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Gravity disturbance
compensation for dual-axis
rotary modulation inertial
navigation system
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Qianqian Li1 and Yong Wang1

1State Key Laboratory of Geodesy and Earth’s Dynamics, Innovation Academy for Precision
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Civil Engineering, Henan University of Engineering, Zhengzhou, China
Gravity disturbance compensation is an important technique for improving the

positioning accuracy of high-precision inertial navigation systems (INS). Aiming

at the current problems of the resolution of gravity compensation background

field and the robustness of gravity compensation algorithm are insufficient for

gravity compensation. In this study, the error and frequency characteristics of INS

caused by gravity disturbances are investigated. The gravity disturbance with a

spatial resolution of 1’ × 1’ from a high-precision satellite altimetry marine gravity

field model is preliminarily introduced into the initial alignment and pure INS

calculation to implement the gravity compensation of the dual-axis rotary

modulation INS. Detailed calculation results show that the east gravity

disturbance affects the north attitude, and the north gravity disturbance affects

the east attitude in the initial alignment. In the pure INS calculation, the horizontal

gravity disturbance causes a navigation error in the form of Schuler oscillation.

The INS navigation error caused by horizontal gravity disturbance is mainly

affected by its amplitude; however, the horizontal gravity disturbance accuracy

from the satellite altimetry model for INS gravity compensation can be ignored in

practice. In addition, for low-speed underwater vehicles, the influence of high-

frequency gravity disturbance signals on the INS position shows an increasing

trend. Finally, the effectiveness of the gravity compensation achieved by the

horizontal gravity disturbance from the satellite altimeter model is confirmed by a

dynamic shipborne test. The positioning accuracy of the rotary modulation INS is

maximally improved by approximately 17.9% after the horizontal gravity

disturbance is compensated simultaneously in the pure INS calculation and the

initial alignment.

KEYWORDS

inertial navigation system, dual-axis rotary modulation, satellite altimetry, horizontal
gravity disturbance, gravity disturbance compensation
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1 Introduction

Inertial navigation systems (INS) are widely employed to

establish autonomous navigation systems in various fields. This

auto-navigation feature renders INS stable and reliable for any type

of external interference. However, INS is hindered by errors caused

by inertial devices, which severely restrict the underwater long-time

navigation ability of the submersible. With the development and

application of optical inertial devices and rotary modulation

technologies, the accuracy of inertial sensors has significantly

improved (Wen et al., 2009; Yuan et al., 2012; Zhou et al., 2018;

Wu and Li, 2019). However, some errors have been overlooked and

have become the key restricting factors to further improvements in

the positioning accuracy of INS, such as horizontal gravity

disturbances. In fact, systematic errors caused by gravity

disturbances have gradually become one of the main errors.

Accurate gravity compensation for INS is an effective means of

promoting the long-endurance positioning capability of underwater

vehicles (Kwon and Jekeli, 2005; Jekeli et al., 2007; Zhou et al., 2016;

Tie et al., 2018; Wen et al., 2020).

Gravity compensation is an important part of gravity-aided

navigation for INS. Some scholars have studied the influence of

gravity disturbances on INS. Gelb and Levine (1969) modeled

gravity disturbance as a Gaussian Markov process and

quantitatively evaluated its impact of gravity disturbance on the

INS. Jordan (1973) established a Markov model based on variance

analysis and analyzed the impact of horizontal gravity disturbances

on the INS. These stochastic model methods can be used to estimate

gravity disturbance. However, the Earth gravity field (gravity

disturbance and gravity anomaly) is inhomogeneous and

complex, and a single stochastic model cannot represent the

variation in the gravity field. Second, a large amount of prior

information must be provided to accurately estimate the

stochastic model parameters. Therefore, achieving gravity

compensation for an INS based on a stochastic model is not an

optimal approach. The second gravity compensation method is a

real-time compensation method that uses a gravity gradiometer.

The development of the gravity gradiometer made it possible to

derive the gravity vector, allowing the mechanical arrangement of

the INS to be improved by providing the gravity vector measured

using the gravity gradiometer to the INS. Jekeli (2006) proposed an

INS gravity compensation method based on a gravity gradiometer

that could correct the inertial navigation error through full tensor

gravity gradient measurements. However, the use of gravity

compensation methods based on gravity gradiometers is hindered

by their high cost (Heller and Jordan, 2015). In recent decades, a

high-degree Earth gravity field model (GFM) has been developed

that can be used to achieve gravity disturbance compensation for

INS. Wang et al. (2016) studied gravity compensation based on the

EGM2008 gravity model and focused on the impact of the

truncation degree/order of the GFM for gravity compensation.

Similarly, Chang et al. (2019) utilized a high-degree EIGEN_6C4

model for gravity compensation.
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The mechanical arrangement of the INS can be improved by

measuring the gravity disturbance determined by high-degree

GFMs, such as EGM2008 and EIGEN_6C4 (Pavlis et al., 2012;

Förste et al., 2014), with the maximum degree of these GFMs being

only 2190 (~10 km). For high-frequency gravity field signals with a

spatial resolution less than ~10 km, these high-degree gravity field

models still cannot be effectively represented and have certain

omission errors owing to the lack of short-wavelength

information. Tscherning and Rapp’s variance model showed that

the gravity field models for degree 2190 have a gravity signal loss of

gravity anomaly of 11.1 mGal and deflection of the vertical (DOV)

of 1.7” (Tscherning and Rapp, 1974; Denker, 2013). Signal loss was

more severe in the rugged terrain area. However, owing to the

limited degree of high-degree GFMs, gravity compensation for INS

based on GFMs cannot effectively represent high-frequency gravity

field signals, which leads to accuracy loss of gravity compensation.

In addition, there is a coupling effect between gravity disturbance

and accelerometer drift bias (Hanson, 1988). It is still difficult to

achieve gravity compensation by considering this coupling effect.

From the aforementioned analysis, we can see that the gravity

compensation of the INS is mainly related to two factors: (1) the

accuracy and resolution of the horizontal gravity disturbance, and

(2) the coupling effect between the accelerometer drift bias and

gravity disturbance. Therefore, it is important to refine the gravity

compensation background field and consider the coupling effect

between accelerometer drift bias and gravity disturbance to achieve

higher-accuracy gravity compensation.

With the continuous development of satellite altimetry

missions, satellite altimetry has become the primary method for

determining the global marine gravity field. The marine gravity

anomaly and DOV with 1’ × 1’ (~2 km) resolution can be retrieved

by integrating multigeneration altimetry satellites (Andersen et al.,

2010; Bao et al., 2013; Sandwell and Smith, 2014; Sandwell et al.,

2014; Sandwell et al., 2021). The high-resolution and high-

precision marine gravity compensation background field can be

determined by satellite altimetry, which provides a new way to

achieve gravity compensation for INS. In addition, with the

development of rotary modulation technologies, the accuracy of

inertial sensors has significantly improved. Rotation modulation

technology (RMT) can eliminate the accelerometer drift error by

periodically rotating the inertial sensor along the rotation axis.

Rotation modulation INS uses periodic dynamic motion to

estimate the static error of inertial sensors. Inertial measuring

unit (IMU) rotates regularly around the axis to modulate the static

error into periodic signal to offset the impact of static error and

improve the long-term navigation accuracy of inertial navigation.

Owing to the introduction of the modulation mechanism, the

accelerometer drift bias can be compensated and the coupling

effect can be ignored in gravity compensation. Therefore, this

study focuses on gravity compensation for dual-axis rotary

modulation INS and aims to improve the positioning accuracy

of the dual-axis rotary modulation INS. Herein, the error and

frequency characteristics caused by gravity disturbance are
frontiersin.org
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analyzed, and the effect of gravity disturbance on the initial

alignment is also investigated. A high-precision and high-

resolution satellite altimetry marine gravity field model is used

to compensate for the error caused by gravity disturbance, which

can effectively represent the high-frequency gravity field signal.

The horizontal gravity disturbance determined by the satellite

altimetry model is provided to the dual-axis rotary modulation

INS to achieve gravity compensation in the initial alignment and

pure INS calculations. Finally, the effectiveness of gravity

compensation is verified using a dynamic marine shipborne test.
2 Methodology

2.1 Error equation for INS

The velocity kinematical equation of the dual-axis rotary

modulation INS is given by (Simav, 2020):

_vn = Cn
bC

b
T f

T − (2wn
ie + wn

en)� vn + gn (1)

Where vn is the velocity in the navigation frame, Cn
b is the

attitude transformation matrix from the body frame to the

navigation frame, fT is the specific force measured by the

accelerometer in the rotating frame, gn is the gravity vector in the

navigation frame, wn
ie is the Earth’s rate under the navigation frame,

and wn
en is the angular rate of the navigation frame with respect to

the Earth’s frame. The wn
en and wn

ie are expressed as follows:

wn
en = −

vnN
RM+h

vnE
RN+h

vnE
RN+h

tanB

� �T
(2)

wn
ie = ½ 0 wie cosB wie sinB �T (3)

where B and h are the geodetic latitude and geodetic height,

respectively; RM and RN represent the radius of curvature in the

meridian and prime vertical, respectively; wie is the Earth’s rotation

rate; and vnN vnE are the north and east components of the

velocity, respectively.

In traditional INS, the gravity vector is usually replaced by the

normal gravity by:

g n = gn = ½ 0 0 −g � (4)

where g is the normal gravity value, which can be determined by

the closed-loop formula (4-60) in Hofmann-Wellenhof and Moritz

(2006). However, the actual gravity differs from normal gravity, that

is:

gn = g n + dgn (5)

Where dgn is the gravity disturbance vector. It can be seen that

there are errors in the velocity update when a normal gravity vector

is used.

Compared with the strapdown INS, the accuracy of the rotation

modulation INS is improved significantly. Inertial sensor errors are

eliminated by periodically rotating the inertial sensor along the

rotation axis. At this time, the influence of the gravity disturbance

must be considered. The error equation of INS considering gravity
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disturbance can be written as follows:

d _vn = f � f n − (2wn
ie + wn

en)� dvn

− (2dwn
ie + dwn

en)� vn +∇n + dgn
(6)

d _B = dvN
RM+h

d _L = dvE
RN+h

secB + dB vE
RN+h

tanB secB

d _h = dvU

8>>><
>>>:

(7)

_f = −f � wn
in + dwn

in − ϵn (8)

where f is the attitude error, fn is the specific force in the

navigation frame, ∇n is the accelerometer drift bias, ϵn is the gyro

drift bias, dB, dL, and dH are the latitude, longitude, and height

errors, respectively, and wn
in is the sum of wn

ie and wn
en.

Based on Eq. (6), the influence of gravity disturbance is not

affected by the rotation modulation. First, the INS velocity error is

caused by Eq. (6), and the position and attitude of the INS are

further affected by Eq. (7) and (8). The gravity disturbance vector is

given by:

dgn = gn − g n = ½ dgE dgN dgU � (9)

where dgN and dgE are the horizontal gravity disturbance

components and dgU is the vertical gravity disturbance

component (Figure 1). However, dgU has little influence on the

gravity compensation and can be ignored in practice. Therefore,

only horizontal gravity disturbance is considered in this study.

The actual gravity differs from normal gravity owing to the

existence of a vertical deflection. As shown in Figure 1, z is the

meridian component of the DOV and h is the prime vertical

component of the DOV. The horizontal gravity disturbance
FIGURE 1

Definition of gravity disturbance vector.
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components on the x and y axes are negative when h and z are

positive. Then:

tan z = −
dgN

g + dgU
(10)

tanh = −
dgE

g + dgU
(11)

Because the deflection of the vertical is small, it can be

approximated by tanz=z and tanh=h , in addition, the dgU can

generally be ignored:

dgN = −g · z (12)

dgE = −g · h (13)

The horizontal gravity disturbance components are calculated

according to the DOV in the meridian and prime vertical directions.

With the continuous development of satellite altimetry, the

accuracy of determining the DOV from the altimetry model has

been improved. In this study, the horizontal gravity disturbance

determined by the altimetry model was used to achieve INS gravity

compensation. The calculation process for the horizontal gravity

disturbance is presented in section 3.4.
2.2 Effect of gravity disturbance on
initial alignment

The initial alignment for INS is generally performed under the

static base condition, which consists of two steps: coarse alignment

and fine alignment. We can only obtain a coarse attitude matrix

using coarse alignment. A certain misalignment angle error is

observed. Gravity disturbances can be ignored in coarse

alignments. However, the influence of horizontal gravity

disturbance should be considered in fine alignment. System errors

are estimated and corrected using Kalman filtering. According to

Eq. (6)–(8), the INS error equation with static base conditions can

be expressed as:

_f = −f � wn
ie − ϵn

d _vn = f � f n − 2wn
ie � dvn +∇n + dgn

(
(14)

The system filtering state-space of fine alignment can be defined

as:

X = ½ dvE dvN fE fN fU ∇E ∇N ϵE ϵN ϵU �T (15)

According to Eq. (14), the fine alignment state-space model is

constructed was follows:

_X = FX + U + GW (16)

where

F = ½
M1 I2�2 0 2�3

M2 03�2 −I3�3

05�5 05�2 05�3

� (17)
Frontiers in Marine Science 04
U = ½ dgE dgN 01�8 �T (18)

G = ½
I2�2 02�3

03�2 −I2�3

05�2 05�3

� (19)

W = ½w∇
1�2 wϵ

1�3 �T (20)

M1 = ½
0   2wie sinB0  2wie sinB 0 −g 0

−2wie sinB0 g 0 0
� (21)

M2 = ½
0 0 0 wie sinB −wiecosB

0 0 −wie sinB 0 0

0 0 wiecosB 0 0

� (22)

where w∇
1�2 and wϵ

1�3 are the white noise errors of the

accelerometer and gyro.

Taking the velocity under the static base condition as the

observation, the measurement equation of the system can be

given by:

V − ~V = ½ I2�2 02�8 �X + v (23)

where I is unit matrix, V is the true velocity, ~V the estimated

velocity, and v the observation noise.

The initial alignment based on Kalman filtering takes the

velocity as the measured value; therefore, the values related to

velocity (vn , d _vn, and dvn ) can be regarded as known values.

Therefore, the velocity error dvn in Eq. (14) can be obtained. Let

y = d _vn + 2wn
ie � dvn b e a c omb i n a t i on o f o b s e r v a b l e

measurements; then, the velocity error equation can be expressed

as:

yE = −gfN + dgE +∇n
E (24)

yN = gfE + dgN +∇n
N (25)

We can let y=0 be under a static base; therefore, the horizontal

steady-state attitude error can be obtained from Eq. (24) and (25),

as follows:

fN = dgE+∇n
E

g = ∇n
E

g − h

fE = − dgN+∇n
N

g = − ∇n
N
g + z

8<
: (26)

Eq. (26) shows that the fine alignment of the INS depends

mainly on the ∇n and horizontal gravity disturbance. The north

gravity disturbance caused an east attitude error, and the east

gravity disturbance caused a north attitude error. For a dual-axis

rotary modulation INS,∇n can be weakened by periodically rotating

the inertial sensor along the rotation axis. Horizontal gravity

disturbance is the main factor affecting fine alignment. Therefore,

the horizontal gravity disturbance should be compensated for

during the initial alignment.
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2.3 Gravity disturbance compensation for
dual-axis rotation modulation INS

The gravity compensation of the INS includes compensation in

the initial alignment and the pure INS calculation. The gravity

compensation in the pure INS calculation means that the gravity

disturbance is compensated in the velocity in Eq. (1). For gravity

compensation in the initial alignment, Eq. (16) and (23) are used to

construct the fine alignment state-space model, and the initial

alignment errors caused by gravity disturbances are estimated and

corrected. The high-resolution horizontal gravity disturbance from

the satellite altimetry marine gravity field model is provided to the

INS for the mechanical arrangement in this study. The specific

gravity compensation process is illustrated in Figure 2.
3 Analysis of the impact of gravity
disturbance on INS

3.1 Initial alignment

A corresponding static-based simulation experiment is designed

to analyze the impact of gravity disturbance on the initial alignment.

The simulation conditions are as follows: gyro drift bias, 0.001°/h;

accelerometer drift bias, 10 ug; INS sampling interval, 100 Hz. The

static position is located at 111.8154° E and 20.7394° N, with a

height of 0. The east and north gravity disturbance of static position

are 34.92 mGal and −29.18 mGal (1 mGal = 10-5 m2s-2),

respectively, which is determined by satellite altimetry model (the

specific calculation for horizontal gravity disturbance is given in

section 4). The corresponding DOV components in the prime

vertical and meridian are −7.4” and 6.2”, respectively. The

accelerometer and gyro data are obtained by simulation according

to the static INS velocity increment, angular velocity increment law,

and inertial sensor error parameter set.

The initial attitude misalignment angle is set to [0.5°, 0.5°, 0.5°]T

for fine alignment, the velocity error is set to 0.03 m/s, and the initial
Frontiers in Marine Science 05
alignment time is 3600 s. Figures 3A, B show the east and north

attitude errors before and after the gravity compensation,

respectively, and show that the attitude error is affected by the

gravity disturbance. After gravity compensation, the horizontal

attitude error is weakened. The improvement in the amplitude of

the attitude error accuracy after gravity compensation tended to be

consistent with the DOV. The DOV components in the prime

vertical cause north attitude errors, while the DOV components in

the meridian cause east attitude errors. In addition, the gravity

disturbance and accelerometer drift bias are superimposed, which

jointly affected the initial alignment attitude. The accelerometer

drift bias is well estimated for the two-axis rotary modulation INS.

This indicates that the attitude error in the initial alignment is

mainly caused by the DOV, which has become the main factor

affecting the initial alignment attitude and must be compensated.
3.2 INS calculation

In the pure INS calculation, gravity disturbance first causes a

velocity error, then further affects the position and attitude of the

INS. In this section, the impact of gravity disturbance on the

velocity and position is analyzed by ignoring the errors of the

gyro, accelerometer, and attitude. The system error Eq. (6)–(7) can

be solved analytically to quantitatively analyze the influence of the

gravity disturbance. Figures 4A, B show the impacts of different

gravity disturbances on the north velocity and position, respectively.

Table 1 lists the maximum north position and velocity influence of

different gravity disturbances on the INS. As shown in the Figures,

the north position and velocity errors caused by gravity disturbance

show periodic oscillation, and the error period of velocity and

position is 84.4 min (Schuler period). Owing to the modulation of

the Schuler period, the horizontal position and velocity errors

caused by gravity disturbances are limited to a fixed amplitude. In

addition, the results show that the amplitude of the position and

velocity errors caused by the gravity disturbance is proportional to

its amplitude. Ignoring the cross-coupling effect between the
FIGURE 2

Gravity compensation procedure of dual-axis rotary modulation INS.
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horizontal channels, the effects of gravity disturbance on the north

and east positions is identical. For areas with obvious topographic

variations, such as mountains or trenches, gravity disturbance has a

greater impact on the INS.

The impact of gravity disturbance on the INS is analyzed above

by assuming that the gravity disturbance is constant. In the actual

survey line, the gravity disturbance changes from time to time.

Therefore, we utilize an actual gravity survey line to study the

impact of horizontal gravity disturbance on the INS. Figure 5

shows a gravity survey line with long-endurance (approximately

264 h), which starts from point A and ends at point B. The gravity

sampling frequency is 1 Hz. The horizontal gravity disturbance on

this gravity survey line is determined by the satellite altimetry model

(see section 3.4 for the specific calculation), as shown in Figure 6. The

gravity compensation for the INS is not only affected by

the magnitude of the horizontal gravity disturbance but also by the

horizontal gravity disturbance accuracy. Gaussian white noise with an

expectation of 0 and a standard deviation of 3 mGal is added to the

gravity disturbance on this trajectory to further analyze the effect of

horizontal gravity disturbance accuracy. White Gaussian noise with a
Frontiers in Marine Science 06
standard deviation of 3 mGal is added because the accuracy of the

horizontal gravity disturbance determined by the altimetry model is

approximately 1–3 mGal (Sandwell and Smith, 2014; Sandwell et al.,

2014; Sandwell et al., 2021).

Figure 7 shows the maximum position error caused by the

horizontal gravity disturbance in each Schuler cycle with and

without noise. Table 2 shows the statistics of the maximum

position error caused by the horizontal gravity disturbance for all

the Schuler cycles. As shown in Figure 7, the maximum position

errors are consistent in both cases (with and without noise). The

maximum position error caused by gravity disturbance is mainly

affected by the amplitude of gravity disturbance, and the horizontal

gravity disturbance accuracy have little effect on gravity

compensation. It can also be seen from Table 2 that the average

maximum position error caused by horizontal gravity disturbance is

also consistent in both cases (with and without noise). For satellite

altimetry horizontal gravity disturbance with an accuracy of 1–3

mGal, the impact of the horizontal gravity disturbance accuracy

could be ignored in gravity compensation. In addition, the average

values of the east and north gravity disturbances on this survey line
A B

FIGURE 4

The error aroused by different gravity disturbance, (A) north velocity error, (B) north position error.
A B

FIGURE 3

Alignment attitude error, (A) east, (B) north.
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are 35.3 mGal and 21.3 mGal (after taking the absolute value),

respectively. The maximum position error caused by the average

gravity disturbance in a Schuler cycle is 535.9 m (theoretical

analysis), and the average maximum position error caused by the

horizontal gravity disturbance on this survey line in a Schuler cycle

is 532.7 m (Table 2), which is consistent with both scenarios. This

indicates that the average position influence of horizontal gravity

disturbance is related to the average value of horizontal gravity

disturbance on the trajectory.
3.3 Frequency characteristics of INS
affected by gravity disturbance

To analyze and obtain the frequency characteristics of the INS

affected by gravity disturbance, the gravity disturbance is modeled

as a Markov process (Jekeli, 2006). Therefore, the relationship

between the horizontal gravity disturbance, underwater vehicle

velocity V, spatial wavelength of gravity disturbance, and position

error caused by horizontal gravity disturbance is established. The

calculation of the root mean square value for gravity disturbance is a

key factor in determining the relationship between the spatial

wavelength, underwater vehicle velocity V, and position error.
Frontiers in Marine Science 07
The root mean square value of the horizontal gravity disturbance

can be determined according to the relationship between the

horizontal gravity disturbance and DOV. Therefore, the global

root mean square value of the DOV is calculated using the

EIGEN_6C4 model in this study (Ustun and Abbak, 2010). The

global root mean square of the DOV is approximately ±7.08”

(equivalent to a horizontal gravity disturbance of ±33.57 mGal),

as shown in Figure 8. Finally, the relationship between the

horizontal gravity disturbance, underwater vehicle velocity V,

spatial wavelength of gravity disturbance, and position error is

determined, as shown in Figure 9.

As shown in Figure 9, the position error is mainly caused by the

medium-long wavelength (medium-low frequency) of the

horizontal gravity disturbance when the underwater vehicle

velocity is high. With a decrease in underwater vehicle velocity,

the influence of the short-wavelength (high-frequency) of the

horizontal gravity disturbance on the INS position become

increasingly significant. The velocity of an underwater vehicle is

generally 10–25 kn (1 kn = 1 n mile/h), and the spatial wavelength

of the horizontal gravity disturbance, which has the greatest

influence on the INS position, is approximately 5−10 km. For an

underwater vehicle with a lower velocity, the gravity disturbance

high-frequency signal has an increasingly marked influence on the

INS. The maximum spatial wavelength of the degree 2190 gravity

field model is 10 km. High-degree GFM (i.e. EGM2008 or

EIGEN_6C4) can satisfy the requirements of gravity

compensation for high-speed underwater vehicles (V > 50 km/h).

However, for underwater vehicles with low-speed, determining the

high-frequency signal of horizontal gravity disturbance is the key to

further promoting gravity compensation accuracy, and the satellite

altimetry gravity field model provides an effective means to

determine high-resolution horizontal gravity disturbance.
FIGURE 5

Marine gravity survey trajectory.

FIGURE 6

Horizontal gravity disturbance in gravity survey trajectory.
TABLE 1 The maximum influence of north gravity disturbance on north position and velocity.

Horizontal gravity disturbance (mGal) 5 24 50 95 143

North maximum position error (m) 62 311 616 1232 1856

North maximum velocity error (m/s) 0.038 0.193 0.383 0.765 1.152
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3.4 Horizontal gravity disturbance for the
China Sea and Western Pacific region

The maximum effect of the horizontal gravity disturbance on

the INS position is proportional to its amplitude. For areas with

obvious topographic fluctuations, such as seamount ranges or

trenches, the horizontal gravity disturbance is greater. The

distribution of horizontal gravity disturbance in the China Sea

and Western Pacific region and its impact on INS are analyzed

using a satellite altimetry model. The seafloor topography in the

China Sea and Western Pacific region is complex and contains a

large number of islands, reefs, submarine plains, and trenches,

which can accurately reflect the distribution of horizontal gravity

disturbance under different topographies.

Figure 10A shows the component of the DOV in the prime

vertical with a spatial resolution of 1’ × 1’ in the China Sea and

Western Pacific region obtained based on the altimetry model.

Figure 10B shows the component of the DOV in the meridian with

a spatial resolution of 1’ × 1’ in the China Sea and Western Pacific

region obtained based on the altimetry model. This gridded marine

DOV data is one of the most advanced marine gravity databases,

derived from satellite altimetry from 1997 to 2019 with a spatial

resolution of 1’ × 1’, and can better represent the marine high-

frequency gravity field signal (Sandwell and Smith, 2014; Sandwell

et al., 2014; Sandwell et al., 2021). The latest marine DOV data

(version SIO V30.1 from the Scripps Institution of Oceanography

(SIO) at the University of California, San Diego) is used in this

study. As can be seen from Figures 10A, B, the DOV in the China

Sea and Western Pacific region is generally between a few to tens of

arcseconds. In areas where the seafloor topography changes

dramatically, the maximum DOV can reach 80 arcseconds.

According to Eq. (12) and (13), the horizontal gravity disturbance

in the China Sea and the western Pacific region can be calculated.
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Figure 10C shows the east gravity disturbance with a spatial

resolution of 1’ × 1’. Figure 10D shows the north gravity

disturbance with a spatial resolution of 1’ × 1’. The horizontal

gravity disturbance in the China Sea and Western Pacific region

generally ranges from a few to several hundred milligals, and the

maximum horizontal gravity disturbance reaches several hundred

milligals in areas where the seafloor topography changes

dramatically. Four regions are divided to analyze the distribution

of horizontal gravity disturbances on four important channels and

their influence on the INS: region A is the South China Sea, region B

is the East China Sea, region C is the Sea of Japan, and region D is a

part of the western Pacific (Figures 10C, D). The size of each of the

four regions was 10° × 10°. The influence of the average horizontal

gravity disturbance in four regions on the maximum position

influence of the INS in the Schuler period was analyzed, the

results of which are presented in Table 3. It is worth noting that

the range and average value of east and north gravity disturbance in

Table 3 are statistical results of absolute values.

From Table 3, we can see that the horizontal gravity disturbance

range in regions A, B and C is smaller than that in region D, and the

maximum horizontal gravity disturbance in region D could reach

several hundred milligals owing to the presence of trenches. The

average gravity disturbance in regions A, B, and C had a maximum

impact on the INS position of several hundred meters in the Schuler

period, while the average gravity disturbance in area D had a

maximum impact on the INS position of more than 1000 m in

the Schuler period. In particular, in areas with rugged topography,

such as trenches and seamounts, gravity disturbance has a

maximum impact on the INS position error of several thousand

meters in a Schuler period. For areas with a complex seafloor

topography, the impact of high-frequency horizontal gravity

disturbance cannot be ignored, as the gravity compensation of

INS based on high-degree GFMs often leads to a loss of
FIGURE 7

Maximum position error influence caused by horizontal gravity disturbance in each Schuler cycle.
TABLE 2 Maximum error of INS caused by horizontal gravity disturbance in all Schuler cycles.

Scenarios Max Min Mean

Position error (no-noise) 1034.6 88.04 532.7

Position error (with-noise) 1053.9 128.7 538.7
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compensation accuracy. The gravity compensation of high-

precision INS can be achieved using a high-precision marine

horizontal gravity disturbance from the SIO V30.1 model.
4 Marine gravity compensation
experiment

A marine dynamic shipborne test is conducted in the South

China Sea to verify the effectiveness of gravity compensation. A

two-axis rotary modulation laser INS, which contained three laser

gyroscopes and three quartz flexible accelerometers, is used. The

gyro drift bias is better than 0.001°/h and the accelerometer drift

bias is lower than 10 ug. The INS provides 500 Hz measurements.
Frontiers in Marine Science 09
Differential GNSS is used to obtain the reference position

information for the ship-based experiment. The horizontal

positioning accuracy of the GNSS is better than 1 m, and the

GNSS could provide position information at 1 Hz. The trajectory of

the ship-mounted experiment is shown in Figure 11, which operates

statically for approximately 4 h at the starting point, then

dynamically for approximately 10.5 hours. The INS operates for

approximately 14.5 hours in total.
4.1 Determination of horizontal gravity
disturbance

The horizontal gravity disturbance is calculated using the SIO

V30.1 model (section 3.4). For comparative analysis, the high-

degree EIGEN_6C4 model is used to determine the horizontal

gravity disturbance (Barthelme, 2013; Ince et al., 2019). Figure 12

shows the horizontal gravity disturbance on the ship-based

experimental trajectory, dgE−SIO V30.1 shows that the east gravity

disturbance determined by the SIO V30.1 model, dgE−GGM is the

east gravity disturbance determined by the EIGEN_6C4 model, dgN
−SIO 30.1 shows that the north gravity disturbance determined by the

SIO V30.1 model, and dgN−GGM is the north gravity disturbance

determined by the EIGEN_6C4 model. The maximum east gravity

disturbance on the experimental trajectory is approximately 50

mGal and the maximum north gravity disturbance on the

experimental trajectory is approximately −30 mGal.
4.2 Gravity compensation results

The horizontal gravity disturbance calculated above is used to

achieve gravity compensation for the dual-axis rotation modulation

INS. The specific gravity compensation process is illustrated in

Figure 2 Gravity compensation includes compensation in the initial

alignment and pure INS calculations. The two-axis rotary

modulation INS is performed for approximately 50 min of fine

alignment and accomplished gravity compensation in fine

alignment. Then, the gravity compensation is completed in the

pure INS calculation.

For comparison and analysis, two gravity compensation

methods are adopted. The first method utilizes the gravity

disturbance calculated by the EIGEN_6C4 model, while the

second utilizes the gravity disturbance from the SIO V30.1 model.

The longitude, latitude, and position errors with and without

gravity disturbance compensation are shown in Figures 13A–C,

respectively. Both compensation methods are found to weaken the

INS error oscillation. The second compensation method further

weakens the error oscillation of the INS owing to the higher-

frequency horizontal gravity disturbance calculated by the SIO

V30.1 model (satellite altimetry model). Figure 14 shows the

improvement in the INS positioning accuracy after gravity

compensation using two different gravity compensation methods.

Table 4 shows the maximum performance improvement of the INS

using the two different gravity compensation methods. After gravity
FIGURE 8

Root mean square of deflection of the vertical.
FIGURE 9

Relationship between position error (root mean square value) and
spatial wavelength caused by horizontal gravity disturbance at
different velocities.
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compensation by the first gravity compensation method, the

longitudinal performance of the INS is improved by 152 m, the

latitude performance is improved by 311 m, the position

performance is improved by 309 m, and the ranges of longitude,

latitude, and position are improved by 17.6%, 17.5%, and 16.6%,

respectively. After using the second method for gravity

compensation, the longitude performance of the INS is improved

by 161 m, the latitude performance is improved by 334 m, the

position performance is improved by 335 m, and the range of

longitude, latitude, and position are improved by 18.5%, 18.7%, and

17.9%, respectively. These results indicate that gravity

compensation can further improve the performance of high-

precision INS. Compared to the high-degree gravity field model,

the gravity compensation performance of the satellite altimetry
Frontiers in Marine Science 10
model is better because it contained a higher-frequency gravity

field signal.

In the gravity compensation of a high-precision INS, the

horizontal gravity disturbance determined by the satellite

altimetry model could be used to achieve gravity compensation,

which can improve the mechanical arrangement of the INS. In

particular, for areas with large topographic changes (such as

trenches or seamounts), the impact of high-frequency gravity

disturbances caused by seafloor topography must be considered.

As discussed in section 3.3, the influence of the higher-frequency

signal of the horizontal gravity disturbance on the INS position is

increasingly significant for low-speed underwater vehicles.

However, the high-degree gravity field model (EGM2008 or

EIGEN_6C4) could not effectively represent higher-frequency
D

A B

C

FIGURE 10

The DOV and gravity disturbances from SIO V30.1 model, (A) Component of the DOV in prime vertical, (B) component of the DOV in meridian,
(C) east gravity disturbances, and (D) north gravity disturbances.
TABLE 3 Horizontal gravity disturbance and maximum position influence caused by average gravity disturbance on INS in a Schuler period (dgN−Scope

and dgE−Scope show distribution range of north and east gravity disturbance, and dPMax show influence of mean gravity disturbance on INS position).

A (South China Sea) B (East China Sea) C (Sea of Japan) D (Western Pacific)

dgE−Scope (mGal) 0~237 0~123 0~100.7 0~297.336

dgE−Mean (mGal) 43.05 33.04 20.60 73.27

dgN−Scope (mGal) 0~187.7 0~200.7 0~161.6 0~205.63

dgN−Mean (mGal) 30.09 28.7 21.22 33.3

dPMax (m) 682.8 568.9 384.5 1046.3
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gravity field signals because the spatial wavelength of these models

is limited. The satellite altimetry model (SIO V30.1) can effectively

represent the high-frequency gravity field signal, which meets the

requirements of gravity compensation.

Tie et al. (2017) studied the performance of gravity

compensation in initial alignment and pure INS calculations.

Their results showed that only gravity compensation in the pure

INS calculation improved the performance of INS, while gravity

compensation in both the initial alignment and pure INS

calculation worsened the performance of INS. The main reason

for this is that accelerometer drift and gravity disturbances are

coupled. For a dual-axis rotary modulation INS, the accelerometer

drift bias can be estimated well, and the coupling effect can be

ignored in gravity compensation. To further prove the effectiveness

of gravity compensation simultaneously in the initial alignment and

pure INS calculations, two gravity compensation strategies are

adopted. The first strategy is comprised of gravity compensation

only in the pure INS calculation, while the second strategy involves

simultaneous gravity compensation in the initial alignment and

pure INS calculation. The SIO V30.1 model is utilized for gravity

compensation. The position errors from the two gravity

compensation strategies are compared in Figure 15. Gravity

compensation using the second strategy is found to have a
Frontiers in Marine Science 11
minimum position error, which indicates that gravity

compensation should be carried out in the initial alignment and

pure INS calculation. Chang et al. (2019) also found that the gravity

compensation of high-precision INS needed to be compensated for

both the initial alignment and the pure INS calculation. Therefore,

for a high-precision INS, when the accelerometer drift bias is fully

calibrated or modulated, the positioning accuracy of the INS could

be further improved by achieving gravity compensation in the

initial alignment and pure INS calculation. If the accelerometer

drift bias is not fully calibrated or modulated, the horizontal gravity

disturbance and accelerometer drift bias will be coupled in gravity

compensation, which may not be effective.
5 Conclusion

Gravity disturbance compensation is essential for further

improving the positioning accuracy of the INS. In this study, the

error and frequency characteristics of INS caused by gravity

disturbances are investigated. The results show that the east

gravity disturbance affects the north attitude, and the north

gravity disturbance affects the east attitude in the initial

alignment. In the pure INS calculation, the horizontal gravity
FIGURE 11

Trajectory of marine experiment.
A

B

FIGURE 12

Horizontal gravity disturbance along trajectory of ship, (A) east gravity disturbance and (B) north gravity disturbance.
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disturbance causes a navigation error in the form of Schuler

oscillation. The position error is mainly caused by the medium-

long wavelength (medium-low frequency) gravity disturbance

when the underwater vehicle velocity is larger. With a decrease
Frontiers in Marine Science 12
in underwater vehicle velocity, the influence of the short-

wavelength (high-frequency) of gravity disturbance become

increasingly significant.

The distribution of horizontal gravity disturbance in the China

Sea and Western Pacific region and its impact on INS are analyzed

based on a satellite altimetry model (SIO V30.1). Four regions are

divided to analyze the distribution of horizontal gravity

disturbances on four important channels and their influence on

the INS. The results show that the average gravity disturbance in the

South China Sea, the East China Sea, and the Sea of Japan have a

maximum impact on the INS position of several hundred meters in

the Schuler period, and the average gravity disturbance in the

western Pacific has a maximum impact on the INS position of

more than 1000 m in the Schuler period. In particular, in areas with

rugged topography, such as trenches and seamounts, gravity

disturbance is found to have a maximum impact on the INS

position error of several thousand meters in a Schuler period.

Finally, the dynamic ship-mounted experiment verified the

effectiveness of the satellite altimetry model (SIO V30.1) in

achieving gravity compensation. After gravity compensation

using the altimeter model, the positioning accuracy has been

improved by 18%. The satellite altimetry model is able to

effectively represent the high-frequency gravity field signal,

which meets gravity compensation requirements. In particular,

for regions with large topographic changes (e.g. trenches or

seamounts), the impact of high-frequency gravity disturbances

caused by seafloor topography must be considered.
A

B

C

FIGURE 13

(A) Longitude error, (B) Latitude error, and (C) Position error.
FIGURE 14

Positioning accuracy improvement corresponding to different methods.
TABLE 4 Improvement of maximum positioning accuracy using two
different gravity compensation methods.

Method Accuracy
improvement Longitude Latitude Position

SIO V30.1

Error reductions
(m)

161 334 335

Improvement
ranges (%)

18.5 18.7 17.9

EIGEN_6C4

Error reductions
(m)

152 311 309

Improvement
ranges (%)

17.6 17.5 16.6
fro
FIGURE 15

Position error caused by different compensation strategies.
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