ESTIMATION OF HELICOPTER AND TARGET MOTION FOR THE
ADVANCED ATTACK HELICOPTER FIRE CONTROL SYSTEM

R. S. BUCY, S.J.ASSEO,D. A. WEISSENBERGER

The problem of estimating helicopien and tanget motion fon the Advance Attack
Helicoplen fine control sysitem L8 foamulated using the Kalman-Bucy one-step pre
dictor., Dynamic models for the helicopten and target wene developed based on
point mass and cornelated nandom accelerations. Observations include own-ship
velocdity and acceleration, hange, Line-of-sight (LOS) angles and nates.

The estimation problem 4is formulated <n moving LOS coonrdinates, where the dy-
namic models depend on the LOS rate vector, which £s assumed noise-free and -
constant in the sampling interval.

The 9-stage helicoptern estimator is omitted and helicopten velocity and acce-
Lenation measurements anre used dirnectly in the evaluation of the target state

estimaton penformance.

A scenarnio-based simulation program and fest data on
ground vehicle motion are used Lin this evaluation.

The effect of vardous ---

ernon sources, 4ncluding LOS nate gyro nodise, £s investigated and the miss --
distance {4 computed based on the predicted profectile impact podint. It L8

shown that target state estimates penpendicular to the LOS, which affect Zthe
predicted future target position, are quite good as opposed to the fangel es-

timates along the LOS.

1, INTRODUCTION

The ability to predict future target posi---
tions accurately is of ultimate importance -
for enhancing the hit probability of ungui--
ded weapons. Future target position depends
on the weapon time of flight which is stric-
tly a function of target range, as well as =
on current target state estimates. Hence, -
the only way to improve the prediction of fu
ture target position is to provide accurate

estimates of the attacker and target states

(position, velocity, acceleration, etc.).

The problem investigated in this paper con--
sist of estimating the states of a ground --
(or airbone) target and those of the Advance
Attack Helicopter, the primary function of -
which is to engage and kill ground target --
such as tanks. Kalman-Bucy filtering algo--
rithms are used for estimating these states

in rotating line-of-sight (LOS) coordinates,
using ownship velocity and acceleration mea-
surements as well as range, LOS angle and --
LOS rate measurements from a Target Acquisi-
tion and Designation Sensor. -Time-correlated
random acceleration models are used to repre

sent the dynamics of the target and helicop-

ter. Since the state transition matrices --
and observations associated with this formu-
lation depend on LOS rates [w), w was trea--
ted as constant for state transition equa---
tions in the sampling interval to reduce the
problem to a linear estimation problem, but
also used as a noisy observation of the tar-

get velocity!.

This way of treating a variable, which affects
both the observation and dynamical model, is
novel and quite effective. The effectiveness
of this formulation is shown through simula-
tions of helicopter/target engagement scena-

rios.

2., MODELING THE HELICOPTER AND TARGET IN ---

CONTINUOUS TIME

We represent both the target and helicopter
as point masses. The equations of motion --

are given by

dx
at =V

)
N vyl +a (1)
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for the helicopter with 5*, v, A being three
~dimensional position, velocity and pseudo-
acceleration2 vectors in an inertial frame.
Similarly, the target motion in inertial ---

space is modeled by
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where

T T . .

X, v and A" = three-dimensional target po-=
sition, velocity and accele-
ration vectors in an inertial

frame
u ,w = white noise processes.

We consider the vector

¥ - x = &3
with
r = lﬁ? - E*l the range between the target

by E, E
and ﬂ the right-~handed moving coordinate
system associated with the LOS such that
§ is along the LOS.

and the helicopter and denote

The vectors §, i and ﬂ determine, with their
derivatives, an infinitesimal rotation ¢ at
each instant.

w i)
o °© M L
=[ -w w
M ° s
wp, Twg °© (3)
> >

through the equations S = W x S etc.,
where

1
(_A)_ = Gslelwl\D
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It will be convenient to consider the joint

estimation problem in moving %, 1, ¥ coordi-

nates. We now represent by x the 9 x 1 heli
copter state vector with components x¥, x§,
*

%3, Vir Vo V3, Al, A2, A3 where

- > >
x*¥ = xq*8 + x* L + x * M

2 3
> > >

v =y S + vy L + Vs M (4)
= 3 T +a, M
A=2a S+ A, L+ n,

using the 9 x 1 augmented state vector x and

writing the helicopter equations of motion -
- - >
in rotating S, L, M coordinates, yields:

dx
T -Fx +6u (5)
with
-9 I 0
P = 0 kI-Q I

0 0 LI-Q

H

k = -ply|
The entries in F and G are 3 X 3 matrices.

In LOS coordinates, target position relative
to the helicopter is completely defined by -
specifying rage r (along the LOS E)_ There-
fore, we only need a seven-dimensional target

state vector ET with components (r,vlT, va,
3T, AlT, AZT, ABT) to define the relative -

target motion, where

v

T _ T T T
vio=v 5+ Vo L + Vg M
(6)

T _ T T T
A =28+ A, L +AH

The derivative of range is

< T_

r=v, vy (7)
where

T

vy and v, = target and helicopter veloci---
ties, respectively, along the -
LOS.

Using Eq. (7) and writing the target equa---
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tions of motion in rotating §, f, M coordi--

nates, yields:

T

%:FT§T+GTE + £ (8)
with
o 100 | 000
Fpo= (0| I
ol o | a1-a
fo
Gp = |0
|1

- 1 -
Dl R IAE ) [k(ﬂl -Q)
1 - cos whg o, _‘*_’é_______rzl__‘*iégz]

+ f% [AI -

w

o
1

o
1]

- 1 _ -1 s _-LA _ -
2 T_"—T(_ [([I Q) (e e I) £(kI )

and
o b - 1 - sin pA g4 1 - cos wA Q2
w w
where
2 2 2
= lﬂl=\/4@ +oopt ot wy
and
by
D = D2
D3
where
- - A =QRA
180 788 _ gy L oxx - 7Y (R TR - Iﬁ

w

(10)

1 kb =98 _

L= - o)1 (e(zl - A _ 1)

O 0O 0 0O O ©

3, DISCRETE TIME MODELS

We suppose that &, the time step between mea
surements, is small enough that w can be con
sidered constant between measurements, hence,
both Eg. (5) and (8) can be integrated to --
give.

Note that we have assumed u constant (or ---
sampled) over the interval A so that we can

write

and

A
D=/. eFOA= ) Gas
o]

We remark that ¢ and D can be replaced by -
their first two nonvanishing Taylor series
terms if A is sufficiently small. In a si--
milar manner, the target equation can be in-

tegrated to give

x(nh) =¢x({n - 1)A) + D u
- - xT(ns) = 6T x* Qn - 1)A) + 0T w (11)
with
- 2A kb
- kA Q A 1 e -1 - 1] -QA
e <e - 1)e - i —% [ 7 - - ]e
s = o Kb man 1 - <%£A _ eké)e—QA (9)
f 0 £A e—QA
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where

o
1]

=1 (1,0, 0 3(AI -T2 eMe™™ i - -t

_ l/ZAZI + whA - sin wAQ _ 1/2(Am\2 - 1 + cos MA“ZE

3 7 g
w w
(13)
p,T = 1/1 3(AI -t M e iy - L gge wA§ - @b - sin wh
® w
D3T = 01 - 7t (e e gy,
These formulae are quite easy to check by -
with differentiation with respect to A, and sol--
ving the appropriate differential eqguations.
1 b(d) c(b)
oT = |0 iy (eXA_l)e*QA/k The reader should note that use of the LOS -
by —QA coordinates has reduced the target state ---
0 0 e vector dimensionality by two.
where
_ (1 ~ cos wh) wh - sin wA 2
b(a) = [1, 0, 0] {1a - 2 Q + —0
w w
ca) = 12 (1,0, 0] G1 - {exA T -1l - 1/ b (12)
and
_ V/ 2 2 2
w = (A)S + mL + (.L)M
T . .
Further, D~ is given by:
T
Py
p’ = D2T 4, SENSOR DESCRIPTIONS
T
D3

The sensor for the helicopter consist of

Frequency of

. Measurement
T
R H = —
anger z; Xy + Xy Xy + Kl MA
vy K2
Doppler: 2, =| v, + K3 SA
vy K, (14)
73
i\ 91 vy Ky
A : = -
ccelerator 53 A2 9, + K v, + K6 A
A3 I3 V3 K7
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while those of the target consist of

Frequency of

T Measurement
. _ . T T :
Tracker: z," = X, + Kl JA
(15)
T > T
. _ K
Relative . Wy - Vi V2 2
Target r = 52 = -\ A A
. w T v T
Velocity L Vs 3 K3
Relative target velocity is a synthetic mea- va = ;2 + ;wM
surement made up of the range estimate r and
the LOS ratesw_ and w, perpendicular to the T ~ ~
L M vyt = vy o= ruwp
LOS. 1In Equation (14) and (15), Ki’ i=1, 7
and K;°, i= 1,2,3 are whit - " 3
: i 12, < W e measurement A2T = rh. + w.w. + 2t
noise sequences and @ denotes the estimate M Sk M
of a. 1In gmneral, the ranger may be missing T - ~
and then only v and A need to be estimated. Byt = mmhy - ugwy - 2tug (16)

Notice that for the target dynamics we have

used the measurements of w = (ms, Wy wM)l -
as exact for finding the dynamical matrices

T T
¢~ and D7; however, we also view the angular

rates multiplied by an estimate of the LOS -

range as noisy observations of target velo--+
city.

The noise vector

has covariance

E(;Z)L + E(r-r)

where

L = the angular rate noise covariance.

If the angular rates are assumed perfect, --
the order of the tracking filter can be re--
duced by eliminating velocities and accelera
tions perpendicular to the LOS from the tar-
gét estimation process. The latter can be -
expressed in terms of angular rates, angular
accelerations, range estimate ; and helicop-

ter velocity estimates 32, 33 as follows:

Qiiestié - V. 4, n.° 4 (Desembre 1980)

Essentially, only r, r and Al must be esti--
mated and the other states can be found from
Eg. (16).

estimation process reduces to:

The dynamical model used for the

r 0 1 Offr 0 0
d_|[f | _ 2 2 ) _ix
3= r = wy + Wy 0 1}ljr |[+} O Al

Al 0 0 A Al Wy 0

\17)

Although this three-state design might have
its advantages from a reduced computer size
and computation time standpoint, the esti--
mates will be sensitive to small amounts of
noise in the LOS rate measurements. There-
fore, the seven-state tracking filter design
will be pursued herein to provide a unila--
teral solution to the estimation problem. -
The above three-state design was developed

by Larry Busick of Hughes Helicopters.

Notice that our problem becomes nicely li--
near when w is know and our way of using w

both as observations and as known for dyna-
mical purposes, seems to be both an effecti
ve and a novel method of desing, whether or
not it is generally applicable remains to -
be seen, although it is quite effective for
this problem.

5, FILTER DESIGN

From the description of sensor in the pre--
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vious section, the global design is clear -

and is given in Figure 1.

Now, from Eg. (14) and (15) H and HT are as

follows:
— -
- 8 o 0 0 0 0 0 0 0
54 0 0
0 0 0 e (1) 0 0 0
Sy 0 0
0 0 0 0 e (1) 0 0
s, .
H(i) = 0 0 0 0 0 e (1) 0 0 0
0 0 0 k 0 0 1 0 0
0 0 0 0 k 0 0 1 0
0 0 0 0 0 k 0 0 1
where
From the particular problem that was presen-
k = - |yv| ted by the fire control application v, and -
Vi could be estimated well enough without --
e™(i) o0 0 0 0 0 0 the construction of a helicopter guidance --
HT(i) _ 0 0 1 0 0 0 0 filter by simply using direct sensor outputs
0 0 0 1 0 0 0 (18) Consequently, we will pursue the target fil-
ter desing to completion and omit’ the heli--
where copter filter in the remainder of this paper.
g . 0 Of course, in the geéeneral case, depending on
e 3 = the noise levels and the sampling interval,
it may be necessary to construct the helicop
=1 ter filter.
i 0 d
i mo The equations for the one-step predictor fil
ter are given by
= otherwise

~

T_ T, 2 T T T, .2 T
*ntijn ~ ¢ (n)xn\n—l *+ K(n) [Zn i (n)xn|n—l ]

-1
T' T T' T
ntl Pn - P_H™ (n) [ﬁ (n)PnH (n) + R (n)]

1 3
6T (m) + pT(moT(mp’ (n) (19)

K(n)

. -1
T (n)yp KT (n) (QT(n>anT (n) + RT(nb
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where

K(n) = the K-B gain matrix.

Pn’ RT(n) and QT(n) = the covariances of the
error of the state es-
timate (if the linear
approximation is valid)
measurement noise and
process noise, respec-
tively, defined by: ;
see /2/, /3/.

Pno+ 1 : cov [En + llnN Zn + l|n~TJ
~T A A ~ T
Xy + 1]n "% + 17 *n 4+ 1ln
and
%n + 1 Tos E[ Xn o+ 1T’—n T’ “““ ElT' EOT}
where
Cov win), w(i) = o'(m) s
cov kT(n), kT(9)= rT(n) 05

Note that the dependence of system parameters
on time (n) is denoted explicitly since ¢T,

DT, sensor noise characteristics and observg

tions vary with w which dependes on time (n).

The choice of the parameter A reflects the -
speed of reaction of the target, whereas the
choise of QT is based on the acceleration -

capabilities of the target.

SIMULATIONS

The filter described in the last section was
analyzed by the means of two simulation :pro-
grams. The first program produced random --
accelerations of both helicopter and target
models to simulated engagement. Further, --
closed loop time constants and directions --
were found for both the helicopter filter and
the target filter as a function of the Eigen
values and Eigenvectors of the closed loop -
system. This simulation program was coded -
by Dave Lucas of Hughes Helicopters. The nu
merical accuracy for the Eigenvector routiné;

was archieved by the use of Eispack subrou--
tine; see /1/.

The second program used the helicopter sen--
sor outputs directly in the estimation of --
target states, using a more realistic heli--

copter/target engagement scenario.

The helicopter was simulated as a rigid body
capable of simulataneous rotation and trans-
lation relative to earth, while the target -
was represented as a point mass capable of -

translation relative to earth. Both vehi---

w
| SENSORS
V-t
"RICCATI EQ

TRACKER P

Zr

SneraT
n+1in
Dan bl { o |

)

Hy

TARGET FILTER

*HEAVY LINES DENOTE VECTOR PATHS

Figure 1. 'Target State Estimator Block Diagram
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Figure 2, Effect of Sensor Noise on Target Velocity

Estimates along the LOS

cles had the freedom to move independently -
along a prescribed trajectory or at random,

consistent with the respective acceleration

capability of each vehicle. Additionally --
the program simulated measurement update —---
rates and had the capability of accepting -~
real ground target trajectory data. The tar
get estimates perfomance was evaluated using
such data.

The effect of sensor noise on target esti---
mates was evaluated by turning each sensor -
noise source on and off and examining its --
effect. A typical filter response is shown
in Figure 2. From this and similar respon--

ses it became apparent that:

Qiiesti 6 - V. 4, n.° 4 (Desembre 1980)

Range measurement error affects target ve
locity and acceleration estimates along -
the LOS significantly.

Errors in helicopter acceleration, veloci
ty and LOS directional angle measurements

affect the estimates to a lesser extent.

Bias in helicopter velocity measurement -

causes severe deterioration in target es-

‘timates.

LOS rates (E) measurement error affects -
the target velocity and acceleration esti
mates perpendicular to the LOS which are
crucial parameters for computing the gun

lead angle to predict future target posi-
tion.
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The effect of sensor noise and the overall -
sensor performance are also depicted in Figu
res 3, 4 and 5, which show the target filter
response without sensor noise, with sensor -
noise (range, helicopter velocity, accelera-
tion and LOS directional angle measurement -
error) and no w-noise and with both sensor -
noise and w-noise, respectively. Examination
of these figures reveals that the target ---

acceleration estimate along the LOS 1s the -
poorest, while target velocity and accelera-
tion estimates perpendicular to the LOS are

quite accurate. These results and the tra--
cking filter responses were obtained by using
the following sensor noise standard devia---

tions:

Range = 1.67 m

Helicopter Velocity = 0.1 m/sec
Helicopter Acceleration = 0.05 m/sec2
LOS Directional Angles = 0.2 degrees

LOS Rates = 0.243 millirad/sec random +0.663%

Scale Factor Error.

The sensor rates were ten times per second -
for the tracker and 50 times a second for --
the angular rates. Larry Busick of Hughes -
Helicopters took part in the development of

the second simulation program.
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8. NOTES

1 .
Bold-face Latin letters are vector v de-—-

notes Euclidian norm of vector v.

For numerical convenience A is rotor acce-

leration plus gravity.

Superscript T denotes tdrget state, and --

prime denotes matrix transpose.



	
	
	
	
	
	
	
	
	
	
	
	

