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ABSTRACT

in airborne anti-submarine warfare there is a need to
more accurately determine the positions of sonobuoys on the
surface of the water. This report develops two algcritams 1
which emplcy extended Xalman filters to determine estimated

position. The btearing from the aircraft to the sonobuoy is

Ad .

tne primary measurement. Range information is not availatle.

st

The first algorithm is a six-state filter which was reduced

from the 13-state system developed ty the Orincon Cerporation.
Its states include relative position, relative velocity, and
inertial misalignments. The second algorithm includes two
cascaded XKalman filters. The primary two-state filter
estimates sonobuoy position. A secondary filter estimates
drift from informaticn obtained from the vrimary filter. {
Both algorithms successfully estimated somobtuoy position for
simulated aircraft data. The effect of aircraft-to-sonotucy
range, the frequency of measurement, and changes in altitude

are also aralyzed.
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I. INTRODUCTION

The P2 Orion is the U.S. Navy“s primary long range
anti-submarine warfare (ASW) aircraft. It is outfitted with
equipment which allows it to search fer, locate, and track
submarines. Tke aircraft carries a Univac dizital ccmputer,
the CP 541, which performs much of the navigatioral &nd
tacticai plotting chores. The primary sensor used by this
and many other ASW aircraft is an eirdropped listening
device Krown as a sonobuoy. The Orion generally deploys
several scnobuoys (& to @) in patterns which can ccocver a
thousand sgueare miles of ocear while searching for the
sutmarine. Once contact has teen made, these sonobucys
previde information which locates the submarine. The target
can then be tracsed (or attacked if required) until the
Oriocrn’s missicn is complete.

The sonobuoy 1is dropred from the aircraft at the
gecgrapyhical lccation designeted oy the aircrew. Orce in
the water the soncbuoy ficats and deploys & hydroprhcne to
depths varying from 54 to 542 feet. TIhe informaticn picxed
ur, is transmitted bacs to the aircraft where it is analyzed.
This inforraticn can consist of the relative intensity of

target neise, tearings and scmetimes ranzes to the tarsz

)]

t,
all ¢f which are used to fix the current position of the
sutmarine. In ~rder to maintain close, accurate tracxinz and

ve atles to launch am attack, the sutmarine’s position muct
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te accurate tc within several hundred yards. The
icformation received from the sonotuoys has some errcr
icherent in the nature ¢f the measurements made ty the
hydroyhone. Sonobuoy oscsition error alse cecntributes
significantly to the submaripe trackirg iraccuracies.

Historically, the pocsitions of the sonotuoys were
destermined and updated by "mark-on-top’s. This required the
aircraft to home on the transmitting sonotucy until the buoy
was cverflown. At that instant the aircraft’s position was
erntered intc the cn~board computer which slewed the tucy to
tnis updated pesitior. After meny of *hese updates the
comyuter was able to develop a bias which was agpplied to the
sonotucy vositiors in the computer effectively allowing them
tc drift. The method had several disadvantaszes. Errcr in the
updeted position was at least 3s sreat as the aircraft
altitude at the time of thne "mark’ which could vary from 329
to 22,922 feet. The accuracy also depended on the
consistency of the several pilots who mignt be making the
marg~on—tcps during the €lizht. The updéating was not
corntinuous in that it was several minutes betweern
ccnsecutive marks on one buoy at test, and more likely 2d to
5¢ minutes. Not all buoys were even updatea. Furthermore,
this methecd required the aircraft to overfly the sutmarine
mary times in order to make the marx-on-tops. This <hould
be avoided.

The purpose of this thesis was to investigzate some

altercative methods for accurately fixing tae positicn of




sonobuoys. They saould allow the aircraft to stand-off frcm
the sorcbucy field and still produce more accurate fixing
thar the nistorical method provided. The Naval Air
Cevelopment Center (NADC) at warminster, PA. had already
cartially developed such a system. This thesis was
undertagen ir support of their work but was conducted
independertly. Their system, the Sonotuoy Heference System

€25), was already irstalled cn the aircraft and hed the

—

capatility of reasuring the reiative bearing tc any

XN
)

transmitting scnctuoy. Additicral information availablia
use incicvded aircreft neacing, eltitude, andéd airs.eed as
well as dopcoler velocity and drift angle. Also, the
aircraft’s Inertial Navigational System (INS) srovided
ecgrazaicel positiorn althcugh the Schuler cycle and
inertial 1rifts could mage this position several nautical
miles iz ercor. Orn the other hand, aircraft-tc—scnobucy
raggze and sea surface darift informatica were assumed not tc
te availatle. Ar attempt was made tc determine sorotuoy
pCSsitior at least relative to the aircraft with a less
accurate geographical position as & secondiary otjective.
{almen filtering tecianigques were used based primarily on

measuremernts of tearing from the aircraft to the sonotucy.

12
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IT. FILTEKRS

Kalman filtering is a recursive technique for estimating
the state of a system. It was developed in the 13€2°s by R.
E. Kalman and improved ujpon previous methecds bty Wiener and
others. The Wiener filter is based on frequency domain
designs wioich are statistically optimal but are ocly
apsplicable tec statiomary processes. The Xalman filter is
based on state-space, time domain formulations and is
especially suited to digital computers. Frem a simplistic,
one-dimensional soint of view, the Kalman filter recursively
averages rolsy measurements tc prcvide a more gprecise
estimate ¢f the actual value.

Assume that & system can te lirearly modeled with state
gquatiors in matrix form as

. =8 x  +A U 4 W
k “k1 k4 \ k-4 k- Fk-i k-1

—~
P
c—

where Xk represents tne states of the system at the fth
interval. (Cnly the discrete case was be considered in this
study.) Qk is the transition matrix and is used to
"zropasate’ the system from K tc K+1. Uk represents the
cortrel icput tc tae system ard wk repyresents wnite,

guassian noise with ¢ mean and Qk variance, written h(a,Qk).

Measurements are required to update the system apd ars




described by the linear matrix equation

where Zk is the measurement. Hk descrites the relationship
betweer the states and the measurement and Vk is measurement
ncise described ty N(@,Rk).

The discrete Xalman filter =squaticrs are:

rroragate

N A

£ (=) = X + 3

7 L. ke ()

P (=) =8 P (+) 3T + 4

¢ ) g k—.( ) Qk_' Qk—l (&)
Update

-1

. o iy =T [ R ¢ 1

G = rk() - [nkPk() B * Rq (3)

i { ) A ) [ ~ 1

+ = - -— -
K A E e (€)
= - P - re

Pé+) [I GkHJ .k() (7)
where

A

A . o .

Kk estimate ¢cf the state xk

2 =c iance

" ovariance

;k = {alman gairn

14
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The estimate prior to the measurement is denoted by QK(-)
ard can te updated after the measurement to & new estimate
dencted iK(f). This notation is shcwn in figure 1. The
covariance matrix provides a statistical measure c¢f the

A
uncertainty of X. Consider a 2 x 2 covariarce matrix where

the error X in the estimate is defined as -

~ - -
< v e 2 ]
E(x, ) E(X, X,) g, g, 9,
P = = (e)
-~ o 2 2
E(x, x,) E(x, ) g, 0, o
L J L J

The diegonal elements represent the mean square errors of
the corresponding state variables x, and x,. The

of f~diagonal elements are indicators of cross—correlation
tetween the states. The Kalman gain & is ar optimal gain
choosen s¢ as to minimize the sum of the diagonal terms of

the covariance matrix.

"k"."k" Hl'kk
A A
(R e ) ENT
D410k ® 0y :
Pk.l") Pk-ﬂ” ’k(" 'k("
Y-t t
Timg ~—>

Figure 1. £alman filter rnotation
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If either the system mcdel cr the measurement mcéel is
non-linear, then nor-linear filters must be used. et the

non-linear system te descrited ty

X = gL i F W ~M2,9,) (9)
Zk = h(Xk) * Vk ) an'N(@,Hk) (1d)

) represents the non-linear equetions ¢f the

ssstem. They can te linearized by & Tayler series expansion
A
arcund the latest estimate of the state tc obtain Q(Xk).

Ligewise, h(Xk) represents the ncn-linear measurement

A
equatiocns and by a Taylor series exgpaniocns yields H(Xk).

, 2 A 2
px,) = gtk )+ 8(E) [xk - xk] —— (11)
- 2 1 c} -
n\.k) =0k )~ dX )| X, - AkJ e {12)
where
3% 3 (%
k) = —— £ (13)
W T ket \
A
S S U N } o
n\.{k) = Ll k) i (14)

w

ecord craer faylor series terrs are neglected. Now, the
extended Kalman filter can te implemented with the fcllowing

equetions:

16




Prcpagate
A 'A 5
£ A=) = X, (13)
‘A - , A T .
Bet=d = 0UX im0 2 %) BUX (=) 7 G, (1€)
Jpudate
- - DTt Sy w8 s T .1 R
¢ =3 (=) E(X (-)) Lr(xk<-)) B (=) E(X (=))7+ Ry (17
A A . . A ‘_]
X () = X (=) + uk[zk - r(xk<-/;J (18)
- A 1
Biro o= |_I - :kh(.(k(‘))_l Pk(‘) (199

Zigrer order filters can be used if the linearization
arreors are large. The second order Xfalmarn filter em;loys
gne more term in the Taylor series exgansicn ty mcdifinz the
uzdate equaticns of the extended Xelman filter to account
fer this term., The iterated extended Xalman filter uses the
seme 2quaticns as does the extended Kalmar filter. Eowever,
th2 calculations are repeated, =ach time linearizing about
the most recent estimate, uatil there is little further
imsrovement with each new iteration. The {iterated extended
filter car sreatly reduce the errors due to ncn-linearities,
mere so0 thar the second corder filter.

Kaiman filters should bde based cr correctly mcdelad

s/stems ana acrurate noise statistice to ensure recper

17
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performance. This is not always possitle either due to
izncrance abcut the system or lack c¢f sufficient stetistical
information. A filter which is not o.erating properly may
diverse. Apparent divergence describes that situation where
the true estimation errors are larger than the filter
predicted errors although they are bournded. True divergence
is characterized by errors which continue to grow with time
and eventually become infinite. These divergence phenomenon
are depicted in figure 2.

There are several ways to overcome the divergence
problem when the modeling is not completely accurate such as
adding fictitiocus roise. This allows the filter a little
more freedom to adjust to whatever modeling inconsistencies
may exist, but makes the filter estimate appear more
erratic. Another method which helps overcome divergence is
finite memory filtering. Since falman gains tend to grow

smaller and smaller as time passes, they may reach & yoirnt

at - 3
g a\u- 2
b TRUE w
3 P
ot
THEORETICAL THEORETICAL
- - -
TIME TIME
(a) Apparent Divergence (b) True Divergence

Figure 2. Divergence
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where rew measurement information heas nc effect on the
estimates. Firite memory filtering effectively eliminates
cléd data which is re longer useful by keeping the gains
significant. This is sometimes called a "moving window .
Scme simplifing techniques used in falman filters
include precomputed gains. Although forfeiting the optimal
£alman gains, this has the advarctage of reducing
computaticnal burdern. More impcrtantly, the gains cen te
controlled to overcome mcdeling weaknesses if necessary.
Another technigue whick can be used when more than one
measurement is provided to a filter is processinz them ore
at a time. This evoids taxing the inverse of more than a

scalar wher ccmputing the updated coveriance matrix 7 (+).

K(
This is possible if the simultanecus measurements are

considered to be taxen sequertially over a zerc time span.




III. MCODELS

A. GENERAL APPROACHES TO SYSTZIM MODELING

The aircraft-sonobuoy system must be meodeled in
stdté-space for use with the Kalman filter. There are at
least two approaches to the modeling of this probvlem
depending on the point of view. One intuitive agprcack is to
assume the sonobuoy drifts at & constant velocity and ther
use aircraft-to-sonotuoy tearing measurements to locate the
socctucy. The states become sonobuoy pesition and sonobuoy
velocity. Unfortunately, this problem is not observatble.
The bearing measurements prcvide only information about
position; there is no rate of charnge infsormation in the
tearings themselves. In addition, the aircraft must
maintain a track of its geographical position tetween
uydates in order to determine the next expected measurement
fer the Lalman filter. As mentioned before, this aireraftg
position is subject to non~linear as well as linear
pavigational drifts which are rot taken into account in trais
model. However, an observable system can be obtained by
reducing the aumber of states to sonmotuoy position only ard
introducing fictitious process noise to account for the
drift. Tris zcise effectively allows sonobuoy position to
update so as to xeeg up with the drift. QJne approach

developed ty this thesis is a variatior of this concept.

20
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Another approach considers only the relative position of
the sorobuoy with respect to the aircraft. Relative
velccities and relative accelerations must be taken irto
account and these change radically as the aircraft flies in
the tactical situation. Sonobuoy position is nct obtained
directly. (When only the word "position” is used it will
indicate the position relative to an earth fixed coordinate
system, such as latitude and longitude. “Relative position’
will always mear the location with respect to an aircraft
fixed coordinate system.)

There are some other coﬁsiderations which should be
addressed. The sonobuoy drift is genmerally slow (less than
5 NM/Hr mcst of the time) and comstant. It is not
uareasonable to assume that the ertire scrotuoy field drifts
at the same velocity. Another point is that aircraft
navigational drift can not te distinguished from sonotuoy
drift. In other words, the drift that is preceived by the
aircraft is the comcination of sonotuoy drift and aircraft
navigational drift. If this navigational drift is linear
and not excessive it causes few problems. dowever,
non-linear navigational drifts, such as the Schuler cycle,

can cauyse large errors.

21
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B. THE COORIDINATE SYSTEM

A right-handed coordinate system was chosen as depicted
ir figures 3 and 4. This is a departure from the work of
Orincen Corgoration which is descrited ir the next section.
This system allows all angles tc te measured positive in the
direction they are normally defired, i.e., aircraft heading
measured clockwise from rorth. It also coincides with the

usual aerodynamic coordinate system.

Nerth
1
_East
2
i, = Aircraft heading, + clockwlse
3
Down
Figure 3. Barth fizxad
Nose
Ly
R. Wing
y = Aircraft pitch, * up
¢ = Aircraft roll, + r. wing dcwn
Dcown 8 = Doppler drift angle, + r. drift

Figure 4. Alrcraft fixed

22
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C. THE SIX-STATE SYSTEM

Orincon Corporation of La Jolla, CA., completed a
technical report in December of 197& concerning the Sonctuoy
Reference System. They were contracted by NADC to
investigate the effect of errors in the aircraft
navigational system on the performance of tke sonobucy
tracking procedure. As a result of their worg they
developed a 13-state mathematical model which successfully
determined sonobucy positions in spite of these navigational
errors. The complete state vector was

T = 1 1 -] <
Xt = [Axl sz Avl AV, T X,V Vo Yy by Ty mzj (22)

where

AX = relative position of the sonobuoy frem the aircrafi;

Av = relative velocity cf the sorobuoy from the aircraft;

x = position of the scrobuoy on the ocean surface;

v = velocity of the sonobucy on the ocean surface;

y = lomertial system’s platform azimuth alignment errecrs
m = inertial system’s gyro drift rates assumed constant.

(Subscripts 1, 2, and 3 represent North, East, and down
respectively.) The model was developed using state equations
which described soncbuoy motior relative to the aircraft and

relative tc the ocean’s surface. These were derived by
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Orinccn frcm

I

AX = X - (xa + E) (21)

and other mechanization equatiorns to obdtairn

sk, = av,
ARy = AV,
Avy = Ry + mz(x1 xil AX;) = ik, T y,3
By = Ryt “z(xz T Xap T %) gk T yge (22)
=Y
1, =
%1 =2
W=

ihere
Xﬁ = aircraft irertial navigation system position
£ = aircraft inertial navigaticn system errcr
R = vector from the center of the earth to the ailrcraft
g = acceleraticn due to gravity (assumed constant)
w = Schuler frequency g/R
A = aircraft accelerometer outputs

The scnotuoys were assumed to drift at a constant velocity
and the aircraft was assumed to fly at a constant altitude.

The inertial aligznment errors were describted bty

cmnnarA Piitar rAanld ko Nedd ac a Aeterminiesti~ contrel invut



vy F WZQ siny - w3Qcosx oy
Yy = -¥,0 siox + m, (23)
w3 = ylﬂ cCosA
where
2 = earth rate
x = latitude

There were ceveral sources of measurerent infcocrmaticn.

[e})

Aircraft to scncbuoy bearing was availeble from the aircraft
interferometer system in the ferm ¢f cos® where § is the i

argle betweer the direction tc¢ the scactuoy and the tase

-

ine ¢f the ant2rna. DJogpler velocity and drift angle from

the alircraft do

(14}
o
i &

ler radar system ygrovided information atcut
Avl and sz. The only other relevart source ¢f measurement
informatior would have come from SPS (5lobal rositioninz
System) which would have rrovided error free aircraft
pcsitica.

Orincon perfermed a numerical otservability aralysis on

this system tased cn the observatility matrix Mk 2iven ¥y

n
W

N
v = T T --1p
K 121 e B B OEL 8 (

1?2 this matrix 1s positive definite for N2< tken the system
is cornsidered otservatle. In addition, an eigenvalue
aralysis provided informatior as tc tae conditicning ¢ the

system. The result of their analysis indicated that the
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system was not fully observable with measurements from the
interferometer and doppler systems alone. Only ten states
were observable; soncbuoy position most likely was not

otservatle and Ygo My, My, Vv, ard v, were weaxly observatle

2
at test. They also noted that "observability is reduced
when the aircraft pursues a straight flight path . By
removing scnobuoy positions and gyro drifts from the system
they fcund the observability impgroved. Further, the system
became fully observable if sonobuoy velocity was also
removed from the state vector.

The Orincon report preseanted the results of a

Monte-Carlo simulation on the 13-state system. Eowever,

they concluded that a reduced state filter made up of
T = ax, Ax., Av. Av v, ¥ (25)
1 772 "1 "2 71 72 i
would provide a worzable sclution to the problem although
they noted that 1t had a tendency toward divergence. It was

partly the intention of thils report to further the

investigaticn of this reduced state filter.
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The state equations for the reduced six-state filter can

te ottained directly from Equations (22) and (23).

Axl = Av1
sz = sz
. - -.. 2 - I _
AV, = =R, *+w (x, 3 Axl) + V,8 (26)

o 2
Av, = =R, + w'(x, = x_, = 8x,) - V8
wl = Wz sinA

b, = -¢, sini

where w3, ml, and m2 are set to zero. In matrix form

FAi17 2 2 1 @ 0 o J[ax,] T 2 i
. i
Ax, 2 8 2 1 : @ ] sz 3
. _ 2 ) _ _z 2 _ I
‘. Av, ) w23 2 2 : 2 g av . R+ m(x1 xal)
. a2 .2 A = 2 LI
Mol | LTl P8 || Kot wlx=x )
b, 2 2 2 o, 8 -asin)| ¥, J
. |
L v, { @ 2 2 2 ,9siax 2 J| ¥, L J |
wnich can be adbreviated
I
P e
X = e bl B SRR - (27)
3 a4V
l
Expressed in discrete time the state.equation is
xb1= ka +Ak ML (2€)




-

The d¢iscrete formulation of the plant matrix can be obtained

from

) =X‘1ﬂ51 - Al"} = oMt (29)

Developing this

(s 3 1 @ i 2 2
3 s 2 1! d 2
2 |
w2 s o 2 g
[51 - A] = ) ! (32)
9 w-?d s ' =g 2
______ 1 _2_____
2 ¢ 2 © : s Qsinx
L2 2 @ 3 -asink s
from which tkhe determirant of the system is
lsI - A’ = (52 + mz)z(s2 + stinzx)z (31)

The inverse of this matrix and its Laplace transform are
presented on the following pages as Equations (32) and (33

resgectively.
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The discrete formulation of the continuous matrix 3 is

t
k+1 At
Ak =g\ e dx B where ) = At - 1 (3¢)

Tk

Hence

~ _R, SIS § - 7]
{~= + (x1 xal)} (1 coswAt)

,\
-
-'.

7 ‘(xz - xiz)} (1 - coswAt)

_ LI
= + w(x1 xal)} sinwAt

>
[}
’

(€]

n

k (B2 + y(x. - x¥)} sinwat
w 2 a2

Ihe noise term is Wk” N(2,Q). The variances are estimated
to be .41 NM for relative position, 1.2 (NM/Er) for relative
velocity, and .J41 radians for inertial misalignments. As a

result, tne following constant diagornal matrix is used for

Soe
<.

.21 0
Q = (36)
1.2
0 991
.201

The sameé measurement information is available as before




in the larger system, namely interferometer bearings é&nd
doppler velocity and drift angle. These introduce non-
linearities and must be modeled as in Equation (13).

Z, = h(Xk) * Ve

k
A Taylor series expansion as in Equation (11) about the
latest estimate of sonobuoy position yrovides a method of

linearization. As a result

tri

[&Z| 3z

3z 3z 3z
anl‘ 3Ax2

1 (37)
A ABAvl asz J

x<X xzX x*;

A
X=K

To determine z and its partial derivatives, recall tkat

z, = cos® = X . RB (3¢&)
where 3% is the unit vector representation of a line from
the aircraft to the sonobuoy and fi is the unit vector

descriting the tase line between the artenna pairs of the

interferometer.

~ A’x‘1 A:’Ez A£3
2., = cos8 = —~—=RE, + —=RE, ¢+ R3
1 A 1 n 2 A 3
(af | Ax | | Ax | Ax |
N N
A AleB1 + szRBz 4+ h RB3
z 1 = ~ 2 A2 2. % (39)
(Ax1 + Ax2 + h")

where h is the aircraft altitude.




3 3z
B = [__fi. 1, 9 2 @ e] (49)
3 Ax1 3 Ax
2
bhel‘° K‘i atX
) 1 (“B AX,(AXRB, +AXRB, +hRB)] e1)
——(z = A3 ,-
3 b, ! . (Aﬁf+A§§+h2;g 1 (Aﬁf + A£§ + h?)
KX b J
2, 1 (RB AR(AXRB +AXRE, +hRB))] ez,
b O 4 ~ T - I
3 Ax, l (Ax§+AQ§+h2)‘ 2 (A:’E1 + A§§ + h2) ]

The doppler veloccity, V is a measurement cf aircraft

4’
speed relative to the ocean surface and doppler drift angle,
B, is a measure of the angle between aircraft track and
alrcraft heading. These measurements can be related to the
state vector by assuming the sonobuoys drift &t the same

velocity as the ocean surface. If this is true thern

- - 2 2,4
z, = Vd (Av1 + sz) (43)

Expanding in a Taylor series yields

L (AR2 L AN20K
z, (Av1 + sz) (44)
93 3z
H, = [@ 2 2 2 2 0] (48)
3 Av 3 Av
1 2],
r=% XX
“here
3z Av
2 = — 1 —— (46)
3Av1 I (Av1 + sz)
Jz AQZ
2 = —5 g (47)
asz R (Av1 + AGZ)

A S -

dakh




Similarly,

or since the aircraft heading, He, is deterministic

t

Track - deading

-} Av
an -—3> - E
Av1 e

- fAv
g = tan __2)
Avl

2 =H +
3 e
dz
Hy = [z 2 3
BAv1
where
A
3 z3 - -sz
~2 A2
aAv1 R Av1 + sz
X=X
Ay
3 z4 - Av1
~ A
3Av2 . Av1 + sz
=X
Finally,
~ |
co0s 9
= v
Z d
g~ 8
L & ]
r%(cos 8 3(cos @
X *2
B = 2 2
¢ d
—

3z
3 ] Z]
) asz
=X AT

%] g 4

3Av, AV,
3(Ha+8) 23(He+8) 2

aAv1 asz
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The meesurement noise, Vd, is described by N(2,RE). It
is assumed that the measurement noise R and the plant noise
< are white, gaussian, and uncorrelated. Based on

information obtained from NADT, R was assigned the following

values:
R, = .2037 rad (interfercmeter)
Rz = 1.4 (NM/Er) (doppler velocity) (55)
R3 = ,01 deg (doppler drift angle)

It should te pointed out that the dcppler measurements
are not always available. The doppler system freezes the
last value of groundspeed and drift angle anytime the
doppler radar is not receivirg good information. This
happens whenever the aircraft is above 5443 ° altitude, or
can happen when flying above a cloud cover or when the sea
surface is too smooth. As a result, the doppler could bde
inaccurate during a significant rortion of the flight.

The six-state system was programmed and tested for
several conditions. Flow charts fecr sigrificant portions of
the program and the entire program listing are gsresented in
aprendix A. The main program has two purposes: first, to
control the simulation; and second, to read and prepare
measurement data for the subroutine FILTER. This sutroutine
rerforms all the Xalman filter computations as sgpecified in
the abcve equations. The Carlson square roet technique 1is
used to ensure a positive defirite covariance matrix. Also,
in order to avoid inverting a matrix in the calculaticns for

the KXalman gain, the three measurements are processed ore at

35

T s s,




a time. The results of the simulation are presented in

section IV.B.
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L. THE TWO-STATE SYSTEM
An attempt was made earlier on in this research tc model

sonobuoy motion as

et
n

e - T T UgAt (5€)

ki k

with a state vector made up of v Xy Uy, and u,. This
system groved to be unobservable althcugzh the simple
approach was appealing. 3Since soncbuoy drift rates are
zenerally slow, another attempt wes made t¢ model the system

withcut velocity. The equaticas reduced to

£ =X + W (57)

4ith only xl and x2 as states, this system was observatle,
3y descriding largestatistical values of system noise taerse
would hopefully be ernough freedem in the “u.date’ tc
compensate for any sonotuoy drifts. Unfortunately, this
apprcach was not completely successful; however, it was
observed that the general direction of sonctuoy crift was
correct. As & result of these investigations a technigue of
cascading Kalmarn filters was used to solve the tracking
protlem. The intent was to use results from cre filter as

measurement for & second filter. Ther, the result of the
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second filter could be ucsed as a deterministic contrcl ingzut
to better yrogagate the first filter.

Twe Kalman filters are used in this apprcach. ~figure 3
snows hcw they are related (or cascaded). The first filter
mecdels soncbuocy positicmn and is based on the discrete state

equation

xk = xk + UkAt + wk (58)

lhe state vector consists of the sonobucy positions, x; and

Xs. Uk is @ determircistic input accounting for sonclhuoy

drift ard W, 1is system noise. The interfercmeter

k
measurement, ¢co0sf, 1s used to update tnis filter.

cos o
Ly pcsition X
filter
\
2

L u
Y drift Uk

Sl filter

Figure £. Cascaded Xalman filters.
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The second filter models the sorobucy drift with the state

equation

As the soncbuoy’s position changes with each update ¢f the
pcsition filter, the velocity required to move from Xk
ir the time interval At can be calculated. This value is
used as a measurement for the drift filter. A1l scnctuoys
centribute to this filter which preducss one cveréll
estimate of drift for the sonobuoy field. This value is

then used &s an input te the position filter wher the rext

interferometar measurement occurs.

ct

Ihe techirique is understandatly sensitive tc the outzu

¢f the 2drift filter. If the estimated drift is too much iz

error, the estimated yositicns will be affected. Diverzence
could result. 7For this reascn, 3 sim.lified {aliman filter
is 2sed to estimate the drift. It is of the form

U =3 <+« G (Z -3 ) (€d)

The zair is preccmputed from 1/(n+1) wkere n is the total
aunzer of measurements aad is limited to a value at least as

'reat as At/ (e4 mirn... This limit is reached after thre

\

£]

firse? =4 minutes of tracgicg time. Frcom thaat point ¢cn the
gain remains constant effectively averaging the drift over

cre zeriad of the S:chuler cycle. It must te urderstcod that
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the drift this filter estimates ccnsists not only of
sonotuoy drift but aircraft drift as well end is, in fact,
the vector sum of these. Ar estimate which attempts to
follcw the changing velocities tarcugk the Schuler cycle
tends to cause the position filters to diverge. This might
be the case if larger vaiues of gain are used, averazing
only the last few measurements c¢f drift. Therefore, many
measuremerts of drift are averaged which prcvides an
estimate for linear drift crly. The lcower limit of zain
preveants new drift measurements from being ignored ard also
srovides for flexitility im estimating the drift.

Unlike the six-state system, the interferometer
measurement is the only measurement required ty the positicn
filter. The measurement equation is essentially the same as
ir the preceeding section where z is determinea as shown in

Zquation (3¢). Since there is cnly cre term in 2z, the E

matrix is & row vector consisting of S .
E = [32 3z (€1)
X, 3x2
L

wrhere the ta2rms are given in Zquations (41) and (42). It is
necessary to determine the aircraft-to-sonobuoy range fcr

these values frem
_ I C e
A = X - X (bc

a

A

waere X 1s the estimated soncbucy sositicn. xI represents
a

Lo




the aircraft position and is ccnsidered deterministic.
Undoubtedly, X; is in error due te aircraft navigatioral
drifts and therefore causes errors in the estimated
geogra,hical position of the sonmotuoy. But, since the
measurement of bearirg is based on relative positions, the
estimate is relatively correct.

An obtservability analysis on the 2-state position filter

was performed again using
_ T ,T .~1.
M= > G B RTTE G (€3)

Subtitutior into this formula with N=2 yields

i Gkl | Gl Bl

Moo= + (€4)

_(g:xi(g: @’z‘j | _@:1}+'/\g:2)+a @:Zi-i .

Zxpanaing,

Moo= <3zj éz _ 3z azzl éz) Az
IxX +1 Ix X +18x +123x1/ sz
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This matrix is positive definite for all except the case

when

(az>‘=<3z)x and <az)1= (32\
3%y 9% 1 k41 9x, 3%k 41

This occurs whenever the relative bearing from the aircraft
to the sonodbuoy is not changing (i.e. when flying directly
toward or away from the sorotuoy). Tnis is intuitively
correct since two or more bearings must cross in order to
determine a position.

The two-state system was programmed and tested to
determine the usefulress of this simplified filter. The
ma jority of the program is the same as the one used for the
six-state system. The significant differences occur in
subrcutine FILTER. The Carlson square root techaique is
used again but oaly one measurement instead of three is
orocessed., The drirft filter is programmed in this
sutroutine alcng with the position filter. A flow Chart and

pregram listing are preserteéd in Appendix A.
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IV. ANAYLSIS

A. THE SIMULATION

Actual data from the Oriocn was not easily obtainable for
this research. Consequently, a computer program had tc be
written to generate the information required by these
élgoritkms. A flow chart in Appendix B descrites the
srogram. An aircraft track was created by ealternating lines
and curves of various lengths arnd then a determination of
noise free measurements was made as the track was flown.
(Measurement noise was added later during the simulations.)
Sonotuoys were allowed to drift at a constant velccity, and
the circraft”s navigational drift was modeled with a

constant velocity and Schuler cycle variaticos as

L1

X, =X, = X At + A _sinwt (66)
where

Xi = aircraft inertial _osition

Xa = aircraft true position

w = Schuler frequency'V@;EF
The constant drift rate, Kx, was found by NADC to have 3
mean and a standard deviation of 2.2 NM/Kn. Likewise, tre
amplitude of the Schuler cycle, Ax, kad 2 mean and a
standard deviation of .2 NM. The effect of wind was also

availabdble in the program but was never included fer analysis.
k3
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IV was obvious that both algorithms were extremely
sensitive to the aircraft flight path. Since there is no
"typical” flight path for an Orion during its on—station
preriod, several uniform patterns were selected which would
previde meaningful information on eacn algorithm’s

rerformance. These base parameters were chosen:

airspeed 18d &ts

altitude 32909 ft

range 15 NM aircraft-to-sorobuoy

frequency 22 sec tetween measurements on one sonobucy

A circular pattern was flown around a sonobuoy at a ranzge c¢f
about 13 NM,., Initial sonobuoy placement was at (1,1)1with
tae aircraft flying clockwise starting at (15,4). This is
shcewn in Figure € which depicts a portion of the aircraft’s
true track. Sonobuoy drift was west at 1 NM/HR; aircraft
ravigational drift was south at 1 NM/HR and included a
Schuler cycle (amplitude .5 NM) when specified. (This drift
would be indicated in Figures 1z thru 33 ty the following
notation: DR=(a/c 1&4-1 + Schuler, b 273-1} .) The sonobuoy
remained near the center of the pattern allowing the range
to remain relatively constant. This was desirable since
this tasic flight path was used to test the resgonse of the
algorithms to variations in altitude ard rarge. 3Similarly,
a square pattern was flown counter—-clockwise around a

Hx,,X,) measured in nautical miles from an arbitrary
origin mear the aircraft’s starting point.

Ly




sonctuoy at a range of 15 NM., Irn this case the aircraft
began cn~tcp the initial vosition of the sonobuoy at (-3,-3)
and preceeded to fly the track shown in Figure 7. The
sonctucy was allowed to drift to the esst at 2 NM/HR and the
aircraft’s ravigational system to the north at 2.5 NM/HR.
This pettern was used eventually to analyze performance at
different measuring frequencies. Figure & shows the cutput
of the aircraft’s navigational system when it has a
ncrtherly drift of 2.5 NM/ih while the aircraft is flying
tke square pattern. Figure ¢ shows this same pattern when a

Schuler cycle with an amplitude cf .2 NM is also present.
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Figure 6. Aircraft track for the 15 NM circular paftern
with initial sonobuoy location and direction of drift indicated.
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square; navigational drift is 2.5 NM/Hr to the north.
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Figure 9. Aircraft's navigational output for the 15 NM square;

navigational drift is 2.5 NM/Hr north with a Schuler cycle.
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These patterns were used to generate the data which
included sonotuoy number, time of measurement and
measurerent, aircraft latitude and lengitude, altitude,
heading, pitch angle, reoll angle, N=-S acceleration, E-%
acceleration, and the antenna used for the measurement.
Alsc determined, tut used only for error analysis, were

sonctuoy position and true aircraft position. This

information was computed for the entire simulation perioad

and stored in a file to bte used when needed.

initial estimates of the state and the square rcot of

the covariance matrices were ottained as follows:

Six-<tate

M x(2)-x (2) ] [ 5. ]
a)
xéa)—xa43)+.5 .
-Vacosﬁ s.
Xw2) = S (3) =
-V, sini D 5.
] L2423
3 2 | | L2025 |
Two-state
x (3) Alt
X(d) = 1 5,(8) =
x2(3)+.5 Alt

where SD(Z) indicates the diagonal elements of 5(2).
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for the circular patterr

xl(z) = 1. xagﬂ) = 15,
xz(z) = 1. xaéz) =12.
and for the square pattern
x. (2) = =3. x (3) = =3,
1 ai
x,(3) = =3. x (2) = =-3.
2 as

The iaitial values of the covariance were chosen so as to
describe the errors ir the state associated with dropping a
sopobucy frem an aircraft. The two-state system operated
tetter with a lower initial variance than did the six-state

system.

Simulatioas were rur for a rominal pericd of twec hours.
Each unit of data was sequentially read intc the simulation
program from the storage file. Measurement rnoice was added

with tke following normal distritutions:

ccs 8 N(d,.2447) in radians
doppler velocity N{2,1.2) in NM/ER
dopgpler drift angle N(D,.21) in degrees

‘rhese values agree with the cnrnes chosen for R as descrided
previously. A random number generator using an initial seed
was used to create the noise from the proper distributions.
After the estimate was made, errors were measured azd

manipulated inp sutroutine RESULT. This cycle was repgeated
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urtil the simulaticn was comylete. (Refer again to Apgencix
A for a flow diagram of the simulaticn process.)

Information was gathered and is gresented primarily ic
tWwe ways. First, for toth the square ard circular patterns
the results c¢f the first run of the simulation are ylotted.
(Fizure 13 is an example.) The top portion of the results
shows the estimated positions of the sonobuoy on the
aircraft’s navigatioral plot. It should ve noted that these
are rot true pcsiticrs since inertial errors 7may bte causing
this plot to drift. The bottom portion shows the
North-South and East-west errors in the estimated positions.
These errcrs are the differernces tetween the true and the
estimated relative peositions of the sonobuoy. They are

depicted in Figure 12 and were computed from

~ A

AAk = AXk - AXk (639)

A, = (X -1 - (x-1x) (74)
k a k a k

wpere AXk 1s the relative error at time k. The true aircraft

A 1 AX\ A
N ‘ d/ A
) N § X ’
/A
) s/ MX
;. AX /
éj/
~
// Xa //’ Xa
/// ///
e 0 le - Aircraft nevigatioral plot
Phe a T E
okl Earth fixed coordinate system

"~ E

Figure 13. The effect of the aircraft navigational plot
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vositicn is denoted by Ka and the true geograghical position
of the sonotuoy is denoted by X. [Lese values ar2 gnowa
from the simulated data. T is the filter’s estimate of
pcsition arnd Xi is a deterministic input frcm the aircraft’s
ravigationel system. The errors indicated in these gplots
are different from those perceived in the upper plot
whenever the aircraft’s ravigational picture is drifting.
The rositive and negative values of the square rcot of the
covariance are also shown on these plots as sclid lines,

Stecifically,

N-S errcer = 11/P1
V%,

(Only pcsition errors are analyzed ir this rejort.)

—

X—-W error

The second way in which the informaticn was gathered
ccosisted ¢f a shortened Monte-Carlo simulation. For each
scererio urder study, 29 two-hour simulations were run, each
with rnew values of measurement noise provided by tre rander
rumber gereratcr from their respective distributicns. The
cbjective was to compare the RMS errors predicted by the
cevariance matrix in tke filters to the actual rMS errors
observed in the, simulations. Three EMS statistics were A
collected and plotted versus time as follows:

i. The square root of the covariance computed by the

Kalman filter is represented by a solid lire on the

rlets. It was computed from

//

1 1 - . ,
o/ Y R = I ’ = =1 Seoe 7
£, I/nEPn nSwzz n=22, & .2, (71)
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This standard deviation is the filter’s estimate of
its accuracy.

2. The mean and standard deviation of the error in the
estimated sonobucy position relative to the aircraft

was determined by

n
b = %ZASEM, n =20, k =1,2,3... (72)
i=1
2 n
1 %2 2 -
o, " ;iZ;AXk'i- My » B =22, k = 1,2,3...  (73)

This standard deviation is represented by an “X” on
the plot and is a measure of the variability in the
filter’s estimated position.

3. The RMS value of the actual relative error was also

also determined. It was computed as

D)

n
' 2
i=1

AKki ’
ard is represented by an “0° on the piat. This value
is a measure ¢f the error which occurred between the
actual relative position of the sonobuoy and the
estimated one. (See Figure 11.)

These values are plotted over the two hour simulation period

(« = 1,2,3...) and provide a measure of the accuracy

ottaired by each of the algoritnoms.




—= 0y —
u
;‘. O’x——b-{
Mi o
(X = X ) (X - xI)
a i a i

Figure 11. RMS statistics at time
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B. THE RESULTS

Orincon Corporation performed much of their aralysis
using the small circular pattern shown in Figure 12. The
alrcraft sped around this track at 386 knots taking a
measurement every 280 seconds. Altitude was constant at 3¢dd
feet. The initial position of the sonobuoy was at (2,2) and
it drifted on a heading of 345 degrees at 5.2 NM/HR while
the aircraft’s navigational system drifted in the opposite
direction at 5.2 NM/HR. A Schuler cycle was alsc
superimposed or this drift.

The initial estimates of sonobuoy position and variances
uvsed by the algorithms were different for tonis particular
pattern in order te coincide with the Orincon simulation as

much as possitle. They were

Two-state
2 2.
K(2) = 5,(8) = (74)
d 2
Six-state
[ -5.4 ] [ 2. ]
2 2.
=V, cosH 5.
xX(3) = §pld) = (75)
-VasirnH 5.
2 . 20253
L @ i | «¥928 |
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t=0
> E
X
a
Y =10 km
l
CIRCLE 0 =4 ws? =04 g
VA = 200 M/s
Vg = 2.8 M/s

Figure 12. Orincon's gimulation flight path.

57

L e YRS AEPTRTTIS w - A A




Initially, both the six~state and the two-state
algorithms were tested using this flight path and
comparisons vere made with the results cf Orincon’s 13-state
system. It was discovered that the six-state system’s
results did not change as a consequence of whether or not a
Schuler cycle existed in the navigational system.

Therefcre, the six-state system was run ocnly with the
Schuler cycle active. The two-state system was run with and
without a Schuler cycle.

The results of tkhe first run of the simulation are shown
in Figures 13, 14, and 15. The cavtooth shape ¢f the
covariance (solid lires) is the result of the circular
pattern and is caused in twe ways. Frimarily, since the
sonobudy remains closer to one side of the circle, there is
a mirimum value of the variance each time the aircraft
passes on this side. A second reason for a change in
variance is the aircraft’s location ir the pattern.
£Ecwever, these modulations ere rot as apparent since the
range variation dominates. &MS errors were obtained by
regeating these runs 22 times and are shown in Figures 1€
thru 1€. The fluctvaticns generated by the flight path are
apparent, mcre so in the six-state system than in the
twe-state system. Also, steady stdate values c¢f the error
gradually increase, This is true because the average range

to the sorcbuoy iancreases as the buoy moves farther away
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from the center of the pattern. (It will be demonstrated
later that the errors are range derendent.) The covariance
of the six-state system increases from 424 yards at 25
minutes to 8@3 yards at the end of the simulation. The
two-state system increases slowly from 252 yards until it is
hampered by tne Schuler cycle. It is worthy of note that
vithout the navigational errors stemming from the Schuler
cycle the &MS errors of the two-state system are
considerably lovwer than those of the six—-state system.

Table 1 compares the REMS errors of these twu systems to
trke results obtained ty Orincon for their 13-state system.
(The values for the two-state and six-state systems are
teken from the covariance at a point 235 minutes intc the
simulation.) The first line considers measurements of
bearing, dogpler velocity, and drift angle. Navigaticnal
errcrs are present including a Schuler cycle. As expected
there is an ircrease in relative position error because of
the reduction from 13 to 6 states. Tke next line considers
the effect of the Jlotal Positioning System (3PS), with very

accurate aircraft positioning information, on the relative

13-state 6~state 2-state
Schuler
394 452
SRS+dv+DA
No Schuler
454 cea
Sho+DV+DA+GPS

Table 1. Comparison of RMS results in yards.




position errors ¢f the sonotuoy. In the 13-state system
Orincon obtserved that the errors in the states rertaining to
the alrcraft inertials improved markedly; relative rosition
errors most likely remainea the same. This is exactly what
was found in the analysis of the six-state system: that the
reletive position errors were unaffected by navigational
errors. However, the two-state system is very much affected
by navigational errors. Relative position errors were
sizrificantly less for the two-state system when accurate
aircraft positiors were known.

To obtain a more realistic analysis of their performarnce,
each algorithm was tested using the circular aand square
flight patterns of Figures 6 and 7. The results of the
first simulation run for the circular path at a range c¢f 12
N are shown in Figures 19 thru 21. In this case, the wavy
nature of the covariance is due to the location of the
aircraft in the pattern since the range tc the sonotuoy
remainrs relatively constant. For instance, as the aircraft
passes directly north or south of the sonobuoy the ability
to correct E-¥ errors is greatest. Therefore, the E-W
variance reaches a minimum value at this time. The N-S
variance is affected in a similar manner. The two~state
filter is not as sensitive to this as the six-state filter.
Also, the effect c¢f the Schuler cycle on the two—-state
filter can be seen in Figure 23.

The RMS errors are showk in ¥Figures 22 thru 24. The

steady state kMS value of error predicted by the filter is
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425 yerds for the two-state and 75@ yards for the six-state
system. The actual REMS error in the relative position of
the sonobuoy is 2590 to 12¢¢ yards for the two-state and 449
yards for the six-state system. Without Schuler cycle error
the twc—-state system drops toc a steady 254 yards, better
than the six-state system. It is interesting to note that
the measured errors are significantly less than those
predicted ty the filter. Eoth measured values of EMS error,
Oy and Oy are in close agreement; that is, the deviation of
the filter’s estimated position about its mear is zenerally
the same as the deviation of the estimated positicrn about
the actual relative position of the sonobuoy. The clcser
these values are to one another, the more confidence can te
slaced in the amalysis. The cnly exception to this is
Figure 23 which shows the reaction of the two-state filter
tc the Schuler cycle. Qne ccmplete cycle with a period of
84 minutes is obvious. The Kalman filter does not recognize
this cycle since the modelirg equations do net account for
it. The dip in the center of the two peaks is once again
the result of flight path geometry. The aircraft is in such
a position relative to the soncbuoy that the measurements
provide encugh information to correct for Schuler cycle
errors. Hcwever, it is not in this position long erough to
influence the errors anymore than it does.

The same anralysis was performed using the square
pattern of Figure 7. This scenerio has more drift than the

other and ir a different directior providing the algorithms
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with another motion to track. The outcome was generally the
same 4s can be seen in Figures 2% thru 34. There is no
measurabtle difference in the results from the two different
flight paths. Flying a straight path does not adversely
affect the results as was concluded by the Oricon
Corporation for their 13-state system. The wavy nature of
the covariance is again a result of the flight path. It is
not as smecth as before because a square pattern was flown
instead of a circular one. Another look at errors caused in
the two—state system by the Schuler cycle can be ssen in
Figure 34. The algorithm does make some corrections to
these errors but they are not as effective as before. In
this case the time the aircraft was in a position to maxe
the corrections aid not coincide with the time the peak
errors occurred. There appears to bte no way to predict the
crtimum time and place for the aircaft to te without znowing
wner aazd hew the Schuler cycle is cccurring.

The distance the aircraft is from the sonobtuoy is
directly related to the accuracy the algorithms can achieve.
Simulations were performed at ranges of 5, 15, 33, and 45
nautical miles using a circular flight path with the
sonotucy in the center. (The EMS plots can be found in
Appendix ¢.) The steady state errors were observed and are
plotted in Figure 31. 30lid lines represent tke 3MS values
of the covariance and dashed lines represent the actual
errors. In all cases the errors increase with distance

wnich is intuitiveiy satisfying. Mathematically, the




ccvariance increases because the H matrix becomes smaller
with an increase in range. Cornsequently, the updated value
of the covariance, P(+), is larger from Equaticn (19). Fer
the six-state system there is an increase in actual error
from 244 yards at £ NM to 759 yards at 45 NM. And for the
two-state system, actual errors increase from 13J yards at S
NM to 59@ yards at 45 NM. (Note that for the two-state
system, Schuler cycle arrors, indicated by circles, peak
approximately 1232 yards above these plotted values; the
lower values, indicated by x°s, were used since they were
more reliable for comparison between ranées.)A There is a
slight decrease in the slepes of all the error curves as
distance increases. Hovever, this decrease is small and the
curves might well have been interpeted as linear within the
limits of the analysis.

The frequency at which measurements are made also
affects the accuracy of the estimate. Zach algorithm was
tested with measurement iatervals of 4, 19, 2¢, and 34
secords ¢n one sonobuoy. The cutcomes of the steady state
EMS errors are plotted in Figure 32. (Once again the
two—-state system’s errors do not show the effect of the
Schuler cycle.) The actual errors ir the six-state system
increase steadlly as the measurement interval increases.
dowever, the covariance decreases rapidly at first to a
micimum value somewhere around 12 seccnds and then increases
with increasing interval. An abbreviated run with a two

second measurement interval confirmed these results.
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~
— ~ - Otservability effect

—_—
// —

Figure 33. TFactors which influence the covariance.

Figure 33 helps to explaein this outcome. There are two
conditions which affect the covariance. The most otvious is
the increase in covariance due t¢ an increase in the
propagatior interval. This occurs because the plart matrix,
which is a function of time, affects the covariarce in
Fquation (16). The second condition is a consequence of th
medel”s otservability. If the relative bearing tetweer the
aircraft and the scnotuoy doces not change then the state is
pct observable. In other words, two successive bearings
must intersect tc determine an estimated position. 3y
allowing the interval between measurements to become too
small, the aircraft is unable to make a sigrificart change
relative tc the sonotuoy. The covariance increases as the
conditions apprcach those wiich maxe the problem
unobservable. There appears to be an optimum frequency with
whick to make measurements orn one bucy, namely 13 seconds

for this rarge of 15 NM and speed ¢of 18¢ knots.
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The twc-state system exhibited similar characteristics
in Figure 232. In tkhis case the covariance never does
increase in the range of intervals studied. The actual
errors remain constant. Since the plant matrix fcr this
system is equal to the identity matrix and the Q matrix is *
prescrited to te constant, the prepagation interval, At,
does not effect the covariance. However, the effects of the

observability conditions do cause the covariance to increase i

vhen At becomes toc small., [t is believed that as At
vecomes smaller the actual errors would begin to increase
also.

The statistical plots for the raange tests found in
Appendix B show that the Schuler cycle causes larger peaks
in the actual error as the range from the sonobuoy
increases. However, the peaks are decreasing with time.
Further simulation revealed that the peasx errors decrease to
a steady value about 1343 yards greater than nen-Schuler
¢ycle errors. This coincides with the amplitude of the
Schuler cycle as it was programmed for this particular
flight path. Therefcre, in the steady state a Schuler cycle
may cause additional estimation errors approximately equal
te its amplitude.

Altitude was also tested for any effect it migzht have cn
these algorithms. Using the circuler pattern at a range of
15 NM, altitudes of 324, 390¢, 12,2329, and 23,30@¢ feet were
tested. Neither the six-state nor the two-state system

showved any effect for these charges ia altituée. It is
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believed that at very small ranges (less than two nautical
miles) altitude might hamper good position estimaticn.

dcwever, for the majority of the time altitude is of no

concern.
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Figure 13.

Est. position and relative errors for the six-state system using

Orincon's pattern. DR=(a/c 225-5.2 + Schuler, b 045-5.5), at=20s, Alt=3000'.
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V. CONCULSION

The fellowing are the corculsions reached at the end of

this research:

1‘

The six-state algorithm devaloped in this revport
sroduced estimates of relative sonobuoy position with a
standard deviation in the error of 520 yards at a range

cf 22 NM. Aircraft érift, which included the Schuler
cycle, had no effect on this system since the states
were defined relative to the aircraft.

The two-state algorithm developed in this report
produced estimates of relative sonobuoy position with a
standard deviation of 344 yards zlus an amount equal to
the amplitude ¢f the Schuler cycle error at a range of
22 NM. VWhen no Sckuler cycle navigational errors were
present, the two-state system out-performed the
six-state system.

Soth algorithms showed ar increase in steady state EMS
errcr with an increase in range.

The six-stgte system shewed arn increase in actual
steady stafe RMS error for an increase in the time
interval tetween measurements; however, the covariance
¢f this system indicated minimum error occurred with a
13 second interval on cmne sonobuoy at a range of 15 NM
and an aircraft speed of 183 £ts. (This translates to

1Yy degree change in relative bearing.) The two-state
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system showed no change in the actual steady state RMS
error for intervals between 4 and 32 seconds and only a
slight increase in these errors as a €2 second interval
was approached. The covariance ¢f the system actually
decreased with increasing interval.

Neither system showed any dependence on altitudes
within the operational limits &t a range of 12 NM.

No adverse effect was observed while flying straignt
tracks as oppgosed to curved ores.

Steady state RMS error was affected ty two ccnditions
as measurement intervals changed. The longer the
interval the more the error tended to increase,
esgecially feor the six-state algorithm, as & result of
system propagation. The shorter the interval the more
the error tended to increase as the systems encrcached
upon their non-otservatility conditicn. An optimum
measurement interval existed for each system which was

function o? range.
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vI1. SUMMARY

Both the six—-state and the two-state algorithms were
atle to successfully track the sonotuoy. Eowever, the
six-state system was the best choice given the navigational
system in use by the Orion. 1t was capable of providing
estimated sorobuoy pcsitions at a range of 20 NM such that
the errors had a standard deviation of 9243 yards. The
computer time required to process one measuremernt was on the
order of 232 milliseconds. On the other hand, the much
simpler two-state system required only 28 milliseconds or
one seventh (;) the amount of computer time. However, its
estimate of sonobucy position was degraded by Schuler cycle
errors in the navigational system. Without these, this
system was subject to errors having a standard dsviaticn of
334 yards at a range of 24 NM. The Schuler cycle
pericdically increased these errors by an amount equal to
its amgplitude.

The algorithms were very much affected by the aircraft’s
fiight path including the relative location of the soncbuoy,
the range to the somobucy, and the amount of angular change
in the btearing to the sonobuoy as measurements were taxen.
Since tke sonobuoy position was to be estimated in
two-dimensions, the aircraft was required tc¢c maneuver in
such & way so as to provide ipformation in both dimensions.

Fer example, as the aircraft crossed north or south ¢f the
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sonotuoy the E-W errors decreased while the N-S errors
increesed. The trend reversed when the aircraft flew east
or wvest of the soncbuoy. It was alceso odbserved that steady
state EMS errors grew with range at & slightly decreasing
rate. They were twice as large at 45 NM as they were at 15
N, Finally, the sonobuoy position was not observatle if
the relative bearing to the soncbuoy did not change implying
that two lines of bearing must cross in order to obdtain an
estimated position. If the amount of angular change btetween
each measurement was tco small it began to affect the errors
tecause this condition was being approached. Anytime the
aircraft flew in such a way as to reduce the rate of bearing
change, or the frequency at which measurements were made was
too high, this condition was prevalent. It was observed
that at least 1% degrees of cnange was required to aveid
this problem.

The six-state system showed no tendency toward
divergence as long as initial conditions were reasonable.
The two-state system, on the other hand, did have a tendency
to diverge when the gains on the drift filter were not
ad justed correctly. For example, if the gain was to high
the estimated drift was heavily dependent on the last few
measurements and was toc quickly affected by changes in the
poesition filter. But, it was also necessary for the drift
filter to have non—zero gains in the steady state in order
to provide some insgrance against an initially wrong

estimate of sonobuoy drift. With these modificatiorns made
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the algorithm operated correctly during all tests and, in
fact, had less error ip some cases than did the six-state
system.

It is the opinion of the author that either one of these
algorithms is an improvement On the nistorical method of
“marxing-on~top the somobuoy. Further, it adds a great
deal more uncertainty as to exactly how much accuracy could
be obtained in the old way. Non~linear navigational effects
were not even considered and the number of measurements made
to determine somobuoy position was on the order cof 13 or
less for anry one sonobuoy pattern. Nevertheless, in an
operational sénse the accuracies achieved here would need to
te improved. Without the non-linear navigational errors the
accuracies could have teen much tetter. &wowever, the
results of this research do provide another perspective for

the yrotlem at hand.
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APPENDIX A
THE COMPUTER PROGRAMS

MAIN

I Simulation setup

=

Do for the NO: |t e ey
of simulations

-

Read measurement:
cos & and antenna
doppler velocity and drift angle®

bouy, time, a/c lat. and long.
altitude, heading, pitch, roll
accelerometer outputs®

Simulation
finished?

First time
for this
buoy?

Initialize buoy's [’ No Process results

state vector and
Retrieve buey's- @

covariance matrix
state vector

covariance matrix
time of measurement

=

Convert lat/long to NM

Determine antenna baseline vector
at present time -.last time

z23 heading - drift angle*

CALL
FILTER

5

Store new-

state vector
covariance matrix
time of measurement

Process simulation results

. * Required for six-state
Figure 314- . Flow chart: 3yg:em only.

main program
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SUBROUTINE FILTER
SIX-STATE

Calculate
plant matrix QK

constant matrix Ak

Propagate

state vector

- +
X = derXer * A
covariance matrix

3 = * T g T H
ENL L NIPEMIPE N Pe WS

state vector
+ -
xk = xk + G dz2

covariance T
- 1
S =S\l -g P’
p = ssT

Figure 35.

Flow chart:
six-state
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o] =
> Do I=1.3 |
YES
NO
NO
I=2?
YES
zy = cose z, = Vd zZ, = He *
Calculate €alculate Calculate
= -A = -A = _A
dz = zq zq dz Zo 25 dz N 23 23
H = H1 H = H2 H = H3
R = R1 R = R2 R = R3
C - 3|
Update
gain i .
--TT =' S = = g
T = Sk Hk A= £+ R G z Sk

Subroutine FILTER




SUBROUTINE FILTER
TWO-STATE

Save last position &

velocity .

Xg-12 V-t
Propagate

state vector

- +
X = Xpop * Up_jat
covariance

- + +7T r
S = XSy ySpey * 4]

Calculate
— I
X=X+ X
H(1,1) = H11
H(1,2) = H,,

Update
gain

state vector

covariance

e Ty T . T Y
£= S x=f£r+ R G=2Sf

dz =z - 2 z * coso
)c;:x;f‘cdz

* o an 1.7
S, = 5 (I -5 2£7]
p =ssT

Drift
measurement

gain

b + + 2 .
Z,= (X - X, _y)/st , Llimit to 20 kts

R e . At <
c e rT limit ¢o 5 =in minimum

inhibit first 5 drift calculations (C=0)

o

Figure 36. Flow chart: Subroutine

FILTER two-state
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DELX1
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[72]
t=3
t=t
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£
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EDELL1

GLOSSARY OF COMPUTZR VARIABLES

SIMULATION PROGRAM

Vector of aircraft acceleraticns

Sesult ¢f —p—— or 3

Altitude

Direction c¢f sonobucy drift from North
Antenna

Initial aircraft veicciiy
££7

Matrix result of I - =
+

Matrix result of { ¢SST &

Q1
Sorobucy HP channel or numter
Gailn of drift filter

iesult of At/(84 min.)

Constant ma:rix in six-state system”s equations

Rate of ckhange of nautical miles for a change in
degrees of lcngitude

Array wnich holds all items requiring storage from
one measurement to the next

Interval btetween measurements, At

Relative position, ax,

Relative positicn, ax,

Relative position, ax,

Magnitude of sonobuocy drift in yards

Seed for the random numter generator

Array of initial drop times for the scnobuoy
Residual, dz

Error in the est. relative gosition of soanotuoy, ax
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ETELXZ
EOSSO
EPSLA
ESST
EX1
EX2

F

[25]

FT
FFTA
FT

GAMMA

1END

— —
-4 tay
[£5]
3
> od

INRES
I0UT
I0UTP

Error in the est. relative position of sonobuoy, ax,

Matrix result of € §°S5°s 3
Age welighting factor,
Matrix result of ¢ S 5T
Error in est. geographical position c¢f sonotuoy,ax,
Error in est. geograyhical position of sonoblicy,dx;
f vector from Carlson sgquare root technique
Matrix result of ffT
££7
Matrix result of o
Transpese of f
Gain matrix
Aircraft pitch angle, v
Vector result of G dz
Gamma in radians
Aircraft heading
The H matrix when used in subroutine FILTER
I'ime in hours
Eeading in radians
Transpose of the H matrix
Index
Identity matrix when used in subroutine fFILTEKk
Indicator of EOF

Matrix result of I - £

a
File from which data is read
File from which true scnobuoy positions are read
Device on which print is made

File in which results are written
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I0UTZ
IRUN
12

LAT

LATI

LONG

LONGI

MARK

MEAN1

= i 4
— =)
=z  hs
=z
n

-

(@]
w
(3]

0SsQ

File in which random vectors are inspected
Index for rum numbder

Index for measurement, z = 1,2,3
Incremental measure of time

Latitude

The latitude of the origin of the local earth fixed
coordinate system

Longitude

The longitude of the origin of the local earth fixed
coordinate system

Indicates whether information is to te stored
or retrieved

Mean estimated scaoobuoy position, uj;

Mean estimated sonobuoy positionm, uo>

Time in minutes

Total number of measurements made on all sonobuoys
Index when used in subroutines INITAL and DATA
Integer equivalent of RUNS

Plant matrix, J

Matrix result of § §

Transpose of § ST

Matrix result of §TsTs P

Matrix result of § X

Covariance matrix

Aircraft roll angle, ¢

"

Phi in radians

Variance of plant noise from N(2,Q)

Variance of measurement acise from N(3,R)
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w w
[oJ] n
(@]

wn
txj

SIGMA
SIGMAF
SIGvAX

S{L

ST
SUMP1
SUMP2
SUMSEL
SUMSQ2
SUMX1

T /182

Range to soncbuoy from aircraft

Squared value of range

Unit vector component of antenna taselirne
Unit vector component of antenne baseline
Urit vector component of anteanna baseline
Result of (R3; ax; + AByax, + RB3Ax3)

Normally distrituted random number from N(J,1)
Number of simulation runs to be made

A-ray in Carlsor’s square root technigque which
cegresents square rcot of covariance matriz

Square root of variance, vPy;

Square root of variance, /53;

Time in secords

Matrix result of S f

RMS error in the estimate about the actual location
EMS value from the Xalman filter, vFy;~+ 722

RMS error in the estimate about the mean estimate

Rate of change of nautical miles for a change in
degrees of latitude

Propagated matrix of S

Matrix result of S sT

Transpose of S matrix

Array for the sum of P{(1,1) over NRUNS

Array for the sum of P{(2,2) over NRUNS
~2

Array for sum of Ax1 over NRUNS

Array for sum of AX, over NRUNS

Array for sum of Ax, over NRUNS
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SUMX2 Array for sum o0f Ax, over NRUNS

T Last time in seconds the soncbuoy was processed by
the filter

TIME Time from aircraft clock in seconds

U Scnobuoy drift vector

U1 0ld value of U(1)

vz 0l1d value of U(2)

VAR1 Variance of the estimated sonobuoy position about

the actual location of

VARZ Variance of the estimated sonotuoy tosition about
the actual location o%

VARX1 Variance of the estimated sorobuoy positior about

the mean estimated position, cil

VARXZz Variance of the estimated somobuoy position about

the mean estimated position, °§2

VELCT Relative velocity, aV

VELCT2 Squared value of relative veclocity

X State vector

XAI Aircraft inertial position, xi

XaT Alrcraft true position, Xa

X1 0ld value of X(1)

Xz 01ld value of X(Z2)

LZ Vector including XB1, XB2, velocity of sonotuoy, and
two zeros used in the six-state system

X31 True geographical lccation of sonobuoy, x1

X32 True geographical location of sonobuoy, x2

XB1ll Array of initial sonobuoy positions
X521 Array of initial soncbuoy positions
INEXT Propagated value of X

YA Measurement vector
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ZHAT Estimate of z
N Normally distrituted random number from N(z,R)

yAY Vector of velocity measurement for drift filter
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COMPUTER PROGRAM FOR DATA GENERATION

LINE

Set:

Phi = 0
Accel = 0

Calculate:
aircraft position

Call
FILE

Figure 37.

APPENDIX B

DATA GENERATION

Set initial conditions:

sonobouy position and velocity
aircraft position and velocity
aircraft heading

|

Call
LINE or CURVE

FILE

Call
TIME

CURVE

Calculate:

Phi
Accel

Calculate:
aircraft position

Calculate:

aircrafe drift
sonobouy number
sonobouy position
measurements, z

Set:
gamma = 0

Write:

data into
storage file

Flow chart:

127

Call
FILE

data generation program.




AX1

DSEED

END

€4

GAMMA

GLOSSARY OF COMPUTER VARIARBLES

DATA GENERATION PROSRAM

Vector of aircraft accelerations
Altitude in nautical miles
Altitude

Antenna

Initial aircraft velocity
Amplitude of Schuler cycle, AM
Amplitude of Schuler cycle, A,
Intercept on N-S axis of straight track
Sonobuoy drift directiorn

Sonobucy RF chamnel or number

Sorobuoy drift direction

Rate of change of nautical miles for a change in
degrees of longitude

Length of straight track

Interval between measurements, At

Relative velocity, 4w

Relatlve velocity, av,

Relative position, ax

Relative position, ax,

Total ckange in heading while on curved track
Seed for the random numter gererator
Indicator of EOF

sravitational acceleration

Aircraft pitch angle, y
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GR Gamma in radians

Aircraft heading

o ¢}

oNEW Final heading on curved tracx
HOUR Time in hours
31 Heading in radians

I0UT Device on which print is made
ICUT? File irc which results are written
iCUTR File in which true scnobucy pcsitiors are written

[oCTZ File in whichk random vectors are iesgected

ITIME Time from aircraft clock In seconds

£{1 Rate of linear pavigational drift, le

Xz Rate of linear navigational drift, sz

LAT Latitude

LATI The latitude of the orizin of the local earth fixed

coordinate system
LONG Lorngitude

LONGI The longitude of the origin of the local earth fixed
ccerdinate system

LTIME Array of initial drop times for the sonobuocy

M Slcpe ¢f straight track

MARK Indicates the first time a bucy is to be proccessed
MIN Time in minutes

N Index

NEOUY Total number of sonotuoys

NSTQP erd cof line or curve series

PHI Alrcraft roll angle, A
FlI T
PIZ2 27

129
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WANG

XAI
IAT
131
152
iC:

111
XXz

Phi in radians

Radius of curved track

Unit vector component of antenna baseline
Unit vector component of antenna baseline
Unit vector component of antenna baseline
Distance aircraft travels in time At

Time ir seconds

Rate of change of nautical miles for a change in
degrees of latitude

Direction of aircraft travel over the ground
Direction to certer cf curved track

Cirection from center of curved track to alrcraft
Velocity of aircraft
Velocity of aircraft
Sonobuoy 4drift

Sonobucy drift

Wind direction

wind velocity

Aircraft irertial position, Xi

Aircraft true positicn, Xa

True geographical location of sonobuoy, x

1

True geographical location of sonobuoy, x2

Location of the center of the curved track
Location of the center of the curved tracxk

Incremental change in X1

Incremental change in x2

Measurement vector
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AMS FOSITION ERROR (Y0S)

AMS PASIETION ERROR (109

APPENDIX C
Range Analysis

2000.

i Z I ! i ? i |
| | i i | !
? f ! SOL1D |- FIUTER: 'SQRT P1+P3;
T N T
: ] X |- ABQUT MEAN FLTER POSITION
| | : ¢
f : o |- ABJUT AQTUAL (PGSITION
1500. + ! I l ' ' :
| i 1‘ ! \ ]
| l | . ! ! i 1 :
; : ] ] ; ; ; ;
i i | ! ! ! i i ,
. | I . |
: { } ! | 1 |
1000. ! ] i { 1 i ; i
i ‘ |

TIME MINUTESS

2300,
"
L SCLID - FILTER: SQRT (P1+P2)
X - ABOUT MERN Fi;TERiPOS:’ij
@ - ABQUT BCTUAL P23ITIZN
1536,
i
i f
1009, T ‘ —
| f
500.
3.
TIME MINGTES)
Figure 38. RMS errors for two-state system (top) and six-

state system (bottom) using circular pattern at 5 NM.
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HMS POSITION ERROR (YDS!

AMS POSTIION ERRBROH LrUS)

2004. ' ; ! i ; i ._,i
! 90L1D |- FIJTER:}SORT‘PI*PQJ | !
. . i 1 , ‘
i P %y X |- ABQUT MEAN F LTER!PGSIHIGN
s :
o 1 : $ % O - aBquT ACTUAL 'POSITION |
1000.
530,
? o) ZC; : 40 50‘. 80 lO‘G. TZ‘O
TIME (MINUTES,
20049. .
. :
b SCLID - TILTER: SGRT (PL-P2)
bl | | | X - ABQUT MEAN TILTER FOSITION
o | ® - AB3,T ACTLeL Pgsitraw
itg0.
|
300.
[
b 0

TIME MINUTES)

Figure 39. RMS errors for two-state system (top) and six-
state system (bottom) using circular pattern at 30 NM.
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Figure 40. RMS errors for two-state system (top) and six-
state system (bottom) using circular pattern at 45 NM.
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RMS errors for two-state system (top) and six-

state system (bottom) using square pattern with t=4 sec.
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RMS errors for two-state system (top) and six-
state system (bottom) using square pattern with t=10 sec.
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Figure 43. RMS errors for two-state system (top) and six-
state system (bottom) using square pattern with t=30 sec.
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Figure 43. RMS errors for two-state system (top) and six-
state system (bottom) using circular pattern, Alt=300'.
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RMS errors for two-state system (top) and six-

state system (bottom) using circular pattern, Alt=20,000'.
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