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AH, TRACT

This dissertation presents the design for an optical tracker
which accurately quantifies the line-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 1line-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 decign methods (e.g. Root Locus
techniques, Bode diagrams) were applied to determine the trans-=
fer function of the optimum stabilization control 1loop. 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

vii



ilics includod wore, 3mong othsrs] fri@ﬂjxmj 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 insta=
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 the 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 wunit 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 INTRODUCTION

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 1is an integral oart of the controller
the optical tracker 1is 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, 1if any. Most radar tracker studies (e.g.
Rue (reference 21)) point out the need for high accuracy tracking
(and controllers to achieve this) 1in 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 1is, 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 1is
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 Fadyen (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 1looking at a stationary target through the optical
system, and he would see the true mot'on 1in 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 1in 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 1in 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 1loops. The
pedestal servo control loop is also discussed.

The fifth chapter 1is concerned with the measurement of the
performance of and the derivation of a model of *"he human
operator. This data is used to find atracking 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 1is to quantify a line-of-sight in the
direction of a target. By implication this 1is 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 1in 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 1is 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 1limited 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 wvarious 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 1in configuration, layout and
instrumentation. He does not discuss the implementation of
any tracking aid or filter other than that it 1is the input to

the block diagram of the tracker dynamics.



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 1in inertial coordinates and assumes that the 'Bate 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 1is 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 1limit 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 1is 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.



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. FEach 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 1is 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 wunit 1is 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

acceleration 1is

2 ,3rad/s (130deg/s) and the maximum angular

2,5rad/s 2 150deg/s ’). Axes and nomenclature

arc indicated on the figure.

3.

The optical

Target Profiles

surface defence

director 1is 1in general used as part of some

installation. Attacks on this installation

can be carried out by personnel, ground vehicles, helicopters,

aircraft

possible

and missiles. This represents a wide spectrum of

target manoeuvres which would require a prohibitive

amount of time to investigate. It is however possible to

select
test the tracker

performance with

some typical tcrget manoeuvres which would sufficiently

Bearing in mind

arc tracking

and allow conclusions to be made about its
respect Lo the whole spectrum of targets.

then that critical parameters for a tracker

speed and stability, target manoeuvre selection

was made to give high sightline turning rates (aircraft) and

zero

missile) .

This

sightline turning rate but maximum range rate (approaching

3.4.1 Medium Toss Bombing Attack

is shown 1in 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

evaluated.

This

ability in azimuth as well as elevation was

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

cally

on the tracker prevent it from being able to look vert i=

up, nevertheless it 1is a useful point for compari tive

tracking loop evaluation.

TM Y missile

(Mnch
rates
loops

range

3.4.3 Missile Attack

is assumed to fly straight at the tracker at 500m/s

1,7) at a constant altitude of 10m. Sightline turning

were therefore =zero, allowing the stability of the tracking

to be tested. It also represented a worst case for the

estimator

due to the high approach velocity.
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The

the equations

system has

now been defined to a degree

the following chapter.

that allows

of motion to be derived. This will Dbe done

in



4 S1GHTL 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 Dbase
motion stabilization 1is discussed.

The motion of the base was divided into two components
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 1loops were then
designed and evaluated, and it 1is then shown that the proposed

stabilization of the target 1in 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 Law, the torque acting on the body was given

by

4.1
where M = 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
Ui 0 4.2
und
H (r x V)M o. H = rx(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:
fdT)S 5. = (Ht}Q ~ + H.sg * 2. 4,5
a = general vector describing the state after
point

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

(“E o = derivative in the Q coordinate system

a

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 made, 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 re Jrd
re E ed

urd Jed JCD

JN Jnj  Jnd
Jnj JJ Jjd
Jnd J.d JOD



The torque exerted on the cluster by the drive was

represented by

0
—cp 4.
0
LDd~rd
where Dd the drive toroue (d-axis only)
and the friction constant

and the torque exerted on the gimbal by the drive by

0
0D 4
LD3'Fj
where LD the drive torque (j-axis only)
J
and ) the friction constant.
FJ

Using equation 4.4, the angular momentum of the cluster

could be written as

1c ~Tc 4
where k inertia of stable cluster
and —Tc rotation rate of stable cluster with
respect to inertial coordinate system
Incorporating equation 4.1, the sum of the torques was
given by
_ 4.
IcC (dt)I —1IC
and using the equation of Coriolis
4.

-IcC (—IC > jc-IC) + =C —1IC

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 (dt}I1—-10 = 10 x =0—-10~ + =0—10 + -IC 4
where Jg = inertia of gimbal
and _1p = rotation rate of gimbal with respect to inertial

coordinate system



There were three distinct, independent

involved in this study. These were the

with respect to inertial space,

relative to the pedestal (about

of the cluster relative to the gimbal

rotation rates

the rotation of the gimbal

the j-axis), and the

Their relationship was as follows:

(about the d-axis).

rate of the pedestal 1in

rate of the gimbal relati

~ 10 -IP
-1P
where Wip the rotation
inertial space
the rotation
and
to the pedestal.
-IC —10 +
( nc)
-1IC -10 + =c
where = the rotation

to the gimbal

The following coordinate transformations

defined. From the pedestal (i,]

axis system (n,j,d)

c
1oB

(
(
(
(

and from the gimbal axis system

system (r,e,d)

Ico ( cosn sinn
i—sinn( cos n
(0 0

The above vector equations of motion

useful only in the respective free

d- and Jj-axes). Using equations

expanded as follows:

o
0 1 0

rate of the cluster relat

, k) axis system to the gimbal

se 0 -sine)

sine 0 cose )

(n,j,d) to the cluster

0)

1)

4.12 to 4.15,

could also be

(4.10 and 4.11) were

rotation coordinates

they were

rotation

ve

ive

axis

(the

rotation of the pedestal

.15



sC =0B—IB +I +Ioc\ )]

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

moment of inertia

J = 1x’dm
J =

= Jj + J"cosln + JpSin’n - Jresin2n 4.

These equations fully described the motion of the gimbal
and cluster 1in 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 cal Design of the Stabilized Group
It is not intended 1 give a detailed description of the

mechanical design of the stabilized group here. A sketch of

.17

18

the layout 1is 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 ''efore the
cross-coupling between the axes, and to ensure that the centre
of gravity 1lies on the rotation axes. The assumptions made

above in the derivation of the equations of motion were there:

fore wvalid.
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The inertia tensors were calculated from the mechanical

layout, and were as follows:

Cluster inertias JrR = O,Ol89kgm2
JE = 0,0218kgm’
JCD = 0,0069kgm2
J = 0,0032kgm°?
C = 0,0
Jrd = 0,0

Cimbal inertias JN = 0,0036kgmJd
J . = 0,0022kgm2
JoD = 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, (1) 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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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
=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 1loops. All tools were
then available, so the loops could be designed.

The feature of the stabilization 1loops 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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1linc.-ir izat ion 01" the 1”0op components , elementary control

system desiygn technigques could be applied, but the design was

checked using a non-linear model and simulation techniques.
The 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 Dblock
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 andtorquer DJ = 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 1isolated.

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 functionwas

found and used to find a compensator transfer functionwhich

would result in a closed loop transfer function havingcharacter =

istiea satisfying the above criteria. The compensator wae of

the form

LhNS (1+tz1l8) (1+tz2s)
Tf+Tpls )TT4Tp 25 )

and the values of the gain and time constants were
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Tzl = 0,050s
T . = 0,010s
pi

TZ2 ’ 0,005s

TO z 0,0014s
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 wvalues 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 + 32 029,6rad/s
for the above 1loop 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 1in 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 1is shown 1in Figure

4.0, and it can be seen that the stabilized system output
(solid 1line) 1is well Dbelow the required output (dashed 1line).
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 1loop (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 1is also shown in
Figure 4.13 and 4.14. The difference in the responses was due
mainly to the difference 1in 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 1investigated
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 O0,lmrad. 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, apax»t from the bias, was not very sensitive to
changes 1in 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 23%.

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 accus=
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 1in the elevation rate
integrating gyro measurement. This had to be removed by
measuring the roll rate wusing a rate gyro, as it was found that
otherwise stabilization would be seriouslydegraded.

A further source of error was the noise 1in 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 bythe 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 70mV, 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 Jjitter. When stiction was over =
come, the 70rnV peak noise resulted in a stabilization error of
Aurad (from Figure 4.9) at 500rad/s (the expected maximum),
which 1is 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 Dbase
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 wvehicle. 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 efrect correct for the linear motion.

4.6.1 TIllustration of the Method
The method could best be illustrated by considering a station:
ary target and moving vehicle, shown in Figure 4.15. The rela=

tivec motion induced a sightline turning rate, given by the

vector equation

where £f : the sightline turning rate
v : the relative velocity
R : the range.

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

be written as

s vd 4.22
€ R
d s
an a R

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 wvehicle played
a significant role or not, the maximum expected heave velocity
or the vehicle of 3,0ms was considered. At a range of 500m,
the relevant sightline turning rate (Se above) 1is 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 Iactive when tracking moving targets at short range.
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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 1lgl, the acceleration due to gravity. This was ,
however, known only Jn the inertial axis system, so the measure
men Is and 1lgl 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), 1f 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 1lgl vector was

also subtracted here.

-I = 1Ilc-C 4-23
where G, = (0 )
)
N
is the vector of measured acceleration,
= the measured accelerations in inertial space,
ancl lie = I1sIseBIQoIoC’ "here 1SQ has the same form as T".

1¢f£ and T(@y can be found from equations 4.14 and 4.15

and IIS =
(caso cost co.-Y sinG smO -siny cosG cosY sinQ cosG +sinY sinG)
~ 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 1is, 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 1is 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 and, using a deterministic model of the wvehicle
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 1lstart-upl 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 I'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
tion 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 (100prad) resolution and 44urad rms accuracy.
Simulation then showed that corrupting the measurements with
noise resulted in a linear motion stabilization error increase
of 1lvrad, which 1is insignificant. This 1is due to the corrector
characteristic of the 1loop

Despite these restrictions, the method described here signi=
ficantly reduced the stabilization errors due to the motion of
the wvehicle, and together with the rotational stabilization
loops, would effectively stabilize the target 1in inertial space,
allowing the operator to give more attention to tracking the

target accurately.



4 .7 Podestn 1 follow-up Loop
It woo pointed out 1in paragraph 3.3 that the mirror on the
stabilized group was only able to rotate the sightline through
20" in azimuth. For some target tracking tasks and for target
search tasks the sightline had to be rotated through larger
nng2os. It was therefore necessary that the pedestal be able
to rotate through 360°. The guestion then arose as to whether
the pedestal control 1loop 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 =
tal, 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, 1instead 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.

Consdeling 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 0,1BV/A
Armature resistance PRA 1,050
Electrical time constant pie - 0,0057s
Motor constant PTK s 1,6Nm /A
Moment of inertia PJ - 10,24kgml

Pedestal friction term PR B 0,2.Nm/rad/s



The pedestal drive motor torque was transmitted through a
gearbox with ratio 6 : 1. The actual moment of inertia is
thus given by
PJ = 6x10,26
= 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. Ilie linear model was, however, used to investigate the
stability of the 1loop.

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-1inear odol: Loop Design
The optimum values of the shapingnetwork and gain were now
found using a model which containedallthesystem non-linc=

arities, 1including the servo amplifier input voltage 1limit of
6V and current 1limit of 24A. Using the results of the 1linear

analysis as a guide, the shaping network parameters were

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

The non-linear gain 1is shown 1in 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, 1t was considered advisable to introduce a position
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feedback 1loop 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 3rad/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
til30 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 0,1ls. 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 O0,1s 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 Summary
In tliis chapter the requirement to stabilize the target cffeet=
ively in inertial space has been met. In paragraph 4.2 the

equations of motion were derived for a general gimballed system.
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When ronuidrring the mechanical 1layout of the stabilized
group (paragraph 4.3) it was possible to justify certain
simplifying assumptions wth 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 1loop 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°, vyet
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 fications will be met. This will be done in the

following chapter.



5 TMACK 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 1.0Omrad 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 1in 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 sight line in space via his joy-
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stick and the stabilization 1loops. 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 1loop 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 Jjoystick , nor did ho have to watch other inputs

(eg. the control panel', or give firing commands.

5.3 Human Operator Linear Open Loop Transfer funcj ijjn
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 foundusing
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 1in improved performance.

5.3.1 Human Operator Delay

Using the simulator described above, the input to the human
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' and the output of the human operator

iperotor tracking err-
The

juysticl output) were p ed and recorded in an array.

toss-corre lation between tnese two signals was then found

mpouiia (reference 17,18)).
Hie fourier transforms of the two signals were found using

ffT algorithm (Brigham (.reference 3)).

11 (t) - rl(w)
fgft) » Igf*)

The cross energy spectrum was found by multiplying F2 (w) by

the conjugate of f£7(w).

12 (M) F*1 (w) F2 (w)

IIn ro: .-correlation between the two signals was then given
1\ Ilie inverse transformation of the cross-energy spectrum

f.0My “ P"2 .t
and f2 (t) were aperiodic , and

because the signals f1l (t)
approximated

I in FFT algorithm was used (ie., the signal was
i fini' series of points), "leakage" of the spectra occured.
Ib.: inimiZed by multiplying the signals by the Hanning
:'.dow , do fined by
h t ed o < t < Tc 5..1
\ IyJ 1 resulting cross-'orrelation function 1is shown in
ii’ The delay of the operator was given by the first
linimuii in The graph. The other peaks were harmonics
L 5 I i'si peak. The value was
111.] 0,3sec
he for tne above example was 0,2 samples/sec).
" ! H4iaiOperator Gain, Lead and Lag Terms
I i ' ing open loop transfer function for the human oper =
Ini ..as lhosen

-vs K;1 + as)
(i + ssrn + is)
of the parameters is

1 tin: a'thou used to find the wvalues

itl.chcd b =IeIly below.

0" dfi.lay i was found in paragraph 5.3.1.

found using the parameter

(reference 7.8). lhe

1i Ind y were identification
ihod de iribed in Oabay and Mcrhav

lion and human operator input were sampled every

..ere passed through filters with transfer

,02', . Those signals

Tunc I ion
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H(s) = (5 - 305¢%
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 1is 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 1in situation (the target
was flying away, so that the operator was more relaxed and
could increase his gain without 1losing 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 humanoperator 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 Ir - System ILinear Analysis

Alinear model of the tracker system could now beconstructed

and analyzed. Using rout locus diagrams, a compensator tor
improving the trr r performance was suggested.
5.4.1 Irack 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.HIF appi ox iiniition

-ts 1 - t/2s
c ; 1 T'T/2s



The poles or the system were therefore (in rad/s)
0,0 t §0.0 (error integration)
-6,67 - JO.0 (Padd approximation
-333,3 1 jO.0 (Lag term)

and the zeros were

6,67 - 3O ,0 (I'add approximation )
-0,03 - JO,0 (Lead term)
The root locus diagram 1is sketched in Figure 5.4. It was

obvious that the system became unstable ror 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 proportional-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 proportional-plus-integral element and to
study the resulting system response to see if the system tracking
accuracy could be mete

The root locus diagram incorporating the proportional-plus-
integral element is shown in Figure 5.5. A much higher 1loop
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 Trnrking 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. ITie
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 Jjoystick commands of the

human operator directly drove the sightline.
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determine the real tracking error.
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UNATDED TRACKER WITH AIDED
TR NON-LINEAR JUY= TRACKER
ACKER STICK GAIN
Medium loos bombiny 5, 5mrad 3, Omrad 1,8mrad
attack (avereqc for
3 operators 1
Missile attack 5, Imrad 2 ,8mrad 1,7mrad
(average fur
3 operators)
Dive attack 6 ,7mrad 3,9mrad 1,9mrad
(overage for
3 operators)
Average performance 5,8mrad 3,2mrad 1,0Omrad

(untrained oper =
ators )



5.6 AdapUv r Itering Algorithm Application
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 Dbe shown here that the tracking aid described above
lends itself to expansion into a tracking filter algorithm.

This algorithm 1is derived end evaluated below.

5.6.1 Jraeking 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 10).

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 - ¢ r.t.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 1is shown
in Figure 5.10 and follows the pattern of the optimal linear
filter (Sage and Me Isa (reference22)).

There was then some doubt astothe 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 Jjoystick 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) + ni(k) 5.7
where 1(k) is a zero mean white noise process with

cov {n (k) n(k)) = (k) 6 (k-3)
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The innovation process 1in the tracking filter

I(k) = Kjlz(k) - <(k)] 5.8
where

z (k) = w(k) + Jj(k) + vi(k) 5.9
is the measurement process and v(k) 1is a zero mean white noise
proce:— . Substituting equation 5.7 one obtains the following

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

cov {u(k), u(k)} = Vv(k) 6(k-3)

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 imple=
mentation of a linearized filtering algorithm in Polar coordi =
nates 1in 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 Iilter AlgorlLhm
An additional advantage of implementing the tracking filter in

polar coordinates, cluster axes was that the range filter
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1 Matrix Equations

The algorithms described above could

form as follows. Given

x(k+l )= *x (k) + r(k)

and measurement model

zik) = IJx(k) +" (k)

with tk+i = tk + T, T the algorithm

the message model

w(k )

ana considered

separately.

second order linear

discrete

structu e, being the same as

will be detailed below.

of the Algorithms

The state vector 1is represented by

x(k) = ( R(k) )
e
(ae (k) )
o )
aa (k) )
where i; (k) range (m )

R(k ) range rate (m/s )
a0 (k) elevation angle (rad)
we (k) elevation rate (rad/s)
na (k) azimuth angle (rad)
wn (k) azimuth rate (rad/s)

The matrix * =( 1,0 0,05 0 0 0
1" 11,0 0 0 0
(o 0 1,0 0,05 0
éo 0 0 1,0 0
io 0 0 0 1,0
(O 0 0 0 0
i the state transition matrix , and
f(k)=( 0,4 0 0
[ S 1c 0 0
(o 0,0 0
"0 0,3x (rn 0
RTk) R (0)
I" 0 O,O5xFTkT/co;
!O 0

"'5 Xro?2)/C01,%

be written

(reference

0

0

0
0,05
1,0
- (k)

(k)

in matrix

step size of 50ms.

As

9,22)
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is the input transition matrix

w(k) and u (k) zero mean white noise processes with

cov wik),wik) }- y 5%-j.<
andcov ( (k), (k)= Y 6 (k-3)
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 3
(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 1is found from
k (k+1) = yx ((k+1i) |k) yvT [y yx ((k+i) k) yT +y1-1 s .n

and Vx (k) is the state covariance matrix from
Vx ((k+1) |k) = *Vx (k) + [ (k) vI[T (k) 5.15
and Vx (k+1) =[I- K(k+1) H] Vx((k+1) |k) 5.16

The initial matrix Vx (0) is given by
vX;0) = 1

The noise covariance matrices are

\Y 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 Dbelow.

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) wee 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

lm, but to improve this the filter tracking ability would become



degraded, and the bias at high range rates became unacceptably
large. As it was, at fly-over there was 1 large wuias in the
results (fig. 5.12) but this was not thought to be serious,
as the optical director was mechanicall; wunable 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

0o . k2z - k2 + k3kl1 5 17
1 4 Z' - (2-K2)Z - K2 + K3K1 + 1

and for elevation/azimuth
0 x K52 ~ K5 + K6K4 g 1R
1 e/a = (Z-1) (Z+K4-1)

Applying the bilinear transformation

1+w
1l = TTz

the following resulted

0« (1-w) (w + K3Ki/ (2K2-K1Ki)) g lg
r* R " A K3K1 + (2K2 - 2K3K4) w + (4-2K2 + K3K, )o2

.\ _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 =

ator in the tracking loop.

5.6.5 Bias Correction

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. t. 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 zero.

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 was, 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 1s therefore discussed.

TAI1ILE 5.2 TYPICAL TRACKING FILTER OUTPUT ACCURACIES (RMS)
SIGHTLINE ESTIMATED SIGHT: ESTIMATED SIGHT:

PROFILE POSITION LINE RATE ERROR LINE POSH ION

ERROR (inrad) (mrad) 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 1in 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 Hain Calculation
This 1is where tuning of the filter should be done. As there
are a lot of parameters that could be changed, the sensitivity
of each 1is discussed.

The V and W matrits should not be changed, except 1f 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 1in 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 wvalue 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 1line-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. 1in calcu=
lot ions) and quantization error of constants (Deled and Liu
(reference 19)). All processes described above have been

simulated on 32 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, wused at best 16 bits. The error due to quantization

of the input was therefore investigated.
Takahashi et al (reference 23) derived a relationship be=
tween the mean square error (e) between an analog input signal

and a digital output signal due to gquantization interval (a)
e® = 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 gquantization step sizes were compared.
The graph 1is shown in Figure 5.15 (solid 1line).

It can be seen that, 1in order to maintain processing
accuracy comparable to the accuracy of the measured data
(40 rad rms) analog to digital conversion resolution of at
least 15ubits 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 Dbetween 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 1s to

create a stabilization error of 0 ,5mrad RMS. lhis was simulated

(see paragraph 5.2.1), so that the filtered parameter erros

(Table 5.2) include errors due to transducer noise.



b.7 Summnry

This chapter has shown that, assuming a stabilized platform,
and using simulator technigues, 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=
portional-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.



6 RfSULITS AND CONCLUSIONS

In this study a number of aspects of the design of optical trackers
not covered 1in the literature have Dbeen 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 manoceuvring 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 O0,5mrad 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 Jjoystick 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 1linear filter could be simply
implemented. Simulation showed that good state estimation

could be obtained and that the algorithm was robust.



It can therefore be said that the aim of this study, namely
to find the configuration and parameters necessary to track
manoeuvring targets accurately 1in 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 StAHI11 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 la+l ) (tp2s+l )

tzl = 0,050s +10%
Tpl = 0,010s 110%
xz2 = 0,005s 110%
ip2 = 0,0014s j-10%
C =15 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 0,01ls and maximum sampling
inteval of 0,25s.

The pedestal follow-up loop compensator was specified as

1+ tzs

1'Vplv

T, = 0,12s 1 10%
t = 0,01ls £ 10%
P P

with loop gain as given in Figure 4.21 arid feedforward gain
PCAN = 0,3 x 1PGAIM] 1 5%

6.2 IRACKING AID AMD FI1L1LR
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.



SUCCrSTIONS5 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 fi=
cation. On pages A2 to A30 are the listings of programs used
in conjunction with the analyses of Chapter 4.

On pages A3l to A42 are the 1listings of programs used to
obtain the human operator transfer function (Chapter 5).

On pages A43 to A50 arethe listings of programs used in
the Optical tracker simulator (Chapter 5).

On pages A5l to A38 arethe listings of programs used to

analyse the performance ofthe tracking filter (Chapter 3).
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TUI S neOG"6M FINHS TH-" tc«k gfri- *
FUN'.IICM CF A ST»DLIF!Ffi Aim L1INEA- *
Pizrn, Gi*<SAL/rLU5S5T R stami.ization «
|_opn UEIMC. MGNAL FLHa NOTATION. *
SUFFOUTINES USED: *
srr ALEOTC 1pFFrpc”cr 1i FOR *
A OETAILED DESCRIPTION. *
PAR AMFTFRS
LOOT GAIN (V/V)
CONS = 16.0
DO 100 1=1.10
PFAO Cs.*) A
GCNCPALI1ZED 1INFCTIA (KGVev) ANO DAMPING (NU/RAO/S)
DJ = .07
RD = .COsS
GYRO INPUT GAIN (RAn/S/PAD/S) AND PIC<-OFF CONSTANT
TKG 1.000
PK — RFO.SO
TQPOUFR CONSTANT INY/A) AND RESISTANCE IOHMS)
TKK ¢ .031
P=«.3
PACK FMr fV/PAD/S)
EMF = .029
START ANALYSIS
CALL DYEA 10)
CALL PATH( 1. 2$ I- * 0)
cant, PATM ( 2, 3, TKG * 0)
CALL OATMC 3¢ A, 1. =3 )
CALL PATH( As 5 PK « 0)
carLL. PATHC 6, 6t 3. , 0
carL CMPX°L (¢.12»0.5,3257.2)
CcALL LFDLAGC12+17°+0,050 ,0.01i0:
cary LFOLAG(!7,23,.0050 -.0034
cALL PATHC23,2A, 1,0 , 0
Cc I PATHC24,25. CONS , 0)
r PATH (25.20%* 1./P , 0)
CALL PATHI26.27, TKK « 0)
CALL PATH(27,2°. 1« « 0)
CALL PATHC 25,20, 1e+/nj «—1)
CALL PATMC20,?« * -eo « C)
CALL PATHC as, 25. -EMF » 0)
CALL PATHC2",20, 1 -3)
CALL PATHC?'5, 3, —3.0 « 0)
cALL 50LV1C27.30)

DO SENSITIVITY ANALYSIS

(V/RAD/S)



CALL SYNST(|P.1'5.2..580..c..1«21«"'700%
FIND STFP FFSPONSF

CALL TRFSPI.11

FIND FCEOUFNCV RESPONSE

CALL FRFS°®° I.1.1..01

CONTINUE

STOP

END
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THIS oc.rr,r?AM riMrq THC T=ANSFFP s
FUK'CTtON OF THE LINF*- IZED PF OF e.TAL *
roi.Lnv-Un LnnP. & L°?NFA01ZCC MOr»EL *

Or THE CLUSTER/CIMHAL IS INCORPO- .
RATFO# *
*

SURPCUTINFS USED: .
Src ALE®°S (PEFESFNCE 1) FOR A »
OFT AT LET) nEEf R !PT ION, *

G I"HAL/CI.USTFP LOOP PAP AMETFF S

LOOP GAIN (V/V)
CONS = 15.0
00 400 1=1.10
PFAH (S,*) A
GENERALI ?Fl> INF°T 1A (KGMAM) ANO DAMPING (NM/RAEZS)

oJ - .02
BD = .005
CYP1 INPUT GAIN (RAD/S/PAP/S) AND PICK-OFF CONSTANT
TKG = 1.700
PK = BSP.GO
TORQUER CONSTANT (NM/A) AND FFSISTANCE COHMS)
TKK = .031
F=4.7
BACK FMF (V/PAD/S)
EMF =+ .029
PEDESTAL FOLLOW-UP LOOP PAPAMETFEPS
SFPVO amMp GAIN (V/V) AND C 4T FEEDBACK GAIN (V/A)
SAG =10.5
PC*7G = 0. 1B
SERVO RFSIGTANCE (OHMS) .CONST ANT (NM/A) AND TIME CONSTANT
PRA = 1.05
PTK = 1.60
RTF = .0057

LOOP GAIN (RAD/V)
PGM N = 35.
PFDFSTAL INERTIA (KGM*M) AND DAMPING (NM/RAD/S)

PJ = 10.26
P8 = 0.20
ANALVSIs

CLUSTEc/G1MRA* LOOP
CALL DYSA (0)

CALL PATH' I, 2. 1. e 0)
CALL PATHt 2, =, TKG .« 0)
CALL PATHC 3. A, 1. 1)
caLL PATMf A 5. PK 0)
CALL PATHC 5 6. 1 , 0)

(V/RAD/S)

(RAD/S)
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CALL C«PXFL Ct «! Z.0O.S.PPf'A . ")
CAI L LFDLAr.CcIZ.I 7.0.CS80.0.013)

CALL LFDLAfil 17 «? 3 *eO0OFC =« 00 tA I

CALL PATHI?3.2*. 1.0 0)

CALI, PATMI26,75. CONS ; 0)
CALL PATH(2S.7sS, 1./» . 01

CALL PArH(?2f>.27. TKK . 0)
CALL PATKC27,?2=, 1. . 0)
CALL PATH(?P»?0. 1. FOJ  ,-1)
CALL PATH (2%1.25, -BO . 0>
CALL PATHJ25.30. 1 ,—11

CALL PATH(?0, 3» -1.0 . 0)

FFOE STAt FoLLo*-up LOOP

CALL PATH( 5,31« 1. =« 01

CALL PATHI30,21 PGAIN . 0)
CAILL LrOLAG(71 .40 0.030.0.0100)
CALL PATH(60»A1, 1+ 0)
CALL PATH(*1,47, SAG 0)

CALL PATH(*2.61« |./IPPA 0)
CALL FIALPL(4-.4°.pTE>

CALL PATH(A p.4P. PTK . 01

CALL PATH(6»,6t, -PCFG , 0)
CALL PATIilt6S,50 1,/pg --11
CALL PA TH(50. AP, —P3 . 0)
CAL" PATHtFO, 3. —1%* 1 0)

AOQOO

CALL SOLVE(1.50,11
00 SENSITIVITY ANALYSIS

CALL SfNSTCA,2*A0.*A000+*SO.A#20#-200,

CONT1MUF
STOC>

END



Tut ¢ pcnQCAV IISFS A ocrrrrvt »[ST |C BASE .
MOTION "Er'sL ENTATION AA'O A NON—LINEAR »

MO'TEL nF THE GIvrAL/CLUSTFO DYNAMICS TO *
TEST THE E'-'FCCT IVEN-SS Or THE STASILI- *
ZATION LCODS *
]
SUDSDUTINES USED: *
DASEM *
GYMOAt. *
PAFAMFTEF OFT]NITIONS
PAGAM PH!OrFr0O.0030.... IGIMAAI. AK'GLC irJfT. CCNO. (KAO)
1Hr 0O=0e 0000 *«* * rCLU”rrc ANGLE INIT. CONDe (PAD)
ET*r>=n .000 SP"OFSTAL t-"TAT ION ANGLE (KAO)
wcnn=o0.0. :CLUKTFC KPT ATTnN PATE INIT. CONO. (FAO/S)
W0J0-0.0 :Glvid4L rPTATIPN KATF INIT. CO.NO# (KAD/f)
ETAO0-0.0 :INTTI*L CLUSTFP ANGLE k-1e TO GIV3AL (cAO)
EPS0=0.0 :INITIAL GIVo*L ANGLE bpCL. TP P=0F STAL (KAO)
CGY 0=0. =« *CL11STF® GY°0 ERROR INIT. CONO. (KAO)
GGro=o. *, 2GIMSAL GYPC ERRPT INIT. CONO. (RAD)
:GYCP 0JCck-PFF GAIN (VZPAD)
KGOP=1+00 i :CST!VATED GYRO FEEO6ACK GAIN (PAD/G/V)
cr.AiN=1i c.000. 2CLUSTER LOOP GAIN (V/V)
r.GA 1 5.000, ZGl~0al LOOP GAIN (V/V)
TK™0.031 ,ex». :TORIHEP CONSTANT (NM/A)
TP-A.3,... rrorouRF KFSISTANCE (OuMs)
CRAT=0.?0nAC rCLUATFR ST ICTION (NM)
G»AT=0.00PA O :G!lwa&L STICTICN (Nu>
UFT=C. 020. :3ACK C*/F (V/PAO/S)
TZ1-0.050, -. :CPVvNENSATPK ZERO Tivc CONSTANT (KAO/S)
T22-0.005,.. ICOVofNSATnR ZERO TIMC CONSTANT (CAD/S)
TP1=0.0 10,, :CnMPpNSATnR PPLE TICONSTANT (caD/S)
TP?c0.0014, :CP 4PFNSATPK POLr TIME CONSTANT (PAD/S)
TDr>=0 .01 2CLUSTER LfCP INPUT SIGNAL (KAO/S)
TJp=0 .0, 2GIMUAL LOOP INPUT SIGNAL (KAD/S)
[TATP=%, :CLUSTER INITIALIZATION KATE (KAO/S)
CPSTPsl< rGI.VHAL INITIALIZATION RATE (RAD/5)
ZCpCS]f.:i JCLUSTFO ZFPO-CROSS INITIALIZER
ZKQCss*1 G Ivr,AL ZERO-CROSS INITIALIZER
CONTKL PELT, .0005,PINT I,100.0
INTEG AOAWMS
INITIAL
OYNAM 1C
#
WCO INTGP (WCOOe*wcnr) :CLUSTER POTATION CATE (RAQ/5)
Wl’lj 1 'TG-v (>.0J0 ,wcJT ) :GI MGAL ROTATION RATE (RAC'S)
THE 1NT GK ( THf; 0 ,wCD) !CLUSTER INERTIAL ANGLE (RAO)
PHI INTGR( 0 , VEJ) :GIMbAL INERT IAL ANGLE (RAD)
tME2I = INTGR(THEO*THE?) : INTEGRAL TO FIND fRROQ
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pm! ?I = TMTC.cfnni 0*cn'l12) 2TMTrG6AL to FIND frMF easot
ETA = 1»'TG"CrTAO,r TarT) iCt tlfTF® ANGLf GFL. TO GIvn AL (RAJ)
FPS = INTGWNCEPSD m"T ) :f,f»*pAL ANG1C PFL. TP orOF <TfL (R AD)
cCY = INT rr (C*".YO, Cxr,YT) rCt.USTRC GYRO ANGLE FRfcCR (RAO)
GGY = INTr.P (f.r.YOe GGYT ) J»IMGAL GY&0 ANGLE FRRHR fPAO)

#

a F INO Oc'!rRM! N! ST IC «ASE viOTIOfi RFPRESENT AT ION

W,

4
PRDCCD THfT ,DHI TeZTr OUei(T IME )

CALL DACEM(TINE«ZT.PuIT.Tnrr)
rND"RP

a TRANSFORM TO PfOESTAI. ROTAT !PN FATES

#.
WBX=-THr T*ST N(ITAP) 4 PHIT"CPSC ETAP)
*PY= THFT4rcS (ETap) 4 PM !T*SIN(ETAP)
WOZ- O.

a

. CONTROL LOOP COMPONENTS

# C = CLUSTER

a G = GIMPAL

a GY r GYRO

a GP = GYRO pICKOFF

» DM = DEMQOULA TOP

* SN = SMa0ING NETwnp<

a PT = PLATFDF v TOPQUEP

* C - OUTPUT

S

a GYRO 1nPUT PATE ERROR SIGNAL
CGVT = TOO-t"O
GGYT = TJO- ViCJ

a GYR3 P|CK-ot;F OUTPUT
CG°0 = CGYaGKP

cr.nr) r GGV»GKP
a SHAPING NETWORK OUTPUTS
CSNOl ,Y1 =z LFnLG! 0. .71TP! ,CGPO)

GSNOI ,Yl = LEOLG(0.*TZ1,TP| *GG«O)
CSNO?,YT = LFOLGO. *TZ?*Te? .CSNOL )
GSNO0O2+*Y4 = LCDLG!O.eT??,TP?,GSNO!)
#
a F1INO CLUSTrv/G IMO&L MOTION ACCORD INS TQ A NON-LI NEAR MQOF.L
PRQCCD kCOT.WOJT.FTAT,FOST,CPTO,GPTO = OU»M (7CROSS.?K»CSStess
TIMF fWCO*WOJ,C SNOP.GSNO?.FT A,Co5*ETATP,EPSTO ¢. .
V»DX* WOY . a«?2wCOAT #G9AT* ET APtCGA IN#GGA IN, TK« TR »RCMF )
#

CALL GYMHAL (wRX ,WRY .'33Z .WCO,wOJ,CDTO,GOTO .e=»
FT AT,ETA.EPST.Ef ,ETATPtSPSTP+ZCRQSS,ZKROSSs.e+
CBAT ,GHAT , WCOI *V»OJT )

a FIND RrLAT 1VE POTATION RATFS CLUSTFp ;GIMRAL2PEDESTAL

CPSI = WOJ-WRY
FTAT = wrO- («RxaS1IN(C°S)#WBZaCOSC FPS) )

a F|m TOROUER OUTPUTS



C°T0 = CCCAIN»rCNOz-gAvrefTAIl)+sT</rR

OPTO = (GGAINwr,SNO?-HfAF *Focr )* TK/TR
FNDP"*O
#
. FIND PM$ ST IL 1 ZFP Mil 10N

THF 2« TMf « THF
OHI reml *rHI
°POCED C'WSANSGOVCAN * 1, xBr f.c,THc?,e I?I,cINTI,DFLT)
IF (TIvF ,LT. CFINTI-OELT)) GO TO 10
<f)=TfTH'? /T IVf)
GRMS$AN=SORT(PHI ?21/T JMF)
10 CONTINUE
FNOPRQ

TERMINAL

#

»»RNTF ?. 00, WCO, THF#CW MSAN, wnj, PHIl ,GPMSAN
FNO

STOP
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U$cr

A O0'rT'=-v INTSTIC SASE

MOTION CEOcrSCNTATI ON Af O TMr NON-LINEAO

Mrnct of
TFST THE
L 1ZATION.

The

SUDcruTINES
DASEMC
SHPMOT
GVMHAL
LMTHAN
VCOO0SSs
ILMTFN

t"ARAMf TERS

PH! 0- 0*0300. « -
THr 0=0.00 33.-
r>Ht 00=3-030.
THADOeOe00O..-
Xnf>~-0e0C«l74, .
Yyoo=-0.no"a$..
zD0=-1.?20<....
ps;=3.000*...
FTAP=0*0*-+- -

wrr>o=0.0. **#
#fC)v3*"0. 0.

CTAO0=0.0. .
FPS0=0.03 .
ZM0OO=0.0 . ##-

YM>0=0.0. ¢«
XMOOrQ.0.«--
XVO=0.0%«-«-
Y»0=0.0. -

ZMO0“ 0+« 0.+ «*
TAV=150.00. .. -
Co If 0=0 .0.. -
COff'0=0.0.. *«
S 1.3. -

CSLA0=0.3000.-
r.51.A0=0 .0333,
PHAS* =1.303, .
YHASF=1-003 .+« «"*
IAS(=1.000....

ZCcLUSr10.000..
ceyc=0.,..~*
oGYi*.'=0. , . -

GG6IN =1[>. 000 « -
CCA |M r 15.000
CLMC.Ni-1. 070 ..

GLMr,*.-. 1.000 ..
PANGF=2000.0,
CKP «?C'. 5.

CLUSTrc/CIMSAL
EFFECT CF

USED:

OTNAM ICS TO

V INE AC MOTION STA3 1-
'

N
INITIAL 9AfE POLL ANGLE (WAD)
INITIAL BASC PITCH ANGLE 1P 10)
2INITIAL HASP POLL PATE (P/-01/8)
21M T1AL CASE PITrH PATE (P AD/S)
INITIAt RASr FOPWARO MOTICN (*/8)
INITIAL BASE LATERAL MOTICN (M/S)
IP I TIAL aa$P VERTICAL MOTION <M/S)
:BASF- VA* ANGLE (RAO)
: PEOE STAL angle (PA3)
INITIAL CLUSTER RATE (PAD/S)
Ik ITiAL GlvH AL RATE (PAD/S)
INITTML CLUSTER ANGLE R fL<Ilt! VS TO G 1"C AL (RAO)
INITTIAL Gl MRAL ANGLE RELATIVE TO PEDESTAL (RAD)
. TA|]T|] AL MEASURED VERTICAL MCTICN (M/S)
IN T 1*1 MEASURED LATERAL MOTION (M/S)
INITIAL MEASURED FOR*ARD MOTION (M/S)
INITIAL MEASURED FORWARD POSITION (M)
INITIAL MEASURED LATER AL POSITION (u)
INITIAL MEASURED VERTICAL POSITION M >
:AVATrAGING TIME (S)
:CLUSTFP ERROR ANGLE INITIAL CONDITION (RAO)
Gl WUAI ERROR ANGLE INITIAL COEDITI ON (RAD)
AVITACT CALCULATION SWITCH
ccLus rr.p S5LOUTLINE ANGLE INIT. f.ONO. (RAD)
2GIMwWAL SIGHTLINF ANGLE INIT. COND. (RAD)
2PHASE ANGI* IP AO)
2PHASE ANGLE IPAD)
:PHAasr. ANGLE (PAD)
:CLIISTc-t; 0 1SPLACF MENT FROM CENTRE OF RO =+ IT)
CIN|JTIAL CLUSTER GYRO OUTPUT
« INITIAL OIMOAL GYRO OUTPUT
2GIMnAL LOOP GAIN (V/V)
:CLUSrrP LOOP GAIN (VIV)
CCLUSTF LINEAR MOTION LOOP GAIN (RAD/S/kADI/S)
\G 1 AL LINf AR MOTION LOOP GAIN (AAn/S/1+AD/S )
STAQGt T i ANGE (™)
:gypp p 1lCK'-nrr gain (v/ipad>
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TK=0 .0" 1 eeo :Ton f)1)FR rONCTANT 1NM/A1

TPCA*?, *#, :TOPOUCP Pt A1ST anCE (OHMS)
GnAT=Cs00”*0, ... :GI*6AL SUCTION CONSTANT INN)

Cf'AT-0. 00~* 0.... ICLUSIFt- C.T1ICT10N CONSTANT (NM)
fiIFMI'=0.029. ... ;3ACH Fvr (V/PAC/S1

T7I=0.040, ICOT. =T Afi. LOOP CO«orNSATC«C ZF°0 (PAO/ S1
T22=0.004 SPOT. ST AH. LOOP CO»PFNSA TOP ZERO (EAP/S)
mi =o.cio .crjiT. ST\n. LOOP C9MmOT NS AToP POLE (FAO/S)
TP?2=0.001 :POTe STAP.LOOP CJNPFNSATOP POLE (PAD/ sI
rcr,=o0 .o.. *CLUSTFC LPOP INPUT fPVMANO 1RAO/SI
TJ0=0.0.. :GI'THAL rLooprp 1NPUT COMMAND tCAOZS)
ETATn=1, :CLUSTER MODEL INITIALIZER

rpsm=1i .. :1I"=. 2L WODFL INITIALIZER

Zr«:085= 1. :zFcn-rposs INITIALIZER

7Kknsd=1." :ZFCO-CRPSF INITIALIZER

SINT=0.25 SLINFAP vOT 10N SAV.PLINO INTERVAL 1IS)

CONTRL CELT«.0005.FINTI.220.0
INTFG ADAMS

INITIAL
SAMPT 0.0 :INITIAL FAMPLP TIMP ISI
coilr = 0.0 IINITIAL CIUSTFP ANGLE DIFFERENCE (RAD)
GOIF = 0.0 I1INIT 1AL G1MnAL ANGLE DIFFERENCE (NAD)
DYNAMIC
2DT = INTGR<ZOO.ZDDT) VERTICAL OASE M.DTION I"/SI
YOT = INTGP (YDT.YPDT) LATFFAL HASE vjTIDN 1Iv/Sl1
XOT = INTGC IXDO,XDD TI FOPYAPD HACR MOTICN I't/r.l
XMDT (F'TGR (XVOO. x 'T'DT ) M= ASUkKFD FC"w ADD MOTION IM/S 1
YMOT r INTGFf YVOO. YVOOT ) MEASUR’D LATERAL MOTION («/?)
ZMOT = INTG <(ZVOO.ZMOOT I  :MRAFUPED VERTICAL MDTION IM/SI
XV s INTG«IX«0.XNOTI1 :ME ASUE ¢cD ECRWA60 POSITION IM)
YM = IFTGl<Y»0.vVDT) :MEASURED LATEBAL POSITION Iw)
M = INTGRIZ"O0.Z'DT) .VvFARURFD VERTICAL POSITION IP)
TH=DT = |NTGFITMFDO.THEDOT) :p»5f p1TcH rate igaozs)
PHI DT = I>JTGP t°HI DO «PH IODT ) :?ASK POLL PATE (RAO/S)
THE = IMTGO (TH=0.TM=DT) :pasr PITCH ANGLE IRAO)
PHI = 1INT&R(PHIO.PHIDT) IHA SF ROLL ANGLE (RAD)
WCO = INTGRIACDO.WCOT) .CLUSTER ROTATION PATF (EAO/S)
WOJ = INTGRIHDJO.wodJTI IGIMpAL POTATION PATF (PAD/S)
CAN = INTGnITHCO.VCD) :CALCULATED SIGHTLINF ANGLE (RAD)
GAN = INIGP (PHIO.wnj) .CALCULATED SIGHTLINF A.NGlr (RAO)
ETA = INTGR (FTAO.FT AT) .CLUSTER ANGLE PEL TU GI"EAL (RAO)
FPS 1w INTGR(PPSO.RPST| .r.iMU A, ANGLE PEL TO OEDESTAI (RAD)
CSLA = IMTGRCCSLAO.SLO) .cluster sightline ANGLE (RAO)
GSLA = INTGRJGSLAO.SLJ) .GIM3AL SIGHTLINE ANGLE (RAD)
COIF I INTGRI CD IPO.CDIF) :DIFFERENCE ANGLE INTEGRAL
GOIFI INTGRI501=0.GDIF) :DIFFERENCE ANGLE INTEGRAL
CGY = INTGP(CGYO.CGYT) .CLUSTFP GYRO INTEGRAL
6GY = INTGP(GGYO.GCYT) :61MHAL GYFO INTtGBAL
$

* £ !Nn AVERAGE OF MOTION
»
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PPnCFO xvnr v=nuN( XMOT , Y'.'OT , Zvr,T,XD v,Yr.AV,znAV, Sw, 1AV, ...
rJn ,r,&n ,cSL « ,r,sl n)
ir (sw .lt. o.) go 1io s
X"0T= XVOT-X0ZV
YAOIrYPOT-YOtV
Zvr)T=Z'«DT-ZOAV

CAN=CKLA

G«N=GSLA

SW=-2.

5 CONTINUE

XVQTV=0.
fiNDPPO
* POTAl 10MAL VOTION STAOILI ZATION

C = CLUSTEP

* G = GI«OAL
» GY = GYPQ
* GO = GY=0 P 1CKOFF
* OM = OEMOnuLATnp
* SN = GHA"IKG NCTWOPK
* PT = PLATFORM TOR QUEP

ppocfo wv.'cot,«ojt. rcvT ,f,GYT. zr,phi r,thft.epst ,cTAT=DUM, 1
TIME .*Cr>.v,0J,cSNO2.G«:1C?,FrA, EPS, =TATo, epsTP,
ZCTPSSSZKOOES.COAT.GHAT.TOOeTJDi~TAP,, ..

TOOL ,TJOL .T<,T?,«E»'F ,rr,ilH,GGArN, TAV)

* ZEPO p ITAT TONAL VCTICN

CALL BASCVCC T IMF,ZT,PH1T, THFT)
* TR ANFFORM TO PEPEST AL POT AT ION PATES

WOX=—THFT*SIN(FTSP) + DHIT*CPS (FTAPJ
W3Y= THEY»COS (FTAO> + °HI!TtSIMIETAP)

ve>= 0.
IF (T [VF .LF. T»v) GO TO 30
EPST = WOJ-WPY

EfAT = VCO-IW«IX» FIN (rPS )FWF|7i«C0S(EnS>)
*  NOfj-L INCAC CLUSTEo/G! MOAL VQOEL
CALL GYV*aAL (wnx ,WVY ,ivgz ,FCD. ti'0j,r- ,0.GPTO ,ETAT .ETA.
EPST.EPS.FTATP.FOSTP.ZCP0OSS, ZXR0OSS.COAT.GHAT.WCDT.WOJT)
EPST —-WOJ-WPY ,
ETAT =WCO- (w3X»S!NCFPS1l+wnz*COS (EPS>|
' GYRO INP'JT RATE EPFno SIGNAL

CGYT = (TOOL «TOO)-WCO
GGYT = (TJOL «TJO)-WOJ I
* TOROUCP OUTPUTS
CPTO =(cGAIN*cSr ~-f|FMr»rTAT I*TK/TP ’
GOTO =(GGAINWGSMU aEMF=EPST)eTK/TR
GO TO 31
VO EPSTr0.0
ETAT-0.0
CGYT=0.C
GGy TH0*0
W11J=WO0Y

wco---( wp.Xx«S IN (&P s)two?tcos crpr,))
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VOJT-0.0
WCOT=3.0
31 CONTINUE
CNPPHO
#:
» UNCAP MOTION STABILIZATION

PPOCCO TOOL*TJDL*XOOT *YOOT«1ODT.THcooT ePH IDOT#POT *DDT , EQT ¢ ¢
XPAV.VOIV, XOAV, XUOPT .WODT. ZMODT=ntl««? (TI" E. HCLT , XM, YM, ZM, . . .
rHASc . TH\sr,Z ASC.ETA3.ETA.cns,ZCLUS.XOT.YOT.ZDT,r>SI|.THC, . ..
nnl ,t ANSc.CL'""Gv.C,L” S m. '*Avar . S| ".'T.TAV. Sw.XVICT. YAIOT, ?MOT)

* GENERATE "ASF MOTION <ACCFLEFAT IONS)

CALL SHOvVoOoT(TIVc,nHAFE«THASF, ZASE«ZnDr, THEOOT .PH IDOT)

* LINEAR ACCELERATIONS <M/S»S)

X00Ti THEOOT* ZCLUS
YOOTaPH100OT *ZCLUS

* TPANSFORH TO CLUSTER AXE?

CALL LMTR A*1(XPT, YOT , xni.PS I.THF*0Hl ,ETAI»,EPS.E7A. RDT.EOT. OOT )

* |[E (TI"F .LC.tavJ GO TO 20

* IF I(T|Mr-5A“PT) .LT. SINT) GO TO 25

20 CALL LPTA AY(XOOT .YOOT , ZOT1T ,PSI .THE, PHI, ETAP. EPS. FTA.ROOT , ...
FOOT.ODOT)
CALL TLFTPNIXMOOT,YYOOT.ZvVODT.PSI.THE.PHI.ETAP.EPS.ETA.O.. ...
BOOT,DOOT)
CALL L'-.TRAMXMOT.Y-DT, ZYOT.psI.THE.PHI.FTAPTEPS.ETA.FMOT, ...
EEOT,0WO0T3
SAYPT = TIVE
* APD TO CLUCTCP/C, IV?AL COWANO
25 TJOL=<GLVGN*DvoT/RANGE)*COSIFTAI
TOOL=- (CL“"GN»rmot/range)
* AVEPAC.F VT LHC ITY COMPONENTS
IF (T I«*E.FO.0.JGO TO 10

XOAV = XM/TI ME
YDAV = YM/TIMF
ZOAV = 2ZV/TIvg

IF ITIVE.LT.TAV) GO TO 10
IF ITIVF.GE.(TAV+DELT)) GO TO 10
Sw = 1.
* TAV=TAVA\ ,0
10 CONTINUE

ENOPRO

*

* FIND ACTUAL SIGHTLINETURNING PATE ABOUT
* D <CLUSTER) AND J(CIMtiAL) AXES.

SLO=-n>T/QANGE
SLJ=(DOT/RANGE>*CO31FTA)

. FIND PMS SIGHTLINE FRROP

I'POCFD CRM SEP. C.OMSEP=DUM3C TIVE.S-K.CAN.CSLA.GAN.GSLA, ...
COITI,GDICI.COIF,GDIF)
IF (51 .GF. -1.5) GO TO 15
cnir=(rAN-csLA)«(can-csla)
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GOl F= C£.AN-GSL ') *( GAN-GSLA )

G"VSER-SQCTtc.niFI /T IMC)
15 CONTINUE

INDPPO
# i
* CONTROL LOnn COMPONENTS

CGPO = CGYAGKP

GGPO = GGY* GKP

CSNP1lsYl = LEDLG<O..TZl ,Trn ,xrGon)

GSNOl1 .Y? = LFDLGCO0.,TZ1<TP} ,GGPO)

CSN02.Y? = LCOLGIO..TZ2#TP2,CSNO1 )

GSNOP,YA = LIOLG(0.TZ2»TP2,GSNO1>
TFPU) HAL

PPNTF ?,000. Xvir>T, XOT, YMHT »YPT, ZMOT *ZDT

PRNTS S.000,XPAV,YOAV, ZOAV.C5LA, rAN,G"LA, GAN
£ Nf)

STOP

.CPMSEPeGRMSFR



AORAM

THIS PPCG"AM CONTAINS

KnnrL nr rnr 0"0CSTAL AN G IVNAL *
OYNAMICS sn that Thé OEOF STal follow- *
up LOOP can ge CHFCKFO *
SURMOUT £N~S U5FO: *

GYMIAL *

AVDPO *
GIMCAL/CLUSTFO OYNAVICS pau AMETFP5S
PH:0=0.00)0.*.. :G1MnAL aANGLE INIT. CCNO. £QAO)
TMr0-0+0000 . ... :CLUSTFR ANGLE INIT.COMO. (PapD)
wC00=0° 0 ¢ « :CLUCTCm ROTATION PATE IN!T.CnNO. (RAO/S)
WOJO0—00. ««# :GTMOAL ROTATION PATr iNfT.mNp. (RAO/S
ETAO0=04#0...4# :INITIAL CLUSTro ANGLE OFL. TO GIVBAL (PAOT
FPFO"0.0.-.. : INITIAL GfMHAL AN3Lc RcL. TO PEDESTAL (PAD)
CGYO=0..... 2CLUSTER GYRn PpQOR IN!T. COND. (FAD)
GGY0=0«.«*« :GlvyAL GYRO RRROR TNIT. COND. (RAD)
GKO=F5Q :GYRD oICK-OFR GAIN (V/RAQ)
GKFD=1.00...%* tFSTT VSTFP GYRO FEEDBACK GaIN (PADZS/V)
CGA TN=1 £.000. .= . :CLUSTER LOOP GAIN (V/V)
GGAIN=15.000...° IGIM'’AL LOCO GAIN (V/V)
TK=0.021 . .we 2T DROH=F CONSTANT (NM/A)
TP=A#TQ .... 2THROURR RESISTANCE (OHMS)
BF "r-0.0?2Q.... 2PAC< =MF (V/RAD/S)
CRAT=0.00®A0, ... 2CLUS TEP STirriON (NM)
GHATrrO.00"AO. ¢+ . 2GIvnat STICTIDN (nM)
T71=0.05, ... ICPMnrxsATQC 7fRD TI ME CONST ANT (RAD/S)
TZ?2-0.005,¢°. 2COM~rKSA TOP 7Z=PD TIMr CONSTANT (RAD/S)
TPI=0.010.... 2CDMDFNSATOR POLE TIMT CONSTANT (RAD/S)
7PP-0.0014, ... *COMprNSATng POLETICONSTANT (RAD/S)
ETTP=1eO.ece. 2CT USTEC INITIALIZATION PATE (PAD/5)
FPSTP=I.0.... 2GIM AL fNITIALIZAT ION RATE (RAO/S
ZCCCssS=1.0.... 2CLUSTER 7FRO—CROSS INITIALIZER
ZKr'OBSs 1.0, .. 2G1 Mi AL ZF PO—CPOSS INITIALIZED
T.JR=0 .n-* ... 2G1MBAL LPPO INPUT SIGNAL (PAD/S)
T $*30% 2CLUSTrc LOC*p SIN- INPUT AVPL ITUDF (RAD/S)
TFPFO=1.500, .. 2CLUSTER (COP SINE INPUT FREQUENCY (RAD/S)
CAmo-o.1lt.*. 2 Ifvn IALT ZRO FOR AMPL . RATIO CALrUL AT ION
CPRTFrr.0500, ... 2 INIT IALI?RC FOR AMOL . RATIO CALCULATION
COO|Fc=.0500,... 2INITIALIZER FOR A %oL, PATIO CALCULATION

CPAMUsOw™* ...

CAVDDQrr .50. ... '
01=0. 1A, ...

. LFR=3.0,*..

r>TP=0 .050 ....
DTZ=0.0050..

PEDESTAL DYNAMICS

- Al4 -

*

A NON-LINCAR

PINITIALIZER FOR AMOL. RATIO CALCULATION
CINITIALIZER FOP AMPL. RATIO CALCULATION
2CLUSTrP ANGLE OF ADBAND LIMIT (RAO)
2CLUSTER LIMITpp FELDSACK GAIN <RAD/5/P AD)
2CLUSTER FEEDBACK LOOP CQMPENSA TO- RGLF
2Cl1 USTER FFFDMACK LOOP COMPENSATOR ZERO
2GYRO OUTPUT LIMIT

2LIMIT INITIALIZER

2L IVIT INITIALIZER

CONSTANTS

(RAD/s)
(RAtVS)
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AN V< er »on-o ..... TINITIAL PFDFFTAL ANGLE IRAQ)
ETATO0=0..... IINITI Az P-DfSTAL RATE IRAD)
PG»N=0.01,. *rFFOFORSARD GAIN (V/V)
s»r.=io.ro.... :SEPvn AWPL IF T="R GAIN (V/V)

CrG—0.1n. IS’ CVO CURRENT FE=nilAC< GAIN IV/A)
TF=0.00'"-T3, ... :SFRVO T|VP CONSTANT (RAD/S)
PI='.J*%1<5. ...

A cO0=... :SERVO RESIST ANCr ICW«S)

PO-J .77 ... SNON-LINF A0 FRICTION (NM)

PKTro0.GC.... :SfRVP rONSTANT (NV/A)

P<r=p.'.0, :SRRvn BACK C'WF (V/RAD/S)

PJ=f1."A... I°Fr)r STAL INERTIA (KGV*V)

PTZ1=3.1P0. ... ;CPpvOENSATDR ZERO TI«E CONSTANT (CAD/S)
PTO1=3.010.... ICPM-ENSATnR POLE TIve CONSTANT (PAD/S)
viiM=r.oo... . :SPPVO INDIJT VOLTAGE LIV| T (V)
ILIv=24.0,... :SFCVO CURRENT LIMIT (A)

. ELIv=.175 :CLUSTER ANGLR LIVIT (RAD)

° LODK-UP TAOLF CLUSTER AZ. ANGLE (RAD)IPFDFSTAL

* INPUT COVVANO (V)

AIGEN FPCp-10..-6.,-D.r,-=..-A..-4..-6...

3e#—A, #— FMAFEROH #0*
6e *3eW I0 e o

CoNTFL DrLT,e000?»F|NT]|,5e0

INTfG ADAMS

IN!T|AL
KVL TM -- VL IM
Nit I IL fuM
NCL !M=-EL IM
NDL--0L
YO = 0.

Y00 = 0,

) Y000=0+

DYNAMIC
?qu i INTGORCWCDOIWCDT) ICLUSTCR POTATION PATE (PAO/5)

J INTG” Cvo JO ,WOJT ) 15, Iv-itL POTATION RATE (RAD/S)
EﬁEf . ig%?ﬁ?é?cl%'t‘f@) IrLHSTp'c INFP TIAL ANGLE (PAD)
£TA = |z oo (ET,]'%O'V;JJAI)‘ IGIV3AL INEPT IA. ANGLE (PAD)
EPS - 1 16~ (£e550 c ST) ICLUSTER ANGLE PEL* TO GIyrAL (RAO)
cov - I;;?G” C]é]fGYOL(];:E);T) 72GIv3AL ANGLE PEL. TO PEOFffAL (RAO1
- ) 2CLUSTFP GYRO PQGf TION FRPQP
GGY = INTGP (GGY 0 r.GYT) IGIM8AL GYRO pQ5I I |ON FRRQP
CTATr =INTGPIFTATOQ.ETADTO) IPFDCSTAL RATC R=. TO PASE (RAC I
TO OASE (F AD)

Cl1AP=INTGR( ETAPO.RTATU) :PEDESTAL ANGLE PEL.

CTAL =
GCNCRATE ST',p INPUT COMMAND

TODS = STEP(.001)

LIMIT (NR1IV.CLIV.FTA)



THOr TAMP*Tf)DS

ppocro 7T ,nut T, THc-T=nUMi ( y1mc eTAvn” rrPEO)

* THIS SUAPnUT fNf frnos THF nAfsxc P»+?T1O0N PARAMfTARS
CAt.l nasrvr (TIMF,7T*PHI T, THET >

» THIS SUAKkOUTINF GFNCRATF? A SIMPLE SINE CURVE

* CALL FPGFNI TIME .TAMP,TFPEO.TOD)
r NDPRO

* CLUSTFR/f.1 MDAL DYNAMICS
* C = CLUSTER

* G = GIMQAL

* GY = GYP!

* Go = GYRO PICKQRF

* DM = DcMOOULATOR

* S'4 = SHARING NCT#OPK
* PT = PLATFORM TCRQUFR
* P = PEOFSTAL

* TRANf.F< M TO DCDFSTAL POTATION PATES
WHX= THF TeSIN(r1Ap) ¢ mH!T*cnsc ETAP )
WDY= THCT*COS( FTAO) - PHI T*-SINCF TAP)
WO0Z= ETATo
* CLUSTfR/GI MHAL NON—L TNr AQ OOclL
PPOCro vCDT.wnj FTAT, FDrr,CPT"%GPTO=nUM2(WPX,wry.wS7.,..
ZCRC »i. ?2<Rrsr, TIT .vrO*w'Dj,CSNI*,r TA.APS.ETTP,FPSTP, .
CTAL.CPAT.GrJAT ,CGA I*J,GGAIN. TK, TH+DE MF, PQCOT, $4)

CAIL GYPRAt. (vox, w?Y,V07,kCn, WOJ, CPTO.G“TO,ETAT,ETA,,,,
FPST,roS.FTTP,rpsTP, ZCsnSSt7KRQSS,CMAT,GBAT.wCOT,WOJT)
* FINn RFLAT fVc POTATION FATI1S

EPST = "*OJ-W*Y

ETAT = »CR- (Y¥BX*SIN(PPS )4+vP7*COS( EPS) )
* CONTrOL LOOP COMPONENTS WITH LIvVITS

CPTOl = CGAiNeCSNO?

ACPTOIrABSCCPTH1)
IF (ACPT!I *LT, 1lce7) GO TO FO
CPTOIl s-SIGN(1S.7.CPTOI )

F9 CPTO = Cf.PTAI-Pr*-'r*f TAT ) *TKI/TO
GP1lrll = GGA IN*SSNC2
AGPT'i) = AbS( GPTO! )

IF (AGPTO! ,LT, IS,7, GO TO 81
CRTOI =SIGN( 12.7 , r.oTQi >

FI GPTO = (GOTOI*OFMF*rpST)*TK/TR
SOCCT=SIGN(1l.,WCDT)
SPOCOI=S1SN< 1..POCDT)
AET-; = AOSCETA)
IF CSW el.T, 0.) GO TO 110
IF (AFTA .LT. ,17**) GO TO 100
IF(SOCOT.NE. SPOCOT) GO TO 90
ETAT = 0.
venr = o,
VCD - WBX*SIN<EPS) f WBZ*COS(EPSI
GO TO 120
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99 SW * -I.
PAFTA = ACTA
100 '>CCOT = »Ct)T
GO TO 1720
110 IF (AFT » »L T+ .17F) r.o TO 115
IF (AFTA.GT.0ACTA) GO TO 115
POCD1 = WCOT
GO TO IPO
115 sS< = 1I.
POCOT = WCOT
IPO CONTINUE
ENOPPQ
. GVPO P|CK-nrF OUTPUTS
CGPC = oFnicGY
GGPC = GKO *GGY
. Lnpr» TO per VENT OLUSTEP HITTING FNOSTQPS
F TA !=PF AOSt NDL .OU tE TA)
ACTA!=A;<S(w'TAIL
CT AN=5!GN( (AC-TA 1iriL 1,CTATI )
E1A|N-FCNS* (ETAI,FTAN.O., FTAN)
FTAOT, TFvITLCOLGCO..OTP.OTZ.ETAINI
r TAF=FCNS.V( ETA IN.F TAOT. o. .ETAOT I
tTAF"rFTAF1rFA
» GVAn INTFFNAL FECOOACK LOOP (aPOTFCTION)
DRDCFO CGYT,GGY T,CGPCL tGGPOLCDUNA (GKFH,G<P.WCD»WOJ*TDD*TJD»>.
CGPO eGG°C.CGY.GGY.ETArg.ETA)
ACGPC=A"E (CG0OO)
ACGOn =AAS< SGPO)
AFTA=RE>51ETA)
IF (fCGPO .LT. 7.cl GO TO IQ

CGYT = 0«—v.'"0O-GKFS*CGY
CGOOL = SIGN!7.5,CGPO)
GO To 31

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

31 IF <AGOPO ,LT. 7.5) GO TO AO
GGYT = 0.-WCJ-CKF9*GGY
CGOOL = SI1GNI 7.5.GG'-»0)
GO TO Ai

A0 GGYT = TJD-WOJ
CGOOL = GGOO

Al CONTINUE

FNDPPO
. coMPI (sATno NiTvnoK PCALIZFD USING
'"0ofto CSNO?,C5'.CSP.C01,CPP«C01,COP=0U"16(Y00.YO»TZ11T72.TP1,TP2.
GLIimM,CGOOL)

Cr=T?i»CGO0L t YO

CS1=CG°0L - CccC/TOI

C5NU1l=CF/TP1

ACSN1=A0S (CSNO!)

IF IACSNI .LT. GLIM) GO TO 45

CPI=0.

CcCp?=0.

CSNO|s<IGN(GLIM.CSNOI )

POOE-CTNTPOLLED INTEGRATORS
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GO TO Aft .
45 CPI-1.

CP2-1.
4f, CONTINUE

CFFrCSNOL1l*T??2£fYO0O0

Cc?=C?Nnj-crr/TP2

C5Nn2=CFr/TP?

4CSN?rAH5CCSNO?)

IF CACSN? eLTe GLIw) GO TO 47

col1™0.
co?=n.
CSNO?»S1GNIGLIM.CSNO?)
GO TO 4G

47 col =1
cCo?-1.

48 CONTINUE

CNOPPO

VI = MOOINC 0. *CP1l #CP?tCsS1
YI1 = MODINCO.,COIl.C02»csa)

GSNOi.YPeLFOLG(0..TZ3.TP).GGPOL)
G5N02.Y6=LFOLG(O..TZ2?,TO?,GSNO1)
PCOCCO rV-0UV7(Y1l.Y1l1.Y0.Y0O)

YO - Y1

Y00 * Y11
FMonro
* PEOrsS w DYNAMICS
H

* F1NO GAIN
rTAO=rTALe+!«0./ (P|*CCS(CPS))
PGAIN=AFSfN(FPC.FTAO)
orf- = PGAIN*PG AN
APFr s APS(PFF)
PfPPsPGAIN 4 APFF »CGPOL
PSNO1=LIV|T (fVLIVLfM.ocoo0)
» COMne NSATnp NFTw”"CK CfALI?rn USING Mnr)F CONTPOLLCO
PROCEO VEfN.VN.VOI ,VP?=0Uk»CPT 71 .PI Of .PSNO 1,Y0O00 VL I%*)
VF-PT Z1 *OSNO| 4 YOOO
VN=PSNO1-VF/PTP1
VI N=.VF/otpi
AVI NrABSC VI N)
IF (AVIN .LT. VLIM) GO TO 51
VP1-0-
VP ?=0
VINrSIGNCVL!M,V|N)
GO TO 572
51 vp) rl.
VP?=1
5? CONTINUE
CNOPPO
Y01-MOO!N(0*.VPI.VP2,VN)
PPOCf O DV1rnUMQ (YOOO-YO1l )
Y000=Y01
FNOPPO
* PFOF STAL SERVO INPUT

INTEGP ATORS
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VEC'rzV! *t TATP
IIN=vr<- P/PAO
WI=C.fALP (0. ,TC, !IN)
ILM1=IIMIT(NIL IM, 1LIM.HI )
» re ICTIO'| rAL"UL at [on
pt-orrn FTC- -'iv % (:tat-t, in j

IF (CTf-e .ro. o0.) 1rn to so
FTos = on«SIGN( I..FTATP)
GO TO 60

50 fton t o.
SO COSIT |NUE
FNOPOP
pnr=LPi*P<T-FTOR
£ TAOTP=POT/PJ

* FINO AMPLITUDE RATIO

PRPCCO rAMPPn, SCAMP=0UM? (cooler.CAMP,
I'CTt, WOJ.cn AI/p, CPC. [FF, s * .CAMPOO )

CAA-PCO = CA'"Dr.o
CAlL APPRO IcDO IFF.CAMP,weP.CPAMP,CPDIFF.CAMPPO)
CAMPPO = CAMPRQ

FKDPPO

*

TERMINAL

PPNTr .01lnO.CSNO?,TCD.rTAP,LMI,TOO.CGPCL

PFVDU .0l1l00.TPD.FTA.f TAF.O0,CG»OL. ACD.ETATP
FNE>
STOP
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THIS S1IRt-iJTp'C GCkicw tree «

DC TTri'INI TIc fcrirf~nte” Iom THF
P*FC M-ITION FATFS Arcocoisr, TJ THF
CELFVANT Op»rp SOFCTFA.

sur'p-'uT iNts usro:
NONE

SUf1ROt1TINE OASE"ITIVF .ZT.DHIT, THET)
C
(o3 FCF3UENFIF<

V1=.?B7

W?=.21IE

W3=.726S

w«=.469

WE.F.f IF

WG=.795

W7=.97A
Cc 7 vorto0y  sampl
VzI=-.035
Vi»=-.1 11
Vz3=-.306
VZ6=-.5P3
VzZzs=-.515
VZ6=-.793
VZ7=-.1ia7
C PITCH PATE AMPLITUDES

THF TI=- .0003?

THrT?=-.00104
THETTz. .003 31
TMFT4=..00753
THE T5=-.0112
THE T7=- .0054

C ROLL PATE AMPLITUDES
PHIT|=_,000 33

PHIT?r-.00050
PHIT 2=- .00364
PHIT4=-.01157
PH|T5=-.0323
PHIT6=-.0659
PHIT7=-.0145

C I
ZT = VZI*SIN(W1I»TIMEHVZ2*SIN(*?2*TI ME1tVZSTSINIW3»TI ME)
/ TVZ4.s,N<w4.T|MF)tvZ5.5INCwW5»T|[ME)EMZ6.SINIWG6»TIMEI
/ ¢VZ7«SIN(W7«T|MFI
TH! * = Tuee 1+EIN (yI+TIME )4THET? «EIN (v»2»T IME )t THE T3« S 1! * 3«T IME )
/ ATH=TA»S |N (W4«I|MF) *THE T5* SIN (H5+ TfME) ¢ TMET { » SIM1 WE»T IME )
A ' ETMET7*51N(»7»T|ME)
PHIT = PHIT| *5INIWt*TIMF)+PH|T2 4SINIW ?2*TI ME)+ PHI T3*5IMI WT¢TIME)
#1*MI T«#5I N1 *4 »T IMF 1*PMI T5*SIN ( WS« TIME ) APHL T6«SIN| Af, *TI MC>
A / ¢PHIT7»S1IN (W7»TIMC)
RETURN

INO
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THIS SUFOUTIKf GrN'FITES DFTFPMI-
NISTIC BASF WTIFN ATFL aTION S
ACCORO!NG fn TMF CESPfCTIVE POWER
SPECTRA.

SUBROUTINES USED!
NONE

SUI-POUT INF SspvoT (T,0HASc .THASF, zasE, ZOOT , THEOOT.PH InOT )

I
BASF MOTION ACCELERATION DATA

ZDOT=-.00I0'COSI ."SB* (TAZASC) L.II05*CO5( .?87*( TLZASC))

- .03EF,*COS (.?1fc» (T»zaSE))-.I112e*COS1.36R* (T*ZASET)

107»C0O0S<.459% (T+zaSE>>-.313A»C0S:.616*<TFZASFEF>>

-.31 3Ei*COS1 .7CE* ( T* Z4SE ) ) -.29TQ«CO0,'(.974* IT*ZASE ))
0*51«C0SI?.11P*<T*ZASE))

TMrOOT=-.000C*COS( .2SA* (TFTHASE) )-.00f.1*CCS(.?«7* ( TFTHASE ))
- .921 ?*CCSC . 'B* (TtTHASF ))- .07 IA»Ccnsi .369* (TtTHASE) )
- .15PR»COS (.4t)*tTt 'HASF))-.2290*CCS(.<. 16*tTtTHASEL
- .244P*C3St.795-ITETHa SF) I-.2640%C0OS (.974 *IT7TMASE) I
—.r3472*C0OS(?.112»II4TuAREF))

THFOOT c THEODT«1.C-0?

Pf-11tiOTA- .0000"AC'S! .2SE *(TiPHASr )1-0.0001 *COS(.2MZ* (TFPHASE))

-.fi30**C0St.71 A* (TEPHASE)1-0.0016*C05(.369*ITEPHASE))
-,005**COS( .4589* (T-tPMASF 11-0.01 34 *COS< .61 6* (TEPHASEL
-.0247 »C0S( .70S. (-rEPHASE 11-0.0«! 0*COS( .974*1 TEOHASE I
-.009tt*C0OS (2.1 12*1TEPHASE 11

RETURN

ENO
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C

IT |[Mr rnNTA !».ic NO
WOOFL IMF GI MC-AL A M CLUFT
MICF INCLUDING Cprss-CDUPLIMG
sTiniON.
I
sunsnuriNcs us”o:
VCCOFS
ISTANDARD FOCTRAN
PACKA GF

v<! c

»FAEFe»«.

SUnerilTIN'T GYVgAL (TeX.Kr,Y.WR
/FPFT.ros.rrATP.rnsTP.ZCRnSS.

OIWCNSIPN WR{ -»1 .TCOl Wm.T)
/WDM >.Wlf 3) ,TJCI 3. T)tTJDC3.3)
ZCOUTC 3)

DFFINE ARCAYS
wDIII ASX
*H (P> $1Y
Wk{3) KQZ

zZ

;3
3

DO IS 1
DO 10 J
TJC(1.3)
Tjo (1,J)
TCOI !,J)
TOPI I.J)
10 CCNTINUF
15 CONTIMUC
BASF TO G1“SAL TCANFFnpvAT ION

!
1

0O oo o

mat i.i) = cos< pps)
TOD(1l,3) =-S1N(EPS)
TOM (2, =) = 1i.
TOO (3,1) = SIN(FPS)
Top (3,3) = cnsirns)

gimhal to clustfs tkansfocmation
TCO 11 2> = SIN(ETA)
TCOI1l,1) * COS!ETA)
TCn<?,1l) =-SIN(FTA)
TCOI?,?) = COS!ETA)
TCOI?,») = |

CLUSTER INERTIA TENSOR IXGM*M)
IJCI 1,1) 0.01 PR
Tjri?,? ) = o.o?ia
TJCI3.3) - 0.000
TJC1l1l,?) = 0.0037?
TJCI 2,1 ) 0.0032

G1lVOAL INTRT1A TENSm (KGM * F*)
TJO1l1l,1) r 0.003*
Tjn(?,p) - 0.0022
TJ013.2) x 0.0021

TJJ = TJO(2.?)FTJCI2,2)*:

SUnrOUTINE

, TDS (3, -»)

n-i Inc;4s
FK DYNA-
AND

Z,Frn.A0J.Tno.TJO.xrTAT.ETA.
'KU0SS.STiC,S11K.,CDT..0J1I)

.TOCO, ?), TMl CT),
,FTT< 3) .EPT<3) .COUPC 3)
(rP5=GI MQAl  FLt V. ANGLE)

(cta=clustfp azim. angle)

ns (ETA)»COS (ET A)
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/ ¢TJCt1l.1)#SrN (ETA)»SINKFTA)
C FRICTION DAMPING TFRM tNM)
90 =« . 1GN( 1.,PTAT)
9J = .0151*Sir,N( 1.+FP5T)
CPTCi) = Q-
FPT (?) - EPST
FPT ( = Q-
FTTC1l) = 0=
rTTC?) = o«
PIT (?) = CTAT
C CLUSTER EQUATION CF MOTION.
C
CALL r.MORDI TOB, w=i.TM| ,1.3,1 I
CALL M/Dn<TMi.EDT,wr-.2.1.0.0)
CALL C.VPRDI TCO.k3.TM* .3.7.1)
CAt L MADD(TM1,ETT.w1l.3.1 .0.0)
:C

CALL GVPFD(Tjr,wI.Tui,3,3.1)
CAll VCCOSSIwI.T«1l.COUP)
C FIND CLUSTER OP IVF TOF.our
CDRT = TDO-COUOI 3)
ACDRT ¢ AMStCDPT)
C STICTION IN CLUCTFR MOTION
IE (ITAT.ED.0.1 GO TO 16
IF (FTATP.ro.0.) GO TO 16
SN=sir.N(i., FTari
SNR—SIGN! *. .FIATR)
1r IEN.ro.SNP) GO TO 30

ZCFOSSrl,
If- IF IICFOSS.E0.0. ) GO TO 70
20 *CDT=0.

WCO=*nx *SIN (ERS )+WBr*COSI FPE.)
IF (ACDPT.LT.ETIC) GO TO aq

70 IF IFTAT ,FO. 0.) GO TO 31
C ACCELERATION UNDER FRICTION
VCt-T = (CDRT-PD) /T JC I3. 3)
ZCROSS-0.
GO TO to
C ACCELERATION AFTER STICTtON OVERCOME
31 WCOT = CIJRT/TJC( 3,3)
ZCFOSS = 0.
AO CONTINUE
<
< GIMPAL ECUATION OF MOTION
c
CALL GMORUCTJO.WO.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 CMDRDC TJC.WI.T M1/, 3,3,1)



[

Cc

CALL VCPOS*" (W! ,TM1
FINO OV‘H*L DC1VF TCKOUF

A24 -

.CHUT)

r.0'T = Tj[)-rcu®°(2)-COUT (2)
AGDRT = AHS«GD” T>
S5TICTICN IN GTV«AL MOTION
IF (FPFT.CO.0.) GO TO 50
IF (r°FTP.r0.0¢) GO TO 50
SN=S!GN<|..EPGt)
S5N==5IGN< t..FPSTP)
IF ISN.FO.SNP) GO TO 70
ZKP0SS=1.
50 IF <ZKPOSS.FO.0.> GO TO 70
fO WOJT—0-
wnj=wbv
IF <AGPFT.LT.STIK) GO TO 00
70 IF (5°sr .50. 0.) GO TO 71
ACCELFPATION UNO”a FCICTION
WOJT = IGOPT-RJII/ITJJ
ZKeo55=0.
GO TO BO
ACCCLFAAT1 ON aArTrp ST1CTICN CIVFRCOME
71 WOJT = GP7TI/TJJ
ZKC'OSS-0e
PO CONTINUE
ETATP = ETAT
FPSTP = FPST
RETUPN

END
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THIS SU?-UTINE vr ASU"t*S THE
AVOLITUDE OF A RE”OQNSE m A
SIT; INOUT AND FINDS THP AMPLITUDE

rat in.

SUHKOUT INC AMPOQ (nr)IFFvSAMp, AMPenaMpeop IFF,AMPLPU )

AAMP = APSC AMP)

APAMP = AP” (PAMP)

0 IFF = aAMP-A OAMO

AO1lFF = AJSCniFF-o00 IFF )
ADD1FF =Anc (DDIFF)
SNDfFF =GSIGNC 1.,0 IFF )
SNPOIF =SIGNC 1. ,PDIFF )

IFCSAMP«FO+0¢ I GO TO 10

IF( AOIFF.GF « fA0«>IFF*?.0) > GO 10

1F ¢SNn IFF . If*0. SNPD IF ) LN TO IQ

Avnt.PO = (.iwAVPLCO>. ?w( (AAmp>a PAmd )/2,)/SAMP)
00 IFF =" 0 IFF - PD IFF

PAMO - AMP

PDIFF = OIFF

PETUPN

END



- A26

THIS SIIC'IUTIME ToaNSFORMS Tnr
| IMFAP VELOCITY FCHY tNFCTI1Al
AXFS TO CLUSTCO AXES.

siio=ouT ti«-Fo:
I Fiw ST eNfTA.'-O FOGTR an SuaoniJTINE

I>ACxXxACE

sunmi.|T JNF L «T=awm1 x£T, YnT, xpr.ns! ,Tea-,BMI,rTAP,
, cos,FTA.00,',S0T,r)OT»

OfMrMsrON Tnci( 3.3, 1C3.3) .rrn( 3, 3> .TSI (3. 3) . 3)

/TC MP< 3. 3, 1).TF< ) .CLY( J)esSLA (31
nf CFC TPANSFOOMATIONS

on ?o0 T-1i
on 20 J=1#3
TOSCI,J) =
TOOCT7+J) =
rcn<ieg) =
10 COM’ INUF
20 CONT INUF

o o o

rnsc i, i) cn” (FTAP,
SINIFrFTRO,

TnsS (i,%) s
Tnn (2,1) r —FI (rTAo)

rns (?,?) = CPS(FTAP,

rns (3, ") 1.

TOP(1*1, ~ CPF(rns,

mn (|,3) = -SIN(COS,

TP2(P,*, = 1,

TOP(3,1 ) = SIM(FOS,

TCP(3.3) = CPS(FP3,

TP (1.1, ~— rns(rFTA,

vEP (1.", T s 1IN (cTA,

TCP(2,1) = ~—SINtFTA,

TCP(r,°, = rns (ETA,

Tfn( 3, - 1.

TS1 (1M - r-T(TtHP)*CPS (P<I)

TS1(1,?, e roseTMF,*siN(PF!,

2*»1(), 2, = —SiN(TMF, )

TSt f) T, = COS (dS1,*STN (TY%*,*S1N (OH I srosi >
Tni(2,2i = S!Ki(PcI, IN(THP, «:»}(>HI 'S <n"lI)

TS1 (?*3, s CPS(TMC,*S|M(PH!)
TSI<3, I, s ens (PST,«siN (TH» Jecps (pfii
TS1<3,2, s STN(PS! ,ASINC TMF,*COS(PMI
TS! (3*3, - CPS(THC,*COS (PM!)

|)rr IMr vrrmnf;



f«( 1) XOT
Z« (21  VOT
T 10T

nn TPENSF?cwAT; nNS

C»Ll GMOPTC ras.TSI .tcmp,-*.!, ")

CAll r,Mnon( tpr, tfup ,t”m, 3,3 .1>
r“°or't Tm, rrv. r~,3i3,%)

TALL r.UOI»x>(TP .Iu.CL *.3.7.1%*

F,NO LINEAR “TTIOM COMDONPNTC
ar)T rLM (1)

rny = CL )
00T = fL” C3>

PEFTUON
FNO
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TKI5 t'JOOlir IMF rtJ»NF,FORMS H*r
t ,Mr »> VFLHCITY FOI" rL'JFTFP
\XCS TO INFOTt »L AXFF.

SHOPRfJT IN"S MccOt
,ay r,rANOABO FORTRAN SUSPOUTIMF

O»r<AOF .

SUt'FOUT INF ILUTR"NXOT.yOT.rnT.osl.THC.PH1.ETAP,
/ FPS.FTA.BOT.BOT.OOT)

ol.,ck,siON TBS (1,T),TOO! T.3).TCnC1.3),TSI I3.J>«?MIH =
/TE-0iT.D.TFNM.T1l.rFC 1.-').TBTC-.1).rLM<i).SLMC'1l

oFr |[Nr ToO In"s

no 20 T-1
no J-1
m*, <1 ,j) 0.
VYo») <iej) 0.
rrn(i,j) 0

cpntfNiir

rONTIMIJF

THS (1.1) rns (FTAOQ)
(r.i) "TM<FTAP)

Tns<i, > S <IN (rTAO)

rnstp,"™) CCr(FT *0)

TH< (7ei)

TOP<1.1) Tns ( roc; )

rnn<i, 1) - c?K<Fn<sf
inn(),?) le

VOH< ,1) «!N< FOS)

TOH< 3,3) fnc< rns) .

¥Ycn<!, 1) s frsc FTA)

TC '(~el) = S!M<tra)

rrofi,°) * -SIN (PTA)

TCP< , ) =m < TTA)
vrn<oeq, _ 1.

T<1l (1 ) rns<Tiif ) ,rPS (oc1I)
111 (1 3 -OF <TMt-)«stN<OCTI)

TIM 1 ») « —-SIM<TM -)

TIMO 1) 1 r''Koc< )*STN< VHr )¢cTM<owl )-3IN(p11)*COK out )

)
TM< & ') - 5IM(olr)*1<N(TMF)*1 [*]<KOH! M<*niC r<ii)*COl< 'Hi )
TIM"* 1) 3 rni(TMr) 11 (OH I)
111 (« 1, rnc (fst )<MN ( THF )y *rn OH I)fifNCPIT )*S!*M ™ 1)
T11 (* ?) s ™ 'Ho<$JH»*M N (THr )»Cn COH ()-rO1 (PST)VSIN(OH1)
)

T1! <? <) B fni<T)»F)*ros<nMl1

OVF!Mf V(CTOPS
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2M( 1) _ tvDT

P) = rnr
?M(3 > = nor

on TCAMcrnouAT!ONF

CALL rMpcDC TRS, s (, TCwn,3. ,,1)
rall r,uopn(rrg. : r v p , 1 ,
Ca. 1 rrn yc ,3#3,3)
CALI (rr,TTT, 1.1)

CALL r.Mnpoc TFT, ZVeCL *e*3 eu, 1)

FINO LIN-AO mMoOTION C
XOT - CL* (1)
VOT e CLMC 9)

znr - fLMCi)

FP TIJPN
rNO



THIS SUMOUT IKE FINDS TrtF CROSS
PRODUCT CIF TWO VECTORS :

[oNoNeNONS]

X XY I

INPUT FOPV AT: *13)

TS
OUT PUT FC-t-VAT: Z (3)

» . e kpnkkokkhkhkykhkke ! khkk*

F+ 00 oaq 0

SUBROUT INF VCSOssI XY »7)

DIMENSION X (;<) .YC3),Zt3)

2(I) = XCR?I*YI3) =-X(3)*Y(?)
212) = X (3) TY1l) -XI I)*V(3)
2(3) = XI1>*YC?> -XI?>*VII )
RETURN

END



1M1 C pwnr.SA;*
HUMAN OPF"ATOt
mTN*frv

Uu?rs
TN A TRACKING TACK TO

THf PAAAMCTrrg nr

“rA”'j-co DATA CF THF

A HUMAN

OPFRATOR MC1DFL OF THF FnFM

GC S) =FXPC-TS) (K

ACCOCOING TC GARAY AND

nrMCFE ?)e

(S, R) /E>(S, A))

RHAV (REFE-

SUProuriNFs ur.Fo:

CALFFT OF SPFCT
FFT
[ST 1M
PAP AK'FTEAS
PAFAM TC =10.03, ISAVDLIN-r, VINfinw CUT—CFF (5)
VO — OsPOleee ItSPUT TI"C CHTFT (S)
11 * et leee VELOCITY SWITCHING TIM? CSI
111 =11.s ITAT-GFT VFLOCITY SWITCHING TIMF 1IS)
PI-7%.1410....
C = 0.0Q7,... ICXPONFNTIAL WFIGHTINr COFFF|CIENT
OKI K 0.30,... ITPACKING AID GAIN
PK? = 0.02?,.. , :TRACKING <ID GAIN
PK3 = 0.07?2,... ITCACKING AID GAIN
PP1=0.033,... I'STATF* FILTfF TIVC CONSTANT
OLAY-1.0,... ICDCAFLATIONLIIDFNTtFICATION OPTION
P0z?2000.0.... :TACG T |N|T ,AL PANG' Iw)
vo -250.0.... TINITIAL TARGET SPFFD 1I"/SI
THEPOrp.00, ... ¢ INITIAL 2 IGHTI INF ANGLF fflRCR (DAO)
TMT 0=:0 .32 e.. . IINITIAL TARGET FLFVATION (RAD)
Ttuno-o .o0.... SINITIAL TFACKIKG AID OUTPUT IRAO/S)
DNOS.=ed « . . :SAAPL? NIP*FED FOP iFT BOUT INE
SA INTr.0 .07?S, :IDFNT|FI ED CAMPLING INTERVAL
SAUTzQ.0?, ... :TADGFT MOT|CN SAMPLING INTERVAL
SKIpzi... :"F ASURFO DATA REAO INITIALIZER
Z11-4m1.0, ... IFSTC-ATCB INITIALIZER
7 0-m1.0,... IFSTIYATOR INITIALIZER
3=-1.0, (ESTIMATOR INITIALIZ'D
zv4i-a .0, .*. (ESTIMATOR INITIALIZER
p - I..... IF=TIVATPP CURDDUTINE 'NITIALIZER
SUMNrO.o. ... (SUM INITIALIZER
SUMUzO0.0, ... (SUM INITIALIZER
KUMK/zOuO nuun (SUM INITIALIZER
. SUMU2=0.0.... (SUM INITIALIZER
CONTPL nF1T.0.0000.r I1NTTI.20.0
tNTFG AOQAWS
IN! TIAL
>UNC T DELAY (S00.0)



TO? = 3.*ro

vzo=o. (INITIAL VFCTIC&L TARGCT SPEFO <V/S)
rPA=0. : "NiTi*v TAPGAT FLIGHT OATH ANGLE (DAO)
SA"Pl. = o. :FAMoL TNG TNITIALI ZED
SKIPO0=0.0 ISAMPLiNG INITIALIZFR
DSAUPL-0 :S*MPLING 1VITIALIZED
osNn=1i. :FAPPL ING INI' 1ALTZER
ofamntctc/onos :FANPLING INTERVAL FOR FFT
rnrsr = 0.0 :INI 'It'- EfTI1"ATED SIGHTLINF ANGLF (DAD)
PTIM = o.o0 :pPOrviICUF SAVOLF TIV'E 15S)
dtim = o.o ISAVPLE TIMF INTFCVAL (S)
TYNAN 1C
#
THFP = INTGD (THFAO.THEPD') ISIGHTLINE FROOD ANGLE (RAO)
THFRI = INTGCCTHERO.THFR2) ('POOR ANGLE FOR RMS CALCULATION
R = INTGG (»0«DDT) IPAK'GE (")
THT m |NTGC (THTO.THTDT) ITAc GET ELEVATION ANGLE (PAD)
*
# INPUT JOYSTICK DATA

L]
PFOCEO THTNOS+TMJOeOAT (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 SK1PO=SK|PO*S<IP
ENDDRO
THJOT=THJD

*

* SIMULATE TARGET MOTION

*

PROCFO VX,VZ=TAC(TIME.T1.Til.roa,V0O.VZO)

IF (TI«F .LT. 11) GO TO 20
IF (FPt .LT. -.57) GO TO 30
VZ = VZO—AO.* (TIML-T1I)

GO TO 30

20 IF (TIME .LT. T1lI GO TO 25
IF (FDA .GEe .571 GO TO 30

VX = VOF1 I.*(TIME-T1)
VZ e AO.*1TIMF-TI)
VZ0 = VzZ
GO TO 30
25 VZ = VZO
VX = VO
30 CONTINUE
VAN = -VX
FPA = AIAN7 (VZ,VXN)
ENDPRO

THTr*Y=-(V7/°) *O0S (THT ,- (VX/P )*SINI THT )
POT =VXtCOS (THT) -VZ»S1i, (THT)

F1iJO TTACKING AID OUTPUT



PFfOCrn rur:oc

.TMPMSiO«1? ( TMTOT , TMjnT.TMTNOS. thcst, ther

SENT , PKl.p<2 I'AK'tT!ImME)
I iTi”E .co. ©0.) r.n rn FO

IF <<CTI“-S»M) .IT. 0.1 GO TCr 31

. Fl'm pvc

.Cp- C

Tt4Pvs=: =ORT (THER1lzrMr )

TMfPSTr THCST
TMTDE£T=THTS5T
TH TSTKTHIJDT*PK? FTHTPST

FHE STelHTp ST*DK34THIDT*PKI.THEPST

PTIP=T
GO TO

1"E
31

60 THEST-THTCT
THCPCT= THEST
61 OT1"=TIMF-PTTM
. FINO SIGHTLINC Ecpno

THFPOTPTMTOT-CTMFPSTFTHJOT-THTNOS )

ENnpno

THFP?=THrP»THCO

» FIND STAND1Pn DFV1ATIONS.NO 1SE-TO-SIGNA.L PATIO

e

PKOCF D NT SP.S Z. SNeOU1
IF (TIME .GT. 0.) GO TO «O
COUNT = 1.
GO TO SO

AO CONTINUE

. MEAN
SUMN e SUMNFTHTNOS
SUMU = SUVUtTHTOT
TMN = EUMN/COUNT
UMN s cUMU/COUNT

. DEVIATION
SUVN? = SUUN2 ¢ THTNOSATHTNOS
SUMU? = FUMU? & THTOTFTHTOT
SNI r S'IMN?/COUNT - TMNFTMN
ASNI = »9S(SNI)
SN = SORT (AFMI1 |
S2i = suv.ur/cnuNT - umn»umn
ASZI = A6S(ST1)
SZ = SORTI1ASZI )

« PATIO
IF <Cz .CO. 0.) GO TO AS
NTFR = SORT! (SN«cN)/ (SZ»SZ))

AS COUNT

= COUNTeI.

SO CONTINUE

ENOOPO
»
. FIND D

ELAY (CFOSS-*COD°rLAIION USING AN FFT)

DT IM.PT IM,

(SUVN .SU'N2 .SUPU. SUMU? .THTNOS.THTDT, T IME )

PPOCCO OFT,0GT=PU?ITIME.PSAMPU.OSAMNT, THER.THJD.DNOS.DSNO,TC.. -
PI.DLAY.FINT1.THF ST)

IF (IC
WOlTF

100 FOPMAK <HANNING fNO-TIMr GfIATCP THAN FINTIM")

.LFe FINTI) GO TO 5S
(F.1001I
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on TO *o
55 IF IDl1AY .LT. Ie+I GO TO fO
IF (TIFF .LT. OSA 10L) GO TO 60
. HANNING FUNCTION
ir I Ivr .GT . TCI GO TO Gr
OFT = le.»THFST»(n.=-0.5TenSI1?2.*PI»TIFF/TCI)
OGT E 10 .TTHJO* (0.S-0.f£.*COS(2.*0 I*T IME/TC II
e« F|NO S',cCTF1)U CF A FIGNAL
65 cALL SPECT(OFT.ONOSiO5NO0)
* F INO rrrss—-copPFv AT ION OF TWO SIGNALS
@ 6S CALL CALFFTfOFT .OGT .on”"s.dsno.dsamnti

OSsayPL - OSAMPL+OSAMNT
60 CONTINUE
INOPPO
* IDFNTIFY HUMAN OPFP ATOF. TPANSFFR FUNCTION PARAMETERS
* "STATE" FILTER OUTPUTS
Z = THFR
u = thtdtfthtnos
TZI = CFALP(0.,RP|.2)
TZP = RFALP(0..PP1 .T?1 I
TZ.” = 6EALPIO..RO1 .TZPI
TZA = rFALP(O0..PPI.TZ3I
Z0 = FEaLp<0..PP1l .TZA I
71 = (TZA--0)*(I./RP| I
z? = (rz.i tole('./cxM )* (I+/P°I 1-2 .* (I./cpl> *
23 = (T?P-20)M1./RP1 )»(1./DPI 1»(1 ./SOI >3.*C I./«P1l I* (1./RPI I=.
Z1-3.*(1./RPII"Z?
ZA = (T2z1-z0)"(1./r°11 ('./FP|)»(1./TOI IM1./RP1l I-...

a.»(|,/PPlL )»I1./RP| )» (I./SP1 I»Z1-6.* (1 ./F.P1}e! I./5p1)*22-.
a.*<I./kP|)»73

75 = U .-ZOl+(l./leo|)*t1.ZRp11*(«./ROI>«(I./RP1 1*11./RP1)-...
5. (I.Zen|), (|,/tot) . (|./coi ). (|./KOI )*z1-.
I0.»(1./RPI I*(I./RPI I*I1./RPI )*Z2-10.*11./RPI )*(1./PP1>*23-.
5.*M./FP|>*72%*

TUtll e REAL "I 0. .RPI .11)
TUU? K PEALPCO..RP|.TUUlI
TUU3 ¢ PFALP(0..R°1.TUU?)

uo = CrALOcoe,rni jTyUul)

oI = ( UUl-uU0) »C1l,/RP>)

112 = (T11*1*-»J0)* (! ,/PP|)» (I./RPI)-2.«(1./RP|)*UI

U3 = (TUuUul-Uuo0)*Cl,/RPI I'M. /PP| )»(1./RPI )-3.*( 1./RPI )» (1./P°1 )»
Ul-3.¢!1./»P1 I»U?

VA = (1.-UO0)*(1a/T PII»(1./RP|>»(t./RPI)e*(I./BP1l)-*.»

Ad*(1 ./PPl 1% (@ ,/OP", )e (1./RP| )«Ul -6.% (1./PP I)*C1./RPI >*L>?-. ..

A. #C1./PP1)*U3 HUH HH 898

rro - Z? - Ul
«01 = 23 - U?
PO? = ZA - U3
PC*3 > 7

POA - 22



UV? = CELLV(E6.T0.U)
UV3 B DELAY (M »«TO02 .U)
UVA = DEL »Y (1'.n,TO".U)

* on rsrif'ATiDN
P[r, (' ) ORT1 .ORT2, DCT3 .DAT6 ,K .NKT=DU <t RO1L .C02. ro 3...

sn» .FTO.UV1l .UV’ .'IV3. 'IVA,C.D, SA INT« SAVPL. T! ME
ZF) .?r?.Z%ZE3,ZCA.DLAY)

It tDLAY .r0. Il GO TO 70

;r (TU'ir .LT. SAv°L> GO TO 70

(ALL FST |"(=Dl .Rn2,rD3,R.3A,FT0.UVl ,UV2 .UV 3, ...
Uveé ,DPT1.DRTP.DFTS.D"TA.K.NPT.ZE1.IE2» ZE3.ZFA
SAVPL = SAMPL A SAINT
70 CONTINUE
fnopro
TERM INAL.

PRNTF 0.100.0=7’".0RT?.DRT3.nPTA.K.NRT
PPVOU 0.100 .IHTOT .THFP .TKJOT. THI1IT«S.DFT.OGT
CNO

STOP
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c+***, ~k~k+~k*****~k***»**»***»+$$~k**~k~k*~k#*$$$~k

r this “un””ur in- p ino5 tme: avdl ltuoe *
c SPEC TCUM Oe A TIvc FfJIJNCTICN* fT CAN §
c BE CAILED AY TH~ HUMAN oppr atmr s
C ANALYSIS PROGC AM wIlH THE APPRO- *
C PR IATF MODIFICATION. *
c *
(e} SUBCOUVINCS USED: *
C FET A
c
SUL"CUT!NE SPECTCET.SDN.SNO)
01 MENSI ON XFEAL<6») *XIMAGItA)eS<64)
C
N= IF IX( SON)
NO=IF IX (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( I1=0.
5 CONTINUE
C
CALL FFTCXREALWXIMAG.N.NU)
C
00 10 I=1.N
SC I>=SO0ORT (XOEAL (I)*XREAL (I)fX IMAG( I)*X!MAG( I))
10 CONTINUE
C
WRITE (~,3001 (XREALf I1.1=1 .N2I* (XIMAG( I), 1=1 .N?).(SCI>.1=1
TOO FORMAT (1H1 .1X, *xoral = =«. fl.a./.gx,IFfl.4./,9Xe6fa .4.
I} /I.SX.SFn.A ./. IX. " "'XIMAG =«.Sr*".A./.9X.0F9.A./.9X.EF«».A,
/ /.PX.9ce . A 1X.e*SPFCTRUM =« .HF8.A,/, 1|X.dFa.A./. I1X.3F 6 .A.
/ /.1 1X.8F6ed 1

500 NCsNOf f
SNO e FLOAT (NO)
RETURN
END
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THIS’ si‘ttpnu;:iNF COMTAINS THC .
FFCUCSION FORMULA fo= fsti»mating *
TME HUMAN QPFCATO03 TCANFFEO *
FUNCTIHN ACCCF »ING Tn GABAY AND *
MrPHAV (OFF FFENFC 7). *
¢

SUBCOUTINFS usfd: *
IBM ETANDern FP=T»AN £,U3FDUTINt »
PACKAGF X

SUHCOUT I FST 1+ (nni .FO?,»r:.FOA.FTO.UIl .U2 ,U?.
! tlIA.oFT 1.DFT?, OAT3. DFT4 .( n.:ST,URT . Z1. Z? .

/ Z3.ZA.C.D)

OIHFNSION GAuMA(») .UtA.1l).CHO<ft.1l).V(4.A),2(6,1),

/ FHOT<1.6 >,T1C1 ,A) .TP««.1).T3(6.1).VNUM (A ,A).VTE»1 (A.RA)
/ VTFM? (A.A),0FNC3) ,CFF(3),DCGOTR(2).0COO0TL1(2)

H= 2

CIN - j./r

IF (P.LT.0.) o TO BO

FIND INITIAL VALUES

on 20 1=1.4
DO 10 J=1,4

VII.J) = 0.
fBNTINUF
CONTINUF

P = -1.

DO 70 1=1.4
viIi,l) = 1.
CONTINUE
z11.1> = 71
7<2,1) = z2
zZ(3,1) = z3
z<4.n = z4
FFTUPN

FIND VECTORS

CONTINUE

FHO<1,1) = PCI
RHncp,1) - FOP
PHOC 3s1) = P03
RHOI4, 1) PDA

U(1le1) = Ui
ucz,1> = UP
U<3«1) = U3
uc4,1) = UA

IND VCKeI)



CALL GMT A (cH"le ~OT fA*!)

CALL GVI'rp(-mi ,V, Ti.l ,6.4)
CALL GYDrr>(1>»'"1 iVTrvi ,4,1,A)
CALL G*-(,PP<V.VTFMl ,VNtIM.a ,b4,4)

CALL GMDPDIT1.V.TE".1.4,1)
VDCN = 1,/(TFA'tCI

0ALL cUDY (V1'Uv ,VOFN ,VTEM7,4,4,0)

CALL SUPY(V,C!N,VTCV?,a,4,0)
CALL VFUMVir“?.VTFui ,V,4,4,0,0)

FII'D Z(K*I )

CALL 4M"“y (U,FTC®.T?,a,1,0)
CALL V'PY (AeC,T-,4.1.0)
CALL «ADD<1?,T3,%,A,1,0,0)

FIND GAMMA (Kt1l)

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

OUTPUT
DCNC1) = 1.
DEUt?) = GaMMA (,)
DENI 3) = GAMMA{2)

FIND POOTS OF POLYNOMIAL

IF (GAMMA( 3) .ME, 0.) GO To *0

OPT) = 0.

0PT? = 0.

0PT3 = 0.

DPT4 = O,

UPT = 0.

CONST = 0.

GO TO 100

CONTINUE

OPT = GAMMAI4)/GAMMA(?)
CONST = GAMMA 13)
AGAM = ADStGAMMALt2))

|IF (AGAM ,LT. 0.05) GO TO 70
cALL POLPT (I>FN, COF . M, OPQOTP .DPOOI 1, IEP )

AO|r = AOS(GAMMA(|) AmvM | 1-4 . #0,AMMA(2))
DAT) = (-GAMMA(1)¢SUUTI ADIF) >/(?+* GAMMAC?2) )
OPT? = (-GAMMA (1)-SQOT (AO|F))/<2,*GAMMA (2))
GO TO so

OPT1 = 0.
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DKT? = GAMMA cl1l)
Or?TI3 ? Oe

DFTA = o.

nc-Ti = ocrnc'-Ocij
m ? = oetioToi
OKT? = 03r,nTK1i)
DPTA = orCOT1<?)
IP( 1lrD .LF. 0) 10 TP 100
woM F (6,*%) 1IE°
CPf.T IMUF

CETUHN

END
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THIS SUHkKCUT INF FINDS TrlU CCCFF-

CDhdrflatidn rUNCTION nc thf human

nt""PATPO INOIIT Af.'l1 nUTDUT FUNCTIONS

SO THAT THf DrLay can DEDUCED. Ir

CAN fie rtLLrn hy thk human cpffatdo

ANt1l.YSIS PRnr.PAM WITH THE APPROPPI ATE
I~1CAT ION.

SU.1lPnur INFS USETO:

f'FT

SUEiPniJT INF CALFFTtrr.GT.SnN.SNO.TI
DI MFNSI ON XhE A—1CNA ) ,X IMAGl CIAf,X9FAL2 ( CAI.FIMAG2C 6A1.

z XPEAVIC* | .XIMAG (64)
N = IFIX(SON)
NO = IF IXISNO)

XFFAL1INO)=FT
XPfAL? (NO)=GT
IF INC. -T.NI GO Tn 500
IF <NT GE.tNF1l I) GO TO 500
K? = Nz?
HU - 6.

= .X(SOU»T>
00 5 1=1.N
X|VAGI I1)
XIVAGP(I) = 0.
CONTINUE

FINO amplitude SPECTRA

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

00 10 1-1.N

XCFALKI) = XRFALL (I)*T
XVAGI II) - -X I"AG! (I)*T
XCEAL21 I) = XRFAL2( I)»T

XI«AG2( I) = -XIMAG2 C1/«T
CONTINUE

FINO PRODUCT OF TRANSFORMS

’

DO 20 1=1,n

XPEAt (I) = XREAL1 (I I*XPEAL2 (I)-XTVAGL (I)*XIMAG2 (I)
X Ivac,( I) - XRFALL II>*X IMAG2( I)FXRCAL2< I)»XIMAGL (I)
CONTINL

find 1INVEF 5F TRANSFORM TO GIVE CRO5S-CODRCLATION

N2) = N2-)
DO I10 1=1,N°21
XRF AL INZ2FI+#1l > XRFALINZP* I-I )
XIMAGIN, rn 4II =-X1 MAGINZ21 1-1)
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110 CnNTTNUF
DO I20 1=1,N
XI"Ar, (1) = -XIWAG1 1)
1*0  '.1)NTINUE

CAUL FrriXLEAL.X1MAG.N.NU)

00 PIO 1=1.N

XOFALCI 1 = XCEALI1)*OFLF

X1 MAGI | ) = XIMAGf 1) *'.)ELF
2?10 CONTINUE

WPITF C6.700) CXPFfI <I),I=1,N?).(XIMAG< 1), I=1,Np)

300 FO°MAT (1H1 ,1X, *XFEAL = +«.F').3.?2X.Ft>.3.PX,Ff>.3,»X.
Ffc,3.PX,F6.3.2x,Ff:.3,Z,0x.Fe.3.PX.Ffi.3,PX.F6.3,2X,
FD.3.PX.F6.3-?2X.F6.3./.9X.F6.3,*X.F6.3,?X,F6.3.PX,
FF..2,PX,Ff..?. PX,F«..3./,0X.F6.3,?X.F6.3,2X.F6.3,?2X.
F6.3.PX.FA.J.px.F'. .3,/.SX,FE.3,2X,F6.3,Px,F6.3,2X,
F6.?2,?2X.r6.”.2X,¢c0.2.Z2,DX.r6.3,PX.F6.3,/.IX."X|MAG
F6.?.2X,Ffj.?.2x,CE.3,?X.F*.3.PX,FS.3,2X.F6.3.Z2,<)X,
F6,3,PX,FAi.3.rx,F*,.3,2x,Ffi.3.2X.F6.3,2X,Ff.3,/19X.
F6» 3.2?2X.Fft.3,PX,F 2,PX.FE.3,2X.FS.3,?X,Ft.3,2Z. OX.
F6.2.?X.Ff.2.?x,¢S.3,?X.F6.3,PX.F6.3.2X.F6.x.Z2.0X,
F6.3,?x,FF.312x.Ft.3.?X.Ff..3.PX.Ft>.3,2X,F6.3,Z2.9X,
Ff>.” ,2X,F6.2)

AFT IE (0,600) IXFEAL I1).I=N2, N) S (XIMAGC I).1=IM2, N>

600 FORMAT (IH .IX, *XPCAL = =« .rf,.3.2X.F6. 3. PX.F6.3.2X.
F6.3,2X,FA.3,2x,F»4,2,Z,0x,Ft.?.2X,Ff,.3.2X.Ff>.3.2X,
F6.3.2X,FF,3,2x.Ft.3,z.cx,re>.3.?X,F6.3.2x.r6.3.2x%,
FF..3.2X,F6.3.px.Ft.3 Z.Py.Ff.3,2x,Pf. .3.2X.F5.3.2X.
F<».3,?X,FA.3,2X,Ff,.T,z.8X,Ff.-».2x,efi.3.2X,F6.3,2X,
F6.?2, PX.FE.3,?X.FA.3,Z,aX.FZ.2.PX,F6.2.Z,1X,«xrMAG

r6.3.PX.FA.3,2X.Ff.J.?X.FA.3.2X,Ff,.3,?X,F6.3,/,9X.
F6.3.2X.F6.3.2X.Ft.3.PX.F'i.3.PX.Fft.3,2X.F6.3.2.9%,
F5.3.2X.FF.3.PX.FF, .3.2X.Ft, .3.2X,FG.3.PX.Ft.3./.9%.
r6.3.?2%X.rt.3,2x.Ff..3.2X,Ft.3.2X.Ffi.3.2X.F6.3.2.9X.
F6.T.?X.FA.3.PX.FG.2.PX.F6.3,PX.F6.3.2X.FG.3,Z.9X.
F6.2,?2X,Ff.3)
ioo NO = NOtI
5NO = FLOAT (NO)
RETURN

CNO
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I01

103

200
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THIS r.'irr HUT INC- r I1NOS THF
f*cT row ire TcAssrnt m of
/ rUf CTIIN AND Ir Anr>LICD
AS CIV* N IN OF IGHAv (KFFF
FENCE °?1I.

SUf'FOUT IHE FF T (XFFAL ,X INAO. N, NU)
DVFNSION XCFAL (N) , XIMAC, (N)
N2=NX?

NUI=NU-1

K=0

DO 100 L=1.NU

DO I01 1=1.N7?

PzInlTD <K/?»»NU1l .NU)

AF.G—=< .?H31BS»P/FLOAT (N)

C=COF<ARC)

S=S!N{ARC)

X |=K+1I

X 1N?2=k1 At:?

TRF AL-sXREAL (<1 N2 I*C*XI MAGIK IN? )»S
TIWAG .F|«AGtFIN?)»C-X=rAL(K1IN2I*S
XRF AL (F |N2) =XF-F AL (F1I-TRC AL

X |WAGIK1IN?)=XI“AG (K1l )-TI1IMAG

XPFAl IFI I=XFF AV (K1 )ATCFAL
XIWAGCKL1 |=XI“AGCKLl IAT|WAG

K=Kt1l

IFtK .LT.N) GO TO 102
K=0

N'Jl =NUI -1

N’/ZN?2/?

DO 103 K=1,N

i=inn c1 .no) ai
IF||.LF,K) GO TO 103
TRFAL- XFEAL. <«

T ]JVAG =XI MAGI KI
XPFALIK)=XFEALITI)
X1lwaG (K) =X |WAG{ I)
XVEALI I)=TPCAL
XIWAGI1)=T1MAG
CONTINUE

PETUPN

END

FUNCTION IRITP (J.NU)
Jl1=J

IBITR=0

DO 200 1=1.NU

J2=91/7

101TR=IULTF »?A|J|-2*J2|
J1=3J?

FETUHH

END



TU-S PRCGPAX

e fCJT.'NCS. GL NE FAT 1Hr A OWE -ATTACK .
i'14,1 .UE ATTACI AND A 1C TOSS BOMBING *
at ac i . in; in is from th.. joystick and
T-.r [MS TRACKING ERROR IS FOUND. *
faramcters
pap;m rW:>>2.#.... IINPUT CHANEL 1
ON:=3.0.... :INPUT CHANEL 2
ONi=1.0.... sO.'TPUT CHANEL 1
(>N2=00 . «OUTPUT CHANEL 2
VXifc -3E0Q0.D. .. :INITIAL TARGET X-VELOCITV
v'xnE1* -5DD . C, . DINITIAL MISSILE X-VELOCITV (M/S)
VVN-fl.O. LINITIAL TARGET V-VELCCITY -M/S)
\th‘O.B,..‘ LINITIAL TARGET Z-VELCCITY (M/S)
TJ CL=7.1CC.. .00VSTIC7 SCALE FACTOR ~-RAD/S/V)
0S:1=22.A0... .OUTPUT SCALE FACTOR (V/KAD)
THVRF*,‘T.D. ... LINITIAL ELEVATION SIGHTLINS ERROR
PSIRy=J.P.eee LINITIAL AZ.MUTH SICHTLLNF ERROR
£f.EGN=<28 .. ... .RANDOM KUMBE- GENERATOR INITIALIZER
T1:riO1S=8.601. .LOOP NOISE SCALE FACTOR
SNOS*1 .0 v .NOISE GENERATOR SAMPLING TIME (S)
SANT=0.CBS.. * .LOOP SAMPLING INTERVAL ISs)
P5V1M=0.05.. .INITIAL AZIMUTH ERROR LIMIT (RAD)
TFK-0.3,... .FILTER GAIN
PF>>0.3 .FILTER GAIN
TFKI=0.0S... «FILTER GAIN
TF)2=001 .FILTER GAIN
m:i-fl.cs... <FILTER GAIN
pn:2=0‘0i .FILTER GAIN
BW=1.0.... .JOYSTICK' TRANSFER FUNCTION SWITCH
T1=0.0.... .TARGET TYPE INITIAL PARAMETER
T2-OG, .TARGET TYPE INITIAL PARAMETER
T3=0.0.... .TARGET TYPE INITIAL PARAMETER
rsvi=1.0.... .FILTER IN-OUT SWITCH
COL TRL DELT, .005.F1NT1.30.10
1.TTEG ADAMS
INITIAL
FUt.CT FNP( 1..0. >
FUI.CT ADC (2. ,0. )
FJlL CT LAC (2 ..B.)
FP/.-0.0 LINITIAL TARGET FLIGHT PATH ANGLE
THEST=0.0 LINITIAL ELEVATION RATE ESTIMATE (RAO/S)
PS.ST-0.0 :INITIAL AZIMUTH RATE ESTIMATE (RAD/S)
T)M=C.O0 .SAM*'LE LOOP INITIALIZER
DTIM=0.0 .SAMPLE LOOP INITIALIZER
DT !'I0S=0 .0 .SAMPLE Loop INITIALIZER
PTNOS-0.0 .SAMPLE LOoOP INITIALIZER
INS
CHOOSE INITIAL TARGET ATTACK PROFILE
RPSL 1M--PSLII-.
IF (T1.GT.0.) GO TO 6
IF (T2.GT.0.) GO TO B
IF (T3.GT.0.> GO TO 6

FNO-RND (BEGN)
TSV-RNOMOO.
r'No 1"RNO-0 .5

CONTAINS

THE TFACKE” S1MU- *
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r5."'"f=LIMIT(NPL£L !M,"5L IM.RHCH
IF (T5W .GT. 60.) GO TO 5
IF ITSU .GT. 30.) GO TO 4
F0-C000.0
THTO0=0.35
GO TO 6

t PBrssoo.o0
THT0=0.0017
Go 0 6

1 fB’ .500.0
THTO0-0.0

c CONTINUE

Ci-NAMIC
FSER-INTrp,PSERO.P5ERDT) iS1GHTLINE AZIMUTH ANGLE ERROR
THLR =1 FCF, (THERO .THEP tlT) .SIGHTLINE ELEVATION ANGLE EROR
PE)NTGR (F.0.POT I .RANGE (M1
THT.1IITGP (THTO.THTOT) .TARGET ELEVATION ANGLE (RAD)
PST» ] MTGP (PSIO0O.RSTOT) .TARGET AZIMUTH ANGLE (RAD)
THG»I NTG (THTO.THGOT) :G1Mi.AL ELEVATION ANGLE (RAD
PSvV«lHTGF (PS10.PSCOT) .CLUSTER AZIMUTH ANGIE (RAD)
TH:CINTGR<THERO.THZ2R> :ERROR INTEGRALS

PSI - 1iNTGP (FSERO .PS2R )
11"IMTGPiTHERO,T2R)
P1leIHTGR IFSEPO.P2R )
TT’'«INTGRiTHEP3.TT2R)
PPi-]HTGR (PSEF<0.PT2R)

* INPUT JOYSTICK DATA

PPOCEO THJDT.PSJDT =CAT (TIME,TJSCL.CN1,CN2,SV>
CALL ADC<CN1,THJ)
CALL ADC <CN2.rsJ)

* L1I.EAI JOYSTICK TRANSFER FUNCTION
1H.'0T-Tr!J*TJSCL
FSJDT«-PSJ*TJSCL
IF (SV .20. 0.) GO TO 10

* NON-LINEAR JOYSTICK TRANSFER FUNCTION
TH; : J«THIDT*THJIDT
PS2J-PSJDTTSJIDT
THIDT«S1GN (TH2J, THJIDT>
FSJDT-S!GN(PS2J,PSJIDT>

10 CONTINUE
ENDPRO

* FIND TARGET MOTION

PROCED RDT.THTPT.PSTDT-TAP(TIME.FPA.TSU.T1,T2.T3,R.THT,PST,VZO0>

IF (TSV .GT. 60.) GO TO 30
IF (TSV .GT. 30.! GO TO 20
IF (T1 .GT 0.) GO TO 40

* TARGET DIVE ATTACK PROFILE
CALL DI VAT <TIME,FPA,THT,P.THTDT,RDT,V3Z0>
PSTDT-0.0
IF (TIME.IT.30.) GO TO 40
T1-1.

CALL FINIS
GO TO 40
* TARGET MEDIUM TOSS BOMB ATTACK PROFILE

1F<T2 .GT . 0. ) GO TO 4.1
CALI (NCTS(TIME.THT.PST.R.THTDT.PSTDT.RDT)
IF (TIME.LT.16.) GO TO 40

T2-1.

(RAD,
(RAD)
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A.L FII;5
(0 TO <.1
. ms ! T E ATTACK PFOFILE
3r II (T3 .CT. 2. I GO TO 40
tALL MIS/TITIME.THT.R.THTOT.RDT)
ISTOT 0.1~
1II (TIHE.LT. 17. 1 Go TO 40
T3 -1.
CALL FI IIS
1C CONTINUE
ENDFRO

. ADD NOISE TO ..00P

THOS'Pf.O(LEGN) -U.S
FNOS*RNJi HEGID-U.TI

PFOCED 1l.irnos.i STNOS»KOS (Tlm,TNCS +,PNOS .TKNOI5,DTNOS,. ..

ITNOS.ENOS>
IF ItPTfil1iS-SHOS) .LT. 0.1 GO TO LO
THTNOS *TI NOIS* TIIDS
is—-110S'TI:NOIS*PNOS
ITMOS =TI ME
GO CTNOS-T!HE-P THOS
EMDFRO

. APPLY FILTEP/AID

TTTR . (TEST-THG )¢ ITEST-THG )
PT;R« (PE'"T=-PSC )» (PECT=-HSC )
THCR-THER'THER

F'SLR cFSEl: *PSER

TCI MTHE"T-THC-nT1'ITHEST-THGDT1
PCI' (rEES"i-PSCD"ri« (1'SEST-PSCDT)

FPOCED 7HEF DT .PSEP. PT .T IS .TI.IV. .10TRMS .TEST.PEST .TERMS .THGDT .. ..
PSCDW ILITHTOT.SA T.T1KL.THI ,PS1 .PSTN ..FSEST,PSUDT, .
FSV.TFII ,?F ..PSTDT.PO.F .DTIM.PT1IM.TFK1l .TFKZ ,PFKl .PFK2

THEST.T 1,Fl .PST.TH7.THUDT.THT110S.TTI .PPI ,P )
IF (F .EO. cC.1 GO TO 80
IF (TIME .E11. 0.1 GO TO 73
THFKS-ISOPTITHII)/T1IME-C:ORT( SI II/TIME
TDVRMS-(LORT (TITI/T .ME-Cc oRTCPIIi/time
TEL MS* (SOP T(TTI ))/TJME»<SORT (PPI >I/TIME
79 IF (FsU .EO. 0.1 GO TO 82
IF (( TTM-SAIIi ) .LT.0.0 1 GO TO 81
THPEST*THEST
FS?EST*PSEST
TPiST*TFST
FPEST *PEST
THiST =TIIUDT»TFK*THPEST
TET.T*TPEST»TF I 1'"TH"EST»TrK2 ‘THUDT
IS' ST-PEJDT*PFLIPSPLST
1EST *PPEST»PFI. I*PSPEST*PFK2*PSJDT
FTIM'TIME
GO TO 81
EL’ THE ST THTDT
FSEST =PSTDT
TH' EST*THEST
FSI EST -PSEST
TEST=THT
PEST-PST
F-1.H
8. DT!/'M*TIME-PTI1IM
THGOT*THPEST*THJDT
fSCUT“"FSPEST*PSUDT
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Th"RDT =T, :TDT-THGD1*THTIIOS
F'SCPDT-PCTDT-PSCtn +PSTUOS
rn TO £3
sC TH:RDT-THTDT-THJDT-THTUOS
rs:.P£iT-?2:.TDT-PSJOT«PSTI<OS
33 COTTIHUE
E'JOrRrRO

» DISPLAY ERROR

QUVP =THtP *CSC1
(iu; PYPSEL *0SCL
TO;ITP*LIMIT (-10. .10. .OUTP )
TO.IPP*. IMIT1 -10. .13. .cupp
FPOCCD C.iM-0l1SITOUTP .TOO-P .ONI .0(12 >
CA.L D/CeOlll.TOUTP )
CALL DAC (0112. TOU? P )
EMOPRO

TERMINAL

PP.IITF ; .00, THTOT , THER ,TKODT .THPMS
PRV .U 1.03 .THKT.PSODT.TOUTP.T.RMS.THRMS, TDTRMS

r&t

. CHOOSE ANOTHER ATTACK PROP II E

If! PHO-PIIDILESN)
Ip (T1.G1.0. .AND T2.GT.O0. .AND. T3.GT.0.) GO TO

TSM'R (10%100.
FIIOI-RNO-0.5
PS: 0=L1IMIT< (,PSL 1M, PSLIM.RNO1i >

1P (TsU .GT. 60.) GO TO 105
IP (TSU .GT. 30.I GO TO 104
ip IT1 .GT. 0.) GO TO 101

£f0=6030.0
THTO0.0.35
GO TO 106
104 i (-2 .G6T. 0.1 GO TO 101
£0=85"'J0.0
TKTO0.0.0017
GO TO 106

105 IF IT: .GT. S.) GO TO 101
F0=8500.0
1M70=0.0

106 CONTINUE

END
END
STOP

106



TH!S

SUi.nOUTIME

PARAMETERS

ACCELERATION

s

I

PRVGRA.I

CONSTANTS

VELOCITY

CZ1«-40.U
GX1-16.0
GX2-30.0
G'< «S0.0
G7r-&0.0
GZU--30.U
WITCHING TIMES
TU «1 .0
Tl«G.O0
T11l =1I2.J0
T1.'=13.0
T13=1< .0
NITIAL
vz0=0.0
VY3-0.0

VX0=-350.0

(s

SIMULATES
TO:S FOR TRACKING

A MEDIUM
PURPOSES.

COMPONENTS

DISPLACEMENTS

(RADI

INITI/.L
XC=8500.
YO-0.0
z0--15.0
"MTIAL ANGLES
THLO=1.7G5E-03
PSI0=0.0
INITIAL RANGE

RC=6500.0

GENERATE TARGET

10

20

30

35

IF (TIME
IF (TIME
IF (TIME
IiF (TIME
IF (TIME
VX=VXO0
VY=vYO0
VZ=VZC

GO TO 40

WGT.
+GT.
.GT.
.GT.
.GT.

(M1

MOTION

T13)

(Mf

GO

T121I GO
T11> GO

T1)
TO)

VZ=Gz1l* (1IME-TO)
VX NVX0*Gx1l* (TIME-TO)

vV>=0.0
GO TO 40

GO
GO

V>:«VX0D«G>2=(TIME-T1
VY=GYZ* (TIME-T1)
VZ=VZ0DtGz2* (TIME-T1I

GO TO SO

VX=VX0D»GX2* (TIME-T1
VY.GY2MTIME-T1 )
(TIME-T111I

VzZ'Wz0DD«GZ3"

GO TO 60

TO

TO

TO
TO
TO

VX=VX0D*CX2* (T IME-T1 >
VZ-VZ0DD-GZ3* (TIME-T1 11

GO TO 60

VZ«VZODD»GZ3* (T

GO TO 60

IME-T111

<M/S*R>

(M'S)

35

30

20
10
5

*

LNGTS (TIME,THT,PST,R

THTDT

.PSTDT

,RDT

IN RECTANGULAR COORDINATES

)
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t3  vxvDwv.<
vzvt»vz
(C TO 68
GJ VvZ;iDD-VZ
6T CONTINUE
TAFGCT MOT IDN IN POLA” COORDINATES

PDT.VX'COS (THT)»:0S’PST) «VV»COS.THT) *s1N PSTI

‘THTOV-.VZ/RV-C" CTHTI-IVX/RI—-COSIPSTI-SLN.THT)—
*PSTDT» (VX/R *t st NPest)/COSATHTI )* (VY/F I* .COS< PST) 'COStTnT>)

RETURN
END
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THIS SUER OUT H E SIMULATES *
A '.IVE ATTACK FCR TRACK IMG *
PURPOSES . *

SUBROUTINE DIVATf TIME.rPA.THT,R ."HTDT,RUT,VZP)
PARAMETERS

T1-3.S8
T11-11.5»
VU--350.3
pl1-3. HIS
GENERATE TARGET MOTION INRECTANGULAR COORDINATES
IF (TIME.LT.T1I) GO TO 20
IF (FPA.IT.-.62) C-0 TO 30
V2 *VZ0-4J.*(TIME-T11
GO TO 38

20 IF (TIME .IT. T1) GO TO 25
IF (FPA .GE. .52) GO TO 30
VX=VP*11."(T1IME-TTI)
VZ=40.* (TIME-T1)

VZO0*VZ

GO TO 30
25 VZ-VZ0
VX'-VO0
30 CONTINUE
VXN--VX
FPA-ATANZ (VZ.VXN>
TARGET MOTION IN PO.AR COORCINATES

THTDT=-(VZ/R)"COS(THT)-(V</R)*SIN'THT >
FDT«V.:"COS (THT)-VZ*S1N<THT)
RETURN

END



THIS SVEROUTlr.E SIMULATES
A MISSILE ATTACK. FOR
TP;C INS PURPOSES.

sucroutine Yy SATITIME.THT.R.THTDT.RDT)

FAFAMETERS

vy. *SF0.B
vz=e.0
TAFC.FT MOTION IN

POLAP COORDINATES
THTDT' -I VZ.

P)*COSITHT) - ( VX/P,

>*S1N (THT)
fn"=VX*COS-THT>-V

Z*SIN(THT)

P.ETUI. N
END
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# THIS TACO"T nfVvE *
L4 ATTACK r>nnF ILFS TO SIMULATE *
. ano analyze rtuc tracking filtep
L4 APPLICATION. *
. sup’nuTINCS usro: *
L4 FILTFO #
3 KG AT N #
# PARAMETERS
PAPAM Tl = ?2eb5.-e.- :TACGET VELOCITY SWITCHING TIME CS>
Til 710.Si. e :TARGET VFLCCIiTY SWITCHING TIME (S)
vo ~ =270 .0, .-+ :INITML TACGFT VELOCITY CM/S)
c0-"0PO0O el« .= 2INIT|AL TAPGET CANGE CM)
1HCFO0=C«00fee- :IMTML SIGHTLTNE ANGLF EKKGR (RAD)
INTC=0 .25 ece- :INITIAL TAP GET cl EVATI ON ANGLE (PAD)
G=50%*,*#* :MAXT vUM TARGET ACCELFP ATICN (M/S)
Pis.1*1A150,* e«
R—100 ** **xx* 2NPISE G-NECA TOP INITIALIZER
GPAK'GFsf...... :KANG# Mf ASUPf mcNT w~No IFc STD DEV IATfON (MJ
SFI rV=.000035 . .:FLaVAT JON CATC MFASutTE vr-NT NQ1 ST STO OEV <DAD/S)
SHF AF=.000001 P*TF MEASURpMrNT KOISF STO DEV (RAO/S)
PSI=0e. . 2AZIMtiTH ANGLr (RAO)
XHPI 1Sf 000ees o* :TILTF- INITIAL VALUE
XHPI2=-3?R* eoo#...SFILTFF INITIAL VALUE
XHP13-.2SP.ee . :FILTCP INITIAL VALUE
XHPIA=0.020%*. . * 2FILTFC INITIAL VALUE
XHPIF-0..... 2F ILTFO INITIAL VALUE
XHP IH—0 *$*** ILTFP INITIAL VALUE
W—0e¢ ofe * !FILTEP SUBROUTINE INITIALIZER
V—0*0$* ** :FILTEO SUQCOUTINE INITIALIZER
Cl=0eAn*** :FILTCR GAIN MULTIPLIER
C2=20¢00 *oo o :rILT"C GAIN MULTIPLIER
C3-+050 $*** :F ILTER GAIN MULTIPLIER
< H Qo tr ILTCC GAIN MULTIPLIER
<tj e}e} :FILTEP GAIN MULTIPLIER
c6=0.0" :FILTER GAIN MULTIPLIER
rriNTPL DFLT=.OE ,r [NT 1=30.
INITIAL
INTCG ADAMS
CPTHE T- O. :initial riLTfo angle output epror (PAD)
VZ0=0.0 :initial target z-vflocity (m/s)
VXO=VO : INI T IAL TADGK"T X-VELOCITV (M/S)
XO=nO»rnS (THTOI : INITIAL TACGFT X-COOPDINATF («)
ZO=PO* FIN (THTO) IINITIAL TARGET Z-CUOPOINATE (M)
APA-0.0 : INITIAL FLIGHT PATH ANGLE (PAD)

+ INI1 IAL !ZTD FU.TFP VALUES
XHO1l = XHPII
XHO? s XHPI2
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XHt>3 XHPI3
XHPA XHPt 4
XHP5 XHPT5S
XHP (. XHPIG6

riVNAMIC
X-INTGC (X0, VX) :TARGTT X-C "OROINATF (MJ
z= INIGt- (Z0O. VZ ) JTAPGET Z-CCO30INAIE IM)
VvX= Ih.TGS (VX0 ,GX ) : TARGET X-VELOCITY (M/S)
vz-n.TGi (vzo.g7) ITA°Gr T Z-VELPCI TV (M/S)
TH5P1 = INTGn (THPPO.THS2) :SIGHTLINE ANGIE ERROR INTEGRAL
THFTI = INTGF ITH PO.THT?) ISIGHTLINE RATE ERROR INTEGRAL
O! = 1NTGC (THPPQ.O0?) IRANGE ROPOR INTEGRAL
DTI = INTGP<THroo.07?2J :RANGE RA TR ERROR INTEGRAL
ZI=|NTGC (THiPO .EZ2) ; RANGE MEASUREMENT ERROR INTEGRAL

riNO TARGET MOTION

iGX ,5/=TAP (T IMT ,TI €T1 1,Foa ,V0.V70.G)
IF <TIMF .Lie TH > GO TO 20

(FPA .GF. .6?) GO TO 25
GX = r,*SIN(-PA)
G? = G#COS (FPA)
GO TO =20
20 IF CTIMF .LT. T1) GO TO 25
IF (FPA +LT. -.52) GO TO 25
rx = -G*SIN(FP )
Gz = -GWCO” (FDA)
GO TO 30
»5 GZ = 0.0
GX - 0.0

20 CONTINUE

VXN s -VX
FPA = ATAN? ( VZe VX»<)

FNDPRO

.
EZ2=F7) *FT1

PnOCFO TUC.THET,THFTT«0.0T,0TT,XHAT1.XHAT2.XHAT3.XHATA|XHAT5...«

XMA1f.XISAl .X1SA2, XI SA3.X1SAe,X1SA5tXISA6,ERKO»ECRTHF..<
TRPDT,ERRTHT.FZI=0NAMI X, Z+VX,VZ.ERTHE, ...
XHOl ,XMO?,X f,03.XHPA.XHPE.XHP6.W.V.H. SRANGEiSELEV.SBFAR)

o=ropT(X*X*Z* Z) »
THE=ATAN?(Z,X)
TH'T=(x*VZ-27VX)/(PAD)
OT-(X*VXfrz*vz)/D
DT>r:(VxrvXFVZ»VZtXAGXtZ*GZ> /D-DT *r>T/0
THET"i=(X»GZ-Z»GX)/(D»0)-?2.*0T«THET/0

DFTFPMINE MFAr||D«-MfNT (NORMALLY
(*1STR1IHUTCO ABOUT CALCULATED MEAN),

IF (H, FO.0.) GO TO 100
=6 P>
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B=0.

100 (rINT INUF
CALI C.AUSSC !.f«ANGF,n, 21)
CALL C.AUSM I,SELCV, TUFT ,/?>

CAIL r,ALIST(I, ,pci , 23)
Czl= 0-Z1
* FCCD vr»SU-'EVENT TO FILTER.

CALL FU TCC (21 ,2”, *3 .XHAT 1,XMATZ. XHAT3. XMAT/. ,XNA TS, XHATf
XMCi .xITO, .XMD".XHP4.rHP«..XHOr,,,!5»1.X1SA2.X1SAA.XISAA
XISAS5.XISAA.W.V.CIiCreC3eCA*C5eC6)

XHt» 1-XMAT1

XHDp-XHA TP

XH»3=XHAT1

XHP/«= xhAT4

XKPrT XHATS

XHP6=XMAT®6

* FIND FILTEP EPPOPS

FAC'D z D-XXPI
FPPTHE e Tnr-XHP3

rr"TMT = IH"T-XHPA
FcpoT ¢ DT~XHPp
EP7HF = EPP THE

FNDPPO

ix

* FEND PMS Fppr,p

*

TMT?=EPFTUT*FCPTHT
DP=C PPD"FPPO
DT?r:FPPDT*PFRD'
PFOCEO THS%/ISD..OI§I751.‘I)‘HTRMS.OTRMS .ZFMS”"CMStTIME.THrRI.THETI....
i

IF (TIME *Fo. o.) GO TO 50
TMPMS=eQF,T( 1820 IXTI ME)
TMTrMs=E.OCT< THTI/TIMt)
ORmMS=SOPT (OI/TIMF)
ort Mc-sf)cT, 0L, /T 4v(-5
ZRM5=SO0FTtZI/TIME)
fO CONTINUE
FL,,-PO

*

TERM!NAL
~ NTr 0-10.E=CO.rnonT,FZI .ZPMS.orMS.DTUMS
PPVOU O.IO.EPRO.rOKDT.FPRTHE.rERTHT.ORMS.OTPMS

STOP
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this suicmiTinc cnwpurrs the filter
ALGOR ITH" FOR ESTImat ING THE TARGET
MiJT ION PARAMETERS.

suRcnuriNES USED:
VGA IN
IBM STANPAFO FPPTPAN SUBROUTINE
RACK AGc

SURE OUT INF FILTRR(Z1.Z?.23,XHAT1.XHAT2.XHATI1.
/XHA TA ,XHAT; ,XHATA.XHATP1l ,XHAT"?.XHATR3. THATPA.XHATPS

/ .XHATRf ,XI SA1 ,X1SA2.X!SA”.XISAA,X1SA5.X1SA6.Y,V,
/Cl .C2.C3.CA.C5.Cf.)

DIMENSION X(f.).Z(3).VX<A.6).0H!t6.6),

/GAMMA16.3).013.3>.R13.3!.K(3.6).
/PHI T (6,6),GAMyATI ".C) .TM1 O(A) ,TM20(6) .TM3313) ,

/TMAOM) .TMSOI 3),tmso (" ,t«70( f.) .TMBO (6> .XISAI 6) .
/TM90t6) ,GA IN( f., 3) .VINOVI f£.) .XMATC 6)

DEFINE ALL ARRAY TERMS
ZERO TERMS

IF <V.r.E.2.) GO TO 6

v = VFI.
XHATI = XHATP1
XMAT? = XH4TP2

XHAT 3 = XHATP3
XHATA = XHATP4
XHATG = XHATPS
XHA TE. = XHATPG
X0=XHATP1
RETURN
CONTINUE

no 70 1=1,6
DO IS J=1I,6
PHI<I,J) = 0.
VXI I.J) = 0.
CONTINUE
CONTINUE

DO 30 1=1.6

DO 25 J=1.3
GAM»A (1.3) = o.
CONTINUE
CONTINUE

DO AO 1=1,3
no 35 J=1.3
011.J) = 0.
RCI.JI 0.



Q

(@]

(@]

QO

35
to

45
50

CONTINUE
CONTINUE

r? 50
00 45 J=1I,
IKI.J) = 0.
CONTINUE
CONTINUE

1-1,3
6

STATE VECTOR

XI1l) = XHATOI
XI?) = XHATP2
XI3I = XUATP?
XC4) = XHATP4
XI5) = XMATPS5
Xtf-t = XHATP®6
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MFASUPF“ENT VECTOR

?Cl) = 7t
Z(?) = z?
z(3) = 123

STATE TFANSITION MATRIX

PHI (!*1) - 1.
PM! (1,2) = o oPf
PHI (2.?) 5 1»0
PHI (3,3) = 1.
PHI(1,A) = 03
PHI(4.4) = 1.0
PH1<5,5) 1.
PHI (5,4) = .05
PHI (£,6) = 2.0

NOISE TFANSFPPMATI ON

GAMMA,1,1) =
GAMMA<?,1) =
GA"MA (3,7?)
GAMVA(4,2) -
GAMMA, F, 3) =
GAMMAt £, 3)

Ccl*1.00
C?2*0.05

C3

C4T/olXI11>
C'*X0/ (X (1)«CPS1X(3)1I)
C6«X0Z (XfI)4C0SCXI3)))

MEASUREMENT TRANSITION

HI 1,1> = 1.
HI 2.4) a1 i.
HI 3,5)

I
—

INITIAL STATE

IE 1Y.MF.O.1
VXIl,1) =

COVARIANCE MATRIX

GO TO 55

0.01
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QO

QO

Q0
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vxi'5.?) =
vxCc 3, 1) =
VX C4,6 )
VX (5.5) =
VX<6,6) =
CCNT INUF

B e — Rk

sTur =ANCF covacr«MCF MATPIX
5.00
10.
1.0

0(1.1)
0(?,2)
0(3.3) =

MEA SUFE M-NT COVARIANCE MATRIX

0(1.1) = 5.00
0(3.31 = 10.0
0(3,3) = 1.0

CALCULATE CAIN
CALL KGA!N(PM1l ,X,Z.GAMMA.H.VX.0.R.GAIN.Y)
CALCULATE (NOVATION

CALL GMORNfPHI.X.X1SA.A.6,1)

CALL r,MORO (H»X1 SA.TM-»0.3,6, 1)

CALC HSU9 (Z»TM30,TM*0,T.«,0,0)

MULTIPLY EI- GAIN

"% GMPROIGAIN.TMaO.VINOV,6, 3.1)

ADD TO STATE EQUATION

CALL MADO (X1SA.VINOV.XHAT.6,) ,0,0)

OUTPUTS
XMAT1 = XHAT (1)
XMAT ? = XHATI2)
XHAT3 = XHAT (3)
XHATA c XHAT {4)
XHATS5 = XHAT{51I

XMAT 6 = XHAT (6)

XI5A1 = XISAM )

X1SA2 = XI5A(?)
XI543 = X1SA (3)
XI5A4 = X1SA (4)
Xx1SAf s XISA (5)
X 1546 = XISA(6)

* | 2,0, x, *MTASURr mLNT VEC TOP
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./.1X,«G»MMA MATRIX = =
./.1A.X.FI?.4,3X,E|2.4,?X.F»2.4,2,16%,

4
4./.
4./.1Fx,E12.6,2X.ri2.4.rx.E12.4,72,1l«>X.
4 ,7.K>X,Fl?.4.2x.Fi?.4,?X1E1214)

Zcl2.4.?X,Fl?.e.?X.E1".

X.E1l?.«,2X.ei?.

/JE1?.%.2X.ri?.A,?x,EI2.
/JFir.4 .2X.Eia.e.2X,EI?2.

’

WRITf (6.I0C) ((GAfN1I.J).J=1,2).1=|,61.«IVXC1l.J).J=1.#;).1=1,6)
100 FpPMMAT (/,IX.*GAIN = ,TI2.*,2X.F12.4,?2Xx,rI2.A,72.7X.
Z=ir.».?x.<-12.4 .'x -|2.4.72.7X.EI2.4,2X.E:2.4.2X.E12.A./.7X.
VEI2.A.2X,FI12.4,2X.E1».A,/,7x,F12.A.2X.F12.A,2%X,cl2.4,/.7x%,
JEI2.A.2X.C12.4.2X.F 12 .4 ./ ./ .1IX, *VA-1ANCT = +.C12.4.px.EI2 .4 .2X,

/E12 .4 ,2X.E12.4,2x,Cl2 .4, ,E!'2.4, 12x,fj2,*,2?x,E1?.4 ,pX,
ITE1? .4 . X, Fl2#<1,?2x.E12.4 PX .F12 .4 /I, 12x,F12.«,?2x.¢c12.4.2x.
/Cl12.4,?2x.F12.4,2X,C12.4,2X,r12.4,/,17x.E12.4.2X.E12.4.PX.
/E12.4,7X,E!2.4,2X,F|2.4.2X.E12.4./.IPX.M2 . A.2X.E12.4.2X,
/CI?.4.7X,F1P.4.2X.F12.4,2?%X,FI2.4,/.1PX,E12.4,2X.C1?.4.2X,
/JE1P.4,2X,F12.4,2X,E12.4,2X.ei2.4>

. RETURN

ENO
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**»*.»-.***.t*-o«.*.*.*.»**»***“o‘.***»**«#

1HIS SUSOO1ITINY; FINDS THt GAIN FC» THE
FILTFV ALCOFliHM.

<UnCOUTINFS used:
1t’,Y £TANDACH FQPTPAN SUBROUTINE PACKAGE

SUBROUTINE KOMN<PHI,X.Z.GA““A.H,VX.O *GAIN.Y1

01"FUSION X (A),Z(3),VXI6.t).°MI (G.M

/GAMVA (£,31.0t3,3).A(3.7>.N<?.G)t1M1(6).TM216)
ZTF3[i‘:, T'«6(t) .TMN (t),MT (F.?2>,

/PHI T(o,f,).r,AVMAT (7,6),TF10«f..G).TM23(6,<1>.TK3 3(6,3),
IT«<«01 6 .6) .TMSOC F. =) .T"' 3(2.A, >, T»70( 3.2) .SIGMAI 3. 31.
/APVAR(6.6),GA|N(F ,3),LVCC1C3).MVEC2I3).UNN(6,6)

A

OEF INE UNIT MATRIX

DO 15 1=1.6
DO 10 3=1.6
UNM(I,J) = 0.
UNVII,I) = 1.

10 CONTINUE

ie CONTINUE

= CALCULATE A PRIORI VARIANCE

CALL GMTPAIPH) .PHIT,6,A)

CALL C.MICA (GAMV A. GaMMAT,6,7?)

C«LL GMTRA (H.HT, ?,GI

CALL GMPRniPH! ,VX.TMtO.S.S.G)

CALL G"“ROL1TV!0.RH1'-.TM?0,f,t..6)
CALL GMPROlGamma,o.TM30.6.3.31I
CALL GMPFOC TM30, r.AMMAT, TMAO.6 ,3.6)
CALL maPCITMao, TM?0.aAo0vAC ,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 » INVCSIGMA, ,0.LVECI ,MVEC2 >

CALL Gvp-niMT, | GVAeTMSO0, 6,3, 3)
CALL GMPRO1l Ar'1AK,TMEO.GAIN. G.6,3)

n

CALCULATE A POSTERIORI VARIANCE

CALI GMPRP (GAIN.H,TM1D,6,3,6)
CALL MSU4CUNM, T" 10,TV20,6.6,0,0)
CALL GMPROCTM20.APVAC,VX.6,6.6)
< I
= WRITE <6,1001 ((SIGMAfI,J),J=1,3),I*1,3)
t / <IGAINCI,J) .J=].2),1=1,6)
£100 FORMAT </,IX,'SIGMA [NV = *,2FI?.«,/.13X,3E12,A,/,I3X.3E12«%*)

t / /./,1X,"GA|N = «,3=12.A,2.<1X,3ri2.4./,9A.3F12.A./.9X,
C z 3c12.4,/,"'% 3T712.4,/,cx, -3FL2 .4)

RE URN
END
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