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Abstract. The navigation accuracy of ship work is largely dependent on the
initial alignment accuracy of the inertial navigation system. However, azimuth
angle alignment cannot be completed rapidly on the sea surface with strong winds
and waves, which reduces the work efficiency of ships. Aiming at this problem,
an adaptive optimization reverse navigation algorithm is proposed in this paper.
Firstly, a reverse navigation method is established to process the original navi-
gation data in reverse time sequence. After multiple forward and reverse naviga-
tion calculations in the same time period, the large misalignment angle error is
reduced and the filtering convergence speed is improved. Secondly, the adaptive
algorithm is introduced to intelligently control the calculation times of forward
and backward navigation in different time periods, which can quickly achieve
the alignment accuracy and further improve the response speed of the navigation
system. Compared with the conventional alignment algorithm, the two horizontal-
angle alignment errors and azimuth-angle alignment error of the ship are reduced
by 81.15%, 76.44% and 76.58% respectively with the proposed algorithm in the
results of the physical experiment.
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1 Introduction

The initial alignment of the strapdown inertial navigation system is required before the
ships enter the working state, and the navigation accuracy of its work depends to a large
extent on the initial alignment accuracy of the inertial navigation system [1, 2]. Ships
are small in size and light in weight, which will be rocking even in the mooring state by
waves. Due to the error drift of the sensors [3, 4], such a large rocking makes the azimuth
angle self-alignment unable to be completed rapidly, this situation generally requires the
use of alignment methods on moving base to solve [5]. And the combination alignment
is the main method in azimuth alignment of moving base [6—8].
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The combination alignment has been studied by using the information of strapdown
inertial navigation system (SINS) and global navigation satellite system (GNSS) from the
level of algorithm, and is extended based on the theory of reverse navigation algorithm. In
this regard, some scholars have done lots of work. Yan first proposed a reverse navigation
algorithm that relies on computer storage and powerful computing power in 2008 [9]. It
used the reverse navigation algorithm to realize the integration of initial alignment and
position navigation on moving base, and proved the reliability of the method through
practical experiments. Based on the requirement of shortening alignment time, Chang
proposed a backtracking method similar to reverse navigation. This method recorded
the navigation solution data and applied it to the process of establishing measurement
vectors. The author proved that this method can improve the accuracy and robustness of
initial alignment in a short time [10].

In this paper, we focus on the ship fine alignment process in the sea with strong winds
and wave. An adaptive optimization reverse navigation algorithm is proposed to improve
the precision alignment speed under large azimuth misalignment error alignment.

2 Reverse Navigation Algorithm

In the conventional initial alignment method, coarse alignment and fine alignment are
a serial process. Fine alignment can only continue the alignment process based on the
result of coarse alignment, and the inertial navigation data of coarse alignment cannot
be used. In order to accelerate the convergence of the filter, the alignment process hopes
to obtain more inertial navigation data. Therefore, it is often necessary to increase the
alignment time to obtain more measurement information.

With the continuous development of modern computer technology, its data storage
capacity and computing ability have been greatly improved. It is possible to store the
sampling data in the whole navigation process. In addition to the normal forward opera-
tion, the stored data can also be processed in reverse time order. Then, repeated forward
and reverse analysis and calculation of stored data are beneficial to improve navigation
accuracy.

The g (geographic) frame is selected as the n (navigation) frame. And considering
the forward differential equations of strapdown inertial navigation system are as follows:
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Where (@x) denotes the skew-symmetric matrix of angular rate w, C} represents
the attitude matrix from the b (body) frame to the n frame, a)zb = wﬁ’b — wfn

represents the navigation angular rate, wf’b represents the gyro output angular rate,
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acceleration in n frame.

VN . Vg sec L

L= A= , h= 3
Ry +h Ry +h " )

where L, X, hdenote the latitude, longitude and height respectively, Ry and Ry repre-
sent the principal radii of curvature along the meridional section and the principal radii
of curvature along the prime-vertical section.

The sampling period of gyroscope and accelerometer is recorded as T. Equations (1)
to (3) are discretized as follows:
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where k — 1 and k denote the discrete time points (Fig. 1).
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Fig. 1. The process of repeated forward and reverse navigation
The strict process of attitude reverse updating is as follows:
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The strict process of velocity reverse updating is as follows:
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The strict process of position reverse updating is as follows:
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The symbol ‘<’ is defined as the representation of the reverse direction, and the symbol
m is defined as the navigation terminal time. The parameters in the reverse process are
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Therefore, the new strict process of attitude, velocity and position reverse updating

is as follows:
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After multiple forward and reverse navigation calculations in the same time period,
the large misalignment angle error is reduced and the filtering convergence speed is
improved without approximation error.

3 Adaptive Optimization Control Process

The staged forward and reverse navigation algorithm with adaptive optimization control
process is proposed to adaptively control the calculation times of forward and reverse
navigation in different alignment time periods (Fig. 2).

In the initial stage of the optimal estimation fine alignment, the convergence rate
of the filter is affected by the rough initial value. Thus, plenty of forward and reverse
calculations ought to be required in the initial time period to reduce the initial value
error and improve the subsequent convergence speed. After the forward and reverse
calculations in this stage are completed, the result is used as the initial value of the
next stage, and the forward and reverse navigation calculations are continued, with the
alignment process proceeded, the navigation accuracy is improved, and the calculation
times of forward and reverse solutions ought to be reduced.
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Fig. 2. The staged forward and reverse navigation algorithm with adaptive control process

The kalman filter equations can be written as follows:

Xijk—1 = Yigk—1Xk—1 (13)

Prpor =i P Wi + Qi (14)
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where X;_1 and X denote the system state variables at filter time k - 1 and k. Zj
represents the observation variables at filter time k, Wy x—1 and H represent the state
transition matrix and the observation matrix. Py ;1 and Py represent the error covariance
matrix of state prediction Xgx—1 and optimal estimation X;. K represents the gain
matrix. V denotes the innovation matrix. Q; _; and Rj denote the variance matrix of
system noise and measurement noise.

In the combination alignment, the innovation matrix Vj reflects the state variable
differences between the calculated information of inertial system and the new informa-
tion of other sensors. Meanwhile, these state variable differences are far bigger than
random noise of system and measurement in general. Therefore, the squares sum of
the innovation sequence V,{ V indicates the progress in convergence of misalignment
angle. The larger the sum of squares of the innovation sequence V,Z V., the larger the
misalignment angle, and the more calculation times of forward and reverse navigation
are required.

Based on the above reason, the innovation matrix Vj ought to be concerned as the
key matrix that controls the calculation times of adaptive forward and inverse navigation
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in the adaptive optimization control process.

VIV ViVi
Er = Round| —————— | = Round 7 (19)
Trace(var(Vy)) Trace(HPyjk—1H; + Ry)

where &) denotes the adaptive calculation times of forward and reverse navigation.
The function Round (-) denotes the integer operation. The function Trace(-) denotes the
matrix trace operation.

4 Experiment

In order to verify the actual effect of the proposed algorithm, the lake test is experimented
and the process of ship fine alignment at mooring condition is analyzed. The experimental
equipment is placed as shown in Fig. 3. The micro electro mechanical system - inertial
measurement unit (MEMS-IMU) and global navigation satellite system (GNSS) are used
as the combination alignment experiment system. Besides, the fiber optic gyroscope -
inertial measurement unit (FOG-IMU) is involved in the experiment as the true attitude
reference system of the experiment ship due to its excellent precision and stability of
angle measurement. The sensor technological parameters are noted in Table 1.

Fig. 3. Lake test setup

Table 1. The sensor technological parameters of experiment device

Sensor Random bias | Random walk noise | Root mean square
error
FOG-IMU Accelerometer | 50 ug 5 ug/Hzl/ 2 -
Gyroscope 0.01°h 0.003°/h1/2 -
MEMS-IMU Accelerometer | 0.3 mg 35 ug/HZl/ 2 -
Gyroscope 1°/h 0.07°/h!/2 -
GNSS receiver - - Vel: 0.1 m/s
Pos: 1 m

The 100 s experimental navigation data of the ship at mooring state is analyzed.
Compared with the real attitude reference system, the alignment error results of the
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conventional combination alignment method and the proposed alignment method are
displayed in Fig. 4. The RMSE of alignment errors of two distinct alignment methods
are given in Table 2:
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Fig. 4. The alignment errors of different kalman filters in fine alignment process

Table 2. The RMSE of alignment errors of two distinct alignment methods

Alignment errors Roll 86/” | Pitch 8¢/” | Yaw 8w/’

Conventional combination alignment method 11.0157 | 13.6242 9.7986

The adaptive optimization strict reverse alignment method | 2.0767 3.2092 2.2951

Discussion. Itis able to obviously analyzed from Fig. 4 and Table 2 that the convergence
speed of the conventional combination alignment method is affected by the rough initial
value at the beginning of the ship fine alignment process. The initial inaccurate and
oscillating angle value will pollute the ship controller, which needs to be overcome.
Unfortunately, it is a great pity that alignment results can achieve higher accuracy only
when more inertial navigation data are obtained in fine alignment process. As a result,
the ship fine alignment time is too long, which restrains the rapid response ability of the
ship.

But in the adaptive optimization strict reverse alignment method, repeated forward
and reverse analysis and calculation of stored data are beneficial to improve navigation
accuracy. After multiple forward and reverse navigation calculations in the same time
period, the large misalignment angle error is reduced, and the filtering convergence speed
is improved without approximation error, especially in initial 20 s.

5 Conclusion

The initial alignment is a necessary process for the ship inertial navigation system to
work, and the accuracy and time are the two major indicators of the initial alignment.
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Alignment in a short period of time cannot achieve high accuracy requirements, and it
takes a long time to achieve high navigation accuracy. The reverse navigation algorithm
can effectively shorten the initial alignment by repeatedly calculating the sampled data
stored for a period of time by means of data storage method. Meanwhile, a staged forward
and reverse navigation algorithm with adaptive optimization control process is proposed
to adaptively control the calculation times of forward and reverse navigation in different
alignment time periods, so that the calculation amount can be controlled on the basis of
ensuring the alignment accuracy.
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