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ABSTRACT

The flight vehicle control system is a nonlinear, time vary-

ing, stochastic and large-scale system. In the system, the
state estimation technique is needed to get its control low.
A traditional method is changing the nonlinear model into a
linear model. Then, Kalman filter can be used to get state
estimation. However, the method has many disadvantages, such
as low model precision, high computer calculating time and
low anti-interference ability, etc. In this paper, a general
nonlinear hierarchical filter is introduced. It has a recur-
sive form in subsystems and low computer calculating time.
It is especially suitable for the real time filtering in non-
linear large scale system. Moreover it has other advantages
yet.

INTRODUCT ION

The flight vehicle interception problem is nonlinear, time-
varying, high dimensional and stochastic control problem. In
practice, some state variables of the system are not.certain'
1y known. The state variables needed can only be estimated bY
means of the sencers and the filters in the control system.
Thus, the problems of the filtering method and the filter de-
8ign applied in the flight vehicle control system have beend
paid great attention. While the flight vehicle is controll:
by way of non-active homing whose cost is lower than activ
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" homing, tpe vehicle-target distance is not known. However this
‘ gistance 18 very important to improve the performance of the
- interception control system. So the study of the estimation of
. this distance is very important.

In this paper, the problem of the movement state estima-
: tion and the vehicle-target distance estimation applied in
{ pon-active homing flight vehicle are Studied. At first, a hi-
¢ erarchic filtering algorithm is introduced. Then, we presented
‘g hierarchic filter scheme which is used to estimate the move-
 ment state of the flight vehicle. After that, the estimation
‘ of the vehicle-target distance is studied: a distance estimate
‘model is set up; a hierarchic: filtering policy about distance
i estimate is proposed. At last, the computer simulation of both
: hierarchic filterings and stochastic control are made. Their
Festimate results are also given. '

HIERARCHIC FILTERING ALGORITHM OF STOCHASTIC LARGE-SCALE
NONLINEAR SYSTEMS
Hierarchic filtering theory has been paid attention in the
past years. However, most of them are too complex in the com-
putation and the realization. In this paper, a hierarchic fil-
. tering algorithm based on the extended Kalman filtering is
; used.
A stochastic large-scale nonlinear system is described

as

Kppq = £C X, &)+ W | (1)
Zigpq = BC X gy B+ Wy gy

k 80, 1, s o
Where X, € R”, Y, e R”, the vectors Xy s Wiy Viqy k=0, 1, ...

are assumed to be mutually independent Gaussian random vari —
ables with known statistical laws: .

X~ N( ﬁ‘o, P), WevNW@, Q) VeV N(Q, R)
The notation VA~/N( a, B) denote that the random vector V is
Gaussion with mean a and covariance B. Here Py,> 0, Q,2 0,

R >0
v> O.

The large-scale system (1) is decomposed into following
np Subsystems:

Kirer = T3 Xypn Typen B+ Wy

T k) + V4 (2)

Zixsr = B3 Zypgqs Tipqs
i=1,2, ...0, (n<m
Where T, 1s cognate variable:
Ty = gi((XJk);k). o (3)
i =1,2,...np, J=1,2,...np, J¥ i
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Having decomposed the large-scale system (1) into sub-
systems (2), we can use a hierarchic structure to estimate
state in system (7). Because the estimate is made parallell
in subsystems, the calculating time can be reduced signifi-
cantly.

1 The basic policy in the filtering algorithm is as fo-
ows:

1. The second level provides cognate variables to each sub-

system filter.In order to get a hierarchic structure, we use

improve-coordinating scheme (preestimate-correcting method )

to get cognate variable. ‘

LI gi«xjk+1/k),k+1) (i='1,2,---np §=1,2,++0p
J£A1) (4)

2. Since cognate variable is provided by the second level,
every subsystem filter in the first level is independent.

Thus, the extended Kalman filter can be used directly to
make state estimation.

Above algorithm can be done according to the folloing
steps:

Step 1: Initialization, set - X =X , Ti°=gi«XjJJ)) ,

i=1,2,000, ,  §=1,2,»-en, (§F1) .
Step 2:
Xike1/c 209 Typpn
the second level. Then, the results is sent to the first

lovel.

(i=1,2,-'°np) are calculated in

Step 3: Piy . q/k0 Kivea/kr Fikeq 804 Xjpq (127,2,--n)) are
calculated in the first level. Then, Xy 1is sent to the se-
cond level. X+

Step 4: k—ek+1 return to step 2.

HIERACHIE FILTER OF MOVEMENT STATE OF FLIGHT VEHICLE

The flight vehicle movement can be formulated as following
state equation:

X« £( X, U, £t ) + W . (5)
where X = ( x,, X5, -+= Xg )T. U= (uqg, uy , Uz .

. b
T
We (W4, Wy, -. ..Wg )7, W~N(0,Q, )3 XGVN(Xb, Po)
The observation equation used in flight vehicle movement stat
estimation is as follows:

7 = CTX + V : (6)

T .
where: C= (OQO,K5’01O’K69O’K ) H V=(V1’v2’V3)T’ V~N(O’RV).
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Eight state variables are contained in the stochastic
gystem which is formed by Eq.(5) and Eq.(6). If extend Kalman
filter is used to estimete state directly. Large amounts of
computer time and capacity are required. This can not satisfy
the requirement of real-time flight vehicle inteception pro-
blem, Thus, the large system is divided into 3 subsystems,
which is consistent with pitch, yaw and roll canals in the
flight vehicle. The hierarchic filter model can be presented
as follows:

subfilter 1:
%4=PqXq - P4Xz + Do, + Pz + ¥,
227PyXq ~PyXz *P5¥p * Pgliq * T4q + W2
X3= tqug'*t15+ WB

Z,l - K3X5 + Y,

Cognate variable; T, =( taqs tape t13)T

t11= p7x7 + p8x5x5
t12-57,3cosx8
t13=57.5x5 Slnx8
Subfilter 2 :
*aupgxq -Pg¥g + Pqol2 * Pqq * Wy
X5 sp4pXy — Pyo¥g* Pq3%g * Pay¥o + Toq * W
26 = t22x5 + t25 + w6
Z2 K6x6 + V2

Gognate variables: T2=( t21, toos t23)T

t2q= p45X7 + PqgXp¥n
t22= 57.5005x8/cosx5_
t23= -57.3xzsinx8/cosx5

Subfilter 3:
$7= p,],7x.7 + Pqglz * Ppq + t31 + w7
18= 57.3x7 + t§2 + Wg
z5= K8x8 + Wg

Cognate variables: Ty= ( tzqy ¢ >T
p) 31 32
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31 = PagXg + Ppp¥pX5 + PopXs
-57.§x5t515

where Pqy PpeesePpp 8TE known functions of the state vector,

which are derived according to the requirement of the extend-
ed Kalman filter and calculated by use of preestimate-correct-
ing method as cognate variables.

Now, the flight vehicle movement state estimation can by
means of the above hierarchic filter algorithm.

VEHICLE=TARGET DISTANCE ESTIMATOR OF NON-ACTIVE BOMING FLIGHT
VEHICLE

At first, the mathematic model of distance estimator should
be set up. So, a coordinate system OTxgygz9 is defined as thgt
the origin O of OTx9y929 is fixed in the center of target;
axis‘OT19 is parallel with axis 0X; which is in the earth sur-
face coordinate system OXYZ and the direction of the axis OT::9

is inverse direction of the axis OX; axis OTy9 is vertical to
the horizontal plane and its direction is upward; axis Otz9
is defined according to the right-hand principls. The coor-
dinate system O,I.xgygz9 will move following the target. Assume
the flight vehicle position in coordinate system OTx9y9z9 ia
(x9,y9,z9). Then, the vehicle-target distance estimate equa- .
tion can be given as:

*9= %10

X10° ~8yx * 9y :

¥9 =710 Q)
J10= 8yy ~ Oy

29 = 290

210= “8ygz * oqg

wherse an’.avy9 aVz( 8y aTy’ aTz) are projections of vehicle -

(target ) acceleration along axes: 0X, OY and 0Z in the
earth-surface coordinate system. Here ay., aVy’ 8y, have

following relationship: ,
agy = cbsxecosta1 + (—sinx3008x6cosx8 + ainXGBian)az
+ (cosxssinxisinx8 +sinxscosx8)a3 (8)

avy = sinx331 + cosxacosx8a2 - co8 xaainxga3
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ay, =-51n16c.:osx1§1 + FsianSinxscosx8 +cosx6sinx8)a2
+ ( -sinxzsinx sinxg + coschosxa)a5

where a,l,az,a3 are projections of vehicle acceleration along

three axes of the vehicle coordinate system.
The state equations of the seeker used for the homing can
be deriven from its angle following dynamic equations as:

b= ~EiEpuy + K (7gxqg = Xg¥10)/(x§ + 75) + Wg

€D
b= SEgKou, + Ky(-xq0zg + x9?1o>/<x3 * Z§> * Wao

The observation equations of the seeker can be presented as:
2, = K \'2
T vyt e (10)
25 = Kzuz + V5

The system, which is formed by Eq.(7) and (9), can be
simlified with the help of following assumption: (1) Compared
with the flight vehicle acceleration, the target acceleration
is small and can be regarded as a white Gaussian noise with
zero mean; (2) flight vehicle movement state has been estima-

ted, thus, 8yx? aVy’ 8¢z can be got from the vehicle acclero-
meter and the Eq.(8); (3) both the acceleration noise and

the vehicle movement state estimate error is summed up as mo-
del noise; (4) the target will move only on the OXZ plane.

Under the above assumptions, hierarchic filter model can
be obtained by means of introducing cognate variables. The
model is:

Subfilter &4:

ig = X,]’O\
X0 = Pt ¥4
Y9 =T .

o A 2 2
8y = KyEuy + Ky(FgXag = Tq0)/(xg *+ 79 ) + Wy
Z4 = K&uy + V4
cognate variable: T, = ( gbx ?}O)T
k]
Subfilter 5: '

29 = 210

3 &+ W

10 = 8yz 12 o o o2 o2

b, = -EqKu, + Kq(-xqgzq +Xg2q0)/(Xg + 29 ) + W4g
Z5 = KzuZ + V5 : :
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cognate variable: T5 = ( E%z, xg, xgo)T

[ LAY . . A A
where ayy and ay  are got by substituting ( x1’x3’§ﬁ’£6’£8 Y
. . 2 LoD o _ . o _
into Eq.(8); Ya0 = Vs1nx1, Xg = Xg , Xq0 = %40 .
with the help of. the hierarchical filter algorithm mention
above, a distance estimator of non-active homing flight ve-
hicle can be realized

COMPUTER SIMULATION STUDIES OF HIERARCHIC FILTER

The main parameters of hierarchic filter used to estimate
flight vehicle movement state are as follows: x, =0,

P, = diag(1.0, 0.01, 5.0, 0.01, 0.01, 0,01, 0.01, 0.01)

[o]
"Ry = diag(0.01, 0.01, 0.01)

Qy = diag(0.02, 0.015, 0.02, 0.03, 0.015, 0.01,0.01)
The evaluation of the estimate performance can be done

by means of the mean and variance of the state estimation
error, which is shown in the table 1.

TABLE 1
The mean and variance of the stats estimation error

Ax,‘ sz A'XB qu_
mean 0.019 0.00325 0.00646 0.0366
variance  0.0380 0.00178 0.0493 0.00647

AX5 A x6 AX7 AX8
mean 0.007149 0.0305 -0.0107 ~0.0259
veriance  0.00143 0.0427 0.000808  0.0189

Note: The mean and variance in table 1 is defined as

1 T . 1T 2.
mean = <= = Axi(j) ; variance = —— x Axi(a);
J=1 3=1

(i=1,2,...8), T = (tf - to)/At. Where to and t, are control

initial time and terminal time, 4t is the sampling intepvag
The main parameters of hierarchic filter used to estime
flight vehicle-target distance are as follows:

%o = (g(t,),210(8,) 479 (5.),0,26(t ), 2,0(t,),0)"



255

Po‘- diag( 5, 10, 0.1, 0.01, 10, 183, 0,01)
Q, =diag( 0.1, 60, 0.05, 0.01, 0.1, 65, 0.01)
R, = diag(0.01, 0.01)

Table 2 éhows the distance estimation error under the
worse condition.

TABLE 2
Distance estimation error

t(8) 1.8 3,6 5.4 7.2 9,0 10.8
Ig(m) 4,5 8.55 4,05 1.8 0.6 0.0
yg(m) 1.4 ~2.7 -2.5 1.4 -0.5 -0.2
zg(m) 22.5 19.0 14.0 2.5 -3.5 0.0

From table 1 and table 2, it can be seen that both move-
ment state and distance estimation are satisfied. In estima-
ing flight vehicle movement state, all state estimates are
basically un-bias and have only a very small estimate error
variance. In the vehicle-target distance estimatien, all
state estimate errors are decreased to zero gradually. And
the distance estimates have a high precision near terminal
point. .

Btochastic Control Simulation of the flight vehicle in-
terception problem has been done by combining the hierarchic
filter presented in this paper amd controller presented in
ref.(3). Simulation results show that the flight vehicle can
hit the target precisely under various conditions.
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