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ABSTRACT Estimating the flying attitude of the missile body during flight is vitally important for
the intelligent ammunition. The earlier and more accurate the posture information is obtained, the more
conducive it is to the control process of the intelligent ammunition. The magnetometer is commonly used to
measure the roll attitude of the missile. However, the cumbersome calibration steps and noise interference
of the missile usually cause the delay in the attitude calculation and inaccurate measurement. To solve these
issues, an adaptive reconfigurable unscented Kalman filter (ARUKF) method based on energy estimation
is proposed. The magnetic field measured by the magnetometer is analyzed in real time based on the roll
characteristic of the intelligent ammunition to achieve the initial calibration of the magnetometer parameters.
With the obtained calibrated parameters, the filter state variables are estimated by establishing the residual
estimation function in the UKF, which guides the reconstruction of the UKF to minimize the computational
cost of the attitude estimation process. Simultaneously, the on-board computer system feeds back the action
of the rudder system in real time to guide the configuration of the noise parameters in the UKF process, which
can effectively reduce the interference of the magnetic field generated by the rudder system on the attitude
estimation. The numerical simulation and experiments show that the proposed method performs better in
terms of parameter convergence speed and estimation accuracy, compared with the traditional UKF method,
which has great application prospect in the field of intelligent ammunition.

INDEX TERMS Energy estimation, unscented Kalman filter, state reconstruction, magnetic interference.

I. INTRODUCTION

With the development of the low-cost intelligent ammuni-
tions, rapid and low-cost measurement of the missile attitude
has become one of the hotspots in the intelligent ammunition
research. Apart from specific mission oriented discussions,
the conducted researches for missile attitude measurement
mainly focus on solving the following two problems: how
to realize the high-precision attitude estimation under the
premise of cost control, and how to reduce the amount of
computation to complete real-time calculations on the low-
cost processor [1], [2], [3]. Accordingly, a sound real-time
algorithm becomes the key to the low-cost and accurate
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attitude measurement scheme of the intelligent ammuni-
tion [4], [5].

Magnetometer is one of the low-cost attitude sensors that
commonly used in intelligent munitions, since it has low
power consumption, small size and strong anti-overload abil-
ity. However, the magnetometer has some inevitable errors
in attitude estimation due to the manufacturing process and
measurement principle of the magnetometer, resulting in
inaccurate attitude information [6], [7], [8], [9], [10]. There-
fore, it is necessary to calibrate the magnetometer properly
before the attitude estimation [11], [12], [13]. On the other
hand, the missile has a relatively complex electromagnetic
environment. For example, the rudder system responsible for
flight control can produce strong magnetic field noise signals
during flight, which will cause the negative impact on the
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attitude estimation of the magnetometer, and should also be
considered [14].

With the application of the magnetometers as the attitude
sensors, many calibration and estimation algorithms have
been proposed to improve the accuracy of the magnetome-
ters [15], [16], [17]. However, in order to estimate the attitude
of ammunition, the real-time capability of the calculation and
the time variability of the error must be fully considered, and
the calculation cost should be as low as possible.

Since the magnetic sensitive axis in the missile cross-
section can obtain the sinusoidal variation of the geomagnetic
component during the rapid roll of the missile, the “zero
crossing method” of the magnetometer is initially proposed
to measure the roll attitude of the missile [18], [19]. It has
advantages of quick estimation of the roll attitude of the
missile and simple calculation process. However, the solu-
tion accuracy of this method is not high enough to meet
the requirements of the precious control of the ammunition.
Some researchers have estimated the missile attitude through
fitting the sinusoidal waveform obtained by the sensitive
axis of the magnetometer to improve the solution accu-
racy [20], [21], [22]. However, the solving speed of the roll
attitude is limited by the nonlinearity of the four-parameter
fitting of the sinusoidal function [23]. Later, it is found that if
the time information of the magnetometer measurement data
is ignored, the data points of the ellipse can be obtained by
the biaxial magnetometer on the rolling missile. According
to the measurement principle of the magnetometer, the sen-
sitivity error and nonorthogonal error of the magnetometer
can be estimated by comparing the obtained ellipse data with
the standard ellipse data. Thus, the relatively accurate mea-
surement baseline of the magnetometer can be obtained to
measure the flight attitude of the missile [24], [25], [26], [27].
Similarly, ignoring the time information, the data points of the
ellipsoid can be obtained by the three-axis magnetometer, and
the calibration parameters of the three-axis magnetometer can
be calculated by using the ellipsoid fitting method. However,
since the velocity direction of the missile rarely changes
during flight, the output value of the sensitive axis of the
magnetometer in the direction of the missile axis is almost
constant in a short time, which is not conducive to ellipsoid
fitting. Therefore, this kind of methods is more applicable to
the aircrafts with large change ability in the velocity direction,
such as unmanned aircraft [28], [29].

In order to further improve the accuracy of the mag-
netometer in estimating missile attitude, Soken et al. pro-
posed the unscented Kalman filter (UKF) method to calculate
the missile attitude [30], [31]. In this method, the TRIAD
method combining multiple sensors was utilized to cali-
brate the sensors mainly based on the magnetometer. After
obtaining the initial solution results, UKF was used to filter
the measurement results online, which further improves the
solution speed and accuracy. Yan et al. used ellipse fitting
to preliminarily estimates the calibration parameters of the
magnetometer, and set the results as the initial value of UKF
for real-time estimation [32]. After the calibration parameters
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of the magnetometer was converged steadily, UKF was sim-
plified and reconfigured to quickly calculate the missile
attitude. Thus, the solution speed was improved, while the
solution accuracy of missile attitude at low CPU utilization
was ensured.

The environment of the missile borne system is com-
plex since the information measured by the magnetometer
is not only the geomagnetic field generated by the earth,
but also the electromagnetic field generated by other sys-
tems on the missile, which directly affects the measure-
ment accuracy of the missile attitude [33], [34], [35], [36].
Some researchers used other types of sensors to relay mea-
sure the missile attitude once the magnetometer is dis-
turbed [37], [35], [38]. Felipe et al. proposed a TRIAD-PBE
attitude measurement scheme integrating the accelerometer
and the magnetometer [39]. The reference information for
calibrating the magnetometer was enriched with the infor-
mation provided by the accelerometer information, which
could partly reduce the influence of external interference on
the attitude estimation. Yang et al. proposed the Adaptive
Fading Square Root Unscented Kalman Filter algorithm by
combining the three-axis accelerometer and the triaxial mag-
netometer, which could improve the self-adaptive ability after
the noise was brought into the measurement process and
reduce the computational complexity [40]. Feng combined
the gyroscope and the magnetometer to extend the Kalman
filter [41]. Accordingly, a disturbance index was proposed to
characterize the magnitude of the external interference, and
judge whether the gyroscope data was used to replace the
magnetometer data to complete the attitude estimation.

Compared with the existing literature, a novel adaptive
reconfigurable UKF (ARUKF) method is proposed to cali-
brate the magnetometer independently for accurately estimat-
ing the missile attitude in the strong interference environment.
The main contributions of this article are as follows:

(1) A trigonometric function fitting method with four
fast convergence parameters is proposed to fit the data
obtained from the sensitive axis of the magnetometer in the
cross-section of the missile body for estimating the missile
attitude. In this step, the magnetic field vector measured by
the magnetometer is approximately expressed as the energy
under the accumulation of time. Thus, the initial calibra-
tion parameters of the magnetometer and missile attitude are
obtained.

(2) The initial calibration parameters and attitude param-
eters are further filtered as the initial state variables of the
UKF to construct a convergence evaluation function of all
parameters. By estimating the time-varying characteristics
of the initial calibration parameters and attitude parameters,
the UKF algorithm is reconstructed after the convergence
of partial parameters. Therefore, the calculation cost of the
attitude estimation process can be reduced without reducing
the measurement accuracy. When the calibration parameters
change due to the external interference, the reconstructed
function of the UKF can quickly judge and deal with the
inaccurate calibration parameters.
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FIGURE 1. Model of the missile attitude measurement by the
magnetometer.

(3) In order to solve the problem of external disturbance
during the measurement of the magnetometer, the disturbing
magnetic field caused by the alternating current generated by
the rudder system in the missile is considered as the inter-
ference environment. The magnetometer components update
the measurement noise parameters of the UKF in real time
based on the control commands of the rudder system to match
the current interference environment. Moreover, the recon-
struction strategy of UKF is reactivated to reconfigure the
measurement noise and the affected calibration parameters
again to ensure the estimation accuracy of the missile attitude.

The rest of the paper is organized as follows. The
mathematical model of the magnetometer is established in
Section 2; the main steps of independent calibration and
attitude measurement of the magnetometer are described in
Section 3; the numerical simulation and experimental verifi-
cation are demonstrated in Section 4; the conclusion is given
in Section 5.

Il. MATHEMATICAL MODEL OF MAGNETOMETER
The measurement model of a three-axis magnetometer can be
described as:

Hy = (I3 + DDy Dy) ™' (LHE + Byy) +w 4))

where, H,, = [me Hyy Hyp, ]T is the measurement value
of the magnetometer in the missile coordinate system, Hr =
[ Hex HEy Hg: ]T is the local magnetic vector calculated by
IGRF 13" generation, B, = [ Bux Bmy Bz ]T is the mea-
surement bias of the magnetometer, w is the measurement
error of the magnetometer, D is the soft iron error of the
missile platform, Dy is the scale factor of the sensitive axis of
the magnetometer, and D,, is the non-orthogonal error angle
of the sensitive axis of the magnetometer.

The model of the missile attitude measurement by the mag-
netometer is shown in Figure 1. In the diagram, Ox’, Oy, 07
axes respectively correspond to the x,y,z axes of the
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missile body, where Ox’ direction is the missile head direc-
tion. Ox, Oy, Oz axes are the x, y, z axes of the missile strap-
down magnetometer, respectively. To reduce the calibration
difficulty of the magnetometer within the feasible operation
range, and the y of the missile body coincides with the y’
of the magnetometer when the magnetometer is installed on
the missile body. §y; is the error angle between the z of the
magnetometer and the 7' of the missile, and 6§y, is the error
angle between the x of the magnetometer and the x’y’ plane
of the missile. dy, is the error angle between the projection of
the x axis of the magnetometer on the x’y’ plane and the x’
axis of the missile.

w is the Gauss white noise with zero-mean, and described
as follows:

E [w,-ij] = Ian23; )

where, wy, is the standard deviation of the noise measured by
the magnetometer, and §;; is the Kronecker symbol.
Ignoring the asymmetric soft iron error, Dy can be con-
sidered as a symmetric matrix with nine independent com-
ponents. The calibration of the error is difficult to be com-
pleted online during the missile flight since it requires special
maneuvering of the magnetometer in three axial directions.
Generally, these nine parameters are obtained by placing
the whole platform on the ground test bench, which can be
described as:
D1t D12 Dsi3
Ds;=| D2 Dgp1 D3 3)
Dg1 Dgp D3

The scale factor of the sensitive axis of the magnetometer
Dy is the proportional error of the corresponding sensitive
axis, which is an inherent characteristic error of the magne-
tometer and can be described as:

Dy 0 0
Dy = 0 Dyy 0 “4)
0 0 Dy,

D, as the non-orthogonal error of the sensitive axis of the
magnetometer, is also an inherent characteristic error of the
magnetometer and can be described as:

c08(8xy) cOS(8x;)  Sin(Syy) cOS(Oyxz)  sin(dy;)
D, = 0 1 0
0 sin(dy;) cos(dy;)

(&)

IlIl. RECONFIGURABLE UKF ALGORITHM BASED ON
ENERGY ESTIMATION

A. INITIAL ESTIMATION OF THE CALIBRATION
PARAMETERS OF THE MAGNETOMETER BASED ON
ENERGY CAPTURE

The calibration algorithm of the magnetometer through the
energy estimation based UKF is actually a method for cal-
ibrating the magnetometer and obtaining accurate attitude
estimation. In the first phase, a trigonometric function fitting
algorithm with low computation is used to quickly estimate

VOLUME 10, 2022



Y. Xiaolong et al.: Magnetometer Calibration and Missile Attitude Filtering Method Based on Energy Estimation

IEEE Access

the error factors between the sensitive axes and the error fac-
tors of each sensitive axis of the magnetometer. It includes the
initial estimation of all the error factors of the magnetometer
and a preliminary calculation of the missile attitude, which
are not accurate and need to be optimized.

Since the missile rotates continuously during flight, the
output of the sensitive axis of the magnetometer on the
cross-section of the missile can be further described as:

Hyyi = Aysinruyt; + 6y) + By

Hyzi = Az sinQryt; + % + gy +8y2) + Bz ©
where, Hyyi, Hy;i are the jth magnetic sampling of the y-axis
and z-axis of the magnetometer, 7; is the i sampling point,
Ay, A, are the peak value of the y-axis and z-axis of the
magnetometer, and gy, is the initial phase of the y-axis of the
magnetometer.

In the missile coordinate system, the changing of magnetic
field can generate the electric field according to Maxwell’s
theory. Here, we consider that the changing magnetic field
produces corresponding energy. The calibration parameters
of the magnetometer and the initial missile attitude can be
obtained by estimating the equation of energy. The sine fitting
is utilized to complete the initial estimation of the equa-
tion (6). For the convenience of fitting, the energy equation is
described as an improved form as shown in equation (7).

(N

Hmyi =Dy sinryt;) + qy cos2ryt;) + Bmy
Hyzi = pzsinQ2ryt;) + q; cos2myt;) + Bing

During the missile flight, the magnetic components are
mostly sampled with equal intervals by the missile-borne
computer. Setting the average sampling rate to f;, and the
variable T as:

14
T =21(%) (3)
s
Based on the motion model of the missile and the mathe-
matical model of the magnetometer, the output of two sensi-
tive axes of the magnetometer in the missile cross-section can
be described as follows:

Hyyyi = py sin(ti) + gy cos(ti) + By

L . 9
Hy.i = p; sin(ti) 4 g, cos(ti) + By,

For the above equation, the optimal parameter M, =
[ Dy Gy By Pz @z Byz T ]T needs to be found to minimize the
error between the value obtained by solving two sinusoidal
equations and the output results of the corresponding sensi-
tive axis of the magnetometer, which is generally estimated
by the standard of square deviation. In general, the least
square is used to fit unknown parameters in the study. Fitting
of sinusoidal parameters is described in detail in IEEE Stan-
dard 1241-2010. Fitting of sinusoidal functions in the time
domain can generally be divided into two situations: one is
the three-parameter fitting of the sine functions with the prior
information of frequency, and another is the four-parameter
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fitting of the sine function without the priori information of
frequency.

In this study, the frequency information corresponds to the
roll velocity of the missile. For the multi-sensor integrated
guidance ammunitions, the roll rate information of the missile
can be provided by a gyroscope installed on the cross-section
of the missile. So that the three-parameter fitting of the sine
function can be further completed, and the calibration param-
eters of the magnetometer can be obtained accurately and
quickly. However, for the low-cost intelligent ammunition
with independent attitude measurement by the magnetometer,
the magnetometer, as the only measurement component in
the missile, cannot provide the roll velocity information of
the missile without calibration. Therefore, the four-parameter
fitting of the sine function is required.

During the fitting process, the parameters to be fitted
continue to approach the true values. The system matrix is
expanded by q derivation of 7 from the fitted data:

sin(zj_1) cos(Tj—1) 1 Dj
sin(27j—1) cos(2tj—1) 1 Djp
Di= . . ) i (10)

sin(Ntj—1) cos(Nti—-1) 1 Djy

where, j is the number of the loop iteration, and D;; can be
described as

Dj1=A;j_1icos(itj—1) — Bj_1icos(itj—1) (11)

Especially, in the process of the least square fitting of
parameters of the sine function, the fitting of amplitude A,
offset B and initial phase angle C is linear, which means the
accuracy of frequency determines the final fitting residual.
However, when the frequency fitting needs to be considered
at the same time, the fitting problem becomes a more complex
non-linear problem, so the calculation cost and time cost will
become the biggest obstacle to the solution accuracy.

To solve the problem, the frequency parameter of the sine
function is firstly estimated. Fast Fourier Transform is gen-
erally used to estimate the frequency of the measured data.
In this case, the maximum estimation error is Af = f;/2N.
Although the rolling frequency of the missile can be obtained
at a faster rate, this level of error will cause large errors in
the other three parameters of the sine function, which can
seriously affect the fast flying missiles. Therefore, more accu-
rate parameters need to be provided in the initial estimation
of the rolling frequency of the missile. Recent studies have
demonstrated that interpolated fast Fourier transforms can
perform more accurate frequency estimation of the discrete
point data of the sine function. The rolling frequency of the
missile in flight is a slowly changing parameter. In order
to obtain frequency information under appropriate time and
data volume conditions, Hanning window is selected as the
fitting window function since it can provide a relatively
accurate initial frequency estimation in a short period for
data source of the sine function. The time domain range
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can be described as:

w; = 0.5 (1 — cos <@>) (12)
N

When the measurement data H,,; with required number are
entered into the window function, the data frequency in the
window function based on the interpolation points number n
can be described as:

w = |FFT {Hp; - wi, n}| (13)

After obtaining the initial rolling frequency value of the
missile, further iteration of the frequency parameter is needed
to obtain accurate roll angle parameters of the missile. How-
ever, the iteration process here can increase the calculation
cost. In order to effectively predict the rolling frequency of the
missile, the fitting result and the cost function o of the mea-
surement result are approximately considered as a quadratic
function of the parameters to be fitted when approaching the
optimal frequency parameter. In the four-parameter fitting
of sine function, a 4-dimensional paraboloid is formed by
D, 4, T, B, and cost function o when approaching the optimal
parameters. If we only focus on the frequency parameter
and the cross-section of 4-dimensional paraboloid, a parabola
about the frequency parameter and cost function is obtained,
in which the lowest point is the minimum value of cost func-
tion with respect to the frequency. The value of the abscissa
corresponding to this point is the optimal value of the rolling
frequency of the missile.

Parabolic fitting requires at least three coordinate points.
For the magnetometer which is directly connected to a mis-
sile, the y-axis and z-axis are two sensitive axes that are
theoretically orthogonal on the cross-section of the missile.
Therefore, the rolling frequency information obtained in
these two cycles are the same, and the frequency information
obtained by FFT on the experimental data of the two sensitive
axes are almost the same. In the parabolic fitting process, two
points that are too close to each other on the curve have no
positive effect on the fitting, so the average value of these
two points is taken as a new data point Trpr to be fitted.
At the same time, n-1 points are generated near this point and
marked as 03, = a‘l,'k2 + b1 + ¢. The matrix equation is:

fit)=S[abc] (14)

where, fi(t;) is a vector of n*1, S is an n*3-dimensional
matrix, and M represents the number of samples.
The cost function is defined as

h(w) = % (S[abe]-Y) (S[abe]-Y) (5

where, Y is the output vector of the sample, so the quadratic
relationship between the frequency and cost function can be
described as:

[abe]" = (STS)il sTY (16)

Based on the above description, the lowest point of the cost
function represented by the parabola is the optimal selection
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point for the rolling frequency of the missile.

b
Topt = — % a7

Here, the rolling angle frequency of the missile can be
considered as an accurate parameter. According to the output
signal of y and z axes of the magnetometer on the missile,
the X = [ Dy 4y Bmy Dz qz Bz ]T in the equation (9) can be
solved according to the least square method:

[ sin(zopr)

sin(27ypr) €OSQRTopr) 1

cos(Topr) 1

sin(N Topr) cOS(N Topr) 1

Dopt =

cos(Topr)  Sin(Top) 1

€os(2Topr) SIN(2Tep) 1

COS(N Topr) SIN(N Topr) 1
(13)

B. CONFIGURATION OF UKF

At this point, the initial parameters of the sinusoidal trans-
formed magnetic field are obtained based on the magnetome-
ter on the rolling missile. In the second phase, UKF is used to
process these inaccurate error information and attitude infor-
mation to further obtain more accurate attitude estimation,
and correct the calibration parameters of the magnetometer.
UKEF algorithm is selected here instead of other non-linear
filter algorithms because there is still a large error after the
first phase of preliminary estimation of the initial value, and
UKEF is undoubtedly the best choice when the parameters
with large error is used as the initial value of the filter
state.

The UKF process mainly consists of two phases, prediction
phase and update phase. During the prediction phase, a set of
sigma prediction points is generated.

The continuous nonlinear state equation of UKF can be
described as:

Xie = f [Xk—1, wi—11 + Wi (19)
The measurement equation can be described as:
Yi =h[X, k1+TVi (20)

The process noise Wy and observation noise Vi exist as
linear additives in the system state equation and observation
equation, and the variance matrix is Qx and Ry respectively.
I" is the observation noise driving function. The working state
of the magnetometer on the missile is complex and change-
able, so the measurement error of the magnetometer can be
influenced by the ambient temperature, vibration frequency
and the state of the missile control mechanism. Therefore,
the variance matrix Ry of the observation noise is constantly
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changing during the working process of the magnetometer.
To improve the filtering accuracy of UKF, the changing trend
of the noise should be described. Since the pitch and yaw
angles of the missile change slowly in most cases during
flight, the theoretical value of the magnetometer sensitive
axis (x-axis) in the direction of the missile axis can be
considered a fixed value in a short time. This state is very
stable relative to the rapid change of the measured value of
the magnetometer sensitivity axis in the cross-section of the
missile. Considering that the three axes of the magnetometer
on the missile has the same hardware state and working
environment, the observation noise of y-axis and z-axis can
be estimated based on the real-time measurements of the
x-axis. The drive matrix of the observation noise can be
described as

Sux(P)

V=1 e

2D

In the above equation, fyy, fzx are the first-order function
of the measurement noise of the y-sensitive axis and the
z-sensitive axis of the magnetometer with respect to the
x-sensitive axis. Py is the variance matrix of the observa-
tion noise of the x-sensitive axis. In order to improve the
accuracy and real-time of variance calculation, and ensure
that the observation data of the x-sensitive axis of the mag-
netometer is almost invariant when solving the variance,
a time window with a width of T), is defined. P; can be
described as:

Tp/fs -
=Y ([H,;x - me] [H,i,x —flmx] ) 22)
i=0

Step 1. Initialization

The calculation convergence process of UKF is sensitive
to the initial value of the state variables. After the previous
phases, the calibration parameters of the y, z sensitive axes of
the magnetometer and the initial estimated parameters of the
rolling movement of the missile are available. The initialized
state vector can be described as:

. . T
X = [py 4y Bmy Pz 9z Bmz YLr Vir VLr] (23)

Step 2. Sigma Point Update

The 2n+1 Sigma sample points are calculated at k-1 time
as:

~(0 S

X;E )1 = Xy-1

i=1,2,---,n

Xk 1—Xk 1+ v (Pr-1); (24)

X;El)l =Xi—1 —y (Pr—y);

i=n+1,n+2,---,2n

In the above equation, y = v/n+ A, A = a? (n+k)—n,
where « is a very small value with a general range of 10™* <
o < 1,and k = 3 — n. The B value is related to the
distribution form of the state variables, and § = 2 for normal
distribution.

VOLUME 10, 2022

Step3. Prediction Process
(1) Calculation of the one-step prediction model value at
k-time as follows:

X:};c) 1 =f [)Z/Ell]a uk—l] i=0,1,2,---2n
2n
9 — (m) ~*(i)
Xk/k=1 _ZW Xk /k—1
i=0
2n . A .
Pryi—1 :ngc) [Xk/(;c) I_Xk/k—l] [X:/(Q_I—Xk/k—l:l
i=0
+0k-1

(25
(2) Calculation of the one-step prediction augmented sam-
ple points at k-time as follows:

o _ *(1)
Kesk—1 = k/k p i=0,1,2,---,2n

. . T
Pk/k—1=ZW,(-°) [X:;Z) 1—Xk/k—1] [Xk/k | —Xkjk— 1]

+0k-1

(©) 0
Xkl/k 1= Xkjk=1 =7V (v Qk—l)i_zn
i=3n+1,3n+2,---,4n

(0 o 71,
z0. 1=h[ D] =012, an

Zijp—1 = Z me)Z,f/)kfl

i=0
(26)
where, W is the weight of each sigma point.
1
(m)
Wy =
2n+ X
1
W= i=1,2,3, 40 (2])
22n+ 1)
Step4. Calculation of Gain Matrix as follows:
Ky = Pz jk—1Pzzyk k-1 (28)
where, P(xz), P(zz) are the covariance matrices.
4n ) T
Pxzyk k-1 = Z wi [XIE/)k ! —Xk/k—l] I:Zlgl/)k—l —zk/k,l]
4n
Pzzykjk—1 = ZW(L) [Zlil/)k 1 —Zk/k—l]
i=0
@) 5 T
[Zk/k | Zk/k—l] + Rk
1
W=~ i=1,23 4n
! 2(2n+ A)
A
(c) 2
W, = 1-— 29
0 2n + A + o +h 29)
Step5. Filter Value Update
Xi = Xiju—1 + Ki [Zk — Ziji—1]
Pi = Prjk—1 — KkPeok -1 K} (30)
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By constructing the UKF, we can obtain more accurate state
information.

C. FILTER RECONSTRUCTION

The calculation amount of UKF is proportional to the dimen-
sion of the estimated parameters. Reducing the calculation
amount is one of the most effective means to promote the real-
ization of engineering for on-board computers on missiles.
Therefore, it is meaningful to effectively reduce the estimated
state parameters at the appropriate time without losing the
accuracy of the missile attitude solution.

In the above description, the state parameters include
the intrinsic characteristic parameters of the magnetome-
ter, the state characteristic parameters of the magnetometer,
and the attitude parameters of the missile to be determined.
Among them, the intrinsic characteristic calibration param-
eters py, gy, pz, q; of the magnetometer are determined by
the production and processing process of the magnetometer.
These parameters are determined when the product is manu-
factured, and cannot be changed once it is primarily identified
and calibrated. The state characteristic parameters By, By,
of the magnetometer are determined by the magnetic field
of its environment and the reset state of the device. When
the interference magnetic field in the environment where the
device is located is constant, these parameters will continue
to be valid once the device is powered on and reset. However,
when the external interference magnetic field changes due to
some specific environment (here, it refers to the on-board rud-
der that is close to the magnetic intensity meter in the working
state), these parameters will change considerably and must
be recalibrated. The attitude information y;,, vr,, YL of the
missile needs to be solved in real time during the control
process, and the optimal freshness level must be guaranteed.

Accordingly, in the third phase, we divide the estimated
state parameters into three levels. The first level is the move-
ment attitude parameters of the missile, which can not be
ignored and must be retained in the state vector in real time.
The second level is the state characteristic parameters of
the magnetometer. These two parameters need to be deter-
mined according to the flight conditions and the measurement
accuracy of the magnetometer to determine whether they are
necessary to exist in the estimated state vector. The third level
is the intrinsic characteristic parameters of the magnetometer,
which will completely exit the position of the estimated state
vector once are accurately estimated.

The UKF scheme mentioned in the previous section is
used to calibrate the measurement parameters of the state of
the magnetometer 9 above, until the parameter converges to
the optimal value under allowable conditions. The optimal
parameter estimation state vector of each step in the first
phase is defined as §k+1, and the measurement estimation
equation can be obtained as:

Sert = E* S/ (31)
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Since all parameter estimates use the same initial condi-
tions and measurement data, the optimal estimation results
for calibration parameters are relevant.

To facilitate the evaluation of the convergence of the esti-
mates, the estimation residuals are defined as:

ek+1=Sk41— S (32)

where, S is the true value of the estimated quantity.
Define the covariance matrix of two adjacent estimation
vectors Sx41 and Sy as P‘,‘{H:

Pior = E [ (e — e (ersn — )

=K [ek+1 (er+1)" — ext1 (e — (e 1) T +ex (ek)T]
(33)

In the above equation, E [ex (ex)"] and E [ex41 (exs1)"]
are the optimal covariance matrices of the two consecutive
optimal estimators St and §k+1 , respectively. In the filtering
process of equation (23) to equation (30), the estimator Sk of
the filter parameters is based on the system state equation.
Therefore, the covariance and cross-covariance of the initial
errors can be considered equal:

E[exsr @] = E [exsr (e (34)
Equation (33) can be simplified as:
P =E [€k+l (ekl)T] — ey (ex)" (35)

According to the above discussion, the filter convergence
rules can be set as:

. AT 1/ .
R4y = <5k+1 - Sk) (Pi+1) : (Sk+1 - Sk) < Amin
(36)

where, Apip is the pre-set minimum convergence value.
At this point, it can be considered that the filter state has
reached the convergence state. According to the UKF theory,
§k+1 conforms to the normal distribution, as well as S‘k+ 1 —S‘k.
So the statistic Rg, k1 isa x? distribution with r degrees of
freedom (DOF) (r is the number of parameters of the filter
state vector), and the threshold value of A, can be deter-
mined referring to the critical value table of x? distribution.
Therefore, the filter state variable (B,y, Bjn;) of the second
level and the filter state variable (py, gy, p;, g;) of the third
level can be considered as fixed values and no longer filtered,
and only the parameters related to the roll attitude of the
missile are remained in the filter state vector.

X = [VLrs J}Lra )‘/‘LI”] (37)

In this case, the filter state vector is reduced from 9-DOF
to 3-DOF, which greatly reduces the computational cost of
the on-board computer for the conventional UKF (2n+1
sigma points are calculated for each DOF). In this state, the
state characteristic parameters By, By, of the magnetometer
are considered as accurate values and are not estimated in
real time. However, these two parameters are most likely to
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FIGURE 2. Interference of rudder system to static magnetic field
measurement.
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FIGURE 3. Disturbance of the rudder system to the measurement of the
rotating magnetic field.

change with the state change of the missile. The rudder is one
of the main factors that influences the magnetometer since
the rudder is generally installed close to the magnetometer
due to the size limitation of the missile. When the rudder
is not working, the attitude measurement of the missile will
not be affected because the magnetometer in this state has
been calibrated in the previous calibration work. However,
when the missile makes a maneuverable turn, the rudder will
be energized according to the command requirements and
the missile velocity. At this time, the changed electric field
will generate a magnetic field, which will be added to the
geomagnetic field vector to affect the original environmental
magnetic field and cause the roll angle measurement error.
At this point, the reconfigured algorithm should predict or
sense this change and reconfigure back to the original mag-
netometer calibration filter scheme.

The impact of the on-board rudder system on the envi-
ronmental magnetic field should be considered. When the
conventional missile is launched against the ground target,
the rudder system does not work through the full trajectory,
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FIGURE 4. BP neural network estimation of interference magnetic field.

but depends on the requirements of the on-board computer
of the missile. When the turning maneuver is required, the
on-board computer will send out the corresponding rudder
deflection instructions for each rudder. Combining with the
roll attitude of the missile, the corresponding rudder deflec-
tion will produce a sinusoidal motion. The magnitude of the
rudder deflection, the change frequency of the rudder system,
and the air load determine the current in the rudder system,
which reflects the magnitude of the generated interference
magnetic field, as depicted in Fig. 2 and Fig. 3. The inter-
ference magnetic field can be described as:

ABp—p = fL(84, ®z, v, pa, Lp, Op) (33)

where 84 is the rudder deflection value, w, is the angular
velocity of the missile around the x-axis, vy, is the missile
flight speed, p4 is the air density in the missile flight space,
Lp is the distance from the missile axis where the rudder is
installed to the magnetometer, and Qp is the control noise
of the rudder. The above six input factors all influence the
magnetometer measurement. Therefore, the intensity of the
interference magnetic field must be determined to reconstruct
the measurement noise of the filter process to ensure the
accuracy and smoothness of the filtering results. For the same
type of missile, the missile body material, the motor model
and the magnetometer model used are the same. Based on
this characteristic, Back Propagation (BP) neural network
algorithm is proposed to estimate the interference magnetic
field in real time.

As shown in Fig. 4, the input layer nodes contain six factors
mentioned above, among which accurate measurement values
of w, cannot be provided. Here, the y;,, Y1, Y1 information
from the previous phase is used for quadratic function fitting:

D8 = Vi, + VL % A VLAP)2 (39)

The output layer node is the interference magnetic field
generated by the rudder system, and the hidden layer has four
nodes. The Logsig type in the Sigmoid function is selected as
the driving function for the hidden layer, which is described
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FIGURE 6. Hardware-in-loop simulation platform part a.

as:
Logsig(x) = 1/(1 +e7) (40)

The linear Purelin function is selected for the output layer,
which is described as:

purelin(x) = x 1)

The input data X;y,, and output data Qo from the semi-
physical simulation model is selected as training data to build
the evaluation function:

&k = Z (Qfmtput - Q]:)utput)z (42)

After obtaining the measured noise value of the recon-
structed filter, As shown in Fig. 5, the state vector of UKF
is configured as:

X = [Bmy Bz Yir Vir )./‘Lr] (43)

It is possible to switch back to the attitude filter after the
filter converges to the new value of the calibration parameter.
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IV. SIMULATION EXPERIMENT

A. HARDWARE-IN-LOOP SIMULATION

The Hardware-in-loop simulation platform for the magne-
tometer attitude measurement is established based on the
proposed ARUKF scheme. The attitude measurement com-
partment with magnetometer, rudder system compartment
and on-board computer compartment are integrated to form
the test body of the Hardware-in-loop simulation, as shown in
Fig. 6 and Fig. 7. The compartments of the test body contain
no ferromagnetic materials except the motor in the rudder
to ensure the authenticity of the experiment. The distance
between the magnetometer and the rudder compartment is
Lp = 110mm.The attitude measurement section is all placed
in the Helmholtz coil, which is used to generate known
measured data. All the test subjects and the Helmholtz coil
are placed in the magnetic shield barrel to isolate the external
geomagnetic field and the possible interference magnetic
fields.

The Helmholtz coil is used to generate a magnetic field
with strength of |Hg| = 0.5Gs and rotating along the axis
of the projectile in the magnetic shielding barrel to simulate
the rolling movement of the missile during flight. During the
working process of the simulation system, the magnetic field
is kept in the rotating state for 1~50s, and the rudder system
is kept in the non-working state. The on-board computer
controls the rudder system to generate control force in a
constant direction in the period of 50s~80s, and then the
missile returns to the uncontrolled state in 80~120s, as shown
in Fig. 8.

Fig. 9 to Fig. 11 show that during the working process of
the attitude measurement system, in the initial convergence
phase, the trigonometric function fitting on the y-axis and the
z-axis measurement data are respectively performed by the
proposed algorithm scheme. So that the calibration parame-
ters of the magnetometer can converge to a certain accuracy
range at a faster speed compare to the traditional UKF algo-
rithm which directly takes the nominal value of the calibra-
tion parameters as the initial filter value. In the continuous
filtering phase, the trigonometric function fitting is utilized
in the proposed scheme to obtain the calibration parameter
results as the initial filtering value and ensure stable work of
the filtering system, which has the similar working efficiency
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as the conventional UKF. After the rudder system on the
missile starts to work, the proposed scheme reconstructs the
UKEF state vector and the measurement noise parameters in
time according to the control instructions sent by the on-
board computer to the rudder system. In this process, the roll
attitude measurements of the missile are almost unaffected.
Although the traditional UKF scheme has been filtering and
estimating the calibration parameters of the magnetometer in
full state, the measurement noise parameters have not been
reconstructed and compensated in time in the process, which
makes the large noise interference in the measurements of the
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FIGURE 12. CPU utilization of onboard computer in different phases.

missile roll attitude. When the rudder system on the missile
stops working, the proposed scheme reconstructs the state
vector and measurement noise parameters according to the
control instructions of the rudder output by the on-board
computer. After the calibration parameters are stable, it can
return to the UKEF filtering scheme with low computation.
However, the traditional UKF scheme is still in the full state
filtering process at this time, and the roll attitude estimation
of the missile returns to the original accuracy when there is
no noise generated by the actuator system.

The calculation cost of the proposed scheme is the main
basis for whether it can realize engineering implementa-
tion. To estimate the calculation amount of the two different
algorithms, two attitude measurement scheme programs are
executed respectively in the same hardware system, and the
operation time of the functions in the scheme are monitored.
So that the operation costs of the two schemes under the
same state conditions can be obtained. It can be seen from
Fig. 12 that the proposed scheme in the initial convergence
phase (the first phase) has approximately the same compu-
tational complexity as the traditional UKF algorithm. When
the magnetometer calibration parameter data is judged to
be converged (the second phase), the calculation cost of the
proposed scheme is significantly reduced due to the recon-
struction of the state quantities. When the rudder system starts
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TABLE 1. Magnetic field simulation data parameters.

Calibration ~ Baseline of ~ Baseline of Scale factor Non-orthogonal ~ Measurement noise ~ Measurement noise sampling
parameters Y-axis Z-axis of peak value error angle (excluding rudder) (including rudder) frequency
unit FS FS 1 deg FS FS Hz

Nominal 8192 8192 1 0 0 500
value
True value 8300 7800 1.0641 9.0 100 700 500
600 — 4600 504
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FIGURE 13. Amplitude estimation error.

to work, the state vector of the proposed scheme is further
reconstructed (the third phase), but the inherent characteristic
parameters of the magnetometer are still not included, and
the calculation cost is still lower than that of the traditional
UKF. When the rudder system stops working, the UKF of
the proposed scheme further reduces the calculation cost and
only the roll attitude of the missile is estimated (the fourth
phase). In contrast, the traditional UKF has maintained a
consistent high calculation cost in the whole process.

B. NUMERICAL SIMULATION
In the established semi-physical simulation system, the
attitude measurement compartment, the rudder system
compartment, the on-board computer compartment and the
generated rotating magnetic field have all relatively restored
the process of measuring the roll attitude of the missile
through the magnetometer during flight. The measured roll
angle displacement, angular velocity and angular acceleration
are compared with the data of the generated rotating magnetic
field to verify the correctness of the proposed algorithm.
However, the accurate values of the calibration parameters of
the magnetometer can not be obtained due to the small errors
generated during the process of processing and packaging.
To solve the problem, the complete numerical simulation
model for measuring attitude of the magnetometer is estab-
lished, and the error parameters of the magnetometer are
pre-designed into the simulation model. By this way, the
calibration parameters of the magnetometer obtained by the
proposed algorithm can be compared and analyzed based on
the true values.

Here the true values of simulation parameters are set as:
Y-axis peak value to 8000 (full scale value), z-axis peak
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value to 7800 (full scale value), baseline of Y-axis to 32768,
baseline of z-axis to 33520, non-orthogonal error angle to
8.6 deg.

In the above numerical simulation experiments, as the
pitch angle and the yaw angle of the missile are constantly
changing, the measured amplitude of the magnetometer is
concomitantly changing while other parameters of the mag-
netometer (baseline, scale factor, non-orthogonal error angle)
are constant. Accordingly, only the curve of amplitude chang-
ing with time is shown in Fig. 13, while other parameter
estimation results are demonstrated as error values. As shown
in figure a, after the missile is launched, the proposed ARUKF
scheme completes the initial fitting of the amplitude param-
eters in a relatively short time, and then quickly turns to the
real-time filtering phase. With the continuous change of the
measured amplitude, the proposed ARUKEF can still maintain
the convergence state of the estimated value. After the rudder
system starts to work, due to the increase of measurement
noise, both of the traditional UKF and the proposed ARUKF
scheme have a considerable impact on the estimated value
of amplitude. However, the filtering effect of ARUKF is
obviously better than that of the traditional UKF. Since the
estimation process of the baseline of y-axis and z-axis are
similar, as an example, the estimation result of y-axis base-
line is shown in Fig. 14. In the initial phase, the calibration
parameters are converged quickly by the fast fitting method
based on energy estimation. When it converges to a certain
accuracy, the UKF reconstruction condition is activated by
the evaluation function. At this time, the proposed ARUKF
scheme considers that the baseline parameters are temporar-
ily constant and will not be estimated in a short time. After
the rudder system starts to work, the magnetometer is dis-
turbed by noise, and the baseline parameters are changed
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and re-incorporated into the UKF. Until the rudder system
stops working, the baseline parameters are re-estimated to
a constant value and then exit the UKF. During the whole
process of baseline estimation, the proposed ARUKF scheme
is obviously superior to the traditional UKF. Fig. 15 and
Fig. 16 describe the estimation process of the scale factor
errors and non-orthogonal angle errors of the magnetometer,
respectively. Both of these two calibration parameters are
inherent properties of the magnetometer and will not be
changed with the change of the external environment once
determined. Therefore, in the first phase, relatively accurate
parameter estimates can be obtained quickly depending on
the fast convergence characteristics of the proposed scheme.
With the UKF reconstruction activated by evaluation func-
tion, the scale factor and non-orthogonal error angles are
removed from the UKF. In contrast, the traditional UKF
performs the filtering of the two parameters throughout the
process, which may introduce unnecessary estimation errors
when the rudder system works.

V. CONCLUSION

This paper presents a real-time filtering scheme for the inde-
pendent calibration of magnetometers and the accurate mea-
surement of missile roll attitude. The accurate roll attitude
information can be obtained and provided to the missile even
in the case of external interference, thus has strong robustness
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to the uncertainty and measurement noise caused during
the whole measurement process. In the proposed ARUKF
scheme based on energy estimation, the potential energy
of the magnetic field captured by cutting the geomagnetic
field through missile rolling is used to quickly calibrate and
measure the attitude measurement component of the mag-
netometer. Then, according to the time-varying characteris-
tics of the parameters to be calibrated of the magnetometer,
the adaptive strategy is used to calibrate the parameters by
integrated filter under multiple states, which further reduces
the calculation cost of the on-board computer. In addition,
to overcome the interference of the rudder system to the
attitude measurement components, a prediction scheme of
the magnetometer measurement noise based on BP neural
network is proposed, which provides reconstruction criteria
for adaptive reconfigurable UKF and further improves the
filtering performance under the uncertain conditions during
the missile flight process. Numerical simulation experiments
and Hardware-in-the-loop simulation experiments show that
the proposed ARUKF scheme based on energy estimation can
achieve higher calibration accuracy of the magnetometer and
measurement accuracy of the roll attitude than the existing
conventional filtering schemes, and has higher robustness to
deal with the uncertainties and non-Gaussian measurement
noise during flight process.
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