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Abstract. For underwater vehicles, because GPS signals are not always available, it is necessary to
use inertial navigation system (INS) for navigation. In order to improve the navigation performance,
the gravity value calculated by the gravity field model is introduced into the navigation system to

reduce the influence of gravity on the navigation accuracy. However, due to the difference between
the actual gravity field and the gravity field model, the navigation error caused by gravity field still
exists. In this paper, this error is studied based on the theoretical analysis and simulation. The
results show that the accuracy of gravity-aided navigation will decrease sharply when the position
error of the underwater vehicles reach 9.6 n miles, because at this moment, the calculation error of
vertical deflection is the largest. In the simulation experiment, the position error of the gravity-aided
navigation system reach 9.6 n miles in 44 hours. Therefore, for the underwater vehicles navigation
system, it is recommended that the vehicles should be corrected once every 44 hours.

1 Introduction

As a basic physical field, gravity field restricts all
physical events of the earth itself and its adjacent space
[1]. The inertial navigation system is also affected by the
earth gravity field, and the navigation accuracy of inertial
navigation system is closely related to the value of
gravity.

As the accuracy of inertial transducers increase, the
influence of gravity becomes the main factor limiting the
precision of high accuracy inertial navigation system [2].
Therefore, in inertial navigation system, the influence of
gravity field need to be eliminated through reasonable
compensation method. In the low-precision inertial
navigation system, Equation (1) is often used to calculate
the value of gravity, and the influence of gravity field on
inertial navigation system is compensated using this
value [3].

e (1)
(1+7/Ry)

in which:
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The radius of curvature in meridian R,, and the
radius of curvature in prime vertical R, can be
calculated by the following equations:

R, =R(1-¢*)/(1-&sin’ L)

1/2 (3)
Ry =R/(1-¢"sin’ L)

where R is semi-major axis of the reference spheroid; e
represents the major eccentricity of the reference spheroid;
L is latitude of the inertial navigation system and % is
the height above ground.

In the above-mentioned compensation method, it is
considered that the direction of the gravity vector
coincides with the direction of the reference ellipsoid
normal. In fact, the reference ellipsoid norm is not
consistent with the direction of the geoid normal, so this
compensation method cannot completely eliminate the
influence of the gravity field on the inertial navigation
system.

The angle between the reference ellipsoid norm and
the geoid normal is called the vertical deflection. The
results of JIN Ji-hang's research indicate that the position
error of the inertial navigation system caused by vertical
deflection is about 3 km on the set route [4].

In order to improve the accuracy of the gravity
compensation method, Zhao Zhong et al. analyzed the
effect of vertical deflection on high accuracy inertial

navigation system [5]. Tie Jun-bo et al. improved the
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method of calculating gravity. He introduced EGM2008
into the inertial navigation system[6]. EGM2008 is
Earth’s gravitational model with very high resolution,
which has been released by the Naional Geospatial-
Intelligence Ageny (NGA) Development Team [7].
EGM2008 is complete to spherical harmonic degree and
order 2159, and it contains additional coefficients
extending to degree 2190 and order 2159.

Based on EGM2008, the horizontal gravity
disturbance can be calculated. Introduce the horizontal
gravity disturbance into the inertial navigation system,
and then the accuracy of inertial navigation positioning
can be increased by 120m/4h [6].

The compensation method that using vertical
deflection, which is achieved from the horizontal gravity
disturbance that calculated using EGM2008, to assist
inertial navigation can effectively reduce the error of the
navigation system and improve the navigation accuracy.
Nevertheless, this compensation method does not
eliminate the errors caused by gravity field. In this paper,
we will study the error in this compensation method, and
analyse the distribution of vertical deflection based on
EGM2008. Finally, based on the simulation experiment,
the optimal time for the underwater vehicle to be
corrected is given.

2 Calculation of vertical deflection

In order to study the distribution of vertical deflection,
the value of vertical deflection should be calculated based

on EGM2008. The calculation steps are shown in figure 1:

First, calculate the horizontal gravity disturbance with
EGM2008, and then the vertical deflection is calculated
by the relationship between horizontal gravity
disturbance and vertical deflection.
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Figure 1. Calculation steps of vertical deflection.
2.1 Relationship between horizontal gravity
disturbance and vertical deflection

The prime vertical component of vertical deflection is
denoted by 7 (rad), and the meridional component of

vertical deflection is denoted as ¢ (rad). The meridional
component and prime vertical component of gravity
disturbances are denoted by dg, and Jg, , respectively.
There is a relationship between them as follows[6]:
Sy ==r1
4
0gp=-7¢€
where y is the normal gravity, which can be calculated
by equation (1).

2.2 Horizontal gravity disturbance

Horizontal gravity disturbances can be calculated, using
EGM2008 as follows:

The perturbed potential of gravity is denoted by T ,
since it is a harmonic function. It can be expressed by the
following equation:

N ]
r-M (gj (C‘nm cosmA+S,, sin mﬁ)}_;m (cos)

rooa=2\r =0
(5)
in which GM and a are fundamental parameters of
WGS-84, the values of them are shown in Table 1. C°

nm

and S are harmonic  coefficients

nm

spherical

corresponding to the fully normalized Legendre functions,
which are provided by EGM2008.

Table 1. Fundamental parameter of WGS-84.

Parameter Value
a 6378136.3
f 1/298.256415099
GM 0.3986004415x10%°
w, 7292115x107"

The relationship between the perturbed potential of
gravity and the horizontal gravity disturbance is as
follows [8-9]:
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in which g, and og, are northward and eastward

horizontal gravity disturbance, respectively.
Substituting equation (5) into equation (6) yields:

dP,, (cos0)
do

Sgy=-— G]l/[ i(gj (EZM cosmA+S,, sinm/l)

r =2 \r

Sg, = —%g(%j im(—c_’:m sinmA+S,, cos ml)}_’nm (cos6)
(7

m=0
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Then, the horizontal gravity disturbance can be
calculated by equation(7).

3 Analysis of vertical deflection

According to the above methods, the vertical deflection
in the range of 10°N —11°N, 110°E—112°F is shown in
figure 2-3.
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Figure 2. Meridional component of the vertical
deflections in arc-seconds
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Figure 3. Prime vertical component of the vertical
deflections in arc-seconds

Then the vertical deflections in a survey line is
analyzed. The range of the survey line is 111°E |
10°N —11°N. The vertical deflection of this survey line
is shown in figure 4.
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Figure 4. The vertical deflections in the survey line

As shown in figure 4, the blue line represents the
prime vertical component in the survey line, and the red
line represents the meridional component in the survey
line. It can be seen that the periodicity of the two
components of the vertical deflection is about 0.32
degrees.

For the survey line of 10.5°N and 110°E—-112°F
the conclusion above also holds.

Therefore, it can be concluded that for gravity aided
inertial navigation, if the position error reaches 9.6 n
miles, then the error of the calculated vertical deflection
is maximized. That is to say, if continue using gravity
aided navigation, it will lead to greater error. In this case,
the gravity aided navigation system needs to be corrected.

10

4 Simulation

Based on the simulation experiment, the precision of
gravity aided navigation is studied in this section.
Because of the lack of inertial navigation data of
underwater vehicles, a high-precision strapdown inertial
navigation system for ship is used to replace the
navigation system for underwater vehicle.

In the following simulation experiment, the data of a
shipboard laser strapdown inertial navigation system is
used as the raw data for simulation; the position
calculated by GPS precision single point positioning is
used as an accurate value for reference.

Simulation lasted 48 hours, first, the raw data was
used to calculate the position of the carrier in the inertial
navigation system. In the calculation, it is assumed that
the projection of gravity vector in the X axis and Y axis
direction of navigation coordinate system is zero. And the
projection of gravity vector in Z axis direction is
calculated by equation (1) and equation (2). The position
error of the inertial navigation system is obtained by
comparing the position calculated by the GPS with the
position information of the inertial navigation system.

Next, based on the model of earth gravity field

EGM2008, the value of vertical deflection was calculated.

And then the value of vertical deflection was used to
compensate for the influence of horizontal components in
the gravity field on the inertial navigation system. By this
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compensation, the gravity field used in the inertial
navigation system will be closer to the real gravity field,
and the error will be smaller. Such inertial navigation
system is known as gravity assisted inertial navigation
system. In the same way, the position obtained by the
gravity-assisted inertial navigation system is compared
with the position calculated by the GPS to obtain the
position error of the gravity-assisted inertial navigation
system.

The navigation position errors that using gravity aided
navigation and without gravity aided navigation are
shown in figure 5. The blue line indicates the position
error of the navigation system using gravity aided, and
the red line indicates the position error of the navigation
system without gravity aided. It can be seen that the
position error that using gravity aided navigation is less
than the error that without gravity aided navigation.
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Figure 5. Position errors of navigation system

After 44 hours, the position error of the gravity aided
navigation system reached 9.6 n miles. At this point, the
error of the vertical deflection reaches the maximum, and
it will produce a larger navigation error if continue using
the gravity aided navigation system for navigation.
Therefore, the navigation system needs to be corrected at
this time to keep the navigation accuracy.

5 Conclusion

In this paper, the errors in gravity assisted inertial
navigation system for underwater vehicle is analysed.
Furthermore, the errors caused by using the gravity field
model EGM2008 to calculate the vertical deviation and
its influence on inertial navigation system are studied.

Through the above analysis and further simulation
experiments, we can get the conclusion that when the
position error reaches 9.6 n miles, the error in calculation
of gravity reaches the largest. Therefore, the gravity
assisted navigation system should be corrected when the
position error reaches 9.6 n miles.

According to the results of this paper, we can
calculate the optimal time to calibrate the gravity assisted

inertial navigation system based on the actual
performance of the underwater vehicle. In this way, we
can make the underwater vehicle voyage as long as
possible under the condition that the navigation accuracy
is guaranteed.

With the conclusions of this paper, the navigation
accuracy of underwater vehicle can be improved and the
rapid growth of the navigation error can be effectively
suppressed.
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