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EKF-based scaling factor identification for strap—down seeker

Wang Wei, Ji Yi, Shi Zhongjiao, Lin Defu, Lin Shiyao
(School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: Based on extended Kalman filter (EKF), a scaling factor (SF) identification method for strap—
down seeker (SS) was proposed. First,a nonlinear model for SS system was set up under proportional
guidance (PNG) law. Then, the extended Kalman equations were deduced on this nonlinear model, and it
should be linearized at the value of EKF estimated based on Taylor expansion. At last, actions of this
method on how to keep guidance system stability were studied under above conditions. According to
mathematic simulation results, in this way, the SSSF could be estimated accurately and quickly, and the
tolerable SSSF error scope of guidance system stability is extended, the robustness of system is promoted.
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0 Introduction

Technology of strap—down seeker(SS) has attracted
many powers around the word in the past few years.
Comparing with traditional seekers, smaller volume,
lower cost, higher reliability and other advantages made
the unshakeable dominance of SS in its own field .
However, line—of—sight (LOS) angle must be acquired
firstly in order to achieve SS'’s engineering application,
and attitude gyro, usually, is employed to decouple the
missile’s attitude angles®.

Generally, only the coupling angular motion error
angle could be measured because SS which is fixed on
the missile cannot measure LOS angle directly. SF error
could be introduced in a parasitic loop, perhaps results
in unstable, if the accuracy of SF was considered less
importantly™!. It is different from the gimbal seeker’s
scale error, which only leads the change of guidance
parameters.

Disturbance rejection will be induced by SF error
of the seeker, at the same time, parasitic loop will also
be induced. Related stable region is caused by
disturbance rejection and parasitic loop!'". The outside
loop of guidance system will intensify the influence of
the parasitic loop, because the effective distance of the
seekers is limited and the parasitic loop has important
effect on the strap —down guidance system. Different
stable regions and feedback characters are determined
by the error of SF. The Identification of SF and the
compensation of SF error could help improve the
stability and the guidance accuracy®. Hence, it is
important to identify SSSF.

Now, there are only a few researches about the
identification of SSSF. Willman W W detailed the
estimation about SF through adding a fluctuating
acceleration component in the feedback. Zarchan P
and Gratt H' came up with the adaptive radome
compensation using dither to identify the SF parameters.

Li F, et al®™ and Du, et al” presented an autoregressive

identification method by ignoring the time constant of

the seeker and the gyro, but a big error still exists
in. Zong R, et al™ proposed a real time compensation
method for scale factor error based on unscented
Kalman filter, and points out that both of missile system
stability and guidance accuracy are improved after the
compensation. Zheng D, et al™ analyses the reason
of disturbance rejection parasitic loop in SS, and
establishes the model of SF error. Wang L, et al ™
studied the effects of noise and SF error existing in
SS on guidance system performance, and points out that
relative change of SF error has bigger influence on

[13

impact accuracy. Wang Z ™! Ananthasayanam M R,

et al ™ and Smita Sadhu, T K Ghoshal ™ proposed
some methods about how to estimate LOS rates and
angles with EKF respectively.

In this paper, an identification method based on
EKF is proposed, and there is significant influence on

the guidance system through the study in some cases.

1 Strap-down seeker’s model

The block diagram of proportional navigation
guidance system based on SS is illustrated in Fig.1™.
Where, 1/Ts+1 is employed to describe the dynamic lag

of guidance system; the transfer function of the missile

2 2
control system is expressed as /T, s +2T, u, s+1. X, =X,

seven variables are involved in the navigation model,
which represent the LOS angle g,the LOS angle rate c},
the output LOS angle rate by lag phase éd, the first order

derivative of normal overload with respect to time ¢ a,,
the normal overload a,,, the normal velocity v, and the
seeker’ s scale factor k., Two measurement parameters,
Z, and Z,, are employed to describe the error output
angle of the seeker and attitude angles obtained by
attitude gyro respectively. The measurement noises of
the two parameters are expressed as V; and V.. In this
paper, the usual assumption corresponding to seeker’ s
model is adopted, the measurement noises and the
system interfering noises (w,) are white noise. Some

symbols are also adopted to describe the mathematical

model. ¢, the end time of guidance; ¢ , the flight time;
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ke the scale factor of attitude gyro; v, the relative  of missile; ¢, the LOS angle rate estimated by extended

velocity between target and missile; J, the attitude angle

Kalman filter.

]
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Fig.1 Proportional navigation guidance system block diagram based on strap—down seeker

The system statement equations obtained from

Fig.1 could be expressed as Eq.(1):

X, =X,

_ 1
(tp_t)

2

X,
(-2X, +V—")+w2
X.% =_1T(X2 -X;)

X4 :_172 (WX, -2, T, X, -X) @

T

m

X.=X

5 4

X() :X')

X =w,
Eqation(2) describes the measurement equations:

I X(1),1]

X(H)=¢[X(#lr),t]+ oX(1)

IRX(D).1]

Z(H)=h[X(d),f]+ oX(0)

In order to provide a succinct method of writing

the mathematical equations in this paper, some
definitions are employed:

delXA|

0X(t)  |xw=xaun

e X(H0),11-ADX(HH)=U(r)

T
Z1:X7(X1_LX6_ “X;)+V,
% %
(2
1 T,
Zzzkg(v—X6+ ” X )+V,

2 Linear equations of EKF

2.1 Principle of EKF
Assuming that the nonlinear stochastic system
could be expressed as;:
X(y=l X001+ FIX(),1W(0)
Z(t)=h[X(D),t]+ V(1)
New equations could be obtained by expanding

the nonlinear model based on Taylor expansion and

omitting the second and higher order items

[X(t)—)z'(tlt)]+F [X(@®),11+W(r)

X(0=X(1lr)

[X(6)-X(A0)]+ V(D)

X(0)=X(1lr)

IRX(D).1]

9X(1) =H®

X(r):}?(r\r)
RIX(t6), - HOXHH)=Y(£)
F[X(t),f] could be written as:

FIX(d0),1] & F(7)
so new equations could be expressed as follow:
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X O=AOXO+U@O+F()W(1)
Z()=HOX(0)+Y(E)+V(7)
The EKF equation in continuous style is:
X(tty=ADOX(HH)+K(0)[Z(t) - YO -HOXHH)]+U (D)
Substituting Y (¢), U (¢) into the above equation,
yields:

X(tl)= o[ X(10),11+K(1){ Z(t)~h[X(117),1]}

So the continuous EKF equations could be

expressed as™:
X(tlt)y= [ X(110),£]+K () { Z(t)~h[X(110),£]} (3)
K(t)=P(dnH (OR ' (¢) (4)

P()=A(PHD+P(IDA (1) —PADH (DR ()H(1)P(1)+

FOQWF (1) (5)

2.2 Linear equations
In order to adapt EKF, the state equations and
the observation equations of system have to be

linearized. The results of Eq. (1) and Eq. (2)

linearization could be expressed as follows:

. T
X, 000 ——=
v

X(=Xn—

anIX().1)
HO=—"2%0

0 000 T

Y(O)=h[X(Hl0),f]-HOX(11f)=

iﬂ X, (D)X (dlr)

—[)A(l (llt)—‘l)—f(ﬁ (tlr) -
0
Where, A(?) is the state equations’ partial derivative
by X(z), H(?) is the observation equations’ partial derivative
by X(7). Now, identify F(f) is a seven—dimension unit

matrix, thus,

1000000 X 0
0100000 X, W,
0010000 X, 0
F=0001000 X=X, |.W=0 |,
0000100 X, 0
0000010 X, 0
0000001 ¥ w.

X(O=AOX(t)+U(t)+F(1)W(2)
Z(ty=H(OX(O)+Y()+V(t)

Using Taylor expansion and omitting second —
order values and other higher order values, then,
taking the partial derivatives of the state values in the

state equations, some items are expressed as follows:

@[ X(1),1]
A@p=—2L20H
( ) aX(l) X(t)=X(tl)—
o 1 0 0 0 0 0
0 -2 o0 0 -—1 900
1, —t (1, -1
1 1
o L _L ¢ 0 0 0
T T
2
o o M =R 1 g9
TVﬂ Tm ]:ﬂ
o0 o0 1 0 0 0
00 0 0 1 0 0
o0 0 0 0 0 0

U= X(1lf),1]-A(D)X(11£)=0
Taking the partial derivatives of the state values in

observation equations, then, some items are express as

follows:
%y =XM% -1 % =T % g |
1% v %
K 0
\4
Z (1) V()
Z(1)= V(D= o
Z,(0) A0)

3 Simulation

3.1 Identification of seeker scale factor

Assuming that the nominal value of the seeker
scale factor is 1.0, and make it equal to the initial
value of EKF. Simulations are performed when the
real SF is 1.5 and 0.5
parameters’ values are presented as: 7=0.02 s, N=3,

v=220 m/s, p,=0.1, T, =0.08 s, T ,=1.6 s, k, =1.0,

respectively. Some

1,=20 s,
The initial value of EKF is:

XO)=[0 0 0 0 0 0 1.0

04170034
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0 0 0000 O 12
0 0.001 2180000 O LOF
Identification value

0 0 0000 O 0.8}

P(0l0)=| 0 0 0000 O ~<oer |
0 0 0000 0 04k \J

Actual value
0 0 0000 0 oa
0 0 0000 0.25 0 s . . .
0 0.1 0.2 0.3 0.4 0.5

The system’s interfering noise matrix of power

spectral density is:

0 0 0000 0
0 3.046x10° 000 0 0
0 0 0000 0
0=|0 0 0000 0
0 0 0000 0
0 0 0000 0

0 0 0000 2.5%x107

The measurement noise matrix of power spectral
density is:
1.218x107° 0

B 0 1.218x107®

The simulation result is showed in Fig.2 at the
circumstance of the initial value is:

X(0)=[0 0.034900001.5]

2.0
Actual value
1.6
1.2
- \ Identification value
0.8
0.4}
0 L . L L
0 0.1 0.2 0.3 0.4 0.5

t/s
Fig.2 Curves of scaling factor real value and identification value

(real value has +50% error)

It can be summarized from Fig.2 that EKF filter
can identify the real SF instantly when the real SF is
bigger than the nominal SF by 50%.

The simulation result is showed in Fig.3 at the
circumstance of the initial value is:

X(0)=[0 0.034 90000 0.5]"

It can be summarized from Fig.3 that EKF can
identify the real SF instantly when the real SF is
smaller than the nominal SF by 50%.

tls
Fig.3 Curves of scaling factor real value and identification value

(Real value has —50% error)

3.2 Decouple effect of identify method

Three curves are illustrated in Fig.4 at the
circumstances of +10% real SF error, 0.034 9(°)/sinitial
LOS angle rate without EKF and PN guidance law.
Contrasting with no SF error and initial angle rate
curve, it can be seen that the system will be unstable
at the circumstance of *10% real SF error without
EKF. The result with the same error and EKF is
shown in Fig.5, only +10% errors exist in SF after
filtering by EKF, which has less influence on the

guidance system.
g

P

6L : \
< 10% ¢ ]
w * 1
- 4r I ;
o = [
= K - TER
E . - s = Lt L . ! .
= ~, e 1 T |
2] % / LA

Al

S o A 0% ooy

] 0.5 1.0 15 20 25 30
tls
Fig.4 Curve of line—of—sight rate (no parameter identification)

2.5
Z'OW“"‘\/‘M\\W
"o 150 — 0%
- -=+10%
= e =10%
= o10f
0.5
0

0 0.5 1.0 1.5 20 25 3.0
t/s
Fig.5 Curve of line—of—sight rate (parameter identification)

4 Conclusions

The guidance system model of PN based on SS
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is established in

this paper. Meanwhile, EKF is

employed to identify SSSF. It is proved that the

method presented in this paper could identify the scale

factor instantly and accurately through the simulation.
It is also validated that the SF identified by EKF

could help improve the tolerant range, which the

stability of guidance system to the SSSF error.
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