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In the course of the guidance transformation of the rotating projectile, the accurate acquisition of the roll angle and roll angle rate
is very important to the attitude determination and guidance control of the rotating projectile. However, due to the impact of high
rotation and high overload of projectile, MEMS gyros have problems such as limited range, saturation, overload, and even
performance degradation, which make the roll angle rate unable to be output normally. At the same time, because theMEMS gyro
estimation of roll angle is in the form of angular rate integral, the roll angle cannot be estimated normally if the roll angle rate
cannot be accurately obtained. In order to solve this problem, a real-time estimation of projectile roll angle and roll rate based on
geomagnetic information under high dynamic and high overload conditions is presented. Firstly, according to the motion
characteristics of the rotating projectile, the motion model of the projectile is established, and the roll angle and roll angle rate of
the projectile are estimated by Kalman filtering algorithm under the conditions of high axial rotation and high overload.
Considering the high dynamic characteristics of the rotating projectile, based on the Kalman filter, the algorithm of the forgetting
filter with the forgetting factor is further adopted to estimate the roll angle and roll angle rate, so as to reduce the error caused by
the estimation delay in the process of high-speed dynamic change. Simulation data and semiphysical test results show that the
accuracy of roll angle estimated by this method reaches about 2° in semiphysical test, which is one time higher than that calculated
by the system. In the semiphysical experiment, the accuracy of the estimated roll rotation rate reaches 5 °/s, which is more than 6
times higher than that obtained by direct derivation. In the high dynamic stage, compared with the pure Kalman filter, the
accuracy of roll angle with forgetting factor estimation is improved by an order of magnitude, and the accuracy of roll angle rate is
improved by 4 times, which meets the desired accuracy of rotating projectile.

1. Introduction

In the course of the guidance transformation of conventional
ammunition, there are some problems such as high rota-
tional speed and high dynamic state in the flight state of the
projectile so that the gyro cannot accurately measure the
angular velocity of the projectile body roll. For example, in
the case of a rotating projectile, the maximum axial rotation
speed of the projectile can be up to 200 r/s during the
launching process, and it is accompanied by a large change.
In this case of high dynamic and high rotation speed, the
ordinary MEMS gyro is already saturated and cannot
normally measure angular rate and solve the roll angle. ,e

acquisition of the roll angle of the projectile is the key
technology of the control of the rotating projectile channel.
Only by acquiring the roll angle of the projectile accurately
can the angle position of the steering gear be determined, so
as to guide the projectile and hit the target accurately
through the control system of the guided ammunition. At
the same time, the acquisition of the roll angular rate is to
provide damping loop for the projectile control system and
further improve the dynamic performance of projectile
control, which is one of the essential factors in the process of
projectile control.,erefore, it is necessary to have a method
to estimate the gyro-free roll angle and roll rotation rate
under the harsh environment.
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MEMS gyro is commonly used in the rolling angle
measurement of missile, unmanned aerial vehicle, and other
unmanned attitude measurement. In the flight environment
of high axial rotary speed and high overload, this kind of
system has some problems, such as performance degrada-
tion or even failure after overload and initial alignment
difficulty, which makes it impossible to continue attitude
estimation. ,erefore, in recent years, more and more
systems use geomagnetic information to obtain roll angle.
,e rolling angle measurement scheme using geomagnetic
information has the advantages of small space occupation,
fast response speed, good antihigh overload performance, no
error accumulation over time, low cost, etc. [1, 2] and can be
normally solved under high overload and high dynamic
flight environment. However, due to the magnetic field
characteristics, its roll rotation angle is easily interfered by
the projectile body magnetic field, and the accuracy of roll
rotation is closely related to the measurement accuracy of
geomagnetic field.

In order to estimate the axial speed of the projectile by
using magnetic measurement information, time-frequency
domain analysis methods such as STFT (Short-time-Four-
ier-transform) [3–5], differential filtering [6], zero pass
detection [7, 8], and deformation Kalman filtering algorithm
combined with peak detection are currently employed [9],
but these methods all have their own defects. For example,
the STFT estimation method uses Fourier transform to
estimate the angular rate. In the case of high dynamics, there
is a contradiction between the accuracy and real-time
performance of this method in estimating the roll angular
rate, that is, the longer the interval time, the higher the
estimation accuracy, but the worse the real-time perfor-
mance. ,e shorter the interval time, the better the real-time
estimation, but the lower the estimation frequency accuracy.
Differential filtering method is to get the angular rate in-
formation by difference of magnetic measurement signal.
,e error of this method is large, and the angular rate error
obtained by difference will be larger when there is a mea-
surement error of magnetic signal. After low-pass filtering
[10], the estimation error can be reduced, but the estimation
result will be delayed. Similarly, the rate of change obtained
directly by magnetic signals is also greatly affected by
measurement errors. ,e detection method of zero crossing
is to obtain angular rate information by measuring the time
of each zero crossing through sinusoidal magnetic mea-
surement signal. However, data updating rate of this method
is different under the influence of rotational speed, that is,
when the axial rotational speed is fast, the angular rate
information updates quickly; when the axial rotational speed
is too slow, the angular rate information updates slowly, and
the information update rate cannot be determined.

n addition, for only using the magnetometer to obtain
the angular rate and other attitude information, also through
the establishment of the projectile dynamics model, Li et al.
introduces a kind of gyro angular rate estimation method
[11], Natanson and others introduce a three-axis magne-
tometer measurement spacecraft attitude and angular rate
RTSF (real-time) sequential filtering method, and Ma and
Xu put forward improved real-time sequential filtering

method (IRTSF) [12]. Sabzevari et al. use the magnetometer
[13, 14] to estimate the attitude in vehicle dynamics model is
established on the basis of calculating. However, in the
process of high-speed flight, the force and torque, including
aerodynamic force, subjected to the projectile are very
complex; therefore, accurate dynamic model cannot be
established. Hu et al. proposed a new filtering method based
on UKF, which is suitable for combined inertial navigation
and GPSmeasurement [15]. On the contrary, the change rate
of roll angle obtained directly by magnetic signal is greatly
affected by the measurement error [16]. ,erefore, a simple,
fast, practical, and high accuracy algorithm is needed to
estimate the real-time roll angle and roll angle rate of the
rotating projectile.

In this paper, the roll angle and angular rate estimation
based on geomagnetic information are estimated when the
projectile’s torque is unknown. Firstly, the kinematics model
is established according to the motion characteristics of the
projectile. Based on the accurate estimation of projectile roll
angle and roll angle rate by the Kalman filter, in view of the
dynamic characteristics of projectile motion and high speed,
appropriate forgetting factor is added for strong tracking, to
change the measurement noise and system noise in real time
improve the adaptive ability of the algorithm [17]. ,us, the
attitude information of roll angle and roll angle rate nec-
essary for guidance and control of guided munitions under
bad onboard environment is obtained.

2. Establish Coordinate System

Geomagnetic attitude measurement system is mainly based
on the information of geomagnetic field. Although geo-
magnetic field is a global long-term changing magnetic field,
it changes slowly and is almost constant in a very short
period of time compared with the rapid launch of ammu-
nition. ,erefore, geomagnetic information can be widely
used in aviation, aerospace, navigation, and other fields. ,e
three-axis magnetic sensor can measure the three compo-
nents of geomagnetic field in each position in real time. It
has the advantages of not accumulating errors with time, low
cost, and high antioverload performance. Using the three
components of the geomagnetic field at the initial time of
launch and the information of the three components of the
geomagnetic field at any time during the projectile’s flight,
the attitude angle of the projectile can be obtained through
the transformation of the coordinate system [18, 19]. After
that, roll angle and roll rotation rate can be further esti-
mated, so the first thing is to establish the coordinate system.

In order to obtain the motion attitude angle of the
projectile body relative to the initial moment, two coordinate
systems need to be established, namely, the launching co-
ordinate system f system (O − XfYfZf) and the projectile
body coordinate system b system (O′ − XbYbZb).,e launch
as a benchmark coordinate system belongs to the static
coordinate system; in order to determine the initial position
of the projectile, the origin is located at the centroid at the
launch site, the X-axis is from origin to destination, Y-axis
vertically points inside the centroid transverse section, Z-
axis within the centroid transverse section pointing to the
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right level, and coordinates measured three component
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is the initial three-component magnetic

field. ,e missile system belongs to the moving coordinate
system, which is used to represent the motion attitude of the
projectile at any moment of its flight relative to the initial
launch time. Its origin is located in the center of mass of the
projectile, and it moves with the projectile’s flight motion.
,e X-axis is along the direction of the projectile axis, and
the Y-axis and Z-axis are located in the transverse section of
the center of mass and rotate with the projectile around the
X-axis ,e geomagneticfield three
components Hb

x Hb
y Hb

z 
T
measured in the missile co-

ordinate system is the three-axis magnetic field value at each
position and attitude during the flight of the projectile. Both
coordinate systems satisfy the right-hand rule, as shown in
Figure 1.

,e transformation matrix of the launching system to
the projectile system can be obtained according to the
projection relation and rotation mode, and the rotation
matrix results are different with different rotation orders. In
this paper, rotation is carried out according to the rotation
mode of 231, that is, the yaw angle rotation matrix Cψ is

obtained by first rotating about the Y-axis. ,en, rotate
about the Z-axis to get the pitch angle rotation matrix Cθ.
Finally, rotate about the X-axis to get the roll rotation matrix
Cc. ,e details are shown below:
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sin ψ 0 cos ψ
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(1)

Finally, according to the rotation order of Y-Z-X,
multiply the three rotation matrices to obtain the rotation
matrix Cb

f of the launching system to the projectile system as
follows:

C
b
f � CxCzCy � CcCθCψ
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,us, the relationship between the three componentsHf

of the initial magnetic field in the emission system and the
three components Hb of the magnetic field in the carrier
coordinate system can be obtained:
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3. Estimation Algorithm

3.1. Magnetic Information to Solve the Roll. From the above
section, it can be seen that the attitude angle of the projectile
body can be solved by using geomagnetic field information.
When the three components of the projectile body’s mag-
netic field and the three components of the projectile body’s
magnetic field are known, one of the attitude angles must be
known to solve the other two attitude angles. Due to the fact
that the yaw angle of the guided munitions, such as the
rotary bomb, is small in the trajectory fire plane during
flight, the yaw angle can be set as 0, and the following
formula can be obtained:
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,us, the formula of pitch angle and roll angle of the
projectile can be obtained as follows:
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3.2. Estimation of Roll Angle and Roll Rate. In the kinematics
of the projectile’s external trajectory, the attenuation law of
the axial rotational speed of the projectile’s external ballistic
trajectory can be obtained according to the Roguery formula
[20]:

_c � _c0 exp − 0.075k
LD

3

A
t , (6)
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where L is the projectile length, D is the projectile diameter,
A is the moment of inertia of the projectile pole, and k is the
coefficient.

,us, we can know that the axial rotation speed ω of the
projectile decreases exponentially with time t. ,e rotational
axial rotational speed of the projectile conforms to the
flexible formula in the uncontrolled-free flight stage or in the
single control period, so the roll angular velocity of the
projectile can be regarded as the change of uniform de-
celeration in a short time. According to this characteristic, a
quadratic kinematics equation can be established as the
equation of state:

c(t) �
1
2
at2 + bt + c, (7)

where a, b, and c are constants.
Suppose in the flight process of the rotating projectile,

the rotational angle, rotational angle rate, and rotational
angle acceleration at time T are c(t), ω(t), and a(t), re-
spectively. From the above formula, it can be seen that the
angular velocity in a short time is uniform, in other words,
the roll angle plus acceleration is a random variable, and the
roll angle acceleration a(t) is driven by white noise. If the
white noise is j(t), the mean value of the system noise is zero
and the covariance matrix is Q, and the following kinematic
relationship can be obtained:

_c(t) � ω(t),

_ω(t) � a(t),

_a(t) � j(t),

(8)

where E[jt] � 0 and E[jtj
T
k ] � Qtδtk.

,en, the state equation of the model can be written as
follows:
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After that, the roll angle calculated by the magnetic
measurement system is taken as the observation value, and
the measurement model can be obtained as follows:

Zt � HXt + Vt, (11)

where H is the measurement matrix:

H � 1 0 0 . (12)

Vt is the measurement noise, the mean value is zero, and
the covariance matrix is R. ,e equivalent of E[Vt] � 0 and
E[VtV

T
k ] � Rtδtk.

When the sampling period is Ts, the model is discretized
and the results are as follows:

Xk � ϕk/k− 1Xk− 1 + 
k

k− 1
ϕ(k, τ)Gj(τ)dτ, (13)

where ϕk/k− 1 � I + FTs + (T2
S/2!)F2 + (T3

S/3!)F3 + · · ·.
When the sampling interval is small, that is, the sampling

frequency is large, the higher order term can be omitted, and
the one-step transfer matrix is

ϕt/t− 1 �

1 Ts 0

0 1 Ts

0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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At the same time, the system noise driving array can be
obtained as follows:

Γ � 0
T2
s
2

Ts 

T

. (15)

,en, the final equation of state of the system is

Xk � ϕk/k− 1Xk− 1 + Γjk− 1 (16)

where Xk � ck ωk ak 
T.

In the process of rotating projectile launch, there are
abrupt changes in the projectile roll angular rate, which do
not conform to the model setting of "short-time uniform
acceleration," and thus the model is not accurate enough.-
,erefore, for the estimation of roll angle and roll angle rate,
the measurement noise and system noise of the model
should be appropriately modified to improve the weight of
new information and reduce the interference of the previous
estimation results to the current time estimation.

Assuming that, in the angular rate mutation stage, the
variance matrix of measurement noise V(k) and system
noise W(k) are, respectively,

E VkV
T
j  � s

N− k
Rkδkj,

E WkW
T
j  � s

N− k+1
Qkδkj,

(17)
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where k and j are both a certain moment in time series N. It
can be seen that when s is 1, the noise variance matrix does
not change. When s is greater than 1, the noise variance
matrix increases. According to the case that the model es-
timation error increases when the angular rate changes, s
should be a real number slightly greater than 1. ,us, a new
one-step prediction mean square error matrix and gain
matrix are

Pk/k− 1 � ϕk/k− 1Pk− 1ϕ
T
k/k− 1 + Γk− 1s

N− k
Qk− 1Γ

T
k− 1,

Kk � Pk/k− 1H
T
k HkPk/k− 1H

T
k + s

N− k
Rk 

− 1
.

(18)

By multiplying the one-step prediction mean square
error of the above equation by s− (N− k), we can obtain

s
− (N− k)

Pk/k− 1 � ϕk/k− 1s
− (N− k)

Pk− 1ϕ
T
k/k− 1 + Γk− 1Qk− 1Γ

T
k− 1.

(19)

Assume that

P
∗
k/k− 1 � ϕk/k− 1 sP

∗
k− 1( ϕT

k/k− 1 + Γk− 1Qk− 1Γ
T
k− 1. (20)

Similarly, multiply the left and right sides of the esti-
mated mean square error by s− (N− k) to simplify and arrange
the final model equation as follows:

X
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∗
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∗
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∗
k Zk − Hk

X
∗
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P
∗
k � I − KkHk( P

∗
k/k− 1,

(21)

where X
∗
k− 1, X

∗
k , X
∗
k/k− 1, and K∗k , respectively, represent the

estimated value at time k − 1 and time k as well as the state
prediction and gain at time k, and s is the forgetting factor.

It can be seen that the simplified filtering model can only
be multiplied by a forgetting factor before the estimated
mean square error at the previous moment.

4. Results and Discussion

4.1. Validation of Simulation Data. According to the above
model, the initial value is given for simulation verification.

First, a set of roll angle and roll angle rate data with angular
rate mutation are generated by simulation, and appro-
priate measurement error is added, and then the algo-
rithm is used for estimation. Q � 22, R � 0.012, and s � 1.2
are set in this group of simulation data. ,e estimated
results and the original generated data are shown in the
figure below.

In the above simulation results, it can be concluded from
Figures 2 and 3 that the estimation algorithm can simul-
taneously estimate the roll angle and roll angle rate of the
projectile. From Figures 3–5, it can be seen that the angular
rate mutation exists at 0 s and 5 s. It can be seen from
Figures 4 and 5 that the error of the roll angle and roll angle
rate estimated by the Kalman filter is large due to the
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constraint of the estimation model, while the error of the
algorithm estimated by adding the forgetting factor will be
greatly reduced. ,e error of roll angle and roll angle rate at
the angular rate mutation is shown in the table below.

It can be seen from Table 1 that, in the angular rate
mutation stage, compared with the pure Kalman filter es-
timation, the estimation accuracy of the algorithm with the
forgetting factor is improved by an order of magnitude, and
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Table 1: ,e estimation error of the algorithm in the angular rate mutation stage.

,e stage of angular
rate mutation

Mean of roll angle error (°) Mean of roll angle rate error (°/s)
Estimated by pure

Kalman filter
Estimated by the algorithm

with forgetting factor
Estimated by pure

Kalman filter
Estimated by the algorithm

with forgetting factor
0 s–0.55 s − 2.3443 − 0.2431 − 139.15 − 77.3721
5 s–5.6 s − 0.4660 − 0.0080 − 16.8456 − 1.6650
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the accuracy of the roll rotation rate is increased by more
than 4 times. It can be seen from Figure 5 that, in the
stationary phase, the accuracy of the roll rotation rate es-
timated by the algorithm is 10 times higher than that ob-
tained by direct derivation. ,e validity of the algorithm is
verified.

4.2. Validation of Semiphysical Turntable Data. After the
algorithm is verified, it is verified according to the data of the
magnetic measurement system. With the three-axis mag-
netometer HMC1053 produced by Honeywell company as
the only attitude sensing chip and the STM32 single chip
microcomputer produced by ST Company as the controller,
the control circuit was designed to constitute the magnetic
attitude measurement system [21, 22], and the magnetic
measurement system was fixed on the three-axis high-
precision flight simulation turntable, as shown in Figure 6.
,e control table rotates around the X-axis, Y-axis, and Z-
axis, respectively, and the roll angle is calculated by using the
magnetic measurement system, and the roll angle and the
roll rotation rate are optimized and estimated by taking the
magnetic measurement as the observation data.

In this experiment, the gyroscope is saturated and it is
impossible to further estimate the carrier roll angle, so the
gyro information is only used to estimate the roll angle rate
estimated by the algorithm in the later stage.

To simulate the flight state of the projectile body under
the maneuvering condition, the flight turntable was
accelerated uniformly around the X-axis to 5 r/s and then
decelerated uniformly to 0 r/s after maintaining 21 s, as
shown in Figure 7. In the model parameter setting, Q� 22,
R� 0.52, and s� 1.03, and the simulation results are shown
in the figures.

,e estimated roll angle and roll rotation rate are shown
in Figures 7 and 8. It can be seen from Figure 8 that, at the
angular rate mutation of 1 s, 3 s, and 23 s, the roll angle and
roll rate estimated by the pure Kalman filter have large error.
However, the error estimated by adding forgetting factor
algorithm is significantly smaller, as shown in Table 2.

As can be seen from Table 2, in the angular rate mu-
tation stage, compared with the estimation result of the
pure Kalman filter, the roll angle accuracy estimated by the
algorithm with the forgetting factor is improved by an
order of magnitude. ,e accuracy of the estimated roll
rotation rate is improved by more than 4 times. It can also
be seen from Figures 9 and 10 that, in the stationary phase,
the roll angle error estimated by the algorithm is within 2°,
which is more than twice as accurate as the roll error of 5°
measured. ,e error of the roll rotation rate estimated by
the algorithm is within 5 °/s, which improves the accuracy
by an order of magnitude compared with the error of the
roll rotation rate obtained by direct derivation of 50 °/s,
which verifies the feasibility of the algorithm and the
system.

4.3. Verification of Bomb Test Data. ,e feasibility of the
algorithm is verified by theoretical analysis and turntable
semiphysical simulation test. Now, the sensor data

Figure 6: ,ree-axis high-precision flight simulation turntable.
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collected from the ballistic flight test of the range is used for
further verification. A magnetic measuring system and an
axial MEMS gyro are installed in the test projectile body.
,e roll rotation rate of the gyro output is taken as a
reference to verify the accuracy of the estimated roll

rotation and roll rotation rate calculated by using only the
magnetometer data. ,e test results are shown in the
figures.
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Figure 9: ,e error of the roll angle.
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Figure 12: ,e system calculates the roll angle and the angular rate
of the gyro output. (a) ,e role angle that system calculates. (b)
Rotation rate of gyro type.

Table 2: ,e estimation error of the algorithm in the angular rate mutation stage.

,e stage of angular rate
mutation

Mean of roll angle error (°) Mean of roll angle rate error (°/s)

Estimated by pure Kalman
filter

Estimated by the
algorithm with forgetting

factor

Estimated by
pure

Kalman filter

Estimated by the
algorithm

with forgetting factor
1 s–2 s − 8.2261 − 0.5716 − 74.5018 − 4.1254
3 s–4 s 6.6852 − 0.6276 77.6076 15.4660
23 s–24 s 7.3149 − 0.0166 78.4181 16.0643
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,e figure above shows the system output and algorithm
estimation results of the bomb test. It can be seen fromFigure 11
that the effective flight time of the ballistic test is 20 s. It can be
seen from Figures 12 and 13 that the gyro is saturated during
flight and cannot normally calculate the roll rotation rate.
However, the roll rotation rate estimated by the algorithmmakes
up for this defect. ,e roll angle and roll rotation rate estimated
by the algorithm are shown in Figures 13 and 14. Figure 14
shows that the roll angle estimated by the algorithm is better
than the linearity of the roll angle calculated directly by the
system, which indicates that the roll angle estimated by the
algorithm compensates some errors caused by the system
measurement. Figure 13 shows that the roll rotation rate

estimated by the algorithm compensates for the error caused by
gyro saturation in the first two seconds. In the stationary phase,
the accuracy of the roll rotation rate estimated by the algorithm
is 6 times higher than that obtained by direct derivation. Fig-
ure 15 shows that, in the angular rate mutation stage, the roll
angular rate estimated by forgetting factor reduces the error
caused by pure Kalman filter estimation, and the mean value of
the estimated error caused by angular rate mutation is shown in
the table.

It can be seen from Table 3 that the angular rate at 11 s
does not change much, so the effect of the algorithm with the
forgetting factor is not obvious. However, in other abrupt
changes of angular rates, the accuracy of the algorithm with
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Figure 13: ,e roll angle rate that the system calculates and the gyro output.
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the forgetting factor is more than 4 times higher than that of
the pure Kalman filter.

5. Conclusions

In this paper, we propose a method to estimate the roll angle
and roll angle rate of a projectile by using only the magnetic
field information provided by a triaxial magnetometer, and a
real-time estimation algorithm based on the Kalman filter
with appropriate forgetting factor is proposed. ,is method
solves the problem that the projectile roll angle and roll angle
rate cannot be obtained due to MEMS gyro overload and
degradation under the flight condition of high spin and high
overload. ,e Kalman filter estimation algorithm with the
oblivion factor is able to significantly reduce the error caused
by estimation delay under high dynamic conditions.

,rough the above analysis and semiphysical simulation
test, it can be concluded that the algorithm can estimate the
roll angle and roll angle rate of the carrier in real time and
quickly. ,e experimental results show that the algorithm
with the forgetting factor reduces the influence of magnetic
sensor measurement error on the accuracy of roll angle and
improves the accuracy of roll angle by one time. ,e ex-
perimental results show that the error of the roll rotation rate
estimated by this algorithm is within 5 °/s, and the accuracy
is 6 times higher than that obtained by direct derivation. In
the angular rate mutation phase, compared with the pure
Kalman filter estimation algorithm, the accuracy of the roll

angle estimated by the algorithm that the Kalman filter with
the forgetting factor is improved by an order of magnitude,
and the accuracy of the roll angle rate is improved by at least
four times, which canmeet the requirements of the projectile
roll angle and roll angle rate of the guidance and control
system of general rotating bombs.
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Table 3: ,e estimation error of the algorithm in the angular rate mutation stage.

,e stage of angular rate mutation
Mean of roll angle rate error (/s)

Estimated by pure Kalman filter Estimated by the algorithm with forgetting factor
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20 s–20.4 s 824.1634 208.4635
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