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Abstract. Initial alignment is a prerequisite for the work of INS and integrated
navigation system. In order to solve the problem of rapid alignment of guided pro-
jectiles under high dynamic conditions, this paper proposes an air coarse alignment
method based on kinematics constraints, and compensate for the influence of the
earth’s rotation. At the same time, this paper increases the pitch and yaw angle
measurement information in the fine alignment process, thereby improving the
speed and accuracy of air fine alignment. Simulation experiments show that after
compensating for the influence of the earth’s rotation, the roll angle alignment error
is reduced by 1°. Compared with the traditional speed 4 position six-dimensional
measurement fine alignment method, after adding pitch and yaw angle measure-
ment information, The eastward speed error is reduced by 0.044 m/s, the northward
speed error is reduced by 0.156 m/s, the sky speed error is reduced by 0.126 m/s,
the eastward misalignment angle error is reduced by 2.1°, and the northward mis-
alignment angle error is reduced by 0.7°, and the sky misalignment angle error is
reduced by 0.86°.

Keywords: Air alignment - High dynamic - Kinematic constraints - Integrated
navigation - Measurement

1 Introduction

Precision strike is the key pursuit of modern warfare. With the rapid development of
information technology in the 21st century, the requirements for low-cost conventional
ammunition have been guided and informatized to ensure the effectiveness and accuracy
of firepower coverage in modern warfare. For guided projectile, the rotating systems
can simplify the composition of the control system, reduce the impact of structural
asymmetry, and improve the performance. Many countries have conducted in-depth
research and application of guided projectile shells with rotating systems [1]. While
the rotating systems brings many advantages, it also brings unique problems to the
research of guided weapons in rotating systems. The first challenge is the high overload
at the moment of launch (not less than 10000 g), and the requirements for high overload
resistance are put forward for IMU (Inertial Measurement Unit) components. At the
same time, due to the high spin, there are also high requirements for the measurement
range of the gyro. Furthermore, the carrier spin will cause complex cone motion, which
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brings severe challenges to attitude measurement, especially roll angle measurement,
which further affects the reliability and accuracy of navigation and guidance. Finally,
due to the particularity of guided projectiles, the cost should also be considered [2—
4]. The combination of inertial navigation system (INS) and Beidou global navigation
satellite system (BDS) is an effective integrated navigation system, it uses the high-
precision positioning information filtering algorithm of the BDS receiver to calibrate
and compensate for the accumulated errors of the strapdown system, which improves
the navigation accuracy and has been widely used.

Initial alignment is a prerequisite for the normal operation of INS. The accuracy
and speed are two indicators for evaluating alignment effects [5]. The traditional initial
alignment algorithm takes a long time to align and requires simple linear motion of the
carrier [6]. Obviously, it cannot be used for the initial alignment of guided projectiles
with weightlessness, high-speed spinning, and high-speed movement. Non-autonomous
alignment is different from autonomous alignment. It needs to rely on external auxiliary
equipment to provide reference information, such as GNSS (Global Navigation Satel-
lite System), master-sub-inertial navigation transfer alignment system, magnetometer,
etc. For guided projectiles, due to their limited size and short flight time, they are obvi-
ously not suitable for transfer alignment. On the other hand, due to its high-speed spin
characteristics, the acquisition of the roll angle is the focus and difficulty of the current
guided projectile alignment technology. The most commonly used method is to install
a magnetometer on the projectile [7]. However, the attitude measurement method based
on geomagnetic measurement technology has poor anti-interference ability and requires
additional sensors [8]. Some scholars solve the problem of attitude calculation from the
perspective of non-gyro inertial measurement methods, such as six accelerometers, eight
accelerometers [9], but these methods require high accelerometer installation accuracy
and angular velocity calculation accuracy, which will cause Real-time issues.

This paper proposes an air alignment method of guided projectile based on INS/BDS.
The coarse alignment is completed by the method of rapid air alignment based on kine-
matics equations, and the influence of the earth’s rotation on the coarse alignment is
compensated. Then, on the basis of the traditional six-dimensional measurement preci-
sion alignment method, the pitch and yaw vector measurement information are added to
construct an eight-dimensional measurement, thereby improving the accuracy and speed
of the air precision alignment. At the same time, no additional sensors are used, which
helps to save costs and control weight.

2 Air Alignment Method of Guided Projectile

2.1 Air Coarse Alignment Algorithm Based on Kinematics Equations

Firstly, the coordinate systems should be defined: Inertial coordinate system OX;Y;Z;.
Navigation coordinate system (ENU) OX,, Y, Z;. Projectile coordinate system OXp YpZy,
The Yy, axis is the rotation axis of the guided projectile, the Xy, axis is the horizontal axis,
and the Zy, axis is the sky axis. Ballistic coordinate system OX;Y>Z», The Y, axis is the
ballistic pointing axis. The relationship of each coordinate system is shown in Fig. 1. It
is stipulated that the yaw angle is 0° when pointing north, and it is positive from north
to west.
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Fig. 1. (a) shows the relationship between navigation coordinate system and projectile coordinate
system; (b) shows the relationship between ballistic coordinate system and projectile coordinate
system

After the guided projectile is launched and before the satellite receiver is powered
on, the guided projectile will be in a complex angular motion state due to the initial
disturbance. At this time, the trajectory of the projectile can only be roughly predicted
by the ballistic parameters. While the BDS receiver receives the navigation information,
according to the component of the velocity measurement value in the navigation coordi-
nate system, the ballistic inclination and the ballistic deflection of the guided projectile
can be calculated.

0, = arctan . (1)
V2 +v2
Ve
Yp = — arctan — 2)
Vn

Ve, Vn, Vy TESpectively represent the eastward speed, northward speed, and skyward speed
in the satellite navigation results.

According to the theory of external ballistics, the following relationship exists
between the projectile coordinate system and the ballistic coordinate system:

YRYy+061;0 20, + 6 3)

At the same time, during the ascent of the guided projectile flight, the angle of attack
caused by the initial disturbance will rapidly decay to a small amount in a short time, so
the following approximation can be used:

¥~ 0~ 0, “4)

According to the theory of external ballistics, the kinematic equation of the projectile
body rotating around the center of mass is:

é_d@_b b

., = ? _a)nbbz sin y —l—wnbzcosy
. _y _ _ _ .
V="Tar = Onpy (W, cO8y — o, siny)tant 4)

L4y i
Y= d—'f = (a)sz siny — “’sz cosy)/cosf
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In the formula, 6, y, 1 represents the pitch rate, roll rate, and yaw rate of the
rotating pr(')jectile; a)z - “)Z by? a)f; bz Fespectively represents the s.ensitive apgular rate of
the projectile coordinate system relative to the three-axis navigation coordinate system;

The first two formulas of (5) can be solved:

b G_. b i
), 0—w,, Y cost

MY T 0 cosd)? ©)
wszG + wzb,v/ cosf
COSY = — 55— ————
024+(yr cosH)?

It can be derived from (6):

b 4 _ b
w0 -y, Ycosb
b

- .
. 0+, Ycosb

tany = (7N

For a well-designed projectile, the yaw angular rate after launching can be ignored,
so (7) can be simplified to:

b
10
tany ~ %bz 8)
Dby

According to the characteristics of the guided projectile in the trajectory of the
projectile during the ascent period of flight:

w? w?

0 ~ .Vle ~ nbx < O (9)
siny  cosy

If the definition of the roll angle is [-180°,180°], the unique solution of the roll angle
can be obtained by combining (8) and (9), as shown in Table 1.

Table 1. Roll angle value range judgment table

b b

tany |, |0, sin y | cos y | Numerical The value of y
interval
>0 >0 |[>0 |<0 |<0 |[-180° -90°) |y |-180°
>0 |=0 |- 90°
<0 |<0 |=0 |>0 |[0°90° 4
<0 |>0 |<0 |<0 |>0 |(-90°0°] - |yl
<0 |=0 |90°
<0 >0 |20 |<0 |(90°180°] | 180°-|y]|

On the other hand, by inertial navigation theory:

wp), = wh, — Cho, (10)
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Among them, wf’b is the output value of strapdown gyroscope, and is determined by
Eq. (11):
Vn
" Ru
! =l + ol = wigcosL—i—I;—; (11)
wje SIN L + 1;—; tan L

Ve, v, vy, represents the easterly speed, northerly speed, and celestial speed in the satellite

navigation results respectively; w;, represents the earth’s rotation rate, which is a constant

value; L is the latitude information in the position; Ry, Ry is the earth’s curvature radius.
Expand formula (10) in terms of components:

b b n
wgbx wsz b Wiy
_ _ n
wnby - wiby Cn winy (12)
b b n
Dz Dipe Wing

Where C,ll7 is the attitude transfer matrix. Expand it and calculate it to get:

a)sz = a)ibbx — [(cos y cos Y + sin y sin ¥ sin 0) !

mnx 13
+(—cos y sin ¥ + sin y cos ¥ sin B)wf’ny + (=siny cos 0)wj,. | (13)

a)ﬁhz = a)f’bZ — [(sin y cos ¢ — cos y sin ¥ sin )"

mx 14
+ (cosy cos Q) (14

mnzg

71
iny

+(—siny siny — cos y cos ¥ sin ) w

Substituting (13) and (14) into (8), the formula that compensates for the influence
of the earth’s rotation can be obtained:

siny -l =cosy -a)f},z—i-M (15)
Where:

o . n . n
M =sinyrsin6 - w;,, + cos ¥ sinf - wj,

n
y — €080 - wy,

Equation (15) is the formula for quickly obtaining the compensated roll angle.

Since the roll angle is defined as [-180°, 180°], formula (15) is used in the specific
calculation:

If wfhx

Else if wf’bx > (0:siny -wf.’bx =cosy - a)f.’bz —M.

After the roll angle is finally calculated, the determination of the roll angle range is
consistent with Table 1.

At this time, the attitude angle, speed, and position information required by the coarse

alignment of the guided projectile can be obtained.

<0:siny -a)l?bbxzcosy~wf’bz+M.
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2.2 Air Fine Alignment Algorithm Added Pitch and Yaw Measurement

Traditional air fine alignment methods mostly use six-dimensional measurement to
construct the measurement equation:

7 — [VGNSS—VINS] —HX 4V (16)
VGNSS — VINS

In the formula, rgnss represents the three-dimensional position vector output by the
GNSS system; rzys represents the three-dimensional position vector output by the INS
system; vgyss represents the three-dimensional velocity vector output by the GNSS, vyvs
represents the three-dimensional velocity vector output by the INS; H = [16><6 06><9]
is the measurement matrix; V is the quantity Measure noise; Z is the measured value; X
is the 15-dimensional state quantity.

Due to the characteristics of fast rotation speed, fast movement speed, and relatively
fixed ballistic trajectory of guided projectiles, the yaw and pitch information derived
from GNSS speed is considered to construct an eight-dimensional measurement matrix.
At the same time, because the fifteen-dimensional state quantity contains the system
misalignment angle, not the attitude angle error, it is necessary to build the relationship
between the attitude angle error and the system misalignment angle:

Y —tanfsiny tanfcosyr — 1 OE
80 | = —cos Y —sinyr 0 ON a7
3y sinyr/cosf —cosy/cosd O oU

Take the first two rows of the matrix in the above formula:

(18)

[—tan@sim/f tan 6 cos —1:|
Cox3 =

—cos Y —siny 0

Then the new measurement matrix is:

C2x3 0246 02x6
Hgx15 = [ (19)
% O6x3 Iox6 Osxo

On this basis, an 8-dimensional measurement equation can be constructed:

3y YGNss — YiNs

7 — | 80 | _ | fcnss — Oins (20)
or TGNSS — TINS
dv VGNSS — VINS

3 Experimental and Comparative Analysis

Firstly, this paper sets the ballistic parameters: the simulation step is 0.001 s, the ballistic
duration is 180 s; the initial longitude of the carrier is 114°, the initial latitude of the
carrier is 30°, the initial height of the carrier is 5 m; the initial velocity of the carrier is
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1500 m/s; The initial roll angle of the carrier is 0°, the initial yaw angle of the carrier is
—90° (true north is 0°, and the west by north is positive), and the initial pitch angle of the
carrier is 45°; The weight of the shell is 18 kg, and the shell diameter is 0.065 m; The air
density is 1.29 kg/m?, the air resistance coefficient is 0.0789; the initial roll angular rate
is 126 rad/s. Secondly, this paper sets IMU error: 20 deg/h for gyroscope zero offset,
1000 ug/h for accelerometer zero offset, angle random walk 5 deg/sqrt(h), speed random
walk 10 ug/sqrt(Hz), and set BDS position error to [5 m, 5 m, 5 m], the speed error is
[1 m/s, 1 m/s, 1 m/s].

3.1 Experiment and Comparison of Air Coarse Alignment Methods

In order to verify the air coarse alignment method of guided projectiles based on kine-
matic equations proposed in this paper, this article first uses the guided projectile trajec-
tory generator to generate ideal gyroscope and accelerometer data. Then this paper adds
the corresponding error according to the actual situation. The trajectory parameters of
the trajectory generator are used as true values for comparison.

Figure 2 shows the pitch and yaw errors of the guided projectile. It can be seen that
the pitch angle error is less than 5¥10" rad, and the yaw angle error is less than 10"
rad.

5 8
[ 1000 2000 3000 4000 5000 6000 [ 1000 2000 3000 4000 5000 6000

ms ms

Fig. 2. Pitch and yaw error of coarse alignment

Figure 3(a) shows the alignment error of the roll angle after compensating for the
influence of the earth’s rotation. Figure 3(b) shows the alignment error of the roll angle
when the influence of the earth’s rotation is not compensated. It shows that if the effect
of the earth’s rotation is not compensated, the roll angle alignment result would have a
drift of more than 1°.

3.2 Experiment and Comparison of Air Fine Alignment Methods

Figure 4 shows the air fine alignment error of eight-dimensional measurement. The first
subfigure shows the east misalignment angle and the north misalignment angle. It can
be shown that the east misalignment angle is less than 1.38° and the north misalignment
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the roll error(compensated) the roll error(uncompensated)
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Fig. 3. Roll error of coarse alignment

angle is less than 0.55°. The second subfigure shows the sky misalignment angle is less
than 1.4°. In the third subfigure, it can be shown that the speed errors are less than
0.5 m/s. The last subfigure shows the position errors are less than 2 m.
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Fig. 4. Air fine alignment error of eight-dimensional measurement

Figure 5 shows the air fine alignment error of six-dimensional measurement. Com-
pared with the Fig. 4, The first subfigure shows that the east misalignment angle can
reach 5.56° in maximum and the north misalignment angle can reach 2.78° in maximum
which are. The second subfigure shows that the sky misalignment angle can reach 3.33°
which is 2 times larger than the sky misalignment angle in Fig. 4. In the third subfigure,
it can be shown that the speed errors are less than 1 m/s. The last subfigure shows the
position errors are less than 2 m.
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Fig. 5. Air fine alignment error of traditional six-dimensional measurement

Table 2 shows the comparison of the two methods’ RMSE error.

Table 2. Comparison table of air fine alignment errors of the two methods

RMSE Six-dimensional Eight-dimensional
Eastward position error (m) 0.81 0.66

Northward position error (m) 0.80 0.57

Sky position error (m) 0.6 0.53

Eastward velocity error (m/s) 0.14 0.096

Northward velocity error (m/s) 0.24 0.084

Sky velocity error (m/s) 0.18 0.054

Eastward misalignment angle (°) 2.48 0.38

Northward misalignment angle (°) 0.85 0.14

Sky misalignment angle (°) 1.14 0.28

It can be seen that after adding the pitch and yaw measurement information, The
eastward speed error is reduced by 0.044 m/s, the northward speed error is reduced by
0.156 m/s, and the sky speed error is reduced by 0.126 m/s; The eastward misalignment
angle error is reduced by 2.1°, the northward misalignment angle error is reduced by
0.7°, and the sky misalignment angle error is reduced by 0.86°.
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4 Conclusion

In order to achieve rapid air alignment of guided projectiles, this paper proposes an air
coarse alignment algorithm based on kinematics equations and an air fine alignment
algorithm which adds pitch and yaw angle measurement information. When the guided
projectile receives the BDS signal, it first obtains the speed and position information of
the guided projectile at this time, and calculates the yaw angle and pitch angle from the
speed information. Then, combined with the above information and the kinematics equa-
tion of the guided projectile, the roll angle can be obtained. Simulation experiment shows
that the compensated air coarse alignment algorithm reduces the error by 1° compared
with the uncompensated algorithm. After finishing the air coarse alignment, on the basis
of the traditional six-dimensional measurement information in the air fine alignment
method, this paper adds pitch and yaw measurement information. Simulation experi-
ment shows that the speed error and misalignment error of the new air fine alignment
are significantly reduced, and the convergence speed is also significantly faster.
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