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THEME

The intzgration of modern guidance and navigation systems is usually performed with a sub-optimal implementation of
the Kalman filter. The most difficult problem is how to develop that sub-optimal implementation when considering system
modelling, algorithm design and real hardware non-linearities. This Lecture Series brings together a group of speakers with
outstanding practical experience in the design of integrated systems, providing the audience with the principles, insights and
mechanisms of real, current-day system synthtesis approaches and giving the overall background nccessary for synthesizing
future practical guidanee and navigation systems. Two of the lectures deal with the synthesis of selutions o tracking
problems. The remainder of the lectures deal withi the integration of avionics systems,

This Lecture Series, sponsored by he Guidance and Control Panel of AGARD, has bren implemented by the
Consultant and Exchange Programme.

En regle générale, l'intégration des systtmes modernes de guidage et de navigation est réalisée avec une utilisation sous-
optimale du filtre de Kalman, Le probléme le plus délicat qui se pose au concepteur est de faire évaluer cette utilisation
sous-optimale pour satisfaire aux besoins de la modélisation de systémes, de la conception de I'algorithme et des non-
linéarités du matériel réel. Ce Cycle de Conférences rassemble un groupe de conférenciers :.yant une trés grande pratique de
la conception des systémes intégrés,

Les auditcurs ont donc 1'occasion de se famillariser avec les principes, les mécanismes et les possibilités des méthodes
de synthése de systémes utilisés aujourd'hui, de prendre connaissance des principes de base de la synthése de futurs systémes
conerets de guidage et de navigation, Deux des communications présentées traitent de la synthése des solutions apposées aux
problémes de poursuite, Les autres communications concernent l'intégration des systémes avioniques,

Ce Cycle de Conférences est présenté dans le cadre du programme des consultants et des échanges, sous 'égide du
Panel AGARD du Guidage et du Pilotage.
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INTRODUCTION AND OVERVIEW
TO KALMAN FILTER INTEGRATION OF MODERN GUIDANCE
AND NAVIGATION SYSTEMS, AGARD LS 166

George T. Schinidt
The Charles Stark Draper Laboratory
Cambridge, MA, USA 02139

SUMMARY

The integration of modern guidance and navigation systems is usually performed with a sub-optimal implementation of the Kalman
filter, The most difficult problem is how to develop that sub-optimal implementation when considering system modeling, algorithm design,
and real hardware non-linearities. This Lecture Series brings together a group of speakers with outstanding practical experience in the design
of tntegrated avionics systems and tracking mechanizations, This will provide the audience with the principles, insights, and mechanisms of
real, current-day system synthesis approaches and provide the overall background necessary for synthesizing future practical guidance and {
navigation systems. This introductory paper will provide a brief overview of the lectures fo be presented.

INTRODUCTION

The overall objective of this Lecture Series is to present practical approaches to the integration of complex avionics systems with addi-
tiona! emphasis on tracking problems. To achieve satisfactory system performance, most practical integration approaches have evolved into
some form of the Kalman filter, hence the particular title of the Lecture Series.

The development of the Kalman filter theory in the early 1960's was immediately followed by application in the Apollo program and
in military systems. {1, 2, 3]. The implementation was in the form of a recursive computer algorithin that was suited for flight con. | {urs of
that cra. Since then, the orders of magriltude improvements in flight computer speed and memory capability have made even larger fi'te:
implementations possible. Yet the practical and nonlincar effeets for each application must still be resolved to provide satisfactory verfor-
mance. [t is hoped that this Lecture Series, which emphasizes practical approaches, will provide insights into actual theoretieal . nd ad hoc
techniques that have led to successful implementations.

This Lecture Series is also a continuation of the AGARD Guidance and Control Panel's involvement in helping to advance the state of
the art and technical interchange among members of the Guidance and Control community,

OVERVIEW OF THE LECTURES
Lecture 1t

The first lecture is by Dr. O. Hallingstad of Norway, It is tided "Design of a Kalman Filter for Transfer Allgnment,” The lecture de-
scribes the design philosophy used in the development of the allgnment subsyster of the inertinl midcourse navigation system for the air
launched Penguin antiship missile adopted for the F-16 fighter aireraft. The desired pevformance was achieved through a Kalmon filter de-
sigh. The design process and the cffort put into simulations during the development are described. Special stress i laid on the deduction of the
filter model and its validity testing. Next, a description follows of the interaction between simulation- and tests duing captive flight testing,
Data from captive flight testing are compared with simulation results,

Lecture 2!

Lecture two is titled "Development of the Integrated All-weather Navigation System for Tornado” and is glven by Mr, F, Hupke of
Germany. The lecture will give a detailed presentation on the following toples: primary development approach, problems encountered and ue-
tual solutions implemented, optimization techniques used and modifications required as a result of flight tests of the Tornado navigation sys-
temn. An abundance of detailed design information will be presented.

Lecture 3:

The third lecture is by Mr. Duvid I Callender of the UK, and discusses a high-performance alrborne INS-GPS integrated navigation
system. The system architecture, and the trade-offs that drive its evolution, are examined for a practical high-accuracy integrated navigation
system designed for a number of current requitements including long-duration patrol missions. The system incorporates a 4-gimbal incrtial nav- \
fator of inherently high stand-alone performance, integrated with a state-of-the-art 5-channel P-code GPS recelver, The system partitioning
and interfacing are configured to optimize system accuracy during potentially lengthy periods when a full GPS solution may be unavailable,
while providing satisfactory integrity under reversionary conditlons, The main Kalman fliter takes range and range-rate signals from the GP'S
and in the primary navigation mode models fourtcen INS and two GPS crror parameters, while the Katman filter In the GPS opurates indepen-
dently, to privide a stand-alone navigation solution for integrated system reversionary modes. The system architecture, bath in hardware and
software allows a high degree of inkerent flexibility which may be required to tailor it to varlous speclfic applications.

Lecture 4;

The fourth lecture is by Dr. D. Liang of Canada and is titled "The Development of Mission Specific Advanced Inertlally Based Avionles
Systems," ‘The applications described include an airborne system configured with an inertial system, a synihetic aperture radar, a doppler
radur and other sensors that were wuccessfully flight tested, Another application described is a helicopter integrated navigation system. The
lecture deseribes the development of Kalman filters to intograte these avionies configurations including the design objectives, simulation
analyses, and some test data.
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Lecture 5:

The next lecture is agatn by Dr. D, Liang of Canada and is titled "Development of a Marine Integrated Navigation System.” The lecture
wiil describe this micraprocessor based system that can work with a variety of navigation sensors such as Omega, Transit, GPS, ete, It has been
successfully tested on both Canadian and 11.S. ships, Details of the filter implementation, technical problems, design objectives and some
design fratures unique to this application will be highlighted. Resulls of sea trial evaluations will be compared to simulation results.

Lecture 6;

Lecture 6 i glven by Dr. P. Maybeck of the U.S. and s titied "Adaptive tracking of Mancuvering Targets Based on IR Image Data."
Both this lecture and the following lecture are presented at the request of the Guidance and Control Panel to discuss the application of filtering
techniques to tracking problems, Dr. Maybeck will address the problem of accurately tracking the azimuth and elevation of a highly
mancuverable airboime target using the outputs from a forward-looking infrared scnsor. Among the topics he will discuss is how adaptive ex-
tended Kalman filters or enhanced correlator/Kalma fllter combinations can lead to substantilly improved performance over standard corre-
lation trackers. The lecture describes a tracker able to handle "multiple hot-spot" targets.

Lecture 7:

Lecture 7 will be given by Mr. P. Vacher of France. It is titled "Bearings Only Tracking: How to Improve the Estimation Quality.” The
Iecture describes many of the difficulties of target tracking problems such as nonlincarities and mancuvers when using bearings-only trackiag
whose characteristic feature is poorness of information in terms of observability, Because of these aspects, efficient and robust algorithms must
be used. The lecture will describe Investigations of recursive and global algorithms as well as leg by leg estimation techniques. Conditioning of
the computations, the implementation of the algorithms, and the aceuracy of the estimators will all be presented.

CONCLUDING REMARKS
The lecturers participating in this Lecture Series will present the results of many years of practical experience in the design and imple-

mentation of integrated systems. The intended result of this Lecture Serics is the transfor of knowledge that can lead to newer and better systermn
synthesis approaches and the development of practical guidance and control systems throughout the NATO community,

REFERENCES

1. Leondes, C.T,, (editor), Theory and Applications of Kalman Filtering, Agardograph 139, February 1970, (AD704306)

2. Schmidt, G.T,, (editor), Practical Agpects of Kalman Filtering Implementation, AGARD Lecture Serirs Na, 82, May 1976,
(ADAD24377)

3. Schmidt, S.F, "The Kalman Filter: Its Recognition and Development for Aerospace Applications,” ATAA lournal of Guidance and_
Control, Vol. 4, No. 1, pp. 4-7, Jan.-Feb. 1981,
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DESIGN OF A XAIMAN FILTER FOR TRANSFER ALIGNMENT
// by
7 Dr. Oddvar Halllngstad
Norweglan Defence Research Establlishment (NDRE)

P.box 25, N-2007 Kjeller
NORWAY

'ﬂ SUMMARY

The Norweglan Defence Research Establishment (NDRE) has been involved in the develop-
ment of several inertially based integrated navigation systems, "n aill of these sys-
tems, the Kalman filter has been the sensor integrator. During Lhe last years one of
the main cfforts has beer on the development of the navlgation system for the air
launched Penguin Mk3 missile.

Low cost inertial navigation systems (INS) are extensively applied in mlissile midcourse
guidance. The launch platform ls generally equipped with a high quality INS, and there
is a need for some means to transfer this performance to the missile INS. This is done
by transfer alignment (TA) before launch., This alignment may in general be achieved by
angle, position, velocity or acceleration matching {alone or in comblnation).

" This paper describes the design philosophy used in the development of the alignment

subsystem of the inertial midcourse navigation system for the alr launched Penguin
antiship missile adopted for the F-16 fighter aircraft., The desired performance was
achieved through a three level Kalman fllter (KF) design process, On the first level
we assume that our system Is linear and then we design the KF. On the second level we
deal with the design of the preprocessor whlch make the linear assumptions on level one
valid. The last level deals with the fileld testing of the missile navigation system
which is the flnal test of the validity of the design procedure.

LIST OF SYMBOLS AND ADBREVIATIONS

-

The notation used in this article is based on reference {10},

g Free rall acceleration kS KF update time lnterval

MU Inertial measurement unit oY Vector or matrlx belonging to the
INS Inertial navigation system gystem truth model,

MINS ~ Master INS (falrcraft) On Vector or matrix belonging to the
SINS slave INS (misslile} filter design model,

kK Kalman filter On Vector belonging to the MINS.

TA Transfer alignment . vect bel | . he SINS
X,y,? The Lhree body axes 0 ector selonging to rhe ‘
X,Y,2 The three navigation frame axes (ON Time 4

1 _JNTRODUCTION

The F-16/Penguin is an anti sea invasion weapon system with a hlgh performance missile
designed to take optimum advantage of the confined Norweglan coastal waters. To protect
the alrcraft and missile and avoid missile impact on land the missile has a hign navi-
gation accuracy independent of both aircraft and missile trajectorles, The heart of
this system is the missile INS, a relatively low cost semi strapdown INS (the roll axis
is gimballed) based on two two-axes gyroscopes and three accelerometers with a turn-on
to turn-on accuracy of the order of deg/h and mg (milli g), respectively.

The missile has to be able to tly a variety of attack profiles in order both to avold
and to make use of the mountainous Norweglan coastal terrain, One of several attack
sequences is illustrated In figure 1, The missile will in typical operational scen-
arios experlence heavy manoeuvres, both high g turns and linear accelerations in 3
dimensions, both immediately before launch and in free flight. Thls puts heavy demands
on the inertial midcourse navigatlon system and the prelaunch initlallsation procedure.

In this paper, the main topic will be the design of this prelaunch initlalisation pro-
cedure,

The original transfer alignment (TA) problem was to estimate the mechanical misallgn-
ment between the case axes of two IMUs, Since our IMUs have been turned into full
fledged lnertial navigatlon systems (INSs), it turns out that the TA problem may be
formulated as an ordinary navigatlion system update problem. Because the MINS is order
of magnitudes more accurate than the SINS, the output from the MINS may be considered
error free, Thus the original TA problem has been transformed into the navigatlon prob-
lem : Estimate the velocities and the misalignments in the SINS using the velocity
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vutpute from the MINS as measurements of the true velocities., The Kalman tilier (KF) is
used to solve this problem. The reason why we use velocities instcad of positiuns as
measurements to the KF will be discussed in subsection 3.1.2.

in section 2 we will describe the transfer alignment problem in more detail and discuss
t¥ 2 desve: objectives and <he design precedi:re for a Xalman f!lter meeting the spec.ifi-
cations. The design prwncedure cons:sts of three levels, On the flrst level we assume
vhat our system ls linear and then we design the KF (section 3)., On.tha second level we
will in section 4 discuss the design of the preprocessor which make the linear assump=-
tions an level one valid, The last level discussed !r section 5, deals with field
testing of the missile navigation system. This is the final test of the validity of the
design procedure.

2 TRANSFER ALIGNMENT
2.1 System Dascrlption

Tre alignment is done b{ matching tha outputs from the F-16 INS an the missile INS by
means of a KF. The design objectives and procedure for the KF are glven in the next
sections. The KF transfer alignment algorlithm is implemented in the software for a
Motorola 68000 based microcomputer in the Penguin/F-16 adapter. The adapter fits
between the standard F-16 pylon and the misslle,

Figure 2 shows a physical block diagram of the main components in the TA system, The
INS in the F-16 aircraft is a gimballed 3 axes platform while the INS in the missile is
a semlstrapdown platform (the roll axis is gimballed), The accuracy of MINS is several
magritudes better than the SINS Implying that the MINS may be considered error free for
TA purposes.

The accelerations and angular velocltlies sensed by the two platforms dlffer due to the
spatial separation and the nonrigid body connecting them, This nonrigid body is suscep~
tible to both mechanical deformations and vibrations.

The available navigatlon data on the F-16 1553B and the missile buses are updated with
50 Hz. This 1s obviously too much for a KF. So there must be some form of averaging of
the measurements, The time lags for the data from the two sources are also different,

2.2 Design Objactives and Constraints

The most important design criterla was that the missile INS alignment should not impose
heavy restrictlons on the normal operation of the alrcraft. That is, there should be no
added restrictions on g loads imposed by the alignment subsystem, and of particular
importance, the alignment should not impose restrictions on alrcraft manceuvres during
the launch sequence, In addition, the alignment subsystem should not require any
changaes on the aircraft. Some of the design cbjectlives and constraints far the KF are

. The navigation aczuracy (position and attltude) should meet the specifications at
the target.

. The alignment time must be shorter than the requirements,

’ The fliter shoudld only utilize the readily avallable velocity and attitude data on
the F-16 1553B data bus.

, The computation load and memory requirements have to fit into the avallable Motor-
ola 68000 based micro computer in the missile adapter,

. The filter has to be robust., I.e. unexpected large or unknown crror sources should
not rause major performance degradation.

. The filter may be turned on at any time and then stay on even during long misslons.
2.3 Deaign Procedure

Designing a KF for TA meeting the design objectives given in the previous section may
be done using the following three level iterative procedure :

Lavel 1 : Kalmaa filter dasign

On this level we assume that the system eguations have been l‘nearised so that the KF
may be applied. This assumption depends on the success of the preprosessor design on
level 2. The design is assisted by a covarlance anrlyses simulatlon program,

1. Put the problem into a KF framework.

2, Decide whether an vptimal KF may do the job (disregarding computation load and
memory requirements) or not.

3. Eliminate states from the optimal KF arriving at a suboptimal filter.
4. Tune the suboptimal filter,
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5. Perform a sensitivity analysis to determine the robustness of the suboptimal
fiiter. Repeat from 2 Iif necessary.

Level 2 : Preprosessor design

The purpose of the preprocessor is to interface the KF designed on level 1 to the
physical system., The design is made using a Monte Carlo simulation program where the
main nonlinear aspects of the physical system are implemented.

1. Decide how to perform level arm compensation and calculation of the KF measure-
ments,

2, Determine the discretisation algorithm of the timevariant matrices used by the KF
and based on output from the SINS.

3. Determine the KF update frequency.

4. Deaign a supervisor which detect abnormal situations, i.e, hardware failures, out-
layers and abnormal signal statistics.

S, Perform a Monte Carlo simulation incorporating the KF from level 1,
6. Repeat from | if necessary., If the KF is inadequate repeat level 1.
Level 3 : Field testing

Both level 1 and level 2 designs were based on simulation programs. On level 3 the
algorithms found on the previnus two levels are implenented in the allignment unit and
tested in the physical system. The test results are analysed using a post flight simu-
lation program,

1. Implement the algorithms in the allgnment unit hardware.
2., Perform captive flight tests,
3. Perform missile test firing

5. Analyse the test results using the post flight simulation program or Lf necessary
the Monte Carlo simulation program and the covariance simulation program.

6. Repeat the level 1 and 2 design if necessary.

2 _EAIMBN FILTER DESIGN

We will in this sectlon show how to deduce the KF part ot the allgnment algorithm. The

KF design is based on several assumptions which will be tested in section 4 and §. The

design objectives and constraints given in subsection 2.2 may for the KF design in this
section be taken care of as follows :

. If all the assumptions for a KF are valid it will be optimal, implying that the
navigation accuracy at the target and the alignment time cannot be made better by
any other estimation method. Therefore, test of the optimal KF will tell whether
these requirements are achlievable or not,

. The optimal KF design will pose unacceptable computation load and memory require-
ments. We have to design a suboptimal KF, The deduction and test of thils suboptimal
KF that preserve the optimality is therefore the maln concern in this section, The
computation load will be reduced by eliminating states, simplifying the matrix
structure and b{ updating the KF with a much lower frequency than the measurement
frequency (section 4).

3.1 System Ixuth Model

We will in this subsection present the system truth model and its properties. The sys-
tem truth model is the best, most complete mathematical model that can be developad,
For our KF design purpose it is linear and serves both as a starting point for the
suboptimal filter design and as a reference for achievable alignment accuracy.

3.1.1 Nonlinear Model

A block diagram of the main components in the physical TA system is shown in figure 2,
A mathematical model of the process part would consist of the followling models (as our
Mornte Carlo simulation program does) :

1, A trajectory generator which calculates the linear and angular acceleration inputs

to the MINS and SINS ('&".?.3".3'). The generator may be designed in many different
ways, In our Monte Carlo simulation program we first specify a trajectory (curve)
consisting of line and circle segments in the computation frame. Then we specify
the tangential acceleration involved. The model of the aircraft is fajrly simple
because we specify that the normal component of the acceleration is always normal

to a plane through the wings of the aircraft. The actual linear (@) ana anqular
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(@) accelerations for the MINS may then be calculated. The input (@, @) to the SINS
is calculated by adding the level arm effect (ox7) and the output from a vibration

model to @ and ©.

2, A model of the gyros and accelerometers in the alrcraft gimballed inertial platform
and the navigaticn equations implemented in the MINS. In most of our Monte Carlo
simulations we were only interested in relative navigation errors. Thus, we used
the positions and attitudes given in the trajectory generator directly.

3. A medel of the gyros and the accelerometers in the missile semistrapdaown inertial
platform and the navigation equations implemented in the SINS. The SINS's naviga-
tion equations used the quaternion algorithm,

The common way to apply the KF to a nonlinear system is by using an extended Kalman
filter (EKF) where one j1as to implement nonlinear models of the dynamics and the sensor
equations in the computer, The transfer alignment problem may also be solved using an
EKF. But the nonlinear dynamic equations mentioned above would be to much for a real
time application. Instead, one makes a linear error model of the difference between the
outputs from the MINS and SINS., This will be done in subsection 3,2. As a matter of
fact also this error modelling proredure may be interpreted as making an EKF. In this
case the SINS is interpreted as the dynamic nonlinear model of the true alrcraft
dynamic, That 1is, the nonlinear alrcraft dynamic equations are sclved on a combined
analog~digital computer (the SINS) and the SINS is reset by the KF error estimates. It
is this feedback which makes the filter an EKF and not a linearised KF in this inter-
pretation.

3.1.2 Linearisation

The KF 18 an algorithm which is optimal o1 y for linear gausslan systems, but most of
the real world problems are nonlinear (including our TA problem). A main question is
therefore how to linearise the process in figure 2 in order to make the KF algorithm
applicable., We make the following assumptions :

1. The MINS is considered error free because its accuracy is several orders of magni-
tude better than the SINS. The navigation data from the MINS are consequently taken
as true positions, velocitles and angles, For filter design purposes only the
relativs estimation errors are of lnterest, The absolute navigation error may be
obtained by calculating the RMS of the relative navigation error and the absolute
navigation error in the F-16 INS,

2. The preprosessor (dlscussed in the next section) compensates exactly for the spa-
tial separation of the two platforms by compensating for the level arm effact

(ax?) and averaglng out any vibratlon differences. Thus, we assume that the two
platforms are sensing the same linear and angular accelerations,

3. We assume that an initial coarse allgnment has been done, making the axes misalign-
ment so small that a linear error model is valid.

4, In order to keep the misalignments small the SINS will be reset by the KF error
estimates. That ls, the SINS will be in closed loop during alignmer..,

These assumptions render the linear TA truth model given in figure 3, The validity of
the assumptions will be tested by Monte Carlo simulations and fleld tests. Thus, the
difference between the MINS and SINS measurements may be modelled by a linear time
variant stochastic model of the form (the linear truth model):

()= P ()4 G'(w'()
with a discrete measurement mocel :
n=Hn+y

Table 3-1 shows an example of a system truth model and state varlables. The three
position states are not included. But they are needed for evaluation purposes as the
alignment has to be evaluated according to the position and level errors at the target,
Consequently, the position states are lncluded in the simulation programs but not in
the implemented KF.
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No. of |Description Abbreviation Initial values (l-g
States

3 Relative velocity error (X,¥Y,2) v 0.4 m/s

3 Relative attitude error (X,Y,2) E 16 mrad

3 Gyre coloured noise (x,y,z) GYCN 2 deg/h (30 s)

3 Gyro blas (x,y,z) GYB 6 deg/h

3 Gyro scale factor (x,y,z) GYSF 0.20 %

4 Gyro mass unbalance (x,z) GYMU 6 deg/h/g

3 Accelerometer bias (x,y,z) ACB 2 mg

3 Accelerometer scale factor (x,y,2) ACSF 0.26 &

6 Accelerometer noncrthogonality (x,y,z) ]JACNO 0.4 mrad

1 Relative azimuth measurement blas AMB 16 mrad

- N “_,

Table 3-1 System truth model, state variables

The initial error truth model of inertial platforms are easily set up by using the
accelerometer and gyro models from the producer in additlon to information of the
actual mechanisation. But this initial truth model contains up to 100 state variables.
We arrived at the atate vector in Table 3-1 by sensitivity almulations. The initial
model was excited by different trajectorlies and only the states showing the greatest
response was kept in the system truth model in table 3-1,

The readily available measurements to the alignment fllter are velocity and azimuth
differences between the MINS and the SINS, The purpose of the azimuth measurement is to
prevent azimuth unstability during nonmanceuvering periods, Due to defliclencles in the
down channel (2-axis) of the F-16 inertial navigation system the Z-axis velocity dif-

fe;:ncg %a not used for the time being., The system truth measurement model is glven in
table 3-2,

| : .
No. of |Type of measurement noise
meas,
3 White veloclty meas, noise (X,Y,2)
1 White azimuth meas., noise

Table 3-2 System truth measurement model

Abbreviation 1-¢ values

Table 3-2 shows that we intend to use veloclty and neot position as measurement. In an
INS the position is only an integration of the velocity. Position may therefore not
contain more information about the errors in the SINS than the velocity does, see ref-

erence [11]), Because the computation load for a KP is proportional to n? where n is the
no of states in the KF, we declided not to use position as measurement to the KF.
Further, due to our lnaccurate SINS (compared to the MINS) we assume the MINS to be

error free. The position outputs from the MINS are therefore used to update the posi-
tion of the SINS directly.

Using positions as measurements to the KF would have the followlng advantage : The
errors due to unmodelled kinematical motion of the SINS relative to the MINS would be
more averaged than using veloclities, allowing a longer KF update interval., But the

simulations show that altogether we are better off using only velocities,
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Table 3-3 Truth Model Matrix Structure

Table 3-3 shows the truth model matrix structure. A nonzero element ls marked by ’x‘
and a zero element by ’+’, The matrices are sparse due to all the bias states. The
nonzero system matrix (F') elements are of three maln categories :



1. Elements depending on the'specific force measurements (output from the accelerome-
ters), These elements are large and manoeuvre dependant (depending on linear accel-
erations).

2, Elements coupling the component errors into veloclty and level error states., These
elements are elements in coordinate transformation matrices from the platform gyro
and accelerometer frames to the navigation frame., These elements are attltude
dependant,

3. The rest of the nonzero elements (like the Corlolis coupling)

Our simulation programs utilises the structure by dividing the matrices into subma-
trices and eliminating multiplication with a zero submatrix.

3.1.3 Optimal K¥

The alignment time and navigatlion accuracy at the targat depends on the prelaunch air-
craft manoeuvres. Fortunately, the simulations of a KF based on the system truth model
show that all these requirements are fulfilled if the alrcraft make only a minor
prelaunch turn, This indicates that normal aircraft manoceuvres will be sufficient. The
optimal prelaunch manceuvre would ba the Iree flight trajectory of the miasile. Because
then all the errcr sources of the SINS would have been uxcited alse during alignment
and estimated, But also a normal mission shows usually more than sufficlent man-
oeuvers, In additlon to aligning the reference axes, the allgnment procedure will also
to a certain extent calibrate the lnertlial sensors’ bias and scale factors,

In order to calculate the navigation and alignment accuracy the aircraft and missile
trajectorles have to be defined. To simplify the problem somewhat, this paper will
consider two stylistic situations of a minimum alignment and a complete allgnment,

Minimum alignment time is the time required for the alignment fllter to estimate pltch
and roll attitude errors. This does not include warm up, power on test, and initial
coarse alignment., Minimum alignment is defined as an alignment where there has been no
manoeuvres to make the azimuth error observable, Thls information is available for the
pilot as status Information on the F-~16 stores control panel.

Complete alignment requires that an alrcraft manoeuvre has made the azimuth attitude
error and other manceuvre dependent accelerometer and gyrc errors observable. In addi=-
tion, the alignment time has to be long erocugh so that the estimates of attitude and
gyro biases have stabllized,

Figure 6 shows the trajectory used in the generation of the error budget in figure 4,
This trajectory is sufficient for a complete alignment.

Figure 4 shows the error budget for the position and level error states at the target,
In the figure we have combined the effect from all three axes for each kind of error,
This is not done in the original simulation and we are there able to distinguish
between the axes. The dominating error scurces for the position errors {given the tra-
jectory in figure 6) are the gyro coloured noises (GYCN} and the velocity measurement
noises (VMN), The GYCNs are nonobservable due to a 30 s correlation time. The VMNs are
also dominating because we assume them to be larye due to nonmodelled vibration nolse,

For the level errors the dominating error sources are the GYCN, the gyro scale factor
(GYSF) and the gyro mass unbalance (GYMU), The GYMU ls not observable for nonmancsuver-
ing cases. For our trajectnry we are not able to separate it from the gyro bias,

An analysis of the error equations with respect to obgervabllity gives the following
results :

. Azimuth error ls cbservable through the velocity measurements given a manceuvre in
the horlizontal plane. The level errors are also observable without manceuvres due
to the free fall acceleratlon g.

. Because the roll angle is always zero, the y-gyro coloured nolse, bilas and scale
factor are not observable through the azimuth measurement. But they may be esti-
mated through velocity measurements due to the level error to velocity couplings.

, In order to estimate the accelerometer scale factors and nonortlogonality and the
gyro mass unbalance the alrcraft must have manoeuvres.

3.2 Filter Design Model

The optimal KF tested in the previous section satisfiled the accuracy requirements at
the target, But a 32 state KF woula be too much Ffor the available micro computer,
Hence, in this subsectlon we will try to reduce the computer demand by eliminating
states, simplifying the system matrices and discretisation algorithm,
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3.2.1 State Elimination

The computation load of a KF may ke decreased by :

. Eliminating state variables in the fllter model,

. Replacing coloured nolse state varlables by blas states (time update of bilas states
is not necessary).

. Simplifying the discrete error model used for time update calculations,

The candidates for elimination are nonobservable states and states which give & small
contribution to the total navigation error at the target, Nonobservable states may
eventually be replaced b{ an observable linear combination, The effect of state elimin-
atlions and other simplifications should always be checked by a full covariance simula-
tion. Simulations of different trajectories suggested that the following states may be
eliminated from the list in table 3-1 @

. 6 acceleromater nonorthogonality states because their influence on the navigation
accuracy is small for the majority of manoceuvres.

. 3 gyro coloured nolse states because thelr observabllity is low (30 s correlation
time) and thei:r main effect of keeping the KF gains up may be replaced by white
process noise on the velocity and angular levels, Elimination of these coloured
nolse states ls also important because it leads to a slgnificant reduction of KF
time update computaticn time,

. 1 x-gyro scale factor because the SINS is roll stabilized,

. 4 gyro mass unbalances because their effect on the navigation accuracy is neglect-
able (the effect i1s manoeuvre dependent).

The number of states in the filter model is now 18 versus 32 in the system truth model
(disregarding the three position state variables which will not be lmplemented in the
final filter). The last 12 state varlables are modelled as biases which will give an
insignificant contribution to the time update computation load. The total computation
load is now acceptable.

The problem with the present filter model is that the KF gains for the blas states will
approach zero., This may imply filter divergence due to all the unmodelled states, Fig-
ure 5 shows the true alignment accuracy for the X-axls in the missile platform as
calculated by the covariance simulation program. The divergence problem will be
addressed in subsection 3.3.

3.2.2 Matrix Simplification

In saction 3.1,2 we discussed the atructure of the linear truth model., Many of the
couplings shown are of minor importance in an INS like ours because of the large compo-
nent errors, Therefore, we eliminate all the couplings due to Coriolis=-accelerations
and error in the calculation of the g-vector, These simplifications will also speed up
the on line calculation of the elements in the design model matrices, The structure of
the design model ls shown in table 3-4, Notlce the introduction of white process nolise
on the velocity and angular levels,

Table 3-4 Design Model Structure
3.2.3 Discretisation

The connection between the matrices in the linear, timevariant, continues stochastlic
differential equation

() =P+ G
and the discrete difference equation

d d_d d
Xy = Oixi+ Ty

is given by :

1,1 = FAORY0LL) Y, ) =1
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riglry = [ 0., 96°e4GY @4,

We will commant on the calculation of these matrices for long intervals in subsectlen
4.2, If the interval is short enough, we may calculate the matrices by Taylor serles

expansion. As table 3-5 shows, the Fé-matrix ls nilpotent and the Taylor series for /™
is ¢

Of =1+ FUT 43T’

An approximate solution of the integral for MY 1s easily found by using the for-
mula for the 4#-matr1x. As table 3-5 shows the structure of these matrices ls sparse.

Table

3.3 Filtex Tuning

As shown in figure 5, a simple elimination of state varlables glves a divergent KF. We
have therefore introduced fictitiocus process noise in order to keep the KF gains at an
acceptable level. The computation burden is kept low by introducing white nolse only to
the velocity and error angle equations in the filter design model, In addition we want
to make the fllter robust. This is done by making the a priorl covarlances for the
design model larger than the nominal values. The filter performance degradation due to
these conservative deaign filter values is small for nominal values in the truth model.

Figure 5 shows the tuned alignment accuracy for the X-axis of the platform. The true
estimation error ia now not distinguishable from the optima) estimatlon error, A simi-
lar comparison of KF galns shows that the tuned filter has almost optimal gains, The
sensitivity of the tuned filter model to changes in the process model was Investigated
by the covariance simulation program, The following cases were examined :

. Initial velocity and level errors an order of magnitude greater than nominal.

. Unexpected blas shifts in the y- and z-gyros,

. Many different alignment manneuvres including the extremes : no manceuvres at all
and very violent manoeuvre,

. Long term stability.

The conclusions from all these simulations were that :

1. The tuned KF satisfies the accuracy requirements with only modest demands on the
alignment manoeuvres

2. The suboptimal KF gives almost the same position and attitude accuracies at the
tacget as the optimal KF. Also the lmportant KF gains are almost identical to the
optimal case, This is achieved by introducing fictitlous process nolse on the attl-
tude rate error level,

3. The filter is robust due to relative large a prlori covariances

4. The calculation time for the KF time and measurement updates is fast due to an
UD-algorithm utilising the matiix structures,

The results of thes: simulations, and also evaluation through Monte Carlo simulatlions

anglexgezience from captive flight testing, led to the final tuned filter model in
table 3-6.



2-9

No. of |Descriptlon Abbreviations
States

3 Relative velocity error (X,Y,2) Y

3 Relative attitude error (X,Y,2) B

3 Gyro blas (x,y,z) GYB

2 Gyro scale factor (x,y,z) SYSF

3 Accelerometeyr blas (x,Y,2) ACB

3 Accelerometer scale factor (x,y,2) ABSF

1 Relative azimuth measurement bias AMB

Table 3-6 Tuned filter model, state variables

3.4 vp-factoxisation algorithms

The UD-factorisation algorithm (reference 2) was used both in the simulation programs
and the implemented KF. The use of numerical stable alqorithms ls a necessity in cova-
riance simulation programs due to the high dimension of the augmented state vector, In
the real timu implementation the conventional covariance equations would probably have
been sufficient. But since the computation burden la almost equal to the UD-algorithms
the latter were chosen,

The UD-algorithms were simplifled in order to utilize the special structure of the
equations at hand (this kind of simplifications is much easler to do to covarlance
equations). Especlally the elimination of the gyro coloured noise states were lmportant
in keeping the computation load small,

Notice, that the UD-alyorithm has to use both I¥ and Qf in the update equations. This is
done by Cholesky factorisation algorithm.

4 PREPROSESSOR DESIGN

The KF designed iln section 3 satisfied the design requirements, But the KF was designed
making several assumptlons about the preprosessor function. The simulationas in that
section did not account for those assumptions, In this sectlon, we will show how the
preprosessor is designed and give some results of the Monte Carlo simulatlons. This
simulation program accounts both for the most important nonlinear effects and the dif-
ference between the INS output frequencles and the KF update frequency. The preproses-
sor main structure is given in fiyure 7,

4.1 Kalman Filter Massuraments

The accelerations and angular velocities aensed by the two platforms differ due to the
spatlal separation and the nonrigld body connecting them, Tﬁe nonrigid body is suscep-
tible to mechanical deformations and vibrations. Thus, the velocity measurements from
the SINS have to be corrected for the level arm effect and the vibrations., Since we
cannot update the KF with 50 Hz, we calculate the average effact of the level arm over
one KF update time interval and correct the average velocity measurements from the SINS
before we form the difference with the averaged velocity measurements from the MINS,
This averaging leads to a reduction in the measurament noise and averages the high
frequency vibrations, But it could lead to stability problems dus to the new correla-
tion between process and measurement noise, Fortunately, simulstions show that this
added correlation is too small to make any problem for our KF,

4.2 Tima Variant Matzices

The most corract way to calculate & and NQAIT is by using a sub interval, AT given by
the INS measurement frequency., The ®f-matrix is then given by

O = O (AT)D,(AT)...O,(AT)

where ®(AT) ia calculated by the formula in subsection 3.2.3 and using the most recent
acceleration measurementa in the calculations. Because the computation load would be
too great, we first calculate the average F-matrix for the KF time update intervai and
then calculate @ according to the formula given in subsection 3.2.3. Simulaulons ver-
ify that this is satisfactory for our asystenm,
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4.3 Kalman Filter Update Frequency

In order to check the robustness of the KF for the chosen KF update frequency, T, we
run the Monte Carlo simulation program with update intervals from T/2 to 47T. The slmu-
lations showed no significant difference in the estimation errors, The chosen update
frequency, measurement calculation and matrlx calculation methods are therefore judged

to be healthy,

4.4 Exror Checks

In the application of KFs to real systems it is of vital importance to realize that
abnormal situations will arise, Hence, some kind of error detectlon and status indica-
tion has to ba bulld into the system, The tests to be implemented may be foreseen to a
certaln extent, but due to the hardware dependence, flield tests have to be done. The
final test limits are determined through a cleose interplay between simulations and
field tests, This interplay wll) ba discussed In the next section, but the actual tests
will be presented here,

The KF assumes that the measurement statistics are glven, Due to hardware deflciencies,
outlayers which violates these statistics have to be expected. Thuse outlayers are
eliminated be using a 3-0 test on the innovation process.

The azimuth angle is observed through veloclty changes in the horizontal plan. During
periods with small velocity changes (manoeuvres) the azimuth angle ls nonobsexvable
through the velocity measurements, but the azimuth angle measurement maintains the
accuracy by relyinz on the alrcraft INS and assuming no relative rotation of the two
body axes, The azimuth measurement ls not used when the manoeuvres exceed a glven
limit. However, during manceuvres the miasile and alrcraft axes may move relatively to
each other creating a new permuanent offset, This is modelled by reinitialisation of the
azimuth measurement blas,

Due to hardware failures the KF may diverge., Such divergence may be detected by moni-
toring and checking the calculated variances in the KF and the mean and standard devi-
ation of the lnnovation processes,

The component estimates (gyros and accelerometers) are checked and error flags are set
if the estimates exceaeds certaln limits, thus indicating component failure,

The alignment accuracy depends on the alignment time and manceuvres. The XF covarlances
and the mean and standard deviation of the innovatlon processes are used to calculate a
performance index., This index tells the pilot if a manceuvre may enhance the alignment
or not.,

4.5 Monte Carlo Simulatilon

The performance of the navigation system has been evaluated using both covariance and
Monte Carlo simulations, Monte Carlo simulations involve multip?e runs of a simulation
including all known nolse and error sources to establish acc¢umulated statistical prop-
erties of selected state varlables as a function of time. And, as opposed to a cava-
riance analysls, a Monte Carlo slmulation has no inherent restrictions to the
implementatlion of the models involved. E q there ls no need for a linearised model for
the generation of the measurements to the suboptimal KF, Computer cost is the major
disadvantage of the Monte Carlo validation technique,

We have done a lot of Monte Carlo (MC) simulations in order to verify the KF design
from section 3 and the preprosessor design In this section, All of the simulatlons show
close agreement with the covariance simulatlions., The differences are well within the
statistical limits (pased on 100 MC runs), In addition to covariance calculations the
MC program may also calculate the mean values. Also these simulations glve values
within the statistical limits,

The alignment ls close to optimum, It is very robust, and there is little to be gained
by expanding it,

2 FIELD TEST RESULTS
5.1 Captive Flight Taests

The flights have not been planned specifically for evaluating the navigatlion system,
but rather as rehearsals for the actual missile firing. Allgnment times have varled,
Most of them have representud complete allignment, and only a few have had minimum
alignment (see subsection 3.1.3 for definition). 43 tests have been evaluated, non of
which have been ldentical.



The position error has been calculated by integrating the velocity differ2nce between
the aircraft and the missile INS, with corrections for relative movements., The naviga-
tion error has been well within specifications and in close agreement with predicted
performance from simulations, A few of the 43 tests were close to minlmum allgnments,

5.2 Miasile Taat Firings

A number of missiles has been launched durxing the engineering development and technical
evaluation phases. It has been difficult to isolate the missile INS error from test
range instrumentation errors, F~16 fire control errors, and F-16 INS errcrs, however,
the missile firings indicate a close agreement with computer simulations and captive
flight testing.

5.3 Daficiencies and Errors

Initially our most serious problem was telemetry dropouts. Especially it was difficult
to recelve reliable data during aircraft manoeuvres. The situation was gradually
improved during the test period, Among improvements were better alrcraft tracking
equipment on the ground and merging of data from more than one telemetry receiver
antenna. On the software side a lot of effort had to be put into gro ram modifications
in order to handle data dropouts and unreliable data. Heavy restrictions on the flight
trojectories wore imposed by telemetry coverags and general alr safety restrictlons in
the test area. In fact, the captive flight testing was an integrated part of the
normal fighter pllot training in southern Norway, Our testing should not interfere with
the normal cperation of this airfield, A telemetry pod on the F-=16 aircraft itself
would have spared us a lot of problems, This wac not available at that time, however,
today this is an integrated part of the test equipment,

Qur next serious problem turned out to be the weather, When flnally the aircraft, the
missile, and the tclomo:zi and data reduction syatem, all, from a technically point of
view, were ready for testing; wind, lce and snow quite a few tlmes turned out to be the
final recason for the cancellation of the take off, After all, ovr airacraft was not cn
alert, and the pllot had to follow peacetime general air safety precautlons., However,
wa had to adapt to this situation as well, Through simulationa we reallsed that a lot
could be done by just taxing on the runway, Especially, the ldentification of quite a
few time tag errors was done by data from F-16 pirouettes on the runway. The fighter
pllets did not actually love the test trajectory when a test engineer agaln and again
crdered a 720 degrees pirouette just to have another look at his KF states,

The captive flight test period gave us, as mentloned, new knowledge about system behav-
iour, However, due tc concurrent effort in testin?, simulation, and new algorithm
development it turned out to be very easy to ldentify these deficliencies when they
appoared and to make appropriate software changes. Two examples were changes necessary
for the compensation of relative motion on the azimuth measurement and changes toc the
use of this measurement, a result of new knowledge about how the pllot opersted the
alrcraft and how the missile was mounted to the alrcraft, respectively, Another
example is the fact that manoeuvras early in the fine alignment period with relatively
low constant g loads lntroduce delays in the alignment., Minor changes had to be intro=-
duced in the setting of status information on the stores control panel display. And in
general, as expected, savera)l test limits and the initial uncertaintles of a few filter
states had to be szlightly adjusted. However, our major problems were due to true errors
as llsted below.

The time tag and KF prefillter software, or the synchronization of missile and alrcraft
data, the major part programmed ln assembly and fix point arlthmetic, turned out to
include a lot of errors, All of them had to be ldontifled and removed to achleve a
reliable alignment porformance., The most difficult time tag error to identify was one
which caused altitude lnformation to be put into the least significant bits on the F-16
time tag., This error was ldentified and removed when we realised that the delay caused
by time tag was a function of ailrcraft altitude,

Incorrect siygn on different terms in the missile INS software was another prcblem, All
of these errors were, except for one, ldentified and corrected before or early in the
captive flight test period, The one left over, due to inconsistencies in the documen-
tation, was an lncorrect sign in one of the terms for compensation of the movement over
the Earth. This error was in some instances equivalent to a gyro blas of more than 10
the nominal value, and the alignment filter decomposed this error as different compo-
nent errnrs as a function of alrcraft manceuvres. We finally ildentified this error by
code inspection when telemetry data had told us that the error was a function of
velocity and heading in level flight. On reflaction, this particular error, and maybe
some of the time tl? problems, may have been sorted out by simulations before the
captive flight testing started. This was, at the time, not possible malnly because the
INS navigaticn software, the alignment software, and the time tag software all were,
with a few axceptions, tested independeatly by different people., A closer integration
during testing may have been a wiser approach., However, of partlicular importance is
the fact that the simulation softwara eventually had to be deslgned by the same people
implementing the necessary real time system software; thus, more effort put into simu-
lation, with the same reaocurces for the total job, may have delayed the captive flight
testing. We had to declde on a priority, We had prepared for open loop testing of the
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alignment filter, testing without actually updating the INS with error estimates. How=~
ever, open loop testing turned out to be of little practical use as the INS diverged
too fast for the lsolation of the relatively small error effects, To sum up; our
experience is that it is easy, through Inspectlion of KF¥ behaviour, o tell 1i{ the
system behaviour is different from expected. However, to isolate the error source is
very difficult and a time consuming iteration between testlng and detaliled software
code inspection in a lot of different subsystems, When the source finally is ildenti-
fied the necessary modifications are fast and easily included in the stage of develop-
ment described here,

£ CONCLUSIONS

The alignment subsystem imposes no additional restrictions on the operation of the F-16
flghter aircraft, There is no need for a particular alignment trajectory, and, the
fighter pilot may switch on the alignment at any time, e g when he ls checking other
subsystems on the ground before the mission, From the KF deslgn appreach a high per-
formance, highly rellable and robust missile midcourse inertial navigation system
emerged. Navigation accuracy ls well within speciflcations, The reasons for the
success were in the first place the effort put into simulatlions both durlng alignment
filter development and durgng the captive flight testing, and secondly the extent of
data collected during testing for performance analyses., If we should have done the job
over again, we would have put aven more effort into the simulations, the telemetry
system and the post processing of telemetry dava. Finally, the transfer alignment unit
was possible teo test and evaluate through relatively inexpensive captive flight test-
ing.
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Development of the Integrated All-Weather Navigation System for Tornado

by

Frank Hupke / Dr. Plorian Schwegler
Messerschmi tt-Bdlkow-Blohm GmbH
Abt. FE 311/FE 303
Postfach 80 11 6O
D8000 Munchen 80
West Germany

The integrated navigation system for the Tornado weapon system has now been
in service for almost 10 years. A detailed presentation will be given on the
following topics: primary development approach, problems encountered in de-
velopment and solutions, side developments that were not implemented for va-
rious reasons, methods used for optimization, and modifications of the fil-
ter as revisions of the Tornado navigation system were performed.c?_m_

Abbreviations

A/C aireraft

BAMS binary angle measurement system
CHU Central Processor Unit

GPS Global Positioning System
INS Inertial Navigation System
KF Kalnan Filter

1SB least significant Bit

OFP Operational Flight Program
S/W Sof tware

SWR Software Requirements

TRN Terrain Referenced Navigation
1. Introduction

This paper deals with ths development and maintenance of a Navigation Kalman
Filter starting with the time of definition and realisation up to the time
of optimisation and modification. It will present chronologically most of
the problems encountered during the KF lifecycle. Most of the information
concerning the KF development in the time before in-service release was al-
ready subject of an AGARD lecture in 1977 (1) and is partially repeated for
completeness., The KF development was conducted at various places in the U.K
and F.R.G. ( involved parties: ESG, EASAMS, MBB and with IABG, RAE, and
DFVIR as consultants ). The authors were involved from 1979/1973 onwards re-
spectively.

A specific feature of this navigation KF is its long lifetime which raises
some special problems concerning maintenance. To get an idea of timescales

up to now the main milestones in Tornado navigation KF lifecycle are given
in table 1.

The Tornado weapon system will be in service well into 2000's thus the na-

vigation KF has not yet passed its mid life point and some major modifica-
tions of K™ are in sight.

2. Basic Design

The structure of the navigation KF depends very much on the navigation sub-
system architecture and this is essentially determined by the defense tasks
to be performed with the Tornado weapon system.
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For example, a mission must be able to be conducted using the Terrain Fol-
lowing capability. For successful completion accurate preflight planning and
high navigation accuracy are hecessary to meet flight path profile. This can
only be fulfilled by simultaneous use of several navigation sensors and an
optimal navigation state estimator, the Kalman Filter.

Major Milestones Year
Time of definition 1971 (Start)
Development Flight test 1974 (Start)

and optimisation

In-service Flight Release 1979

Introduction of Standfix 1981

Modification of K for >1989
integration of a Terrain
Referenced Navigation ( TRN )

Table 1 - Major Milestones in Navigation KF Lifecycle

An Inertial platform and a Doppler radar were selected as the main naviga-
tional sensors to provide input data to a KF' implemented in the A/C central
computer., Ior update of the navigation state by measurement of fixpoints,
the on board ground mapping radar in various modes, radio navigation and
some visual aids are used (On-top overflying, Head Up Display).

The next decision to be made was whether to use the filter in a closed or
open loop. In n closed loop the filter corrections ( e.g. velocity errors,
tilt angles ) are fed back to the inertial platform. In an open loop the
filter corrections are added to the inertial platform output for further
use in the overall system.

The closed loop mechanisation has some advantages with respect to INS
alignment not only on ground but also inflight. But for reasons of system
integrity really two independent closed loop sysiems are necessary.

The open loop mechanisation exhibits higher integrity and lower development
risk ( see Table 2 ).

Having Jjust one computer and with offers of fairly well developed integral
INS an open loop mechanisation was selected.

With the determination of the navigation subsystem components the basic
structure of Kalman Filter is defined.

The KF contains eleven states - nine for the Inertial Navigation System and
two for the Doppler. This was a compromise between computing requirements
and specifled performance partly based on supplier data, Later it turned out
that a 12-state would have been better although the present system easily
meets specification. The elements of the KF state vector are now:

Inertial Navigation system:

Position errors in latitude and longitude
North/east velocity errors
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Tilt angle around three axes

North/east gyro drift ( augmenting states )
Doppler:

Along heading scale factor error ( augmenting state )

Azimuth misalignment angle ( augmenting state )

?he equa’;:ions governing the error behaviour of the INS follow text books
Ref.2 ).

Assuming strong exponentially correlated disturbances the Doppler errors
were represented by the output of a first order linear system with large
time constant. This assumption led to workable results.

Additional to the essential KF equations determined by the physics of the
sensors further equations were added reflecting the crew interactions with
the KF. This completed the requirements for the navigation KF software which
was written down in a software requirement paper ( SWR ) as working paper
for the programmers and initiated the S/W development phase.

Item Open loop Closed loop
Redundancy For A/C computer failure Really effective with two
pure IN still available closed loop systems

Development Lower because of better Off Line development and

risk Off Line development optimisation less straight
forward

Computer load Slightly more Smaller because of dropping
time propagation of state
vector

Alignment No advantage Quicker on ground and

better performance when
entering NAV mode,
Possible inflight

Table 2  Closed/open loop - Tradeoffs
3. KF Software Develomment

This development was carried out in two areas, the generation of the on-
board computer program and a 'Fortran World' ( see also table 3 ). The
'Fortran World' consisted mainly of three items:

- The System Mcdel ( F1 )

A very detalled system simulation consisting of equipment models, flight
path simulation and a model of the Kalman Filter.

- Software Proving ( F2 )

Test software used to verify that the onboard computer does the same thing
as the simulation progriu.
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- Off Line Analysis ( F3 )

Software using recorded 'real' sensor data together with reference data
{ from tracking ground radars )} for optimisation and performance ana-
lysis/demonstration,

The real KF program was developed for the A/C central computer, i.e the main
processor in the Integrated Avionic System of Tornado. This computer had a
16-bit wordlength for commands and data ( now more than 32 bits ) and a
store vwhich grew up from 16k words at the beginning to 224k words today. To-
gether with the operational flight program ( OFP ) it is the "heart" of the
avionic system. The navigation software package including the KF is only a
part of the operational flight program ( around 2 - 3 k words ). The program
language is a dedicated Assembler,

No really exciting problems were encountered during the Assembler KF deve-
lopment. The calculations with KP relevant matrices (covariance -, gain
matrix etc.) were supported by a 'Software Floating Point Routine'.

The System Model:

The origins are now lost. What was available in 1973 after a change in staff
consisted of:

- A large IN and Doppler simulation with error statistics based on supplier
data but unfortunately not very well documented. A simulation run took
around 5 hours to generate sensor data for approximately two hours flight
time on the available general purpose computer and to write them onto a
tape.

- A KF model which accepted this tape and produced a considerable amount of
paper ( print outs of matrices and graphs of all sorts ). Again, system-
noise figures were based on supplier data.

A large quantity of such outputs indicated that performance would be met
for the first one and a half hours of flight ( most of the graphs had been
cut off at this time ) but for the remaining time performance got worse.

- A two inch paper dealing with IN error modeling and KF theory.

With this state of affairs and dedicated flight trials due to start in less
than a yeuar we decided to stop work on the system model and to concentrate
on the following two items:

- Testing of the MC program fully knowing that modifications would be re-
quired in the future.

- Preparation of S/W to evaluate real sensor data recordings ( Off Line Ana-
lysis, see paragraph 5 )

During the preparation of test cases for the MC some design errors/deficien-
cles were detected:

- As known after linearisation the state transition matrix 4t contains At
only in girst order ( system matrix A * At ). One might think that drop-
ping At in P-Matrix propagation would reduce numerical problems. But
the result was disastrous and this approximation was cancelled.

- The incorporation of Doppler information into the KF with measurement
every 10 sec., requires presmoothing. Initially this was a low pass filter
with a time constant of a few seconds but a straight forward suming over
aifixed time interval is numerically more accurate and saves computer
tine.
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Test Data FORTRAN KF ASSEMBIFR KF

M Al
Simulated Sensor Data: Zero order optimisation Was planned but
pseudorealistic behaviour Performance Prediction time schedule did
Confidence checks not permit, con-
sidered to be
inefficient
FA2
Synthetic data Software proving
( step inputs ) Debugging of the Assembler program

Solving numeric difficulties using
the FORTRAN KF as a test standard

F3 AS
Recorded Flight Data structural and numeric Only necessary if
+ external reference optimisation of the KF step FA2 shows sig-

Assessment of sensors and nificant differences
system performance with between the two pro-

and without position grams, but a good
aiding confidence check.
F4 M

Inflight Data Not applicable in this Official proving of

+ external reference project, might be possible navigational subsystem
in other applications system performance

Cross check with F3

Table 3 KF Software Development Stages

- An unsuitable choice of measurement plane for some position fixes where
the measurement prediction is no longer a linear combination of the state
variables at short measurement ranges.

- There was a sign error in the equations for the Doppler. Unfortunately
this error was masked by a quite small time constant in the Doppler error
. model and the effect of this error became only evident after 1 1/2 hour.

Atighii development stage the importance of good documentation became very
evident.

The main effort of the development program was now concentrated on the next
two development phases ( Table 3 ) software proving ( development stage 2 )

and off-line analyses ( development stage 3 ) of recorded sensor data which
were available before the filter became airborne.
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Pigure 1 - Synthetic Test Data
4. KF Development Stage 2 - Software Proving

The next task was to prove if the Assembler KF fulfils the KF software re-
quirements 1.e. that it performs the required functions with the necessary
accuracy. Hereto, the FORTRAN KF was used as a reference tool. Inputting
identical test data ( step inputs see figure 1 ) into both programs and com-
paring the output data turned out to be an effective test method. Inspite of
previous individual debugging of both programs, differences in the output
were found due to program flow errors, wrong setting of constants ( e.g.
meter/feet, value of 1SB, BAMS etc, ) and misinterpretation of the KF SWR.
The ratio of errors found clearly indicated the need for i) a higher lan-
guage to be used in the development of avionic systems and i1) a tool sup-
ported design documentation.

One test method wae found quite useful in the early test stages:

Setting individual constants in both programs to values quite different from
the design in such a way that they have a pronounced effect when the KP is
driven with a standard set of input data ( with this method the Doppler sign
error, paragraph 3, was detected ).

Purther differences between the programs were due to the nunber represen-
tation in A/C central computer ( floating point with 16 bit mantissa ).
Numerical improvements were achieved with a proper cholce of the Doppler
pre-smoothing filter and suitable KF iteration rate ( initially to high ).

Errors Assembler Fortran
Program Flow 30 % 50 %
Constants 70 % 50 %
Assembler 10
Errors found = .
Fortran 1

Table 4 FError Statistic Assembler/FORTRAN
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5. KF Development Stage 3 - Off Line Amalysis

With the avallability of flight data the KF was adapted to meet real world
requirements. Suitable preprocessed flight data were fed together with posi-
tion and velocity reference data ( derived trom Tracking Hadar Data, Decea
in the first phasc ) into a ground based computer to rerun a flight several
times with different versions of the KF.

There are some important advantages in evaluating flights on a general pur-
pose computer rather than on the real A/C central computer:

1) After some preprocessing of sensor data it s possible to "rerun" a
flight in a couple of minutes rather than hours in real time.

2) Modification of program and constants necessary to obtain the desired
performance are performed much quicker and safer.

3) Easy access to peripheral - Printer, plotter, tape units and disks.

This method was applied mainly to adjust the System nolse, the initial
oovariance matrix and the measurement monitoring.

Ground based
tracking
sensors
lRecorded sensor data
' ¥ External
‘ reference
with TGround based
flight test ' computer for Plots for 1) individual
data bank evaluation/ > flights
analysis KF output i1) overall CEP
Modified
KF off-line Engineers
program thinking/
guessing

Figure 2 KF* OFF-Line model development Loop
5.1 Measurement Monitoring:

Before a meusurement is processed by the KF it is checked if it lies within
th. area enclosed by an X% ellipsoid made up by system plus measurement un-
certalnty.

For the case where it lies outside, the measurement is disregarded ( this
was modified in a later K version, see below ). This measurement monitoring
prevents 'K corruption' by 'unreasonable' measurement results.

For example, it may happen that the creu updates the A/C position by mea-
surement of ranges to a fixpoint but for some reason the object identified




he this fixpoint i: {ota'ly wrong and would generate a big measurement
4. :vence and therefore «ould probably not be accepted by the measurement
mor:. o,

There were no specific theoretical models available for determining the
monitor thresholds and so they were derived empirically.

There are two types of measurement monitoring incorporated in the OFP.

- The Doppler-IN velocity monitor is fully computerized ( i.e. not under
crew's control ) using a value much below the 3@ threshold one finds in
many applications. If Doppler data have heen continuously rejected for a
certain time a warning is given to the navigator on a synthetic display.

- When & position fix is performed the measurement error and the monitor
check result 'Accept' or 'Reject' is displayed on that synthetlc display.
For the development and first production versions of KF the fix data were
only processed if monitor and navigator agreed that results are
geasonable. The navigator could not override the monitor if it rejected

he fix.

In those days, this hard limit against the philosophy that final judgement
should rest with the man not the machiine was confirmed by industry flight
test experience,

The quality of a fix and thus 1ts weight depends on the sensors used and the
ranges involved. But also the crew's estimation of fix quality could be con-
sidered when determing the weight factor. It was intended to Investigate a
possible KF Improvement with respect to this item at a later stage; above
all industry awaited customer's experience which should be taken into consi-
derations ( see paragraph 7.1 ' Position Fix Weight ').

Apart from measurement monitoring, some navigation sensor monitoring ( espe-

clally for the Doppler ) is also useful in preventing the processing of

'unreascnable' sensor data. One of these software monitors detects tran-.

slents of Doppler caused by sudden changes in soil reflectivity caused by

ground, calm water and rough water alternating using air data computer in-

formation. Another one detects Doppler malfunction by calculating the va-

;éanoes of the Doppler radar velocities in the direction of the three radar
mns‘

These monitors could be used to suppress Doppler data processing by the KF

or to reduce weighting factors.

Today, Doppler data is not used by the KF if the Doppler data status is

bad or certain bank and inclination limits are exceeded.

5.2 Initlal Covariance Matrix and Systemnoise:

There were two methods applied to determine the Initial Covariance Matrix
and the system nolse. The first was an analytic one and the second was a
rather empiric one which consisted basically in looking at results and
trying modifications with a limited amount of analytic work.

The latter, a "magic number" approach yielded quicker and better results
throughout. Graphical representation plays an important role in such an em-
pirical approach. For detalled investigations we found it better to display
true IN errors ( i.e IN data minus tracking radar data ) and their estimates
( KF output ) versus time rather than INS errors and residual errors.

If a large number of flights is evaluated it is convenient to have the net
result in the form of a CEP curve for position and velocity versus time to-
gether with an indication of their statistical significance (Fig.4 and 2).
Flights stored in a data bank may be rerun under different conditions, the

Doppler may be switched off and position fixes of different accuracy may be
simulated.



To prove the benefits ol having a Kalman Navigation filter and that It is
working properly comparison has to be made with simpler mechanisations. In
our case a suitably smoothed Doppler/IN Mix ( deterministic model ) with

CEPSO(POSition)

EXAMPLE

Pigure 3 - KF Performance Representation

There is a X% probability
that the "true" CEP

is below curve B orsgbove
curve A due to the limited
number of samples taken

Flight Time

straight resets of position after position fixes. Results showed the signi-
ficant superiority of the KF over such simpler mechanisations.

In the course of optimisation, the system noise was not only numerically
significantly changed from the initial values provided by the suppliers but
also the structure changed and this is summarized in table 6 and 7.

SYSTEMNOISE
INERTIAL NAVIGATOR DOPPLER
Level Gyro Drift Attitude Velocity Position | - Scaling
- Misalignment
N hour low pass Only contri- zero Zero - N minutes
filter driven by bution for the low pass

white noise vertical tilt

filter driven
by white noise

- Nil

Table 6 - System Noise Elements at the beginning of development

At the beginning, system noise elements for position, velocity, level atti-
tude, and Doppler misalignment were set to zero ( Table 6 ).

During develcpment, time dependent terms and contribuiions after completion
of a turn were introduced to system noise improving KF performance. It was
effective to deseribe also Doppler misalignment by a first order low pass
and assuming an appropriate non-vanishing system noise component

( Table 7 ). All these corrections seemed to be suitable to compensate

non-linear effects.

3-9
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INERTIAL NAVIGATOR DOPPLER

level

Gyro Drift Attitude Velocities | Scale error Misalignment
White noise
driving low 0 0 0
pass
A+B*time 0
After com-
pletion of 0 0 0
a turn

Table 7 - System Noise at the end of development

5.3 A Numerical Problem with Covariance Matrix after Position Fixing

A special numerical problem with KF occured in a development stage when
flight test data were available from a Buccaneer fitted with IN, Doppler,
and the A/C central computer. This A/C was flying in the UK, At the same
time the first Tornado prototype flying in Germany did not show this KF mis-
behavior which was found to occur after a significant flighttime over water
followed by position updates using an ollrig in the North Sea.

Inflight recordings indicated anomalies in the covariance matrix after this
update, although up %o this time the filter had performed quite well, The
problem was tackled from two sides, driving the real computer on a ground-
based rig with similar profiles to those encountered in flight and by using
the Fortran reference program.

As numerics were supposed to play a role, the computer used to run the For-
tran program was modified to perform the four basic operations as if it had
a floating point number representation with a 16 bit mantissa.

The greater flexibility of this general purpose computer provided the source
for the problem faster than investigations with the 'real' machine:

A position fix has great influence on the covariance matrix in reducing it.
Flying some time over water, where the Doppler is welghted little, increases
the covarlance matrix while bullding up quite small assymmetries.

As running a complete flight profile in the modified general purpose com-
puter tock only a couple of minutes, a solution to the problem by simply
forcing symmetry could be demonstrated over a number of different flight-
profiles. The symmetry was simply achieved by averaging the P-matrix off
diagonal terms before measurement updating.

Numerical results with 16 bit mantissa plus forced synmetry were practically
identical to 24 bit calculations with or without forced symmetry of the co-
variance matrix.

With the solution to hand it took only a week to continue trials with a
software modification { this included flight release paperwork and approval
by responsible offices in Germany ).

Today a possibllity exists to enhance numerical stabllity of the KF by the
use of the floating point processor in the recent A/C central computer
(224K). Today, the 'software floating point' routine ( 16 bit mantissa ) is
still applied to numerlic calculations. The use of the floating point pro-
cessor ( 23 bit mantissa ) would require some rearrangements in the A/C com~
puter tasking controler and would also affect slightly other S/W functions

( e.g weapon ailming etc. ).




16 bit 24 bit Mantissa

without
instable stable
forced
symmetry
with
stable stable

Table 5 Stabllity of Co-variance matrix

The customer is aware of this situation but is avoiding any modification of
the KF at this time. But at least, with the integration of additional navi-
gation sensors ( see paragraph 8 ) the use of the floating point processor

for KF calculations will become necessary.

6. KF Side-Development

During development and also after the first in-service flight release of the
OFP, some questions arose concerning KF structure and real sensor behaviour.
With the access to sehsor data and the avallibilty of the KF off-line
program, it was possible to find adequate answers. But, nevertheless, the
results of the following investigations were not incorporated in the
production version of the Tornado KF.

6.1 Azimth Drift Filter

This modification of the Tornado navigation KF replaces the Doppler along
heading scale faclor error modelling with an error medelling of the azimuth
gyro drift. The equation for the tilt vertical axls was slightly changed hy
adding this IN azimuth gyro drift ( change of system matrix ); minor adap-
tagi?ns were also made accordingly for system noise and inltial co-variance
matrix,

Results indicated that such a filter would have an advantage over the
existing one for longer times of flight. However, the activitlies were
stopped by the customer who was not convinced on effectiviness.

From today's viewpoint a 12-state KF ( Doppler alohg heading and azimuth
gyro drift ) 1s also discussable but during the initial phase this alter-
native was not considered due to core/time implications.

Nevertheless, some provisions are implemented in the S/W today and the op-
tion 18 still there to introduce this filter if in the future lohger mis-
sions than currently planned are necessary and then it would play a more
significant role. The selection of the appropriate filter could be under the
control of the crew.

6.2 On-line Doppler data monitoring to improve navigation over sea

Flight trials ( TORNADO/Buccarneer ) over sea showed a poor performance for
Doppler/IN aided navigation but this might be expected due to the laws of
physics for Doppler radar, On the basis of these trials the original
welghting factor in the KF measurement nolse matrix for sea was modified.
Another attempt to reduce Doppler malfunction was to use wind information
derlved from the Air Data Computer and Doppler/IN. When over sea a fraction
of wind could be attributed to water surface motion ( strongly non linear )
and compensated ( 1.e correction of measured Doppler velocitles ). Nothing
has been done In this area but inspecticn of some data RAE Farnborough has




been carried out.

Another problem was in the manually setiing of the Doppler into the land or
sea mode, found by industry alr crews. Some investigations were made on how
to put up a warning if the setting into the appropriate mode was forgotten.
Industry proposed a warning based on i) stored geography and 1i) a "Terrain
roughness" filter. For the first, there are many possible solutions but
these are not relevant here; the latter one uses the "higher frequency
content" of the difference of pressure height and radar altitude. However
the customer did not support these ideas.

We engineers always try to do a perfect job; the navy thoughts might be
little different, ships etc. are moving anyhow, and they might think what is
the benefit of pertect navigation which steers me to a place where the ship
might be. We have the feeling that there is room for further improvements
here,

6.3 Navigation Updates on Straight Lines ( Baseline Fix )

Something else that we have investigated in detall is fixing on "straight
lines" - e.g. little bits of motorways, power lines etc. - which can be
easily incorporated in the filter and which would work well as simulations
on a modified K¥ off-line program demonstrated. A remaining problem is the
user interface to define the 'stralght lines', e.g. as two points or one
point and a direction,

However again this did not meet the operators requirement; as it seems that
the Services have bullt up catalogues of 3D fixpoints covering their poten-
tial operating scenarios.

6.4 IN Gyro Drift Storage

Another way to improve KP performance would seem to be the storage of the IN
gyro drifts in the A/C central computer at the end of a flight. These stored
data ( or a sultable fraction ) can then be used as start values for KP ini-
tialisation for the next flight provided the same IN equipment ls still
fitted., We dld not investigate this approach further because we had not
enough recorded data from flights which were tracked and had a sufficlent
number of different IN equipments.

7. KF Development Stage 5 - Modifications of KF in production S/W loads

The off-line analysis method applied during the development stages also
turned out to be powerful after in-service release. Some comments from the
customer concerning the navigation performance made us investigate modifi-
cations of the production KF. In some cases, it was sufficient to rerun the
modified KI" model fed with "old" flight test data from earlier flights.
Once, encouraged by results of these simulations, experimental changes of
Assembler KF were defined, coded and tested on rigs and aircraft. The For-
?ran KF al?o provided reference data for the validation of the Assembler KF
Table 8 ).

Test Data . FORTRAN KIY ASSEMBLER KF

35 A5
Recorded Flight Data Analysis of modifl- Change due 1o new
+ external references cations requirements as re-
( or from data bank ) Use as reference for sult from F5

3/W validitation

Table 8 KI' software development after In-service Release
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7.1 Position Fix Weight ( Double Accept )

Position fix weighting factors were never optimised, this optimisation wculd
require some task. What we ( industry ) have investigated in this area is
the system accuracy attairable using well defined targets ( offsets ): cor-
ner reflecsors, significantly marked objects =te., We do have some date rela-
ting to fixpoints like bridges, cross roads, etc. but these data too have

no real significance with respect to the real operating scenario as our
testerews know the areas too well,

When it turned out that the KF with just Doppler/IN ( no Position fix ) was
meeting specification values, for Doppler/IN PIUS Position fixes every

20 min., the customer lost interest in an optimisation of Position Fix
welghting values,

The problem on how to take into account operator's estimation for fix qua-
1ity when determing fix welght factor was solved in a simple and radical
way. The navigator was enabled to override a KF fix reject in which case the
S/W only updates the two K state elements containing the position error
while the co-variance matrix remains unaffected.

Thus today, the customer is quite happy with the navigation performance and
resists any changes in this area, On the same line is the requirement to
apply fully target measurement corrections for weapon aiming calculations
but to leave navigation performance ( i.e. KF ) unchanged.

7.2 Standfix

Crews reported that when making a position fix immediately before take-off,
a significant navigation error was present due to IN drifts.

On the ground Doppler i not engaged and position fixes to compensate errors
due to IN drifts can be performed only when the alrcraft is positioned at
certain well surveyed points.

Figure 4 shows typical IN velocity/heading behaviour with the A/C meving or
at rest.

IN velocity /heading output

A

stationary moving statichary moving

Figure 4. - Typical IN velocity/heading output behaviour on ground

When a human being considers this curve i% is evident when the aircraft is
at rest and when it is moving. A plece of S/W is alsv capable of inter-
pretting whether aircraft {s stationary or not. This subroutine - we called
it standdetector - monitors smoothness ( i.e. gradient ) of IN velocity and
heading output to generate the logleal 'aircraft stationary Yes/No'. It is
easy to define adequate measurement matrix and measurement noise matrix for
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the steady alrcraft state. Thus as long as the stand detector states steady
aircraft a 'Stand{ix' is performed every 10 seconds i.e a 'zero velocity
fix' with measurement noise. This mechanisation leads to a remarkable
improvement of the navigation system on ground carried over into approxima-
tely one hour of flight, depending on circumstances.

There was only one smail problem with the Stand detector after a rapid IN
aiignment., However an update ot the Stand detector parameters cured this
problem.

8. KF Future Development

Today, the current navigation K¥ has an excellent performance which is
confirmed by the national airforces. Nevertheless, the crews still attempt
to achieve the best navigation state with the current system by Zinding the
optimal ground preocedur: when alighing the navigation subsystem.

locking at the most likely developments of the TORNADO navigation subsystem
some non trivial impacts on the navigation KF are expected. New navigation
systems under consideration for integration Into the TORNADO navigetion
subsystem are Terrain Referenced Navigation ( among others e.g. LATAN, TER-
PROM etc. ) and the Global Positioning System. None have really been inte-
grated into the KF up to the present.

8.1 Terrain Reterenced Navigation ( THN )

The Terrain Referenced Navigation system provides A/C position and velocity
hased on stored terrain data and helght sensor input., IN position input is
used as the start value for internal calculations. The TRN also provides
proper weighting factors of its ouiputv parameters. Two possible integration
stages are in discussion: first, integration of TRN without affecting
existing navigation KI" and second, integration of TRN supplying the naviga-
tion K" with ThN position and velocities. The KF part estimating position
fix errors can be used for processing of the TRN inputs with minor modifi-
cations. The problem is to adjust TRN measurement noise and tc determine the
iteration time of TRN input to KF. The Off-Line Analysis method ( Paragravh
4,, Figure 2 ;) is a suitable tool to do this joh.

8.2 Global Positioning System ( GPS )

GPS is a possible candidat for enhancing the TORNADO integrated navigation
systen. Again, determination of measurement noise ( for position and
velocity ) and the iteration KF input rate will be the problem. But at this
time no deeper investigatlions have been made in this area.

For the development phase 1t is reasonable to make ample allowance for the
structure of the system nolse at the start of all devalopments involving
Kalman filter,

The central A/C computer program was updated with these system nolse changes
before it became airborne. Since then off-line analysnis of flight data has
continued and only miror changes have been incorporated in the navigation
filter meanwhile.

Off line analysis has provided useful information on equipment deficiencies
such as the Doppler scaling error, the existence of which the supplier was a
little reluctant to admit., IN gyrodrifts and misalignment. Correlating the
state vector estimates, from flights flown with different equipments is a
great help in the analysis of weakly or non-observable states ( such as
Doppler misalignment and an INS headaing output bias ).

The following points of major importance emerge from the experience galned
during the development and optimisation of this navigation filter:



- The need for good documentation to enable the transfer of knowledge to the
foliow-on responsible engineers,

- The usefulness of data bank derived from flight test data in connection
with flexible evaluation programs for the evaluation and optimisation of
existing systems and design of new ones.

- A fair dialogue with operators about their experlences in order to satisfy
real operational requirements.

~ Tight control of the onboard computer software is a fairly complex and
time consuming task, especially with programs written in Assemler.
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UK
ABSTRACT

“SThe system architecture and the trade-offs that drive its evolution are examined for a

practical high-performance Integrated Navigation System designed for a number of
surrent rasquirements. The systsm incorporatas a U4 gimbal inertial navigator of
inherently high stand-alone performance, integrated with a state-of-the-art 5 channel
P-code (PS receiver, The aystem partitioning and interfacing are configured to
optimise system accuracy during potentially lengthy perlods when a full GPS solution
may be unavailable, while ©providing satisfactory integrity under reversionary
conditions, The main Kalman Filter takea pseudo-range and range rate measurements from
the GPS rather than peaition and veloolity and in the primary navigation mode models INS
and GPS error parameters, The Kalman Filter in the GPS receiver operates independently
to provide the desired reversionary capability.

The system architecture, both 4in hardware and moftware, allows a high degree of
inherent flexibility which is required to tailor the Integrated Navigation Systum to a
wide variety of specific applications.

i
1 ‘\
INTRODUCTICN

There is a growing requirement for modern navigation systems to provide high accuracy
navigation data on a continuous basis., Data of this conaistency is not available from
a single navigation system but must be derived from the integration of data from
several sensors, This paper desoiribes the design considerations for a high performance
INS/GPS Integrated Navigation System. A hardware configuration is given which forms
the basis of a flexible integration aystem that can be easily adapted for a wide
variety of applications.

SYSTEM REQUIREMENTS3

The Integrated Navigation System to be desoribed i{s required to provide the following
functions throughout long duration flightsie

a) Navigation data of an acouracy and oonsistency not available from a single
navigation system,

b) Effective navigation on the failuma of any single navigation mensor or during the
loas of OPS data due to manoceuvring, jamming or GPS control or spaos segment fallure.

o) High aoccuracy autenomous Inertial Navigation System performance when no other
sensors ara available,

d) Warning that any sensor is failing or has failed, from the detection of degraded
sensor performanc? to a groas sensor failure,

e) Comprehenaive valldity cheoks on all the sensor data, This includes comparison of
the INS data with GPS and the acomparison of the pseudo-ranges and range rates between
the satellites lieing tracked.

) In-rlight oalibration of the sensors to eliminate the need for routine ground
ocalibration,

The primary sensors for the Integrated Navi ation System are an Inertial Navigation
System, a OPS receiver and antenna system and an Alr Data Computer. Secondary sensors
which may bLe usaed under reversiorary conditions are Omega, Radar Altimeter and Gyro
Magnmtic Compass, Using these sensors, the Integrated Navigalion Syatem providea the
hest posmible pomition, veloolty, attitude and heading information to the rest of the
airaraft systems.

Huw 40 these ruequirements affect the characteristios required from the Inertial
Navigation System and the 0OPS Receiver ? These are the only sensors that are
vonsidersd in depth for this system since the Air Data Computer and the secondary
sensors are already part of the alroraft fit in many applications,
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GPS RECEIVER SUR-SYSTEM REQUIREMENTS

The navigation requirements for most future military aircraft are such that dual
frequency precision code GPS receivers must be used. However, applications range from
transport aircraft to high agility fighters and it might be oonasidered that in low
dynamic cases & simplified 2 channel multiplexed receiver could ba used to reduce cost.
Unfortunately multiplexing a receiver channel reduces the signal-to-noise ratie by up
to 6 db since only part of the available aignal information is being used. This
results in a reduction in the jamming resistance and the ability to track satellites in
conditiona of low signal strength. These are important aspects in many military
applications and effectively eliminate the use of a multiplexed receiver. Thus a
5 ohannel receiver is used, with the additional advantage that aince each satellite in
use is being traocked continuously, such a receiver can withstand higher dynamics in the
absenoce of rate-aiding data.

The receiver should be ocapable of using rate-aiding duata to ocompensate for antenna
motion. Depending on the receiver design and the type of jammer, this ocan give a amall
improvement in the anti-jamming performance by allowing the tracking loop bandwidths to
be reduced to rejeoct the jammer without losing lock under dynamic conditions.

If the GPS is to be used in a jammine environment, the use of an Adaptive Antenna and
Antenna Control Unit should be ac¢ ~«.dered. A typical antsnna array is ocapabls of
steering multiple nulls independently to reduce antenna sensitivity in the direction of
jamming signals, either from external asources or from other transmitters on the
aiveraft operating at frequenocies close to L1 or L2, The use of an adaptive antenna
system is very application specifio and is not conaidered further in this paper.

From these oonsiderations, the GPS receiver should be a 5 channel P-code recseiver,
Rate~-aiding data {s required to prevent loss of 1lock of the receiver during high
dynamic manoeuvering and to improve its jamming resistance.

INERTIAL NAVIGATION SYSTEM PERFORMANCE

The Integrated System provides very high acouracy position and velooity data at all
times. When GOPS is amvailable, the integrated aystem outputs have the long term
acouracy of the 0OPS with the superior short term characteristios of the INS. The
aocui‘acy is largely indepesndent of the quality of the INS since the Kalman Filter isa
vontinually re.sstimating the correstions required by the i{nertial syastem., However,
when GPS data i3 unavailable due t¢ sither jamming, non-availability of satellites or a
fallure of some part of the GPS sub-aystem, the Kalman Filter oan only propagats the
state estimates existing prior to the loss of the GPS data. The inertial system error
sources must therefore be stable in-run to ensure that these estimates remain valid
when no update measurements ars available.

The moat extrame case ocours when no (GPS data is available at any time during the
flight, in which ocase the Integrated Navigation System performance will be that of the
Inertial Navigat!ion System. In order to meet the stand-alone acouracy requirement for
the INS, the error sources must be stable from run-to-run so that calibrations obtained
from a previous flight when GPS was availlable mey be used, It they are not
sufficiently stable then some pre-flight calibration proocsdure must he carried out in
order for the INS to meet the autonomous acouracy requirement. The particular error
sources and thelr atability and effect on INS perfermance are discussed later,

Secondt '+ sensors such as the Omega do not greatly affeot the INS acouracy
require.cnts. Omega typloally hasm an acocurmoy of 2000 m CEP while the uncalibrated INS
may have an error growth rate of B800% wm CEP where t s the navigate time in hours,
The INS will therefore be the better position sensor for the firast 2.5 hours of flight.
The Omega position information ix not moocurate encugh to allow the inertlal inastrument
errors toe be estimated and so a reduoced Kalman filter is run which only modela the INS
position, velooity and tilt errora,

From thesa oconaiderations, the T(nertial Navigation System must be capable of highly
aocurate stand-alone performance and must therefore have stable instrument error
sourves, The type of currently available IN3 that best meets thess requirements for
high position and veloolty accuracy is a gimballed cystem using conventional floated
rate integrating gyros or dry tuned gyros.

INERTIAL NAVIQATION SYSTEM DESCRIPTION

The Inertial Navigation Unit used in this Integrated Navigation Syastem is a Ferranti
FIN 1041 INS (figure 1) whioh is a high acouracy derivative of the FIN 1012 aystem
aurrently in service on the Nimrod maritime reconnaisance airoraft. The FIN 1041 is a
conventional gimballed inertial system which uses floated rate-integrating gyros. It
gongi;tskof two major sub-assemblies, namely the Inertial Platform and the Eleotronio
ard Bank.
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FIGURE 1 FIN 1041 INERTIAL NAVIGATION SYSTEM

The Inertial Platform i{s a Y gimbal fully aerobatic platform originally designed for
use in a highly dynamic airoraft. It i{s mounted on stiff antli-vibration mounts which
provide some isclation from external shocks without significantly degrading the quality
of' the attitude outputs. The platform contains 3 Perranti type 125 floated gyros which
have a high sensitivity and low i{n-run variability under stable operating oonditions.
This is important {in order to maintain the navigation performance when other sensors
are not avallable.

The aceslercmeters are Ferrant! type FA2Fs whioch are viacous damped, pendulous forge
feedwback instruments, Again they are highly sensitive and have good bias stability.

Roth the gyros and the accelerometers are operated at a constant temperature to obtain
the correot sensitivity and to minimise the in-run variability. The whole platform is
mounted in an environmental system whioh is controlled so that the instrument cluster
ts held at nominally 55 deg C. After the transients due to initial heating of the
platform from amblent to operating temperature have wusettled out, the cluater Iis
maintained to within 0.1 deg C of the nominal temperature.

The FElectronie Card Bank contains the platform eleotronics, an analogue-to-digital
aconvertor, a synchro-to.digital convertor, a computer, the input/output intarfaces and
the power aupply modules,

The platform eleotronics oonslst of the gyro spin-motor supply, acocelerometer and gyro
analogue intserfaces, ths gimbal serveos and the acnelerometer and gyro interfaces with
the computer,

The computer is a Ferranti{ F-DISC 2 card computer with a floating point co~processor.
It I!s a micro~programmed machine which 13 orientated towards real-time control
applications, !

The FIN 1041 interfaces with the other units within the Integrated Navigation System
via a MIL-STD-1553B dual redundant data bus., The 15538 interfmce onard is capable of
aocting elther as a bus ocontroller or a remote terminal. The mode of operation I=
intended to be seleocted by a discrete signal but it could equally well be controlled by
the dynamie hua control commands supported by 15538,

There are also direct interfaces with other aystems already fitted on the alroraft such
as dlaor:ta 'INS Good!' and 'INS Fall' outputs and 3 wire synchro outputs of mttitude
and heading.

The power supplg modules generate all the internal supplies required by the INS from
the aircraft 28 V do supply. They are state-of-the-art deaigne using integrated
magnatics to reduce the volume and weight and to inocrease the efficiency. They are
switoched mode units operating at a frequency of 250 kHz with an average efficiency of
85%. This oontributes towards the low INS power consumption of 150 W compared with
280 W for the older FIN 1012 aystem from whioh the FIN 1041 {s derived.

Both the card bank and the {nertial platform require forced alr cooling. The platform
alr flow {8 regulated by the ocomputer as part of the serggﬁloop whioh controls the
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instrument temperature. The card bank air flows through heat exchangers that remove
heat from thes cards by c¢old-wall cooling. The ocards have integral heat planes which
conduct the heat to the cold walls. They also reduce thermal siresses by distributing
the heat evenly across the card,

Many funotions that were implemented in hardware in the older FIN 1012 system are now
carried out in software. This results in a reduced card count whioch in turn gives a
lower power consumption and improved reliability. The inoreased reliance on software
also makes the system very flexible, allowing major functional changes to be made with
little or no impact on the hardwarae.

The software is modular and is written in CORAL 66. Funotions implamented by the
software include INS mode oontrol, digital alignment algorithms, the wander-angle
navigation solutien, 3rd order baro-inertial height 1loop, instrument error
compensation, oalibration routines, 1553B interface control and builta=in-test (BIT).

IN3 OPERATING MODES
The Inertial Navigation System has 2 prinocipal modes of operation, which arei-

a) Align, which levels the platform and oarries out gyrocompassing and drift
estimation.

b) Navigate, which provides 3 dimenalonal outputs of position, velooity and attlitude,

Prior to the alignment, the platform is heated up to its operating temperature, At the
same time, Initial position and altitude data may be entered, although it is not
necessary to do this before the start of the alignment.,

The alignment is implemented in software and consists of two stages. These are coarse
levelling, during which the gyros are run up and the platform is levelled by driving
the gimbals to null the pitoh and roll synohro ocutputs, and fine levelling and gyro
compassing, where the platform is gyro stabilised and is further lsevelled by the
digital alignment process. (pee figure 2).
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FIGURE.2: DIGITAL ALIGNMENT BLOCK DIAGRAM

The digital alignment is implemented using two third-order emtimators whioh provide
tilt, velooity and drift estimates in both level axes, These estimates are applied to
the torquing algorithms which drive the gyros until the platform ia level. In
addition, the X and Y drift estimates are passed to two third-order filters before
being used to mstimate the wander angle. The alignment estimation also produces an
estimate of the north gyro drift error whioh is then resolved back through the wander
angle and applied to the X and Y gyros to compensate for run-to-run drift errors. If
the alignment time extends beyond U0 minutes, assessment of the azimuth gyro drift s
started. This measures the changes in the wander angle over a period of time and 1is
completed 90 minutes after the atart of the alignment. This allows the gyro drifts to
be ocalibrated to provide the bust autonomous performance i1f it is known that no other
sen~ors will be avallable during a flight.
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The navigation equations implement a local vertical wander angle solution which gives
the INS a world-wide navigatlon capabllity. The vertical channel 1s a conventional
thi:d-order baro-inertial height loop whieh requires an external source of heigit data
to bound the inertial errors.

INSTRUMENT ERROR COMPENSATION AND CALIBRATION

The instrumen: error ocompensation s also carried out by the software. The trim
parameters are held in a PROM aasociated with the Inertial Platform. 4t present sore
160 pareameters are trimmed but there is the ocapacity available for up to 8000 trim
parameters, The prinaiple instrument trims are listed in table 1 together with those
asscoiated with the synchros and the platform interfaoce. The heading and attitude
dependent trims are stored as look-up tables (LUT).

CAYRO ACCRLEROMETER SYNCHRO HLECTRONICS

Drift Bins Attitudo l()ﬂf}’yﬂ)d"m'm""' Ace. Switeh Rectification

Scule Factor Sc.m Fielor Uyro Switeh Rectifleation
Spin Axis MU ;
Input Axis MU
Misaligninent
5.F'femp,CoofMclunt
Heading Hfmg;dunt Trimn

TABLE 1t FiN 1041 TRIM PARAMETERS

In addition to digital error compensation routines, there are alsoc extensive
ocalibration routines for use during ground test to measure the instrument parameters.
Most of the routines are aelf-contained and fully automatic but some, such as the
meaaurement of transient instrument arrors, require external equipment and asome
operator intervention.

INS/QGPS INTEGRATION

The primary integration is that between ths Inertial Navigation BSystem and the GPS3
receiver, The INS produces continuous information with no short term interruptions but
with errors that grow slowly with time in ways which can be well modelled. The GPS on
the other hand produoss acourate position and velocity information which does not
degrade with time but which can be {nterrupted. By oombining these sensoras, a
continuously avajlable integrated solution s produced with an accuracy comparable to
that of (P3 even when the OPS 1s unavailable for perjods up to 15«20 minutes, The
degradation of performance {f the GPS is unavailable fur longer perlods depends on how
well the INS has been calibrated.

The integration is required to bs of a very high aocouraoy and this is best achieved by
calibration of those inertial error sources which vary slignifioantly either con a run-
to-run basis or by long term drifting cver a period of munths or years, Tha GPS cannot
be relied upon to be continuously mcourate during every flight due to airframe mamking,
Jamming or poor satellite geometry. The ocalibration of the inertial instrumenta
enables the integrated solution to propagats through auch periods with minimum
degradation,

USE OF PSEUDO-RANGE AND RANGE RATE DATA

There are several advantages in using GPS pssudo-range and range rate data rather than
position and velooity. Firstly, measurements oan atill be used when there are too few
satellites visible to allow the GPS receiver to ocaloulate u full navigation solucion.
Secondly, data from as many satellites as the receiver is tracking is available to the
integration filter whereas data from only 4 is umsed in the OPS posmition caloulation.
Therefore, more information is available to the integration filter during times of good
GPS ocoverage allowing a better oalibration of the INS error mources. Thirdly,
significant OP3 position output ohanges of the order of 40 m oan ocour after a
satollite conatellation ohange. This is again a result of only using 4 satellites in
the OPY nevigation asolution, Finally, the uae of pseudo-range and range rate data
permits more oomprehensive validity ochecking of the GP3 data, It is pomsible for a
satellite to have a fault but for the fault condition not tc Le reflected by the SV
health word for msaveral hours, It is therefore vital that independent consistency
checks are carried out on the GPS data at all times.

T et e e &
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However, the pseudo-ranges are not corrected for GPS user equipment clock errors such
as bias and drift and these states must therefora be estimated by the integration
filter if pseudo~range data is to be used.

USE OF INS AND QPS MEASUREMENTS

The Integrated Navigation System described in this paper usas INS position and velooity
data together with pseudo-range data from the GPS receiver (figure 3), In order to
make use of the GPS data, the position and velooity of each satellite at the time of
the CP’S measurement is also required,
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FIGURE,3: HORIZONTAL INTEGRATION BLOCK DIAGRAM

The Kalman filter uses the differences between the INS and ths GPS measurements as its
input. However, the INS outputs are in geographic axes while the GPS satellite data is
in Porth Centred Earth Fixed (ECEF) coordinates, The data muast therefore be
transi®ormed to a oommon frame of referenca in order to cocaloulate line~of-sight
distances and velocities and so the INS data !a transformed from geographic axes to

Pusition errors are derived by first caleoulating the line-of-sight distance from the
INS to the satellite, This is then corrected for the lever arm distance between the
INS and the GPS antenna before being subtractsd from the pmssudo-range measursment to
leave a ranga error along the LOS to Lhe satellite, This process is repeated for each
of the sutellitas being trmoked by the receiver,

The velnocity erprors are dealt with in the same way by ocalculating the line-of=-asight
velooity between the INS and the satellite and subtracting it from the range rate
corrected for antenna motion. Again this is repeated for emch autellite being tracked.

The best estimates of position and velocity are produced by adding the ourrent
estimates of the position and veloolty errors to the lutest lnertial position and
veloclty outputs. Similarly, the heading error is added to the inertial heading output
to give the {ntugrated heading output, Bsoause the Kalman filter {is modelling
position, velocity and tilt error atates whioch only change slowly with time, delays in
the corrections caused by data validity ohecking and filtering do not matter, provided
that they are muoch less than the Sohuler period of the INS, This also means that it 1is
not necesaary for the filter to oyole at a high rate.

DATA SYNCHRONISATION

The caloulation of errors between the INS and t+he QP4 pre-suppuass that the
measurements C“rom each of them were made at the msame point in time. This is not
usually ¢the ocass. The OP3 measurements which are made every secord are not
synchronised with the INS data outputs which ooour svery 20 - 50 m3. The usual method
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of synchronising the data is to time tag 1t using free-running clocks in each unit
which are periodically synchronised to keep the time difference between them within
acceptable limits.

What are the acceptable limits ? Some of the INU error sourcesa give rise to velosity
errors of the order of 0.1 ft/s rms. Therefore the errors in the velocity measurment
introduced by correcting for lack of data synchronisation should be less than this
value, for example 0.05 ft/s.

Velooity errors due to lack of ocloek synchronisation are introduced during periods of
acceleration., In order to keep the errorm less than 0.05 ft/s during an aceelaration
of 2g, the timing error between the clocks muat be less than 0.8 mS. The clook in the
INS is a crystal oscillator which oan have a hias of up to 50 ppm with respect to the
nominal frequenacy. This bias also varies with temperature. The time tag oloeck in the
GPS receiver may have asimilar characteristics, depending on the receiver design. Hence
for a differsnce between the olocks of 100 ppm, they need to be synchronised esvery 8
seconds to keep the difference to lessa than 0.8 mS.

RATE ATDING OF THE GPS RECEIVER

Rate aiding of the GPS raeceiver can improve its anti-jamming performance by reducing
the bandwidth of the code tracking loop. It also reduces the satellite acquisition
time since the recelver has apriori knowledge of the antenna velocity and therefore the
expeoted Doppler shift of the carrier frequency.

Ths antenna must be compansated beth for linear motion and for lever arm effects, where
airoraft angular ratea result in a velooity at the antenna., The effectiveness of the
ocorreations {y determined both by the acouracy of the data and itsa lutenoy, To prevent
velocily errors of less than 1 ft/s ocourring during a 2g acceleration, the veloolty
latency must be Kept below 15 m8, Angular rate data ocan have a latenocy of up to 200 mS
for a amall lever arm and moderate angular acoeleratlions before the veloolty error
reaches 1 fit/s. Theae requirements are easily achieved by time tagging the data to
?llow the QDS receiver to valoulate its age and correct it for aliroraft acdeleratlions
f necessary,

DATA VALIDATION

Both the INS and QOFS data must be rigorously tested to ensure that no spurious
measurements are fed to the Kalman filter, These tests should be independent of the
integrated navigation solution and alss of cther senaora., A baalo check is to teat
that successive samples of data do not imply rates of change that exceed the maximum
airoraft dynamios, For example, if two auccessive velocity measuremunts implied an
airoraft acceleration of 6g and the INS im fitted to a large tranaport alraraft then
one of the measursmenta {a 1likely to be in orror, or e¢lse the airoraft im in a
sttuation where the navigation acouraoy i{s unlikely to be of much conoern,

The (IPS receiver is able to provide a oconsiderable amount of information to aasiast with
data integrity chuaoking. The (PSS data ocan bhe checked by monitoring the satellite
hiealth word, the predioted User Range Acoauracy (URA) word, cross cheoking data from one
satellite agaivnat data from the others and also by ocomparing successive measurementn.
The ﬁantpés similar to thut usd for the INS but allowance is mads for the nolsy nature
of the GPS data,

In general, the nccept/rajeot limits should be mmde too tight rather than too open.
Measurement: are btad until proven good and it is preferable to reject good measurements
rather than risk accepting bad onea.

1NS HORIZONTAL ERROR STATES )

Sinoce the Kalman Filter ias required Lo callbrate the Inertial Navigation System, t"e
avior atatos to be modelled must be detwrmined, The {iltur providem ponitlon, velooty
and ti{lt ocorreoticnm to the TIN3 outputs. Considering the horizontal axes only, thls
raquires two posit.on, two veloofty and threa tilt astatos. The two horlzontal tilts
are acoeleiration erpor terma while tha 7 tilt 's the heading error,

The 1instrument parametsrs whili nead to bs modelled inolude those whioh have
significant prun-to-run variability or long term drift. Further, the callibration
algorithms themselvus are nnt pnerfect and tharerors aome erroi* sources, whille not
varying with tlne, may hava signifioant oalibration arrors which ura worth mode.ling.

The effect of theas error sources on the performance of the TIN3I must also be
deternined, This has heen done by uaming & asimulation program which excites an error
model of the INS with flight profile data and generates the poamition, veloolty and LIilt
arrors oontributed by the different Iinstrument paramaeters. The typ!cal valuea for
these parnmetera are found from the population statisticas of the inatruments and from a
knowledge of the oaslibration algorithms and thelr 1likely errors. The Instrument
variabilities and thelr effeot on IN3 performance are shown in tahles 2 and 3. The
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figures in table 3 are taken from the simulation results of a single typlcal sortie
prefile rather than from a Monte Carle simulation run and sc should be treated with

cautlon.
wonsoukcs | RUNTORON | oummaTON | Resuuave

Gyro Drift (X, Y) 0.002°/ hr 0.002°/hr 0.003°/hr
Qyro Drift (2) 0.02°/hr 0.007°/he 0.021°/hr
(yro Seale Fuctor 0.007% 0,015% 0,017%
Spin Axia MU 0.03°/ heig 0.03°/ hrig 0.04°/hr/g
Input Axis MU 0.01°/helg 0.03°/ he/g 0.03*/hr/g
Misalignment None 1 are min I ure min
Accelerometor Bian N/A (Sue Below) N/A (See Below) N/A (See Below)
Acc.Scale Factor 0.015% 0.007% 0.016%

TABLE 2t INSTRUMENT VARIABILITY (1 BIGMA)

ERROR SOURCE RADIAL vhLOGITY
X Qyro Drilt 0,42
Y Gyro Drift 0,37
% Gyro Drilt 0.85
X Qyro Seule Fuetor 0.0
Y Gyro Scule Puctor 015
X Spin Axls Muss Unhalango 0.23
r)(-Input Axis Mass Unbulunce 0.08
Y Spin Axlg Muss Unbutunue 0.08
Y Input Axls Muss Unbalunce 0.17
X Ace.Seule Factor 0.20
Y Acc,Sculy Matlur 0.08

TABLE 3 1 BRFECT OF INSTRUMENT ERRORS ON PERFORMANCE

Prom the table, 1t can be mseen that the gyro drift run-~to-run variability ocontributes
the most to the errcr in navigation parformance and therefore all three gyro drifts are
modelled, Next ara the gyro mass unbalances of which the spin axis unbalance is the
logs stable, Hers the measurement uncertainty is alsn large which makes both terms
worth modelling, Simulation work is ocontinuing to determine whether fthe input axia
unbalances should be inoluded, but until the results are available it is only intended
to model the apin axis unbalancas bacause of their greater variability.

Both tho gyro and nccelerometer soale factor errors are of the same order of magnitude
and produse similar velooity ervor contributiona, Of the two, the scaelurometer Bscale
faotor err.rs have a larger long term drift than the gyro scale factors and are
tharefore the terms that ore mode'laed,

Run-to-run acocelerometer bius errors are not modelled becasuse they are effectively
sanoelled out ip the navigate mode by tilt orrors in the platfurm which are introduced
during tte alignment. The fraction of earth's rate which !s sensed by the level axia
gyroes due to the tilt is modelled out by the gyro drift atates. It should be noted
that a strap-down INS {a very smensitive to mocelercmeter “ias effsots and they need to
be ncdelled 4f this tyre of aystem is uased,

OTHEPR FILTER STATES, NOISE AND COVARIANCES

This results in 14 stutes ':eing modelled, which are summarised in table 4, In additioen
to the INS error states, two GP3 olock statos are modellad to estimate the olock blas
and drift In the GPS receiver thus giving a total of 1§ states., This i!s wall within
the capabilities of ths chosen ocomputer, Indeed, oxpansion to 30 states is possible
but it {m nnt considered desirable to introduce extra states unless they oan be easily
4i{stinguished, have a good phymical meaning and have error statistios that are well
understood. It is aulso undesmirabit to have too many atates beocuuse the memory
requirements inorease with the mquarc of the number o states while the computation




time increase with the cube. Therefore a 30 state filter would require approximately
four times the memory and take eight times longer to cycle than a 16 state filter.

INU ERRORS INSTRUMENT KRRORS aps ERRORS
Latitude Error X Ciyro Drift Clock Bias
Longitude Error Y Gyro Drift Clock Drift
North Veloeity Krror Z Qyro Drift
Eust Veloeity Krror X Spin Axis MU
X Tilt Beror Y Spin Axis MU
Y Tilt Krror ' X Ace.Seale Fuctor
Hoading Krror F} Y Ave.Scule Factor

TABLE 41 KALMAN FILTER ERROR STATES

The initial covarianoces used by the filter reflect the maximum likely magnitude of the
specifioc parameters, In general it is safer to make these values tno large, whioh may
result in a slower settling of the state estimates, rather than too small which oan
lead to filter instability., The initial instrument covariances are determined from the
instrument statistics and should be derived from both the instrument variabillity and
the calibration acouraoy.

Initial covariances of the other states mre dependent on INS characteriatics such as
the alignment mechanisation and velocity quantisaticn. Fosition ocovariance s
determined by likely acouracy of the initial position data (with due allowance for
surveying errors, insertion of inaorreot data and so on).

The unmodelled insirument errors are treated as torms whioh modify the process noise.
They may be driven by the aireraft dynamicas: for example, an unmodelled mass unbalance
oan be drivern by the horizontal aocceleration to increase the process noise of a tilt
during alroraft manceuveras., Similarly, uncompensated external errors, such as gravity
anomaly effeots, require the process noise to be ast to a higher value than that
oaloulated from system considerations alone, resulting in reduced state eatimation
asouraay.

Measurament nolse of such quantities as INS posltion and velocity depend on the
quantisation of the dats, itz latenoy and the resolution and Jitter of the time tagging
data, since uncorreoted delays in the data introduce greater measurement uncertainty.

FEEDBACK OF RRROR 37TATES

This Is a loosely coupled ayatem in the sense that there is no feed-back of the state
estimates to the INS to ensure data integrity in the event of filter fallure, If bad
dat?fim used Ly the filter thug oorrupting the state estimates, the INU performance is
unaffuoted.

However, 'nstrument error states are fed back to the INS poat-flight and are applied as
corrections to the trimas for the naxt flight., The amount by which the ocorrections are
permitted to update the trima is determined by such faotors as the length of time for
which good GP3S data was avallable during the flight, the covarimnces assooiated with
the atate estimatcs at the end of the flight and the length of time asince the last
calibration or update. This allows the INS to treock any long term drift of the
instrument parameters and ensurem that the best posmsible trims are always used.

.

KALMAN FILTER IMPLEMENTATION

The Kalman filter uses the errors between the INS position and veloaity aud the GPS
pasudo~ranges and range rates as the inputas for the measurement updates.

Sub-system error modsls are updated in discrete time. Calculation of the transition
matrix has been carefully optimised to allow for algnificant periods of propagation
wlith no measurements. A modified error state veotor is used whioh avolds the use of
vehicle acceleration In the transition matrix thus increasmsing the acouracy for a given
update rate. The relative mscalingas of the state veotor parameters have been carefully
chosen in order to resduce the sensitivity to numerlcal errors throughout the
glgorithma. .

The filter measmurement and time updates are oarried out using the U,D Covariance
Factorisation method which provides excellent numerical stabllity at a relatively low
ndditional oomputational ocost compared with the conventional Kalman-Buoy algorithms.
This method has been suocessfully used In many modelling studies and In real-tinme
implementattons in a varlety of systemas.
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For time-critical systems, the coding of the U,D time update (Modified GOram-Schmidt
algorithm) has been given the most attention as it is by far the dominant contribution
to the computing time budget. In relation teo real-time, this budget is of nourse
directly proportlional to the chosen lteration rate. Hence In a situation where GPS
measurements are available at a high rate, it may be necessary to use measurement
averaging., To allow for longer time period averaging, the measurement update algorithm
is modified to take account of the dominant transition matrix terms. This is a
consarvative approach which provides more flexibility in the choice of update rate and
allows the reduction of measurement error correlation.

Covariance matrix elements are computed from the U,D factors in order to assess the
filter convergence. Since this is a time-intenalve process, .t is computed at a lower
rate. Covariance estimates are alsc used as inputs to the algorithm which carries out
the post-flight update of the inertial error compensations.

FILTER CYCLE RATE CONSIDERATIONS

The fllter oyole rate {s also influenced by other factors such as sensor data
correlation times and ocomputsational loading. The INS position and velocity errors are
aorrelated over long periods of time. In contrast, the GPS position and velooity
outputs oan have gorrelation times of several seconds because of the filtering
introduced by the GPS Kalman filter in the navigation proceasor, However, the
correlation times for the OPS pseudo-range and range rate measurements are lexe than 1
asecond and this is another good reason for considering the use of paeudo-range and
range rate data instead of GPS position and veloaelty.

Time updates of the state veotor do not present a great computational burden and the
update rate is therefore principally determined by the accuracy requirements and the
linearity of the model for the given aircraft dynamios. For high dynamioca, the filter
should bes updated more frequently than for a low dynamioc application.

The ocovariance matrix should be updated at least once between measurement updates,
Since the computational burden is high, it is updated ams infrequently as posaible, the
zinimgn rate again being determined by the acouracy requirements and the airoraft
ynamios,

The measurement update rate depends on the computer loading, which is high, and the
correlation times of the asensor errors and the arror covariances. There is little
point in the oyele time being much less than a certain value because updates contain
little new information due to corrslation of the aensor data. Conversely if the error
covariances are large, the f{lter ashould be oyocled more rapidly to improve the error
estimates, Unless a variable update rate i{s used, the oyale time will be a compromise
between these requirements.

VERTICAL CHANNEL INTEGRATION

The vertical channel {integration is oarried out {ndependently of the horizontal
integration. This is because the inertial erroras for a local level system separate
naturally into asouroces affeating the horizontal and vertical channels. Also,
barometric mnd radar altimeter data only relate to the vertioal ‘' annel., Finally, as
has already been mnentioned, the memory and computational requirementa are reduced by
running two smaller filters rather than a single large one.

The vertioal channel integration optimises the outputs of vertical velosity and height
by ocombining GPS paeudo-range and range rate errors with INS vertical acceleration,
baro helght and radar altitude in a seven state filter (figure U4), the states of which
are listed in table 5. The 7 aocelerometer bims state alsc absorbs the accelerometar
scale fautor error and this needs to be conaidered when modifying the noise assumptions
during periods of vertioal acoeleration of the alroraft, This state alsc ahsorbs the
vertiocal ocomponent of gravity anomaly which will not be ocompensated 'n the INS. The
p:e::n:? of this must be borne in mind when determining the vertival acceleration
statintios,

INU ERRORS HAROMETRIC KRRORS GPS ERRORS
4 Accoleromuter Biun Haro Blay Clock Blas
7 Velocity Krror Buro Scals Factor Cloek Drin
Baro/Inertial Helght Error

TABLE 6 : VERTICAL CHANNEL ERROR STATES
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FIGURE4: VERTICAL INTEGRATION BLOCK DIAGRAM

The barometrio bias and scale factor states are intended to detsrmine the atmospheric
corrections of the day., Integrated vertical velocity and helght errors are produced by
adding the error estimates to the inertial vertical velocity and baro/inertial height
since these have the best short term characteriatiaas,

The GPS oloak states modalled by the vertical channel filter will not rnecessarily be
the same as those estimated by the horizental integration filter becauss different
oomponents of thes OPS data have been used in each case. The estimates of the two
f{lters are ocombined to form single estimates of the olock bilas and drift by using
techniques applicable to federated filters (raferences 1 and 2). The covariahces from
the two filters are also combined to give single values for the blas and drift
covariances in a similar mannsr,

PERFORMANCE MONITORING

The {ntegration process generates data which allows the performance of some of the
sensors to be monitored. For oxample, the state estimates and ocovarliances »f the
inertial {nstrument errors ocan he oompared over saveral flights and if sxcessive
variability or trending ls observed, the operator can be informed that the relevant
{nstrument |s producing degraded performance. The INS oan therefore be replaced before
a8 hard {nstrument failure occurs, thus preventing an in-flight fallure of the inertial
navigation funation.

Similarly, it the GPS olook state estimates are outmide met limits a possible fallure
of the GPS receiver or the use of inaccurate satellite data is indicated.

Excessive errors due to unmodellad error sources oan be detected but not nevessarily
identified by ocomparing the sensor outputs with the integrated solution. Any large
differences or high rates of vhange of differences can be flagged up, although they
should be treated with oaution sinue the faulty mensor may have ocontributed to the
integrated solution against which it and the other sensors are being compared.

The sensors should also be self-monitoring so that although they may not be able to
monitor their own performance, they oan monitor environmental conditions or operator
actions that may degrade it. Typical parameters that are monitored are power supply
input voltuge, oomponent temperatures and cooling air temperature and flow rate (If
required). If any of these parsmetars go outaide set limits, the operator is warned
that degraded performance may oaocur,

Additional data is atored after each flight to assist in the analysia of poasible
sensor failures. This inoludes such quantities as the length of time fcr which CPS was
available, the satellites used, BIT information and INS alignment time and quallty.
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INTEGRATED NAVIGATION SYSTEM - PHYSICAL CONFIGURATION

Having determined the sensar and computational requirements of the Integrated
Mavigation System, the physical particioning of Gthe functions must be considered.
There are several options whlech are feasi.le, ranging from a sinzle box soluticn, where
a single processor carries out the INS navigation functions, the GPS navigation filter
and the horizontal and vertioul integration filters (figure 5) to a multiple LRU
solution (see i'igure 6). In this configuration, each funoction {a iirplemerted within a
separate box whiszh is capable of operating independently of the other units.
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Some faotors tha%t drive the system configuration are Integrated System redundancy and
reversion, aval atle installation space, spere oaomputing capacity requirements and
total power consumptilon.

For example, a single box solution requires the minimum of installation and has the
lowest power consumption but it has very poor redundancy or reversionary
characterintics pcocause of its reliance on a common ocomputer and common power supplies.
The failure of eiiher of these will cause the loss of all navigation data from the INS,
the 'S and the integration flliers,

At the other nxtreme, the multiple LRU solution is more expensive to inatall and has a
higher power consumption but the redundancy is very good because each of the functions
is capable of operati.iy independently ol the others. Any one of the INS, the GPS or
the Computation 3ub-System, in which the integration filtera are implemented, can fail
and navigation daca is still available from the remaining sensor or sensors, although
possibly with degraded accouracy.

The Ferranti apprcach to the Integrated Navigation System configuraiion is a
combination of these solutions. Since the system is re~uired to output navigation data
from both the integration filtera and from each of the sensors, the INU and the GPS
must be oapable of operating Iindependently of each other and of the {ntegration
filtera, This diotates that separate LRUs are used. lLowever, the inastallation costs
~~e reducsd by aomhining two units within a single box (figure 7).

FIGURE 7 EXPLODED VIEW OF THE FIN 1041

This is achieved by designing the ¥IN 1041 INS as an updated version of the FIN 1012
system. The new cards and power supply modules fit into the apace previously ocoupied
by the cards. This leaves a large voluma in the INS box whers the old power asupply was
ficted for the Installation of additional electronics, in this camse the Computation
Sub-System (CSS).

The CSS has its own power supply and communicates with the INS via the 1553B data buas,
as it does with the other slements of the systenm. It is almo a oconvenient unit in
which to fit any aircraft-apecific interfaces such as ARINC 429 links for the Omega and
analogue drives for a Horizontal Situation Indicatur (HSI) or for an autopilot. Spare
computing capacity ias also avallable to perform such tasks as steering, automatic ronte
flying, flight management and system control funotions.

HARDWARE CONFIGURATION

The final system oconfiguration is shown in figure 0. The primary bus oontrol is
implemented in the Computation Sub-System (CS83), with the secondary bus aontrol in the



4-14

INS. This allows other INSs and OPS preceivers to be used with the nminimum of
modification, Of course, if any INS other than the FIN 1041 s used, the CSS muat be
rapackaged fcr separate installation, resulting in a more expenaive system.
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The CSS oan wasily be tailorad to interface with a variety of airoraft systema without
affecting the ruest of the irntegrated navigation system. This makes it attrmotive for
the retrofit market where {t is required to Interface with axisting avionlics.

The C33 can also form the basis of a navigation aystem update to alroraft already
fiLted with an INJ. The cnly hardwars ohanges required are those for speasific
interfanas and so thls forms the basis of a low risk system with minimum development
requirements, Howevar, extensive changes may be required to the integration filter
software, depending on the type of INS, its mechanisation and its instrumen’
atatintics, For example, a strap-down Ring Laser Gyro system has a different
transition matrix and dii'ferant instrument errors from a gimballed floated gyro INS,
and these changes may take a considerable time to develop end prove. Even so, the risk
is reduced bsocause the basio filter and measurement pre-processing and validation
software remains unchanged.

SUMMARY

Thia paper desoribes some of the faotors affecting the design of a high performance
INS/GPS Integrated Navigation System. The need for high accuracy even in the absance
of mixing aids requires the use of a high quality Inertial Navigation System. In order
to maintain the INS performance and eliminate the need for routine ground calibration,
the INS {s coalibrated in flight when OP3 data is available, The ohoice of the
instrument errors to be mudelled depends both on the lnertial instrument statistics and
on the effect of partiocular error sounces on the pertormance of the INS. This 1s
determined by simulation of the error sources, the likely magnitude of which are
aaloulated from the instrument statisties. From the results the inatrument parameters
te be modelled are selected.

In order to calibrate these arrors, GP3 date with the mirimum processing delays and the
ninimum correlation 1is recuirec, The pseurdo=range and range rate measurements nare
therefore uas¢ rather than the GPI poaition and veloeity outputs. The INS position and
veloolty errors derived from the 1PS data are processed by a Kalman filter Lo produce
astimates of the INS and instrument erro: .

Before the INS and f1PS data can be used to calculate the arrors, the INS data must be
correctad sc that 1t refers to the OPS measnrement time to within less than 1 m3. Thia
tight timing synchronisation is requirad .ecause the ineriiul instrument errors are
being calibrated to provide the bast poss!ble Integrated navipgation performance when
GPS is unavailable for prolonged periods.

Onoe the data has been synchronimsed, 1t musc then ke validated to prevent incorrect
measurements from being used by the Kalmar filter., This pravents the corruption of the
instrument error estimates whioch would otherwise degrade the integrated navigation
performance, especially {f the GPS became npvailable at the same time, Some posxsoible
validity shecks for bnth the INS and the GP5 ars desoribed.
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The Kalman filter {s optimised for long periods of propagation without measurement
updates. The measuremant and time updates use the U,D Covarlance Factorisation method
for numerical statiltity,

The instrument errcr states are not fed back to the INS in order to prevent degradation
of tha INS performance in the event of corruptlion of the state estimates due to the use
of had measurements.

The state estimates ure retained until the next flight when they are uszed to update the
INS instrument error oorreotions. This permits the tracking of long-term changes of
the inatrument characteriaticas.

The vertical ohannel integration is ocarried out in a separate filter to reduce the

“memory and oomputational requirements. GPS data 1i® oombined with INU vertiocal

acneleration, barometric altitude and radar altitude to provide correct!~ns to the INS
vertiocal velouity and height and aleco estimates of the barometric bias ¢. ' foale factor
errors.

The outputa of the Kalman filter are also used to nssess some aspects of the sensor

- perfovmanne and allow soft fullures to be deteoted in the INS instruments and the GPS

reaeiver, Additional data renorded by the integrated system assista in the asaessment
of t;px‘.wau:alts sensor fallures thus reducing the mean-time~to-repair of the overall
system,

The hardware configuration is determined largely by the redundancy requirements as well
as the need for each sensor to produce navigation outputs independently of the others.
This results in a multi{-l.RU system with very good reverusionary oharacteristios. It
uses =& 1533B bum for data transfer within the Integrated Navigatlen System and ocan
interface with & wide variaty of other aircraft aystems.

The elements developed for this Integrated Navigatlion System provide the basis for a

flexible syatem which is aapabile of considerable expansion via the 1553B data bus and
which can be tailored %o suit 2 broad range of integration and navigation funotionsa.
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““ghe Defence Research Establishment Ottawa has been involved in the development of neveral
mission-gpecific airborne inertially based multi-sensor integrated avionics systems.

More specifically, DREO has successfully completed the Fhase II developmant and flight trial
svaluation of an airboyne Synthetic Aperture Radar Motion Compensation System (BARMCB). To achieve
high resclution, high contrast and low geometric distortion in synthetic aperture radar imagery, it is
necessary to apply accurate motion compensation to the radar returns. The hardware oonfiguration
consists of a ring lamer gyro inertial navigation system, a doppler radat, a baroaltimeter and &
specially designed strapped-down Motion Compsnsation Inertial Measuvement Subsystem (MCIMS).

The Department of National Defence is also undertaking a program to develop and flight test &
Helicopter Integrated Navigation System (HINS) which ocan satisfy the operational requirements of
Cahadian New Bhipborne Aircratt (NSA). The roles of this maritime helicopter include search and

rescue, Anti-gurface Surveillance and Targeting (ASET), Anti-Submarine Warfare (ASW), and Anti=-8hip
Missile Defence (ASMD).

This lecture will describe the development of appropriate Kalman filters to inteyrate the
selected avionics configurations. Design objectives, configuration definitioh, simulation analysis and
soma flight test data are presented,

1,0 INTRODUCTION \

Modern avionics systems are becoming increasingly mophisticated as the demands for betcer
mission perlormancy and the scope of applications continue to escalate. These mission requirements are
being imposed in a cost/weight/performance concocious environmene. The Defence Research Establishment
Ottawa (DREO) has been involved {n the development of several mission-specific airborne
inertially~based multi-pensor integrated avionios asystems, In this paper, we will specifically
desoribe how DREO has applied the Kalman filtering technology to the development of a Helicopter
Integrated Navigation Bystem (HINS)* and an ailrborne Bynthetlc Apsrture Radar Motion Compensation
Systen (SARMCS).

Even though these two projects apply essentially the same technology and utilize similar
sensors, the mission requirsments are drastically different. 1In the case of the SARMCS, there was
initially significant doubt that the mission objectives could aver be wsatisfied with the
state~of-the-art technology, given the extramely stringent accuracy requirements specified. Therefore,
the Phase 1 Feasibllity Btudy first focussed on the analysis of performance accuracy requirements and
error budget determination, followed by & system configurstion design and simulation, Even with the
successtul nompletion of the FPhase I wtudy, it was still uncertain that the extremely encouraging
simulation rosults could actually be achieved in a realistic flight environment. In order to verify
the teasibility of the design objectives before a much larger amount of resources was committed, a
Phase II Post Plight Evaluation Analysis Program was carried out in advarce of the Phase III Real-time
Prototype Syatem Development. Hvenh though this lengthened the overall developmeht schedule, it was
felt necessaty in view of the risk lnvolved.

In the case of the HINB project, thers were available various types of off~the-shelf navigation
subsystems, wo that a large number of equipment configurations could be designed to possibly mest the
specified mission requirements. In this case, the typical approach id to use previous experience in
selecting two or three candidate configurations in an ad hoc manner. This has the potential danger ot
eliminating good alternatives early in the project, possibly resulting in a suboptimal configuration.
Thus, DND (Department of National Defence) decided to utilise a mignificant portion of the navigation
sysien development time to simulate and study a numbex of potential configurations with the aim of
identifying, developing and testing an iIntegrated navigetion system which best satisfied the
requirements established for the project,

The HING approach to achieve this aim was to have the project divided in two phasss. In the
Phase I Bystem Definition and Design, extensive work was initially directed towards the collsction of
data desoribing potential navigation equipment for the maricime warfare helicopter. 'This data base wam
used in an Integrated System Evaluation Program (IBEP) to generate & large number of navigation system
sensor configurations. From these, several configurations were selected as candidates for a more
detailed simulation study. Ferformance assessments of the candidate configurations were oconducted
using Monte Carlc and covarianve shalysis techniques, At the end of Phawe I, a preferred configuration

* HINS is & registered Trade Mari of the Canadian Department of Naticnal Defence
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was recommended for subsequent Phase II development. In the Phase II ADM Development, which is stily
ongoing, the objective is to realize the Phase I recomnended system design by constructing and
developing through ground and flight testing a HINS Advanced Daevelopment Model (ADM). The system
software devoloped in the Phase I study is to be further refined before implementation in a MILSPEC
qualified processor. All the necessary interfaces between the processor, operator and sensors are to
be developed including the operator interface control, area navigation, data display and fault
detection, isolation and reconfigursation funotions. The resulting system will be subjected to an
extensive series of ground and flight tests for the validation of its development design.

2,0 SYNTHRTIC APERTURE RADAR MOTION COMPENSATION REQUIREMENTS AND SYSTEM
DESIGN

To sttain high quality alrborne imagery for the AN/APS~506 radar, it is essential that very
accurate motion compensation be applied to the radar returns to account for deviations of the radar
phase conter from a smooth reference path, chosen a priori. The main task of the SARMCE is to
determine spurious high frequenoy devistions from the desired motion along the reference path; thess
displacements are used by the SAR processor to adjust the relative alignment'and phase of the radar
returns, after which it removes low frequency (quadratic) errors by autofoousing, which amounts to
titting a quadratic phase adjustment to the radar retucns acrosa the synthetic aperturs to maximize a
specified measure of image contrast.

2.1 Moti tion Reguigements

There are two main modes of SAR operation. In spotlight mode, the antenna is aimed at the
designated target {Figurs 1) or specified coordinates, and wide bandwidth radar pulses are emitted, In
the strip-mapping mode, the orientation of the radar boresight is held conwtant approximately at right
angles (Pigure 2) to the nominal f£1light path, thus illuminating a awath to the side of the aircratt.

For airbornu SAR processing, the ideal situation is that the radat sntenna, mounted on the
airoratt, moves along a straight line in apace, transmitting and cecelving pulses at egually spaced
intervals along this path, which forms the synthetlic aperturs. However, in genaral, the actual path of
the antenna will deviate from the nominal path due to aircraft turbulence, autopilot inscouracien,
etc. These spurious motions, if uncompenssted, can saverely degrade the BAR image, The function of

the motion compensation system is to sense the antenna motion, and compute the deviations batween the
actual path and the nominal path. This information im then used to correct the phase of the radar

returns so that, ultimately, as far as the radar roocessor | ) t
emitted at th.l; ideal polnél along the nominal tsuck. ® concerned, the pulses lock like they vere

4.2 Pepfoymance Aogupscy Requirements

8ince this project is in support of the development of a BAR radar capability, the performance
tequitement for motion compensation has besn specified in terms of power spectial density (PSD) of the
tolerable error {n measurement of the displacement of the antenna phase oenter along the radar
line-of-sight (LOB) (Figure 3). The displacement elror spectrum has besn divided into two aonponants,
The portion of the POD below A Hx liss in the "Don't-Care Reglon®. This contains the components of the
displacement errox which have chazacteristic times longer than the maximum sperture time of T wseconds
(A Hz » 1/T saconds). Displacement error components having frequencles above A Hy must be controlled
by the motion compensation system. An estimate of the RMS maghitude of the allowable displacement
error measured over the scene im

Srw 0,33 mm (RMB).

This is the residual displacement srror along the LOB to the target not {nculuding contributions from
constant and linear components of displacement error, which have no effect on imaga quality, or
qQuadratic components which are removed by the autofocumsing.

The displacement error components above A Hx affect the contrast' of the SAR image while thome
below A Hx degrade resolution and produce geometric distortions of the image. Although the lowar
frequency components within the "Don't-Cace” regioit may affect the BAR image quality, this error
component is to be controllad through the autofocusing algorithm. Therefore the SARMC project only
considers error sources above the A Hx region. It should La emphasized that during tho early phase of
the design study, it was felt that the performance requirement of the order of a millimeter would hot
likely be achieved in a practical situstion as there are a large numkter of practical demign variablea
which could easily overwhelm this level of accuracy requirement.

2.3 Analysis of Error Bources

In view of the extremely stringent accuracy requirement, primary design consideration was
concentrated on emtimating the magnitude of the contribution of major system error mources to thae
residual LOB displacement error. The following error sources were considered;

uncompensated phase center motion due to antenna pointing errors



z v v e

5-3

. computational and related arrors arising from the imperfect
solution of the strapdown motion compensation equations

. gyro and accelerometer arrors of the strapdown TNMU
. attitude errors of the strapdown naviqator

The analysis indicated that the principal sources of c¢rror in computing the J.08 displscement are
the mislevels of the strapdown navigator, the error in determining the initial depression angle of the
target LOS, conputational errors in navigation and targetting algorithms, error in the measured
relative asimuth of the strapdown IMU and the radar antenna boresight, and errors in the accslerometers
and gyros. #Prom the results obtained for the reguived aperture under conditions of mediom turbulence,
the error budget of Table 1 was drawn up.

Teble 1t ERROR BUDGET

Error Soutce Max. Contribution to

o RMB _(mm) \
1, Sensor errors

~-accelerometer 0.02 0
~gyro b0 8
R88 TOTAL (sensors) 0.09 8
2. Computational errors 0,10 9
3, 8/D heading ertor 0.02 0
4. 8/D minlevels 0,18 30
8. 8/D asimuth alignment 0.08 2
6, Asimuth angle encoder 0.0% ?
7. Interpolation errors 0.10 9
8., Initial depression angle 0,18 20
9. Contingency 0.1% a0
RBS TOTAL (all) 0,33 100

2.4 BARMC Systam Configuration

The SARMCB instrumentation that was designed and installed on board the National Aeronautical
Establishment (NAE} Convair 380 airoraft for Phase II is shown in Pigure 4. The system configuration
consiste of:

a) a ring leser gyro inertlal navigation system, denoted the master INS, which is located about
thres mutres from the aitcraft center of gravity,

b) a boppler radar employing a strapdown three-beam lambda configuration,

a) 4 specially designed atrapdown inertial messurement unit, denoted as MCIMB (Motion Compennation

Inertial Measuremant Submwystem), which is looated about 50 centimetresm from the BAR antenna
phase centre,

d) air data sensors including a static uir pressure tranducur along with an air temperature probe
to determine barometric altitude,

The simplified block diagram of Figure 3 shows the SARMCH functione. All of the blocks within
the dotted line are smoftwarv modules which togethar comprimse the motion compensation processor. The
primary sensor is the MCIMR which accurately mesrures rotational and translationai motions. Thim unit
is mounted onh the BAR antenna in the nuwe of the aircraft to provide as direct a measuroment av
possible of the antenna motion. The raw measurements from the strapdown unit are processed in a
strapdown navigator algourithm to yield antenna position, velocity and attitnde. This informstion is
then ured in a targetting algorithm to generate motion vorrections for the radar returns. Thems
include, in addition to phuse coriections, adjustinents to the radar pulse repetition freguency and
Cange gate slewing to account for airorsft motion. The air date is used to vomputy bazoaltituds which
is needed to stabilize tha vertical channel in the strapdown navigato¢. Outputs from a Dorpler
veloclty sensor and & master inertial navigation system on bosid the sirocaft sre fed into a Kalman
filter algorithm along with outputs from the strapdown navigator. The Kalman filter optimally
integrates this information and estimstes the errors in the varlous mensors. The et effact iw a
transfer of alignnent from a Doppler-demped master INY co the strapdown navigator. The ercor estimates
for the wtrapdown navigator ara fed back into the strapdown algorithm and used there to cotrect the
relevant parameters. This error control scheme ut{lieing the Kalman filter is demigned to prevent a
build-up of long-term levelling errors commonly relerred to as tilts in the strapdown platform which,
as indicated in Table 1, are important contributors tu motion compensation errors,



2.5 SARMCS Sinulation Software

The JARMCS simulatlon software is divided into 3 separate packages:

A, The Data Synthesls Package gonerates realistlc syntheic data from the system error models which
include

scrapdovwn IMU model

Master INS model

Doppler radar model

Atmospherin pressure and temperatura modela

b The Dats Vrocessing Packags can process both synthetic und real sensor data. It implements the
mction compensation processor of Pigura 5, which includes

strapdown navigation and sensor compensation algorathmm
harometcic altitude algorithm

Kaliman filter

targetiting algorithma

- The HBvaluation Package evaluates the performance of the procesuing package by comparing computed
mastar and strapdown navigator positions, velocities and attitudes with correspondiny acourate
raferance data generated by the Synthesis Package.

2.6 Ralmap Filter Design

A buseline 35 state Kaliman filter was developed to indicate the best level of achievable
performance. The filter is mechanized uming Blerman's U-D factorized formulation [l1]. The filter
structure is implemented in such a way that arbitrary subsets of the full error state vector may be
selected for a particular run by specifying values for input parameter tablew, Similarly any subset of
neagiremants may e selected., This results in a very flexible damign tool. An erxror control routine
unes position, velosity and misalignment error state values to correct pomition, velooity and attitude
estimates of the strapdown navigator after each filter update, unless the update ocours during a BAR
window, The curresponding arror states are z¢roed after exeouting error control.

The complete set of error atutes is specified in Table 2. The measuremencs used to obtain the
bassline filter simulation cesults presented in khe next section are given in Table 3. Additional
measuzements were mechanised, namely: master/strapdown velocity matohing, as well as 2«dimwnasional
veraions of all tha position and velooity matohing measurements, constructed in the level gomponants of
the wander azimuth coordinates.

2.7 Bub-Optimal Kalman ¥ilter Design

For practical implementation, a suboptimal 21 state Kalmay filter was designed. The mrror state
vector is described in Table 4.

The evror dynamice of the system states {n subvectors xy and xg are modelled in the
Kalman filter using the general propagation equations for a ¢ angle (tvus frame) inertial error
formulation (2] resolved in a wander aslmuth frame. The augumenting states in Xpi Xd» and Xyi,
which represent time~correlated errors in the varlous instruments, are modelled as first-order Markov
processes,

The mod¢'ling of relative strapdown (8/b) syotem errors instead of absclute 8/D system errors in
the staty vector is a deaiyr decision that is motivated by seaveral vonsiderations. Pirat, from a
Lheoretical viewpoint, thism is an sppropriate choice becauss meawurements constr.oted by comparing
information from two systems w/th the same error dynamics only allow ‘observability of the relative
srror between the two systems, A practical motivation for modelling relative B/D errors ix that for
this case whare 5/D instrument errcrs are expactad to be ruch larger than master INB instrument eLrore,
it cion be shown that the sstimation of xy and x4 is esmsentially decoupled from the estimation of
Xms Xmi and x4, in the senes that no rignificant corcelation develops betwsen these iwo sets of
subvegtors during Kalman filtor opwration. This behaviour is mathematicully equivalent to having two
indupendent Kalman filters, one of which accomplishes transfer-of-aligament from the master to the 8/D
platform whila the other performs Doppler-damping of muster errors., 'Thim is s robust contiguration in
that the effects of slight mismodeliinp of the lower quality 8/D IMU in the Kalman tilter cannot feed
back through the velocity matching measurements to corrupt the estimation of master system orrors.

One feature of the BARMCE Kalman filter that noticeably distinguishes it from a navigation-type
Kolman filter {s the abwence of measurements that bound the inertial position error. This im a direct
consequence of tailoring the Kalman filter for the specific task of performing accurate 5/D platform
alignment. The presence of B/D position errors have only a relatively weak effect on the buildup of
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pla:tform mimalignments and velocity arrors, so there is no need to accurately astimate them in the
SARMCS, In fact, 8/D position states are dropped altogether; the use of the ¢ angle error formulation
For the Kalman filter inertial error modeis conveniently allows this to be done without impacting on
the filter's ability to estimate S/D velocity errors and platform misalignments from the velocity
matching measurement.s.

It is worthy to note that the choice of augmenting states in the BARMCS Kalman filter is baped
primarily on the oriterion of cbservability. The states in Xpi, %4 and xgji represent only those
significant instrument errors that are separately observable with the given measurements,

2.7.1 Measurement Modellimng

The Kalaas filter processes a set of four measuremants every 10 seconds to update the state
vector and amsociated error covariance matrix., Two master=Doppler veloclty matching measurements are
formed from the % and y components of the followiny vector velooity difference, courdinatized in the
alroraft body frame:

Vid * Vi = Va + ¢ Rlpa (1)

where Vy in master indicated velocity, Vq is Dappler indicated velooity, w is alroraft angular rate
and Iyg is the lever arm from the master INS to the Doppler antenha. 'The other twc measurements are
master-8/D velocity matching measurements caloulated as the x and y components of the fcllowing vector
velooity diffetence, voordinatized in the wander aximuth frame:

Vms * Vp = Vg +uking (2)

whera Vg in B/D indicated velooity, Lpg i the lever arm from the master INS to the antenna=mounted
IMU and Vy; and @ are as defined for ( 1), The Nalman filter measurement model is derived by
perturbing (1) and (2 ) and expressing the results in terms of the modelled error states.

3.0 BARMC BIMULATION AND PLIGHT TEST VERIFICATION

The mission profile for the simulation is shown in Flgure 6. It is vonsimtent with the £light
tolerance limlts of the CV 580 research alrcoraft. It {nvolves an initial climb to an altitude of 1000
metres; followed by a racetrack manosuvie aftet 10 minutes and an s~turn 20 minutems after takeoff,
Thio is followed by & period of nominally straight and level £light during which 23 SAR apertures are
simulated. About 1 hour after takeoff, a second w=turn is carried out to control the strapdown
navigator heading error. This is followsd by another section of straight and level flight during which
9 more SAR apertures aye simulated. All simulation results are obtained usirg the baseline Kalman
filear dasign unless otherwlss stated,

3.1 gimulation Result

Figures 7 to 9 show the north velocity, roll and heading errora of the strapdown navigator,
together with RMH values computed from the Kalman filter exror covariance, 'The pitch error has similar
characteristios to thoss of the roll errcr. Notice that the 1 ¢ bound of the roll error conforms well

with the single run error trace. In Figure 8, the heading error RMS iw reduced to the level of master
heading error after the msacond B-turn.

Figures 10 and 11 show the LOS displacement error before and after autofocusing. The
performance im well within the stated requirements,

B8imulation results indicating the performance of the suboptimal 21 wstate filter are whown in
rigure 12, This plot depiots the roll errors of the strapdown navigator, as well as the filter
predicted 10 value. From comparisca of Figure 12 to Figure 8, the performance of the two filters im
quite similar except for brief periods during airoraft manosuvres.

3.2 Frlight Testing Philomophy

The philosophy for £light testing the BARMCE system involves validating the correct opsration of
subszstom configurations which increase in complexity until the complete configuration is attained.
This type of approach provides a systematic mothod for detecting und isolating unexpedted erxor wources
in the hardware and/or software functions. There are five sequential nteps in this flight test plar:

1) evaluate the performanue of the Master/baro subsystam.

2) evaluate the performance of the MCiMS/baro submsystem,
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3) evaluate the performance of the Master/Doppler/baro/ subsystem,
1) evaluate the performance of the Master/Dopplar/baro/MCIME subsystem,
5) evaluate the performance of the full SARMCS with all SARMCS sensors utilized,

In the first four steps, the subsyatams are tested to verify that their velocity accuracies ate
consistent with expected values predicted by the earlier simulations. A flight reference aystem (FRS)
is used to provide the "truth" data for evaluation of these subsystems. The FRS oiploys an aextended
Kalman filter which optimally integrates precision microwave ranges Erom a Del Norte Trisponder system
with information from an LTN-91 inertial navigation system. For the FRS, three ground transponders are
positioned at surveyed locations. They provide a reotangular coveraje arua of width 45 kilowetres and
length 130 kilometres within which at least two ranges with good geometry are received by the
airceaft, Undez these conditions, the FR8 provides continuous alroraft velocity information acourate
to V.1 metres/second and pomition information accurate to 10 metras. This accuracy is sufficlent for
svaluating these aubsystems since velocity errors in the vrder of ) metre/second are expected.

After it ham been verified that the various subconfigurations are operating properly, the final
step involves testing %he full SARMCB configuration by applying motion corrections computed by the
SARMCS asystem to spotlight BAR data. The oxtent to which the SAR image is enhanced is the ultimate
indication of the performance of the SARMCS

3.3 Flight Test Results

Currently, neither motion compensation nor BAR processing are implemented in real=time.
Iustead, the radar Zata, recorded on high denwity digital tape, and the caw navigation data, recorded
ou colputer compatible tape, are processed i a ground-based facility, As s first step in the
processing, motion qompensation vectors are generated and applied to the radar data, and then the
actual SAR procesaing is done.

rigures 13 to 16 indicate tha performance of the SARMCE using the suboptimal Kalman filter.
Figure 13 shows the motlon compensated SAR image oif sssentially & point scatterer. 'The turget im a
satellite receiving station's 10 moter reflector-type antenna, equippod with a dual fraguency 8/X-band
feed, The X-band feed was short circuited in order to provide a mtrony reflection from the antenna,
In this type of display, the vertical scale is signal amplitude, one horigontal scale is distonce along
the radar line-of-sight, and tha other horizontal acale is distanco perpendicular to the radar
line-of-sight. ‘Theoretically, the SAR image for a point target mhould be one mharp peak, whicn is
fairly close to what is being achieved in this image.

Figure 14 wshows the same radar data but processed without inotlon ocompensation. Here, it is
apparent that the effect of spurlous uncompansated airoraft motion ls to causs energy from the main
pask to splll out into wide lobes, The implination of thiw for a more typical image contalning many
point targets is that weaker targuts in the vicinity of atrongar ones might be completely obscuzed by
this sldelube enorgy) in optival terms, the resulting image would be desoribed as having poor contrast.

Fijure 15 shows a motion-componsated SAR strip map lmage taken of tha Budbury area in northern
ontario. The strip is about 650 metres wide and 1500 matrus lorng. The ares is near the nickel mmelter
in Budbury that refines the ore from the surrounding mines., The dim lines are roads, and the brighter
ones are railway tracke. The very bright lines are pipes that lead into a cluster of five clroulat

storage tanksy; the radar reflection off the eircular edge of one of the tanks can be clearly seen in
the image.

Again, Figure 16 shows the same piece of radar data but processed without motion corrections.
The image is initially foucused but then starts to smear out as the airoraft deviates from the nominal
straight line track. In this care, the deviation is & result of a 2 dagree change in alrcraft
heading. The pipalines oan parely Le distinguished in this image.

4.0 MINS MISBION REQUIREMENTS AND SYSTEM DHEBIGN

The coles of the military maritime helloopter include anti-gubmarine warfare (ABW) , anti-surtace

ship targeting (ABST) and weapons delivery, ogeun su:veil.ance, and search and rescue. Many of uhe
missions must be carried out at ultra~low altitudes under all weather and vimibility conditions.
The increased range, speed and accuracy of modern weapuh uystems impose stringent acouracy and
relisbility requicements upon the airoraft navigation systom. o enhance mission succesd in & hostile
environment, the flight arew newds to operatr weapan systems, target acquisition and designation
systema, radar detection, night vieion wuyctems and, perhaps, ongaga in air-to-air combat. ‘The
traditinnal manual dead reskoning task can no longec provide the equired parformance acouracy and
would unnacessarily distrec: the flight orew from pettorming mlisclon criticuad Luncllonu.



4.1 Mission Requirements

For the ASW mission the helicopter navigation system must maintain astable and accurate tactical
plots over lony periods of time. In the anti-surface ship targetting role, high ordera of absclute and
relative navigational accuracy are vital to rapid and successful action. There are further
complicating Factors as well. Operations must often take place uncer radio ailence and shore-baged or
gatellite navigation aids iay be destroyed or jammed during wartime, The small crew of the helicopter
must not be burdened with monitoring the functioning of, or updating, the navigation system.
Conslderation of thesa factorg has led to the following minimum operational accuracy requirements:

1. Radial Position Error (95%)¢
~ with external aids* 2.0 nautical milem (nm)w*
~ without external aids 1.5 nm/hre

11, Radial Veloclity Error (958):
- with external aids* 3.0 £t/mecht

- without external aids 4.0 £t/nec

[ ]
111, Attitude Brror (95%): 0.5 deg
v, Heading Error (95%): 0.5 deg

*RExternal aids are thoss systems such as Omegs, Loran and the Global
positioniry 8ystem (GPS) vhich rely upon transmitiers which are
located axternal to the aircraft and may be unavailable during
wartime. INS, Doppler and Radar are representative of intetnal or
self-contained aids,

% It is recognized that these perfornance levels can be exceeded hy
a large maxgin if, am expected, GPS is part of the HINS.
4.2 Mission Profiles
for the design of an advanced integrated navigation aystem, it i
important to define the mission operationnl environment, wsince integrated

system parformarnce to some extent depends on the constrainte and requirements
of the navigation sensors in each staye of the mission.

Two representative mission profiles for the maritime helicopter have
been developed for use during the HINS mimulation studies. The first profile
is typical of an ASW wmonnbuoy mission while the second represents an ASW

convoy screening mission, The HINS flight test program would seek to follow
flight profiles pimilar to these,

4.2,1 ABW Sonobuoy Mission (see Figuree 17 and 18)

(1) Mission Alerts {10 minutea)

-airoraft power turhed on, helicopter-destroyer at speed of 16 knotm. A
contact im deteoted by the ship sensors at a runge of 90 nm and a baating
At 90 degrees to the ship's course,

{2) Launch and Climbs (10 minutems)

~olimp at a rate of 800-1000 £t/min. to a oruise altitude of 5000 ft.,
~alrspeed during climb 90~100 knots.

~ucurse 235 degrees.

(3) Enroute/Crui 5 aniputes

~gourse 235 degrees,

-spaed 140 knots, alt 5000 £t., distance flown 100-110 nm.

(4) Bonobuoy Pattern Dropy (25 minutes)

~drop sltituds 5000', mpeed 90 Kkts.
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-~rate 1/2 turns (1.5 deg/sec), 15 deg bank angle.

-~aight sonobuoys, 5 nm spacing.

(5) Orbit/Sonobuoy Monitors (40 minutes)

~orbit altitude at 5000 ft., speed 70 kts, circular or racetrack pattern, may alternate direction.

~10 nm long orbits, 15 minute circuits.

(6) Localize/Additional Scnobuoy Drop: (15 minutes)

-gontact passes between sonobuoys A and B,
~helicoptar descends to 500 £t at 1000 fv/min, flies 7 nm downrange and inserts two additional
sonobuocys at C and D.

+ orbit at 500 ft for 10 minutes to monitor soncbuoys A, B, C and D,

(7) Magnpetic Anomaly Detector (MAD) Wun: (10 minytes)

-use MAD to obtain a precime fix on the target by flying 1000 ft dismeter ovals at 200 £t ale,
always £lying in the same direction.

=speed Y0 kts, rate 1 turns (3 dey/sec), 22 degrees of bank.

~straight and level re-fly over high probability arsa.

(8) Attaoke (5 minutes)

~helicopter descends to '50 £t and relsass torpedo,

(9) Transit Bagk to Ship: 50 minu

=glimb to 5000 ft.
=transit speed 140 ktu.

4.2.2. Convoy Beresning Mission (ses Plgurs 19)

The maritime helicopter provides clome=in ABW ucresning support to task force operation in open

ocsah. Dipping sonat 18 used to search a moving ssctor formed by a 60 deg arc some 9-12 miles in front
of the ships.

(1) Mimsion Alects (10 minutos)

- aircraft power on.
(2) LaunohgclimeEn[ogt.g {7 minuter)
-olimb tn 150 f£t, transit 10 nm to the search sector and begin first sonar dip at point a,

=crenmit spsed of 140 Knotws.

\3A) gonay Dippings (15 ninute dycle)

~this dipping sequence is repested continuously for the duration of the 4 hr mimaion, with sohar
dip pte. at A, B and C within the sector.

~oruise velooity between dips is 90 ki,

-oruine altitude between dips is 150 ft,

(38) Dipping Operation:

(a) - 700 ko 1000 £t before dip point helicopter turns into wind with rate 1/2 turn, 15 deg
bank, slows to 70 kts and descends to 150 ft altitude

(b) - transltion to the hover at 50 ft altitude {max power detting, max vibration).
~ laower sonar, hover at 50 ft for approximately 6 minutes,

{c} - retrdot gonar, move to next dip point at 70 kts and 150 ft altitude.

T




(4) Repeat Sonar Dipping Cycle 3B(b) and 3B(c) above)

(5) Return to Ships (10 minutes)

~ velocity 140 kts.

4.3 Candidate Copfiguration Selection

A wide variety of types and brands of navigation senwors can contribute to meating the

mission requiremeants of maritime helicopters. The following list of generic navigation subsystems
is considered to have merit in the HINS applicatioa:

Global Poanitioning System (GPS),

Inertial Navigation System (INS),

Attitude and Heading Refsrence System (AHRS),
Doppletr Radar,

TACAN,

Omega,

Alr Data System,

Btrapdown Magnetometer,

Loran,

Radar Altimeter.

In order to meke an intelligent seleaction of a preferred HINS configuration, much information

about ocandidate subsystems is required for evaluation, Amongst the characteristics for which
information was sought are:

i) Performance (navigation parameter, accuracy, error characteristios)
i) Cost

11i) Rellability (mean time between failurs)

iv) Weight, volume and powe:

v) Commonality with in-ssrvice equipment

vi) sultability for helicvopter environment

Other characteristics such as maintainability, logistios commonality with in-mervice aegquipment
and helicopter suitability apre being considered on a continuing basis throughout the study.

4.3,1 Evaluations Using Integrated System Evaluation Proygtam (ISEP)

A computer-aidud procedura called IBEP was developsd durihy Phase T to asystamatioally develop
candidate configurations. ISEP generates a manageabls number of configurations, lists the mystem
characteristics and calculates the predicted performance of the intagrated syatem. The many candidate
contlgurations can then be qulckly reviewed by the designer and a subset swlected for detailed
simulation and analysis. A block diagram representation of ISEP is shown in Figure 20, The simplified
error models £or all the sensors considered are described in Table 5. ISEY umes a simplified met of
sengor srror madels In a covariance analysis routine to generate performance predictions for the HiINS
configurations. For example, initially simplified INS and AHRS error models wecre umsed to coarsely
rapresent the error characteristics of medium accuracy INS and AHRE type subsystams, respectively.

one of the aimes of the HINS Phame ! project is to determine the opkimum mensor configuration
which satisfies the performance requirementy. This does not necessarily mean that the aptimum
configuration will consist of those sensors which provide the highest level of acquracy. 'The trade-off
of system acouracy with cost, reliablility, weight and size must be oconsidered during the equipment
selection process. For example, in the selection of either an INS or AHRS, the IBEP can be effectively
used to determine whether an AHRS can satisty the mission requirements or the improved acouracy to be
gainyd from using a more acourate INS is justified in light of the amssoclated cost, reliability and
weight penalty. 1Ir addition, due to the lower cost of running the ISCP than that of a detailed
yeneralized rovariante analysis program, it is pomsible to use 1B8EP to identify critlcal design
elements that requir: special attention during the detailed simulation and analysis portion of the
project.

Some of the issues which can be initially addresped using 1SEP are -

i) the benetits of doppler alding,

ii) the effects of initialization errore,
i4i) mimmion profile senmitivity, and

iv) the benefit of external aiding.

There ate Live main wets of data which IBEP requires to genarate the candidate cunfigurations:

a) Mimnsion requirements : performunce spacifications
b) SBensor characteristics - gost, MTBF, weight, atou,
c¢) Mimsmion profiles - used to generate trajectories
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d) Sencor error models
e) Selection criteria - weight or volume limits, etc.

4,3.2. ISEP Evaluation Results

*
‘he ISEP output data for a sample candidate configuration is shown in Table 6. The candidate
HINS performance was evaluated by ISEP for both the aided mode of operation (externally referenced
sanaors such A8 GPS or Omeda were contributing to the solutior. and the unaided mode. It should be
noted that unaided mode performance was evaluated assuming the availability and use of the Doppler
valocity sensor.

the tigura of merit for the unaided performance is the !::3t squaras fit of the radial position
error rate in nautical miles pur hour (958). The figure= of merit for the aided performance are the
maximum and average radial position error in nautical miles (95%). 1In all cases the calculated figures
of merit sre for two dimensional (level axes only) position ercors.

The ISEP sim.lation results are of course dependent on the types of sensor error models and
mission profiles considered. There was significant uncertainiy regarding mow closely the performance
predictions using these simplified models match the true pecformance of the osystem under
consideration, Therefore, it was felt necessary to genarate pessimistic ss well as optimistic ISEP
performance results in addition to the nominal results. In this aimplified pesfurmance evaluation, the
Doppler and Omega errors are represented by three differgnt sets of parameters as shown in Table 7 to
provide us with the envelope of performance results. The pessimistic values wers chosen Lo represent
reduced—-order suboptimal filter design and the use of poorer quality sensors. The optimistic valuea
were selected to repressnt the limit of ischievable performance.

In addition, it was found that the parformance results of bLoth the unaided and aided
configurations depend very much on the condition of initial aliqnment., fTherefore, three sets of
initializetion conditions were assumed (Table 8) to represent the ground fine aligrnment, shipboard fine
aligniant and in-air alignment. The initial conditions specified for shipLoard fine alignment asmumed
much poorer initial velocity and position acouracy figurss than those specified for ground finpe
alignment.

As a whole, the 1SEP reasults indicate that all configurations considered can fully satisfy the
weight and cost ohjectives, and it is unlikely that the Omega subsystem could provide acourate snough
exturual references to meet ¢the maritime warfare helicopter performanca requirements. Based on the
IGRP results, o decision was mede to proveed with the selection of GPS and totally dimcard Omega from
further desiyn conaideration,

In reviewing the IBEP resuits it was clear that the performance results of an integrated asystem
using AHRS depends heavily on the mission profiles, initialization conditions and the extent of GPB
avallability. This implics thut the filter Jdemign of an AHRS/Doppler/GPS integrated system should be
subject to much more stringent performance and ssnsitivity analyses than the degsign of the
INS/Doppler/GPS integrated system. In order to have a more complete Phase I atudy and to ascertain the
selection nf Lhe best inteyraticn configuraticn for HINS, it was felt necesssary to proceed with more
detalled covar.ance analysis and Monte Carlo simulations on two candidate configurations. They are
wtogorized as medium and high options, roughly bused upon their cost and performance as follows:

Medium Option Confiquration

AHRS,/Doppler /GY8

High Gption Configuration
INS/Doppler /GPH

5,0 BIMULATION ANALYS1S AND RECOMMENDATION

5.1 Bimulation and Performance Analysis

To properly analyre the performance of various candidate configurations, a versatile simulation
package wae developed, Bince the fildelity and performance prediction of these configurations sre of
prime importance, a substantlsl portion of this development project was expended generating complete
and accurate error models. Thewe activities are dascribed as follows:

a) Ghnerate the navigation densor orror modals.

b) Develop the integration algorithms *o blend the seunsor outputs.

¢} Generate a set of mission profiles to Le used for trajectory generation.
d) Davelop control and display software.

e) Develop diagnostic software to detect pensor failuve.
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In the detailed simulation analysis both covariance analysis anrd Monte Carlo simulation software
were used. Covarliance analysis software is effective for the design of integration filters because it
provides ensemble statistical data, Because ensemble atatistics are the outputs, covariance analysis
can (in many circumstances) reduce the need for computationally intensive Monte Carlo wimulations,
This statistical informatlon can be used to assess candidate Kalman filter designs and to project the
performance of a particular navigation system configuration. Covariance analysis is very useful for
assessing the effects of mismatch between the filter design model and the "real world" or truth model.
In addition, it can be readily used to establish error contribution tables and error budgets which let
the filter designer focus in on the major error contributors.

However, Monte Csrlo simulation also has its place in the designh of suboptimal Kalman filters.
simulation can be particularly effective in assessing the effect ©f nonlinearitjes which are dlfficult
to address in the covariance snalysis framework. Also, certain types of mismatches between the Kalman
filter model and the truth model arw more conveniently addresscd with the gimulation program than with

the covariance program. An example of this is the sensitivity assessment of the effect of sea ocurrent
correlation time mismatoh.

Another area in which the Monte Carlo simulation has been of more use than the covariance
analysis program has baen in the investigation of the effec:s of unmodeled manceuvre-dependent sensor
errors. Bpecifically, the ANRS baged HINS mimulation made apparsnt undesired responses of the filter's
sensoy erior states to disturbances, caused by unmodelled senscr errors. Finally, covariance analysis
software will never be able to replace the functjon of simulation software for final checkout of Kalman
filter code.

Detailed simulation and error models for all the relevant navigation equipment and environmental
disturbances (wind, sea currents) have been developed for the performance evaluation and sensitivity
analysis. Table 9 presents a summary of typlocal error models and performance parameters for several
asvigation subsystems and sensors.

Figure 21 shows the 954 percentile radial position, velocity and relative velocity errors of the
¥3 RLG and LTG AHRS configuration with OPS for the sonobuoy mission. With all sensors/subsystenms
fully operational, the performance of the two configurations are essentially the same, both satisfying
all HINS performance goala. This is because GPS dominates the nuvigation solution providing a highly
accukate reference for control of smystem position, velocity and altitude errors.

Fiqure 22 compares the radlal position «rrors of the RLG and AHRS configurations without GPS for
the entire worobuoy mission. As would be expected, the performance of the RLG basad system is clearly
auperior to %he AHRS configuration, with an 95 percentile ertor rate limited to 0.9 nm/hr over the
entire mission primarily due to the superior performance of the RLG, The difference in porformance of
the two corfiguratlions is most pronounced in the firat hour, in which the helicopter normally flies a
constant hoading while transiting to the area to ba investigated. Here, the 95 percentile error rate
of the AHRS based syatem is approximately 5.2 um/hr. The position error is reduced drsmatically, from

4.2 nm to 2.8 nm, after completion of the tranmit leg following execution of a turn into the search
area.

Figure 23 shows the radial position and relative veloocity errors of the RLG and AHRS system.
The parformance ot the AHRS based wonfiguration {s only slightly worme than that of the RLG based HINS,
bectiuse both systenmr obtain substantial calibration during the period in which GPS is available, and

subsequent to the nutage, doppler velocity data iz heavily relied upon to produce the indicated
pezformance.

5.2 Recommended ADM Configurationy

Based on the evaluation of many more detailed simulation results, the system configuration of

Pigure 24 iv recommended for mubseqguent Phase II development. The main hardware items in the HINS ADM
aret

Honeywell H 423 F3 INS

Rook +2l1=Collins 3A 5-channel p-code receiver

Canadisn Marcoal AN/APN=235 4-beam Doppler Velocity Sensor (DVS)
Pacer Air Data Sansor (ADS)

Develco 920C C straniown magnetometer

JET 204 L Vertical Gyro (VG)

DY=-4 M68020 Navigation Computer

* ® o o @ » =

As shown in Figure 24, the navigation bus interfaces the primary mensors (INS, GPS, DVS) with
Ltimy navigation computer systaem (NCS8), which contains tha Integrated Navigation Boftware. The ADS and
VG interface Airectly to ths NCS via an ARINC {29 intertace, &nd the magnetometer via an analog
interface. The Conitrol Computer Bystem (CC8), wnich merves am a smart interface between the NCS and
the Control Disi-iay Unit (CDU), is connected to the NCE by a second 1553 B data bus. It should be
noted that the back-up VG and magnetometer can be replaced by a low cost AHRS.
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esgons for recommendation of tne HNU 84~-1 73 RLG INS over the DTG AHRS are its
reliabigyzypztgotz:lp:xfgrgance. Greater MIBF f v the .G IN5 is expected to muke the life cycle cost
difference between the INS HINS and the AHRS HINS Esaller =han the acguisition cost difference.
Furthermore, the MTBP advantage of the RLG INS wil! improve the operational readiness of the
HiNG-equipped ASW helicopter.

i ded operational
The performande advyntage of the RLG ING based lXNS is important only in degra
moden (Figure 25). Howaver, it is considared likely that the HINS will be required to operate without
popplet radar under certain conditions. In this nituation, if GPS becomes unavailable for any reason,
the INS based HINS will provide much better navigation accuracy than the AlIRS basad HINS.

Disadvantages of Ljie RLG INS based HINS are its greatcr velght and volume, and its larger
acquisition cost. Should the approximately 25-30 lbs weight difference of the two inertlal messurement
units beuome critical for HINS, then the AHRS based HINS might be the bast choive. A similar comment
applies to the volume diffcrence botween the two subsysiems.

The cost difference issus is more complex, in part because of the effect of MTBI on life cycle
cost.. Howaver, another factor to be considered ims production quantity. Due to the relatively asmall
numbar of inertial measurement units that would be purchased for HINS, there are substan:ial cost
advantage: to be gained using navigation equipment that has other high volume applications. The 8NU
84-1 RLG INS is expected to achisve very large (compared tu HINS) production quantities, which would be
heneficial in terms of HINS costs.

A Dopplet radar velocity sensor has been racommended for HINS rather than a Doppler navigation
system, The Doppler velocity sensor meets all basic requictements of the HINS application., Although
purchase of the navigation system version for HINS would have some benefits , they do not appear to
outweigh the cost and weight panalties.

A S5=-channel P-code GPE receiver for HINS was recommended, which will provide highly sccurate
position and velocity data (nominally 50 £t (RMS) and 0.3 f£t/s (RMB) respectively). These data are
used by the Xalman filter to align the inertial sensors for enhanced fres-inertial operation should GPS
fall or be unavailable at some point in a mission.

An 18=state Kalman filter design has been gecommended fur the INS=bawed HINS, A filter of this

size appears to be a good compromise betwean performance and airborne processing capabilities. The
state variables aret

%,y position sxrors (wander azimuth)

XK,y velocity errors (wander asimuth)

%y, platform misalignments (wander azimuth)
X,y acceleromoter biases (body)

N,¥,2 gYro biases (body)

bVS x soale factor error

DV8 z boresight errorx

north, east sea currents

north, east winds

« o & & = s « 3

Tha measurements used in this filter ares

3~D DVS velocity
2-D GPS position
2-D GPS velocity
2-D ADS velooity
2-D operator entered position
2-D 8INS velocity

e 2 e e s .

The Doppler measurements are corrected for wind blown water motion based on operator entered
surface wind velocity, by a means similar to that of [3]. The default mode of operation of this filter
is for over-water use. A transition to over-land flight is indicated Ly an Over Land/Water discrete
and approprlate changes to the filter made.

The measursments are constructed in a prefilter which runs at 1 Hs. Every ten prefilter cycles
the averaged measurements are sent to the Kalman filter. The corrections produced by this filter are
suitably modified and used either in correction of the outputs of the INS in open-loop operation, or in
resetting the INS in in-motion alignment or in closed-loop navigation.

6.0 CONCLUSIONS

In this lacture, we have presented two distinct mission-specific inertially-bamed integrated
navigation system development projects. 1In the SARMCS, we have shown how & high-risk development
project can be beat handled with careful attention to detalled assessment of key ervor sources and with
a wull-planned seguence of ateps in the development and flight test evaluation plan. In the HINS, we
have dedicated significant development effort in modulling, simulation and trade-coff studies. The
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performance of the candidate configurations ware carefully vvaluated through Monte Carlo and covariance
analysis with specific attention to mission profiles., The Ffuture prospect for the SARMCS looks very
promising. The SARMCS development, as well as the entire SAR spotlight mode development project, is on
schedule to be completed in time for the CP-140 lowy range patrol aircraft radar update in the
mid-1990's. The HINS is expected tc be installed on all Canadian NSA helicopters. This technology not
only can be used to produce a modern high performance robust navigation system for Military Marine
helioopters, but also is flexible enough for application to other integrated navigation requirements.
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FIGURE 22
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TABLE 5 - ISEP SIMPLIFIED ERROR MODELS

Conadian Content
Total Yolume
total Ho!gﬂ'
System MIGF
(saries mode))

Migslon Performance (9358 radial position error)

Unaided Perfarmance
Alded Performance (Ml
Afded Performsnce (dvy)

.
.
s 2,218 cyste
.
N

* 0.01640 nm

SENSOR DESCRIPTIUN PER AXIS RMS (1n) CORRELATED
TINE/DISTANCL
(12 3 Dimensioral Fosition Fix Errors 50 ft
3 imenstonal Yelocity Fix Errors 0.3 ft/sec
OMEGA 2 Orthogonal Position Errors 0.8 <« L.l mm 1.3 « 4 hrey
MAGNE TOMETER Heading Bias Error 1
Haading Random Error 0.1°
LORAN 2 porition Ercors 0.
TAGAN Corratated Range Error Gl m Q.5 hr
Uncarrelated Nolse 100 ft
Correlated Iur1n? Error 1 U.02 hr
Uncarreloted Bearing Noise 0.1
DOPRLER raAxfs Tota) Vaioclty Errer Effects 0.5 - 1,5% 0.5+ 3hrs
Uncorrelated Erra- 0.26 - 1.8
llMWl ALTIMETER | Uncorrelated Error 2.5¢
TAHRS Gyro Drift 0,8°/he 0,5 - 3 hrs
| Acalgromater Drift §00 g 0,5 - 3 hry
NS Gyro Drift 0.0038%/hr_ | 0.5 - 3 hrs
Gyro Nendom Walk 0.0015%//mr
Accelerom: v Drift 35 4 0.5« 3 hrg
WIND Correleted Errar 50 ft/vec 1 hr
Random Fluctuation § ft/sec
TABLE 6 - ISEP QUTRUT DATA
MARIFACT 11he cost VOLUME POWER MEASURL 1 | MEASURE 2 | MEASURE 3
MOOFL NI CANAD | AN MTEF WEICHT | M518538 VALUE VALUE 2 YALUE 3
Littan NS 105000 102 Wil | gybed/shr | rw-d/shr achemig
LN yos su00 #4.000 No 010 1005 85,00
Marcont GPS 50000 47 w250 wp-ft y-ft/sec
Mar.2Ch yes Est 1500 | UK Yo 45.00 1000
Honeyuall | RadeAlt 11000 Q82 L8 altg
AP |94 No 4500 4,400 Ne 4.0
Meeiond Dip<Rad 50000 J83 VASS ey PR visd
APN-227 Yes 2900 5,000 Yo »1i0 Jd1o ]
Marcand AlraData N/A A8 wig Alteft ag-knoty
) L 3000 1L.200 N/A 25.00 15.00
Develco Mag-Net 10 008 %1.3 att-deqg
092006 No 0 3 0] Ne §.00
-l
Total Cost

821/,700 (LS 83)
941

95.0 1 hs

$98.1 hry

+ 1.0987 o vr
v 0.00940

TABLE 7 - OMEGA AND DOPPLER SIMPLIFIED ERROR MODELS

PESSINISTIC NOINAL OPLIRISTIC J
PER AXIS | CORRELATED | +LR ANIS | COR. TIME | PER AXIS | COR. TIME
LLM 11 RMS RMS |
Dupp ler Cor, Nafse 1.54 0.25 Hour 1.0y U.h Hour 0,51 1.0 Hour
foppler Yncor, Nalse 1.0 0.5% Q.2%1
Omege Cor. Nolse 1.2 me 1.3 Hour 1.0 | 2,0 Hour 0.8 am | 4.0 Hour
Omeya Uncor. Nolse LIVl ] 300 W 200 N

TABLE 8 - INITIALIZATION CONDITION

GAOUNC FINE SHIPaOARD T IN-A[R
A 1OAMENT FINE AL TGNMERT AL LGAME NS
m —+
INs  ATTLTUNE 0.1 mrad 0.1 mepd 19 mrad
AJIMUTH | tred 1 orad 20 wrad
VELDo N TY 0.2 fr/sec 1.% ft/zec LIRATA RS
POSITION 0.2 ™ 0.5 1 re
AMEY  ATIITUDE L3 wrad 0.5 wrad 10 mrat
ALIMUTH 1 wrad 1 arag 7L omad
YELOCI Y 0.2 fe/,e 1.5 L aec W o rt/vec
POSTTION 0.7 m Q.54 nm 1 m
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TABLE 9 - COVARIANCE ANALYSIS TRUTH MODEL

i Gauss Narkev T ® 078 br

4.8 centi~cycles

| Subsystam | Error Ivpe JMeodal )
AHRS Laval Gyro Blas Gauss Markov T = 10 br 0.2 deg/kr
Yertical Gyre Blas Catss Markovy 7w 10 hr 0.2 deg/tr
Gyro Misalignment Gauss Markov T® 10 br  arc e
Gyro Soale Fagtor Gauss Murkov T= 10 ir 160 ppm
Gyro Random Walk Razdom Walk 0.0004 deg/vEF
Level Gyre g-sensitive Gauss Marker 7 10 br 0.2 deg/hr/g |
Vertical Gyrq g-sezsitive Gauss Yarkov 7= 10 br 0.2 deg/hr/g
Level Gyro naitive Gauss Markov 7= 10 hr 0.1 deg/br/g}
Yartical Gyro g¥-sensitive Geuss Markev = 10 kr 01degrhr/gt
Level Accalercmeter Biss Gauss Narkov 7w 10 br 100 micro-g
Vertioal Accelarometer Bisa | Gauss Markov 7= 10 hr 100 micro-g
Acceleromater Misalignment | Gauss Narkov v e 10 b 20 arc sec
, Agcelsromater Scale Factor | = 200 gom
NS Leval Gyro Blas Causc Markov 7 = 100 kr 0.000 deg 7hr
Vertical Gyro Bias Gauss Markov T = 100 hr 0.01 deg/hr
Cyre nmeut Cause Harkov 7= 100 be Saronee
Gyro Scale Festor Gauss Harkov 7= 100 kr & ppm
Cyre Random Walk Random Walk 0,002 deg/vEr
Lavel Ancelerometer Bies Gauss Harkov = 10 hr 40 microeg
Vertica! Accelarameter Bias | Gauss Markov rw 10 br 100 micro-g
Acculeromater ent | Gauss Markev 7w 10 hr Sarcsec
- k1
GPS Poaition Gause Markov Tw 1.0hr »| 00N
Random Position Uncorralated aon
| Vejogity U 0afi/eec
DOPPLER | Speed Offaet Gauss Markov T = 30 by 0.1 knot
RADAR Scale Factar Gause Markov v = 10 hr 0.18 purcent
Bore Sight Gauss Yarkov r= 10 hr 1.0 degree .
Fluatuation Urcorrelated 0.008 et
rad
knot ===
. - sec
MAGNETO- | Bles Gauss Yarkov 7w 1,0 hr 1.0 degree
HETEN One Cycle Gauns Markov = 10 br 0.7 degree
Two Cyele Gauss Yerkov Ta 10 hr 0.7 degree
Ungerrelated. 9.1 degree
TACAN Beariag Biss Gouss Yarkov Tm 028 bir | 1.4 degree !
Readom Bearing Uncorrelated 0.1 degres !
o Blss Geuse Markov 7w 1.0 br 014 um I
|I— Slzm, :
AIR-DATA | Altitude Geuss Markovd = 230nm | 8001t |
Rapidly Vi Wind Uncorrelated 2 kzots i
L]
OMEGA | Phase Blas Gauss Markov d = 1800 &m | 10 cezti-cycles !
' i Periodic Crror 24 br Correlated Process | 2.5 centi-cycles
) I Short Correlated Lrror
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DEVELOPMENT OF A MARINE INTEGRATED NAVIGATION SYSTEM
by

D.F. Liang, Head, Electromagnetics Sectio.

J.C. McMillan, Group Leader, System Design
Deafence Research Establishment Ottawe
Ottawa, Ontario

Canada KI1A 024
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.,

"atnrtling advances in electronics and computer technologies over the last two decades have
significantly altered the scope of military operations, weapon systems and some of the required
supporting services., Th. increased range, speed and accuracy of modmrn weapot systems impose stringent
accuracy and reliability requicements upon the navigation systems of military platforom,

Over the last fevw ysars, DREO has Leen involved in the development of a microprocessor~based
Marine Integrated Navigation SBystem (MINS). The present version of the MINS can work with a variety of
types and brands of navigation sensors such as Omega, Transit, GPS, Loran C, speedlog and gyrocompass
a8 well as operator-entered position ot sextant measurements. It has been successfully tested on both
Canadian and U8 navy vessels and 1t is due to be installed on almost all of Her Majesty's Canadlan
ships in 1988,

e
-

v
This lecture will describe the application of Kalman filter dacign to ‘é;timally’)-lnd
synergistically combine the diverse typas of navigation sensor information, Technical problems, design

objectives and some design features unique to this application are highlighted. Results of wsea trial

evaluations are compared to simulstion results. Integrated systeam design guldelines and ;roud maps
derived from the Canadian experience are alsn pressnted. ¢

\

1.0 INTRODUCTION

The Canadian Maritime Commahd has succesafully deployed on almost all Canadian Naval Vessels a
Kalman filter based multi-sensor Marine Integrated Navigation System (MINS)". The MINS concept and
system design werv developed at the Defence Research Establishment Ottawa [1] over the period
1980~1988. Extenmsive sea trial avaluations were conducted by DREO in 1983, 1984, 1987 and 1988 as well
as by U,8. Naval Alir Development Center from 1985 to 1837. The design objectives have heen verified:
MINS does enhance the navigation accuracy, operational reliability and position reporting efficiency of
marine vessels that are equipped with a variety of types and brands of navigation sensors such as
Omega, Transit, UPS, Loran C, wspeediocg and gyrocompuss as well as operator antered Losition or
sextent measurements.

2,0 SYSTEM DESCRIPTION

The current production version of the MINS (AN/SYN=501) is shown in Figure 1 in block diagram
form, along with the sensor input that it can integrate. The MINS procesaor is & Motorola 68020/68881
with sbout one half megabyte of memory. Figure 2 shows the plasma display unit, the keypad unit and
the central electronics unit.

3.0 BSCOPE OF THIS PRESBENTATION

This presentation will describe the design of a Kalman filter to “optimally" and synerglstically
combine the diverse types of navigation sensor information. Results of sea trial evaluations are
compared t simulation resulta. Design guidelines and a “"road map for designers® will aluo be
pressnted.

In the simulation enalysis plasa, the integrated navigation system data processing algorithm was
implemsntsd on a genezal purpose compuier, with “measurement® data numerically simulated using
atatistical srror models to represent the navigation sensor errors. This anllows complete cuntrol of
the tasting conditions and facilitates the rapid and efticient evaluation of the filter performance
characteristice for a large number of different tesmt voyages.

4.0 BIMULATED TRUTH MODELS

In the initisl study phase before any real sea-trial data becomes available, it (s important to
establish detsiled msthematical models of the navigation wystem error behavior. Analytical and
aimulation results obtained wil) therufore ba relative to the models adopted.

* MING is a Trade Mark of the Canadian Department of Nakional Defence
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In order tc propezly analyse the performance of various in%tegrated npavigation systems, a
versatile sinulation package was Geveloped, Bilefly, the computer program does the following:

a) glmulates a ship wcenniio (true velocity and position).

b} generates sensor mwasurements with appropriate error characteristics.

a) integrates the dead reckoning (DR) measuraments to obtain the DR position every 4 seconds.

d) obtains an Omega=-based position fix svery 20 seconds.

e) obtains a lLoran~C position fix every 20 seconds.

f) obtains a Transit posmition f£ix when available, dead reckoning between fixes.

g) processes these same measurements with the Ralman filter {ntegration algurithms of
different state size and

h) compares the results of o) to y) above with the true values of a) to evaluate the absolute
and relative performance of the Kalman filters vis-a-vis the conventional reset method.

This section briefly presents the asimulation algorithms for genetation of the ship's true
position and velocity, thea computation of navigation informstion based on tha DR messurements, and a
description of individual subsystem erioxs.

4.1 S8hip's True Position and Velocity
The ship's true north and east velocity components are computed nsing
Vn @b Cos0+ Vyo
(1
Vg * 8 Bin0 + Vo

where £ and Q ate the ship's water speed and heading, and Vyo, Vgg are the north and east ocean
current coniponents.

The ship's trua position is determined by integrating this velocity, or in the disctete case by the
update equation,

[‘uvr LAT VN/RN
- + At (2)
LLONG teAt LONGJ ¢ Vg/Rg Cos (LAT) J ¢

where Ry and R are the north and east radii of curvature of the WGS—84 ellipuoid. The accuracy of
this representation will be acceptable if At is sufficiently amall.

4.2 DR Position and velooity

Simulation of the DR position estimate is based on equations (1) and (2) except that the ocean
current is not known and the measured speed and heading are corrupted with Markov errors. The DR
ponition is simulated by

'an] (8 +d8) Com {0+ d0)
) (3)
LVEL (8 + d8) 8in (0 + 40Q)

[ LATL LAT1 VN1/RN)
- + at (4)
L LONGle 45 LONGL | ¢ Vrp1/Rg) Com(LATL)c

Comparing eguations (1) snd (2) to equations (3) and (4}, it can be seen that the dominant
sources of error in the DR position and veloocity estimates are the ocean current components, spesd log
error and gyrocompass heading error. With the gyros and speedlogs typically used on major vessels, the
contribution of the heading error is reletively inmignificent. Since the heading error is also
nonlinear it was decided that the benefit in nccounting for this error source explicitly would be
marginal and that it could be absorbed into the ocwan current error model.

Ocean current is quite random, correlated both in time and space. Therefore each component can
be modelled as a first order Markov process with sutocorrelation time constant Tg., The speedlog (s
assumed to be water tracking rather than bottum tracking. This error is also randomly varying,
normally sero mesn and bounded, Therufore it is modelled as a ftirst order Markov proceps ‘with
auto-correlation tina constant Ty, The spectral densities '‘qQy, gg) of tha corresponding white
noise processes (Wg, Wg) are related to their mean-syuared values (Rg, Rg) of the respective
error atate

e = 2Re/Tu
(5)
e " WR/T¢
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Since the ship's latitude and longitude are the primary quantities of interest, 2 states are
used to represent the error of the DR latitude and longitude. The filtur estimates of these two error
states can then be used to remove the error from the DR position estimate.

4.3 Omega Errors

Omega is a hyperbolic system that utilizes lines of position based on phase difference
measuremants from at least three transmitters. It operates in the 10 to 14 KHz bend and, since each
station has a range of 13,000 Km, only eight stations are sufficient to provide world-wide coverage.

Diurnal changes in the ionospheric propagation characteristics and the inhomogeneity of the
earth's magnetic field and surtace conductivity ocause anomalous variations in the Omega phase
measuremants. These deterministic errors can be partially compensated for by using phase propagation
correction (FPC) tables. However, there remain four major random components of residual error, The
statistical properties of this residugl error have been studied in detail by various groups and it iwm
generally agreed that when FPC tables have been used, the remaining phase error at the Omega receiver
has an autocorcelation funotion of the form

yit) maZ e = VIl 4 2 ¢ - VT2 4 c2 o= VT com (u1) (6}

wasre suto-correlation times T1 and T2 are respectively 180,000 and 4800 seconds, U is the earth rate
and A,B,C are raspectively 1520, 500 snd 850 metres. This phase erro: can therefore be adequately
described by the sum of three stochastic processes: two first order Markov processes and a periodic
process with a period of 24 hours. Bince the periodic process is second order, a total of four states
are reguired to properly model each Omega phase error. Determining three independent Omega lines of
position (LOPs) requires reception of Omega signals from 4 distinct stations. Therefore a totsl of 16
Omega error states are required to represent these Omega esrrors.

4.4, Loran C Erxroxs

The Loran C position fixing eystem computes lines of position by measuring the difference in
time of arrival of pulse signals f£rom master-slave pairs of transmitters. Xach Loran C chain consists
of a master and two or mora slave stations, transmitting synchronised pulse trains on a osrrier
frequency of 100 KHx with a nominal bandwidth of 10 Kis. Very stable ground wave transmission from the
transmitters cun produce lines of position with an accuracy of about 400 m at distances up to
approximetely 1600 Km, when all known Asterministic corrections have been made (secondary and
additional wsecondazy phase factors, SPF and ABF), and there is no geometr’c dilution of precision
(GWP = 1},

Under normal operating conditions the major errors which affect the determination of the time
difference are ancmalies in ground conductivity, which in turn atfect the propagation velocity, and
sinilar anomalies in the surfasce index of refraction. Additional errors are due to receiver noise and
stmospheric perturbations. Of course all of these srrors are magnified by the GDOP.

Loran C also has a discontinuous error component known as oycle selection erxror, which is
handled by the prefilter. Therefore the filter will see a continuous, bounded and zero-mesn error,
which is modelled as a first order Markov process,

4.5 Batnay Brrors

Satnav, also known as Transit or the Navy Navigation Satellite System, presently consists of 6
satellites in near cirocular polar orbits at asbout 1075 Km altitude with 167 minute period. A position
fix can be obtained only when & satellite passes over the horigon with a maximum elevation angle
betwesn about 5° and 809, At mid latitudas this happens on the average about once an hour. The
position £ix is obtained by proceasing the satellite signal received throughout the pass and therefore
the ship's motion during the pass must be known and compensated for., The receiver requires veloclty
input not only to compensate for the changing position of the ship, but alsc because the basic
positioning wearurement is the Doppler shift in the signal from the sate)lite. The Doppler shift is of
course affected by the ship's velocity and, in fact, it is the lnacocuracy of this velocity estimate
that accounts for the largest part of the Satnav position fix ert.t.

The exact relationship between the velocity and haight srror input and the powition error output
is described in Reference [2). Aside from the known effect of velouity and height input errors, the
Transit errors are largely randow, seroc mean, and independent of each other, and sre treated by the
MINE filter purely as measurement noise.

During the long inter-als between position fixes, the Satnav receiver can only dead reckon, with
the ensui-; Jagradation of scouracy.
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4.6 GPS Errors

The GP8 constellation currently provides about 8 hours per day of umeful two dimensional
coverage in the test area used for MINS evaluation., GPS matellites are in much higher orbits than
Transit, broadcasting at higher frequencies, and paeudo ranging rather than Doppler fixing is usged.
These and other factors make GPS a much more accurate system. Reference [3] gives a good description
of the GPS system and eguipment.

GPS position error, even from a C/A code receiver, is generally significantly smaller than that
from any other sensors used by MINE, These GPS position measurements have zero mean, bounded errors,
which are nominslly continucus, Because they are not cbservable however, these errors are treated by
the filter simply as measurement noise. The expected magnitude of this error depends primarily on
whether the receiver is of P or C/A code, and on the geomstric dilution of precision, which is
genecally provided by the receiver.

5.0 KAILMAN FILTER DESIGN

The dynamics of the error state vector X are mathematically described by the system wodel
Aoz (X) +W (N

where ¥ ia a sero-masn Gausslan white noise process. There are many possible suboptimal filter models
that ocould be derived from simplified truth models. The major problem in Kalman filter design is to
determine which error states can be ignored or grouped together to raeduce the size of the filter {and
hence the computational burden), without significant performance degradation.

As desoribed in Section 4.3, each of the four Omega errors requives a total of 4 error states,
wheress the Loran—C requires only one state per time difference error and none are raquired for both
the Batnav and GPS. Therefore teduction of the state sisze must concentrate on the selection of Omega
ezror states. The actual NINS design can dynamically rsconfigure tha state vedtor to model from mero
to five phase errors depending on the number of Omega stationa being used, But for this section, we
will first illustrate the filter design based on four Umega stations and three Loran C stations (for 2
time differences) but no Satnav and GPB. This we will call the MINS-A design. The MINS-B design
extended the MINS-A to incorporate GPS and Satnav through the modification of the measurement eguation,

Table 1 shows the 24 states umed for the “truth" system model, along with several suboptimal
ercor models that were used in the design analysis and simulation. Here, there are 3 different Omega
error model representations using 8 states, 12 statas and the full 16 states.

5.1 B8tochastic Brror Mcdels
5.1.1 DR Brror Model

Each suboptimal system model neglects the gyrocompass heading error. Partial compensation is
achieved by increasing the expected ccean current error to absorb some of this unwodelled error. These

DR error states, together with the latitude and longitude errors (d),dL), propagate independently of
the Omega and Loran=-C errors, sccording to the linear state eguation,

&\ 0 0O cos®@6 1 0 a\
q AL 0 0 siné 0 1 AL
dt |s|«}]0 0 -8, 0 0 8| + ¥, (8)
ne 00 o0 -8 0 Vac
v -
L IC‘ L 00 ° ° ac J VBCJ

where @ is the ship's heading and
Bg = 1/Ty
Bg = 1/1¢

The magnitude of the Adriving noisu for this sero-mean Gauasisn white (ZMGW) noise process is
described by a simple diagonal matrix with elements:

Q= diag [0 0 q4 4o 90 ]

where qy and q, are already defined in equation (5).
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5.1.2 Omega Error Model

The 4 states reguired to model each Omega phase errcr propagate according to

BIAS -1/71 0 c (] BIAS
4 |markov - 0 -1/72 0 0 MARKGV +
E? PERIODIC 0 0 ] 0 PERIODIC -8 (")
Py 0 0 ~a? -2/71 |Pg

where Wy is a zero mean Gausaion white (ZMGW) noise process, and P2 is the extra atate needed to
model the pariodic error., T1 and TZ are the Markov process vorrelation times and a is a constant.
Here the strongly correlated Markov process is referred to as a bias to distinguish it from the ore
waskly correlated one (i.e. Ti>>T2).

The 2l-state DR-OMEGA filter models 4 Omega phase erroras according to eguation (9), for a total
of 16 Omega states.

Bince an Omega line of position errxor is the differance between two independent phase errors,
the statistical properties of tho LOP error will be basically the same as that of a phase error. By
modelling the thres LOP errors inatead of the four phase errors, the .7-state DR~OMEGA filter reguires
only 12 states to represent the Omega errors. The four Omegu error states fur each LOP errox propagate
accozding to equation (9) wherm the Jriving noise Wp is the difference between two uncorrelates
sero-mean Gaussian white noise processes; one for sach Omega signal uied to determine the LOP.

The l3=state DR-OMEGA filter models 4 OMEGA phase srrors, as the 2l-state filter does, but uses
only two states for each phase error, for a total of 6 Omega error stvates. This was accomplished by
omitting the periodic states and adjusting the parameterm of the weakly correlated Markov processes to
maintain the oorrect mean values and ocorrelation tines. The phase error of sach Omega signal i»
therefors modelled by the following two Markov processes.

d BIABS =1/ Ty [} BIAS
-E " +We (10)
MARKOV 0 =1/T3] | MARKOV

where T1 and T3 are the correlation time constants.

5.1.3 Lloran-C Error Model

The Loran-C master~slave time differsnce errors are each modelled as a single independent Markov
process, and therefore propagate according to

dd—: [LORAN] = [~1/74 J[LORAN] + Wy (11)
where T4 is the correlation time and Wy is tho ZMGW driving noise process.

5.2 Measurement Hodel
The measurement model describes the relstionship between the inputs to the Kalman filter, 2,

called measurements, and the state vector X that is to be determined from thess inputs. For linear
systems this is generally of the form

3 () = H(OX(E) + Y(t) )

vhere Y is the measurement noise vector and H(%) is the measurement matrix. 7The same measurement
vector was chosen for each of the f£ilters, It consists of three Omega messurements, two Loran
measuraments, two Satnav measutements rnd four GPS msasurements.
5.2.1 Omega Measurenments

Bach of the three Omegs measurements is the difference between an LOF as measured by the Omaga
receiver (with PPCs) and the corresponding LOP as geometrically caloulated from the DR pusition
estimate snd the known locations of the Omens broadcasting atations. This measurement is related to
the l7~state vector (which models LOP errors rather than station errors) according to

s, {Cosyy1 =~ Comyyy) (Binyyy - Binyg1) 000 1110 0000 0000

12]= [{Comyjz - Cosyyz) (Bimyjz -~ Binyyg) 000 0000 1110 0000} X + vV (13)

£;]| |(Comyyy =~ Compys) (Blmpgy - Sinyyy) 000 0000 0000 1110
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where the Y's are the bearings from the ship to the Omega stations, and the LOP used in measurement
4k is definud by the phagse difference between ths signals from Omega stations ik and jk [4]., 1The
measurement noise V is assumed to be zero-mean Gaugsian white noise with covariance matrix R.

The measurement eguations for the 2l-state and 1l3-state filters (which model station errors
rather than LOP errzors) are similar to equation (13) but are more dependant on the choice of Omega
stations for the three LOP's, For example if LOP{ uses stations 1 and i + 1 then the 1l3-state
measurement equation i

N (Cosya~ Cosy; ) (Sinyg - Biny;)) 000 1 1 -1 -1 0 0 0 O
27| = |(cosps~ Compy )} (Binps -~ Binyy) 000 0 0 1 1 -1-1 0 Of X+Y¥ (14)

23 (Cosyy~ Comp; ) (Biny, -~ 8inyz) 000 0 0 0 O 1 1=1=l

The 2l-state measurement equations is basically the same as the 13-state, but with each ( 1 1)
replaced by (1110) and each (~-1-1) replaced by (-1-1-1 0).

5.2.2 Loran C Measurements

Having definea the above DR-Omega filter deaign, we now want to extend the design to the
DR-Omega-loran C filter., As can be seen later in Bection 6.0, the selocted DR-Omega filter design is
based on the 13-state filter. Therefore with two additional states to account for the Loran~C srror,
we have a 15=state design. Each of the two Loran measurements is the difference bstween a master-slave
time delay as measursd by the Loran receiver (with BPF and ASF correctlons) and the corresponding time
delay as ocaloulated from the DR position sstimate and the known Loran station locetions and coding
delays. These measurements are independent of the Omega measurements, and are related toc the 15=state
vectof through the measucement equation

zfl (Cosy,, = Comy .} (S8inp, = 8inp )  0...010
- M sl M sl 24y (1)
2g)

((‘olwH - Cosy (Sian - Binwnz) 0...001

nz)

where {gq4 is the bearing from the ship to the Loran slave station i and yy im the bearing to the Loran
master station, The measurement noloe vector V is ZMGW.

5.2,3 Transit Measurements

The Transit position measurement is related to the l5-atate vector byt

LT 10 Fcomg+ Gaane FG O0OC0QO0QO0O0 0O
- _K_ + v {16)
29 01 Jcosct Keino J K 00000000 00

8ince Transit provides position directly, the first two columns of the Transit measurement
matrix relating the north and east position errors to the Tranmit measuleinent errors form an identity
matrix., The columns 3 to 5 relate the state vector estimate of dead rechkoning velocity error (speedlog
error, north and esst ocean ocurrent) to the Transit fix position error. This qensitivity arises
becuuse & 1ransit position fix is based on Doppler measurements from a satellite. These Doppler
measurements of course must bu compensated by subtracting the "known" ship's velocity celative to the
earth, und this is done using the MINS supplied veloclty ontimate. An ecror in MINS veloaity thersfore
produces an srror in the transit position E£ix. The detalls of the relationship are derived in
Refersnce [2) which gives an algorithm for evaluating the coeificlents F,G,J and K. These ars
funations of the receive: locstion, the satellite's maximum elevation angle, the satellite's direction
of travel (north-to-south oxr south-to-north) and the direction to the satellite subpolint at maximum
elevation (east or west of the recelver).

Unlike the other radio aids Transit is not a “real time" system, since Doppler data must be
collected over the roughly 20 minutes of an entire watellite pass, and then batch processed to obtain a
position. Therefore the Tranalt pomition must be extrapolated from the time at which the position fix
in valid, called the fix mark, (nvar the centre of the satellite pams), to the end of the pass, when
the Jdata becomes available. When the DR is used to extrapolate, thim also introduces an error
sennitivity tc the velocity error states,
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5.2.4 GPS Measurements

The GPS position and velocity measurements are related to the state vector by:
ig l1 0 0O 00 0000 0000 00O

i3 .10 l1 0 00 0000 O00OO0CCOC OO
r+y 17
%10 0 0 cosg 10 0000 0000 00O

231| |0 0 sing 01 o0vo0O0 00O oo_l

The (GPS = predicted) measurement errors are position and velocity errors, which are modelled
directly by the state vector, making the GPS measurement submatrix simply a geometric relationship.

The third column simply resclves the speesdlog error into ilts north and east components, which are added
to the north and east ocean current components respectively.

5.2.5 Operator Position Fix

The operator enterad position £ix is the simpleet of all, being just a latitude and longitude
measurement, so its measurement equation is as follows:

2;5] [1oooo o000 0oo0o0a 00
- A+ Y {18)
213 [01000 0000 0000 00

5:2.6 Celestial Fix

The celestial fix is the elevation angle of a celeatial object. rhe position error on the
earth's surface dua to an angular error of size 0 in this measurement is in the direction of the
celestial object's azimuth vy, of magnitude equal to the arc length on the earth's surface subtended by
the same angle O at the earth's centre. Thus the angular error (in radians) must be multiplied by the

earth's radius R, and the resolved into north and east components by the agimuthy . Thus the celastial
fix meaguremeant matrix block is as follows:

(Zj4] #[Roos YRein YO UO 0000 0000 00] X+V¥ (19)

5.3 Discrete Kalman Pilter Implementation

Usirg the most efficlunt 1S5-state Kalman filter design as an example, the continuous
differential forim of the MINS state propagation model can be explicitly shown as:

, A o 0
X = |0 B 0 X+ W (20)
0o 0 cC
r h F h
4] 0 Cos(Q 1 0 —gb 0 [ 0 0 0 0 0
0 0 8in0 0 1 0 -Bm 0 0 0 a 0 1]
A = 0 0 B' 0 0 0 0 -Bb 0 0 [} 0 0
0 0 0 -Bc 0 - [ 0 0 -Bm 0 0 o 0
0 0 0 0 - 0 0 0 -
& ﬁq- 0 Bb Y] 0 0 ,
0 0 0 0 0 -Bm 0 0
0 0 0 0 0 0 *Bb 0
0 [¢] 0 -
L 0 0 0o 0 B"L
-Bb o
Cw
0 Ty

where A,B, and C are respectively the system dynamic matrices for the DR, Omega and Loran-C errors.

Formulating the Kalman filters for implementation on a digital computer requires that the

gontinuous state space modul defined by equation (7) be converted to the equivalent discrete model of
the formi
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X(t +aE) = §(LE,t) A(E) + W(Ac) (21)

where the discrete noige vector W(At) is not the same as the continuous noise process W of uquation
(7). The discrete driving noide covariance matrlx Q(At) is

t+4t
a(at) = It #(0t, 1)0(1) 07 (A, T)dt (22)

The transition matrii ¢ is required by tha MING filter to extrapolate both the state vector
eatimate and its covariance matrix according to the standard Kalman filter equations. In the
stationary case (where ¥ is independent of time), or for small At, ¢ is related to the system dynamics
matrix P as follows;

plat,t) = o FE)AL (23)

The only nondiagonal bloc!t of the transition matrix ¢ is for the DR statas. Exponentiating the
DR block of FAt can be done exactly, using eigenvectors as in Refarence [4], which vields:

. .
1 0  Acos® B 0
0 1 Asine 0 8
-M/n
’DR - 0» 0 e 0 0 (24)
-At/t
0o 0 . Yoo
-At/7
00 0 . '

vhere

A . T'[l i .ndtltl)

(23)
-At/tc]

B = rc(l - @

The depandence of this DR matrix on the ship's heading © makes this a non-stationary system,
The variable components of ¢ are however strictly bounded, and the only oconsequence 18 that the
propagation pariod At should be kapt small enough that sin O and cos © do not chanye significantly over
a single propayation pericd,

The Omega and Loran-C blocka are found by exponentiating the ccrresponding diagonal blocks of ¢ ,
which ylelds simply diagonal slements:

b = e -At/td i =b,mL (26)

6.0 MINSG-A SIMULATION RESULTS

Extensive simulatione were pecformed, first to give an indicatlion of the expected performance of
an "optimal® filter, and then to £ind tha &suboptimal filter with the best acouracy-efficiency
cheractecistics,

As described in Bection 4.3, the Omega errors require 4 ~tates per station for optimal
filtering, whereas the Loran-C requires only one per LOP and none are required for both the GPS and
Satnav, Therefore reduction of the state mize must concentrate on the Omega arrors. Monte Carlo
aimulation was used to compare tilter performance of 3 different Omega error modmlu; B8, 12 and full 16
astates (for 4 stations). It should be noted thut in thim phows of desiygn trade-off study, the speed
loy ecror state was deleted, therefore the simulation study was based on the 12, 16 and 20 state filter
deaigne rather than the 13, 17 and 21 state filters.

6.1 Monte Carlo Simulation of One-~Day Voyages

To obtain a mesningful indication of the performance capability of these inteyration schemes, a
large number of 28 hour voyugus wers simulated, Measurements were generated using the “real world®
error model, and processed by the l2-state and lé-state Etilter slgorithms and by the conventional reset
algorithm (simply reseting the DR position to the Omegu position every few hours). BSome of the results
are shown in Table 2 which lists the RMS position errors, in metres, for easch voysge, and also lists
the ratio by which the filter errors are smaller than the reset errors. This table clearly
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demonstrates the ability of both filters to consistently produce a significantly more accurate position
estimate than the conventional method; even though both filters processed axactly the same meazurement
inputs used by the conventional reset method. The ratio of the RMS radial position errors show that
both Eilters reduce the position error by a factor of between 2 and 6. The overall improvement ratio
for tho RMS position error is approximately 4 to 1 for both filters.

Another result that was observed but not listed in this table, is that the position errors of
both filters were less than 3 Km at all times during each of these simulation runs, whereas the error
using the conventional method was at times greater than 12 Km. This indicates that the "worst case"
position error can alsc be effectively reduced by s factor of about 4 by implemanting one of these
filters,

Table 3 prosents the RMS velocity errors of both the filters and the conventional reset
technique, for simulated voyages indentical to those of Table 2. Here the velocity errors are also
conasistently smaller than the conventional reset method. However the range of improvement ratio for
both filters is between 1.3 and 1.6, which is considerably smaller than the improvement achisved for
position errors. This sgrees well with theoretical expectation since Omega measurements only provide
additional position information and thersfore the synergistic integration of the LR and Omega can
improve the accuracy of the position to a much greater extent than the velocity. '

To further illustrate and compare the performance bahaviour of the two filtexrs with that of the
conventional reset technique, the RMB radial position obtained from the li-voyage averages are
presented in Figure 3. PFrom these it is obvious that the position error for the DR is the most severe
and tends to grow with the passing of time; accumulating a position erxror of 15 Km for a journsy of 28
hours. The position error for the conventional reset technique also has the same tendency to drift in
the time interval between resets, When tha reset is parformed, the position error is corrected down to
the 3-Km accuracy leval of the Omega measurement., On the other hand, both filters consistently display
stable error behaviour, Their position errors are bounded to about 1 Km and they do not display any
time=-dependent error growth characteristiics after the first few houts of operation.

Prom Figure 3 it can also be observed that there is no significant difference between the
performance of the l6~state and the l2~mtate filters. 'This is rather significant, since the l2-state
tilter is computationally 1.7 times more efficient than the l6-utate filter, yet it can perform almost
a8 well as tha \6-state filter.

6.2 Monte Carlo Simulation of Four=-Day Voyages

In order to furcher investigate the long~term performance capability of thess integration
schemes, 12 simulation runs of 4-day voyages were performed. We decided to compare the most sfficient
algorithm, using 12 ateates, to the “most optimal® algorithm, using 20-states. The resulting RMS
position errors are listed in Table 4, where we can meo thet the 12 and 20=-state filters van be
expected to have RMS position errors of about 2,) and 2.0 Km respectively over a 4-day voyage. Thim is
an improvement in accuracy over the conventionsl method by a factor of «bout 2 to 1 for both filterws,
with the 20-state filter being only alightly better.

The 12-voyage averaye 'position errors are illustrated in Figure 4, where the wtability of the
two filter algorithms can he clearly seen. It should be noticed from Pigure 4 that the slight error
growth rate seen in Figure 3 for the l2-state filter practically disappears alter the first day. The
results of a typical simulation run are illuatrated in PFigure 5.

6.3 Bensitivity Analysis

In 8ections 6.1 and 6.2 all performance results presented weze bssed upor numerical simulations
that assumed perfect a priori knowledgs of wsubsystem error chatucteristics and the operational
environment. However, considering the variety of operational environments the navul vessels will
encounter, it is impossible to use one error model representation to characterize all the true
operaticnal system error behaviour, Therefors it is important ' to systemstically examine the
performance of these filters under abnormal conditions, when there are serious discrepancies between
the prior statistics assumed by the filters and the erxor characteristics of the true operational
environment. For this, extensive sensitivity analysis was conducted to evaluate the performance of the
conventional cteset technique and the 12-and 16-state filters undar abnormal conditions. Conditions
used were such that each significant error source statistic was either increased or decrwased by »
factor of three, while all other error statistics remained unchanged at their normal values. The
230-stste filter was not included in these tests because cost conaiderations and the results of Section
6.2 indicate that it is not the best candidate for eventuul implementation.

The results of this atudy ere presented in Table 5, where for brevaty each position error
represents the RMB over two asisulated runs. It is appsrent that both filters respond in a very similar
manner to each of the abnormal conditiono. The improvement ratic of the filter pomition ecrocrs over
those of the conventional reset method 1is within the range of 3.1 to 6.3 under all of these
conditions. 1t should be noted that the asbwolute errxor of the filter position estimates was moat
seriously degraded when the Omeya phase error was three times larger than the assused nominal value.
Here the RMB positior errovs of the filters &nd the conventional reset are 2,930 meters for the
l6-ptate filter, 3,289 meters for the l12-state filter and 10,420 meters for reset.
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Por this worat case under abnormal conditlons, the simulation results in terms of position error
versus time are illustrated in Figura 6. Here it should be kept in mind that not only does this
represent the use of Omega measurements three times less accurate¢ than normal, but also that the
filters were designad using nominal error parameters. Yurthermore, even though there is such a
discrepancy between the error models used to geuerate the abnormal measurements and the nominal error
model used to deslgn the filters, the l2-state and l6-atate filters remained amazingly stable and are
congistently suparior to the conventional reset method over a very broad range of possible operational
error conditions.

7.0 NMINS-B SIMULATIONS

Once the MINS-A filter was selected, extensive Monte Carlo simulations wers also performed to
predjct the performance characteristics of MINS-B, which is MINS=A with added Satnav and Loran-C,
Simulation analysis for MINS=B with GPS8 was not performed because the agcuracy would be esmentially
slaved to the GPS performance. Por these tests 15 voyages were simulated, each with a duration of 24
hours. This was repeated for all possible subsets of the selected sensors. The RMB position accuracy
results are summarized in Table 6. Although we expect these results to be slightly optimistic, they
should acourately reflect the improvement achievable when comparing raw sensor performance to MINS-B
perfoxmance.

The most interesting RM8 time historles uare illustrated in Pigures 7 to 11, where each curve
tepresents the RMS of 15 simulated voyages. Hate we can see that MINB=B can alvays be expactad to give
a significantly more accurate position estimate than would be obtasined from any of the raw measuraments
that MINS-B is given.

Of particular interest is the performance of MINS=B with just Bathav and Omega, seen in Figure
11, bacause these are both global systems. Individually, Bstnav and Omega, with dead reckoning of
course, each have a navigational accuracy of the ctder of 2 Km. Optimally integrated by MINS-B this
error can be reduced by a factor of about 3, ylelding a glohal navigation capability with acocuracy
comparable to Loran-Ce.

8.0 SEA TRIAL RESULTS

In between 1382 and 1948, several sea trials were conducted by DRRO to verify the scouracy and
opsrability of the system. The U.S. Naval Air Development Cantre (NADC) also conducted aes trials
under the Foreign Weapons Evaluation Program, with the XDM in 1985-1987 on the USS Reasoner in the
Pacific and on the Vanguard in the Atlantic. Table 7 sumsarises the results of all Canadian sea
trials, The results show gensral agreement between simulation and sea trials. The apparent exceptions
are dus to unusually large Loran cycle selection errors in 1983 and exceptionally poor Omega geometry
in 1984, Bach of these trials enbody about a week of data, with precise reference data provided by
shore bamed transponders such as Syledis and Maxkiran. The exception is the 1987 mea trial (the first
trial to use GP8), for which only about 16 hours of Syladis reference data was available.

Out of the large data set of 1987 mea trisls, several reruns were conducted in the lab with
various subsystems disabled to evaluate the degraded mode performance, These results are presented in
Table 8 and Figures 1213,

It is noteworthy to see Figures 14~16, where typical radial time histories are presented
together with the 95% estimated error probability (EBEP). It is evident that in most cases the MINS EEP
does provide a very good statistical indication of MINS's performance accuracy under diverse
operational conditions. Aside from providing useful information to the navigator this EEP aluwo
furnishes strong evidence that the filter error models have besn properly fine tuned, which is most
important especially in any suboptimal filter design.

9.0 DESIGNER DEWARE

Based on our integrated system design experience, we would like to offer the following tips to
the designer:

4. Be generous on sise of truth model,

bs Minimige filter states.

©. Be precise on noiss level of truth model.

d. Be pessimistic on noise level of filtar model.

o, Implement easily modifiable computational algorithms (Don't take short cuts too warly).
f. Potential causes of divergency:

Numeriocal srror (negative diag. P)
Programaing error

Nonlinesarity

Unmodsellad error

Cptimistic noise level

Incorrect model,

v

—— ——— o —

—e.
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1.0, DESIGNER'S ROAD MAP
For the desiyner, a simple easy to understand road map is offered for reference:

a. Determine system truth orror model.

b. Determine true measurement model.

c. Determine filter error model.

d. Determine noise model and statistics.

e. Determine initial conditions, noiee and error variance.

f. 8imylate truth model and physimal environments.

g. Verify truth model simulation (How realistic?).

he Verify simulation tool: wset all error sources to zero to verify that there are no unintended
system errors when system output ls¥ compared to the input, or/and significantly increase system
errocs, verify that the output errors are reasonable and behave as expected.

i. Implement filter algorithm (could waste lots of time if this is done before #h).

j+ Review filter results,

ke Tuning: good agresment betwean state eatimate error and convariance, and between measurement
residual and residual variance (through Monte Carlo and covariance analysis).

1. Datermine achievable optimal performance.

m. Robustness test (filter should perform well with increassed noise level of truth model).

ne. PFilter sub-optimization (reduction of filter states to improve efficiency while increasing other
noise lavels to absorb unmodellad errors).

0. Substitute simulsted data by real data whenever possible.

p. Conduct controlled test of partial operation.

q. Redesilgn or retune the filter if nucemsary.

11. CONCLUSION
This paper has presented the complete design, development and performance testing of a Kalman
filter based lntegrated nnvigation oystem. Lesuwons learned from the development of this and other

integrated systems have also been summarized to assist the integrated system designer so that practical
development work can be completed with minimum risk.
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Table 1. Systam Error States

ERROR STATES
ERROR SOURCE

TRUTH DR AND OMEGA DR,OMEGA & LORAN
MODEL
21-5TATE|17-STATE | 13-STATE | 15-STATE | 17-STATE*
SPEEDLOG 1 1 1 1 1 1
GYROCOMPASS 1
2 2 2 2 2

OCEAN CURRENT 2
DR POSITION 2 2 2 ? 2 2

OMEGA PHASE

BIAS 4 4 3 [ 4 5
MARKOV 4 4 3
4 4 5
PERIODIC ] 8 6
LORAN-C 2 2 2
JNUS SRS S ——,
TOTAL NO OF STATES | 24 21 17 13 15 17

* this models one cxtra Omega station
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Table 2. RMS Radial Position Brrors (metres)
RESET 16-STATE FILTER 12-STATE FILTER
vVJYAGE
NUMBER | RMS RMS IMPROVEMENT | RMS IMPROVEMENT
ERROR | ERROR RATIO ERROR RATIO
1 3,996 | 1,107 3.9 985 4.1
2 5,083 | 1,020 5.0 1,235 4.1
k) 4,356 | 1,148 3.8 1,106 3.9
4 3,842 | 1,041 3.7 1,180 3.3
5 3,627 | 1,438 2.5 1,205 3.0
6 4,030 | 1,307 3.1 1,375 2.9
7 2,841 | 1,359 2.1 1,290 2.2
8 3,645 | 1,303 2.8 1,253 2.9
9 5,093 | 1,404 3.6 1,556 3.3
10 7,152 | 1,206 5.9 1,342 5.3
11 5,029 860 5.9 1,031 4.9
12 3,607 883 4.1 882 h.4
VORST
CASE 7,152 | 1,438 1,556
TOTAL | 4,488 | 1,181 3.8 1,213 3.7
RMS
Table 3. RMS Velocity Errors (metres/second)
RESET 16-STATE PILTER 12-$TATE FILTER
VOYAGE
NUMBER | RMS RMS IMPROVEMENT | RMS IMPROVEMENT
ERROR | ERROR RATIO ERROR RATIO
1 . 6057 .4018 1.62 .3984 1.63
2 .6033 | .4062 1.49 4072 1.48
k) L6077 | .401% 1.51 .4021 1.51
4 .5817 .3977 1.46 +3940 1.48
5 5965 | .3912 1.52 3989 1.50
6 .5631 4250 1.32 4166 1.35
7 +5000 | .3980 1.26 +3901 1.28
8 6023 | .4237 1.42 4209 1.43
9 <5332 | 3943 1.35 3921 1.36
10 5298 | .3972 1.33 .3908 1.36
11 5725 | .3989 1.44 3909 1.46
12 6102 4179 1.46 +4160 1.47
WORST
CASE .6507 | .4250 4209
TOTAL +5806 4046 1.43 +4016 1.45
RHS




Table 4. RMS Radial Position Errors (metres)
RESFET 20-STATE FILTER 12-STATE FILTER
VOYAGE
NUMBEK | RMS RMS IHPROVEMENT | RMS IMPROVEMENT
EKROR | ERROR RATIO ERROR RATIO
1 3,576 | 1,574 2.3 1,636 2.2
2 5,053 | 2,393 2.1 2,534 2.0
3 3,895 | 1,670 2.3 1,787 2.2
4 3,784 | 1,612 2.3 1,723 2.2
5 3,695 | 2,334 1.6 2,286 1.6
6 3,807 | 1,991 1.9 2,101 1,8
7 3,329 | 1,853 1.8 1,879 1.8
3,234 | 2,829 1.2 2,627 1.2
9 4,509 | 1,779 2.5 2,062 2.2
10 6,194 | 1,969 ja 2,057 3.0
11 4,645 | 1,635 2.8 1,766 2.6
12 3,953 | 2,364 1.7 2,472 1.6
WORST
CASE 6,194 | 2,629 2,627
TOTAL 4,217 | 2,014 2.1 2,102 2.0
RNS

Table 5. Abnormal Conditions, RMS Position Rrrors (metres)

RESET |  16-STATE FILTER 12-STATE PILTER
ERROR  CONDITION
RMS | RMS  IMPROVEMENT | RMS  IMPROVEMENT
SRROR | ERROR  RATIO ERROR  RATIO
NORMA!. CONDITION 4,107 | 1,096 3.7 1,144 3.6
DR VELOCITY ERROR,
LARGE 8,309 | 1,670 5.0 1,319 6.3
SHALL 3,470 | 1,016 3.4 1,102 3.1
MEASUREMENT NOISE,
LARGE, 4,037 | 1,253 3.2 1,213 3.3
SMALL 4,103 | 1,06} 1.9 1,133 3.6
OMEGA PHASE ERROR,
LARGE 10,428 | 2,930 3.6 3,289 3.2
SMALL* 2,762 | 590 4.7 463 6.0
DR CORR., TIME
LARGE, 4,206 | 1,224 3.4 1,187 1.5
SMALL 3,845 | 1,037 3.7 1,122 3.4

3 TIMES NORMAL
1/3 TIMES NORMAL

n-13
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Table 6. MINS-B RMS Radial Position Errnrs (metres)
SOURCE ERROR
DR 8,780
OMEGA 2,060
SATNAV 1,700
LORAN-C 770
MINS-B (OMEGA) 1,598
MINS-B (SATNAV) 1,638
MINS-B (LORAN) 632
MINS-B (OM + SAT) 675
MINS-B (OM + LOR) 475
MINS-B (SAT + LOR) 503
MINS-B (OM + SAT + LOR) 368

Table 7. Summary of MINS Trial Results

1982 1983 1984 1987 1988
SIMULATED SEA TRIAL SEA TRIAL SEA TRIAL SEA TRIAL
"k

6HX 95% 68X  95% 682 95% 68Y 95% 68% 95%
MINS 370 640 254 433 380 1975 138 211 120 248
Loran-C 770 1330 | 3445« 5428 335 2720 204 a25 190 304
Transit/DR| 1700 2940 | 1533 3035 | 1575 3555 | 1008 2441 | 1106 2795
Omega 2060 3560 | 2209 3501 | >50K + >S0K | 5214 34748 | 3374 17032
DR 8780 15190 | 6775 9268 | 7540 16520 | /910 13691 | 6868 11889
GPS/DR NA NA NA NA NA NA 668 1973 | 2666 /297
Samples: 600 1596 19,900 22,391
Duration Chours): 50 133 111 124
Reference system: Maxiran Syledis Loran/Syledis Syledis

NOTES:

* In 1983 Loran-C suffered from cycle selection errors.
+ In 1984 only 2 Omega LOPs vere avallable, and their geometry was poor.
*% The 1987 MINS & Loran-C results are based on the small set of Syledis
reference dara (1,700 samples over 15 hours) +hile the rest of the 1987
results are based on the full 111 hours of Loran-C data.
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Table 8. 1987 Sea

Trial Rexruns (vs. Syledis).

68% RM5 95%

SENSORS USED

MINS RERUNS:

66 86 184
n 91 187
128 120 236
130 132 252
144 142 261
167 152 323
207 206 330
218 252 506
247 35 752
371 427 849
344 333 1031
233 619 1712
334 621 1237

1353 1243 2354
32768 3402 7193

3672 4915 6411
102 103 188
120 133 291
180 161 338
195 192 348

1250 1324 2897

GYRO/Log/Loran/GPS/Transit/
GYRO/Log/Loran/GPS/Transit/Q
GYRO/Log/Loran/GPS/ /
GYRO/Log/Loran/ /Transit/
GYRO/Log/Loran/ /Transit/Q

GYRO/Log/Loran/GPS/ /R
GYRO/Log/Loxan/ / /
GYRO/Log/Loran/ / /2

GYRO/Log/ /GPS/Transit/
GYRO/Log/ /GPS/Transit/Q
GYRO/Log/ /  /Transit/

GYRO/Log/ /GPS/ /
3YRO/Log/ / /Transit/®
GYRO/Log/ /GPS/ /R
GYRO/Lag/ /7 /2
GYRO/Log/ /! /

GYRO/  /Loran/GPS/Transit/

GYRO/  /Loran/GPS/Transit/Q
GYRO/  /Lormn/GPS/ /2
GYRO/ /Loran/ /Transit/Q
GYRO/ / /GPS/Transit/Q

MINS REALTIME:
138 125 211

GYRO/Log/Loran/GPS/Transit/

' BURSYSTRNS:
5672 4928 6411
8641 70411 >100K

571 608 1205
663 1127 1973
204 198 325

DR

Omega
Transit/DR
GPS/DR
Loran-C

O-18
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ADAPTIVE TRACKING OF MANEUVERING TARGETS

/// BASED ON IR IMAGE DATA
.7
“'///’/ Peter S. Maybeck
/// Department of Electrical and Computer Engineering
; Air Porce Institute of Technology / ENG
/! Wright-Patterson AFB, Ohio, USA 45433
~ Abstract

L
-’ *’

The capability of tracking dynamic targets from forward looking infrared (FLIR)
measurements has been improved substantially by replacing astandard correlation trackers
with adaptive extended Kalman filters or enhanced corrslator/Kalman filter combinations.
This vesearch investigates a tracker able to handle “multiple hot-npot"’fargets. in
which digital and/or optical signal processing is employed on the FLIR data to identify
the underlying target shape. Furthermore, muitiple modsl adaptive filtering is investi-
gated as a means of changing the field-of-view as well as the trackar banduwidth when
target acceleration can vary over a wide range. Enhancements are developed and
analyzed: (1) allowing some of the elemental filters within the adaptive algorithm to
have rectangular fields-of-view and to be tuned for target dynamics that are harsher in
one direction than others, (2) considering both Gauss-Markov acceleration models and
constant turn-rate models for target dynamics, and (3) devising an initial target scqui-
sition algorithm to remove important biases in the estimated target template to bn used
within the tracker. The performance potential of such a tracking algorithm is shouwn to
be substantial,

1. Inkroduction

This paper addresses the problem of accurately tracking the azimuth and elevation
of a highly maneuverabls airborne target, using outputs from s forward-looking infrared
(FLIR) sansor as measurements. The shape of the target intensity pattern on the FLIR
image focal plane is not assumod to be well known a prioti, and it may involve multiple
"hot spots” and may also change significantly with time., Consequently, the target shape
function must be identified adaptively in real time. Moreover, the target vehicle can
exhibit many different dynamic behaviors, from benign straight-line trajectories to very
harsh, high-g turning and jinking maneuvers. 1t is desired to maintain very precise
tracking during the benign phases while also preventing loss-of-lock during mansuver
{fnitiation and sustained acceleration. Thus, a capacity to change filter gains and
field-of-view rapidly and effectively must be incorporated.

In earlier research, a simple four-ustate extended Kalman filter (1,2] was develuped
to track a point source (distant) target with benign dynamics, based on PLIR measure-
ments assumed to be corrupted by temporally and spatiaily uncorrelated noises [3,4].
This algorithm consistently exhibited an order of magnitude improvement in rms tracking
errors over currently used corralation trackers, under nominally assumed conditions,
between 0.2 and 0.8 pixel (picture element, 20 urad on a side) rms errors were attained
{n various scenarios. This enhanced accuracy was achieved by allowing the filter to
exploit knowledge unused by the usual cortelation trackers: size, shape and motion
characteristics of the target, and spectral properties of atmospheric Jjitter.

Robustness studies (5,6] revealed a degradation in performance when the actual
parameters in the tracking problem differed from those assumed by the filter. Varia-
tions in the spresd, shape and height of the target intenuity pattern in the FLIR image
plane and differing target motion characteristics were significant, while changes in tms
value or the temporal or spatial correlation of the backgiround noise were of lesser
importance for the signal-to-noise ratios under consideration. Design modifications and
on-line adaptation were then incorporated to enable this type of filter to track
maneuvering taryets with spatially distributed and changing image intensity profiles,
against background clutter [5-8]. Alternative targst dynamics models were also 2xplored
to enhance tracking capabilities [9-11]1. Although adaptive gain changing in the filter
allowed for maintaining track during gradual target acceleration, it was not sufficient
for the case of harsh manauver initiation. Raesidual monitoring provided a means of
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detecting harsh maneuver onset and responding appropriately. This included changing the
gain immediately, reprocessing the most recent measurement, and altering the state
estimate in an ad hoc fashion during a period of time following the maneuver detection
[6-B]). As experienced by others [12-17]), the appropriate adaptation to a changing set
of target dynamics was a challenging issue; despite successful tracking in some
demanding scenarios, it was still desired to explore alternative adaptation mechanisms.

Up to this point, howsver, all filter designs were based on the assumption that the
target intensity profile in the FLIR image plane would be unimodal and well described by
a bivariate Gaussian function, allowing elliptical constant-intensity centours to
account for target shape effects., Research was then conducted on ways to handle
multiple hot-spot targets, where neither the functional form of the hot spots’ intensity
nor their quantity or relative spacing could be provided a priori (18-19], For this
situation, online digital or optical signal processing technigues [20-23] would be used
to derive a target shape function from the available FLIR sensor information, In one
tracker formulation, this shape function is used in the meoasurement update portion of an
extended Kalman filter that {s otherwise identical to the previous designs. In an
alternative tracker, the shape function is used as a template for an enhanced corre-
lator, which then provides sffset "measurements" toc a linear Kalman filter rather than
using an extended Kalman filter to process raw FLIR data directly. This latter design
is considerably less uemanding computationally, and so it is preferable if its perform-
ance is adequate. Inftial research efforts (18-19]} concentrated on demonstrating the
foasibility of the adaptive shape function consztruction and considered only benign
target dynamics. Ensuing research [24-25) “luated performance potential of the two
tracker formulations in more highly dynaxn close-range scenarios, establishing
comparable rms tracking errors; the extended Kalman filter exhibited larger biases but
smaller standard deviations then the enhanced corvelator/linear Kalman filter algorithm,
However, this rescarch also revealed a need for an effective and quickly responding
adaptation to large-scale changes in the target dynamics.

Further research [26, 27] has investigated the use of multiple model adaptive
estimation [2, 10, 14, 28-36] to provide adaptive expansion and contraction of the
effective tracker field-of-view, as well as adaptive selection of an assumed target
dynamics model, in order to increase the dynamic range of precision tracking. For the
initial feasibility study, two independent filters have heen used to generate state
estimates from the shared sensor. One is tuned for best performance in the case of
benign dynamics and uses a narrow field~cf-view; the other is tuned for high-g target
maneuvering and uses a wider field-of-view (reduced resolution is accepted in order to
provide considerably lower probability of losing lock), Adaptive expansion and contrac-
tion of the tracker field-of-view is attained by generating the probabilistically
wWweighted average of the two filter state estimates, or by selacting the ~ne elemental
£i{lter with the highest computed probability of validity ([37], with comparable results
Addition of a third elemental filter to the MMAF bank, based on intermediate levels of
target dynamics, can yield significant improvement in tracker performance [37, 38].

However, rather large bias errors have persisted when the target executes harsh 20-
g turn maneuvers, and an analysis of these error characteristics has suggested the
potantial of adding elemsntal filters to the bank with rectangular (rather than only
aquare) fields of view, to expand that field only in the critical direction, while
maintaining maximum resolution in the other. Also, since the currently used zero-mean
Gauss-Markov target acceleration model does not accurately describe true dynamics during
such maneuvers, particularly at close range, it has been suggested that a nonlinear
constant turn-rate dynamics model might be embedded in at least some of the elsmental
filters in the multiple model bank. The most recent research (39, 40] has pursued thesa
avenues to improved tracking.

I1. Individual Filter Designs

The FLIR measurement model developed in [3] and [7), the target dynamics models of
{7] and [9], and the adaptive target shape identification algorithm of [18] can form the
basis for a tracker in the form of a either an extended Kalman filter or a cascade of an
enhanced correlator with a Kalman £ilter based on & linear measurement model. This
section presents these models and the resulting filter designs. 1In the next section, a
number of such elemental filters will be combined within a multiple model adaptive
estimator.
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We desire to track the centroid of a spatially distributed dynamic target based on
FLIR measurements, in order to provide appropriate inputs to a pointing controller so
that the target remainsz in the center of the field-of- view. This involves determining
the pointing errors in two orthogonal directions of the FLIR image plane (and other
states as well), given measurements of average intensity levels over each of 64 pixels
in an 8-by-8 array ("tracking window") provided as a subset of a larger array by the
FLIR at & 30 HZ rate. Letting xp,.k(t) and y eak(t) locate the centroid of the apparent
target intensity function relative to the centet of the 8-by~8 array, we can describe
that intensity at any point (§,.8,) by the function

It.rg.t([tx'"p..k(t)] ’ [‘y'ypeak(t) ] » £)

as depicted in Pig. 1, In earlier research [3-101, this function way sssumed to be well
modeled as bivarinte Gaussian, possibly with some uncertain parameters to be fdentified.
Here the entire Itarget function i{s computed adaptively, as discussed iater. The
apparent centroid location is actually the sum of contributions due to true target
dynamics and atmospheric jitter (ignoring vibration effects for a ground-based tracker):

Rpeak(t) = xa(t) + x4(%t) (1}

and similazrly for yp..k(t) The objective of the tracker is to estimate xy and ygu
accurately so that they can be regulated by cloged-loop control.

Even for benign dynamics, {t is appropriate to estimate velocity (and perhaps
acceleration) as well as position of a close-range target. Letting Ra(t) and yqa(t) be
arrayed i{n a position vector p(t), we can write (ag an approsimation, ignoring the
sffects of a rotating tracker coordinate frame):

P(E) = wit) ; vit) = a(t) (2)

Whereas acceleration a(t) can be modcled as a low-gtrength white noise for very benign
conditions (straight-line £light trajectories, with white noise used for filter tuning),
experience in this particular application [6~11, 24, 25] has indicated the performance

desirability of two alternatives. PFiist, one can treat acceleration as a first-order
Gauss-Markov process,

a(t) = -[1/T] a(t) + w(t) (3)

where the correlation time T and strength of the white Gaussian noise w(t) are treated
as design tuning parameters to match an assumed level of targel dynamics, Secondly, one
can invoke a "constant turn-rate" model, very descriptive of many airborne turget
scenarjos:

. . lvet) = art)
a(t) = -ut v(t) + W(t) v TTOT 3

where ¢ is the turn rate. Unlike Bq. (3), this is a nonlinear dynamics model, 30 a
tradeoff of performance versus computational loading must be conducted beiore {ts use is
warranted for online implementation.

Atmospheric disturbances cause wavefront phase distortions, resulting in trans-
lational shifts in the FLIR imagoe plane called "jitter". un the basis of apectral
properties, atmospheric jitter processes x, and y, (see Iq. (1)) were each modeled as
outputl of l third ordcr shaping £ilter [1], described by a transfer function of
Kwyuqy (|+01)‘ (s+~2) , driven by white Gaussian noise [41,42]. Since w; << wy (w) = 1a
tad/sec, v, ® 660 rad/sec) and the lower frequancies are more important, this was well
approximated in the filter by the reduced-order model Kul(l+01)'h

Combining these two states with the six target dynamics states that arise from
augmenting Eq. (2) with either (3) or (4), forms the basis of an eight-state axtanded
Kalman filter [2) propagation algorithm of the form

x(E) = £[H(t), u(t)] (%)

P(E) = P(t) PCEY + PCE) PECE) 4+ Qeb) (6)
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where P(t) is the state error covariance matrix and Q(t) is the white noise strength
matrix., If (3) is used, then f[x(t). u(t)] = Pu(t) + Bu(t), i.e., che propagation model
is linear and time invariant, and thus is particularly easy to implement., 1If Eq. (4) is
used, (5) is nonlinear and P(t) in (6) is the partial of f with respect to the state x,
evaluated at the current best atate estimate.

At each sample time t;, measurements of the average intensity over each pixel in
the 8-by~8 tracking window become available, Let z k(t{) denote the scalar measurement
corresponding to the j-th row and k-th column of that array, to write:

1
Zyplty) = — I 1 {(I8y-% ()1, [5y-y (£)1,t}d5,4%
bLARS A, REGION OF targetil*x~%peak y~Tpeak RVhy
JK-TH PIXEL

+ bjk(ti) + njk(ti) (7)

where A, is the area of one pixel, Iyarget Was described previously, bjk(ti) models the
background noise effects on the jk-th quel and nyp(t;) the internal FLIR noise effects
on that pixel., The 64 scalar measurements of this format sample time t; are arrayed in
a vector:

2(t) = hixCt), t41 + blE) + ncty) (8)

which can be used as the measurement model upon which to base an extended Kalman filter.
online identification of htu(ti). ty] will be discussad subsequently. The background
and FLIR noises are assumed independent (so tha® their variances add for a given pixel)
and temporally uncorrelated; FLIR noise {s assumed spatially uncorrelated and the
background noise has a correlation distance of about two pixels (the corresponding noise
covariance matrix, E[v(tivT(ti)) = R(ty), is thus sparse but not diagenal),

An B-stnte, 64-measurement extended Kalman filter [2] was designed. To avoid
online computation of a 64-by-64 matir inversion, the usual update algorithm was
replaced by the slgebraically equivalent:

LRI S CTRM I LTS ST TI (9)
P(tgh) = (pier hy)l (10)
Kt = Py BT ORTI(E ) (1)
Rty = R(EyT) o+ R(E (m(t() - hIRCE T, Eq0) (12)

where x(t1+) and P(ti*) are the state estimate and arvor covariance after updating the
values x(ti ) and P(ti ) With the measurement vector z(t;). Here H(t;) ia the partial
ah/8x evaluated at u(ti ), and it is to be {dentified online along with h[x(ti Yok,
This form only requires two B-by-8 matrig inversions; R” I(ti) ig assumed to be
generated once offline.

Up to this point, the lower (digital and/or optical) signal processing path of Fig.
2 hae been described. Based on the FLIR intensity data =(t;) and the identifi{ed h and ¥
functions, the extended Kalman filter produces stats estimates x(ti*) and one-step-ahead
predictions x(t1+ ). The latter can be used by a control algoerithm to point the center
of the field-of-view to where the target is predicted to be located: so that ‘H(ti+l )
and yd{tipl ) ar= zeroed., The upper path (18] in Fig., 2 identifies h and its partial
darivative H. It is based on the fact that the actual target image will change tather
slowly relative to the sample period of 1/30 sec., while the background noises will
typlically change more rapidly, especially {f a background is being swept behind a moving
target., Thus, temporal averaging or filtering of wequential data frames should be
exploited in target shape reconstruction; spatial or spatial frequency filtering may
also be useful to discriminate between target and background IR intensity patterns (18]

consequently, interframe smoothing is used to accentuate the target and attenuate
the ncine, First an FFT is performed on the PLIR data frame (for efficient processing
and possible spatial frequency filtering, perhaps cptically), and then a negating phase
shift in accordance with the shift properties of discrete Fourier transforms [18-20] is
appylied to reconstruct the transform of the target image as though it were centered in
the fileld-of-view in the original untransformed coordinates, The appropriate phase shift
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for the frame at t; is based on ﬁpe&k(ti’) and ;peak(ti+) derived from Eq. (1) and
wt,*) as produced by the filter.

Conceptually, this result can be averaged with the most recent M such centered and
transformed data frames, to accentuate the target and attenuate noise. To implement
this without requiring explicit storage of these M data sets, finite-memory averaging is
approximated by exponential smoothing:

fceg) = axcty) + [1-a) Tebyp) (13)

where f(ti) and f(tl-l) are the current and previous templates, respectively, and whare

I(ty) is the current Jata frame set of intensity values. Valid a's 1is in the range

[0,1], with smaller w's corresponding to longer memory; sensitivity studiss [18,19]

yielded @« = 0,1, Tha output of the "Exponeantial Smoothing of Centered Data" block in

Pig. 2 iz a representation of the FFT of ‘a template h aszsociated with a centered target
“image. .

Again through appropriate phase shifting, h[i(ti+1').ti*1] can be evaluated,
assuming that the controllaer successfully zeroed out the sstimated target dynamics
pogition states in the sample period between t; and t;,;. The spatial derivative
BIx(t{,17)itgy1) 18 readily produced by simple multiplication, using the derivative
proferty of Fourier transforms: {f £, and ty are spatial frequencies and % denctes
Fourier transform,

FLon(x,y)/0x] = 320, « F [(W(x,¥)] )
F (ah(x,y)/0y) = J2nf, « F (h(x,y)]

Pinslly, the inverse PPT of both results yields hiWty,) ")ty 1] and BIKE "), by ,q]
for use in the Kalman filter at the next sample time, i.e., at ty,;.

An alternative tracker was also described in [18]. The upper path of Pig. 2 is
left intact except that B no longer requires evaluation. Howaver, h(X(t;=),ti,)] is now
used az a template by an enhanced corralator that operates on the raw FLIR data to
generate estimated offsets between the apparent target and fisld-of-view center. These
are provided as two scalar measursments to a linear Kalman filter (assuming Eq. (3) is
used rather than (4) for the basis of time propagation of estimates). Because the

measurement dimension is now two, Eqs. (9) - (11) are replaced with the more conven-
tional form of update equations (1]:

K(tky) = Pt T)BT(ty) (BCEOPCETIBT(t ) + R(EHID (18)
P(tyh) = PCET) - R(EBCEIP(ET) L ae)

The 2-by-2 measurement noise covariance matrix R for this filter is determined by
statistical analysis of errors produced by the proposed correlator under controlled
conditiona, This correlater is enhanced over a conventional correlator in a number of
Ways. Flrst, the current FLIR data frame {s correlated with an estimated target
template rather than merely a previous frame of data. Secondly, thresholding of the
corrslation function to suppress low noise-induced peaks and computing centroid
summations are used to approximate correlation function peak detection with lower
computational loading and lower sensitivity to multiple peak problems than other peak
detection methods; a threshold of 30t of the maximum correlation value has been adopted
based on empirical performance evaluations [36,39]). FPinally, the FLIR/laser pointing
commands are derived from the filter's propagated state estimate as shown in Fig., 2, and
noet just from the correlator offset outputs.

Thus, four possible configurations have been described. Two involve an extendsd
Kalman filter that processes the raw FPLIR data directly (64-dimensional measursments,
nonlinearly modelsd); one has a linear propegation ¢ycle based on Edqs. (2) and (3), and
the other has a nonlinear propagation based on (2) and (4). In contrast are the two
"alternative" trackers based on an enhanced correlator feeding two-dimensional offset
"measurements” (modeled linearly) to a Kalman filter; the filter is totally linear if
the propagation cycle iz based on Eqs., (2) and (3), and it is an extended Kalman filter
i£ based on the nonlinear dynamics of (2) and (4).
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Any of these configurations could be "tuned" [1.,2] for best performanca under
benign target condftions by appropriate cholice of noize strength Q in Eq. (6) (and
correlation time T in Eq. (3) {f {t is the basis of the filter propagation cycle). 1f
it {s desired to tune for best performance under heavy target maneuvering, not only
would @ and T be changed, but it would also be appropriate to adopt a larger field-of~
view (this is also true for target acquisition).

Irr. Mulkiple Model Adaptive Filtering

One means of allowing rapid and effective changing of both the bandwidth and field-
of~view of the tracker is multiple model adaptive filtering [2, 14, 26-40). 1In this
approach, a number of independent filters are processed in parallel, each based upen a
pacrticular model of target dynamics intengity and a corresponding field-of-view, By
optimally combining the estimates of these filters at each sample time, #n adaptive
estimator is produced that will yield desirable high resolution for benign target
trajectories while also maintaining lock on very dynamic targets,

Let a denote the vector of uncertain parameters in 2 given model; here it is
composed of the strangth of the white noise driving the target acceleration model (3) or
(4), and the field-of-view siZe. In order to make identi{fication of a tractable, its
continuous rangs of valuas is dfscretized {nto K representative values, If we define
the hypothesis conditional probability pg(ty) as the probability that a assumes the
value a, (for k =1, 2,...,K), conditioned on the observed measurement history Z(ty) =
tzT(ey), 2T(tyd, o o 2T(ENT, tie,

Plty) = probla=may | Z(t{)=Zy) (7

then it can be shoun [2] that pL(ty) can be evaluated recursively for all k in terms of
conditional densities via;

f'(c‘)|..z(g‘_1)(li|Ik.31_1)'9g(t‘_1)

K
AR LRI SUZIUEE

Pty = (18)

and that the Bayesian estimate of tha state is the probabilistically weighted average:
“ -
x(t,’) = B(x(ty) 1Tty )"Eg) = ktl xk(tl*)opk(tg) (12)
=

where % (t(*) {s the state estimate generated by a Kalman filter based on the assumption
that the paramster vector equals ay,. Thus, the multiple model €iltering algorithm is
composed of a bank of K separate K.lman filtaers, each based on a particular value
4y, ..., &g of the parameter vector, as depicted in Fig, 3. When the measurement z;
becemes available at time t.. the residuals £y(t;), ... , £g(ty) are genarated in the K
£ilters and used to compute py(ty(), ... , pg(t;) via Eq. (18). tEach numerator density

in (18) 1s Caussian if linear models ars used and appronimated as Gavssian if nonlinear
models are employed; {.e.,

1
La(tq)a,2tg-1) (3110 Fo1) " QA7 T A (k) (172 exple) i
20)
(o} = (-ir TCEOAT (R CE)D)

where m {8 the measurement dimension and Ay(t;) is calculated in the k-%th Xalman filter
[ Y X

Alt) = B (eR Tl Teg ) ¢ Ry(ty) (21)

The denominator {n Eq. (18) is simply the sumof all the computed numerator terms and
thus §s the scale factor required to ensure thit the p,(t;)'s sum to one.

One expects that the residuals of the Kalman £ilter based upon the "best" model
will have mean squared values most in consonance with its own computed Apit ), while
“aismatched” filters will have larger residusls then anticipated through this matriy
Therefore, Eqs. (18)-(21) will most heavily weight the filter based upon the most
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Table 1 - Description of Elemental Filters in the
Multiple Mcdel Adaptive Estimator

Assumed Assumed
Filter & FOV (pixels) x-Dynamics y-Dynamics
(Azimuth) (Elevation)

1 8-by-8 benign benign

2 24-by-24 20 ¢ 20 ¢

3 8-by-8 10¢ 10 ¢

4 24-by-8 20¢ benign

) B-by-24 benign 20 ¢

correct assumed parameter value. However, the performance of the algorithm depends on
there being significant differences in the characteristics of residuals in the "correct”
and "mismatched" filters. 7Therefors, each filter should be tuned tfor best performance
when the true values of the uncertain parameters are identical to its assumed values of
these parameters, One should specifically avoild the often-used '"conservative" philos-
ophy of adding considerable dynamics pseudonoise to open the filter bandwidth, since
this tends to mask the difference between good and bad models. In this study, K has
been chossn as 2, 3, or %, and the elemental filters are the firvat 2, £irst 3, or all 5
of the filters as described {n Table 1. The f£irst £ilter in the bank has a narrow
field-of~view and has been tuned for best performance for constant-velocity trajectories
in inertial space, and the wider field-of-view second filter has been tuned for best
performance on a 20~-¢ pull-up maneuver. The third filter i3 tuned for intermediate
dynamics and uses & small field-of.view. The last two filters assume different levels
of saverity of target dynamics in the two FLIR plane directions, and they use rectan-
gular fields-of-view with the longer dimension along the direction of higher assumed
severity, The tuning parameters (Q and possibly T) for these various assumed levels of
mansuvering harshness for both the first-order Gauss-Markov acceleration model of Eq
(3) and the constant turn-rate model of Eq. (4) were determined empirically [27, 38-401,
filter #l was always based upon a Gauss-Markov model.

To allow the algorithm to adapt to a changing parameter value, computed Pi's were
artificially bounded below by a small value, 0.0l [2,25-28,37-40]. (Other means are
also available, as in [2,14,32]).) Without such bounding, the pg for a "mismatchea"
filter could converge to (ussentially) zero, precluding appropriate response of the
recursion in Eq. (18) to subsequent parameter changes, After lower bounding, the
resultant probabilities are rescaled so that their sum remains equal to one,

For very severe target mansuvers, the estimates of one or more of the smaller
field-of-view filters may diverge; due to the lower bounding on the pp's, thisx can
eventually cause the entire algorithm te diverge. To preclude this, any time the target
image centering shift magnitude for a filter exceeds 3 pixels, the states of that
divergent filter are set squal to the weighted average of the nondiverging filters'
estimates, and its error covariance is reset correspondingly.

Iv. Parformance Anaivais

Monte Carlo analyses involving ten runs sach have besn used to test the previously
described trackers against realistic scenarios. Sample means i 1 standard dsviation are
plotted versus time to demonstrate transient characteristics, or temporally avsraged
over an interval of interest to allow compact comparisons. A three-hot-spot target of
dimensions appropriate for a single-place, two-sngine aircraft was simulated in 3-space
and then projectsd onto the FLIR image plane, using as trajectories:

(1) straight-and-level f£light at 1 km/sec for 5 sec, starting at about 20.5 km range and
reaching minimum range of 20 km (with the trajectory in the plane orthogonal to the
line of sight) at 5 sec;

(2) same as (1) for 2 sec, then conducting a pull-up maneuver (at 2g, 10y, or 209
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levely), using an unrealistically harsh step change in pitch rate to tax the
algorithm severely;

(3) same as (2) for 3.5 sec of simulation time, but then returning to straight-line
flight, again using a step change in pitch rate;

(4) same as (3) except that, at 3.5 sec, the target turns in toward the tracker, causing
more dramatic changes in the target shape in the FLIR image plane

The ratio of target spot maximum intensity to background and FLIRnoise rms value is 20,
and the hot spots have squared glint dispersions (spreads) of 2.0 pixel*. Atmospheric

jitter is modeled with mean squared value of 0.2 pixelt® and correlation time of 0,07
sue.

Initial performance rosults are presented for the alqgorithm based upon only the
first two filters of Table 1 being used in the bank. Table 2 presents the sample mean ¢
one standard deviation of the errors committed i{n estimating the target dynamics .eleva-
tion position state y,, averaged over 1.5 seconds of time after inftial +iunsients have
died out. These are presented for the correlator/linear Kalman filcer, the extended
Kalman filter based on a GCauss-Markov acceleration model, and the extended Kalman filter
based on a congtant turn-rate dynamics model. Errors in §a(ti') ate tabulated, followed
by errors in yd(ti*): the former indjcates the accuracy of the command sent toc the
pointing controller and the latter portrays the best precision in state estimation, so
these atre the most pertinent statistics, The azimuth position statistics are not
included because they provide no additional insight into performance and bescause the
maneuvers being performed are predominantly in the y direction.

First consider the table entries foxr the straight-and-level trajectory 1; the
corresponding time histories of statisticr for the three forms of multiple model
adaptive €ilter can be viewed in the first 2 seconds of results in Figs. 4-6. (As
indicated by the initial transient in the plots, the filters were started with arti-
ficial knowledge of the true states; initial acquisition was investigated separately
and did not cause difficulties.) Fromthe table, it can be seen that themultiple model

Table 2 - Parformance Agnlysis: Mean t Standard Deviation
of Errors in ¥u(t;™) and yu(ty™)

FEST CASE CORRELATOR/ EXTENDER KF EATENDRD KF

: LINEAR KF GAUSS-MARKOY ACC  CONST TURN-RATE
STRAIGHT
TRAJECTORY |
-.001 4+ .063 -.241 + 114 -,200 + .,121
MULTIPLE MODEL -.005 + .157 -.246 % 102 -.210 & .109
ARROU Fo -.015 ¢ .170 ~.266 & .118 -.209 & .123
NARROW FoV -.020 ¢ .152 -.270 + .106 -.210 & .112
-,017 + .289 015 & 162 013 & .166
WIDE Fov -.020 + .246 013 & .128 012 ¢ .129
PULL ~UP
TRAJECTORY 2

) -.157 4+ .225 -.802 + .129 - 435 & 145
v 118 ¢ .209 -.737 & .119 - 432 ¢+ 134
1o -.089 + .747 -.232 + 171 -.203 4+ .167
v 084 & .740 -.107 & .138 -.221 + .139
a0 -.243 & 450 -.923 + .16l -.20%5 + .160
9 -.026 + .436 -.710 + .155 -.300 % .129
209 WITH - 264 + .250 -.884 ¢ 204 -, 117 & .194
WINE FOV 036 + .214 -.674 1 .181 -.123 ¢ .162
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filters have performance very similar to the narrow field-of-view single filters that
are specifically tuned for this benign trajectory, indicating that the adaptation is
appropriately weighting the narrow fleld-of-view filter very heavily. 1In the first
column, as anticipated, the larger field-of-view filter has poorer performance on the
benign trajectory. For the extended Kalman filters, the standard deviations are worse
but the biases are reduced for the wide field-of-view case, This {s due to tuning of
the narrow fleld-of-view filters; larger assumed dynamics noise strength would reduce
these biases, hut this was not incorporated in order to retain very distinguishing
characteristics in the residuals of the different filters of the multiple model tracker.

The bottom of Table 2 pertains to performnance achieved by the multiple model filter
against pull-up mansuvers at 2g, 10g, and 20g levels; the 29 case time historins are
plotted in Pigs. 4-6, while 10g case characteristics are exhibited in the first 3.5 sec
of Fige. 7 and 8. The correlator/linear f£ilter generally has smaller biases but larger
standard deviations than the extended Kalman filters, 1ts rma errors are smaller for
low~-g maneuvers (again due to tuning of the narrow field-of-view extended filteras), but
the superiority of the extended Kalman filter based on constant turn-rate dynamics is
clearly evident for harsher maneuvers. Therte the extended Kalman filters have much
smallar rms srrors and shorter transients, and the bias is considerably smaller when the
filter is based on constant turn-rate dynamics rather than a Gauss-Markov acceleration
model. At ifow ¢g's, the adaptive filter performance resembles that of the narrow f£ield-
of-view filter, but quickly converges to that of the wide field-of-view filter nfter
maneuver initiation. Note that the performance of ths correlator/filter is actually
wotse at 10 ¢'s than at 20 g's: there is no f{lter in the adaptive filter's bank that ia
siprewsly tuned for bast performance at these conditions. As seen in the last two rows
of Table 2, the performance of the adaptive filter is somewhat worse than that of the
large field-of-view filter, due to the lower bounding of the conditionul probabilities
as discussed previocusly. The bound of 0.01 is the result of a tradeoff: higher values
allow quicker reaction to maneuver initistion, but at the eupense of an inappropriately
heavy weight on a "wrong" model in the steady-state pull-up. No entxy is made in the
table for the narrow field-of-view filter, since it was unable to maintain lock on 109
or 209 targats.

As displayed in Figs, 7 and 8, the response to the straightening maneuver of
trajectory 3 at 3.5 sec. is similar to that of the pull-up initiation at t = 2 sec,.
(Fig. 8 pertains to the Gauss-Markov acceleration model, but the constant turn-rate
model yields very similar results.) Returning desirably heavy weight to the narrow
field-of-view is not as rapid or effective as the response to maneuver onset, and this
characteriatic will be discussed more fully later

Trajectory 4 evaluations were very similar to those of trajectory 2, demonstrating
the ability to maintain good estimates of a shape function undergeing large changes in
time, and theraby to maintain desirable tracking performance. Robustness to signal-to-
noise ratio was tested by leaving the filter-assumed SNR at 20 while the real world was
simulated with SNR of U, resulting in about 35% larger rms arrors for a 29 pull-up.
agquivalent rms ervors at 10g, and 5t smaller rms errors at 20¢g; reduction of real world
SNR to unity caused divergence in all cases, as noted previously [5-7]. Finally, as a
performance bound, the adaptive filter was artificially told when the pull-up maneuver
occurred and appropriate weightings were applied immedimtely. There was no change in
steady state bahavior and an imperceptible change in the time for the transients to die
out; the only substantial Aifference was the peak value of the mean error excursion,
which was reduced between 10 and 45 percen> for the different filters and test
trajectories.

Having evaluated the algorithm that uses only the firat two elemental filters 1listed
in Table 1, consider the tracker based on all five table entries and using the corre-
lator/linear-measurement-model-fjlter structure. The original motivation for the
addition of elomental filters with rectangular fields-of-view to the multi{ple model
adaptive estimation (MMAE) algorithm came from biases observed in the operation of the
earlier algorithm that incorpcrated three slemental filters, each with u square field-
of-view (i.e., the first three filters listed in Table 1, all based on a Gauss-Markov
model for accelaration). Fig. 9 illustrates a representative performance result of that
previous algorithm: the mean + one standard deviation tracking error associated with the
i(t1+) estimate in the FLIR azimuth direction when a 20~y maneuver is being performed by
the target at a range of about 20 km., predominantly in the FLIR elevation directioen
(38]. The apparent ramping in the plot is, in fact, an error transient that begins at a
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point 2 sec. into the simulation (at which time the high-¢g simulated maneuver was
initiated); it continues for about S sec., after which an error bias persists {1 the
estimation of the target position. This bias is induced by the maneuver, as is clear
from the time 0f onset of the error transient and also from the fact that no such blas
occurs in simulations that do not include such a high-g target mansuver, The mechanism
largely responsible for this effect is the MMAE adaptation being based upon only
elenental filters with square fields-of-view. When the maneuver begins at t = 2 sec.,
the large changes in the FLIR elevation channel cause the MMAE to place high weighting
on the wide field-of-view elemental filter, This is appropriate to maintain lock on the
mansuvering target, However, during this time, the variations in true target azimuth
characteristics are rather benign, and so the MMAE is extremely mistuned for the azimuth
channel state sstimation, The validity of this interpretation was demonstrated by
simulating a target with the same horizontal inertial~coordinate dynamics, but with
vertical dynamics corresponding to a straight-and-level path. Under these conditions,
azimuth error magnitudes were reduced by more than 50%., Since the MMAEL was relieved of
the task of tracking a highly dynamic elevation channel, weighting emphasis was appro-
priately placed on the small field-of-view £ilter.

Fig. 10 displays the elevation tracking performance of the MMAE based on the five
elemental filters of Table 1, sach assuming a Gauss-Markov model for acceleration, when
the actua) target undergoes a 10-g vertical pullup maneuver starting at 2 sec, into the
simulation [39,40). Table 3 divides the 5 second, 150-sample-period simulation inte
five intervals, indicating the elemental filters that are dominant during each of these
intervals., About 6 sample periods after the (artificially harsh) step change in
vertical acceleration it simulated, the probability weights shift to emphasize the
filters appropriate to such a maneuver. At frames 74 and 7%, all filters but filter # 2
are declared to have lost lock, and so the estimates in the other four filters are reset
to match its state estimate and covarlance, as explained at the end of Section III.
Thareafter until frame 120, the filter tuned to harsh maneuvers in the FLIR x-direction
(azimuth) receives substantial weight, even though the actual target manesuver takes
place mostly in the y direction, To understand this, consider the acceleration profiles
¢f the actual target maneuver, as shown in Fig., 11, Over time interval A, there is no
acceleration in either direction, since the trajectory is straight-and-level, Time
interval B provides a step change in the y-acceleration, from which a c¢osine function
commences, Over time interval C, during which £filter % 4 becomes a dominant filter,
there is very little change in the y-acceleration, while the x-acceleration begins to
increase ar a sine function. When the resmetting of the four divergent filters occurs at
frames 74 and 75, a good estimate of target y-direction dynamics is transferred to these
£{lters. Since most of the changes in the target's acceleration now occur in the %~
direction, it is not surprising that filter % 4 receives a significant portion of the
hypothesis conditional probability.

To assess how well this adaptive filter performs, it was compared to an artificial
benchmark composed of a single filter that was tuned for benign conditions for the first

Table 3 - Profile of the Dominant Elemental Filters;
Simulation as {n Fig. 10

Interval Dominant
(Frames) Filter(s) comments
1 - 65 #1 Adequate tracking of berign

tra?ectory) target maneuver
begins at frame 60

66 - 73 #2, #5 Y-directional target maneuver
is recognized

74 -~ 75 #2 Filters #1, #3, #4, #5 "lose
lock"

76 - 120 #2, #4 Wide FOV tracking

121 - 150 #3 10-g maneuver recognized
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55 sample periods of simulation time, and then tuned specifically as the single
elemental filter § 3 for a 10-¢g maneuver. Thus, the bsnchmark filter was artificially
informed of the target maneuver five sample periods before the actual maneuver cccurred,
g0 that the bandwidth of the filter would be appropriately widened by the time the
pullup was actually initiated., Tables 4 and 5 show a comparison of the MMAE and this
benchmark filter, based on peak valus of the mean error in target y-pesition (elevation)
estimates at times t;~ and ti*. recovery time (time to recover from a maneuver,; time to
reach post-maneuver stesady state error characteristics), and error mean and standard
deviation temporally averaged over steady state periods before and after maneuver
initiation for x- and y- target position and centroid estimates (see Eq. (1)), The MMAE
can outpsrform the benchmark because the MMAEL has in its bank filters which are tuned
for maneuvers harsher than 10 ¢'s, and thus are better able to handle the initial onset
of the step change in simulated target acceleration, The adaptive mechanism within the
MMAE is thus seen to be exceptionally fast and effective in its ability to adapt to aven
unrealistically harsh changes in target behavior,

Repeated performance svailuations for 20-g pullups and boeth 10-¢g and 20-g pullups

Table 4 - Error Statistics for MMAE When Target Inftiates
a 10-g Vertical Pullup at t = 2 Sec.

9 peak~mean errur (ti-) = =].,6 pixels
9 peak=-mcan error (ti*) » ~0,7 pixels

Recovery time » 0.40 seconds

x-cent. error (ti*)
y-cent. error (tj*)

~0.0006 / 0.0948
-0.,0015 / 0.0536

Temporally Averaged Time Interval
Error Parameter
(mean / 1 sigma) Lo.5 , 2.0] (3.5, 5.0]
Reprlty™) -0,0456 / 0,4262  0.2348 / 0.5335
arr{ti=) -0.0105 / 0.3577 =0.0174 / 0.6655
Rere(ty*™) -0.0354 / 0.3707  0,1908 / 0.4265
ere(ti®) -0.0137 / 0.3173  0,1203 / 0.5814

0.,0874 / 0.1405
0.3260 / 0.3139

Table 5 - Error Statistics for Single Filter Bound of Performance;
10-¢g Pullup at t = 2 Sec.; "Q" Increased at Frame 55

9 peak-mean error (ti') = «2,0 pixels
peak-mean error (t;*) = -1.3 pixelos
Recovery time = 0,80 seconds

x-cent. error (t;*) 0.0082 / 0.0900
y-cent, error (t;*) 0.0015 / 0.0614

Temporally Averaged Time Interval
Error Parameter
(mean / 1 sigma) fo.5, 2.0] (3.5, 5.0]
Repr(ti™) -0.0408 / 0.4095  0.1933 / 0,4943
Derrity™) -0.0099 / 0.3547 -0.2608 / 0.,4425
Rorpltyh) -0,0310 / 0.3658  0.1333 / 0.4100
Parcitsh) -0.0127 / 0.3138  -0.1035 / 0,3743

~-0,0006 / 0.1022
0.0769 / 0.0804
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followed by a resumption of staight inertial trajectories provided consistent results,
The MMAE no longer outperformed the benchmark for the 20-g maneuvers, since the actual
target acceleration matched *he tuning of the widest bandwidth elemental filter.
However, it still d41id nearly equal the perf rmance of that benchmark. Also, the MMAE
was somewhat more hesitant to reduce the bandwidth to an appropriate benign level when
the target comes out of a turn, compared to the speed with which it opens the bandwidth
at the onset of a pullup, This trait has been observed before in MMAE algorithms
[26,27,30), and can be understood by considering Eqs, (18) and (20). Basically, small
probabilities are assigned to filters with large ratios of [actual squarad residuall to
[filter-computed residual variance]. At pullup initiation, the actual squared residuals
become much larger than anticipated through the f£ilter-computed variance in the £ilters
based on benign dynamics models, This rati{oc is not as large in the filters based on
harsh assumed dynamics when the actual target trajectory straightens out

The MMAE algorithm with all elemental filters based upon a Gausc-Markov model for
acceleration clearly outperformed the MMAE with all but the most benign elemental filter
based upon a nonlinear constant turn-rate model. Peak position estimate errors were
greater in the latter by as much as a factor of four, while recovery times were greater
by a factor of two. This was at least partially due to the tuning strategy that wag
neceasary for the elemental filters in this MMAE., Unlike the case of the individual
filters baved on a Gauss-Markov acceleration model, the constant turn-rate filters had
to be tuned such that the £ilter-computed rms position errors wern consistently larger
than the actual rms position errors by a considerable amount, Otherwise, the resulting
MMAE would lose lock on harshly jinking targets, ‘These elemental filters were then not
particularly well suited for multiple model adaptation, which requires sach elemsntal
filter to be well tuned for its assumed parameter conditions., Distinguishing between
"good" and "bad" models became more difficult in this case., This was evident from
probability weightings that were very inconsistent from one sample time to the next, as
well as from the degradation in performance as compared to the MMAE based totally on
Gauss-Markov acceleration models,

Unfortunately, the tracking algorithm described to this point exhibits a consistent
bias in state estimates if there are any initial pointing errors (i.s,, in all realistic
scenarios) Because of the manner in which the template generation algorithm of Fig. 2
operates, any original biases cause a corresponding bias in the reconstructed template,
Therefore, once an adequate template shape has been constructed (ten frames of data were
used for this "adequate" construction, in consonance with the uss of a equal to 0.1 in
Bq. (13)), the centroid of that template is calculated. Then a shift in the transformed
domain is performed to correspond to placing that centroid at the center of the tanplate
array. The algorithm is repeatedly performed until the required centering shift is less
than a criterion distance (chosen to be 0.5 pixels here), at which time the target is
desmed "acquired" and normal tracking is resumed. In actual implementation, testing for
the need to "reacquire" could be repeated at some frequency much lower than the sampling
rate, but in the simulated tests, the routine was not executed after the target was
first declared tn be acquired.

Flgs, 12 and 13 display the error mean + one standard deviation associated with
Yatty*) and 95.,k(t*+)‘ respectively, for the case of iuitial biases of 3 pixels in the
% direction and 4 pixels in the y direction. The acquisition routine was performed only
twice, at the tenth and eleventh sample instants, since the second "shift” was less than
0.5 pixeis. This procedure results in a substantial offset hetween the template and the
following frame of FLIR measurement data. Due to the relative strengthe of the dynamics
vs, atmospheric jitter driving noises, the majority of this offset is interpreted
(correctly) by the filter as being a result of target dynamice, and the target is
acquired in the center of the field-of-view during the subsequent £ilter cyc'e, The
final position bias in Fig. 13 is typically 0.1 pixel in the cases studied: the
precision with which the loocation of the target's center of intensity is calculated and
centered is an order of magnitude beyond the sentor resolution power. The errors
associated with ya(t;*) are about five times the §,,.,(t;*) errors, since the centroid
errors reflect direct measurements while the ?iltor has the additional task of
separating the measured quantities into the components due to target dynamics,
atmoapheric jitter, and noise. These trends are borne out more completely in Table €,
which presents the regults of temporally averaging such statistics over the interval
from 3.5 sec. to 5.0 sec. into the simulation. Moreover, the x- and y- filter induced
errors are identical to three significant figures for other cases sntudied, using
differant amounts ot nitial acquisition biases.
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Table 6 - Performance of Acquisition Algorithm: Steady State
Characteristics for Straight Target Trajectory
Initial Biases = 3 Pixels (Az.), 4 Pixels (El.)

Error Mean + 1 Std. Deviation

xgCty*) 1+ 0,123 + 0,338 Bpeak(ti*) + 0.112 + 0.074
Yalts*) 1 0.023 + 0.324 Ypeak(t1?) + 0.112 % 0.069
V. Susmary

Algorithms have been developed for tracking dynamic targets in infrared image data,
where the target pattern {s uncertain a priori and may be composed of multiple hot
spots. Digital and/or optical signal processing is used to {dentify this target shape
adaptively in real time. Multiple model filtering has been shown te provide an
effective means of changing the field-of-view and bandwidth of the tracker against a
wide dynamic range of tavgets, In the initial version of this multiple model algorithm,
one elemental £ilter is tuned to benign dynamics and uses a narrow field-of~view and
another is tuned to harsher maneuvering and correspondingly uses a wider field-of-view.
There are significant computational Jloading advantages to using a correlater / linear
Kalman filter combination for sach of these filters, but extended Kalman filters
processing the raw FLIR data and based upon a constant turn~rate dynamics model may
provide suparior tracking capability, particularly for highly dynamic close-range
targets.

Effective enhancements to such a multiple model adaptive estimator have been
proposed and evaluated, Basing some of the elemental filters in the algorithm upon
models for target dynamics that are harsher in one direction than in others, and
allowing for rectangular filelds-of-view uwith the longer dimen=ion along that harsher
direction, is shown to provide significant pertormance advantages, This feasibility
study provided for the "harsh dynamics” direction to be aligned predominantly in the
azimuth or elevation directions, but it would also be reasonable to align it with the
estimated target acceleration direction. The online adaptation in this study was so
effective that the adaptive algorithm outperformed what had hean thought to he a severs
benchmark: a single filter that is artificially told of & target maneuver enough hefore
it occurs, that the filter bandwidth can be appropriately increased by the time the
target actually maneuvers. Gauss-Markov acceleration models proved to yield better
performance than conatant turn-rate target dynamics models, i part due to necessary
differences in filter tuning strategies, An initial acquisition alygorithm was devised
to remove the persistent tracking biases that had plagued earlier versions of this
sdaptive estimator

Future research areas include investigation of a multiple model adaptive estimator
with one elemental filter based on a rotatable rectangular field of view, and an
enhanced acquis{tion algorithm able to handle target maneuvers during the inicialization
phase., Research is also continuing, to enhance performance in a number of ways: (1)
evaluation of performance as a function of sample period, filter tuning / probability
lower bounding combinations, and other pertinent parameters; (2) investigation of
robustness to variation in target shape function, dynamic trajectories, atmospheric
jitter, and background noise at low SNR; and (3) establishing performance sensitivity
to combinations of sensor resolution and noise attributes, controller/ actuator
dynamics, vibration effects, and other tracking environment characteristics,
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TRAJECTOGRAPHIE PASSIVE PAR AZIMUT :
AMELICRATION DE LA QUALITE D'ESTIMATION

Plerre VACHEX, - Michel GAUVRIT
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Guy MAYNARD DE LAVALETTE - Phifippe MENNECIER,
GESTACATCA
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Outre los difficultds ususlles des problimes de poursulte de cibles (non-linéarité, modilisation de [évolution) la trajectographie
passive par agimut se canactérise par [a grands pouvrsté en information des mesures, En effet, dans certaings situations, [a poursuite est
mashémariquemens inobservable.

Afin damiliorer (o qualied de Cestimation, deux, possibilités ons éré envisagles

® L4 recharchis duns wchnique destimation approprids
La nawurs non-finkaire ds co problims nous @ conduit & éindisr plusieurs systimes de donndss (coordonnies curtésionnes et polaires
modifidss) ainsi que plusisurs mithodss d'estimation ricursives ¢t globales, Ds plus, [a faible observabilité indult aussi une grande sensibilisé
numériqus des risultats,

o Ligugmentation du nivau dobssrvabilité par Loptimisation ds (@ trajectoire de Lobssrvateur.
If s'agit, tout dabond, ds difinir un indice scalaire d'observabilité qui consitiuera lo critire doptimisation. L'analyse des matrices o'information
ds co problims foumts cartaing principes généraux, concernant les dvolusions favorables, Ces risultats théoriques ont permis doptimisation de (a
tmjectoire du lanceur tout en tenant compte des contraintes physiques de (s poursuite.

La trajectographie passive Pu azimut (TPA) consiste A estimer les éléments ninématiques d'une cible ou source sonore (S) &
partir des seules mesures d'azitnut bruitées effectuées depuis une plateforme mobile d'observation (L) dénommée observateur, porteur
ou lanceur. L'étude présentée concerne le cas d'une poursuite bi-dimensionnelle en milieu sous-marin, Cependant, les résultats obtenus
sont, dens une certaine mesure, généralisables A d'autres probldmes de poursuite et notaminent les poursuites tri-dimensionnelies par
mesures angulaires [13, 23, 24),

La principale caractéristique de Ia TPA est la grande pauvreté en information des mesures. En effet, certains scénarios sont
inobservables c'est-A-dire les éléments cinématiques de S ne peuvent tre déterminés A partir des seules mesures d'azimut, Cette
articularité couplés A 1a non-linéarité des équations va &tre déterminante sur les performances des algorithmes classiques d'estimation.
'autre part, dans le cadre d'une poursuite réelle, la qualité des mesures outenues de fagon passive en environnement perturbé est
souvent manvaise, Ces deux aspects expliquent la nécessité d'algorithmes appropriés et robustes.

Apris la présentation du probléme, notre exposé se subdivise en deux parties. La gmmiérc concerne l'analyse et la
com;:rnison de différentes méthodes d'estimation. La seconde est dédiée A I'étude de 'observabilité de la poursuite et notamment & la
génération de trajectoires lanceur favorables A la qualité de l'estimation.

Cette étude fut menée de 1984 A 1988 au CERT dans le cadre d'une convention DCAN/CAPCA [10, 11, 25, 26, 28, 29].
PRESENTATION DU PROBLEME

Un observateur mobile L dont les éléments cinématiques sont supposés connus effectue la trajectographie d'un navire S &

artir de mesures d'azimuts z(ty) (Figure 1). Le modgle d'évolution adopté pour la cible est un modéle 3 vecteur-vitesse constant. Dans
a suite, cc modéle sern tc:;)oun supposé parfaitement respecté, Les résultats présentés sont done issus de données simulées, Toutefols

1a plupart des techniques développéos ont aussi 1€ testées sur mesures réelles.
g NS
2(t)
i
RV
/ \
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EIGURE ] - Description du probléme




Les propriétés d'observabilité spécifiques A ce probléme vont guider le choix du systéme de coordonnées ainsi que celui de
l'algorithme d'estimation, Ces propriétés seront abordées de fagun intuitive, Nous introduirons ensuite les coordonnées et les
algorithmes qui seront analysés au cours de cette conférence.

* Propriétés d'observabilité de la TPA

L'observabilité des poursuites par mesures angulaires n'a été établie de fagon rigoureuse que récernment [9). Nous en
donnons ici une interprétation géométrique dans le cas dc I'évolution a vitesse constante.

Lorsque les deux antagonistes sont animés d'une vitesse constante, la trajectoire relative de S dans le repére 1ié A L est aussi
4 vitesse constante, Pour ce cas, les mesures d'azimuts ne Bemlettem pas de discerner la véritable trajectoire relative de S de l'ensemble
des trajectoires de méme cap relatif (figure 2). La distance D peut 8tre choisie comme paramatre inobservable car sa connaissance permet
le calcul des autres éléments cinématiques de S, Dans le cas extréme oil les mesures d'azimut sont constantes, la vitesse radiale relative
de S, D est aussi inobservable. Une telle situation sera dénommée doublement inobservable,

FIGURE 2 - Mustration de l'inobservabilité de la poursuite

Une manoeuvre du lanceur est donc nécessaire pour rendre le systtme observable, Toutefois certaines manoeuvres sont
inappropriées, En effet pour des évolutions telles que les mesures d'azimut aux instants d'échantillonnage sont identiques & celles qui
auraient été obtenues si ls lanceur avait suivi une trajectoire A vitesse constante, la poursuite reste inobservable, Cette trajectoire fictive &
vitesse constante peut btre celle obtenue 3 partir des éiéments cinématiques initlaux de L (figure 3a) ou une trajectoire rectiligne
quelconque (figure 3b).

=~

FIGURE 3 - Manoeuvres du lanceur non favorables A 'observabilité

Comme le lanceur procéde en pratigue par segments rectilignes parcourus A vitesse constante, le premler cas est le seul
rencontré, Si AL(t) est le vecteur des déviations de L par rapport A 1a trajectoire nominaie (figure 3a), la poursuite sera alors observable
s'll existe un instant de menure t tel que AL(t) et la direction () ne sont pas colinéaires ou dJ fagon équivalente si la projection de AL()
sur l'orthogonale & z(t) est non nulle.

Ces résultats obtenus dans un cadre théorique (mesures non bruitées, trajectolres parfaitement rectilignes) vont se traduire en
pratique par la faible qualité de l'estimation de certains paramétres, Notons aussi que toute poursuite comporte une phase initiale
inobservable ob de plus la variation d'azimut z est généralement fuible & cause de distances initiales importantes,

* Systémes de coordonnées

Parmi les nombreuses manieres de formuler ce probléme de poursuite, nous nous limiterons aux deux systémes les plus
courants :

. lées Soordiannée.\' cartésiennes absolues dont les avantages sont l'interprétation physique immédiate des composantes et la simplicité
es dquations,
* Les coordonnées polaires modifides qui sont bien adaptées i la TPA.

Pour les coordonnées cartésiennes, la position et la vitesse de la cible sont exprimées duns un repére fixe dont l'axe Y est
orlenté vers le Nord. Le vecteur d'état est alors donné par
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X(t) = (Ks(l).YS(t)-ststy)T (nH

L'évolution de X(t) avec le temps est linéaire. Par contre, 'équation de mesure est non linéaire et égnle & :

2(t) = Arctg [———-—; :((3 - ;53 ] +v()

@
ol le bruit «(t) sera supposé blanc gaussien et centré de variance o,2.

. Pour les coordonnées polaires modifiées, le vecteur d'état est constitué de I'azimut z(t), de sa dérivée 3(t), du rapport
p(t) = l'J(t)/D(t) et de l'inverse de la distance s(t) = 1/D(t). Ainsi A linstant t,

X® =2, 2,5, s:)T 3

Le premier avantage de ce systéme ect de faire apparaitre les grandeurs éventuellement inobservables (P et s) en tant que composantes de
1'état, L'emplof de s(t) sera justifié au paragraphe 1.2,

Avant toute évolution du lanceur, l'azimut z(t) peut donc se calculer avec les trols seules variables z, 7, b exprimées A
l'instant tg (figure 4a) : L
21) = 2ltg) + arctg =
X Lo “
0

Lo=z(t-tp

; &)
Lp=1+p(-ty

Lorsque le lanceur effectue une manocuvre, B‘séqucnce des azimuts est dépendante des déviations AL(t). Dans le repere 1ié A
b, celles-ci se traduisent par des déviations relatives -AL(t) de la cible, Le déplacement relatif total de S entre (g et t ost dﬁu‘: dgal b
(

R(t-l)-AL(t) (Figure 4b), Si W et Wp représentent les projections orthogonale (Cross-range) et radiale (Down-range) de -ALt), 2(t)
g'exprime alors par !

z(t)-z(to)+Amtg§—g .
avec (6

Sc=Lo+sW¢

Sp=Lp+sWp )]

(b)

FIGURE 4 - Coordonnées polaires modifices

Alnsi, les grandeurs W et Wp, par la modification qu'elles apportent sur l'évolution de z(t% tendent la variable s
observable. Elles devront w:end:m vérifier Ia condition Lo WpwLp W afin de ne pas obtenir vne situation inobservable similaire
la figure 3a. L'action de Wc et Wp sera d'autant plus grande que la distance d'observation sera faible. De plus, pour de petites
variations angulaires, 'action de W sur z(t) est directe alors que Wp n'intervient qu'au second ordre puisqu'elle entralne surtout une
modification de la distance, Ces remarques seront utiles pour la recherche J'une trajectoire lanceur favorable & I'estimation,

Le calcul des équations d'évolution de ce systéme peut s'obtenir de fagon géométrique par projection dana le repére 1ié A =(t)
et elles sont données dans la référence [2].

¢ Algorithmes d'estimation

L'hypothese d'une trajectoire parfaitement rectiligne de la cible autorise l'utilisation de plusieurs algorithmes pour les
systdmes de coordonnées précédents,

Le filtre de Kalman étendu est d'une utilisation courante en trajectographie et, en 'absence de bruit d'évolution, il peut
fournir soit l'estimatinn 21? de I'dtat courant A Iinstant tx de 1a mesure, soit l'estimation Xoyx de I'état initlal en tg. i, pour un systéme

linéaire, ces deux - ptions donnent des résultats équivalents, des différences apparaissent avec des équations non linéaires du fait de
processus de linéarisation distincts,

Comme |'évolution des coordonnées cartésiennes est lindaire, l'instant d'estimation de I'état importe peu, Les algorithmes
présentés réaliseront 1'estimation de I'état courant Xx. Pour les coordonnées polaires modifiées évolutives, les deux options ont été
tcst‘;sﬁé L'}:;imutlon de l'état présent Xx sera dénommée polaires modifides évolutives ct celle de I'état initial sera appelée polaires
modifides fixes.

La faible observabilité de la poursuite peut néantmoins entrafner, pour les deux :‘ystémes de coordonnées, des errours de
linéarisation affectant la qualité des résultats. Ceci nous conduit A I'utilisation d'une méthode d'estimation globale telle le maximum de
vralsemblance qui, sous les hypothses formulées, est la valeur de Xi qui minimise :
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ke 1
1KY =, (2 HX et
oot

(8

Notons na'v-.. interprétation statistique du filtre de Kalman ronsiste 3 minimiser le crittre J(Xy) additionné d'un terme

rtant sur I'état initial [ 14]. La tzchnique de base que nous utiliserons, est I'algorithme de Gauss-Newton ol le minimum est obtenu
th-aﬁvmnt par

xMaxl-ax e AX=W'G

()]
ob G est le gradient dg‘ T en Xil et W l'approvimation du hessien
A& 9H ( 110H [
W=o — Xy —1X
'E‘ax( ")ax( { a0

L'avantage de cette procédure réside dans Ja lindarisation des équations de mesure qui est effectuée & chaque itération.
* Plan de la conférence
Pour l'amélioration de la qualité de Iestimation, deux objectifs ont été envisagés :

» La mise au point d'une technique d'estimation performante tout en assurant une charge de calcul raisonnable
» L'augmentation du niveau intrinstque de l'observabilité par l'optimisation de la trjectoire du lanceur.

Dans la premidre partie, les problémes de lindurisation du filtre de Kalman seront étudiés pour les deux systdmes de
coordonnées retenues, Le mbre niveau d'observabilité induit aussi des probidmes de stabilité numérique qui seront analysés dans le
second paragraphe. Ensuite nous montrerons comment un¢ méthode lglo ale reut 8tre appliquée A ce probléme de poursuite. Celle-ci
offre en outre la possibilité de prendre en compte une connaissance a priori sur le module de lu vitesse de la cible.

Dans ls deuxidme partie, nous établirons comment, dans le cadre générul des systémes dynamiques, pout étre défini un
indice scaluire d'observabilité qui constituera le crittre d'optimisation de la trajectoire du lanceur, L'analyse des matrices d'information
de la TPA mettrs ensuite en évidence certains principes généraux concernant les évolutions du lanceur favorables. Enfin Fobjectif
principal de cette partie réside dans l'optimisation de la trajectoire de L qui doit tenir compte des contruintes physiques du probléme,

lére PARTIE - ANALYSE DES ALGORITHMES D'ESTIMATION

1 - PROELEMES DE LINEARISATION

Une technique fréquemment utilisée pour les problémes d'estimation non linéaires consiste & utiliser un filire linéaire traitant
des pseudo-mesures, Concernant la TPA, on peut transformer ['équation 2 pour utiliser cette méthode, Cependant les résultats fournis
sont tréa binisés ce qui proscrit l'utilisation de cette technique dans la plupart des scénarios rencontrés [1].

Nous sommes donc contraints d'utiliser des procédures d'estimation adaptées & la nature non linéaire des équations,
Cependant du fait de la faible observabilité, les algorithmes récursifs (Filire de Kalman) se révlent parfols insuffisants, L'étude de cas
simplifiés montrera comment une procédure globale améliore 1a précision des résultats ot quelle est I'influence du systéme de
coordonnées. Dans ie cadre de la TPA, les performances des coordonnées cartésiennes et polaires modifiées seront ensuite analysées,

1.1 - Influence de la méthode d'estimation

Considérons l'estimation d'un vecteur d'état constant (coordonnées polaires modifiées fixes par exemple). A chaque instant,
le filtre de Kalman ne comporte qu'une étape d'estimation qui peut s'écrire sous la forme ¢

T
Riw Ry + <L [er (Rk-l)]

. . H .
Pkl-Pkl_l-O-szk - Pol'#t.l:l#‘-
% "o, (12)
avec
H‘--gg
|X-X‘_‘ (13)

Ainsi, par comparaison avec les équationy 9 et 10, on en déduit que le filtre de Kalman étendu constitue la premiere itération d'un
algorithme de Gauss-Newton initdalisé par X.1 et opérant sur le critdre

a T . -~ 2
J,‘(x)-(x-xk_,) P,‘..(x-xk.,) +0, [zk-H(X)]2 (14)

Le filire de Kalman qui, comme signalé en introduction, peut 8tre envisagé commie la minimisation du critére 8 sur les
mesures additionné de la connaissance a priori sur I'état initial, est en fait une procédure de minimisation comportant trois restrictions :
» Il n'est procédé A chague instant qu' une seule itération. N
« L'information des mesures &nsséu est condensée sous la forme lindaire quadratique (Xk.1, Pi-))
+ Chaque mesure est linéarisée une seule fols autour de 1'état prédit Xj.|.
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Pour de fort¢s non linéarités ou une estimation Xy.| erronée A cause de la faible observabilité, los linéarisations Hy sont
imprécises. Ceci va entriiacr, par I'éguaticn 12, I'accumulation d'une information inexacte durant la phase inobservable qui va affecter
la convergence du filtre pour les phases ultéi.sures plus vbservables.

L'algorithme de Gauss-Newton qui procéde a la relinéarisation des mesures passées, permet de Iimiter les effets de ces
erreurs, Afin de conserver une efficacité suffisante pour le traitement en temps réel tout en palliant ces problémes de linéarisation, une
version simplifiée et récursive de cet algorithme est utilisée. Son adaptation aux phases initigles peu observables de la poursuite sera
exposée dans la section 3. A Iimage du filtre de Kalman, une seule itération initialisée par X.1 est effectuée & chague instant pour
minimiser le critdre 8 sur les mesures. A l'instant tg, nous avons le traitement suivant :

stﬁk,l-Ax avee AXuW'lG (15)

et

-2 T
weo'SHH o =
{1 ax lx"xk-l (16)

Ainsi dans I'équation 16, les mesures sont toutes linéarisées autour de la derniére prédiciion Xik.1. Les erreurs de
linéarisation diminueront doric au fur et & mesure de 'amélioration des résultats.

Ces conclusions s'étendent alsément aux systémes componant une évolution déterministe, des problémes supplémentaires
apparaissant alors au niveau de la lindarisation des équations d'évolution, Cette méthode globale simplifiée exige cependant des temps de
caloul beaucoup plus grands que le filtre de Kalman.

1.2 - Influence du systéme de coordonnées
Le choix du systdme de coordonnées peut aussi altérer la nature des non-linéarités et donc l'importance des erreurs de

linéarisation. Afin d'illustrer ce Phénoméne. nous allons considérer le cas de la détermination de la position d'un point immiobile par
mesures d'azimut. Le vecteur d'état est de dimension deux et, par analogie avec la TPA, plusieurs syst¢mes de coordonnées sont

envisageables :
+ Les coordonnées cariésiennes : X = (xqy2)7
+ Les coordonnées polaires : X m (20Dp)T

+ Les coordonnées polaires modifides: X = (2,,5)T

Pour les deux systémes polaires, un point de référence Py doit étre choisi pour calculer la position relative de S, z¢, Dy, 8
représentent alors respectivement 'azimut, 1a distance et son inverse par rapport 3 Pr.

D'aprés les équations de l'ahiorithme de Gauss-Newton (9, 10), nous constatons que, pour un puint d'initlalisation Xy, le

critdre sur les mesures est approximé par la forme quadratique
PN T .
1% =1y + (X-8) W x-%) an
od
R uXo- WG a®)
ot W est linéurisé en X,

Afin d'étudier les trols systdmes de coordonnées précédents, nous avons réalisé, pour le scénario de la figure 5, le tracé de
certalng isocritéres de J(X) et Jy(X), Ces derniers sont donc des ellipses dans le repdre cotrespondant. A des fins de comparaisons, ces
isocritdres ont 16 amenés dans le plan cariésien,

Pour la ﬁf&n 3, le point Xp coincide avec le minimum de J(X). Pour les coordonnées cartésiennes et polaires, les
Isooritdres lindarisés différent notablement de ceux de J(X) alors gue l'approximation est quasiment parfaite pour les polaires modifides.
Dans le cadre d'une formulation {mbabiliatc. les isocritéres do J(X) limitent des domaines de confiance et ceux obtenus par linéarisation
autour de la valeur vraie de X sont les ellipsoides d'incertitude lssues de la borne de Cramer-Rao. Pour ce:rgrobléme ob le
conditionneinent n'est pourtant pas important, la borne de Cramer-Rao des deux premiers tystdmes. ne sora donc pas trés représentative
des véritables erreury d'estimation,

Si le point de dépurt X ent erroné en distance (varinble la moins observable), le minimum calculé per 1a prerniére itération de
Gauss-Newton pour ies systémes cartésiens rt polaires esi trds distant du vral minimum, Pour les polaires modifiées, il est presque
confondu, Ainsi, pour une erreur d'initialisation en distance, 1a convergence de l'algorithme de minimisation sera beaucoup rapide aves
ce dernier systéme, D'autre part, lors de l'utilisation du filtre de Kalman, 1'état et la variance refidteront plus fidelement l'intormation
contenue dans les mesures, méme pour une estimation imprécise de la distance,

L'analyse de I'équation de mesure de ce dernier systdme de coordonnées révele que, sous les deux conditions (différence
angulaire faible entre z(t) et 2, et déplacoments faibles du lanceur par rapport A Py suivant I'axe z), elle peut 8tre approximée par :

)=z, +wz)s, (1
od wy est la composante orthogonale de I'o% 8é du déplacement de L par rapport & Pr. Ainsi I'équation de mesure est presque linéaire
o

ur rapport A la variable la moins observable s;, On montre alors que, dans une 1égion relativement large autour du minimum, les
socrittres de Jy(X) sont trds proches de ceux de J(X) pourvu que la lindarisation soit effectuée autour d'un point Xo d'azimut exact.

L'Agproximnion 19 va cependaat dépendre du point de référence Py et, pour le scénario de la figure 5, le point retenu
constitue un choix idéal. Ce point de référence peut étre, en outre. considéré comme un facteur de réglage afin d'amélioser la
linéarisation. Dans l'exemple traité, le burycentre des points de mesure de L semble tre en général bien adupté.

Dans un cadre plus général, la condition que duivent vérifier les systémes de coordonnées pour assurer de bonnes propriétés
de linéarisation, est une faible ”rendancc du gradient des équarions de mesure par rapport aux variables peu observables. Pour le fiitre
de Kalman, des erreurs de lindarisation interviennent aussi eu niveau de 1'étape de prédiction si I'évoiution du sysiéme est non linéaire,
On peut aussl montrer de fagon intuitive qu'il-faut éviter la propagation de variables mal déterminées par des fonctions non linéaires.
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Ces notions quoique qualitatives et intuitives permettent néanmoins d'expliquer les causes des erreurs de linéarisation et de
comparer plusieurs systémes de coordonnées. Pour certaines Situations, cependant une analyse expérimentale est aussi nécessaire.

1.3 - Analyse des systémes de coordonnées de la TPA

* Coordonnées cartésiennes

L'évolution éant linéaire, les effets de la linéarisation interviennent donc dans le traitement des mesures. Le gradient de

l'équation de mesure est égal &
Hy == [cos ;klk-l - sin Qm.l 0 0]

Dypeay (20)
qui fait apparaftre la dépendance par rapport A la distance te Dy x.1 peu observable durant la phase initiale de la poursuite. Ceci
explique les performances moyennes du filtre en coordonnées cartésiennes ainsi que sa sensibilité A l'initialisation de la distance, Il est
donc préférable de ne pas utiliser de méthodes récursives pour ces coordonnées. Quant aux résultats d'une méthode globale, ils ne
seront exploitables que si 1a distance est suffisamment observable,

s Coordonnées polaires modifi¢es fixes
Sous des hypothises similnires A 'obiention de I'approximation 19, I'équation 6 peut 8tre approchée par
() = 2(tg) + 2(tg) (t-10) + 8ty We @)
Cette expression révale la dépendance favorable de z(t) par rapport aux trols composantes z, £ et s, Cependant p st alors peu

observable et I'approximation 21 dépend de lu valeur estimée de cette grandeur. De plus, la dépendance de z(t) par rapport A cette seule
variable p ne pas aussi favorable, '

Au niveau du gradient de Ia mesure, ce systéme présente une propriété remarquable.En effet, avant la premidre manoeuvre
de L (We = Wp = 0), il se réduit a

Hy =1 (h;'to) I;D . (t);'tn) ch 0
Lo+ Lp Lc+Lp

(22)

Ainii durant cette premidre phase ol & est inobservable, Ht e5t compldtement indépendant de cette grandeur et les erreurs de
lindarisation par rapport A s sont inexistantes, Cependant des problémes peuvent théoriquement survenir lorsque la poursuite n'sst
encore que faibloment observable. Expérimentalement, ces coordonndes se révilent beaucoup plus robustes & 1'initialisation de D méme
si cette grandeur est mal déterminée pendant une longue phase de la poursuite,

$e0 H Lfr:iqm p est aussi inobservable, la linéarisation va, dans ce cas, dépendre de I'estimation de z. Pour une estimation parfaite
zw 0, Hy s'derit

e[t R 4 9

1+ pltyety)
’ (23)
qui falt apparaftre Ia variable p et qui suggere une sensibilié potentielle, Cependant, ces effets restent égalament faibles en pratique,

* Coordonnées polaires modifides évolutives

Pour ce type de coordonnées, la lindarisation est effectuée A I'étape de prédiction du filtre de Kalman, Avant toute évolution
du lanceur, [a linéarisation ¢y k.1 des équations d'évolution est de la forme !

1x%x0

™ Oxx0

' Oxx0
Oesx 24)

od Xsont des termes non nuls ot ® des termes d?cndanls de s, Cette dépendance est proportionnelle A § et ces termes setont d'autant
plus faibles que la distance estimée sera grands. Cspendant des effets d'sccumulation peuvent se produire car ces calculs sont réalisés A
chaque instant d'échantillonnage. Par rapport, au cas précédent of lindépendance par rupport A s était parfaite, on peut a priori prévolr
une dégrudation des résultats,

Si 8 est inobservable ot si nous supposons £ = 0, Ia linéarisation ¢x .1 dépend des estimations des deux varinbles s et p.
Dans cette situation, la jacobienne des équations d'évolution paralt moins performante que la linéarisation des polaires modifiées fixes.

En pratique, I'sffet de ces problémes de linéarisation apparelt limité et des résultats supérieurs au filtre cartésien sont
obtenus. Une étude statistique plus approfondie serait nécessaire pour confirmer les remarques formulées sur les deux options des
coordonnées polaires modifides,

1.4 - Conclusion
Cette étude nous a permis d'évaluer l'apdtude des différentes coordonnées pour les algorithmes d'estimation récursifs,
+ Coordonnées polaires modifiées fixes.
Elles apparajssent les plus robustes du fait de I'indépendance de la mesure par rapport A s avant la premisre évolution du

larceur. De plus, des éiudes expérimentales [12] confirme cette insensibilité, L'emplol d'une méthode globale ne se justifie que pour des
seénarios trés peu observables.
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» Coordonnées polaires modifiées évolutives

Les équations semblent a priori plus sensibles aux problémes de linéarisation bien que les tests réalisés n'aient pas, &
premidre vue, révélé cet état de fait. La référence [15] signale que I'estimation de p =t s est biaisée. Ces biais nous ont paru cependant
faibles.

* Coordonnées cartésiennes
. Elles se sont avérées les plus fragiles car le gradient dépend de la distance prédite. Les résultats obtenus sont toutefois trés
exploitables si 1a poursuite devient suffisamment observable.

2 - SENSIBILITE NUMERIQUE DU FILTRE DE KALMAN

La littérature expose divers cas d'instabilité numérique du filtre de Kalman. Des erreurs de caloul peuvent, en effet,
apparaitre lorsque I'information des mesures est trds hétérogine suivant les différentes directions de l'espace d'état. La TPA constitue
donc un exemple privilégié€ pour ct type d'étude,

Ces problémes peuvent 8tre contournés par l'utilisation d'une précision de calcul plus grande, Cependant, pour I'analyse de
l'efficacité d'un algorithme au niveau du temps d'exécution, il convient d'examiner en détail les diverses implantations possibles,

Nous analyserons tout d'abord le filtre de Kalman en coordonnées cartésicnnes qui est trés démonstratif des problémes
numériques, Dans un second paragraphe, la sensibilité des coordonnées polaires modifiées sera ensuite étudiée.

2.1 - Filtre en coordonnées cartésiennes

Dans un premier temps, nous allons examiner comment se manifestent et apparaissent ces errours de caloul, Puis nous
déterminerons quelle cat I'influence de mplantation sur I'émergence des problémes numériques et sur leur propagation, Enfin des
procédures visant i ditninuer la sensibilité du flltre seront analysées.

2.1.1 - Apparition des erreurs numériques

Tl est souvent admis que les groblémes de calcul sont liés au conditionnement de 1a variance du fiitre, En fait, cette grandeur
refléte trds imparfaitemnent les possibilités d'apparition d'erreurs numériques.

Un filtre de Kalman en simple précision (6 chiffres significatifs) a, A cet effet, été comparé au méme pro me en double
préoision (15 chiffres significatifs). Sur la figure 6a, on constate des différences apprécinbles entre les deux versions et les erreurs
numériques affectent aussi les résultats en phase observable pulsqu'il subsiste un léger biais final de la version en simple précision. La
velsur du conditionnement do ce soénurio ne dépasse pas 2.0 1070, Pour la figure 65, aucune différence n'aPparatt entre les deux
ver&ions du flltre alors que le scénario est doublement inobservable durant la longue phase initiale et le conditionnement supérieur 2
1014,

Pour {llustrer co phénoméne, considérons une matrice de variance P de dimension 2 qui a pour valeurs proges A1 et Az, Soit

¢ [a valeur relative des erreurs provenant de l'nrondi et du caleul en représentation flottante de chague coefficient de P. Dans le repare ob

g‘ette matrice est icliugom\le. les erreurs relatives seront donc égales, au maximum, & e, Dans le repére ol les vecteurs propres sont & 459,
4 pour expression !

1 Mrhy AmAy

P
i %1-3.2 K1+Xz

(25)

Pour un rapport A2fA| du méme ordre de grandeur que ¢, les erreurs sur les coefficients ds P seront de la taille de A2
expliquant la modification éventuellement impodtante de cette valeur propre qui peut, b la limite, devenir négative,

Les termes de couplage (extra-diagonaux) de la matrice de covariance sont donc responsables de la sensibilité numérique.

Pour lu figure 6b, les mesures ¢'azimut sont sensiblement ulignées avec 'axe Nord-Sud assurant un découplage partiel entre
les axes de coordonndes et cxrllquant l'insensibilité des résultats & la précision de caleul, Ceci n'est apparemment pas le cas de la
figure 6a, Une simulation similaire dont 'azimut moyen est paralldle & un axe de coordonnées (figure 6¢) se révéle insersible & la
précision de calcul. A l'inverse, le filtre de Kaitnan en simple précision diverge pour lo scénurio de la figure 6d ol 'nzimut moyen est &
ﬁsdr" axes, Cette demidre situation trds sévdre sera utilisée pour tester la robustesse des aigorithmes et sera dénommée simulation

Afin de pouvoir analyser la robustesse de différents systémes de coordonnées ou implantations, i! importe de définir une
mesure de lu sensibllité de la variance P,

L'erreur au ler ordre sur {o valeur propre A(k) de la variance, du falt d'erreurs apj; sur les coefficients de P est égale A

BAMK) = % Ap,

LIT opyy (26)

Si des erreurs relatives e sont commises sur les coefficients, 'erreur relative au ler ordre sur A(k) est donnée par :

AM(K) k) i

CH LICH | RS

AK) {ﬁ:u): oy | |A0
A
m5(A(k))

@n

) Cette formule est une majorution de l'erreur possible sur A(k) car elle suppose des erreurs maximales sur tous les
coefficients et de signe tel que leurs actions se cuinulent, Cc_?endum elie tieat compte de la structure de P, Notamment si P est diagonale,
les errours relatives sont toutes égales & ¢, L'équation 27 fait appurafire un facteur d'amplification des etreurs s(A(k)) que nous

L L
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sppelicrons sensibilité de la valeur propre k). La seasibilité globale S(P) de P peut &tre définie comme la plus grande des valeurs
s((k)).

Pour I'exemple de dimension 2, nous trouvias :

s(A, ¢ sA,s=C si1%20 + cos? 20

ﬂlll)=1

(28)

Alors gue Amax est insensible aux erreurs de calcul, Amjy le sera d'autant plus que le conditionnement C sera grand et que l'angle de
couplage 8 se rapprochera de n/4,

Une autre mesure de la sensibilité de P est l'erreur reladve maximale sur toutes les directions de l'espace et I'ensemble des
représensations flottantes "admissibies" de la variance [6) :

. -1 uTAP u
AP) =€ max — avec |Apid|58|pl,j]
AP, u Pu (29)
Cette grandeur peut &tre encadrée par les inégalités :
! — s A(P) < n s ol FU - -—P"L
ManioP) M minP) ~PitPyj (30)

Par ragpport 4 S(P), cette sensibilité A(P) prend aussi en compte les variations éventuelles des vecteurs proprss de P puisque,
dans I'équation 29, le maximuin est calculé sur toutes les directions u de Y'espace et non sur les seules directions propres, Nous verrons
cependant que la différence entre ces deux mesures est minime en pratique, Les inégalités 30 irapliquent aussi wne cons..quence trés
importante pour l'implantation des algorithmes, 11 apparait en effet que dzs changements d'unités du vecteur d'état ou la normalisation
de ia matrice P w'ons aucune influence sur les éventuels probiémes de sensibilité numérique,

Les figures 7a et b représentent respectivemnent les diverses sensibilités des scénarios des figures 6b et 6d. Similairement au
cas de dimension 2, la sensibilité de Amax est sensiblement égale A 1 et Ay, o8t souvent peu robuste, Pour les sensibilités globales, le
conditionnement donne toujours des valeurs trés pessimistes par rapport & S(P) et A(P). Enfin S(P) est toujours comprise dans
Tencadrement de A(P) prouvant qus les perturbations sur les seu!cs directions propres refldtent bien la sensibilité de la variance. Ces
valeurs confinaent de plus les résultats obtenus pour V'sstimation,

Pour In simulation TEST, la figure 8 illustre la dégradation des valeurs propres du filtre en simple précision. Les plus
affectées (aspect chahuté des courbes) sont la premire et la troisidme qui sont effectivement, 'aprés la figure 7b, les plus sensibles |
Amin devient d'ailicurs négative. La dégradation de la plus grande valeur propre qui n'intervient que dans un second temps provient sans
iigluée. J‘u V'aspect régulier de la courbe, d'erreurs de linéarisation qui résultent de la dégradation de 'estimation engendrée par
‘altération ue Ay et A3,

Ces modiflcations sur les valeurs propres vont entrainer des erreurs sur I'état estimé qui provient du calcul défectueux du
gain K du filtre de Kalman, Pour analyser plus facilement la liaison entre la dégradation des valevrs prop-es et celle de I'état,
considérons la relation entre la mesure corrigée Z, = H X, ot la mesure prédite 2 = H X_

z,=2_ +HK @z-2)

(31
Le coefficient HK de correction est compris entre 0 et 1 et ost égal A ;
T
HK = -_Ei*.*__i.
HPH +a, (32)

Les dégradations de la matrice P vont affecter la valeur de l'exgmssion HPHT et donc celle de LK, Les erreurs sur ce couificient vont
done dégrader la correction 31. Si HK reste compris entre 0 et 1, le filtre garde son aptitude & générer des résulats cohérents.
Néanmoins ses performances sont dégradées par rapport au cas optimal sans erreur de eglcul. Si ce coefficient est négatif, le sens de la
correction HK est erroné. Une valeur HK négative pendant plusisurs itéraiions ou importante en valeur absolue peut entrafner la
divergence de I'algorithme comme le montre la figure 9 dans la simulation TEST, Ces résultats obtenus au nivenu des mesures estimées
et prédites vont, bien sdr, se refléter sur le sous-espace correspondant par H de I'espace d'état.

On peut donc résumer les conditions d'apparition et les effets des erreurs numériques dans le fiitre de Kalman :

* Une valeur importante du conditionnement de la matrics de covariance est une condidon nécessaire mais non syffisante pour
l'apparition de problémes aumériques. Les termes de couplage entre les différentes composantes du vecteur d'éat sont en affet
responsabics de la sensibilité de cette matrice.

* Les erreurs numériques se nunifestent parfors A:ar des dégradations non divergentes des résultats méme lorsque la variance du filtre de
Kalman n'est pius positive. Il convient donc d'éire vigilant lors de l'emplot d'une précision de calcul limitée méme si les grandeurs
estimées paraissent ccl:érentes.

+ La normalisation de la variance ou Jes changements d'unités du vecteur d'état n'ont pas d'influence sur les éventuels problémes
numériques.
2.1.2 - Influence de I'implantation

L'aitération des valeurs propres de la vanance va fortement dependre de la fagon dont vont étre conduits les calculs, En
effet on constate d¢ja ¢zs différences suivant [a version optimisée ou non de Is compilation d'une méme programme. On congoit donc
que l'imglantation rst décisive sur Ip qualité des résultats.

Pour l'algorithme de Kalman, il existe deux procédures classiques pour la mise & jour de la varianca :
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La forme conventionnetle de Kalman
P, =(-KH)P, (33)

+ La forme stabilisée de Joseph, réputée plus stable
P,=(-KH)P.(I-KH)"+KRK" 34

Pour 1a forme conventionnelle, la référence [31] révéle quiil est primordial de préserver la symétrie de la variance si
I'évolution du syst2me est instable, Un modéle d'évolution & vitesse constante étant a la limite de stabilité, il convient denc de garder le
caractére symétrique de P en ne calculant, par exemple que sa moitié supérieure.

Pour la forme de Joseph, lu mise en jour est exacte pour touie valeur de K alors que la forme conventlonnelle n'est valable
v'avec ia valeur oPtimale du gain, D'autre part [7], ies erreurs sur la variance ne dépendent qu'au deuxiéme ordre des erreurs sur K.
our programmer I'égquation 34, plusieurs solutions sont possibles. La plus immédiate est d'utiliser des produits matriciels symétriques
dutype C= A B AT oly C et B sont symétriques. Cependant cette méthode demande beaucoup de calculs. Dautre part , elle s'est
tévélée, en pratique, la plus sensiblr sur tous les cas traités, Il existe d'autres implantations de la forme de Joseph qui sont & la fois plus
rapides et plus stables [4,27), Elles se sont révélées d'égale robustesse, les résultats dépendant des simulations traitées, et nettamient
molns sensibles que la solution aveo les produits symétriques, Cependant, elles n'apportent, en général, aucunc amélioration dux
résultats de la forme conventionnelle qui sont quelquefois plus exacts.

De toute fagon les deux formes 33 et 34 ne sont pas suffisamment insensibles pour des cas nial conditionnés comme la
simulation TEST pour lesquels on obtient des variances non positives voire ménie des termes dingonaux négatifs.

Les résultats expérimentaux obtenus pour la TPA confirment ceux de la référence (5] en ve qui concorne Vinstabilité
numérique de la forme de Joseph. Si le problEme traité ne présente pas de difficultés numeériques particulidres, l'algorithme
conventionnel de Kalman ol est assurée la symétrie de la variance, sera dono préférable car plus rapide, Dans le cas contraire, il
conviendra d'utiliser une procédure adaptée que nous allons présenter dans le paragraphe suivant,

2.1.3 - Implantations numériquement stables

La sensibilité de la représentation naturelle de la variance est responsable des problemes numériques interverniant dans le filtre
de Kalman, Il s'agit donc de trouver une représentation équivalente d'un point de vue mathématique muis nioins sensible aux problémes
numériques tout en présentant des temps de caloul aoceptables,

Nous avons analysé deux types de méthodes : un filtre hybride (6}, et les praoédures fastorisées notammont celle e
Bierman et Thornton [4,5,16,27), |

* Mitre hybride

Dans le cas des coordonnées cartésisnnes, la sensibilité de la varlance est fortement dépendante de l'orientation du repire
choisl, L'idée de base du filtre hybtide consiste & représenter la variance dans le repére 1ié A la 11:esure prédite afin dr, diminuer au nioing
partiellement les termes de couplage.

L'algorithme comporte donc & cheque étape une rotation Je la variance pour réaligner la représentation de P avec la nouvelle
prédiction de la mesure ainsl qu'une votation pour le caleul du gain danx le repdre d'origine. Bien que quelques précautions solent A
pir'em?rei au !Ix‘gse%u de |a programmation des rotations, cet algotithme en simple précision supporte parfaitement des situations comme la
simulation \

La ﬂgure Tc révile en effet des sensibilités trés faibles durant ln phase inobservable et compuroble & celles de la figure 7u.

Cependant, lors de 1a tnanoeuvre du lanceur, laugmeintation des senaibilités montre que le repére 1ié A la medurc prédite n'sst pas le plus

adapté. En effet, durant la longue phase initiale de ce scénario (figuro 4d), les directions propres de P vont s'orienter suivant l'axe de la

mesure constante et son orthogonal, La premidre évolution du lanceur entrafne une évolution de 'a nmiesure prédite. Toutefols,

l'information recueillie par les prem>res mesures de cette seconde phase est insuffisante pour modifier les directions propres de P, Coui

cejx;:li ue l'apggrlrlon de termes de couplage dans la représentation de P lide & 1n mesure préite et aussi la fa’ble sensivilité de la poursuite
e 1a figure 6b,

+ Filtre factorisé

Ces techniques ont fondées sur la racine de Cholesky ds P, En effet, tcute matrice symétrique positive peut so décomposer
sous la forme ;

T
P=R'R (35)
ol R est une matrice triangulaire supérieure ou inférisure. L'avaniage de cente factorisaron est double car elle assure d'une part la

positivité de P, D'auire part, le conditionnement de R est GTnl A la rucine carrée de celui de P révélant ainsl une sensibilité a pror plus
faible de cette représcntadon. Une autre factorisation possible est la suivante :

T
P=U DU (36)
ol D est une matrice diagonale et U unc matrice triangulaire supérieure ou iniérieure comportant des 1 sur 5a diagonaie, Cette forme est

obtenue de fagon identique A la décomposition 35 mais les pivots sont rassemblés dans lu matrice D, L'utilisution de cette factorisation
évite ains le calou! de racines carrées qui sont généralement coliteuse s e charge de caloul,

Les procédures de Kalman factorisées consistent alors & mettre 2 jour directement les décompositions 35 ou 36 de la
variance, 1l est possible, de fagon similaire & I'équation 27, de définir la sensibilitd su ler ordre des valeurs propres de P pour ies deux
représentations précédentes.

Pour un exemple de dimension 2, I'expression de ces sensibilités révélent notarment t‘u'ellcs sont bornées par rapport au
conditionnement Fnr les valeurs respectives 6 et 3. Bn outre, les décorpositions serorit moius sensibles si elles sont effectuc.es par ordre
décroissant des plvots,
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Concernant la TPA. l¢s décompositions avec R ou U triangulaires supérieures qui correspondent approximativement &
fuctoriser P par ovdre décroissant des pivots, donnent des sensibilitds netiement plus faibles que les décompositions avec R ou U
inférieures (figure 10), Contrairement, au cas de dimension 2 cepeadant, les sensibilités ne scmblent pas bornées par rapport au
conditionnement. Toutefois les valeurs ohtenues sont, dans tous les cas, beaucoup plus petites que celles de la représentation
conventionnelle de la variance et sutfisantes pour la précision généralement utilisée sur les calculateurs actuels, D'autres considérations
telles que la rapidité Jes calculs seront alors prises cn compte pour le choix of'une décomposition.

Notons gussi que, & la différencs de Ia représeéntation naturelle de P, 12 normalisation ou le choix des unités de 1'état influent
sur la seusibilité des factorisations (dex termes de méme ordre de grandeur n'étant pas forcément le gage d‘uvne plus grande robustesse).

Un filtre factorisé A été testé pour la forme UD (énuation 36) avec U triangulaire inférieure (sitqation  Ja moins favorable”)
car elle se révéle plus rapide pour le calcyl de Ia prddiction de 1a variance aves un modéle A vitesse contante, La forme triangulaire
supéricure serait plus adaptée & I'étape de thise A jour du filre. Pour toutes les simulations traitées, cette implantation s'est avérée
complitement insensible aux problémes numérirjues. D'autre part, ce filire de Kalman fuctorisé s'est révélé plus rapide que l'algorithme
conventionnel de m3me précision,

‘ Bien que le filtre hybride permette une diminuton de la sensibilité, son utilisation et sa structure sont trés liées au probléme
traité, Les implantations factorisées sont done préfératles car elles offrent une stabilité numérique beaucoup plus grande en tcutes
circonstances sans pour autant dégrader les temps de calcul,

2.2 - Sensibilité numérique des coordonsndes polaires modifides

Le choix de ces coordonnées permet de s'abstraire de l'orientation des mesurcs dans le repdre dv base. En outre, le fuit que
leurs composantes représentent les grandeurs inobservables va engendrer des propriétés de déconplage bénéfiques qui vont cependant
dépendre de Is configuration retenue pour le filtre,

* Cooxdonnées polsires modifides fixen

. 11 est possible d'assurer un découplage. parfait de la variable s inobservable avant toute manoguvrs du lancevr [2), En effet,
si }a variance du filtre de Kalman a été initialisés avec ine matrice de la forme :

r
Pojo= = 0 -
Co8)

@n
la matrice de variance conservera cette forme durant toute la phase précédant la premiére évolution du lanceur car la dérivée de la mesure
Eu rapport A § est uors’pulle (équation 22}, S la poursuite est doublement inobservable, la dérivée de I'équation de mesurs par rapport
p nie sera nulle que k1% et nul, Dans e cas, 1a qualité du découplage va dépandro de Jn qualité de I'estimation de 2,

~ Sur la figure 11 qui concerne la simulation TEST initialement doublement inobservable, on constate d'abord que ces
coordésuées impliquent des valeurs du conditionnement beaucoup plus faibles que les cartésiennes. Durant la phase initiale, la
sensibilicé assoviée b 8 (2dme valeur gmgre; estégale 4 1 du fait du découplage parfait de catte grandeur, Celle associde A p (33me valeur
topre) est aussi faible et so rapproche de 1 au fur et & mesure que la détermination de £ s'améliore. Lors de la premitre manoeuvre de

, les termes de couplage qui appariissent produisent une augmentation des sensibilités qui reste toutefols trds litnitée,

Bipérimentalement, on constate une grande iasensibilité de ce filtre aux erreurs numériques méme en présence d'une
implantstion peu favorable. 1l est cependant imporniant de remarquer que cette insenaibilité provient du fait que 1a plupart des soénariox
comgonent une phase inobservable relativement longue suivie par une évolution du lanceur permettant de lever assez rapidement
V'inobservabilité, Cependunt, potiy une poursuite qui est I'inverse temporel de Ia simulation TEST, c'est-d-dire qui comporte une phase
iinltinle trds courte puis une falble murioeiivre du lanceur suivie d'une longue phase rectiligne, 1a sensibilité avx erseurs numérigues est
mportante,

¢ Coordonnées polaires modifides évolutives

Pnur ce type de coordonniées, le découplage n'est pas aussi net, En effet, méme si la varinnce du filtre a été initialisée suivant
la formule 37, l'expression de la jacobienne de I'dquution d'évolution ¢n l'absence de manceuvre du lanceur (équation 24) mnontre que
des termes dé couplage vonit apparaitre entre 8 et les autres variables,

Pour la simulation TEST (figure 12), ces couplages se tradulsent par une évolution plus prononcée que le cas précédent des
valeurs propres aseocides A s et p durant Ia phase inobservable, Ceci engendre des sensibilités différentes de 1 mals cependant trés
faiblex.Comme les cocrdonnées polaires évolutives sont orientdes suivant F'azimut ﬁrﬁdil 4 un instant donné, il se produit, lors de la
promidre manosuvre de L, un phénomidne simiinire & celui rencontré avec le filtre hybride (figure 7c). La rotation des coondonnées
résultant de I'évolution du ianceur fait apparaitre des valeurs momentanément importarites deu sensibiliiés. Sur cette simulation, nous
w'avons néanmoins pas observé des dégradations numériques visibles.

2.9 - Conclusion

Les erreurs numériq:s 28 qui proviennent de In sensibilité de 1u représentation de Ia variance du filtre de Kalman peuvent tre
élimindes pur 'utilisation de pro:ddiees factorisées,

Les différents systbmes de coordonnées de 1a TPA ont été anulysés, La sensibilité de la variauce des coordonndes
cartésiennes rend Indispensable 'emplol d'implantations stables numériquement. Les coordonndes polaires modifides flxes sont au
contraire trds robustes pour la plupart des scénarios. Quant aux coordonndes polaires modifides évolutives, elles constituent un
Intermédiaire entre les deux systdmes précédents,

Alnsi, tant du point de vue des erreurs de linéarisation que de lg stabilité numérique, les coordonnées polaires modifides
fines apparaissent les plus adaptées. Cependant le cholx d'un systéme de coordonnées pour une poursuite réelle devra aussi prendre en
compte d'autres considérations cnmime (a sensibilité par rapport & des incertitudes non modélisées : nature du beait de mesure,
incertitudes sur les parambtres lanceur, perturbations sur 'évolution de la cible.
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3 - ESTIMATION PAR METHCODE GLOBALE

L'utilisation d'une méthode globale se justifie toul d'abord par ses meilleures propriéiés de linéarisation, notamment lors des
phases trés peu observables. En outre, ¢lle autorise la prise en compte de la connaissance a priori du module de la vitesse de S qui
permet parfois de lever I'inobservabilité avant la premiére manoeuvre du lanceur.

L'algorithme utilisé dans ce paragraphe est la version réoursive de l'algorithme de Gauss-Newton (Equations 15 et 16). Les
résultats précédents inclinent & l'emploi des coordonnées polaires modifiées car elles sont plus apgropriées aux aspects de non-linéarité
et de faible observabilité de ce probléme. L'option évolutive a été utilisée puisque le problems de I'évolution non linéaire de la variance
ne se pose pas aveo une méthode globale d'estimation.

Nous développerons deux polnts concernant le traitement des phases peu observables :

+ L'adaptation de la méthode Flobde.
Du fait de la faible observabilité et des bruits de mesure, le minimum du critére quadratique 8 est souvent aberrant, Il s'agit
done d'éviter 1a convergence vers des états erronés sans pour autant bloquer l'estimation dés que réapparait l'observabilité,

+ La prise en compte de la connalssance de la vitesse de la cible.
Si I'information apportée améliore la qualité des résultats, elle entrafne souvent l'apparition de faux minimums qui perturbent
la convergence méme lors des phase: observables.

8.1 - Adaptation aux phases peu observables
En décomposant le hessien approché (équation 10) en ses éléments propres, la ¢orrection AX (Equation 9) s'éorit ¢

T
ax =3 | ¥ G
im1 (i (38)

Suivant les directions peu observables (A(l) faible), la correction aX sera donc importante, Du fait de 1a non-linéarité du
critdre traité, on peut aboutir en un point o la valeur de J est supérieure & celle du point de départ. En outre, de part 'eftet combiné de la
faible observabilité et des bruits de mesire, 1'état réalisant le minimum de J(X) peui n'avolr aucune signification physique,

Pour maftriser la convergence de l'algorithme durant ces phases peu observables, on peut agir soit sur le yradient G, soit sur
le hessien approché W, Pour le filtre de Kalman, la diverfence durant ces phases est évitée par la connaissance a priori sur I'dtat et la
variance (Xo/, Pojo). Ceol est équivalent d modifier A 1a fols G ¢t W dans la méthode globale, Toutefois les variations sur les paramatres
estimés par cette méthode sont plus rapides h cause de la relinéarisation de I'ensemble des mesures, Cette connaissance initiale sur X et
P devrait &tre alors plus serrée et pourrait altérer la convertfence lors des phases observables, En outre, l'action sur G qui, par analogie,
feut &tre pensée comme une "force de rappel" A un état initial fixé pose des probldmes de convergence st cet état est inexact, notamment
orsqu'on tient compte de la connaissance sur la vitesse de S. L'action sur W que nous avons utilisde litnix la taille des corrections aX,

L'idée de base de [a méthode dévelopgée est d'sjouter une information complémentaire fiotive sur les composantes mal
détermindes de I'état afin de limiter lex variations de I'estimation, Pour que cette informatlon n'altére pas la précision des résultats si la
poursuite devient observable, olle est adaptée & chaque instant en fonction de l'information contenue dins les mesures.

L'algorithme se présente donc de la fagon suivante, A partir du hessien W, on détertnine I'information réduite! w; sur
chaque composante X; de X et le complément d'information o est fixé par !
€-w sl owi<e
. { ] i i i<
sinon (39)

od gf est un seuil d'information minimale sur la composante xi. On utilise I'nlgorithme de Gauss-Newton uvec le hesslen
complété W = W + C ob C = diag(ay). Le caloul des informations w; est rapide si on utilise une décomposition de Cholesky de W.
De plus, pour la TPA, il suffit de considérer les deux variables les moins observubles 8 et p.

Cette méthode agit commie une relaxation adaptée durant les phases peu observables. Si, par contre |'information sur les
mesures eat suffisanto, la convergence n'est pas affectée puisque C = 0.

3.2 - Utilisation de la connaissance de la vitesse de la cible
Pour tenir compte de cette connaissance, on minimise le critdre

2
JX) = }(X) +[X'—.—V2(£)]_ .

v (40)

Les faux minimums que l'on rencontre parfois (figure 13) proviennent de l'association des mesures de la phase initiale nvec
celte connaissance de Vg pour laquelle deux solutions sont possibles, c'est-A-dire deux minimums de méme valeur pour Jy(X). Ce
phénoméne peut se poursulvre en phase observable car les mesures postérieures & la premisre manoeuvre de L sont alors inefficaces &
effacer 1a fausse soiution. 11 existe denx situations od se manifestent ces problémes do convergence :

« Phase initiale doublement inobservable (3= 0) . . -

La composition des vitesses VR = Vg - Vi, (figure 14), montre que, dans ce cas ol VR est colinéaire A z, il existe deux
solutions de module identique pour le vecteur Vg, Les deux cas possibles sont alors symétriques par rapport A l'orthogonal de Fazimut,
Pour cetie situation Vg n'apports alors aucune inforniation sur la distance.

1 L'information réduite sera présenido dans le paragraphe 4.2 ot st Sgale A l'inverse de la variance de la composants x; si le hessien W n'ost pas
singulier.
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FIGURE 14 - Composition des vitesses (z = 0)

« Vitesse lanceur sunérieure b vitesse cible (£« 0 et Vi, > Vg)

Dans ce cas (figure 15a) deux couples de valeurs sontcpoulbles pour la distance et le cap, Pour ce durnler, les deux
solutions sont symétriques par rapport  l'orthogonal du cap relatif (Cy). La simulation de la figure 13 correspond b une telle situation.
Si VL < Vg, les deux solutions pour le cap et la distance existent aussi mais I'une d'elle comporte une distance négative (flgure 15b).

FIQURE 154 - Composition des vitesses (20 et V> Va)  EIGURE 15h - Composition des vitesses (2 » O et V1. < Vp)
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Outre le fait de garantir la cohérence des résultats en phase peu observable, la méthode d'estimation présentée dans le paragraphe
précédent fournit les niveaux d'observabilité des variables p et s qui sont utilisés pour détecter l'apparition de ces deux situations.

Ces faux minimums impliquent sussi l'existence de courbures négatives pour Jy qui rendent la minimisation plus difficile et
justiﬁéem l'emploi d'une méthode globale dans le but, par exemple, de relinéariser les équations aprds la convergence vers une solution
erronée,

Une fos les précautions prises pour se prémunir de ces minimums multiples, la connaissance a priori sur Vg permet, dans
{ous les cas, d'améliorer la précision et 1a robustesse des résultats et parfois de lever l'inobservabilité avant la premitre manoeuvre du
anceur.

3.3 - Conclusion
Dans cette premidre partie, ont été présentés ct anulysés divers algorithmes d'estimation,

Ainsi les coordonnées polaires modifiées semblent trés adaptées & ce probleme de poursuite tant su niveau des problémes de
linéarisation que de la sensibilité numérique. Pour la procédure d'estimation, une méthode globale ne se justifie que pour des situations
trds peu obsarvables ou pour tenir compte d'une informatitn a priori sur la vitesse de la cible,

Cependant certaines h sses simplificatrices ont £1é formuléus de fugon A cerner les difficultés groprcs d coprobldme et d
dvaluer les possibilités des algorithines d'estimation, En particulisr, nous avons supposé Ia trajectoire de la cible parfaitement rectiligne
ce qui n'est jamais le cas en réalité, 11 est donc nécesaire de tenis compte de perturbations sur 'évolution de S, Lintroduction d'un bruit
d'évolution dans le filtre de Kalman permet aussi de rendit L'algorithme moins sensible aux problémes de linéarisation st d'erreurs
numériques, Toutefols, il conviendra de sélectionner atrentivement la nature de ce bruit afin de ne pas perdre la partie uile de
l'information contenue dans les mesures,

La prise en compte de perturbations sur I'évolution de S est, & premidre vue, plus difficile pour certains algorithmes tel le
filtre de Kalman en polaires modifiées fixes ou les méthodes globales, Le filtre de Kalman en coordonnées cartésiennes semble, par
contre le plus adapté & l'introduction d'un bruit d'évolution. Bn fait I'alternance des diverses méthodes est souhaitable, L'algorithme de
poursuite peut donc comporter plusieurs étapes comme, par exemple, un filtre de Kalman en polaires riodifides fixes ou une méthode
globale avee prise en compte de Vs pour les phases peu observables qui commute sur un filtre cartésien aveu brult d'évolution lorsque le
niveau d'observabilité est suffisant,

Les caractéristiques de ce bruit, sa variance en particulie:, sont inconnues. lls peuvent 8tre estimés, par exemple, par une
technkiue baydsienne qui consiste & quantifier 'ensemble des valeurs possibles et A mettre A jour, pour chaque hypothdse, une
probabilité a posterior. Une idée originale développée dans [25,26] consiste A utiliser un indice d'observabilité au lieu des probabilités a-
posteriori pour pondérer les différentes hypothdses, Cette méthode appliquée & 1a TPA donne de meilleurs résultats,

L'évolution de l1a cible comporte aussi des manoeuvres franches et I'algorithme devra dono comporter une provédure de
détection et de traltement de ces évolutions,

Au cours de la phase peu observahle, certains paraumatres peuvent dtre déterminds, z, z et souvent g, A pantir de ces trols
grandeurs, on peut, moyennant une paramétrisation de la distance, calculer la valeur du cap et de la vitesse de la cible. Cette technique
développée nu CAPCA (8] permet d'sxploiter I'information sur 1a cible avant que ld poursulte ne soit observable, La supetposition dey
résultats associés & deux segmenty recillignes de la trajectoire du lanceur permet aussi la détermination des éléments de S,

L'uptimisation de la trajectoire du lanceur permet, outrs Fumélioration arportée A la qualité de l'estimation, de rendrs
I'algorithme plus robuste aux particularitds difficilement modélisables de la poursuite réelle,

3dme PARTIE - OPTIMISATION DE LA TRAJECTOIRE DU LANCEUR

4 - CALCUL D'UN INDICE SCALAIRE D'OBSERVABILITE

La détermination d'un indice d'observabilité représentatif de la précision de l'estimution est une étape indispensuble pour
l'optimisation de la m&ec(oire du lanceur. Ce?endant tels qu'ils furent initialement introdults dans lu théorle dey systdmes dynamiques,
les concepts d'observabilité et de gouvernabilité ne fournissent qu'une réponse binaire, & suvoir le systdme est ou n'est pas observable,

Pour le calcul de cet indice, nous nous placerons dans Je cadre général des systémes lindaires variants discrets, Pour les
systémes non lindaires, on lupgosera que les critdres calculés par lindarisation autour d'une bonne trajectolre (trajectoire estimée)
fournissent des mesures acceptables du niveau d'observabilité,

Un indice d'observabllité qualifie intuitivement la fagon dont peut 8tre reconstitud I'état A purtir de I'observation des mesures

4,y = {21,un). e gramien d'observabilité est souvent utilisé comme grandeur de départ pour le calcul de cet indice, Son expression
est donnée par

ﬁ T Tl
Wt N)-MM,. tH R H ¢, )

ol ¢ est la matrice de transition du systéme et t; un temps de référence,

(41)

Si l'on envisage l'estimation de I'état X(1;) A l'instant t; par la minimisation du critére J(X) sur les mesures (équation 8), on
motitre alors que, pour un systdmie linénire,

J(X) = J(R) + 1x-R)TW(:,. N)(x-R) “
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Alnsi 1a matrice W refléte la forme du critdre J autour du minimum X, Si W est "grande” dans toutes les dircctions de
I'espace, J(X) sera alors trés creusé et ln détermination de X sera moins sensible & d'éventuelles perturbations. Si, par contre, il existe
une direction ob W est fajhle, I'état sera mal déterminé suivant cet axe.

Dans le cadre d'une interprétation stochastique, la variance P d'un filtre de Kalman sans bruit d'évolution est donnée par

-1
a1 T
.FN-[ﬂtN.td Py d (tn,td +W(1N. N) @3)
Pour le cas général ol le systdme comporte un bruit d'évolution, la variance de ce filtre vérifie les inégalités ([14])

1
(W"‘V.l) S PysW+YV (44)
ol V est le gramien de gouvemabilité associé au bruit d'évolution, Enfin l'inverse de W calculé par linéarisation d'un systéme non
gmﬁm A évolution déterministe (équation 10), est 1a borne de Cramer-Rao. W est égal, dans ce cas, & Ia matrice d'information de
sher, ‘
Plusisurs étapes interviennent danas le calcul d'un indice d'observabilité sur W.
4.1 - Choix du tamps de référence

La vuleu'la_- de ¢ n'a pas d'importance pour I'étude "binaire" de l'observabilité, En effet, nous avone la correspondance:
Witegs N) =& [ty 2 tr)) W(tey s N) Qftry s te)) )

Pulsgue ¢ est toujours inversible, les propriétés de singularité du gramien sont indépendantes du temps de référence, Par
contre, pour lu définition d'un indice de qualité, Il ithporte de choisir une valeur adaptée. Le choix naturel pour t est I'instant de calcul
de I'dtat qui et en général égal, pour les problémes d'estimetion, A l'instant de la dernidre mesure prise en compte,

4.2 - Caloul d'une information réduite
Pour vertains probldmes, toutes les composantes de I'état ne présentent pas e mame Intérét, En effet, des termes peuvent
avoilr €t Introduits pour tenir compte de phénoménes physiques (la coloration des bruits par exemple), Dans les Problémes de poursuite,

on utilise des modles d'évolution du ler ou du 23me ordre, mais en définitive, seule la position de la cible A linstant ¢ importe peut
Sure A lutilisateur,

X
SiX "[x;] représents une partition de 'état ol X sont les composantes d'intérdt, le graniien W peut se décomposer sous
1a forme vurrespondante de matrices bloc :

Wiy Wi
T

Wiz Wy 46)

Pour représenter la qualité de I'estimation de X, on pourrait considérer la matrice W1y appelée sensibiliré en X; {17,18),

D'un point de »ue probabilists Wyy-1 représente la varlance de l'erreur sur Xy conditionnde par l'événement X2 » R, Pour un

exemple de dinmr&sion 2 (figure 16), la grandeur 1y = INW1y représente la variation possible de X duns l'sllipsoide A 1 sigma en
supposant Xg = Xa.

Pour obtenir une bonne estirnation, Il est donc désirable d'avoir une sensibiiité importante, Cependant cette matrice ne tien:
pas compte des corrélations entre X et X3, A 1 limite, comme nous le verrons pour ls TPA, les sensibilités en X et X2 peuvent &tre
non sinfulmes alors que W est singulidre et I'dtat X inobservable. En d'nutres termes, une grande sensidilieé est une condition
nécessaire maly non sloghante powr obtenir une estimation précise,

FIGURE 16 - lilustration de la sensibilité et de l'information réduite

Afin de tenir compte du couplage entre X et Xy, il faut considérer ['tnformation réduite en X;
; [ |
W= Wiy - Wi W, Wiy @0
ot Wao¥ est la pseudo-inverse de Was,

B A S
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En I'absence de singularité, Wy est l'inverse de la variance non conditionnée sur X1, Pour l'exemple de dimension 2
(figure 16), la grandeur Sy = 1/N\Wy; représente l'erreur 2 1 sigma sur X en autorisant I'ensemble des composantes de X 4 parcourir
l'ellipsoide d'incertitude.

Au niveau des singularités de W, la matrice Wy ne refldte pas cclles qui sont propres & W2z, c'est-d-dire les vecteurs du

noyau de W de la fome(g) Par contre, les autres singularités notamment celles provenant du couplage entre X et X seront

transmises & Wyq. Si (:) est la partition d'un vecteur du noyau de W avec u » 0, ce vecteur u est alors élément du noyau de W11,

Ainsi, par rapport & la sensibilité W)j, les couplages entre X1 et X2 apportent toujours une dégradation et peuvent &tre
responsables de li singuluqté de Vinformation rédui'te Wit

ue les grandeurs d'intérét T sont une fonction veotorielle linéaire T = G X de I'état, on peut calculer, par une procédure
de méme type, une information réduite W sur le vecteur T, Si la relation entre T et X est non lindaire, linformation Wr peut dtre
calculée par lindarisation. Duns le cas ol la matrice W n'est pas singulidre, ces diverses grandeurs sont obtenues facilement a partir de

l'inverse P = W1,
4.3 - Normalisation du gramien

La matrice d'information W concerne souvent des gmndeurs de nature et donc d'unité différentes. Si nous choisissons un

oritdre scalaire p(W), celui-ci sera dépendant des unités utilisées pour chaque composante de 1'état, Pour la plupart des indices, un

g?&ggemm d'unité va engendrer des pondérations différentes sur chaque terme de W et va conduire 2 des résultats d'optimisation
rents,

Il importe donc de normaliser cette matrice de fagon & la rendre adimensionnelle et & obtenir un critére p(W) intrinsdque au
probléme traité, A cette fin, on pré et post-multiplie W par une matrice diagonule positive !

Dans [30], les auteuts proposent de considérer les erreurs maximales mtque I'on veut tclérer sur chaque cotnposante de
I'étar lors de l'estimution (U w diag(e;)). Ainst plus on déslrera obtenir une erreur faible sur un parambtre, plus l'information associde
devra &tre importante et vice-versy, Par ce principe, on se définit une échelle d'dquivalence des erreurs d'estimation entre les différentes
grandeurs, Par exemple si le vecteur d'état comporte des composantes de position et de vitesse, on peut choisir les pondérations
traduisant le fait qu'ne erreur de 1 km en position est équivalenie & une erreur de 1 nys,

On peut par exemple cholsir UJ de fagon A traduire des erreurs relatives Identiques sur les compostntes (Uw diag | X; [) ou 2
analyser leurs corrélations (U = diag (1AWj)).

4.4 - Indice sealaire sur le gramien normalisé

Dans la Liitéruture [19,20] on trouve de nombreux candidats :

* Amin(W)  qui représente 1 quantité d'informution dang I direction la molns observable

o LAWY qui est &gal A linverse de la variance de Lerreur

* vdet qui est inversement yﬁmpotﬁonnel au volume de l'ellipsotde d'incertitude
» tr(W, qui traduit ln sens!bilité des sorties par mpson A l'état

* S(W) ®naxAmin  le conditionnement qui refléte la disparité de Iinformation,

On rencontre aussi d'autres indicas plus spécifiques d'un probldme traité [25,30],

Sip est un indice d'ohservabilité sur I'vnsemble des matrices symétriques positives, les propriétés souhaitables pour cet

indice mont :
(w) VYW, o(W)20 et
p(W)m0 ol et seulement s| W est inobservable (det W = 0)
(b) p(I) » :1* (1 identitd) et
Vae PAW) = ) p(W) 49
{c) VWiet W2 POWL + W2) 2 p(W1) + p(W2) “

@ pest indépendant du repére orthonormé choisi sur R,
La propriété () est indispensable pour qus ¢ conutitue le prolongement de la notlon binuire d'obscrvabilitd,

La propriété (b) définit une nominlisation des indices p et elle permet sinsi la comparalson ds plusieurs critdres, Au niveau
des unités, p eu: alors homisgdne & 'inverse d'une variance,

(7) est l'inverse de l'inégalits wrlangulairs qus l'on rencontre hobituellement dans la définition mathématique d'une megure,
La TPA fournit une illustration typlque de cette propriété, En effet, st W), W, représente les matrices d'informniion astociées A deux
phases r'ectillgnel de la trajotoire du ianceur, la poursuite éwant inobservabie pour chaque phase, nous avons p(W1) = p(W2) = 0, Fur
contre, l'infosmartion totale W = W) + Wa ne s+a pas singu. dre (p(W) » 9) s une manoeuyrs Judicieure est intervenue entre ces aeux
phases. Cette propriété peut aussi se justitier par une partition du vecteur de mesure si se dimension est sunérieure & §.

La propi'é:d {d) traduit le fait que 1a mesure d'obssrvabilité est intrinséque au aystdme considéré du fuit de la nor:nalisatlon
du paragraphe précélent,

F"a|r les propridiés 49, l'indice p se distingue d'une norme matricielle, En fuit, une norme meuure In taiile d'une matrice alors
u'un lln(i}k:e d'observabilité est une mesure de sa pefitesse. Dans [20], les auteurs montrent que des indices peuvent &tre caleulds par la
ormulation:




i=1

i
: i/
A w!
=% 7‘] - [
(50
Pour différentes valeurs s, on trouve les critdras saivants ({183, [37]):

8§ -m Amin(W)
s=-1 nAr(W-1)
s=0 n\/——.MW)_
s =] t(W)/n

S tw Amax(W)

Cependant [3], seuls les indices calculés pour s s 0 vérifient les propriétds 49 et sont donc acceptables comme indice
d'observabilité, Leur évolution toujours croissante en fonction de 8 est illustrée par la figure 17,

0
max |

-
-
.1—-

»—‘”’
T e e - -—----v-hm.‘n

-1 0 1 s
FIGURE 17 - Evolution de pg(W) en fonction de s

Pour les deux indices extrémes :

Do (W) = Ay (W) ost une marge dobservabilits

¢ po(W) m ¥ detW refldte la quaniité totale d'information contenue dans les mesures

Les autres, valenrs de s constituent dunc des insermédinies et le conditionnement traduit la disparité de la répartition de
I'information et donc des valours de ces indiges, Notons aussi que la maximisation de Amin favorise i lu fois la déoroissance du
congjl:ilonnemant et l'augmentation de la quantité d'information alors que l'optimisation du déterminant n'assure pas I'amélioration du
conditdonnement,

4.t - Conclusion

La nature du probléme truité guidera la sélection d'un indice udapté, Cependant, pour l'optimisation de l'observabilité, les
contraintes du probidine peuvent lmiter les actions possibles et 1a solurion obtenue étre uinsi psu sensible A l'indice retenu,

Bn ce qui converne la TPA, l'analyse des matrices d'informution du prochaln paragraphe psrmettra de justifier en partie
I'indice choisi pour l'optimisation de [a trajectotre du Janceur,

B - ANALYSE DES MATRICES D'INFORMATION DE LA TPA

Nous allons étudier, dans cette secticn, e comportement de Vinformation totale ¢t de l'information réduite en position de Ia
TPA pour le cas d'une fosulation en coordonnées canédsiennes,

Duns le paragraphe 1, ces coordonnées étaient apparues moins adaptées aux noy lindariés de ce probléme. Cependant. lu
matrice d'information calculée par relinéarisation de Y'ensemble des mosures se révdle moins sensible au choix du systéme de
courdonndes lorsque le niveau d'observabilitd augmonte D'autre part, I'dlude des équations en coordonnées cantésiennes permet ung
Analyse théorique plus facile des trjectoires favorables,

La natrice d'information totale W(t,N) peut se décomposer sous la forme !
AN) B, N
t,, Njm
Wi, N) [ Bit,, N) Q. N] 1)

oil les matrices A ¢l C sont les senathilités en position et en vitesse et ln matrice B, gui esi el syméuique, traduit le couplage position-
vitesse, Comms les termes de ces matricus ne dépendent que des séquences tj, zj, Dy, l'observabilité de la poursuite sera entidrement
déterminée par la trafectoire relative du lancewr dans le repére lid 2 la vible.

La matrice d'information réduite ert position a done pour expression ;

4
Wi, N)=A-BC"B (32)

Puisque nous sommas concernés par l'observahilité de V'état d l'inctant 4y de la dernidre mesure, le temps de référence
évolue en méme temps que N (t = tN). Il est done intéres.unt d'cr arined la dépendance des matrices W et Wp par rapport b ces doux

—
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paramétres, Cette trajectographie est, d'autre part, caractérisée par une faible obscrvabilité méme parfois pour des configurations ol la
variation de I'azimut est grande. L'analyse de cette particularité nous permettra de dégager des principes pour des manoeuvres du
lanceur favorables A la quelité de l'estimation.

8.1 - Evolution temporelle de I'information

A chaque nouvelle mesure, I'évolution des matrices W et W est dépendante de I'apport d'information de cette mesure mais
aussi du changement du temps de référence passant de ty.1 3 tN.

A t; fixé, l'évolution de W se réalise suivant I'équation :
Wit;, N} =W{t,, N-1)+ H'H 53
ol H est la lindarisation en t; de I'équation de mesure. Ainsi W(t,,N) est croissante avec N, c'est-A-dire la différence

W(tr,N) - W(t,N- 1) est une mattice positive. Pour Wp(t;,N), on montre aussi que, & t; fixé, le traitement d'une nouvelle mesure se
traduit par Ia croissance de cctie matrice.

Si nous supposons N fixé, 'évolution de l'information par rnLPport A t; est régie par I'équation 45, Pour un modale
d'évolution A vitesss constante, certaines caraotéristiques de W se révélent indépendantes de t; :
« Ia sensibilité en position A
« le déterminant de W
* « linformation réduite en vitesse Wy.

Par contre, l'information réduite en position Wy, et la sensibilité en vitesse C sont dépendantes de tr. Dans le cas particulier
analysé dans le paragraphe 5.3 ob B(ty,,N) w 0, nous nvons les indgalités ;
w,,(z,z.N)sw,,(t,l.N) o C{t,z. N)z C(t,,. N) 54)

L'illustration de ce dernier cas par un exemple de dimension 1 (figure 18) montre que l'sllipsoide d'incertitude dont le
volume reste constant s'étire sulvant I'axe position lorsque tr, s'éloigne de tr,, Le changement du temps de référence entraine donc une

redistribution de la méme quantité d'information sulvant des directions différentes et se traduit, pour cette situation, par une diminution
de l'information W en position,

e — — . —
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EIGURE 18 - Evolution des informations et des sensibilités en fonction de t;

Pour la TPA, lex résultats sont plus complexes car la matrice Wy, peut croftre sulvant une direction et décroftre suivant la
direction orthogonale. Cependant, cette réflexion montre intuitivement 1a ?ncon dont évoluent les diverses grandeurs et expliquent
pourquol lu qualité de l'estimation de la position ve détériore parfois au cours de la poursuite, Dans ce cas, en effet, l'information
apportée par les meaures est insuffisante A compenser In dégradation résultant de I'évolution du temps de référence, Cette analyse psut
aussi s généraliser b tout systdme & évolution & vitesse conatante ou accélération constante,

8.2 - Analyse de la mairice d'information totale

Dans ce paragraphs, la sensibilité en position A et la matrice de couplage B vont 8tre bridvement étudides. Nous
examinerons aussi comment se monifeste I'inobservibilité de 1a poursuite av niveau de 1a matrice W,

* Etude de composantes de la matrice d'information

L& matrice de sensibilitd en position A constitue une sorte "d'idéal" pour Ia matrice W), puisque, d'aprds le puragruphe 4.2,
elie représenterait ['information en position si la vitesse de 1a cible était parfaitement connue. Cette matrice est singulidre si et seulement
sl les nzimuts sont constants, Ses éléments propres se calculent facilement, D'aprds la dépendance cn 1/Dy2 des valeurs propres, de
faibles distances d'observation sont favorables & 'améloration de A, Cependant la répariition des valeurs propres, notamment le
conditionnement de A dépendra de 1a séquence des mesures. Pour étudier ce lien, deux scénurios théoriques qui comportent une distance
d'ubservation et une période d'échantillonnage constantes, ont été analysés,

Pour le premier exemple, nous n:{oposerons une variation uniforme des azimuts 2 = @ t; + 2. La figure 19a illustre un
exemple de trajectoire. Les vileurs propres de A sont alors égales A

plv] Az

(35)
ob Az est I'écart tntai un azimut soit Az u 2y - 2o, Dans cette équation, le second terme traduit la répartition des valeurs propres. Son
dvolution en fonction de Az est tracé sur la figure 20a.
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Lorsque N et D sont fixés, il existe une séquence théorique des mesurcs qui donne de plus faibles valeurs du
conditionnement pour Az < 90°, Elle consiste A répartir les azimuts en deux groupes autour d'une valeur moyenne z soit :

. _N - Az
Pour 157 Zj=2-5 (56)

- A
Pour i>—]§- zi-u--2E

Pour cette séquence qui constitue notre deuxidme exemple, illusird par 1a figure 19b, 1a répartition des valeurs propres est
donnée par

1% cos Az (1))

Celle-ci permet un gein d'un facteur 3 2 4,5 sur le conditionnement (figure 20b). 8i ce scénario est irréaliste, il montre que,
pour améliorer le conditionnement de A lorsque Az < 90°, les mesures doivent étre réparties aux points extrémes de la trajectoire,

U u"‘1

pm—————
o'

\Q\ A
‘\‘ ~~g '..—
(a) Exerple 1 (b) Exemple 2

FIGURE 19 - Illustration des soénarios théoriques

Concernant le couplage B(ty,N), il s'agit, afin d'sugmenter I'information réduite en position ou en vitesse, de diminuer voire
d'unnuler lu valeur de B, L'examen des termet de cette matrice révéle que trols égalltés doivent 8tre vérifides pour avoir B = 0,
notarnment ¢

i L ty= i"t“‘
im0 Dlz (e D‘z (58)

On en déduit tp St S IN, Si Lk période d'échantillonnage et lu distance sont constuntes, cette égalité implique que
tr = (to+IN)/2. Alnsi un couplage strictement nul ne pourra étre obtenu pout tp = ty,

Lorsque les mesures ne sont pas constantes, les sensibititds A et C ne yont pas singulitres. Cependant, lursque les deux
havires suivent une trajectoire rectiligne, il est théoriquement possible d'obtenir une vuriation d'azimut Az = 1807 sans fuire appuraitre
T'observabilité. Dans ce cas, la singularité ne peut provenir que du coupluge B. .

¥ Etude de \a singularité de la matrice d'Information

On peut caractériser la direction inobservable de W par ses projections u = tina ’:&%

etvm
coso
vitesse, En recherchant & quelle condition la restriction de W au plan (u,v) est singulidre, on montre que W seru nobservable si
37 Vi sln(z,-a)-'r(q»t,) sin(z.-ﬂ) (59

sur les plans position et

51 le lancour ot la cible suivent des trajectoires rectilignes, cette expression nous permet de retrouver les directions
inobservables en position et en vitesse établies en introduction (figure 2)  savolr

o=zt B-z(t,)+Amtg[-?—tﬂ
Pte) (60)

Ainsi les termes de couplage wxl dégradent toujours ['information réduite par rapport A la sensibllité, sont, pour cette
situation, responsables de 1 singularité de W,

8.3 - Etude de la matrice d'information réduite en position

L'étude de la trace de cette matrice montrera U'existence d'une valeur optimale pour Wp. Des trajectoires du fanceur qui
permettent la diminution des effets du couplage et de tendre vers ln valeur optimale de W) sercnt ensuite étudides.

* Valeur optimale de Wp

Contralrement nux matrices A, B et C, la trace de W, est lide & |1 séguence des mesures 7. Cependant, en supposant C
Inversible, on montre l'inégalité :

g

f————— —
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L'égalité a licu si et seulement si B = 0, ou B et C sont diagonalisatles dans une mnéme base et possddent le méme
conditjonnement. La borne supérieure T, est, bien entendu, indépendante des azimuts,

Une inégalité similaire peut tre établie pour I'infcrmation réduite en vitesse Wy, Ces deux inégalités sont révélatrices de la
dégradation causée par les couplages. Une situation idéale serait une séquence de mesures assurant la valeur maximale pour les traces de
Wp et Wy, Dans ce cas on montre I'équivalence.

Tl
(W) o tr(W,) maximales| <=> |W, = p A avec p = 52
(=W e ¥y ] p=P WA ©2)

La matrice p A est donc la valeur optimale de Wy, La répartition optimale des valeurs propres de Wy, est celle de la sensibilité
en position, Le coefficient p vérifie 0 S p < 1 et ne dépang quede N, tr et Dl)éigﬁ]. Il traduit une dégradation inévitable due aux
t

corrélations position-vitesse qui, dans le cas optimal, est uniforme sur toutes les ons de l'espace.

Pour t; = ¢N, &t D et At constantes, nous obtenons la valeur p = 1/4, Pour cette situation qui correapond aux deux exemples

du paragraphe 5.2, la valeur optimale de Wp est A/4. Si la distance évolue de fagon linéaire avec le temps, la figure 21 qui représente la

mieur «:ipdenl fonctlo(r;e :kx rapport D(tN)/tho), montre qu'une distance décroissante est favoruble car elle entrafne l'sugmentation de p
3 aussi de la trace .

W - T T T T

¥

W o L i J
(Y] W ne W0
DISTs FINALE/OISTy INITIALE

FIGURE 21
* Trajectoires favorables au découplage

Les figures 20c et 20d représentent, pour les deux exemples du paragraphe 5.2, la répartition en fonction de Az des valeurs
propres de Wp(tn,N) normalisées afin que la valeur maximale de leur demi-trace soit égale & 1. Dans ces deux cas, on constate une
Jépradation importante de 1a trace et du conditionnement par rapport A la matrice de Ja sensibilité, Notamment, sur le premier exemple, la
plus petite valeur propre de Wy reste trés faible pour des valeurs Az importantes,

Puisque 1'équation 58 interdit annulation des couplages qui sont & l'origine de ces dégradations, nous allons étudier les
trajectoires annulant B au temps intermédiaire 6 = (lp+tn)/2. Dans le cas général une solution consiste A rejouer & 'envers le méme
scénario (dans le repére 1ié b §) & purtir de l'instant 6. Ceci se traduit par les équations

IN-i - Omb. ty
Vie [l,N/Z] ING ™2 -~

Dy =Dy (63)

La figure 22 lllustre de telles tiajectoires construites & partir des deux exemples étudiés, La répartition des valeurs propres de
Wp(tN,N) correspondantes (figures 20e et f) confirme la nette améliorution apportée par cette stratégle au niveau de la trace et du
conditionnement de Wp, Pour le premier exemple, le conditionnement passe en eftet de 104 A 39 pour Az = 45°, Pour le deuxidme
exemple, 'amélioration porte surtout sur la trace de W,
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FIGURE 22 - Trajectoires favorables au découplage position vitesse
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* Trajectoires theoriquer optimales

Pour une trajectoire i ornble 1 découplage qui vérifie les équations 63, les positions relatives de L par rapport & § aux
instants ty 1 tN sont dunc identique . 1l cst alors possible de rejouer le méme scénario (figure 23 pour les deux exemples traités).
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FIGURE 23 - Répétition de scénarios favorables au découplage (mw2)
3ait m le nombre d'exécution du scénario de base vérifient 63. D'aprés l'expression des matrices d'information, on montre
que, lorsque m croft, lo coefficient p de couplage minimum (équution 62) 1 #4rencée au temps final total tr tend 1/4, De la méme fagon,
l'information véduite en position Wy(tr,N) tend vers A/4,

‘Adngi la répéition d'un scénario vérifiant les équations 63 permet d'atteindre l'optimum théorigue de Wp soit Al4.

D= plus, cette convergence est rapide cointne lg protivent les figires 20g et 20h correspondant b m = 2 pour Jes deux
3 exempies étudiss. .

8.4 . Tonciusion

L'analyse théorique réaliséc Jans ce paragraphe permet de formuler certains principes concernant les trajectoires du lanceur
favorables A l'essimation Jorsiue I'éoart-type des mesures est constant :
o Jistance d'obuet cz::jon faible ou iss:inte
o écart toial en azimut Az imporiant (64)
+ couplage position-vitesse faible,

Les césultats sont améliorés par une répartition adaptéc des azimuis et la vépétition d'un scénario assurant le découplage au
temps intermédiaive de 2 ponrsuits,

) L'optimisation de la trajecioire de L doit donc réaliser un compromis de ces principes tout en respectant les contraintes
physiques du probldme, La comparaison des exemples traités montre aussi qu'une optimisation globale de la trajectoire sur plusieurs
manoeuvres du lanceur est préférable & une optimisation locule c'est-d-dire & chaque instant de manoetivre,

6 - DETERMINATION DE TRAJECTOIRES OPTIMALES REALISTES

' Pour la détermination d'une trajectoire favorable du lanceur, il importe tout d'abord de définir un indice scaluire

d'observabilité, D'autre part, les contraintes du probléme notarnment la limitation de la vitesse du lunceur vont restreindre les trajectoires
possibles. Nous présenterons ensuite une optimisation globale de la trajectoire od les éléments cinématiques de la cible seront supposés
connus. Cetle optimisation ne sera, en pratique, réalisable que si une estimation suffisamment précise est disponible. L'optimisation de
la premi2re munoeuvre du lanceur sera, par contre, fondée sur une connaissance partielle du vecteur d'état.

) 6.1 - Choix d'un indice d'observabilité

Divers indices issus de la formule 50 ont été analysés avec la matrice Wy d'information réduite en position et avec la matrice
W qui est égale & 'information totale normalisée (€quivalence position-vitesse 1 km <=> 1 my/s),

Une prenuere conparaison a été effectuée par l'examen de leur comportement obteny sur des simulations oh la précision de
l'estimation était connue. Unc optimisation locale (4 chaque instant d'échantillonnage) du cap de L a été aussi réalisée. En cffet,
l'optimisation constituant 1a motivation principale de la définition d'un indice, ce den.ier test est bien adapté h l'analyse des
performiances des diverses solutions édiées.

11 est ainsi apparu que la grandeur qui semble la plus apte & optimisation des trajectoires st la plus petite valeur propre de
linformation réduite en position ; Ayin| Wp(thk 18

En effet, la matrice Wp(tn,N) refldte bien tous les phénoménes de singularité et d'évolution texnporelle de l'information qui
sont spécifiques de la TPA. De plus, le calcul d'un critére d'observabilité sur Wp évite le choix d'une normalisation arbitraire sur les
composantes de 1'état.

La plus petite valeur propre de cette matrice vérifie les propriéiés 49 souhaitables 4 un indice d'observabilité. Son évolution
refldte fiddlement In qualité de l'estimation de fagon plus sensible que les autres valeurs de s (éguation 50). Lec résultats de
V'optimisation locale du clr sont aussi cohérents avec les princifee 64 gu paragraphe précédent.Cet indice & aussi une interprétation
physique puisqu'ill permet le calcul de I'écart-type maximum de l'erreur d'estimation en position, Enfin, la maximisation de cette plus
] petite valeur propre améliore & 1a fois le conditionnement et le volume de l'information en position,
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6.2 - Contraintes imposées par la vitesse marzimale du lanceur

Si la vitesse Vi, du lanceur esi supérieure A la vitesse Vs de la cible, on peut théoriauement respecter les tois principes 64
pour améliorer I'observabilité, Les contraintes, dans ce cas, proviennent de la rapidité des variations de D et z ui est limitée ct de. la
durée de la poursuite,

8i VL, < Vs, les évolutions du lanceur dans le repire 114 2 la cible sont restreintes. Concernant I'évoution de la distance, on
peut déterminer trois zones dans ce reper (figire 24a),

~ -
~
\\ i Pie
[ W) -
CREIEANG
VL ’/ \\ Py -
o = Apcsin - = - | N8
VS . // \\.
- :J: .
e B \\
|
EIQURE 24b

51) La distance sera décroissante quel que soit le cup du lanceur
(2) Ladistance peut &tre crolssanie ou décroissunte suivant C,
(3) Ladistance cst toujours croissante.

Similairement A 'évolution de la distance, on peut définir trois zones pour I'évolution de !'uzimut (f gure 24b), .
Des variations d'azimut de signe queloonque sont possibles duns cette zone et ceci permet des manoouvres favorables au
.. découplage. Cependant, si l'on quitte oetle région, le retour dans cette zone est impossible.
(B) Le sens de variation de I'azimut est unique (i lanceur sc fait dépasser par 1a cibl) ce qul explique ie rviour iinpossible en zone A
Alasi les manoeuvres favorables au découplage ne seront pas réalisables, '
(C) Des variations de signes quelconques sont nossibles mais la variation totale a2 est limitée A 2a.

D'autre par, pour de fuibles distances d'obseivation, les variations d'azimur peuvent &ire plus rapides, Ceol ajoute donc un argument
supplémentaire &n faveur de I'obtentive d'uas distance faible, .

En combinant ces derx résultate, on détenﬁme suivatt Ia position de L par rapport A S, queiles sont les limitations sur
I'évolution de la distance et de I'azimut. &1 dans certainas zones, notamment celle en avant co 1a clble, 11 est poscible d'obtenir des
évolutions de D at z favorables, elles sont, dana les autres cas, limatées,

Cstte étude pernei par l'analyse putement graphique de la trajectoirs et compte tenu dos résultats du paragraphe S, de
déierminer une injtalisation cohérents pour loptimisation de la trajectoire lanceur,

6.3 - Optimisation globale de ip trajectoire du lanesur

En s\?poum connus los éiéments cindmatiquus de S, on peut, pour une trajectolie du lanceur donaée, calculer la matrice
d'information et donc I'indice d observabilié assoc.ée. I est ainsi possible de déterniiner, & un instunt donné, la trajectolre de L qui sera
favorable A l'estimation. En pratique, ur * telle procédure paut 8tre utilisée lorsqu'une estimation assez précise de Ia cible est disponible.

Pour cette optimisation, nous ferons I'hypotnése pour le lanceur d'une troiectoire rectiligne par inorceaux de durée fixée, Ii
s'agit alors de déterminer une séquence de M valeurs de son cap Cr, et sa vitesse VL. 51 1a limitation de 1o vitesse du lanceur réduit
parfois forement les évulutions possibles, d'autres contraintos interviennent aussi :

» La manoeuvrabilité qui limiw: les varintions du cap et de la vitesse

« L'écrt-type des mesuses oy, qui est en fali fonction de la distance, de ia vitesse de L et du gisement o de la cible

* La distance d'ob.ervation qui ¢oit &ire bornée inférieuisment.

A partir d'une position initiale de L par n:rpon 4 S fixde, il est possible, pour un jets quelconque de valeurs de Cy, et Vi, de
calculer par intégration une trajectoire du lanceur gui tient compte s manoeuvrabilitCs en cap et on viesse, Le critére d'observabilité qui
doit refléter la dépendance de oy par rapport & D, Vi, ¢t o et 1a distance minimale sur la trujectoire Yen déduisent aisément,

L'optimisation es* réalisée _Ipar une procédure de programmation :inéaiie avec contraintes et consiste dotc A rechercher le
vecteur Y w [CLI, Vl-l""' CLM' Vl.M] qui maxinise Amin(Wp(tN,M)) sous 'ty contraintes D2 Dpjp et 0 s v s VLM'

1l existe purtois plusiours sclutions de qualité trds différenies A ce probléme surtout lorsque la contrainte sur la distance est
active c'ost-b-dire lorsque la distance atteint la Imite inférivure Dyip,  Cependant les résultats du paragraphe éprécéd:m permettent
générulenient du Jéte antner une initialisction valable rui évite la convergence vers des trajectoires im:fpropri e, Mous avons ainsl
vérifi€ ;e des trajectuires réalistes fondées sur les exemples théoriques du pa-agraphe 5 constituait un optimum pour I'algorithme.

La figure 25 ol la vitesse maximale du lanceur est inférisure A Vg et I'écart de 'azimut constant, révéle les résultats de
l'optimisation vour trois positions initiales différentes du lanceur. Bur la figure 25¢, on constate d'ailleurs que le passage du lanceur
d'une zone latsrale & une zone arridre se traduit par un changement de stratdgie.
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Lorsiue la contrainte sur la distance minimale n'est pas active et I'écast-type o, constant, la vitesse optimale est égale & la
vitesse maximale ce qui se justifie facilemont de fagon intuitive, Cependant, si la manoeuvrabilité du lanceur est plus faible et 'écart-type
de la mesure dépendant du gisement, des manoeuvrs en vitesse se révelent parfois favorables,

6.4 - Optimisaticn de la 1ére manoeuvre du lanceur

L'éwude précédente n'ost spplicable & lu détermination de la premidre évolution que si la connaissance a priori de Vg
(paragraphe 3.2) g porte une information suffisante, Dans la plupart des cas cependant, il faut se contenter, & l'instant final t] de la
premig; phase de ecoire de L, que de renseignetiients partiels accumulés pendant la durée [tot1] de cette phase. Celle-ci peut ére
simplement inobservable et z, 2, p sont eoonus ou doublement inobservable et seuls z, Z sont déterminés. 11 s'agit done de calculer la
manosuvre du [anteur de telle sorte qu'avec les mesurey du prochain segment [t1,t2] de ia trajectoire, la précision de l'estimation &

“linstant ta soit s mailleure possible,

Pour It calevi de cette inanosuvre, l'espace des grandeurs inobservables (D et éventuellement D) est alors paraméiré et les

valeurs du ¢ap C,, et de la vitesse Vi, dr 18 deuxiéme phace sont déterminées de fagon analogue au paragraphe précénent. Cette

' oPtimimion est efféctude , partiv des yoordonndes polaires modifides qui sont adaptées aux phases inobserval. . i » critire

d'optimisation utllisé ext linfortation réduite en distance au 1emps t2 qui, sauf pour des situations trds observables, st prutiquement

épaled Amnm(:vg Lex midive contreintes physiques c"ue pre‘c%lemment ont été adoptées, En outrs, la limitation de la vitesse de S permet
de restreindre les plsged de variations de D et éventuellement D,

* Pour des contriintes physiques identiques & Ia figure 25, la figure 26 fait apparaftre les résultats d'optimisation & partir dun
icénario doublernient Mobmnblg. yHa e ¢ . PP

Comnie précédermment, si 1a conizainte sur D n'est pas active, la vitesse optimale de la seconde phase ost la vitesse
nwximale, Pour d'autres configurations cependant, ure manoeuvre en viteste peut dtre favorable, En outre, lorsque D croit, le eap Cy,
tend vers une limite 1ui, pour ies cas doublement inobservables, est commune aux différentes h{pothéses sur D, Cette limite peut &cre
mise on évidence de fagon théurique en fainant tendre D vers linfini et en formulant des hypotheses simplificatrices (manoeuvrabilité
infinie du lanceur, &oart-type dé 1a mesure constant). Dans ce cas, 1a manoeuvre théorique optimale du lanceur est celie qui maximise en
vileur absolue, Ia composinte Ve transversale & 'azimut i linstant 1 de la variation VY, - ¥y, de 1a vitesse de L, on obtient donc :

0’“2" vLmn

qolenz M dn[Cup Al <0

ha® q)-~2 . ain[ch-l{t,)]>0

(65)

Ce résultat corrcbore s notions intuitives mises ¢n évidence en introduction générale, En effet, ln composante W du
veoteur -AL, (équation 7) de la seconde phase est égale, sous ces hypothses simplificatrices b !

W) wit-t)) Ve (66)
Maximiser V¢ reviunt donc i nuximiser l'snsemble des valeurs W de la seconde phase. Pour des distances d'observations
importantes, cette grandeur est la fagon I plus directe et la plus efficace d'intervenir sur 'évolution de I'arimut (figure 4b), Par rapport

aux résuliats duy paragraphe 5, cette action permet une diminution des coupluges d'autant plus favoratle a 'amélioration de
l'observabilité que Az est faible.

Dans le cas de la figure 25, le cap théorique 65 est ¢gal & B6° qui est proche de la valeur obtenue dans I'hypothése
D w 30 km (Cp, = 95°),

6.8 - Conciusion

L'étude A I fois théorique et expérimentale menée dans cette partie fait apparaitre dey concepts simples pour I'élaboration de
trajectoires favorables pour 1o lanceur

« Obtention d'une distance ‘inale la plus faible possible.
En effet, une distance faible ensendre une augmentation de 'a mattice de sensihilité en position et permet des variations pius rapides et
plus importautes de Vazimut, D'autre part, unc distance décroissante dans le temps se tracluit par une diminution de {a dégradation
minimale provenant des couplages position-vitesse. Dans los cas oi cette décroissance n'est pas possible, il faut s'opposer A son
augmentation.

» Ecartangulaire tatal &z important, .
Cette grandeur est favorable  la sensibilité en position et & la répartition des valeurs propres. Cependant l'obtention d'une valeur
importante de Az est souvent contradictoire zvec une évolution favorable de la distance,

* Evolutions de signes opposés ou contrastés de l'azimut,
Celles-ci permettent la diminution des effets dégradants des couplages position-vitesse au moins suivant la direction de lu plus petite
valeur propre de I'information réduite ¢, position. Cette action est trés importante car elie permet, méme en présence de vileurs Az
faibles, d'augmenier considérablement la qualité des résultats,

‘ Ce dernier point qui s'attaque directernent A la cause mér.ie de I'inobservabilité de 1a poursuite (les couplages position-
vitesse) jusdfie notamment 1a premidre manoeuvre du lanceur (équation 65). Ces régles permettent d'ébaucher graphiquement et
facilement des trajectoires favorables pour le lanceur. Ces 1ésultats peu . ent &tre ensuite affinés par un programme d'optimisation tenant
complie des contraintes physiques de la poursuite,
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FIGURE 25 - Optimismion globrle de la trajectolre du lunceur
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CONCLUSION GENERALE

Parmi les différents aspects abordés lors de cette conférence, deux présentent certaines similarités : la sensibilité numérique
et l'observabilité car elles sont liées aux termes de couplage des matrices de covariance ou d'informaticn, Afin de clarifier 1a différence
entre ces deux concepts, on peut schématiquernent diviser un probldme général d'estimation en deux niveaux :

» Le niveau wtilisateur od les différentes grandeurs en jeu ont une signification physique
+Le {1‘;?“3 calculaseur ol les grandeurs sont considérées comme des nombres sur lesquels sont appliquées des opérations
mathématiques.

Au niveau utilisateur sont définies des grandeurs intrinséques au probléme traité comme l'observabilité qui correspond &
certaing critdres (erreur de Pestimation inférieure & un seuil donné), Ceux-oi sont donc indépendants de 1a méthode et de I'implamation
utilisée pour réaliser l'estimation.

Au niveau calculateur les grandeurs ont perdu leur signification physique, Ce qui importe alors c'est la fagon dont sont
effectués les calculs (rapidité, précision, stabilité), Ainsi les sensibilités des matrices (€quations 27 et 29) seront comparées A la précision
£ du caloulateur et vont justifier le choix d'une implantation,

Cette classification sommaire doit aussi se refléter au niveau de Ia %ogrammmon. Des langages de programmation
fortement typés comme ADA permettent pour le niveau utilisateur de traduire la signification physique des grandeurs et donc de velller &
1a cohérence des résultats, Les anomalies telle la divergence d'un algorithme sont ainsi détectées,

Lors de la conception d'une procédure d'estimation, il s'n{rn de traduire les souhaits parfois flous de l'utilisateur sous une
forme mathématiquement exploitable (définition d'un indice d'observabilité par exemple), Le probldme prinoipal cependant concerne la
modélisation des conditions de la poursuite de fn?on A extraire l'information utile contenue dans les meaures, Parmi toutes les
représentations équivalentes, centaines sont parfois plus adaptées (coordonnées polaires moditiées pour la TPA). Ce derier point reste
actuellement un domaine de recherche particulitrernent ouvert.
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Springs, CO. Sept. 21-25, 1987, Proceedings (A88-37376
1S-04). dashington, OC, Institute of Navigation, 19687, p.

119-129.

ABS: The PA90S50 series of stet receivers perfors digitel

UTTL: A fully integrated GPS/Doppler/inertial navigation

system

AUTH: A/ROUNDS. STEPHcN F_:

stand-alone and IN-aided trials

There are tihwree correlators in each tracking
Open-toop correction of the incoming IN data is performed
within tha PASOS0 receiver using ths GPS position and
velocity solutfon as the reference data. Demonstrator
receivers have been axtensively and successiully tested in

87/00/00 88A37392

uncoupled height bias estimator filter is also provided.
rotary and fixed-wing aircraft as well as on surfaze

11 state elosents,. depending on application. Kaiman filter
moding ococurs during periods of bad geowmetry, and an

nevigation solution using a Kalsan filter which has up to

dynamic perforsance under the prevalling signal-to-noise
envirooment. Pseudorate msasurements are used at 10 Hz,
with pseuvdorange updates at 1 Hz, to generate the

correlation at bassband using five parallel Tracking
chamne! and automatic moding is provided to maximize

chamnels._

3 i
s nits
3E 858,
g »

Trade-off studies on the

Doppler system vs the use of a higher accurascy

B/CASEY, JEAN M.

Electronic Systems Div.. W¥ayne, NJ) IN:
of Navigation, Technical Meating, 1st, Colorado Springs.
87/00/00 S88A3IT400

CO. Sept. 21-25., 1987, Proceedings (AS8-37376 15-04).
system modelling is considered, in sddition to the use of

Washington, DC, Institute of Navigation, 1987, p. 184-187.
ePS/inartial data to calibrate the elesants of

ABS: The ability of a Doppler system integrated with a
6PS/inertial system to maintain system accuracy during

periods of GPS cutage hes been demonstrated. Dopple—
using a Kalman filter.

indicate that the addition of the Dopplar may be
approximately equivalent to an INS 1

percent.

Co..

vessels and land vehicles;

87/00/00 B8A37386

PAA: A/(General Dynamics Services

Yumsa, AZ) IN: Inatitute of NMavigation, Teclmical

Meating, fst, Colorado Springs. CC. Sept. 21-25, 1987,
of Navigation, 1987, p. 72-80. LSAF-sponsored research.

laser strapdown types are currsnily in service. This psper A8S: Refarence trajectories for vehicles for which GPS
usad a reference for the evaluation of GPS user-equipment

and integrated host vehicle navigation. Three GPS

GPS. Observed ras differences between the present system

and the Yusa proving ground laser tracking systems
demonstrate that the systes and the lasers both have at

(3) an inertialiy-aided Kalman filter. It is noted that
all of the solutions operate with or without differential

pseudorange squations;: (2) an unaided Kalmen filter; and

solutions have been used in abtaining the reference
trajectories: (1) a closed-form solution of the GPS

UTTL: Reference trajectories from GPS measurements
Proceedings (AS8-37276 15-04). ¥Washington, DC, Institute
moeasurerants are availlable are deterained which can be

A/SOBBINS, JAMES E.
least a 5-& F'EsS accuracy.

have been carried out.
Co.,

AUTH:
In such &

AUTH:

This approach also leads to greater Flexibility and
enhanced overall performance since ail GPS and INS data
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C/SIiHA, P. PAA:

C/(Intermetrics, Irc., Huntington Beach, CA) IN:

B/DEDDES, D._;

15-04). ¥Washington, DC. Institute of Navigation,K 5987, p.

3I6-43.
ABS: During the Phase III Program, Global Positioning System

Institute of Navigation, Technical Meeting, fst, Colorado
Springs. CO, Sept. 21-25, 1987, Proceadings (A83-37376

UTTL: Performance and operation of selected aspects of
6PS/Host Vehicle integration schowmes

A/BARCKLEY, K.:

87/00/00

ultimate in redundancy, the integrated INS/GPS approach
does offer greater mimplicity with anhanced perforsance._ AUTH:

are simultaneously available. While not providing the

This makes it a very attractive solution.

88A37399

Architecture ana field test results of a digital 6FS

UTTL:

B3-5

the synergistic

(GPS) User Equipment (UE) will be produced and integrated
into varfous Host Vehicle (HV) pilastformss to enhance

navigation performance. In particular,

PAA: C/(Plessey Avionics., Ltd.. Havant_  England) IN:
Institute cf Navigation, Technical Meeting. ist. Colorado

A/MOYLE, CHRIS; B/THOMAS, JAMES: C/LEASURE, STEVEN

receiver
AUTH:
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The integration of modern guidance and navigation systems is usually performed witha
sub-optimal implementation of the Kalman filter, The most difficult problem is how to develop
that sub-optimal implementation when considering system modelling, algoritbm design and
real hardware non-lincaritics. This lecture series brings together a group of speakers with
outstanding practical experience in the design of integrated systems, providing the audience
with the principles, insights and mechanisms of real, current-day system synthesis approaches and
giving the overall background necessary for synthesizing future practical guidance and
navigation systems. Two of the lectures deal with the synthesis of soloutions to tracking problems,
The remainder of the lectures deal with the integration of avionics systems, j"
This Lecture Serics, sponsored by the Guidance and Control Panel o AGARD, has been
implemented by the Consultant and Exchange Programme,
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integrated systems, providing the audience with the principles, insights and mechanisms cf
real. current-day system synthesis approaches and giving thie overall background necessary
for synthesizing future practical guidance and navigation systems. Two of the lectures deal
with the synthesis of soloutions to tracking problems. The remainder of the lectures deal
with the integration of avionics systems.

This Lecture Series, sponsored by the Guidance and Control Panel of AGARD, has been
implemented by the Consultant and Exchange Programme.
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