A T  , C G A  I * J , G G A I N .  TK ,  T H • DE MF ,  PQCO T ,  $4 )

H
C Al  L GYPRAt .  ( v o x ,  w?Y , V 0 7 , k C n ,  WO J ,  CP TO.  G“  TO , E T A T , E T A , , , ,

F P S T ,roS.FTTP,f p s t p , ZCsnSSt7KRQSS,CM AT,GBAT.wCOT,WOJT)
* FINn R FL AT fVc POT A T ION FATlS

E P S  T = ' * O J - W * Y
ET AT = »‘C R- ( ¥BX*SIN(PPS ) ♦•vP7*COS( EPS) )

*  C O N T r O L  L OOP C O M PO N EN TS  W I T H  L l v I T S
C P T O I  =- CGA i N e C S N O ?
A C P T O l r A B S C C P T H 1 )
IF (A C P T ! I *L T , 1c•7) GO TO FO
C P T O I  s-S I G N ( 1 S .  7 . C P T O I  )

F 9 C P T O  = C f . P T ^ I - P r * - ' r  *  f  T AT ) * T K / T O
G P 1 rl 1 = GGA I N*SSNC2 
AGPT'i) = A b S (  G P T O !  )
I F  ( A G P T O !  , L  T ,  I S , 7 ,  GO TO 81
CRT Ol  = S I G N (  1 ^ . 7  , r.oTQi >

FI GPTO = (GOTOI•OFMF*rpST)*TK/TR 
SOCCT=SIGN(1.,WCDT)
SPOCOI= S 1SN< 1 ..POCDT )
AET- ;  = A O S C E T A )
I F  C SW e l . T ,  0 .  ) GO TO 1 1 0  
I F  ( A  FT  A . L T .  , 1 7 * ^ )  GO TO 1 0 0  
I F ( S O C O T . N E . S P O C O T ) GO TO 9 0  
E T A T = 0 .
v c n r  =  o ,
VCD -  W B X * S I N < E P S )  f  WBZ * C O S ( E P S  I  
GO TO 1 2 0
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99 SW * -I.
PAFTA = ACTA

1 0 0  ' > C C 0 T  = »Ct)T 
G O  T O  1 ?0 

110 I F  ( A F T  » » L  T • . ! 7 F )  r . o  T O  115
I F  ( A F T A . G T . O A C T A )  GO T O  115 
P O C D 1  =  WCOT 
GO  T O  I P O  

115 S< = I.
POCOT = WCOT 

IPO CONTINUE 
ENOPPQ
• GVPO P|CK-nrF OUTPUTS

CGPC = o f nic GY 
GGPC = GKO * GGY

• Lnpr» TO per v e n t  OLUSTEP h i t t i n g  FNOSTQPS
F T A  !=PF A O S t  N D L  . O U  t E  T A )
AC T A ! =  A. ;<S( ■"T A I 1
CT AN=5!GN( ( AC-TA 1 iriL 1 ,CTAI )
E1A|N-FCNS*(ETAI,FTAN.0.,FTAN)
FTAOT,Tf v i t LCO L G C 0..OTP.OTZ.ETAINl
r TAF = FCNS.V( ETA I N.F T AOT. o. .ETAOT I
t T AF"rFTAFlrFA 

» GVAn In t f f n a l  FECOOACK LOOP (aPOTFCTION)
DRDCFO C GY T,GGY T,CGPCL tGGPOl c DUNA(G KFH,G<P.WCD»WOJ•TDD•TJD»•.•

CGPO e GG°C.CGY.GGY.ETArg.ETA)
ACGPC = A"E (C G O O )
ACGOn = AAS< SGPO)
A F T A= AE> 5 1 E T A )
IF (f CGPO .LT. 7.c l GO TO IQ 
CGYT = 0« — v.'CO— GKFS*CGY 
CGOOL = SIGN!7.5,CGPO)
GO To 31

30 1FCAETA .GH. .175) ETAFB=0.0 
CGYT =. Tnr>-WCO-F.TAF9
CGPOL = C Goo

31 IF <AGOPO ,LT. 7.5) GO TO AO 
G G Y T  = 0.-WCJ-CKF9*GGY 
C G O O L  = S1GNI 7.5.GG'-»0)
GO TO A i  

AO GGYT = TJD-WOJ 
CGOOL = GGOO 

A 1 CONTINUE 
FNDPPO
• c o m p i (sATno NiTvnoK p c a l i z f d  u s i n g  p o o e - c t n t p o l l e d  i n t e g r a t o r s  
''Ofto CSNO?,C5'.CSP.C01,CPP«C01,COP=OU'16(YOO.YO»TZ11T72.TP1,TP2. 

g l i m ,C G O O L )
Cr=T?i»CGO0L t YO 
CSl=CG°0L - CC/TOI 
C5NU1=CF/TP1
ACSN1=A0S(CSN0!)
IF IACSNI .LT. GLIM) GO TO 45 
C P I =0.
CP?=0.
C SNO|s<IGN(GLIM.CSNOI )
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GO TO Aft •
45 CPI-1.

C P 2 - 1 .
4f, CONTINUE

CFFrCSNOl*T??fYOO 
C c ? = C ? N n j - c r r / T P 2  
C 5 N n 2 = C F r / T P ?
4CSN?rAH5CCSNO?)
IF C AC SN? eLTe GLIw ) GO TO 4 7
C O I“0.
co?=n.
CSNO?»S1GNIGLIM.CSNO?)
GO TO 4 G 

4 7 C OI  = I .
CO?-I.

4 8 CONTINUE 
CNOPPO

VI =r MOOINC 0. *CP1 #CP?tCSl )
Y I  1 =  M O D I n C O . , C O I . C 0 2 » c s a )
GSNOi.YPeLFOLG ( 0..TZ3 . T P ) .GGPOL)
G5N02.Y6=LFOLG(O..TZ?,TO?,GSN01)

PCOCCO rV-OUV7(Yl.Yl1.YO.YOO)
YO - Yl 
Y00 * Y l 1

FMonro 
#
* PEOrS w DYNAMICS
H
* F 1 NO G A I N

rTAO=rTAL•!«0./ (P|*CCS(CPS))
PGA I N  = A F S f N ( F P C . F T A O )  
or f -  =  PGA I N * P G  AN 
A P F r  s A P S ( P F F )
PfPPsPGAIN ♦ APFF »CGPOL 
P S N O 1 = L I v | T ( f V L I V L f M.ocoo)

» COMne NSATnp NFTw^CK Cf AL I ?rn USING Mnr)F CONTPOLLCO INTEGP ATORS 
PROCEO VfN.VN.VOI , VP?=OUk,» C PT 71 .PI Of .PSNO 1 , YOOO • VL I *)

V F - P T  Z1 * O S N O |  4- YOOO 
V N = P S N O 1- V F / P T P 1 
V I  N = . V F / o t p i  
A V I  N rA B S C  V I  N )
I F  ( A V I N . L T .  VL I M ) GO TO 51
V P 1 - 0 •
v p ?=o .
V I N r S I G N C V L ! m , V | N )
GO TO 5?

51  V P )  r. 1 .
V P ? = I  .

5? CONTINUE 
CNOPPO

Y 0 1 - M O O ! N ( 0 * . VP I . VP 2 0 V N )
PPOCf O DV1rnUMQ(YOOO•Y01 )

Y 0 0 0 = Y 0 1
FNOPPO
*  P FOF ST AL SERVO I N P U T
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VFC'rzV! *t TATP
I I N=vr<- P/PAO
WI = C.f ALP(0. , TC, ! IN)
L M 1 = I IMIT(NIL IM, 1LIM.HI )

» re ICT I 0‘| r AL^UL at [ on 
pt-orrn FTC- -'iv ‘6(: t at-t, in j

IF (CTf-e .ro. o.) r,n to so 
FTos = on«SIGN( I ..FTATP)
GO TO 60

5 0 fton t o.
SO COSIT |NUE 

FNOPOP
pnr=LPi*p<t-ftor
£ TAOTP=POT/PJ

* FINO AMPLITUDE r a t i o

PRPCCO r AMPPn,SCAMP=0UM?(cooler.CAMP, ...
I'CIt, W OJ.cn A I/p, CPC. [f f , s * . C AMPOO )

CAA-PCO = C A "Dr. o
C A1 L APPRO IcDO IFF.CAMP,weP.CPAMP,CPDIFF.CAMPPO) 
CAMPPO = CAMPRQ

FKDPPO
*
TERMINAL
•

PPNTr .01nO.CSNO?,TCD.rTAP,LMI,TOO.CGPCL 
PFVDU . OlOO.TPD.FTA.f TAF.0,CG»OL. ACD.ETATP 
FNf>
STOP - 

— 
 

 
 

 
.
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THIS SlIRt-iJT p'C GCkicw tree «
DC T T ri'. 1 NI T I c f cr'i. F f,'~ nt e ̂  I om T h f
p * f c  m -i t i o n  f a t f s  Arcocoisr, t j  t h f
C E L F V A N T  O p » r p  S O F C T F A .

sui'd-'ut iNt s usro:
NONE

SUflROtlTlNE OASE^I t i v f .ZT.d h I T, THET)
c
C FCF3UENFIF<

V 1 = . ? B 7  
W?=.?IE 
W3=.?6S 
w « = .469 
Wf.F.f IF 
W G = .795 
W7=.97A 

C 7 v o T I O N  a m p l i t u d e s  
VZI=-.035 
VZ»=-.I 1 1 
VZ3=-.306 
VZ6=-.5P3 
VZS=-.515 
VZ6=-.?93
VZ7=-.ia 7

C PITCH PATE AMPLITUDES 
THF T I =- . 0 0 0 3?
Th f t ?=-.00104
THETT z . .003 31 
TMFT4=..00753 
THE T5=-.0112
T H f t a = - . 0 1 ? 2
THF T7 = - .0054 

C ROLL PATE AMPLITUDES 
PHIT|=_,000 33 
PHIT?r-.00050 
PHIT 2 = - .00364 
PHIT4=-.01157 
PH|T5=-.03?3
P H I T 6 = - . 0 6 5 9  I
P H I T 7 = - . 0 1 4 5

C I
ZT =  V Z I * S 1 N ( Wl » T I  m e H V Z 2 * S I N ( * ? * T I  ME 1 t V Z S T S I N I W 3 » T I  ME)

/  T V Z 4 . s , N < w 4 . T | M F ) t v Z 5 . 5 I N C w 5 » T | M E ) E M Z 6 . S I N I W 6 » T I M E I
/  ♦ V Z 7 « S I N ( W 7 « T | M F I

TH! * = Th e e  1 • E I N ( y I • T I ME ) 4 THET? « E I N ( v»2»T I ME ) t THE T3« S 1 •.’! * 3«T I ME ) 
/ ATH=TA»S|N(W4«I|MF)*THE T5* SIN(H5• TfME)♦TMET{•SIMl WE»T I ME )

^  '  E T M E T 7 * 5 1 N ( » 7 » T | M E )

P H I T  = P H I T |  *  5 I N I W  t *  T I M  F ) + P H | T 2  4 S I N I W  ? *  T I  M E ) ♦ P H I  T 3 *  5 I M I  WT♦ T I M  E )
♦l*MI T«#5I Nl *4 »T IMF l*PMI T5*SIN( WS« T I ME ) APHl T6«SIN| Af,*TI MC> 

^ / ♦PHIT7»S1N(W7»TIMC)

RETURN 
I NO
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THIS SUFOUTIKf GrN'FITES DFTFPMI- 
NISTIC BASF W T I F N  A-7C. F L a T I ON S 
ACCORO!NG fn TMF CESPfCTIVE POWER 
S P E C T R A .

SUBROUTINES USED!
NONE

SUI-POUT INF Sh p v o t  ( T ,o h A Sc . THASF, z a s E , ZOOT , THEOOT.PH InOT )
I

BASF MOTION ACCELERATION DATA

ZDOT = -.OOIO'COSI . ’S B * (TAZASC ) .II05*C05( .?87*( TtZASC))
/ -.03EF,*COS(.?lfc»(T»zaSE))-.I12e*COSl.36R*(T*ZASEI)
/  1 0 7 » COS<.459*(T * Z a S E >>-.313A» C 0 S i .616*<TFZASF>>
/ -.31 3Ei*COSl .7CE*( T* Z4SE ) )-.29TQ«C0,‘( .974* I T*ZASE ) )
/ 0*5l«C0SI?.11P*<T*ZASE))

TMrOOT=-.OOOC*COS( .2SA*(TFTHASE) )-.00f.l*CCS(.?«7*( T FTHASE ) )
/ - .921 ?*CCSC . ' B* ( TtTHASF ) ) - .07 I A »cnsi .369* ( T t THASE) )
/ -.15PR»COS(.4t-)*tTt'HASF))-.2290*CCS(.<. 16*tTtTHASEl)
/ -.244P*C3St.795-IT ETHa S F ) I-.26 4 0*COS(.974 * IT7TMASE) I
/ -.r34?*COS(?.112»I I♦Th a E F ) )
THFOOT c THEODT« 1 .C-0?

Pf-lltiOTA - . 0 0 0 0 ’ A C'S! . 2SE *( T i P H A S r  ) 1 - 0 . 0 0 0 1  * C 0 S ( . 2 m Z * ( T f p h a s e )) 
Z - . f i 3 0 * * C 0 S t .71 a * ( T E P H A S E ) 1 - 0 . 0 0 1 6 * C 0 5 ( . 3 6 9 * I T E P H A S E ) )
Z -,O05**COS( .4S9* ( T-tPMASF 1 1-0.01 34 *COS< .61 6* ( T EPHASE1
Z -.0247 »C0S( .70S.(-rEPHASE 1 1-0.0«! 0*COS( .974*1 TEOHASE I
Z - . 009tt*COS(2.1 12*1TEPHASE 1 1

RETURN
ENO



r V<! = c IT |Mr rnNTA !».ic  ̂ NOn-i I nc;4s ,
r ■‘OOFL IMF GI MC-AL A M  c l u f t f k  d y n a - •
C MICF INCLUDING Cprss-CDUPLIMG AND *
c s T i n i O N .  *
C I .
c sunsnuriNcs us^o: «
C VCCOFS *
C I S T A N D A R D  FOC t r a n  SUnrOUTINE *
C PACKA GF *
C»*A«t*«»«.
c

SUnerilTIN'T GYVgAL(TeX.Kr,Y.WRZ,Frn.AOJ.Tno.TJO.rTAT.ETA.
/FPFT.ros.rrATP.rnsTP.ZCRnSS. 'KUOSS.STiC,S11 K .,CDT..0J I )

OIWCNSIPN WR{ -»1 . TCOl ■’.T) , TDS(3,-») . T O C O ,  ?), TM1 C t ) ,
/ W D M  > .Wlf 3) ,T JCI 3. T ) tT JDC3.3) ,FTT< 3).EPT<3) .COUPC 3) . 
ZCOUTC 3)

C DFFINE ARCAYS 
w D I I I = ASX 
*H(P> z %1Y 
W l< { 3 ) = KQZc
DO IS l=!,3 
DO 10 J = l ,3 
T J C (1.3) = 0.
T j o ( 1 ,J) = 0.
TCOI ! , J ) = 0.
TOPI I .J ) n o.

10 CCNTINUF 
15 CONTIMUC

C BASF TO G1“SAL TCANFFnpvAT ION (rP5=GI MQAl_ FLt V. ANGLE)
m a t  i.i) = cos< pps)
TO D(l,3) =-SlN(EPS)
TOM(?, = ) = i .
T O O (3,1) = SIN(FPS)
T o p (3,3) = cnsirn s ) 

c gimhal to clustfs tkansfocmation (cta=clustfp azim. angle)
T C 0 11 •? > = SIN(ETA)
T COI1,1) * COS!ETA)
TCn<?,l) =-SIN(FT A )
TCOI?,?) = COS!ETA)
TCOI?,») = |.

C CLUSTER INERTIA TENSOR IXGM*M)
IJCI 1 , 1 ) = 0.01 PR
t jri?,? ) = o .o? i a
TJCI3.3) - 0 . 0 0 0  
T J C 11,?) = 0.003?
TJCI 2,1 ) = 0.0032 

C G1VOAL I NT RT 1 A T E N S m  ( KGM * F* )
TJO11,1) r 0.003*
Tjn(?,p) - 0.0022 
TJ013.2) x 0.0021c
TJJ = TJO(2.?)FTJCI2,2)*:ns(ETA)»C0 S(ET A)



V 
V 

u

- A 2.3 -

/ ♦TJCtl.1)#SrN(ETA)»SIN<FTA)
C FRICTION DAMPING TFRM tNM)

90 sr . 1GN( 1 . , PTAT )
9 J = .01 51*Sir,N( 1 . • FP5T)

CPT Ci ) = 0 •
FPT(?) - EP ST
FPT( = 0 •

FTTC1) = 0 •
r T T C ? ) = o«
PIT (?) = CT AT

C CLUSTER EQUATION CF MOTION.c
CALL r.MORDI TOB, w=i. TM| ,1 .3,1 I 
CALL M/Dn<TMi.EDT,wr-.?.1 .0 .0 )
CALL C.VPRDI TCO.k3.TM* .3.7.1 )
C At L M A DD(TM1 ,ETT.w 1.3.1 .0.0)

:c
CALL GvPFD(Tjr,wI.Tui,3 ,3 .i)
CAll VCCOSSIwI.T«l.COUP)

C FIND CLUSTER OP I VF TOF. our 
CDRT = TDO-COUOI 3)
ACDRT c AMStCDPT)

C STICTION IN CL UC TFR MOTION 
IE (IT AT.ED.0.1 GO TO 16 
IF (FTATP.ro.O.) GO TO 16 
Sn = s i r.N (i., f t a r i
SNR— SIGN! * . .FIATR) 
if IEN.ro.SNP) GO TO 30 
ZCFOSSr1,

If- IF I ICFOSS.EO.O. ) GO TO 70 
?0 *CDT=0.

WCO=*nx *SIN(ERS )+WBr*COSI FPE.)
I F  (ACDPT.LT.ETIC) GO TO a q  

70 IF I FT AT ,F 0. 0.) GO TO 31 
C ACCELERATION UNDER FRICTION 

VCt-T = ( CDRT-PD) /T JC I 3. .3 ) 
ZCROSS-O.
GO TO to

C ACCELERATION AFTER STICTtON OVERCOME 
31 WCOT = CIJRT/TJC( 3,3)

ZCFOSS = 0.
AO CONTINUE

GIMPAL ECUATION OF MOTION

CALL GMORUCTJ0.W0.TM1.3,3,1)
CALL VCPOSStWO.TMl.COun)c
CAtL GMTRACTCO.TOC,3,3)
CALL GVOROITCC.FTT.tmi.1 ,3 ,1 )
CALL MAODCWO.TMI,WI.3,1,0,0)
CALL CM DR DC TJC.WI.T Ml’, 3 ,3,1 )



- A 2 4  -

C A L L  VCPOS* '  ( W !  , T M 1  . C H U T )  
c F I N O  O V ‘H * L  DC1VF TC K OU F  

r . O ' T  =  T j [ ) - r c u ° (  2  ) - C O U T  ( 2 )  
AGDRT =  A H S « G D ” T>  

C 5 T I C T I C N  I N  G T V « A L  M O T I O N
IF (FPFT.CO.O.) GO TO 50 
IF (r°FTP.f 0.0•) GO TO 50 
SN=S!GN<|..EPGt )
5N==5!GN< t ..F P STP)
I F  I 5 N . F 0 . S N P )  GO TO 7 0  
Z K P 0 S S = 1 .  

5 0  I F  < Z K P O S S . F O . O . >  GO TO 7 0  
f O  WOJ T — 0 •  

wnj=wbv 
I F  <AGPFT.LT.ST I K ) GO TO 0 0  

7 0  I F  (5°sr .50. 0.) GO TO 71 
C A C C E L F P A T I O N  U N O ^ a  F C I C T I O N  

WOJT = I G O P T - R J l / T J J  
Z K e o 5 5 = 0 .  
GO TO BO 

f  ACC c L F A A T 1  ON A F T r p  S T 1 C T I C N  CIVFRCOME 
71  WOJT = G P 7 T / T J J  

ZKC'OS S -  0  e
PO C O N T I N U E

c
E T A T P  =  E T A T  
F P S T P  = F P S T  
R E T U PN  
END
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THIS SU?-UTINE vr ASU^t* S THE 
AVOLITUDE OF A RE^OQNSE m  a 
s i t ; i n o u t  a n d  f i n d s  THP AMPLITUDE 
rat in.

SUHKOUT INC AMPOQ(nr)IFFvSAMp, AMP e n a Mp e op I F F , AMPLPU )

AAMP = APSC AMP)
APAMP = AP^(PAMP)
0 IFF = a AMP-A OAMO 
A01FF = A‘JSC niFF-oo i f f )
ADD1FF = Anc(DDIFF)
SNDfFF = SIGNC 1 .,0 IFF )
SNPOIF = SIGNC 1. ,PDIFF )

IF C SAMP« FO•0• I GO TO 10
IF( AOIFF.GF • f A0«>IFF*?.0) > GO 10
1 F c SNn I FF . If*0. SNPD I F ) r,n TO IQ
A vnt.PO = ( . iwAVPLC0>. ?w( ( A A mp>a P A md )/2 , )/S A MP )
00 IFF =" 0 IFF - PD IFF

1 0 P A M O  - AMP
p d i f f  = oIFF
PETUPN
END
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T H I S  SIIC'IUTIME T o a N S F O R M S  T n r  
| IMF AP VELOCITY FCHY tNFCTlAl 
AXFS TO CLUSTCO AXES.

siio=ouT ti«-Fo:
I Fi w S T  e N f T A . ' - O  F 0 G T R  a n  S u a o n i J T I N E  

l> A C x A c  F •

sunrni.|T jnf l «T= ami xf>T, YnT, xpr.ns! , Tha- „f>m I ,r t a p,
, cos,FTA.OO,',SOT,r)OT»

OfMrMsrON Tnci( 3.3, 1C 3. 3) .rrn( 3, 3> . TSI ( 3. 3) . 3) ,
/ T C  M P <  3 .  3 ,  1  ) , T F <  )  , C L Y (  J ) e S L ^ ( 3 1

nf CFC T P A N S F O O M A T I O N S

1 0
?0

on ?o T- i
on ?o j = i # 3
TOS C I ,J ) = 0.
T O O  C 7 • J ) = 0,
rcn< i•j ) = 0.
COM’ INUF
CON T 1NUF

rnsc i,i) cn^(FTAP,
TnS (i ,  ̂) s SINI F T A O ,
T n n ( ? , 1 ) r - F I ( r T A o )
rns(?,?) = C P S (FTAP,
rns(3,^ ) 1 •

TOP(1*1, - C P F (rns,
m n  (|,3) = -SIN(COS,
TP ? ( P , **, = 1 ,
TOP ( 3 , 1  ) = SIM(FOS,
TCP(3.3) = C P S (F P 3 ,

T P  (1.1, - r n s (F T  A ,
vf P ( 1.", r S  1 N ( c T A ,
TCP(2,1) = -SINt FTA ,
TCP(r,° , = rns(ETA,
Tf n( 3 , - 1 .

T S 1 ( 1 • M - r - T ( t h p )*CPS(p <I )
TS1(1,?, e roseTMF,*siN(PF!,
?*»!(), ?, = - siN(TMF,
TSt ( I , = C O S ( ri S 1 , * S T N ( T‘4«* , * S 1 N ( OH I
T n i ( 2 , ? i -= S ! Ki ( P c I , I N( THP, «<:,»}( >H I
TS1 ( ?* 3 , s C P S ( TMC, *S|M(PH! )
T S I < 3, I , s e n s (p s  t ,«s in ( t h »' j •cps(p*i i
T S 1 < 3  ,  2 , s STN(PS! ,ASINC T M F ,*C0S(PM I
TS!(3*3, = CPS(THC,*COS(PM!)

|)rr I M r  v r r m n f ;

• rosi ‘•’><1 >
!S < r)"1 I )



£«( 1 )
Z«( ? I 

I

XOT
VOT
IOT

nn TPfNSF?cwAT;nNS
C»Ll GMOPTC ras.TSI .tcmp,-*.!, "') 
C All r,Mnon( tpr, tfup , t^m, 3 , 3 . 1 > 

r,“ °o r't T m , r r v .  r ~ , 3 i 3 , ^ )
TALL r.UOI»r>( TP . Iu . CL •* . 3. 7 . 1 *

F ,N0 LINEAR “TTIOM COMDONPNTC

ar)T = r* l M ( 1 )
rny = CL )
00T = fL^ C 3 >
PFTUON
FNO
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H*rT K I 5  t ' J O O I i r  I M F  r t J » N F , F O R M S

t  , M r  » °  V F L H C I T Y  F O I "  r L ' J F T F P  
\ X C S  TO I N F O T t  »L A X F F .

S H O P R f J T  I N ^ S  M c c Ot
,  a y  r , r A N O A B O  F O R T R A N  S U S P O U T I M F

o »r< a o f .

SUt'FOUT INF ILUTR^NXOT.yOT.rnT.osl.THC.PHl.ETAP,
/ FPS.FTA.BOT.BOT.OOT)

o l .,ck,si0N TBS ( 1 , T ) , TOO! T . 3 ) . TCn C 1 . 3 ) , TSI I 3 . J> • ?M I H  •
/ T E - o i T . D . T F N M . T l . r F C  1.-').TBTC-.1).rLM<i).SLMC'l

r>Fr | N r to I n^s

no ?o T-1 
n o  J - 1 
rn**, < ! , j  ) 
▼o») < i e j ) 
rrn(i,j ) 

io cpntfNiir 
?0 rONTIMIjF

THS(1.1)
(r.i )

t n  s  < i , >) 
rnst p ,"»)
TH<(7ei)

0.
0.
0.

r ns(F TAO)
^ T M< F T A P )
-  < * !  N  (  r  T  A O  )  

CCri( FT *o )

TOP <1.1) 
rnn<i,l) 
inn(),?) 
▼OH <1 , 1)
T O H <  3 , 3 )

T n s (  roc; )
-  c ? kj < f n <; f 
1 •
«!N< FOS)
fnc< rns).

▼cn<!, 1 ) s frsc FTA)
TC '( ̂  e1 ) = S ! M < t r A )
rrofi,° ) * - S 1 N ( PT A )
TCP < , ) = m <  T T A )
▼rn< o e1 » = 1 •

T <1 ( 1 ) rns< Tiif ) ,r P S ( o c I )
111(1 3 -OF < TMt- )« s t N < O C I )
T I M  1 -» ) « - SIM< Tm -)
T I M 0 1 ) 1 r''K oc< )*S TN< ▼Hr )♦ c T M< owl ) - 3 1 N ( p 1 1 ) * C O K  out )
T M <  •> ' ) - 5 ! M ( o 1 r )*1<N(TMF)*1 |*J< OH! M<*niC r><ii ) *C01< ’Hi )
TIM"* 1) 3 rni(TMr ) 1 -1 ( OH I )
1 11 ( « 1 ) rnc (f̂ st )< M N (  THF )*rn OH I) fifNCPIT ) *S!*M “ ! )
T 11 ( ** ? ) S M  'H o <; j )* M  N ( T H r )»C n C OH ( )-r01(PS T )▼SIN(OH 1 )
T 1! < ? • ) !8 fni < T)»F )* r o S < n M 1 )

OVF!Mf V( CTOPS
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r
c
r

?M( 1 ) _ tvDT
P ) = rnr 

? M( 3 > =r nor

on TC AMcrnouAT!ONF

CALL r,M PC DC TRS, T«s ( , TC wn,3. , , 1 )
r all r,uopn( rrq. : r v p , i , -*) 
C At. l rrn • yc , 3 # 3 , 3 )
C ali ( rr, TTT, 1 . 1)
CALL r.Mnpoc TFT, Z V e CL * • 3 • u , 1 )

F  I  N O  L I  N -  AO m o t  I  O N  C

XOT - CL^(1)
VOT e= CLMC 9 ) 
z n r  -  f L M C i )

FP TIJPN 
r NO



THIS S U M O U T  IKE FINDS TrtF CROSS 
PRODUCT C1F TWO v e c t o r s :

X X Y = I

c c c 
c c
c i n p u t  FOPV AT: *13)
c '«">
c OUT PUT FC-t-VAT: Z ( 3 )
c
c » . • * » » * * • * * * * » * * * • ' * * * *
# SUBROUT INF VCSOssI X •Y »7)

DIMENSION X (;<) . Y C 3 ) , Z t 3 )

2 ( I ) = XC ? I *Y I 3 ) - X ( 3) *Y( ? )
21?) = X (3) TY11 ) - XI I )*V(3)
2(3) = X I 1> *YC ? > - XI? > *VII )

r e t u r n
END



1 Ml C pwnr.SA;* U?r S “ r A^'j-co DATA CF THF 
HUMAN OPF^ATOt. TN A TRACKING T A CK TO 
m T N ^ f r v  THf PAAAMCTrrg nr a HUMAN 
OPFRATOR MClDFL OF THF F n F M

GC S) = FXPC-TS) ( K( S, R) /f>( S, A ) )

ACCOCOING TC GARAY AND RHAV (REFE-
nrMCF ?)•
SUProuriNFs ur.Fo: 

c a l f f t  o f  s p f c t
FFT 
[ST 1M

PAP AK'F TE AS
PAFAM tc =10.03,

VO — OsPOleee 
1 1 * -1 • ̂ 1 • • • 
111 = 1 1 . S .
PI-7*. 1410.... 
C = 0.OQ7,... 
OKI K 0.3 0,... 
PK ? = 0.0?,.. , 
PK3 = 0.0?,... 
P P 1=0.033,... 
OL AY-1 .0,... 
POz?000.0.... 
VO -2S0.0.... 
THfPOrp.00,... 
TMT 0=: o . 3? e . . .
Ttuno-o .o....
DN0$.= e 4...
SA I NTr.0 . 0?S, . . 
SAUTzO.o?,...Skipzi...
Zll—■1.0,...
7 0 — ■ 1 . O , . . .
7f" 3 = - I .0, ...
Z V 4 —■1 .0, .* .
p - I .....
SUMNrO.o.... 
SUMUzO.O,... 
KUMK/zO.0 .... 
SUMU2=0.0....

•
CONTPL nFlT.O.OOOO.r 
tNTFG A0AW5

ISAVDLlN-r, VlNfinw CUT — CF F (5)
ItSPUT TI"C CHTFT (S)

v e l o c i t y  s w i t c h i n g  t i m ? csi 
:tat-g f t  vf.l O C i t y  s w i t c h i n g  t i m f  i s )

ICXPONFNTIAL WFIGHTINr COFFF|C1ENT
ITPACKING a i d  g a i n  

, :TRACKING < ID GAIN
:t c a c k i n g  a i d  g a i n  
I'STATF* FILTfF TIVC CONSTANT 
ICDCAFLATIONllDFNTtFICATION OPTION 
:T A c G^ T |N|T , AL PANG' I w)
I INITIAL TARGET SPFFD I"/SI 
: INITIAL ? IGHTI INF ANGLF fflRCR (DAO) 
IINITIAL TARGET FL F V A TI ON (RAD)
: i n i t i a l  t f a c k i k g  a i d  o u t p u t  i r a o /s )
: SA ̂ PL? NIP* F E D FOP i FT BOUT INE 

. :IDFNT|FI ED CAMPLING INTERVAL
:T ADGFT MOT|CN SAMPLING INTERVAL 
:"F ASURFO DATA RE AO INITIALIZER 
IFSTC-ATCB INITIALIZER 
IFSTIYATOR INITIALIZER 
(ESTIMATOR INITIALIZ'D 
(ESTIMATOR INITIALIZER 
!F=TIVATPP CURDDUTINE 'NITIALIZER
(SUM i n i t i a l i z e r  
(SUM i n i t i a l i z e r  
(s u m  i n i t i a l i z e r  
(SUM INITIALIZER

INTI.20.0

1 N! T I AL
> UNC T DELAY (SOO.0)



TO? = 3.*ro
v z o = o .
rPA=o.
SA"Pl. = o. 
SKIP0=0.0 
D S A u PL - 0 •
osNn=i.
ofamntctc/onos 
rnrsr = o.o 
p t i m  = o.o  
dtim = o.o

v f c t i c «l t a r g c t  s p e f o  <v /S) 
t a p g a t  f l i g h t  OATH a n g l e  (DAO)

(INITIAL 
:'NiTi*v 
:FA m o l  TNG
ISAMPL i n g
:S*MPLING 
:F A PPL ING 
:FANPLING 1NTFRVAL FOR FFT 
: INI 'It'- E f T 1 " A TED SIGHTLINF ANGLF
:porv i c u f  s a v o l f  TIV'E i s )
ISAVPLE TIMF INTFCVAL (S)

TNITIALI ZED 
INITIALIZFR 
1VITIALIZED 
INI' 1ALTZER
INTERVAL FOR

(DAD)

TYNAN 1C 
#

THFP = INTGD(THFA0.T H E P D ' ) 
THFRI = INTGCCTHERO.THFR2) 
R = INTGg (» 0 « D D T )
THT m |NTGC(THTO.THTDT)

INPUT JOYSTICK DATA

ISIGHTLINE F ROOD ANGLE (RAO) 
('POOR ANGLE FOR RMS CALCULATION 
IPAK'GE ( ")
I T Ac GET ELEVATION ANGLE (PAD)

*
#•
PFOCEO T HTNOS•TMJOeO A T (TIKE,SK1P ,SKIPO)

IF (SKIPO .IT. 0.) 00 TO 15 
READ (7,10) THTNOS.THJO 

10 FORMAT(2F10.7)
SKII'O = -I .-EX IP 

IF SKlP0=SK|P0*S<IP 
ENDDRO

t h j o t = t h j d
*
* SIMULATE TARGET MOTION
*
PROCFO VX,VZ=TAC(TIME.Tl.Til. f o a ,VO.VZO)

IF (TI«F .LT. 11) GO TO 20 
IF (FPt .LT. -.57) GO TO 30 
VZ = VZ 0— A 0 . * ( T I ML— T 1 I )
GO TO 30 

20 IF (TIME .LT. TlI GO TO 25 
I F  (FDA .G E • .571 GO TO 30 
VX = V0F1 I . *( TI ME— T 1 )
VZ e AO.*1TIMF-TI)
VZO = VZ 
GO TO 30 

25 VZ = VZO 
VX = VO 

30 CONTINUE 
VAN = -VX
FPA = AIAN7(VZ,VXN)

ENDPRO
THTr*Y=-(V7/°)*OOS(THT ,- ( VX/P ) * SI NI THT ) 
POT = VXtCOS(THT)-VZ»Sli,(THT)

FliJO T TACKING AID OUTPUT



P F f O C r n  T M r f O t  . TMPMSiO«l?( TMTOT , TMjnT.TMTNOS. thcst, ther D T  I M.PT I M,
Sf NT ,PK1 . p < 2  I ' ^ K 't T ! m e  )

if iTi^E .co. o.) r.n rn fo
IF <<CTI“- S » M )  .IT. 0.1 GO TCI 31

• Fl'm pvc . CP- C
Tt4Pvs=: = O R T ( T H E R l z r M r  )
TMfPSTr THC5T
T MTD£ T= THT5T
Th TSTk THJDT*PK? FTHTPST
F HE S T e1H T p S T * D K 3♦T HJ D T * PKI.THEPST
PTI P = T 1"E
GO TO 3 1

60 THEST-THTCT 
THCPCT= t h e s t

61 OTl"=TIMF-PTTM
• FI NO SIGHTLINC Ecpno

t h f p o t p t m t o t - c t m f p s t f t h j o t - t h t n o s )
ENnpno

T H F P ? = T H r P » T H C O
•
» FIND STANDlPn DF V 1 A T IONS.NO 1 SE-TO-SIGNA.L PATIO
e
P K O C F  D N T  S P . S  Z. S N e O U l  ( S U  V N  . S U ‘-N 2  . S U P U .  S U M U ?  . T H T  N O  S . T H T D  T , T I M E  )

IF (TIME .GT. 0.) GO TO «0 
COUNT = 1.
GO TO SO 

AO CONTINUE
• M E A N

SUMN e SUMNFTHTNOS 
SUMU = SUVUtTHTOT 
Tm n  = EUMN/COUNT 
UMN s cUMU/COUNT

• DEVIATION
S U v N ? = SUU N2 ♦ THTNOSATHTNOS 
SUMU? = FUMU? ♦ t h t o t f t h t o t  
SNI r S' IMN?/COUNT - TMNFTMN 
A SNI = »9S(SNI)
SN = SORT(A FM1 |
S 2 i = suv.ur/cnuNT - umn»umn
ASZI = A6S(ST1)
SZ = SORTlASZI )

« PATIO
IF <C Z .CO. 0.) GO TO AS 
NTFR = SORT!(SN« c n )/(SZ»SZ))

AS COUNT = COUNT♦ I .
SO CONTINUE 

ENOOPO 
»
• FIND DELAY ( CFO S S-* COD ° r L A I ION USING AN FFT)

P P OC C O 0 F T , 0 G T = P U ? I T ! M E . P S A M P U . 0 S A M N T , T H E R . T H J D . D N O S . D S N O , T C . .  •
P I . D L A Y . F I N T 1 . T H F  S T )

IF (IC .LF• F I N T I ) GO TO 5S 
WO1TF (F.100I 

100 F O P M A K  •HANNING fNO-TIMr Gf- I A TCP THAN FINTIM")

~ III
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on t o *o
55 IF I Dl AY .LT. I • I GO TO fO

IF (TIFF .LT. OSA lOL) GO TO 60
• HANNING FUNCTION

ir I I vr .GT . TCI GO TO G r>
OFT =  I e . » T H F S T » ( n . = - 0 . 5 T e n S I ? . * P I » T I F F / T C I )
OGT E 1 0 . TTHJO* ( O.S-0.f.*COS( 2 . *0 I *T I ME/TC I I

• F| NO S',cCTFl)U CF A FIGNAL
65 c ALL SPECT(O F T .ONOSi0 5 N 0 )

* f I no rrrss-copPFv a t I o n of t w o  s i g n a l s
*■ 6 S CALL CALFFTfOFT .OGT .on^s.dsno.dsamnti 

OSayPL - OSAMPL+OSAMNT 
60 CONTINUE

r n o p p o

* IDFNTIFY HUMAN OPFP AT0F. TPANSFFR FUNCTION PARAMETERS

* "STATE" FILTER OUTPUTS
Z = THFR
u = thtdtfthtnos 
TZI = CFALP(0 . ,RP|.Z)
TZP = RFALP(0..PP1 .T?1 I 
TZ.’ = 6EALPI0..RO1 .TZPI 
TZA = r FALP(0..P P I .T Z3I 
ZO = F E a l p < 0..PP1 .TZA I 
71 = (T ZA-- 0 ) *( I ./RP| I
Z? = ( t z.i_ to 1 • ( ' ./crM  ) * ( I •/p °I 1-2 . * ( I ./cp 1 > *
23 = ( T ? P-20)M1 ./RP1 )»( 1 ./DPI 1»(1 ./SOI >“3.*C I./«P1 I•(1./RPI I•.

Z1-3.*(1./RPII"Z?
ZA = (TZ1-Z0)"( 1 ./f ° 1 l‘( ' ./f p | )»( 1 ./TOI IMl . / R P l  I-...

a . »( | ,/PPl ) » I 1 . /RP| ) » ( I ./SP1 I »Z 1-6.* (1 ./F.P1 } •! I ./5p l ) *22-. . . 
a . • <I./kP|)» 7 3

? 5  =  U  . - Z O I • ( I . / e o | ) *  t 1 . Z R p 1 l * ( « . / R 0 l > « ( l . / R P 1  1 * 1 1 . / R P I ) - . . .
5 .* ( I . Zen | ) , ( | , /to t ) . ( | . /coi ) . ( | . /KOI ) *z 1-. . .
I 0.»( 1 ./RPI I *( I./RPI I * I 1./RPI )* Z2-10.*11./RPI ) *(1./PP1>*23-. 
5.*M./FP|>*Z*

#
TUtll e REAL "I 0. . RPI .11)
TUU? K PEALPCO..RP|.TUUl I  
TUU3 c PFALP(0 . .R°l.TUU?)

iTUUl)
,/RP>)
,/PP|)»(I./RPI)-2.«(1./RP|)*UI
, /RPI I ' M .  /PP| ) » ( 1 . /RPI )- 3.*( 1 . /RPI ) » ( 1 ./P°l ) »
I »U?
PI I» ( 1 ./RP|>»(t./RPI)•(I./BP1)-•.»
,/OP", ) e ( 1 ./RP| ) «U1 - 6 .* ( 1 . /PP I ) *C 1 ./RPI > *L>?-. . .

HUH HH 89S

uo = crALOcoe ,rni
III = ( UU1-U0) ► C 1
112 = ( Tll*l*-»J0 ) * ( !
U3 = (TUUl-U0)* C 1

U1-3.•!1./»P1
VA = ( 1 .-UO)*( 1 a/I

A #*(1 ./PPl 1* (1
A. # C1./PPl)*U3

rro - Z? - U1
«01 = 2 3 - U?
PO? = ZA - U3
PC*3 >• Z
POA - 22



UV? = CELLV(E6.T0.U)
UV3 ■= DELAY ( M  .'• « T02 . U )
UVA = DEL »Y ( 1'.n , TO^.U )

* on rsrif'ATiDN
P [,r,(-' ) ORT1 . ORT2, DCT3 .DA T6 , K . NKT = DU <t ROl .C02. ro 3... .

sn» .FTO.UVl . UV’.'IV 3. 'IVA ,C.D, SA INT« SAVPL. T! ME 
ZF) . ?r ?.ZE3,ZCA.DLAY)

It t DLA Y .r 0. I •1 GO TO 7 0 
;r (TU'ir .LT. S A v°L> GO TO 70
(. ALL FST | "( =D1 .Rn2,r D3,R.3A,FT0.UVl , UV2 .UV 3 , . . .

UV6 ,DPT l.DRTP.DFTS.D^TA.K.NPT.ZEl.IE2» ZE3.ZFA 
SAVPL = SAMPL A SAINT 

70 CONTINUE 
f nopro

TERM I NAL.

PRNTF 0.100.0=7’.0RT?.DRT3.nPTA.K.NRT 
PPVOU 0 . 1 0 0 . I HTOT .THFP .TKJOT. TH1T«S.DFT.0GT
CNO
STOP
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c +***,**+**********»**»***»+$$*******#*$$$*
r this ^un^^ur i n- p i no 5 tme: a vdl 1 tuoe *
C SPEC TCUM O e A T I vc FfJNCTICN* fT CAN $
c BE C AILED AY T H~ HUMAN oppr atmr s
C ANALYSIS P R O G C  A M  wf I 1 H THE APPRO- *
C PR I AT F MODIFICATION. *
c *
c s u b c o u v i n c s  u s e d : *
C FFT A

C
SUl^CUT!NE SPECTCET.SDN.SNO)
01 MENSI ON XFEAL<6»)•XIMAGItA) eS<64)

c
N= IF I X( SON)
N0=IF I X (SN3)
XRFAL(NO)=FT

c
IF (NO .LT. NI GO TO 500 
IF (NO eGEe N * I | GO TO 500 
NU = 6 
N?=N/2

C
on 5 1= 1 .N 
X IMAG( I 1 = 0.

5 CONTINUE
c

CALL FFTCXREAL w XIMAG.N.NU)c
00 10 I= 1 .N
SC I > = SORT(XOEAL(I )*XRE AL ( I )fX IMAG( I ) *X!MAG( I ))

10 CONTINUEc
WRITE (  ̂,30 0 1 ( XREALf I 1.1=1 .N2I* (XIMAG( I ), 1=1 .N?).(SC I> . 1=1 .N2) 

TOO FORMAT ( 1H1 . 1 X , • xor al = • . fl . a ./. gx , IF fl .4 . / , 9X e6 fa . 4 .
/  / . S X . S F n . A  . / .  I X .  '  X I M A G  = « . S r ^ . A . / . 9 X . o F 9 . A . / . 9 X . E F « » . A ,
/ /.PX.9c e . A 1X.•SPFCTRUM =« .H F 8 .A,/, 1|X.dFa.A./. I 1X.3F 6 .A.
/ /.1 1X.8F6e4 1

500 NCsNOff
SNO e FLOAT(NO)
RETURN
END



V 
u 

u 
u 
u 
u 

u 
u 
u.

f , , * * * * * *
r t h i s  si'ttpnuriNF c.o m t a i n s  t h c  •
c F F C U C S I O N  FORMULA fo= fsti»ating *
c T ME HUMAN QPF CAT 03 T C A N F F E O  *
c F U N C T I H N  ACCCF r> ING Tn G A B A Y AND *
C M r P H A V  ( OFF F F F N F C  7 ) .  *

♦c
c S U B C O U T INFS usfd: *
c  I B M  ETANDern F P = T » A N  f,U3FDUT I  N t  »

c PACKAGF ' *

S UHCOUT I F S T  1 • ( nni . F 0 ? , » r’ : ' .  FOA . F T O . U I  . U 2  ,U?. 
/  tIA . o f t  1 . D F T ? ,  OA T 3 .  D F T 4  . (  n . : S T , U R T  .  Z 1 .  Z? .
/ Z3.ZA.C.D)

O I H F N S I O N  GAu MA(»).UtA.1).CH0<ft.1).V(4.A),Z(6,l),
/ F H O T <1 .6  > , T 1 C 1 , A ) . T P « « . l ) . T 3 ( 6 . 1 ) . V N U m (a , A ) . V T F » 1 ( A . A )
/ V T F M ? (A .A ) ,OFN C 3 ) , C F F ( 3 ) , D C G O T R ( 2 ) . O C O O T 1(2)

H = 2
C I N  - j./r
IF (P.LT.O.) G O  TO BO

FIND INITIAL VALUES

on 20 1=1.4 
DO 10 J=l,4 
VI I.J) = 0. 

10 fBNTINUF 
20 CONTINUF 

P = - I .
DO 7 0 1=1.4 
VI I,1) = 1. 

20 CONTINUE
Zl 1 . 1 > = Z1 
Z< 2,1) = Z2 
Z(3,1) = Z 3
z<4.n  = z 4
FFTUPN

FIND VECTORS

CONTINUE
F H O < 1,1) = PCI
RHnc p ,1 ) - FOP
PHOC 3s1) = P03
RHOI4, 1) = PDA

U( 1• 1 ) = Ui
UC?,1> = UP
U< 3 « 1 ) = U3
UC 4 , l ) = UA

IND V C K♦ I)



C A L L  G MT  ̂  A ( c H'"1 • ^ O T  f A * ! )
CALL GVI’r-p ( - m i  , V, T i .1 ,6.4)
CALL G ‘,Drr>(l>»'"l iVTrvi ,4,1,A)
CALL G*-(,PP< V. VTFM1 , VNtIM.a ,4,4)

CALL GMDPD1T 1 . V . T E " .1.4,1)
VDCN = 1 ,/( TFA'tC I

q ALL c UDY ( V1'Uv , VOFN , VT E M j ,4,4,0) 
CALL S U P Y (V , C ! N ,VTCV? ,a ,4 ,0)
CALL V F U M V i r “ ?.VTFui ,V,4,4,0,0)

FI I'D Z(K*I )

C ALL 4M^ y ( U , F TC? . T ? , a , 1 , 0 )
CALL V'PY ( A • C , T-', 4 . 1 . 0 )
CALL « ADD<1?,T3,Z,A,1,0,0)

FIND GAMMA ( Kt 1 )

CALL C.MPFO ( V. Z, T? . * . 4 , 1 )
CALL SMPYt1?,— 1,,GAV MA,4,1,0)

OUTPUT

DCNC1) = 1.
DEUt?) = G a m m a (,)
DENI 3) = GAm m A {2)

FIND POOTS OF POLYNOMIAL

IF (GAMMA( 3 ) . ME, o.) GO T O  *>0
OPT) = 0.
OPT? = 0.
0PT3 = 0.
DP T 4 = 0 ,
UP T = 0.
C O N S T  = 0.
GO TO 100 

ro CONTINUE

O P T  =  G A M M A  I  4 ) / G A M M A ( ? )

CONST = GAMMA 13)

A G A M  =  A D S t G A M M A t 2 ) )

| F  ( A G A M  , L T .  0 . 0 5 )  G O  T O  7 0  
c A L L  P O L P T  ( I > F N  ,  C O F  .  M ,  O P Q O T P  .  D P O O I  1 ,  I E P  )
A O  |  r  =  A O S  ( G A M M  A ( |  ) A m v M  I 1 -  4  .  # 0 ,  A M M  A ( 2 ) ) 

D A T )  =  ( - G A M M A (  1 ) ♦ S U U T I  A D I F )  > / ( ? • *  G AMM AC 2 )  )  
OPT? = (-GAMMA( 1 )- S Q O T (A O|F))/<2,*GAMMA(2))
GO TO S O

7 0 OPT 1 = 0.



- A3 9

no

no

100

D r<T? = g a m m a  c 1 )
Or?T3 ? Oe
DF TA = o.
nc-Ti = oc-nc'-Qc i j 
m ?  = oetioToi 
o kt? = o 3r,r)T Ki)
DPT A = orCOT1<?)

IP( lrD .LF. 0) r,0 TP 1 00 
wo M  F (6,*) IE°
CPf.T IMUF

CETUHN
END
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THIS SUHkCUT INF FINDS TrlU CCCFF- 
CDdrflatidn rUNCTION nc thf human 
nt""PATPO INOIIT Af.'l n U TD U T  FUNCTIONS 
SO THAT THf D r‘L ay can DEDUCED. I r 
CAN fie rtLLrn hy th1- human cpffatdo 
ANtl.YSIS PR nr.P AM WITH THE APPROPPI ATE 

I~ 1C AT ION.

SU.lPnur I NFS USETO: 
f'F T

SUEiPniJT INF CALFFTtrr.GT.SnN.SNO.TI
DI MFNSI ON XhE At- 1 C NA ) ,X IM AG1 C ISA f , X9FAL2( CA I . F IMAG2C 6 A 1 . 

Z XPEAVIC*|.XIMAG(64)
N = IF I X(SON)
NO = IF I XISNO)
XFFAL1INO)=FT
XPfAL?(NO)=GT
IF INC. -T.NI GO Tn 500
IF < NT GE.tNFl I ) GO TO 500
K? = NZ?
HU - 6 .
OFtF = !.X(SOU»T>
00 5 1=1.N 
X|VAGI I I ) = 0.
XIV AGP( I ) = 0 .

S CONTINUE

F I N O  a m p l i t u d e  SPECTRA

CALL FFTIXCFALI.XIMAG!.N.NUI 
CALL FFT(XCRAL2,X1VAGP.N.NU)

00 10 l-l.N
X C F A L K I )  = XRFAL1 ( I )*T 
X V A G I  I I ) - -X I "AG! ( I ) *T 
XCE AL 21 I ) = XRF AL2( I ) »T 
XI«AG2( I) = -XIMAG2 C 1/«T 

10 CONTINUE

FINO PRODUCT OF TRANSFORMS

DO 20 1=1 ,N  ’
XPEAt(I) = XREAL1(I I *XPEAL2(I)-XTVAG1(I )*XIMAG2(I)
X I v a c , (  I ) - XRF AL1 I I > *X !MAG2( I )FXRCAL2< I ) »XIMAG1 ( I )

20 CONTINL

find 1NVEF 5F TRANSFORM TO GIVE CR05S-C0DRCLATION 
N 2 ) =  N ? - )
DO I 10 1 = 1 ,N ?1
XRF AL INZ2FI♦1 > = XRF ALINZP* I-I )
X IMAGIN, r n  4 I I =-Xl MAGINZ21 1-1 )
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1 10

1*0

e

?10
c
300

600

ioo

C n N T T N U F
DO I 20 1 = 1,N
XI"Ar,( 1 ) =  - X I W A G 1  1 )
'.l)NT 1 NUf

CAUL FrriXLEAL.X1MAG.N.NU)

00 PI 0 1 = 1.N
X O F A L C I  1 = X C E A L l 1 ) ‘ OF LF  
X I  MA GI  I  ) =  X I M A G f  1 ) * ' . )ELF 
C O N T I N U E

WP1TF C 6.^00) C XPFfI < I ) , I = 1 ,N?) .(X I MAG< 1 ), I = 1 ,Np)
F 0° MAT ( 1H1 , 1 X , • XFE AL = •.F').3.?X.Ft>.3.PX,Ff>.3,»X.

F f c , 3 . P X , F 6 . 3 . 2 x , F f : . 3 , Z , o x . F e . 3 . P X . F f i . 3 , P X . F 6 . 3 , 2 X ,  
F D . 3 . P X . F 6 . 3 - ? X . F 6 . 3 . / . 9 X . F 6 . 3 , * X . F 6 . 3 , ? X , F 6 . 3 . P X ,  
F F . . 2 , P X , F f . . ? . P X , F « . . 3 . / , 0 X . F 6 . 3 , ? X . F 6 . 3 , 2 X . F 6 . 3 , ? X .  
F 6 . 3 . P X . F A . J . p x . F ' .  . 3 , / . S X , F E . 3 , 2 X , F 6 . 3 , P x , F 6 . 3 , 2 X ,  
F 6 . ? , ? X . r 6 . ’ . ? X , c 0 . 2 . Z , D X . r 6 . 3 , P X . F 6 . 3 , / . l X . ' X | M A G  
F 6 . ? . 2 X , F f j . ? . 2 x , C E . 3 , ? X . F ^ . 3 . P X , F S . 3 , 2 X . F 6 . 3 . Z , < ) X ,  
F 6 , 3 , P X , F A i . 3 . r x , F * , . 3 , 2 x , F f i . 3 . 2 X . F 6 . 3 , 2 X , F f . 3 , / 1 9 X .  
F 6 »  3 . ? X . F f t . 3 , P X , F  2 , P X . F E . 3 , 2 X . F S . 3 , ? X , F t . 3 , Z .  O X .  
F 6 . 2 . ? X . F f . 2 . ? x , c ‘S . 3 , ? X . F 6 . 3 , P X . F 6 . 3 . 2 X . F 6 . x . Z . O X ,  
F 6 . 3 , ? x , F F . 3 1 2 x . F t . 3 . ? X . F f . . 3 . P X . F t > . 3 , 2 X , F 6 . 3 , Z . 9 X ,  
F f > . ’ , 2 X , F 6 . 2 )

AFT IE (0,600) I XFE AL I 1 ) . I =N2, N) S ( XIMAGC I ) . 1=IM2, N> 
FORMAT ( I H . IX, • XPCAL = • .rf,. 3. 2X.F6. 3. PX.F6.3.2X.

F 6 . 3 , 2 X , F A . 3 , 2 x , F » 4 , 2 , Z , o x , F t . ? . 2 X , F f , . 3 . 2 X . F f > . 3 . 2 X ,
F6.3.2X,FF,3,2x.Ft.3,z.cx,re>.3.?X,F6.3.2x.r6.3.2x,
F F . . 3 . 2 X , F 6 . 3 . p x . F t . 3  Z . P y . F f . 3 , 2 x , P f .  . 3 . 2 X . F 5 . 3 . 2 X .  
F<l».3,?X,FA.3,2X,Ff,.T,z.SX,Ff.-».2x,efi.3.2X,F6.3,2X, 
F 6 . ? , P X . F E . 3 , ? X . F A . 3 , Z , a X . F Z . 2 . P X , F 6 . 2 . Z , 1 X , « x r M A G  
r 6 . 3 . P X . F A . 3 , 2 X . F f . J . ? X . F A . 3 . 2 X , F f , . 3 , ? X , F 6 . 3 , / , 9 X .  
F6.3.2X.F6.3.?X.Ft.3.PX.F'i. 3.PX.Fft.3,2X.F6.3.Z.9X, 
F5.3.2X.FF.3.PX.FF, .3.?X.Ft,.3.2X,FG.3.PX.Ft.3./.9X. 
r6.3.?X.rt.3,2x.Ff..3.?X,Ft.3.2X.Ffi.3.2X.F6.3.Z.9X. 
F 6 . T . ? X . F A . 3 . P X . F G . 2 . P X . F 6 . 3 , P X . F 6 . 3 . 2 X . F G . 3 , Z . 9 X .  
F 6 . 2 , ? X , F f . 3 )

NO = NOtI
5N0 = F L OAT(N O )
R E T U RN
CNO
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THIS r.'irr HUT INC- r i n OS Th F
f*cT r o w  ire TcAssrnt m of
/> rUf CTIlN AND I r Anr>L I CD 
AS CIV* N IN OF IGHA v (KFFF 
FENCE ?I.

SUf'FOUT I HE FF T ( XFFAL ,X I NAO. N, NU) 
D V F N S I O N  XCFAL (N) , X1MAC,(N)
N2=NX?
NUI=NU-1 
K = 0
DO 100 L = l .NU 

10? DO I 01 1 = 1.N?
P z I n lTD < K / ? » » N U 1  .N U )
AF.G-=< .?H31BS»P/FL0AT(N)
C=COF<ARC)
S=S!N{ARC)
X | = K + I 
X 1 N?= k1 At:?
TRF AL-sXREAL ( <1 N2 I *C*XI MAGIK I N ?  )»S 
TIWAG . F|«AGtF1N?)»C-X= r AL(KlN2I*S 
XRF AL (F | N2) = XF-F AL ( F 1 I -TRC AL 
X|WAGIK1N?)=XI“AG(K1 )-T1 MAG 
XPFAl I FI I=XFF AV (K1 ) ATCFAL 
XIWAGCK1 | = XI“ AGCK1 I AT|WAG 

I 01 K = K t 1
K  =  K  A N ?

IFtK .LT.N) GO TO 102 
K = 0
N'Jl = NUI -1 

100 N ’ZN?/?
DO 103 K=1 ,N 
i = in n c 1 .no) a i 
IF | | .LF ,K ) GO TO 1 03 
TRFAL =  XFEAl. < K  )

T ]VAG = XI MAGI KI 
XPFALIK)=XFEALII)
X 1w a G (K) = X|WAG{ I )
XVEALI I )=TPCAL 
XIWAGI1 )=T1MAG 

103 CONTINUE 
PETUPN 
END

c
FUNCTION IRITP(J.NU)
Jl = J 
IBITR=0 
DO ?00 1=1.NU
J2=jI/?
101TR=IU1TF »?A|J|-2*J2|

200 J1=J?
FETUHH
END



t u -S P R C G P A X  C O N T A I N S  T H E  T F A C K E ” S 1 M U -  *
, , • f C J T . ' NC S . GL NE F A T  1 H r A  O W E  - A T T A C K  • 
i' 1,1 . U E  A T T A C I  . A N D  A  1 C  T O S S  B O M B I N G  *
at ac i . in; in is f r o m  th.. j o y s t i c k  a n d
T-.r [MS T R A C K I N G  E R R O R  IS F O U N D .  *

f a r a m c t e r s

pap;m rw:»2.#.... 
O N : = 3 . 0 . . . .
O N i = 1 . 0 . . . .
(>N 2 = 0.0 .... 
VXi fc - 3 E 0 . D . . . 
V'KhE1 * - 5DD . C , . 
V V N - f l . O .  .  .  .  
\Zlt‘0 . B ,. . •
TJ C L = 7 . I C C . . 
O S : I = 2 2 . A O . . .  
THVRF*;T.D. . . . 
P S ! R y = J . P . • • •  
f.EGN = < 2 8  . . . . . 
T l : r i O l S = 8 . 6 0 1 .
S NOS * 1 . 0 -------
SANT=0.C B S .. • 
P 5 V 1 M = 0 . 0 5 . . 
T F K - 0 . 3 , . . .  
P F > > 0 . 3  
T F K I = 0 . 0 S . . .
T F ) 2 = 0 . 0 1 . . .
m : i - f l . c s . . .  
p n : 2=0 . 0 i . . .
BW=1. 0 . . . .
T 1 = 0 . 0 . . . .  
T 2 - 0 . G , . . .  
T 3 = 0 . 0 . . . .
r sv/= 1 . 0 . . . .

I I N P U T  C H A N E L  1
: I N P U T  C H A N E L  2
sO.'TPUT C H A N E L  1
«O U T P U T  C H A N E L  2
: I N I T I A L  T A R G E T  X - V E L O C I T V
. I N I T I A L  M I S S I L E  X - V E L O C I T V  ( M / S )
. I N I T I A L  T A R G E T  V - V E L C C I T Y  - M / S )
. I N I T I A L  7 A R G E T Z - V E L C C I T Y  ( M / S )
.O O V S T I C 7  S C A L E  F A C T O R  - R A D / S / V )
. O U T P U T  S C A L E  F A C T O R  ( V / K A D )
. I N I T I A L  E L E V A T I O N  S I G H T L I N S  E R R O R  ( R A D )  
. i n i t i a l  A Z . M U T H  S I C H T L 1 N F  E R R O R  ( R A D )  
. R A N D O M  K U M B E -  G E N E R A T O R  I N I T I A L I Z E R  
. L O O P  N O I S E  S C A L E  F A C T O R  
. N O I S E  G E N E R A T O R  S A M P L I N G  T I M E  (S)
. L O O P  S A M P L I N G  I N T E R V A L  IS)
. I N I T I A L  A Z I M U T H  E R R O R  L I M I T  ( R A D )
. F I L T E R  G A I N
. F I L T E R  G A I N
. F I L T E R  G A I N
. F I L T E R  G A I N
. F I L T E R  G A I N
. F I L T E R  G A I N
.JOY ST I CK ' T R A N S F E R  F U N C T I O N  S W I T C H  
. T A R G E T  T Y P E  I N I T I A L  P A R A M E T E R  
. T A R G E T  T Y P E  I N I T I A L  P A R A M E T E R  
. T A R G E T  T Y P E  I N I T I A L  P A R A M E T E R  
. F I L T E R  I N - O U T  S W I T C H

C O L  T R L D E L T , . 0 0 5 . F 1 N T 1 . 3 0 . 1 0  
l.TTEG A D A M S

I N I T I A L

FUt.CT F NP( 1 . .0. >
FUI.CT A D C  (2. ,0. ) 
F Jl CT L A C  ( 2 . . B . )  

FP/.-0.0 
T H E S T = 0 . 0  
P S . S T - 0 .0 
P T ) M = C . 0  
D T I M = 0 . 0  
DT !IOS = 0  .0 
P T N O S - 0 . 0

. I N I T I A L  T A R G E T  F L I G H T  P A T H  A N G L E  

. I N I T I A L  E L E V A T I O N  R A T E  E S T I M A T E  ( R A O / S )  
: I N I T I A L  A Z I M U T H  R A T E  E S T I M A T E  ( R A D / S )
. SAM*’ L E L O O P  I N I T I A L I Z E R  
. S A M P L E  L O O P  I N I T I A L I Z E R  
. S A M P L E  L O O P  I N I T I A L I Z E R  
. S A M P L E  L O O P  I N I T I A L I Z E R

IN S
C H O O S E  I N I T I A L  T A R G E T  A T T A C K  P R O F I L E  

R P S L  1M--PSLII-.
IF ( T 1 . G T .  0 . )  G O  T O  6
IF ( T 2 . G T .  0 . )  G O  T O  B
IF ( T 3 . G T .  0 . >  G O  T O  6
F N O - R N D ( B E G N )
T S V - R N O M 0 O .  
r‘ N O  1 " R N O - 0  . 5
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r 5 . ' f = L I M I T ( N P £ L  ! M , " 5 L  I M . R H C H  
IF ( T 5 W  .GT. 6 0 . )  G O  T O  5 
IF I T S U  .GT. 3 0 . )  G O  T O  4 
F 0 - C 0 O 0 . 0  
T H T 0 = 0 . 35 
G O  T O  6 

t  P B r 8 5 0 0 . 0  
T H T 0 = 0 . 0 0 1 7  
G O  0  6 

I  f  B ’ . 5 0 0 . 0  
T H T 0 - 0 . 0  

C- C O N T I N U E

Ci-NAMIC

F S E R - I N T r p ,P S E R 0 . P 5 E R D T )
T H L R  = I FCF, ( T HE R 0 . T H E P  tlT )
P ■ ) N T G R  (F.0.POT I 
T H T . 1 I I T G P ( T H T 0 . T H T O T )
P S T » ] M T G P ( P S I 0 . R S T O T )
T H G » I  NT G ( T H T 0 . T H G O T )
P S v  « 1 H T G F ( P S 1 0 . P S C O T )
t h : « i n t g r < t h e r 0 . t h 2 R >
PSI - 1 iNTGP ( F S E R 0  . P S 2 R  )
1 1 ^ I M T G P i T H E R 0 ,T 2 R )
P 1 •• I H T G R  I F S E P 0 . P 2 R  )
T T ’« I N T G R i T H E P 3 . T T 2 R )
P P i - ] H T G R ( P S E F < 0 . P T 2 R )

* I N P U T  J O Y S T I C K  D A T A

P P O C E O  T H J D T . P S J D T  = C A T ( T I M E , T J S C L . C N 1 ,C N 2 , S V >
C A L L  A D C < C N 1 , T H J )
C A L L  A D C  < C N 2 .r S J )

* L1I.EAI J O Y S T I C K  T R A N S F E R  F U N C T I O N
1H.'0T-T r!J* TJ SCL
F S J D T « - P S J * T J S C L
IF ( S V  .20. 0 . )  G O  T O  10

* N O N - L I N E A R  J O Y S T I C K  T R A N S F E R  F U N C T I O N
T H ; : J « T H J D T * T H J D T
P S 2 J - P S J D T T S J D T
T H J D T « S 1 G N ( T H 2 J , T H J D T >
F S J D T - S ! G N ( P S 2 J , P S J D T >

1 0 C O N T I N U E  
E N D P R O

* F I N D  T A R G E T  M O T I O N

P R O C E D  R D T . T H T P T . P S T D T - T A P ( T I M E . F P A . T S U . T l , T 2 . T 3 , R . T H T , P S T , V Z 0 >  
IF ( T S V  .GT. 6 0 . )  G O  T O  3 0
IF ( T S V  . G T . 3 0 . !  G O  T O  2 0
IF (T1 .GT 0 . )  G O  T O  40

* T A R G E T  D I V E  A T T A C K  P R O F I L E
C A L L  DI V A T  < TI M E ,F P A ,T H T , P .T H T D T ,R D T ,V Z 0 >
P S T D T - 0 . 0
IF ( T I M E . I T . 3 0 . )  G O  T O  4 0  
T l - 1 .
C A L L  f i n i s
G O  T O  40

* T A R G E T  M E D I U M  T O S S  B O M B  A T T A C K  P R O F I L E
1 F < T 2  .GT . 0. ) G O  T O  4.1
C A L I  ( N C T S ( T I M E . T H T . P S T . R . T H T D T . P S T D T . R D T )
IF ( T I M E .L T . 1 6 . )  G O  T O  40  
T 2 - 1 .

i S l G H T L I N E  A Z I M U T H  A N G L E  E R R O R  ( R A D , 
. S I G H T L I N E  E L E V A T I O N  A N G L E  E R O R  ( R A D )
.RANGE (Ml
. T A R G E T  E L E V A T I O N  A N G L E  ( R A D )
. T A R G E T  A Z I M U T H  A N G L E  ( R A D )
: G 1 Mi.AL E L E V A T I O N  A N G L E  ( R A D )
. C L U S T E R  A Z I M U T H  A N G I E  ( R A D )
:E R R O R  I N T E G R A L S
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A . L F I I ; 5 
( 0  T O  <.1

• m s !  : ; e a t t a c k  p f o f i l e
3 r  II ( T 3  . CT. jP. I G O  T O  4 0

t A L L  M I S / T l T I M E . T H T . R . T H T O T . R D T )
I STO T ^O . l-
II ( T I H E . L T .  17. I. G O  T O  4 0  
T3 - 1 .
C A L L  FI II IS 

1C C O N T I N U E  
E N D F R O

• A D D  N O I S E  T O  ..OOP

T H O S ' P f . O (L E G N ) - U . S  
F N O S ‘ R N ‘Ji H E G I D - U . I  

P F O C E D  l.irnos.i S T N O S » K O S  ( Tl ME , T N C S  , P N O S  . T K N 0 I 5 , D T N O S ,. . .
IT N O S . E N O S >

IF I t PTfi liS-S HO S) .LT. 0 . 1  G O  T O  L 0  
T H T N O S  * TI N O I S *  TIIDS 
i s -. iioS ' T i:n o i s * p n o s  
I T M O S  = TI ME 

G O  C T N O S - T !H E - P  T H O S  
E M D F R O

• A P P L Y  F 1 L T E P / A I D

T T T R  •. ( T E S T - T H G  )• I T E S T - T H G  )
p t ;:r « ( p e ' t - p s c  ) » ( p e c t - h s c  )
T H C R - T H E R ' T H E R  
F'SLR c FSEl: * P S E R
TCI M T H E ^ T - T H C - n T l ' I T H E S T - T H G D T l  
P C I ' ( r E E S " i - P S C D " r i « ( l ' S E S T - P S C D T )

F P O C E D  7 H E F  DT . PSEP. PT  . T .-IS . TI.IV. . 1 O T R M S . T E S T . P E S T  . T E R M S  . T H G D T . . . .
P S C D W  I L I T H T O T . S A  T . T 1 K L . T H I  ,PS1 . P S T N  .. F S E S T , P S U D T , . 

FSV.TFII ,?F . . P S T D T . P O . F  . D T I M . P T 1 M . T F K 1  . T F K Z  , P F K 1  . P F K 2  
T H E S T . T  1 ,F1 . P S T . T H 7 . T H U D T . T H T 1 1 0 S . T T I  . PPI  ,P )

IF (F .EO. C . 1 G O  T O  8 0 
IF ( T I M E  .Ell. 0 . 1  G O  T O  7 3 
T H F K S - I S O P T I T H I I ) / T l M E - C : O R T (  SI I I / T I M E
t d v r m s - ( l o r t ( T i i i / t .m e - c  o r t c p i i i/time
T El M S *  (S O P  T( T T I  ) ) / T J M E » < S O R T ( P P I  > I / T I M E  

7 9 IF ( F S U  .EO. 0 . 1  G O  T O  8 2
IF (( TTM-SAIIi ) . L T . 0 . 0  l G O  T O  81
T H P E S T * T H E S T
F S ? E S T * P S E S T
T P i S T * T F S T
F P E S T  *P E S T
T H i S T  = T I I U D T » T F K * T H P E S T  
T E T . T * T P E S T » T F  I 1 ' T H ^ E S T » T r K 2 ‘ T H U D T  
I S' S T - P f j D T * P F L i P S P l S T 
1 EST * P P E S T » P F I .  I * P S P E S T * P F K 2 * P S J D T  
F T I M ' T I M E  
G O  T O  81 

EL’ T H E  S T  T H T D T  
F S E S T  = P S T D T  
T H' E S T • T H E S T  
FSI E S T  - P S E S T  
T E S T = T H T  
P E S T - P S T  
F - 1 . H 

8. D T ! M * T I M E - P T 1 M
T H G O T * T H P E S T * T H J D T  
f S C U T “ F S P E S T * P S U D T
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T h " R D T  = T , : T D T - T H G D 1 * T H T I I 0 5  
F ' S C P D T - P C T D T - P S C t n  + P S T U O S  
r n  T O  £ 3 

S C  T H : R D T - T H T D T - T H J D T - T H T U O S  
r s :. P £i T -?:. TD T-PS JO T«P ST I<OS  

3 3  C O T T I H U E  
E 'J Or RO

» D I S P L A Y  E R R O R

OUVP = THtP *CSCl 
(iu; P ‘ PSE£ * 0 S C L  
T O ; I T P * L I M I T ( - 1 0 .  . 10. . O U T P  )
TO.IPP*. I M lT l - 1 0 .  . 13. . C U P P  )

F P O C C D  C . i M - O l S I T O U T P  .T O O - P  .ONI .0(12 >
C A . L  D / C e O l l l . T O U T P  )
C A L L  D A C  ( 0112. T O U ?  P )

E M O P R O

T E R M I N A L

PP.I1TF ; .00, T H T O T  , T H E R  ,T K O D T . T H P M S
P R V . U  1 . 03  . T H K T . P S O D T . T O U T P . T . R M S . T H R M S ,  TDTRMS
r«t#
• C H O O S E  A N O T H E R  A T T A C K  P R O P  II E 
If! P H O - P I I D I L E S N )

IP ( T 1 . G 1 . 0 .  . A N D  T 2 . G T . 0 .  . A N D .  T 3 . G T . 0 . ) G O  T O  1 0 6  
T S M ' R  (10*100.
F I I O I - R N O - 0 . 5
PS: 0 = L1MIT< (,PSL 1M, PSLIM.RNOi >
1P (T S U  .G T . 6 0 . )  G O  T O  1 05  
IP ( T S U  .GT. 3 0 . I G O  T O  104 
IP I T 1 .GT. 0 . )  G O  T O  101 
f 0  = 6 0 3 0 . 0  
T H T 0 . 0 . 3 5  
G O  T O  106 

1 04  IP ( -2 .GT. 0 . 1  G O  T O  101 
f 0 = 8S'J0.0 
T K T 0 . 0 . 0 0 1 7  
G O  T O  1 06

105 IF I T: .GT. S . )  G O  T O  101 
F 0 = 8 5 0 0 . 0
1 M 7 0  = 0 . 0

1 0 6  C O N T I N U E

E N D
E N D
S T O P



T H ! S  PRv GRA.I S I M U L A T E S  A  M E D I U M  *
T O : S  F O R  T R A C K I N G  P U R P O S E S .

S U i . n O U T I M E  L N G T S ( T I M E , T H T , P S T , R  T H T D T  . P S T D T  , R D T  ) 

P A R A M E T E R S

A C C E L E R A T I O N  C O N S T A N T S  < M / S * R >
C Z 1 « - 4 0 . U 
GX1-16.0 
GX2-30.0 
G'< «S0.0 
G 7 r - & 0 . 0  
GZU--30.U 

S W I T C H I N G  T I M E S  (S'
TU •- 1 .0 
T 1 « G . 0  
T l l  = I2.J0 
Tl.'=13.0 
T 1 3 = 1 <  .0

I N I T I A L  V E L O C I T Y  C O M P O N E N T S  ( M ' S )
V Z 0 = 0 . 0  
V Y 3 - 0 . 0  
V X O = - 3 5 0 . 0  

INITI/.L D I S P L A C E M E N T S  (Mf 
X C = 8 S 0 0 .
Y O - 0 . 0  
Z 0 - - 1 5 . 0  

’ M T I A L  A N G L E S  ( R A D I  
T H L 0 = 1 . 7 G 5 E - 0 3  
P S I 0 = 0 . 0  

I N I T I A L  R A N G E  (Ml 
R C = 6 5 0 0 . 0

GENERATE TARGET MOTION IN RECTANGULAR COORDINATES

IF ( T I M E ■ GT. T 1 3 ) G O  T O  35
IF ( T I M E ,GT. T 1 2 I G O  T O  3 0
IF ( T I M E .GT. T 1 1 > G O  T O  2 0
IF ( T I M E .GT. T 1 ) G O  T O  10
IF ( T I M E .GT. T 0 ) G O  T O  5

V X = V X O
V Y = V Y 0
V Z = V Z C

G O  T O  40 
5 V Z = G Z 1 * ( 1 I M E - T 0 )

V X “ V X 0 * G x l * ( T I M E - T 0 )
V > = 0 . 0  
G O  T O  40 

10 V > : « V X 0 D « G > 2 = ( T I M E - T 1  )
V Y = G Y Z * ( T 1 M E - T 1 ) 
V Z = V Z 0 D t G Z 2 * ( T l M E - T l I  
G O  T O  S0 

2 0  V X = V X 0 D » G X 2 * ( T I M E - T 1) 
V Y . G Y 2 M T 1 M E - T 1  )
V Z ‘ V Z 0 D D « G Z 3 ' ( T I M E - T 1 1 I 
G O  T O  60  

3 0  V X =V X 0 D *CX2* ( T IM E - T 1 > 
V Z - V Z 0 D D - G Z 3 * ( T I M E - T 1  1 I 
G O  T O  60 

35 V Z « V Z 0 D D » G Z 3 * ( T ] M E - T 1 11 
G O  T O  60



- A 4 B  -

t3 vXvD»v.<
vzvt»vz 
(C TO 68 

GJ vZ;iDD-VZ 
6T CONTINUE

T A F G C T  M O T  I D N  IN P O l A ” C O O R D I N A T E S

P D T . V X ‘C O S ( T H T ) » : O S ’P S T ) « V V » C O S . T H T ) * S l N  PSTI
‘t h t o v -.vz/rV-c^ cthti-ivx/r i-cosipsti-sln.t h t)- 
*PSTDT»(VX/R^*t SI N1? P S T )/COS^THtI )*( VY/F I* . COS< PST)'COStTnT>)

RETURN
END
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T H I S  S U E R  O U T  H E  S I M U L A T E S  *
C A '.IvE A T T A C K  F C R  T R A C K  I M G  *

’ C P U R P O S E S .  *
L ....*....... ............... .

SUBROUTINE DIVATf TIME.rPA.THT,R .' H T D T ,R U T ,V Z P )
c
C PARAMETERS
C

T 1 - 3 . S  
T l l - 1 1 . 5 »
V U - - 3 5 0 . 3 
P l - 3 .  H I S

C G E N E R A T E  T A R G E T  M O T I O N  IN R E C T A N G U L A R  COORDINATES
IF ( T 1 M E . L T . T 1 I ) G O  T O  2 0
IF (F P A . I T . - . 6 2 )  C-0 T O  3 0
V 2  * V Z O - 4 J . * ( T I M E - T 1 1)
G O  T O  38 

2 0  IF ( T I M E  .IT. T 1) G O  T O  2 5 
IF ( F P A  .GE. .5 2)  G O  T O  3 0  
V X = V P * 11."(T 1 M E - T I )
V Z  = 4 0 . * ( T I M E - T 1)
V Z 0 * V Z  
G O  T O  30 

2 5  V Z - V Z 0  
VX'-V0 

3 0  C O N T I N U E  
V X N - - V X
F P A - A 7 A N Z ( V Z . V X N >

C T A R G E T  M O T I O N  IN P O . A R  C O O R C I N A T E S
T H T D T = - ( V Z / R )" C O S (T H T ) - ( V < / R )* S I N 'T H T  > 
F D T « V . : " C 0 S ( T H T ) - V Z * S 1 N < T H T )

c
RETURN
E N D



THIS SVEROUTlr.E S I M U L A T E S  
A  MISSILE ATTACK. F O R  
TP;C INS PURPOSES.

s u c r o u t i n e  y S A T I T I M E . T H T . R . T H T D T . R D T )

f a f a m e t e r s

vy.*SP0.B
vz=e.0

TAFC.FT M O T I O N  IN P O L A P  C O O R D I N A T E S
T H T D T ’ -I VZ. P ) * C O S I T H T ) - (  VX/P, > * S 1 N ( T H T )  
f n " = V X * C O S - T H T > - V Z * S I N ( T H T )

P. ETUI. N 
E N D
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# THIS TACO^T nf VE *
♦ ATTACK r>nnF ILFS TO SIMULATE *
• ano analyze t h c  tracking filtep *
♦ APPLICATION. *

♦ sup°nuTincs
♦ FILTFO
♦ KG AT N

usro: *
#
#

# PARAMETERS

PAP A M T1 = ?e5.•.• :t a c g e t  v e l o c i t y  s w i t c h i n g  t i m e c s >
Til ” 1O.Si.•• :TARGET v f l c c ity s w i t c h i n g  t i m e (S)
VO  ̂ -?^0 .0 , .• * : I NIT M L TACGFT VELOCITY C M/S)
c0-^OPO e0« . • • 2 INIT|AL TAPGET CANGE CM)
lHCF0=C«00f•• • :I M T M L s i g h t l t n e  a n g l f e k k g r (RAD)
1 NT C = 0 . ?5 • • • • :INITIAL TAP GET cl EVATI ON ANGLE (PAD)
G=50*.*#* :ma x t v u m TARGET ACCELFP ATICN (M/S)
Pis.1* 1 A 150,* ••
R — 1 0 0 * * * * * 2NPISE G-NECA TOP INITIALIZER
GPAK'GFsf...... : K A N G =■ Mf ASUPf m c Nt no I Fc STD DEV I A T f ON (MJ
SFI rV=.000035 . . :FLerVAT JON CATC MFASutTE vr-NT NQl ST STO OE V < DAD/S)
SHF AF = .000001 P * TF MEASURpMrNT KOISF STO DEV (RAO/S)
PSI = 0 • • * * * 2 A Z I MtiTH ANGLr (RAO)
XHPI 1sf 000••• • * : TIL TF - INITIAL VALUE
XHPI2 = -3?R* eoo#...SFILTFF i n i t i a l  v a l u e
XHP13-.2SP.•• . :F IL TCP INITIAL v a l u e
XHPIA=0.0?0*. * * 2FILTFC i n i t i a l v a l u e
XHPIF-0..... 2F ILTFO i n i t i a l v a l u e
X HP I f» - 0 * # * * * i l t f p i n i t i a l  v a l u e
W — 0• •#• * :f i l t e p s u b r o u t i n e  i n i t i a l i z e r
V—0*0$* * * :f i l t e o SUQCOUTINE INITIALIZER
C 1 = 0 • A » * * * :F i l t c r GAIN MULTIPLIER
C2=?0•00 * •• • :ri l t ^c GAIN MULTIPLIER
C 3-•050 $ * * * :f i l t e r GAIN MULTIPLIERocIIV :r i l t c c GAIN MULTIPLIERooIOV :f i l t e p GAIN MULTIPLIER
C6=0.0^ :f i l t e r g a i n  MULTIPLIER

rriNTPL DFLT = . OE ,r [NT 1 = 30.
•
I NITIAL 
INTCG ADAMS 
*

c p t h e t- o. 
vzo=o.o 
vxo=vo
XO=nO»rnS(THTOI 
ZO=PO* FIN(THTO)
APA-0.0

♦ 1NI1 I AL ! ZTD FU.TFP VALUES 
XHO1 = XHP1I 
XHO? s XHPI2

: initial riLTfo angle output epror (p a d ) 
: initial target z- vflocity (m / s )
: I NI T I AL TADG<"T X-VELOCITV (M/S)
: INITIAL TACGFT X-COOPDINATF («)
I INITIAL TARGET Z-CUOPOINATE (M)
:INITIAL FLIGHT PATH ANGLE (PAD)
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XHt>3
XHPA
XHP5
XHP(.

XHPI3
XHPt 4
XHPT5
XHPI6

riVNAMIC

X-INTGC(XO,VX) 
z= I NIGt- ( ZO. VZ )
VX = I h.TGS ( V XO  , G X  )
vz-n.TGi (vzo.g 7)
TH5P1 = INTGn(THPPO.THS2) 
THF T I = 1NTGF ITH^PO.THT?) 
O! = 1NTGC (THPPQ.O?)
DTI = INTGP<THroo.0 7 ? J 
ZI=|NTGC(THiP0 .EZ2 )

riNO TARGET MOTION

: t a r g t t  x -c ^o r o i n a t f  (mj 
;T APGE T Z-CC03OINA1E IM)
:TARGET X-VELOCITY (M/S)
IT A °Gr T Z-VELPCI TV (M/S)
:SIGHTL1NE ANGIE ERROR INTEGRAL 
ISIGHTLINE RATE ERROR INTEGRAL 
IRANGE ROPOR INTEGRAL 
:RANGE RA TR ERROR INTEGRAL 
;RANGE MEASUREMENT ERROR INTEGRAL

i GX , r, / = T A P ( T IMT ,TI eT1 1 ,F o a ,V O.V70.G)
IF < T 1 MF .L ie T H  > GO TO 20

(FPA .GF. .6 ?) GO TO 25
GX = r,*SIN(-PA)
G ? = G# COS (FPA)
GO TO ?0
IF C T IMF .LT. T 1 ) GO TO 25
IF (FPA •LT. -.52) GO TO 25
r.x = - G * S 1 N ( F P )
GZ = -GWCO^(F D A )
GO TO 30
GZ = 0.0
GX - 0.0
CONTINUE
VXN s -VX
FPA = ATAN?( VZe VX»<)

20

»5

20

F N D P R O
•

EZ2=F7)*FT1
P n O C F O  T U C . T H E T , T H F T T « 0 . 0 T , 0 T T , X H A T 1 . X H A T 2 . X H A T 3 . X H A T A | X H A T 5 . . . «

XMAlf.XISAl .X1SA2, XI SA3.XlSAe,XlSA5tXISA6,ERK0»ECRTHF•..< 
TRPDT,ERRTHT.F ZI=0NAMI X,Z•VX,VZ.ERTHE,...

XHOl ,X M O ? , X  f,03 . X H P A . X H P E . X H P 6 . W . V . H .  S R A N G E i S E L E V . S B F A R )
o = r o p T ( X * X * Z *  Z ) »
T H E = A T A N ? ( Z , X ) |
TH‘ T = (x •VZ-Z7V X )/(P A D )
O T - ( X * V X f r Z * V Z ) / D
D T > r : ( V x r v X F V Z » V Z t X A G X t Z * G Z >  / D - D T  * r > T / 0  
T H E T " i = ( X » G Z - Z » G X ) / ( D » 0 ) - ? . * 0 T « T H E T / 0

DFTFPMINE MFAr||D«-MfNT ( NORMALLY 
(•1STR1HUTCO ABOUT CALCULATED MEAN),

IF (H, 
!=6 P<>

FO.0.) GO TO 100
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B = 0.
I 00 (TINT INUF

CALI C.AUSSC ! .f«ANGF,n, Z1 )
CALL C.AUSM I , SELCV, TUFT ,/?>
CAIL r,ALIS’"J( I , ,pci , Z3 )
CZ1= O-Zl

* FCCD vr»SU-’EVENT TO FILTER.

CALL F U  TCC ( Zl , Z^, *3 . XHAT 1 , XMATZ. XH AT3. XMAT/. , XNA TS, XHATf
XMCi .xlTO,.XMD^.XHP4.rHP«..XHOr,,,! 5 » 1 . X 1 SA 2 . X 1 S A A . X I SA A 
XISA5.XISAA.W.V.CIiCreC3eCA*C5eC6)

XHt» 1 — XM A T 1 
XHDp-XHA TP 
XH»3=XHAT1 
XHP/«= xh AT4 
XKPrt XHATS 
XHP6=XMAT6

* FIND FILTEP EPPOPS

FAC'D z: D-XXPI 
FPPTHE e T nr- XHP3 
rr^ T M T  = IH^T-XHPA 
FcpoT c DT~XHPp 
EP7HF = EPP THE

FN D P P Oi*
* FEND PMS Fppr,p
*

TMT?=EPFTUT*FCPTHT 
DP=C PPD^FPPO 
DT?r:FPPDT*PFRD'

PFOCEO THCMS.OR-S.THTRMS.OTRMS.ZFMS^CMStTIME.THrRI.THETI....DI*Di 1*71 )
IF (TIME •F o . o.) GO TO 50
TMPMS=eQE,T( i h e o  IXTI ME)
T M T f m s =E.OCT< THTI/TIMt)
O R m S= SO P T ( O I / T I M F )
OTt M c - sf)CT , 01 , /T j v(- j
ZRM5=S0FTtZI/TIME) i

fO CONTINUE 
FL„,-PO 
*
TERM!nal
^ NTr 0-l0.E = C0.rnonT,FZI .ZPMS.orMS.DTUMS 
PPVOU O.IO.EPRO.rOKDT.FPRTHE.rERTHT.ORMS.OTPMS
STOP
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this s u i c m i T inc cnwpurrs  the filter 
ALGOR IT H" FOR E S T 1 mat ING THE TARGET 
MiJT ION PARAMETERS.

suRcnuriNES u s e d :
VGA I N
IBM STANPAFO FPPTPAN SUBROUTINE 
RACK AGc

SURE OUT INF FILTRR(Z1.Z?.Z3,XHAT1.XHAT2.XHAT1.
/XHA T A ,XHAT; ,XHATA.XHATP1 ,XHA T"?. XHATR3. THATPA.XHATPS
/.XHATRf ,XI SA1 ,X1SA2.X!SA^.XISAA,X1SA5.X1SA6 .Y,V,
/Cl .C2.C3.CA.C5.Cf.)c
DIMENSION X(f.).Z(3).VX<A.6).OH!t6.6),
/GAMMA16.3). 01 3.3>.R13.3!.K(3.6).
/PHI T(6 , 6 ) ,GAMy ATI "’.C ) . TM1 0( A) , TM20(6) . TM3313) ,
/ T M A O M )  .TMSOI 3 ) , tmso( ̂  , t«70( f.) .TMB0(6> .XISAI 6 ) . 
/TM90t6) ,GA I N( f., 3) . VI NOVI f.) . XMATC 6 )#

r C DEFINE a l l  a r r a y  t e r m s
e
C ZERO TERMSe

IF < V.r.E.2. ) GO TO 6
5 v = VFI.

XHATI = XHATP1 
XMAT? = XH4TP2 
XHAT 3 = XHATP3 
XHAT A = XHATP4 
XHATG = XHATP5 
XHA Tf. = XHATPG 
X0=XHATP1 
RETURN

6 CONTINUE
%

no 70 1= 1,6 
DO IS J=I ,6 
PH I < I ,J ) = 0.
VXI I . J) = 0.

15 CONTINUE 
20 CONTINUEc

DO 30 1=1.6 
DO 25 J = 1 .3 
GAM»A(1.j) = o.

25 CONTINUE 
20 CONTINUE

C
DO AO 1 = 1 ,3 
no 35 J=l.3 
01 I.J) = 0.
R C I . J I = 0 .
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35 CONTINUE 
tO CONTINUE

c
r? 50 1-1,3 
00 45 J=I ,6 
IK I.J ) = 0.

4 5 CONTINUE 
50 CONTINUEc

C STATE VECTOR
c

X I 1) = XHATOI 
XI?) = XHATP2 
XI3 I = XUATP?
XC 4 ) = XHATP4
XI5) = XMATP5 
Xtf-t = XHATP6

r
C MFASUPF“ ENT VECTOR
c

?C1) = Zt
Z(?) = z?
Z( 3) = Z3c

C STATE TFANSITION MATRIX

pH I (!• 1 ) - 1 •
P M ! (1,?) = o o J1

P H I (2.?) 55 1 »0
P H I (3,3) = I.
P H I (1 ,A) = .03
P H I (4.4) = 1 • 0
P H 1 < 5,5) 1 •
P H I (5,4) = .05
PHI ( f,,6 ) = ? .0c

C NOISE TFANSFPPMATI ONc
G A M M A , 1 , 1 )  = C l * 1 . 0 0  

G A M m a < ? , 1 ) = C? * 0 . 0 5  

GA"MA(3,?) = C3 
G A M V A ( 4 , 2 )  -  C 4  T / o / X I 1 >

GAMMA,F,3) = C'*X0/(X( 1 )«CPS1X(3)I) 
GAMMAtf,3) = C6«X0Z(XfI)4C0SC XI3)))

C MEASUREMENT TRANSITION
C

HI 1 ,1 > = 1 .
H I  2 . 4 )  at i .

HI 3,5) = I .c
INITIAL STATE COVARIANCE MATRIX

IE lY.MF.O.l GO TO 55 
VXI1,1) = 0.01
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vxi'5.?) = o.oi
VXC 3, .1) = 1 .
VX C 4 , 6  ) = | .
V X ( 5 . 5 )  = 1.
VX<6,6) = 1.

sr- ccnt inuf
c
c sTur = ANCF c o v a c r«MCF m a t p i x
t

0(1.1) = 5.00  
0 (?,2 ) = 1 0.
0(3.3) = 1.0c

C MEA SUFE M-NT COVARIANCE MATRIXc
0(1.1) = 5.00  
0(3.31 = 10.0 
0(3, 3)  = 1.0

e
C CALCULATE CAINc

CALL KGA!N(PMl ,X,Z.GAMM A.H.VX.O.R.GAIN.Y)C
C CALCULATE (NOVATIONc

CALL GMORNfPHI.X.X1SA.A.6 ,1)
CALL r,MOR0(H»Xl SA.TM-»0 . 3,6, 1 )
CALC HSU9(Z»TM30,TM*0,T.«,0,0)

c MULTI P L Y  Eji- G A I N

 ̂*(-(- GMPROIGAlN.TMaO.VI NO V , 6, 3.1)
C ADD TO STATE EQUATIONc

CALL M A D O ( X 1 S A . V I N O  V.XHAT .6, ) ,0,0)c
C OUTPUTS
c

XMAT1 = XHAT(1)
XMAT ? = XHATI2)
XHAT3 = XHA T (3)
XHATA c XHA T {4)
XHAT5 = XHA T{5 I 
XMAT 6 = XHAT(6)
XI 5A 1 = XI S A M  )
X1SA2 = X I 5A (?)
XI543 = X1SA(3)
X I 5A4 = X 1 SA ( 4 )
X 1 S A f> s X I S A ( 5 )
X I 546 = XISA(6 )

"  • *  x * I  2 , ^  , | x ,  • M T A S U R r  m l n t  V E C  TOP =  •

• ? )
• PX
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C Zc 12.4.?X,Fl?.e.?X.E1^.4./.lX,«G»MMA MATRIX = •
r X.El?.«,2X.ei?.4./.1A.X.FI?.4,3X,E|2 . 4 ,?X.F»2.4,z,I6X,
C /E1?.*.2X.ri?.A,?x,EI2.4./.lFx,E12.6,2X.ri2.4.rx.El2.4,z,l«>X.C /Fir.4 .2 X.Eia.e.2X,EI?.4 ,Z.K>X,Fl?.4 .2 x.Fi?.4 ,?XlE12l4)
c

WRITf (6.IOC) ( (GAfNlI.J).J=1,?).l=|,61.«IVXC1.J ) .J = 1 .#;).|= 1 „6 ) 
100 F p m m a t  (/,I X .•G A IN = •,TI 2.*,2X.F12.4,?x ,f I2.A,Z.7X.

Z=ir.».?x.<-1 2 .4 .'x -|2.4.Z.7X.EI2.4,2X.E:2.4.2X.E12.A./.7X. 
VEI 2 . A .2X,FI 2.4,2X.E1».A,/,7x,F12.A .2X.F12.A,2X,cl 2.4,/.7x, 
/EI2.A.2X.C12.4.2X.F 1 2 . 4 . / . / . I X , • V At- 1 ANCT = • . C 1 2 . 4 . p x . E I 2 .4 . 2 X , 
/E 1 2 . 4 , 2X . E 1 2 . 4 , 2 X , C 1 2 . 4 , ’ , E! 2 . 4 , 1 2 x , fj 2 , * , ?x , E 1 ? . 4 , p X ,
/ E ! ? . 4 . ’ x , f I 2 # <1 , ? x . E 1 2 . 4 , P x . f i 2 . 4 , / , ! 2 x , F 1 2 . « , ? x . c 1 2 . 4 . 2 x .

/C12.4,?x.F12.4,2X,CI2.4,2X,r l?.4,/,l7x.El2.4.2X.E12.4.PX.
/E 12.4,7X,E!2.4,2X,F|2.4.2X.El 2.4./.IPX.M 2 . A.2X.E12.4.2X, 
/C I?.4.7X,F1P.4.2X.F12.4,?X,FI2.4,/.1PX,E12.4,2X.C1?.4.?X , 
/ElP.4,2X,F12.4,2X,E12.4,2X.ei2.4>
. RETURN 
ENO .
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c

1 0 
i e

t
f 100

t
C

**»*•»••***••*••«•*•*•*•»**»***♦♦•♦•***»**«#
1HIS SU9O01IT1 N*; FINDS THt GAIN FC» THE 
FILTFV ALCOFliHM.

<UnC0 UTlNFS used:
1t’,‘ f. T AND AC f) F QP T P AN SUBROUTINE PACKAGE

SUBROUTINE K O M N < P H I ,X.Z.GA““ A.H,VX.O •GAIN.Yl

01"FUSION X(A),Z(3),VXI6.t ).°MI ( G . M  . 
/GAMVA(f,3l.Ot3,3).A(3.’ >.N<?.G)t1M1(6).TM2l6), 
ZTF3|i‘:,T'«6(t).TMN(t),MT(F.?>,
/PHI T(o,f,).r,AVMAT(7,6),TF10«f..G).TM23(6,<l>.TK3 3(6,3),
/ T « < « 0 I  6 .6 ) .TMSOC F .  •• ) .T"' 3(2.A, > ,  T»70( 3. 2 ) .SIGMAI 3. 31 .
/APVAR(6.6),GA|N(F ,3),LVCC1C 3).MVEC2I3).U NN(6,6)

OEF INE UNIT MATRIX

DO I  5  1 =  1 . 6  
DO 10 3=1 .6 
UNM(I,J ) = 0.
UNV I I ,I ) = 1.
CONTINUE 
CONTINUE

CALCULATE A PRIORI VARIANCE

CALL GMTPAIPH).PHIT,6 ,A )
CALL C.MTC A ( GAMV A. G a MM A T ,6 , ? )
C«LL GMTRA(H.HT,?,GI
CALL GMPRniPH! , VX.TMtO.S.S.G)
C ALL G"“ROlTV!0.RHl’-.TM?0,f,t..6)
CALL GMPROlGamma,o.TM30.6.3.3 I 
CALL GMPFOC TM30, r.AMMAT, TMA0.6 , 3.6)
CALL maPCITMao, T M?0.A O V A C  , 6 , a ,0,0)
CALL GMPRDIH.APVAR.T'60,3,6,6)
CALL GVOSPI TM60.HT , TM70, , 6,3)
CALL MADDtTMTO.R.SIGMA. .7.0.0)

CALCULATE GAIN

CALL » !NVCSIGMA, ,O.LVECI ,MVEC2 >
CALL Gvp-niMT, |GVAeTMS0,6,3,3)
C ALL GMPROl Ar’l AK,T MEO.GAIN. G.6,3)

CALCULATE A POSTERIORI VARIANCE

CALI GMPRP(GAIN.H,TMlD,6,3,6)
C ALL MSU4CUNM, T" 1 0,TV2 0,6 .6 ,0,0 )
CALL GMPROCTM20.APVAC,VX.6 ,6 .6 )

I
WRITE <6,1001 ( (SIGMAfI,J),J=1, 3 ),I*1,3)

/ < IGAINCI,J ) .J=|.2),1=1,6)
FORMAT </,IX,'SIGm a |NV = •,2FI?.«,/.13X,3E12,A,/,I3X.3E12«*)

/ /./,1X ,"GA|N = •,3=12 . A ,Z.<lX,3ri2.4./,9A.3F12.A./.9X,
Z 3C 12.4 , / , ',X, 3T I 2.4 , / ,cx, -3FI 2 .4 )
RE URN .
END
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