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ABSTRACT Underwater gravity-assisted navigation is typically employed by submarines as a navigation
method when external navigation information is not easily available, which necessitates the acquisition of
gravity information through autonomous measurement. However, underwater gravity measurement research
currently relies heavily on high-precision external navigation information, such as acoustic positioning, and
lacks autonomy. Therefore, there is a contradiction between the existing underwater gravity measurement
technology and the underwater gravity-assisted navigation application scenario. To solve this problem,
a real-time, autonomous gravity measurement method specifically designed for underwater gravity-assisted
navigation is proposed in this study. The proposed method achieves real-time, autonomous underwater
gravity measurement with mGal-level precision by integrating classical gravity measurement principles,
which involves a gravimeter, an electromagnetic log (EML), and a depth gauge (DG). To evaluate the
proposed method’s effectiveness, a semi-physical simulation was conducted through vehicle testing. The
experimental results demonstrated that the proposed method achieved a precision of 1.01 mGal at 0.0033 Hz
within the repeated measuring line.

INDEX TERMS Gravimeter, autonomous gravity measurement, underwater, gravity-assisted navigation,

integrated navigation.

I. INTRODUCTION

The development of a high-precision global gravity field
model is a fundamental research task in the field of geodesy,
as it provides a fundamental method for addressing global
issues, such as climate change, melting polar ice caps, rising
sea levels, and geological disasters [1], [2]. Marine gravity
measurement is a reliable and effective technique for enhanc-
ing the accuracy of gravity field models. It enables the rapid
acquisition of high-resolution and high-precision gravity data
and facilitates large-scale and efficient gravity measurements
[3], [4]. Since the late 20th century, the field of marine gravity
measurement has experienced significant growth, resulting in
the development of various types of marine gravity instru-
ments and technologies, such as the strapdown and platform

types [5], [6], [7].
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In the last decade, there has been a growing demand for
higher-resolution underwater short-wave gravity information
to enhance the efficiency of deep-sea mineral exploration
and the accuracy of seafloor topography inversion. Driven
by practical requirements in oil and gas exploration and
marine scientific research, marine gravity instruments have
progressively extended their underwater measurement capa-
bilities [8], [9]. Consequently, several research institutions
are focusing on developing high-precision navigation and
motion acceleration processing methods that are suitable
for underwater gravity measurements. The University of
Tokyo has adapted and enhanced the Micro-g LaCoste
S-174 marine gravity instrument by integrating it with an
Autonomous Underwater Vehicle (AUV) named Urashima.
The AUV employs a depth gauge (DG) sensor to measure
the vertical motion acceleration and combines the gravity
instrument/Doppler Velocity Log (DVL) to offer naviga-
tion information. This approach delivers a high-precision
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underwater gravity measurement accuracy of 0.1 mGal [10],
[11]. The Institute of Marine Technology Problems in Russia
has investigated underwater gravity measurement using an
AUV equipped with a gravity instrument. They have inte-
grated an on-board navigation system and a hydro-acoustic
navigation system with a long-base to provide location infor-
mation and employed multiple corrections from the sea
surface Global Positioning System (GPS). Based on their
findings, they have confirmed that the underwater gravity
measurement accuracy achieved by an AUV-equipped grav-
ity instrument is superior to the mGal level [12]. Wuhan
University in China has researched data processing methods
for underwater gravity measurement. They have introduced
a continuous-discrete Kalman filter approach to integrate
data from various sources, including gravity instruments,
GPS, short baseline, DVL, and DG. This method delivers
navigation information that satisfies the demands of under-
water gravity measurement [13]. The National University of
Defense Technology in China has developed an integrated
system that includes a gravity instrument, DG, and DVL to
provide navigation information and vertical motion accel-
eration data for underwater gravity measurement. With this
system, they have achieved a high accuracy of 1.06 mGal
[14]. Moreover, to ensure navigation performance in the event
of a complete loss of DVL, they have introduced a carrier
trajectory constraint. This constraint can be used as obser-
vation information for integrated navigation, ensuring that
navigation information can be used for gravity measurement
related corrections, ultimately achieving underwater gravity
measurement accuracy of 2.03 mGal [15].

Currently, the accuracy of underwater gravity measure-
ment is comparable to that of traditional on-surface scenarios,
which is sufficient for gravity mapping and resource explo-
ration. The technology and databases for underwater gravity
measurement are continually evolving and improving [16],
[17], [18], which has created the necessary conditions for
autonomous navigation based on underwater inertial/gravity
matching. Numerous scholars have investigated autonomous
navigation algorithms based on inertial/gravity matching
[19], [20], [21]. In military applications, autonomous navi-
gation based on underwater inertial/gravity matching is an
essential technique for large and medium-sized underwater
vehicles, submarines, and other platforms to achieve extended
and covert navigation as a passive navigation technol-
ogy. However, the application of underwater inertial/gravity
matching navigation imposes very high requirements on the
autonomy of gravity measurement [22]. Currently, underwa-
ter gravity measurement primarily focuses on gravity field
mapping and relies on auxiliary methods, such as DVL,
acoustic positioning, or even mother ship towing. These
methods require the outward emission of signals or the
pre-deployment of signal response base stations, resulting
in a lack of autonomy. Consequently, current underwater
gravity measurement methods are inadequate to meet the
requirements of autonomous navigation based on underwater
inertial/gravity matching.
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This study proposes a novel, real-time autonomous method
for gravity measurement in underwater gravity-assisted nav-
igation to address the aforementioned issues. The proposed
method involves a fusion of data from the gravity instrument,
electromagnetic log (EML), and DG to obtain comprehensive
information about the underwater environment. This informa-
tion includes depth, motion acceleration, velocity, position,
and attitude, which are essential for autonomous navigation
based on underwater inertial/gravity matching. This study
provides a comprehensive exposition of the proposed method
and conducted semi-physical simulation verification using
onboard test data to validate its effectiveness. The study’s
innovations are summarized as follows:

(1) An underwater autonomous gravity measurement
method based on the fusion data from the gravity instrument,
EML, and DG was proposed in response to the requirements
of underwater gravity-assisted autonomous navigation.

(2) A depth information processing method based on the
fusion of data from the gravity instrument and DG was devel-
oped to enhance the accuracy of vertical motion acceleration
acquisition by the carrier and fulfill the demands of underwa-
ter autonomous gravity measurement for depth information
and motion acceleration information.

(3) To meet the requirements of underwater autonomous
gravity measurement for navigation information, such as
position and velocity, a gravity instrument and EML fusion
navigation method based on adaptive delay state filtering of
measurement noise were proposed. This method effectively
suppresses the effects of water flow velocity and sensor noise
on EML measurement accuracy.

Il. REAL-TIME UNDERWATER AUTONOMOUS GRAVITY
MEASUREMENT METHOD BASED ON THE FUSION OF

GRAVITY INSTRUMENT/EML/DG
A. THE PROPOSED GRAVITY MEASUREMENT METHOD AT

A GLANCE

This study outlines a real-time underwater autonomous grav-
ity measurement method based on the fusion of gravity
instrument/EML/DG. The method comprises of three main
parts: an inertial navigation solution, data fusion, and a grav-
ity solution. In the inertial navigation solution, the initial
navigation information was determined by using the carrier’s
motion data obtained from the gyroscope and accelerome-
ter. The inertial measurement data was projected onto the
horizontal plane in the geodetic coordinate system based on
the heading and attitude information, and data integration
yields the navigation information of heading, attitude, veloc-
ity, and position. The data fusion process involves combining
information from the gravity instrument/DG and the grav-
ity instrument/EML. The former provided depth information
and vertical motion acceleration information, while the latter
provided navigation information, such as position, velocity,
and attitude. In the gravity solution, the motion acceleration
and gravity acceleration of the carrier were determined based
on the equation of motion using navigation information,
depth information, and inertial measurement data as inputs.
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FIGURE 1. A real-time underwater autonomous gravity measurement
method based on the fusion of gravity instrument/EML/DG.

Low-frequency gravity measurement results were obtained
through data processing techniques like low-pass filtering.
The data processing flow is illustrated in the figure 1.

Gravity instruments typically incorporate an integrated
gyroscope and accelerometer to measure inertial data, such
as specific force and angular velocity. This data is used to
obtain inertial navigation solutions and acquire navigation
information, which may contain errors. The depth reference
information is obtained from the DG, while the EML pro-
vides velocity reference information. These measurements
are fused with the navigation information containing errors to
determine high-precision navigation information, including
high-precision motion acceleration and attitude. The grav-
ity solution is obtained by utilizing specific force data and
high-precision navigation information as inputs. Inertial nav-
igation solutions and gravity solutions are well-established
and have been extensively researched by several scholars
[23], [24], and thus will not be elaborated further in this study.
Instead, our focus is on the data fusion segment, where we
merge data from the gravity instrument, EML, and DG to
deliver a solution that meets the requirements of autonomous
underwater gravity measurement. The fundamental data pro-
cessing expression is expressed as follows:

g=—-Cpf +a+E ()

In the above equations, g denotes the gravity measure-
ment result, C;‘ represents the attitude transfer matrix from
the gravity instrument coordinate system to the geographic
coordinate system, which is determined by the carrier’s
attitude information, f denotes the specific force informa-
tion, which is measured by the gravity instrument’s built-in
accelerometer, a represents the vertical motion acceleration
of the carrier, which is obtained after processing the depth
information, and E denotes the sum of the Eotvos effect
and normal gravity, which is determined by the position,
depth, and velocity. To enhance the accuracy of autonomous
underwater gravity measurement, two critical factors must be
considered:
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FIGURE 2. Depth information processing method based on the fusion of
gravity instrument/DG.

(1) Improving the measurement accuracy of the carrier’s
vertical motion acceleration: The accuracy of the vertical
motion acceleration, computed by performing depth informa-
tion double differentiation, is subject to the noise level and
stability of the depth measurement information.

(2) Improving the accuracy of the carrier’s velocity, posi-
tion, and depth measurements: Velocity, position, and depth
information are crucial for extracting the gravity measure-
ment results and are essential for correcting the Eotvos effect
and normal gravity during gravity calculation.

After obtaining the carrier navigation information, the
steps to achieve gravity measurement are as follows: 1) The
acceleration information is measured by the internal sensors
of the gravimeter. 2) Using attitude information to project
acceleration information, obtain vertical specific force infor-
mation. 3) Second order differential depth information is
used to obtain the vertical motion acceleration of the carrier.
4) Perform secondary differential calculation on the elevation
information to obtain the vertical motion acceleration of the
carrier. 5) According to Newton’s Second Law, combined
with the calculation results of Coriolis acceleration, cen-
tripetal acceleration, and vertical motion acceleration, the
decoupling of vertical specific force information and gravity
information is completed to obtain unfiltered gravity infor-
mation. 6) Design a Hann window FIR low-pass filter with
a filtering window of 300s, a passband cutoff frequency of
0.0033Hz (attenuation gain of —3dB), and a stopband atten-
uation gain of less than —80dB. 5) Using FIR low-pass filter
to process unfiltered gravity information and obtain gravity
measurement results. The detailed analytical formula for the
above steps can be found in references [23], [24].

B. DEPTH INFORMATION PROCESSING METHOD BASED
ON THE FUSION OF GRAVITY INSTRUMENT/DG

Depth gauge measures depth by using water pressure, and
commercial products can achieve a depth measurement accu-
racy of £0.015% FS (where FS refers to the water depth
at the carrier’s location) [25]. This feature enables DG to
provide depth reference information for autonomous under-
water gravity measurement [11]. To improve the accuracy
and stability of depth information, this study integrates depth
information from two sources: inertial navigation and DG.
The integrated approach considers the carrier’s motion state
and ensures that the depth information is smooth and contin-
uous, enhancing the accuracy of the carrier’s vertical motion

VOLUME 11, 2023



W. Ai et al.: Real-Time Autonomous Gravity Measurement Method

IEEE Access

acceleration calculation. Inertial navigation calculates depth
information with short-term high precision, continuity, and
high bandwidth. In contrast, DG depth information has good
long-term stability but lower data frequency. The data pro-
cessing flowchart is illustrated in the figure 2.

Inertial navigation-calculated depth consists of damping
depth and pure inertial depth, which are obtained through two
independent depth calculation channels: inertial navigation
depth channel 1 and inertial navigation depth channel 2. Iner-
tial navigation depth channel 1 uses a second-order damping
network [26] to calculate depth error with DG depth informa-
tion as the reference value. The depth error is then introduced
into the update loop of inertial navigation depth channel 1
through a proportional link, and the error is compensated for
in the vertical velocity and acceleration to obtain the damping
depth. Inertial navigation depth channel 2 is based on the
specific force equation and performs pure inertial open-loop
depth updating based on velocity integration. The initial value
of inertial navigation depth channel 2 is continuously updated
by inertial navigation depth channel 1.

To integrate the depth information calculated by inertial
navigation and DG, a depth fusion factor is constructed
based on the carrier’s motion state. The carrier’s motion state
includes both instantaneous and long-term motion states. The
instantaneous motion state describes the peak value g; of
the carrier’s vertical motion acceleration over a period of
time, while the long-term motion state describes the standard
deviation s, of the carrier’s vertical motion acceleration over
a period of time. The depth fusion factor is formulated as
follows:

po=1—spqp/Th 2

The equations above include a threshold 7h for determin-
ing the carrier’s motion, which is calculated as the maximum
absolute value of the product of ¢; and s; of the carrier’s
vertical motion acceleration during normal navigation. Using
the depth fusion factor, the depth information result A, can
be obtained as follows:

hace = pbhsins + - pb)hdg (3)

The equations above involve hg, which represents the DG
depth information, and hgj, s, Which represents the inertial
navigation depth information. When the carrier performs
altitude maneuvers, the response speed of hge is limited,
causing an increase in the weight of hg, . The differential
value h,.. can be obtained from the carrier’s vertical motion
acceleration.

C. GRAVITY METER/EML FUSION NAVIGATION METHOD
BASED ON ADAPTIVE DELAY STATE FILTERING FOR
MEASUREMENT NOISE

The EML measures water velocity using the electromag-
netic induction law and can achieve a measurement accuracy
of £0.2 knot when the ship’s speed is less than 10knot
[27]. Tt provides a stable and reliable speed reference for
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autonomous underwater gravity measurement. However, the
EML measurement speed is not equivalent to ground speed
and can be influenced by water flow factors. Therefore,
it cannot be directly integrated into the gravity meter/EML
fusion. This study proposes a gravity meter/EML fusion
method based on adaptive delay state filtering, which consid-
ers the unique characteristics of EML and the requirements
for underwater gravity measurement. The state equation of
the proposed method uses the error model of the inertial
navigation system, while the observation equation uses the
differential water velocity provided by EML. To mitigate
the effect of water flow velocity, a measurement equation
that includes a delay state is constructed. Furthermore, the
measurement noise adaptive delay state filtering technique is
employed to reduce the impact of sensor noise and provide
high-precision attitude, velocity, and position information for
underwater gravity measurement.

Based on the inertial navigation error model, the state
variables are selected as:

X =[¢g ¢n ¢u 8VE 8V SL SA ex 6y e, V. Vy AV LI,

The variables ¢g, ¢y, ¢y correspond to attitude errors,
while Vg, §Vy represent eastward and northward veloc-
ity errors, respectively. Similarly, 8L,d8A represent the
latitude and longitude errors, respectively. The variables
&x, &y, €7, as well as Vy, V, V., correspond to gyroscope
and accelerometer errors. The system state equation is con-
structed as follows:

X =FX +GW 3)

In the equations, F denotes the system state transition
matrix, G signifies the noise driving matrix, and W represents
the system noise. The precise parameters of these matrices are
explicated in reference [28].

In underwater scenarios, the EML speed reference infor-
mation v encompasses the velocity of both the ocean

refewater .
current and the ground simultaneously.

V?efewater = V?rue +dvi + 8vg (6)

In the equations, the symbol vy, denotes the actual ground
reference velocity, §vf represents the ocean current velocity,
and dv, signifies the sensor measurement noise. Presuming
that the ocean current velocity vy undergoes negligible vari-
ations over a short time, subtracting two consecutive EML
velocity reference information v values eliminates a
significant portion of the ocean current velocity §vg, leading

to the carrier’s incremental ground speed.

V?efewater(k) - V?efewater(k -D= AV?(k) = V?rue(k)
— V?me(k — 1D +0d6vy (7)

In the given equations, k and k — 1 represent consecutive
sampling instants whose frequency is determined by the EML
data frequency. Likewise, the difference between the ground
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FIGURE 3. Schematic diagram of the experimental equipment installation.

speed Vg g Obtained from two consecutive SINS solutions
can be calculated:

Avgins (k) = vgins (k) — vengk — 1)
= V?rue(k) - V?rue(k -1
+ BVEINS(k) — SVEINS(k — 1)+ d6vsins  (8)

dvsiNs denotes the noise component, 8v§INS denotes the
velocity error of SINS. Subtract Av!(k) from Avg\s(K):

Z(K) = AVI(K) — AVins(K)
_ [AVF(k) - AV}SEINS(k):|
LAV — Aving®)

The superscripts E and N in the given equations represent
the eastward and northward components, respectively, of the
corresponding physical quantities. By substituting equations
(7) and (8) into equation (9), the measurement equation can
be derived.

©))

Z(k) = Avi(k) — Avgng(K)
~ [3Vsms®) 8vsnsk — 1)

- [—SV&Ns(k)} [av'sms& -1

To simplify the construction of the filtering equation, the
state equation presented in Equation (5) and the measurement
equation described in Equation (10) are transformed into the
following forms:

{ x(n + 1) = ¢(n)x(n) + C(n)u(n)

} +8v  (10)

y() = Hmx(n) + Nmx(n — 1) + v(n) (n
In the provided equations, n denotes the time informa-
tion, x(n) denotes the system state, ¢(n) denotes the system
transition matrix, I'(n) denotes the noise driving matrix,
u(n) denotes the process noise-related quantity, y(n) denotes
the measurement information, H(n) denotes the observa-
tion matrix, n(n) denotes the delay state matrix, and v(n)
denotes the observation noise. The covariance matrix of u(n)
is Q(n), and the covariance matrix of v(n) is r(n). The filtering
equation for the delayed state [29] is derived from these
equations, including state prediction, prediction of the state
covariance matrix, calculation of the filtering gain, measure-
ment update and update of the state covariance, in equations
(12) through (16), as shown at the bottom of the next page.
In underwater environments, the velocity information
obtained from the EML typically exhibits complex colored
noise that varies over time. Moreover, differentiating this
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velocity information can lead to high-frequency noise ampli-
fication, thereby necessitating adaptive processing of the
measurement noise. This study extends the delayed-state fil-
tering equations presented in equations (12) through (16) by
incorporating adaptive processing of the measurement noise
covariance matrix in equations (17), as shown at the bottom
of the next page, where ﬁ(n) represents the adaptive mea-
surement noise covariance matrix (replacing R(n) in equation
(14)), H(n) denotes the observation matrix, P(n|n— 1) denotes
the one-step prediction covariance matrix, b denotes the fad-
ing factor, and B(n) denotes the intermediate variable used
in the iterative calculation. Generally, the value of b is tuned
between 0.9 and 0.999, with lower values indicating stronger
adaptive ability but greater fluctuations in the estimated state.
The initial value of B(n), denoted as B(0), is typically set to
0.5. B(n) is updated after each measurement update during
the filtering process.

Ill. EXPERIMENTAL VERIFICATION
Section III aims to demonstrate the effectiveness of the

proposed method through experimental verification. Specif-
ically, the on-board test data were utilized to simulate
underwater scenarios, and the proposed method was validated
through semi-physical simulations.

A. EXPERIMENTAL CONDITIONS

In September 2022, the ocean gravity meter, differential
satellite navigation equipment, and data logger were installed
on a test vehicle in Wuhan, China. Tables 1 and 2 present
the primary performance characteristics of the ocean gravity
meter and differential satellite navigation equipment, respec-
tively. The vehicle’s air conditioning and uninterrupted power
supply were employed to maintain the temperature inside the
vehicle at 25-30 °C, minimizing the influence of outdoor
temperature fluctuations on the ocean gravity meter. The
installation schematic of the experimental setup is depicted
in figure 3.

The test vehicle underwent dynamic testing on a route
with frequent changes in elevation, located on a highway,
with a round-trip length of approximately 72 km. The test
vehicle continuously drove along the test route, and four grav-
ity measurements were acquired by performing two round
trips along the route. Throughout the experiment, efforts
were made to maintain a constant speed and direction of
the test vehicle, with an average speed of around 40 km/H.
The ocean gravity meter recorded inertial data, including
specific force and angular motion data, while the differential
satellite navigation equipment provided high-precision ref-
erence data on position, depth, and velocity. The data were
logged by a data logger and used for semi-physical simulation
analysis. However, due to the presence of elevated bridges
on the test route, occasional satellite signal obstructions
occurred, resulting in multiple data losses in the differential
satellite navigation equipment. This scenario of data loss
was utilized to verify the proposed depth information fusion
method.

VOLUME 11, 2023



W. Ai et al.: Real-Time Autonomous Gravity Measurement Method

IEEE Access

30.8

30.75 [

30.7

30.65 [

306 [

30.55 [

Longitude(°)

30.5

30.45

30.4

30.35 L L L L L L
14 114.05 1141 114.15 114.2 114.25 114.3 114.35

Latitude(")

FIGURE 4. Experimental trajectory.

The trajectory of the experiment, depicted in figure. 4,
exhibits variations in both longitude and latitude directions,
with heading changes exceeding 90°.

B. SEMI-PHYSICAL SIMULATION DATA PROCESSING

The method proposed in this study utilizes inertial data
obtained from the gravity meter, depth reference data
acquired from the differential satellite navigation system,
and velocity reference data measured by the EML as inputs
to estimate the gravity measurements. However, during the
dynamic experiment conducted on the test vehicle, only iner-
tial data and GNSS data were available. Therefore, to evaluate
the validity of the proposed method, it is necessary to simulate
depth reference data and velocity reference data based on
GNSS data. The semi-physical simulation data generation
approach is illustrated in the figure 5.

To simulate velocity reference data, errors were intro-
duced to the GNSS velocity data. Since the differential
satellite navigation equipment records reference velocity data
as ground velocity, simulating underwater EML velocity
data requires the addition of underwater current veloc-
ity and EML sensor errors to the reference velocity data.
(1) Firstly, errors arising from underwater current velocity

+
H
QL COCHY gy o)) s tion EML data
v dat
g Hewshtdataley Simulation DG data

FIGURE 5. Semi-Physical simulation data processing approach.

TABLE 1. Precision indicators of the differential satellite navigation
equipment.

Content Indicators
Horizontal position

<
accuracy (RMS) <2.5cm
Vertical position
accuracy (RMS) S5 em
Velocity accuracy (RMS) <0.03 m/s

TABLE 2. Precision indicators of the ocean gravity meter.

Content Indicators
Lunar drift (MAX) <5.0 mGal
Static repeatability <0.3 mGal

accuracy (RMS)

Dynamic repeatability

accuracy (RMS, Global Navigation Satellite
System (GNSS) supported)

Performance of three-axis gyroscope ( 0 )

<ImGal at 0.0033 Hz

<0.01°h
Horizontal: <20 ng

Performance of three-axis accelerometer (0 ) .
vertical: <1 pg

were analyzed. During underwater gravity measurement, div-
ing depths typically exceed 300 m, and in some cases, even
reach 2000 m to capture sensitive seabed short-wave gravity
information accurately [12], [13], [14], [15]. In the context
of autonomous navigation based on inertial/gravity match-
ing for underwater autonomous gravity measurement, covert
navigation for submarine platforms is typically conducted
at depths exceeding 100 m. At such depths, the impact of
conventional ocean winds and waves on underwater cur-
rent velocity is relatively weak, and the water flow velocity

Xnn—1)=¢m—DX(n—1jn—1) (12)
p(njn — 1) = ¢(n — Dp(n — 1jn — D¢'(n — ) +T'(n — DO — HI'(n — 1) (13)
S(n) = Mi(n) + Mz(n)
M;(n) = H(n)P(n|n — 1)H'(n) + N(n)p(n — 1|n — 1)N’(n) (14)
Ma(n) = N(m)P(n — 1|n — 1)¢'(n — DH'(n) + R(n) + Hm)$(n — HP(n — 1|n — 1)N'(n)
k(n) = P(njn — DH'(n)S~'(n) + ¢(n — 1)P(n — 1|n — HN'()S~ ! (n)
X(n|n) = X(n|n — 1) + k(n)[y(n) — Hm)X(n|n — 1) — N(m)X(n — 1|n — 1)] (15)
P(njn) = P(njn — 1) — k(m)[H(n)P(n|n — 1) + N(n)P(n — 1|n — 1)¢'(n — 1)] (16)
R(n) = (1 — BO)R( — 1) + B)(Z(n|n — Z(njn — 1)’ — H®n)P(n|n — HHm)")
2(n|n — 1) =ym) — Hm)X(n|n — 1) — n(n)X(n — 1jn — 1)
= B() (17)
PO =5 2 56 +b
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changes very slowly. Therefore, previous research on ocean
current velocity was consulted to estimate [30], [31] underwa-
ter current velocity as a combination of a constant value and
a long-period variation. The constant value was estimated to
be 20 cm/s, while the long-period variation was character-
ized by a period of 11 hours and an amplitude of 3 cm/s.
(2) Subsequently, errors originating from the EML sensor
were analyzed. By referring to the technical specifications
of the commercial EML900 product and considering that
the carrier speed during underwater gravity measurement is
typically less than 10 knot [10], [11], [12], [13], [14], it can
be postulated that the sensor error comprises high-frequency
noise and a constant value component. Specifically, the
high-frequency noise has an amplitude of 0.2 knot and a
standard deviation of 0.1 knot, while the constant value com-
ponent is 0.2 knot.

To simulate the depth reference data, errors were intro-
duced into the GNSS height data. The differential satellite
navigation equipment recorded reference height data with a
centimeter level of accuracy, and sensor errors were added to
simulate the underwater DG depth data. Assuming a work-
ing depth of 2000 m for underwater gravity measurement,
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the actual working depth was obtained by adding the depth
information obtained during the vehicle test to the designed
working depth. The DG depth data was then calculated as the
sum of the actual working depth and the DG measurement
error, estimated as the product of the actual working depth and
0.015%, based on the DG performance specifications [25].
The proposed method for underwater real-time autonomous
gravity measurement was validated using inertial data,
simulated underwater EML velocity data, and simulated
underwater DG depth data. The precision of the method was
evaluated using the in-congruence analysis method [32].

C. EXPERIMENTAL RESULTS

The experimental results, illustrated in figure 6, demonstrate
that the maximum positioning error is less than 115 m,
indicating significant suppression of water current velocity
influence. This suppression provides a reliable positional
reference for underwater autonomous gravity measurement.
Notably, the proposed methods substantially reduce the
rate of divergence in positioning error. The gyroscope
accuracy inside the gravimeter is 0.01 °/h, corresponding
to an autonomous positioning accuracy of approximately
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TABLE 3. In-congruence accuracy within the two survey lines.

accuracy line 1: line 2: line 3: line 4:
(mGal)

line 1: \ 0.63 0.87 0.49
line 2: \ \ 0.52 0.62
line 3: \ \ \ 1.01
gravity 1.73 0.95 1.24 1.98
model

1 nautical mile/hour. After adopting the proposed method,
with the assistance of external velocity information, the posi-
tioning accuracy has been greatly improved, which can meet
the needs of gravity measurement.

The velocity error illustrated in figure 7 is 0.072 m/s (RMS)
toward the east and 0.077 m/s (RMS) toward the north.
These values indicate that the proposed method effectively
suppresses the influence of water current velocity by differ-
entially processing EML velocity information. Notably, the
stability of the velocity error without divergence as the filter-
ing time increases provides further evidence of the proposed
method’s feasibility.

During the repetitive survey lines for gravity measure-
ment, irregularities in the depth information were observed in
figure 8 with a local enlargement in figure 9. The blue curve
in the circles indicates instances of jumping or missing DG
depth reference information at approximately 1.19 H, 0.43 H,
and 0.11 H, which were discovered during the survey. The
proposed method was able to effectively handle the switch-
ing of depth information (indicated by the red curve in the
circles). This ensured that there was smooth and continuous
depth information, which, in turn, enhanced the accuracy of
the vertical motion acceleration calculation.

Based on the global gravity field model released by Pro-
fessor Sandwell in 2014 [17], gravity data corresponding
to the position information of the survey line is extracted
and evaluated for the measured gravity results. The global
gravity field model can accurately describe the trend of
longwave gravity changes, but cannot describe shortwave
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gravity changes. Therefore, the global gravity field model
can be used to evaluate the trend of measured gravity results.
Considering that the constant correction does not affect the
trend of gravity changes, for the convenience of comparison,
we have superimposed the constant correction on the global
gravity field model, and the data comparison curve is shown
in the figure 10.

The measured gravity results have the same trend as the
global gravity field model, indicating the rationality and
feasibility of the proposed gravity measurement method.
Moreover, as the measured gravity results come from onboard
gravity tests, and can reflect shortwave gravity information.
The global gravity field model uses satellite gravity as the
data source, mainly reflecting longwave gravity informa-
tion. Therefore, the measured gravity results can describe
the details of gravity changes that cannot be described by
global gravity field models. The analysis of the accuracy of
in consistency between any two survey lines is presented
in Table 3, where the in-consistency accuracy within the
competitive survey lines is 1.01 mGal at 0.0033 Hz, and
the out-congruence accuracy between the gravity model and
survey lines is 1.98 mGal at 0.0033 Hz.

IV. DISCUSSION

Upon application of the proposed method, the positioning
error exhibits long-period fluctuations. This is attributed to
the inability of differential processing of adjacent velocity
reference information to eliminate the influence of underwa-
ter ocean currents. As the survey time and distance increase,
the positioning error gradually increases, which poses lim-
itations on long-duration autonomous underwater gravity
measurement. However, it is important to note that gravity
measurement is not sensitive to positioning error, and a posi-
tioning accuracy of 1852 m suffices to meet the mGal-level
underwater gravity measurement requirements [14]. More-
over, during navigation, position calibration can be achieved
using inertial/gravity-matching navigation, thereby establish-
ing a beneficial feedback loop.

In situations where the carrier maintains a constant depth
during the survey, the DG measurement error is mainly
characterized by a constant relative depth error. Consid-
ering the measurement error of DG sensor products at a
water depth of 2000 m, which is approximately 0.3m, this
results in a gravity measurement error of about 0.1 mGal
(where a 1m depth error leads to a normal gravity cor-
rection error of 0.309 mGal). However, when the carrier’s
depth fluctuates considerably, the DG measurement error
becomes coupled with the carrier’s depth changes, resulting
in low-frequency motion acceleration that is challenging to
eliminate. Thus, limiting the carrier’s maneuverability can
significantly enhance the accuracy of underwater gravity
measurements.

V. CONCLUSION
Underwater gravity measurement technology currently
focuses primarily on gravity mapping and often relies on
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supplementary tools, such as DVL, acoustic positioning,
or even mother ship towing. However, these methods have
limitations in autonomy, as they require signal emission or the
pre-deployment of response signal base stations. In contrast,
inertial/gravity-matching navigation requires high autonomy
for long-duration and covert underwater navigation. Thus,
current underwater gravity measurement technology lacks
the autonomy required to meet the demands of autonomous
navigation with inertial/gravity-matching.

This study proposes a real-time autonomous gravity mea-
surement method suitable for underwater gravity-assisted
navigation to address the challenges mentioned earlier. The
proposed method integrates a gravimeter, EML, and DG
to provide essential information, such as inertial, posi-
tional, velocity, depth, and motion acceleration required
for gravity measurement. By combining these sensors, the
proposed method enables real-time autonomous underwater
gravity measurement. The proposed method aims to pro-
vide high-precision navigation information and minimize
the impact of water flow velocity. It achieves this goal
through a gravimeter/EML fusion navigation method that
uses adaptive delay state filtering of measurement noise.
In addition, the proposed method enhances the accuracy
of vertical motion acceleration measurement by utilizing a
depth information processing method that fuses gravimeter
and DG data. The effectiveness of the proposed method was
verified by utilizing vehicle test data and simulation data
from semi-physical underwater environment experiments.
The results demonstrate that the proposed method’s accu-
racy within repetitive survey lines is superior to 1.01 mGal
at 0.0033 Hz.

The beneficial effects of the proposed method include two
aspects: (1) it does not rely on external radio navigation
aids and provides gravity information through autonomous
measurement, meeting the requirements of gravity matching
navigation; (2) It does not include time-consuming data pro-
cessing and can provide real-time gravity information to meet
the real-time application requirements of gravity matching
navigation.

In the future, the proposed method will be validated by
carrying out underwater gravity measurement experiments
with unmanned aerial vehicles.
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