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Abstract

Gravity-assisted navigation is an important means for underwater vehicles to achieve
autonomous, passive, and long-endurance navigation. Among its key procedures, cor-
recting the inertial navigation system (INS) based on gravity matching positions is of
critical significance. In this paper, using shipborne measured INS data and gravity data
together with a gravity database inverted from satellite altimetry data, the entire process
of gravity-assisted navigation was experimentally validated through the normal time-
frequency transform (NTFT) and Kalman filtering. NTFT is mainly used for gravity error
correction, while Kalman filtering is primarily applied to matching algorithms. The analysis
of the results shows that after 68.8 h, gravity-assisted navigation technology (GANT) can
maintain navigation accuracy within 2 n mile (1 n mile ~ 1852 m). Through comparison
of different calibration methods, it is concluded that open-loop calibration applied only
in the longitude direction is feasible and achieves satisfactory navigation performance.
This surface vessel-based gravity-assisted navigation experiment addresses aspects such as
experimental conditions and algorithmic techniques, serving as an important foundation
for further underwater navigation applications.

Keywords: inertial navigation system; gravity-assisted navigation; gravity matching;
normal time-frequency transform; Kalman filter; comprehensive correction

1. Introduction

Navigation technology plays a vital role in both civilian and military fields. Differ-
ent from the Global Navigation Satellite System (GNSS), the Inertial Navigation System
(INS) offers distinct advantages, including autonomy, anti-interference capability, and the
ability to provide high-frequency attitude, heading, velocity, and position information of
the carrier [1], making it irreplaceable in certain applications, particularly in underwater
navigation [2-4]. However, INS also has inherent limitations. As the errors of inertial
sensors cannot be completely eliminated, the positioning error accumulates over time [5].
When performing long-endurance missions, once the error exceeds the acceptable range,
the INS loses its effectiveness for navigation and positioning. Therefore, it is necessary
to calibrate the INS using auxiliary information within permissible bounds. In terms of
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auxiliary information sources, the gravity field is one of the fundamental physical fields of
the Earth [6]. To a certain extent, it reflects information such as the Earth’s internal structure
and material migration. It is stable at the milligal scale and is geographically dependent,
meaning that the gravity field contains geolocation information [7,8]. Consequently, if
gravity matching technology is employed to obtain position information, the inertial navi-
gation system can be calibrated. This is the basis of gravity-assisted navigation technology
(GANT). Moreover, since the gravity field does not involve signal transmission issues, it is
highly conducive to achieving autonomy and concealment for underwater vehicles [9].

The development of GANT is closely related to gravity measurement. In 1982, Bell
Aerospace Textron successfully conducted gravity gradient measurement on a moving
carrier using the Gravity Sensor System (GSS), and the GSS was installed on U.S. Navy
equipment in the 1990s. Initially, it was used to measure the deflection of the gravity vector,
and later it was applied to gravity-assisted navigation [9]. In reference [10], a traditional
inertial navigation system was combined with a gravity gradiometer and a depth gauge
to form a Gravity Aided Inertial Navigation System (GAINS), which can limit INS errors
without the aid of external navigation devices. At the same time, the system can also be used
to estimate the terrain around the carrier, enhancing safety while maintaining concealment,
thereby improving long-endurance navigation capability. Lockheed Martin’s Navigation
and Gravity Systems (NGS) developed the low-cost Universal Gravity Module (UGM),
which includes two types of gravity sensors: one gravimeter and three gravity gradiometers.
The UGM is applicable to underwater weapons and also possesses terrain estimation
capabilities. Reference [11] performed underwater dynamic gravity measurements using
an INS, Doppler Velocity Log (DVL), and depth gauge (DG), achieving internal accuracies
of 1.06 mGal and 0.89 mGal for two survey lines at a resolution of approximately 250 m.

The effectiveness of GANT is closely related to the gravity matching algorithm. Classi-
cal matching algorithms include Terrain Contour Matching (TERCOM), Iterated Closest
Contour Point (ICCP), and Sandia Inertial Terrain Aided Navigation (SITAN) [12]. On this
basis, many researchers have made improvements and innovations to these algorithms [13-15].
Meanwhile, the accuracy and resolution of the gravity database also have a significant
impact on matching accuracy [16]. It is evident that a higher resolution and higher accuracy
of the gravity database lead to improved final matching accuracy. Reference [17] researched
the effect of gravity database on navigation accuracy, computationally analyzed the simu-
lated and measured data by using the Kriging interpolation method, and investigated the
effect of gravity database density on navigation results.

After obtaining the gravity matching position, comprehensive calibration is a key step
in suppressing INS errors. The problem of compensation of vertical deviation and the
gravity navigation technique was discussed in [18]; the latter sensor includes gravimeter
and gravity gradiometer, and pointed out that open-loop and closed-loop calibration can
be applied, in which the open-loop calibration acts directly on the output result, and the
simplicity of the construction is the advantage, but the closed-loop calibration can also
realize the estimation of inertial device error, and the algorithms used are Extended Kalman
Filter (EKF), which allows for passive navigation. For cases where the matching positions
are continuous and sparse, the EKF and multi-point calibration algorithm were respectively
designed in [19], which are also two representative algorithms.

In the aforementioned studies, closed-loop calibration using Kalman filtering is com-
monly adopted when matched positions are available. However, in practical gravity-
assisted navigation scenarios, the matched positions are inherently sparse and irregular,
and their accuracy may be degraded in regions where the gravity field lacks distinctive
spatial features. Under such conditions, a Kalman filter operating in the correction loop
faces the risk of divergence during long measurement gaps. Moreover, the INS velocity
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contains inherent Schuler and Foucault periodic oscillations, which can propagate through
the matching loop and degrade the calibration performance. To tackle these problems, this
paper proposes a new calibration method with two main contributions.

The main contributions of this work are twofold. First, the NTFT is applied in a
gravity-assisted navigation system. By extracting and removing the Schuler periodic
oscillation from the INS velocity before it enters the matching loop, the Foucault oscillation
is simultaneously suppressed due to the modulation relationship between the two, thereby
reducing the oscillatory errors that would otherwise propagate into the matched position.
Second, a direct position reset correction strategy is proposed, in which the matched
position directly overwrites the INS position. This open-loop correction approach avoids
the divergence risk associated with Kalman filtering fusion under the sparse and low-
accuracy measurement conditions typical of gravity-assisted navigation.

The paper is organized as follows: Section 1 introduces the background; Section 2
describes the methodology and data processing workflow, specifically including system
composition, INS mechanization and error characteristics, gravity measurement, gravity
database, gravity matching, and INS calibration. Section 3 is the shipborne experiment.
Section 4 is the discussion. Section 5 is the conclusion.

2. Methodology and Data Processing Workflow
2.1. System Composition

This paper validates the gravity-assisted navigation technology (GANT) using ship-
borne measured data, with an emphasis on comparing the impact of different calibration
methods on the final navigation results. The gravity-assisted navigation system mainly
consists of navigation equipment, a gravity measurement system (GMS), a gravity database,
and matching algorithms. The data processing flow is shown in Figure 1. Common un-
derwater navigation equipment includes the INS, Doppler velocity log (DVL), and depth
gauge (DG). Among these, the DVL can provide velocity-aiding information, and the DG
can provide depth information. Since they were not used in this experiment, they are not
listed in Figure 1.

gravity measurement system gravity database

. prepared gravity anomalies,
raw gravity measurements - ”
’ position parameters

v
corrected gravity anomalies,

navigation parameters

gravity error correction gravity matching

navigation parameters

matched positions

navigation equipment «

Figure 1. Data processing flow chart of gravity-assisted navigation system.

The GMS provides raw gravity measurements, while the navigation equipment sup-
plies navigation parameters for gravity error correction. Subsequently, the gravity matching
algorithm matches the corrected gravity anomalies with the gravity database to obtain the
matched position. The gravity database is the Sandwell et al. [20] global marine gravity
model, which is derived from multi-satellite radar altimetry data and has a grid spacing
of 1 arcminute with an accuracy of approximately 2 mGal over most ocean areas. These
matched positions are then fed back to the INS for calibration, thereby enabling autonomous
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passive long-term navigation. Various calibration strategies exist for INS calibration; this
paper adopts open-loop calibration, which calibrates only the INS outputs.

2.2. INS Mechanization and Error Characteristics

INS is based on Newton's laws of motion, with gyroscopes and accelerometers as its
two core components: the former provides angular motion information, while the latter
provides linear motion information. Describing the state of motion in space requires a
frame of reference, which is typically represented by a coordinate system. Moreover, since
the same vector has different representations in different coordinate systems, it is necessary
to introduce spatial transformation relationships between coordinate systems.

The Earth-centered inertial frame (denoted as the i-frame) has its origin at the Earth’s
center. Its x-axis points toward the vernal equinox, its z-axis aligns with the Earth’s rotation
axis, and its y-axis completes a right-handed Cartesian coordinate system together with
the x- and z-axes. The measurements from gyroscopes and accelerometers are expressed
relative to the i-frame.

The Earth-centered Earth-fixed frame (denoted as the e-frame) has its origin at the
Earth’s center. Its x-axis points toward the prime meridian, its z-axis aligns with the Earth’s
rotation axis, and its y-axis completes a right-handed Cartesian coordinate system together
with the x- and z-axes.

The navigation frame (denoted as the n-frame) has its origin at the center of the carrier.
Its x-axis points to geographical east, its y-axis points to geographical north, and its z-axis
completes a right-handed Cartesian coordinate system together with the x- and y-axes,
forming the common east-north-up (ENU) coordinate system.

The body frame (denoted as the b-frame) has its origin at the center of the carrier, with
its x-axis pointing to the right, its y-axis pointing to the front, and its z-axis completing a
right-handed Cartesian coordinate system together with the x- and y-axes.

Transformations between different coordinate frames can be represented using a
direction cosine matrix (DCM). For example, the matrix C' represents the relationship
between the i-frame and the n-frame. The coordinate system provides the reference for
INS mechanization. Next, the INS update solution equations are given, expressed in the
n-frame.

The attitude update equation is introduced as shown in Equation (1).

Cp = Cp (whyx) 1)

where C} represents the relationship between the b-frame and the n-frame, Cj represents
the differential of C}}, wﬁb represents the projection of the angular velocity of the b-frame
relative to the n-frame onto the b-frame, wa x denotes the skew-symmetric matrix of wzb.

From the vector composition principle of angular velocity, the following kinematic
relation is obtained:

bo_ b b
Wyp = Wiy — Wiy (2)

thus, Equation (1) can be further expressed as follows:

Cp = Cp (whx) = (wihx)C ©)

https://doi.org/10.3390 /jmse14100925


https://doi.org/10.3390/jmse14100925

J. Mar. Sci. Eng. 2026, 14, 925

50f17

where wf?b is the measured value of the gyroscope, wj; represents the projection of the
angular velocity of the n-frame relative to the i-frame onto the n-frame, which can be
further expressed as shown in Equation (4).

Wiy = Wie + Wy (4)

where w}, denotes the projection of the angular velocity of the Earth’s rotation into the
n-frame, and wy, denotes the projection of the angular velocity of the rotation of the n-
frame with respect to the e-frame into the n-frame. Their specific expressions are shown in
Equations (5) and (6).

T
wj, = [O wijpcos L wj, sin L} 5)
W = —oR, vi v tan L T (6)
en RM+h RN +h RN+h

where w;, denotes the magnitude of the Earth’s rotation angular velocity,
wj, = 7.2921151467 x 107° rad/s; L represents the latitude; vt and v}, represent the east
and north velocities, respectively; Rjs represents the meridian radius of curvature of the
ellipsoid; Ry represents the normal radius of curvature of the ellipsoid; and & represents
the height.

The velocity update equation is shown in Equation (7).

Ven = Cl}:fb <2w + Wey) X Uy + g 7)
where f? denotes the accelerometer measurement, v, represents the differential of v”,, and

g" represents the gravity vector in the n-frame.
Integrating velocity yields position, and the position update equation is expressed

as follows: A
L= R;;A-]&-h
A= Ry Rl secL 8)
];1 = Oy

where A represents the longitude, vy represents the up velocity.

The INS error equations are commonly used to analyze error characteristics. The
altitude channel of the INS is divergent and typically requires external measurement
information from other devices; alternatively, if the altitude does not vary significantly, it
can be set to a constant value. Excluding the velocity and position errors in the up direction,
the remaining errors—namely, the attitude angle errors, the east and north velocity errors,
and the latitude and longitude errors—are expressed as follows.

: . vptanL UE v

PE = (wieSIHL+ ER )4’1\1 (wzeCOSL+R)¢u— RJ— E )
Nh Nh Mh
: tan L )
PN = — (wie sinL + ”ERa“ )¢E R IN_ o+ RL;; — wipsinLoL — ey (10)
: tan Lév vpsec? L
bu = (wlecosL+RN>§bE+ RN+ anRiNhEJr (wiecosL+E;]e\;)§L—eu (11)
Svp = —fu¢n + fndu + N t"mL&JE + (2wle sinL + % tanL)(Sv + 12
(ZUNwie cos L+ %)& + Vg
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(SUN = fu(PE — fE(Pu -2 ((Ul'e sin L + UERt;l;L ) JUE_ (13)

. vpsec’ L

UVE (Zwle cos L + R )(5L+VN

’ 57)]\]
oL = — (14)

Rin

: L L L

S — dvpsecL  vgsecLtan 5L (15)

R R
T .
where ¢ = [4)5 ON gbu} represents the attitude angle error, and ¢ represents the
differential of ¢; dvg and dvy represent the east velocity error and north velocity error,
respectively, and dvr and dvy represent the differentials of vy and dvy; IL and JA represent
the latitude error and longitude error, respectively, and /L and JA represent the differentials

of SLand dA; f = { fE N fu} ' represents specific force.

Combining the INS updating equations and error equations reveals that the attitude,
velocity, and position navigation parameters are coupled and mutually influential; however,
the longitude error is relatively independent and does not couple into the other navigation
error parameters as a separate error source. This provides an approach for the selection of
calibration schemes.

2.3. Gravity Measurement

Gravity measurements are carried out aboard the ship using a gravimeter. Gravity is
one of the fundamental data sources for gravity-assisted navigation and is also an important
factor affecting the accuracy of gravity matching. As illustrated in Figure 2, converting raw
gravity measurements into gravity products—typically gravity anomalies—requires signal
conversion and error correction [21].

gravity measurement system

l

gravity voltage signal

l

specific force observations

Eo6tvos correction

Gravity base point correction

l Normal gravity correction
Drift correction
gravity correction terms ™ Temperature correction
Horizontal acceleration correction
l Vertical acceleration correction

gravity anomalies Eccentricity correction

Free air correction
Figure 2. Gravity data processing flow and error correction.

Error correction is critical, and the most influential corrections are drift correction,
normal gravity correction, and the Eotvos correction. Among these, the Eotvos correction is
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the key factor affecting the accuracy of gravity anomalies. The correction formula is shown
in Equation (16).

6ge = 20gwj, cos L + O + — (16)

where Ry, = Ry + 1, Ry, = Ry + h. Equation (16) shows that the Eotvos correction
depends on both velocity and latitude. In fact, the INS latitude error oscillates around
a certain constant value. Although the oscillation amplitude gradually increases due to
inertial sensor errors, its influence on the E6tvos correction is limited. Velocity remains the
most influential factor.

In data processing, to better simulate the underwater environment, auxiliary informa-
tion from other devices is avoided as much as possible; only the navigation parameters
provided by the INS are used for gravity error correction. Due to the Schuler period os-
cillation in the velocity and latitude obtained from pure INS, this paper first employs the
NTEFT to suppress the Schuler period oscillation error [22], and then applies it to gravity
error correction.

Figures 3 and 4 show a comparison of east and north velocities between pure INS and
those NTFT-processed, and “NTFT-processed” means after being processed by NTFT. The
comparison clearly demonstrates that NTFT suppresses the Schuler period oscillation error
in pure INS.

8
—Pure INS
—NTFT-processed

East velocity (m/s)

-6 I I I I
0 10 20 30 40 50 60 70

Time (h)

Figure 3. Comparison of east velocities for different calculation methods.

—Pure INS
—NTFT-processed

North velocity (m/s)
(=)

Figure 4. Comparison of north velocities for different calculation methods.
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If the pure INS parameters, including velocity and latitude, are used directly for
gravity error correction, the Schuler period oscillation will inevitably be introduced into
the gravity signal, resulting in gravity measurement errors. If the test area itself has little
gravity variation, the true gravity signal will be overwhelmed by these errors. As shown
in Figure 5, the gravity change is more pronounced between approximately the 35th and
47th hours, which corresponds to passing through a trench, and it also shows that there is a
strong correlation between gravity and topography.

100

—Pure INS
—NTFT-processed

50

Gravity anomaly (mGal)

-100

—-150 : ‘
0 10 20 30 40 50 60 70
Time (h)

Figure 5. Comparison of gravity anomaly for different calculation methods.

2.4. Gravity Database

The gravity database is an important data source in gravity-assisted navigation, and
its resolution and accuracy directly affect the gravity matching performance. Gravity
database can be acquired through various measurement methods, including satellite,
airborne, and shipborne gravimetry. Among these, satellite gravimetry enables large-scale
coverage but offers limited resolution and accuracy. Airborne and shipborne gravimetry
can provide richer gravity information; however, they are expensive and time-consuming.
Consequently, the final gravity database is typically constructed by fusing multi-source
data with the aid of interpolation methods.

Due to the current unavailability of airborne and shipborne gravity data for the
corresponding regions, this paper uses only gravity anomalies derived from satellite
altimetry data inversion. The data were released by the David T. Sandwell team at the
Scripps Institution of Oceanography [20,23], with a resolution of 1’ x 1’ and are available
at https:/ /topex.ucsd.edu/grav_outreach/ (accessed on 10 November 2023), where a more
detailed description can be found. Only a portion of the area is selected here, as shown
in Figure 6. In the figure, the background image represents the gravity anomaly, the red
line indicates the actual trajectory of the ship, and the black arrow indicates the direction
of travel. This region includes both areas with relatively smooth gravity variations and
areas with relatively drastic changes, making it somewhat representative. The black box in
Figure 6 marks the trench-crossing area, where the gravity change is very pronounced, with
an amplitude exceeding 150 mGal. This is consistent with the results shown in Figure 5.
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Figure 6. Shipborne test track and gravity anomaly over the traversed area.

2.5. Gravity Matching

The gravity matching algorithm is a key technology for enabling gravity-assisted
navigation. Its function is to match the measured gravity data with the stored gravity
database to obtain a position estimate with higher accuracy. In this paper, gravity matching
is performed using an optimized SITAN method, where the INS-indicated position serves
as the search center, and the search is conducted within a radius corresponding to a certain
confidence level. The matching position is then calculated via parallel Kalman filtering.
This matching method is insensitive to velocity and heading errors, as shown in [24].

2.6. INS Calibration

GANT is a comprehensive calibration method aimed at improving the long-term
navigation capability of INS. It represents a form of generalized integrated navigation,
differing from INS/GNSS integrated navigation in that the position information provided
by gravity-assisted navigation has uneven and relatively long time intervals and lower
accuracy. In this paper, the inertial sensor errors are not estimated; instead, only an
open-loop calibration of the INS position error is performed, which is equivalent to a
position reset.

3. Shipboard Test

The shipboard test was carried out aboard the Da Yang Hao research and survey vessel.
A self-developed gravimeter, designated the CHZ-II ocean gravimeter, was installed in
the gravity chamber and received GNSS signals via a serial port. A strapdown INS was
installed adjacent to the gravimeter, with a gyroscope bias accuracy better than 0.003 °/h
and an accelerometer bias accuracy better than 20 pg. The installation configuration of the
CHZ-II and the INS is shown in Figure 7.

As shown in Figures 8 and 9, the matching error is compared with the pure INS error,
with the horizontal coordinate representing the matching sequence number. From the
matching results, it can be seen that at the initial stage, the matching error is relatively large
with obvious jumps. This is partly because, in coastal areas, the gravity database accuracy
is degraded by the proximity to offshore regions, as well as by land contamination and
tidal model errors affecting satellite altimetry data [25], and partly because the Kalman
filter algorithm requires a certain amount of convergence time.
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Figure 7. Shipborne gravity-assisted navigation system.

10

7 7 ‘ ‘ +Ma;tching Iatifude error
——Pure INS latitude error
~ 5 1
€
£
S
O 0AAN
[0}
k]
2
8
-5
-1 0 . 1 1 1 1
0 50 100 150 200 250 300 350 400 450

Matching number

Figure 8. Pure INS error and matching error in the latitude direction.

——Matching longitude error
6 ——Pure INS longitude error

N

N

Longitude error (nm)
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|
EN
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-8 I
Matching number

Figure 9. Pure INS error and matching error in the longitude direction.

For latitude error, the accuracy is not significantly improved; in some areas, the match-
ing accuracy is even lower than that of pure INS. For longitude error, both positive and
negative errors occur, and the matching accuracy varies—sometimes high, sometimes low.
Overall, however, the accuracy is clearly improved. In practice, higher matching accuracy is
certainly desirable, as it directly affects the effectiveness of INS comprehensive calibration
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and influences the selection of calibration strategies. Ultimately, maximizing the gravity-
assisted navigation accuracy based on a given matching result is the fundamental goal.

The processed GNSS results are used as reference values. Only the velocity and
position errors are presented and evaluated here, as the true attitude is difficult to obtain.
The following definitions are made for simplicity.

Method 1: Pure INS solution.

Method 2: Comprehensive calibration of the INS using the matched position, consid-
ering that the vessel is relatively close to the coast at the initial stage, the gravity database
has low accuracy, which affects matching performance; on the other hand, the INS itself
has high accuracy and is trustworthy, so calibration can be omitted during this stage. Con-
sequently, calibration is initiated after 24 h, and the strategy of calibration is to carry out
the calibration as long as there is a matching position.

Method 3: Based on Method 2, only positions with high matching accuracy are
selected for INS calibration. This is equivalent to adding judgment conditions to filter the
matching positions.

Method 4: As described in Section 2.2, INS positioning error accumulates over time
mainly due to the error in the longitude direction, and the longitude error is relatively
independent of and not directly coupled to other state quantities. Therefore, this method
focuses on longitude calibration. The latitude error mainly manifests as oscillation, although
the oscillation amplitude gradually increases over time due to inertial sensor errors, its
impact on INS positioning error is far smaller than that of longitude error. Moreover, the
longer the INS operates, the more pronounced this phenomenon becomes. Consequently, in
Method 4, only the longitude direction is calibrated; the latitude direction is not calibrated.
This method is easy to implement in practice.

Figures 10 and 11 show the east and north velocity errors, respectively, while
Figures 12-14 present the latitude, longitude, and position errors. The position error
is a comprehensive consideration of both latitude and longitude errors. Since the INS
comprehensive calibration starts at the 24th hour, the error curves for the first 24 h are
identical. The results are summarized as follows.

3
—Method 1

o —Method 2 i
—Method 3

—Method 4

-
T

|
=N
T

East velocity error (m/s)
o

|
N
T

10 20 30 40 50 60 70
Time (h)

|
w
o

Figure 10. Comparison of east velocity errors for different methods in the shipboard test.
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Figure 11. Comparison of north velocity errors for different methods in the shipboard test.
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Figure 12. Comparison of latitude errors in different methods of shipboard test.
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Figure 13. Comparison of longitude errors in different methods of shipboard test.
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Figure 14. Comparison of position errors in different methods of shipboard test.

From the velocity error plots, it can be observed that: (1) there is still an obvious
Schuler period oscillation error, because only the INS position is reset and no processing
measures have been taken for the oscillating errors. This indicates that merely resetting
the INS position does not suppress the Schuler period oscillation error; (2) the results of
the four methods are presented together, making quantitative assessment from the figures
difficult. Nevertheless, it is clear that different methods have different effects on velocity.
This will be further analyzed later in conjunction with the statistical errors.

Regarding position error, the following observations can be made: (1) the position
error exhibits Schuler period oscillation error, for the same reason as in the velocity error.
(2) Method 2 imposes no constraints on the accuracy of the matched position; it essentially
replaces the INS latitude and longitude directly with those obtained from matching. After
comprehensive calibration, compared with Method 1, the accuracy improves in some areas
but degrades in others. The result is unstable and prone to jumps. (3) Method 3 introduces
constraints and selects only matched positions with high accuracy. Compared with Method
1, the latitude error is noticeable between approximately the 39th and 57th hours, and
the longitude error between the 45th and 58th hours, as shown in Figures 12 and 13,
during which the error trend is essentially the same as that of Method 1, indicating that
no matching position satisfying the requirements is available. Compared with Method 2,
although the error oscillates with a larger amplitude because adding constraints reduces
the number of usable matched positions, the calibration effect is more consistent, and
this consistency means that no abrupt jumps occur. (4) In Method 4, only the longitude
direction is calibrated. There is no improvement in the latitude direction. However, the
longitude accuracy is significantly improved compared with Method 1, and the effect is
simultaneously more stable than that of Method 2 and more accurate than that of Method 3.

Figure 14 shows the position error of combined latitude and longitude, considering
the consistency of error and oscillation amplitude of error, the effect of Method 4 is the best.
Method 4 will be discussed in further detail later.

Next, the RMS values of velocity error and latitude error, as well as the maximum
values of longitude error and position error, are calculated and presented in Tables 1 and 2,
respectively.
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Table 1. RMS error statistics of different methods.

Index Method 1 Method 2 Method 3 Method 4
East velocity error (m/s) 0.6400 0.5634 0.6128 0.6400
North velocity error (m/s) 0.6020 0.6029 0.5818 0.6020
Latitude error (n mile) 0.4174 0.6953 0.4015 0.4174

Table 2. Maximum error statistics for different methods.

Methods Longitude Error (n mile) Position Error (n mile)
Method 1 2.3698 2.3699
Method 2 2.4427 2.8423
Method 3 1.1998 1.2352
Method 4 1.0449 1.2326

The RMS error statistics lead to conclusions essentially consistent with those previously
drawn. Compared with Method 1, after applying Method 2, the RMS of the east velocity
error decreases, whereas the RMS of the north velocity error and the latitude error increase.
Method 3 reduces the RMS of the east velocity error, north velocity error, and latitude
error compared with Method 1, and this improvement is consistent, because all selected
matching positions have high accuracy. The statistics for Method 4 are identical to those
for Method 1, indicating that open-loop calibration of only the longitude direction has no
direct effect on these quantities.

For the error maximum statistics, compared with Method 1, Method 2 yields larger
errors after processing, as shown in Figures 12-14, particularly between approximately the
26th and 30th hours. The maximum error of Method 3 is reduced, and Method 4 achieves
higher accuracy than Method 3.

4. Discussion

In the above test, Method 4 achieved good results. Nevertheless, further analysis
and verification are needed to determine whether it is the optimal method under various
conditions. The following discussion summarizes the experience gained from this test and
will serve as a reference for future tests.

1. This paper adopts open-loop calibration, which has the advantages of simplicity and
ease of implementation.

The INS starts operating and reaches point A at time t 4, where a matching position
P, is obtained. After calibration, the INS error begins to accumulate from P4. The INS then
proceeds to point B at time tp, where another matching position P is obtained. Following
calibration, the INS error accumulates from Pp. If only the longitude component is chosen
for calibration, theoretical analysis and data processing results indicate that this does not
affect the solution of other INS parameters. If the error of P, is relatively large, only the
longitude error between t4 and ¢ is affected. In this case, if the error of Pj is relatively
small, the INS will be immediately pulled back to a comparatively correct position after
calibration, ensuring that the impact of the matching position error remains limited.

If the latitude, velocities, and attitude angles are to be calibrated, they must be suffi-
ciently accurate; otherwise, new errors will be introduced. These errors will affect other
navigation parameters through the coupling relationship, and without correction, they will
continue to accumulate and impact the INS in subsequent solution processes.

2. How to further improve accuracy is also one of the main research directions for
future work.

https://doi.org/10.3390 /jmse14100925


https://doi.org/10.3390/jmse14100925

J. Mar. Sci. Eng. 2026, 14, 925

15 of 17

In this paper, the focus has been on the suppression of longitude direction errors.
Figures 10-12 show that the primary factors affecting east velocity, north velocity, and
latitude accuracy are oscillatory errors, including Schuler oscillation modulated by the
Foucault effect and Earth oscillation. In fact, damping network techniques are specifi-
cally used to suppress oscillatory errors [26,27]: horizontal damping networks suppress
Schuler oscillation and simultaneously suppress the Foucault oscillation, while azimuth
damping networks suppress Earth oscillation. Combining damping network techniques
with the method proposed in this paper is expected to further improve navigation and
positioning accuracy.

In addition, the test minimized dependence on GNSS signals. A platform-type
gravimeter was used in the shipboard test, which required a dedicated control platform to
provide a high-precision horizontal datum using combined INS/GNSS navigation during
measurement, with an accuracy requirement better than 1 arcminute. GNSS signals were
not used as an aid in the rest of the solution process; they served only as reference values for
accuracy assessment. The calculation results suggest that in a real underwater environment,
as long as gravity measurement accuracy reaches the same level or higher, good gravity
matching performance can be achieved. This would enable comprehensive calibration of
inertial navigation and improve its long-range navigation capability. Regarding the gravity
instrument control platform, research indicates that technical solutions exist to provide a
high-precision horizontal reference without relying on GNSS signals, which is crucial for
underwater gravity measurement.

The surface test has provided valuable experience for the underwater test. In the future,
a wider range of tests and validations will be conducted in different areas, both surface
and underwater, without relying on GNSS signals at all, so as to advance gravity-assisted
navigation toward engineering application.

5. Conclusions

This paper investigated an INS comprehensive calibration method using gravity-
matched positions. The proposed approach adopts a direct position reset correction strategy
designed for sparse and irregular measurement conditions in gravity-assisted navigation.
The main conclusions are summarized as follows:

(1) The direct position reset strategy avoids the risk of Kalman filter divergence under
sparse, low-accuracy measurement conditions. Each reset, when triggered, immedi-
ately eliminates the accumulated INS error.

(2) The shipboard test results show that after comprehensive calibration, the INS error
can be maintained within 2 n mile. When Method 4 is adopted, which calibrates only
the longitude direction, the maximum error does not exceed 1.5 n mile, and the error
in most areas is better than 1 n mile. This represents a significant improvement over
pure INS results and validates the effectiveness of the proposed method.

Future research will focus on several directions: (1) combining direct position reset
with Kalman filtering fusion correction to achieve both fast convergence and smooth trajec-
tory continuity; (2) introducing online sensor error estimation using least-squares-based
parameter identification methods and Kalman filtering; and (3) extending the validation
to more diverse geographic regions and longer mission durations to further assess the
robustness and generalizability of the proposed method.
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Abbreviations

The following abbreviations are used in this manuscript:

INS Inertial Navigation System

NTFT Normal Time-Frequency Transform

GANT  Gravity-Assisted Navigation Technology
GNSS  Global Navigation Satellite System

GSS Gravity Sensor System

GAINS  Gravity-Assisted Inertial Navigation System
NGS Navigation and Gravity Systems

UGM Universal Gravity Module

DVL Doppler Velocity Log

DG Depth Gauge
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