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ABSTRACT The underwater glider is propelled by changing the buoyance of itself and glides forwards
with the help of the hydrodynamic force. It enables the people to conduct large-scale and long-term
marine observation and detection with good stealthiness, thus, it plays an important role in the stereoscopic
observation system of the transparent marine engineering. Integrated with a single vector hydrophone, the
underwater glider platform can perform a full-space and unambiguous direction-finding of the underwater
target. Moreover, the transient and strong noise interference of platforms, produced by buoyance adjustment,
pitch adjustment and propeller rotation of the glider, can be avoided by controlling the working time of
the acoustic system. As for the strong and intermittent electromagnetic brake interference produced by the
heading regulating mechanism, its influence on the acoustic system can be reduced or even eliminated by
the vibration and noise reduction technique. To verify the target detection estimation performance of the
underwater glider (before and after the vibration and noise reduction processing), pre- and post-experiments
are conducted in the South China Sea in May 2018 and August 2019, respectively. The results show that
before the vibration and noise reduction, interfered by the intermittent electromagnetic brake noise, the
farthest detection distance of the underwater glider to the experimental ship with the velocity of 10 kn is
only approximately 5 km. After the optimization, the farthest detection distance of the underwater glider
to the experimental ship with the velocity of 8.4 kn can reach to 7.7 km and without the influence of the
intermittent noise interference of the platform.

INDEX TERMS Underwater glider, vector hydrophone, vibration and noise reduction, target direction
estimation, South China Sea.

I. INTRODUCTION

As a new type of unmanned moving observational platform,
the underwater glider is an underwater submerged equipment
with advantages of long operation time, far sustainable range,
low noise level, good stealthiness, low cost and easy opera-
tion, and is widely applied in the field of the marine ambi-
ent observation. Compared with the traditional observation
methods such as buoys, subsurface buoys, the application
of the underwater glider in the marine ambient observation
has more obvious advantages [1]-[7]. The underwater glider
only produces transient and predictable platform noises at
the stage of diving from the water surface, controlling the
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heading, surfacing at the maximum working depth or start-
ing the propeller under emergent situations. Therefore, the
underwater glider platform can be integrated with the acous-
tic system, and the influence of the platform noises on the
acoustic system can be avoided and reduced by controlling
the working time of the acoustic system and conducting the
vibration and noise reduction to the glider platform [8]-[10].

In recent years, the application of the underwater glider on
the acoustic monitoring has been paid much attention with the
development of the platform, sensor technology and acoustic
signal processing [11]-[14]. The underwater glider integrated
with the acoustic system started abroad at earlier time and
made bigger progress. Seaglider extended a long pole at the
tail of the platform and was integrated with a hydrophone at
the top of the pole. In 2006, a sea experiment was conducted
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with 40 days sailing and 200 km of the voyage, which
achieved a better effect. In 2006, the winged underwater
acoustic gliders (Xray and ZRay) which were designed under
the cooperation of American Scripps Maritime Research
Institute and University of Washington, were equipped with
the acoustic sensor related with the tactics in the wing. The
acoustic sensor was used for cruising and detecting the silent-
type targets in the ocean. In May of 2010, Slocum loaded
with a hydrophone was laid out at the North of Lau Basin
to detect the underwater volcano in West Mata. It recorded
the variation of the sound wave amplitude with distance, and
proved that the geology change could make the noise level
of this area increase [12]. The experimental results showed
that the glider could be effectively applied for the underwater
acoustic detection. In May of 2013, Slocum loaded with SR-1
hydrophone, was used for detecting the underwater noise in
Algarve University of Portugal. The result showed that it
could conduct the effective detection for the underwater noise
from the time and spatial dimension [14].

Researches on the integration of the underwater glider with
the acoustic hydrophone are relatively few in China. In the
Institute of Acoustics at the Chinese Academy of Sciences,
the underwater glider integrated with single acoustic pressure
hydrophone was used for conducting the observation test of
the marine ambient noise in the waters of the South China
Sea, in August of 2016. Due to the uncompleted platform
optimization, the noise spectrum levels of the marine ambi-
ent at the high frequent bands of 800Hz and1.6 kHz were
bigger than those at the low frequency band of 100 Hz
and 200 Hz [9]. In Harbin Engineering University, the acous-
tic pressure hydrophone was equipped respectively at the left
wing, right wing, front dome and tail wing, which constituted
a quaternary acoustic detection system. A sea experiment has
been done with it in the South China Sea, but the result only
verified that the acoustic system had better gain for the single
frequency signal. In Zhejiang University, the self-contained
hydrophone was equipped respectively at the front and the
trail of the glider forming a simple array with a large aperture,
which was tested at sea twice, in Mariana Trench and South
China Sea in April and August of 2018, respectively. Sea
trials verified that the underwater glider had advantages in the
marine ambient noise observation and target signal detection,
but the results did not further verify the detection performance
of the acoustic detection system to the moving targets at
sea [15].

In this study, by integrating a single vector hydrophone on
the head of an existing “Petrel-II"’ underwater platform of
Tianjin University, a new type of underwater glider platform
is developed with the function of target detection, which
is shown in the Fig. 1. The vector hydrophone can syn-
chronously and concurrently output the acoustic pressure
scalar and particle vibration velocity or the orthogonal vector
of particle vibration accelerated velocity, which makes the
vector hydrophone with the unique advantage in the field of
the acoustic detection [16]-[19]. For the intermittent electro-
magnetic brake noise interference of the platform during the
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FIGURE 1. The diagram of the underwater glider loaded with a vector
hydrophone.

working period of the heading regulating, the heading regu-
lating mechanism and the heading regulating control strategy
of the underwater glider are conducted with the vibration and
noise reduction and the optimization. Two experiments are
organized in the South China Sea in May of 2018 and August
of 2019 to verify the target detection estimation performance
of the underwater glider, and these experimental data are
analyzed to compare the performance of the glider platform
in detecting surface ships before and after the vibration and
noise reduction processing.

Il. ACOUSTIC MEASURING SYSTEM

The acoustic measuring system of the underwater glider is
mainly composed of a single vector hydrophone and a four-
channel signal processor. The adopted vector hydrophone
is a co-vibrating vector hydrophone with the advantages of
high sensibility, good directivity and high-resolution, and has
been widely applied in the engineering project at present. The
underwater glider platform integrated with a single vector
hydrophone enables people toconduct the full-space, unam-
biguity, underwarter target direction finding, which provides
spatial advantages for underwater small platforms loaded
with acoustic sensors to conduct targets detection [20].

Fig. 2 shows the real photo of the underwater glider acous-
tic measuring system, in which the vector hydrophone is
an irregular cylinder with hemisphere caps at both ends,
and eight suspension holes are symmetrically distributed on
the top and bottom end of hemisphere caps. The working
frequency band is 20 Hz to 5 kHz and the weight in the
air is about 450 g. The boundary dimension is ¢66mm x
78 mm, and the maximum pressure-resistant depth is 1200 m.
Sensibility of the vector hydrophone acoustic pressure chan-
nel does not change with the frequency, and the sensibility
> —192 dB (0 dB = 1 V/uPa) in the whole range of tested
frequencies. The sensibility of the vector channel changes
with frequencies, specifically, the lower the frequency is, the
smaller the sensibility is. The sensibility level of the vector
channel is approximately —180 dB (0 dB = 1 V/uPa) at the
frequency point of 1 kHz [21]-[23]. The main tasks of the
four-channel signal processor are to collect, store and pro-
cess the signal received by the vector hydrophone. The four-
channel signal processor adopts the design of DSP+FPGA
with the total power dissipation 9 W and the capacity 256 GB.
The four-channel signal processor consists of a power board,
a simulation board, a digital board, and an upper computer.
The processor also includes four RS232 interfaces and the
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FIGURE 2. The real photo of the acoustic measuring system.

Internet access to transmit the information. The Internet
access is mainly used for connecting the signal processor and
the upper computer. When the upper computer is linked with
the signal processor, it can be conducted with the operations
of time service, formatting, data downloading and program
updating.

Ill. NOISE ANALYSIS AND OPTIMIZATION OF THE
UNDERWATER GLIDER PLATFORM

When the underwater glider performs underwater target
detection tasks, it mainly adopts the working mode of profile
gliding. During the working stage of the glider profile gliding,
noises come from the attitude regulating unit and the buoy-
ance regulating unit, and the attitude regulating unit includes
the pitch regulating mechanism and the heading regulating
mechanism. The pitch regulating mechanism adjusts the pitch
angle by moving the battery pack forwards and backwards
along with the platform principal axis to make the platform
float up or dive down. Meanwhile, the heading regulating
mechanism adjusts the roll angle by rotating the battery pack
around the principal axis of the platform to control the head-
ing when the glider deviates the planned course. When the
glider dives to the maximum working depth, the oil pump
motor starts to work and drains the hydraulic oil into the oil
bag to increase the buoyance of the glider platform, which
makes it complete the transitional control from diving to
surfacing. The platform noise produced during the above pro-
cess will significantly affect the underwater target direction-
finding performance of the vector hydrophone.

During the process of profile gliding, the pitch regulating
mechanism and the buoyance regulating unit only work when
the glider is ready to dive on surface or the glider is ready
to surface at the maximum depth. However, the heading
regulating mechanism needs to work all the time to adjust its
heading of the glider in real time. When the glider is ready
to dive at the surface or to surface at the maximum depth,
the acoustic measuring system is outage to stop working,
namely, the platform noise produced by the pitch regulating
mechanism and the buoyance regulating unit can be avoided.
Therefore, it is especially required to analyze and optimize
the platform noise produced by the glider heading regulating
mechanism [8], [9].

The heading regulating mechanism of the glider Petrel-I1
achieves the self-locking of the rotation mechanism by the
electromagnetic brake to adjust its roll angle, which makes
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it complete the heading control. However, the startup and
shutdown of the electromagnetic brake will make the mech-
anism produce a strong impulse excitation and thus, cause
strong vibration noise. Therefore, it is required to conduct the
vibration and noise reduction process of the glider heading
regulating mechanism and optimize the control strategy of the
heading regulating mechanism to reduce the self-noise level.
The vibration and noise reduction and the optimization of the
glider course heading regulating mechanism are conducted
from the following four aspects in this article.

A. INTENSITY REDUCTION OF THE VIBRATION SOURCE

1) STEERING REGULATING MECHANISM OPTIMIZATION
METHOD

The original glider used for the marine ambient observa-
tiondrives the eccentric weight by the motor and gear drive
mechanism to realize the heading control. The electromag-
netic brake makes the heading mechanism self-locking, and
the brake switch produces the stronger impulse excitation
on the mechanism to cause the vibration noise of the shell.
Gear drive mechanism produces the interdigitation noise
during the interdigitation. The drive motor adopts Hall sen-
sor to conduct the electronic commutation with about 14%
torque fluctuation. All noises above can interfere the signal-
receiving of the acoustic system seriously. In order to avoid
the vibration noise produced by the electromagnetic brake,
reduce the interdigitation noise of the gear, and eliminate
the torque noise of the drive motor, the worm gear with the
function of the self-locking is adopted to adjust the roll angle
of the glider, which can avoid the noise of the electromag-
netic brake. Moreover, the interdigitation of the worm gear
is stable and can reduce the interdigitation noise of the gear.
An encoder is added on the drive motor of the roll mechanism
to improve the control accuracy of the motor rotation, thereby
eliminating the torque fluctuation and improving the rotation
stability of the rolling weight. These optimization designs
of the heading regulating mechanism above will reduce the
self-noise of the heading regulating mechanism of the glider,
thereby reducing the interference influence of the heading
regulating mechanism on the acoustic system.

2) STEERING CONTROL OPTIMIZATION STRATEGY

To ensure the stability of the revolution speed of the under-
water glider steering regulating mechanism, the driving
motor adopts the speed closed-loop control and uses the
proportional-integral-derivative (PID) algorithm to adjust the
revolution speed. However, when the eccentric weight rotates,
the load changes and makes the revolution speed of the
motor fluctuate. For example, if the PID parameters are not
appropriate, they will increase the vibration, or even cause
the vibration divergence. Thus, the PID parameters should be
optimized according to the special conditions of the driving
motor load changes, and the optimal PID parameters should
be chosen to improve the rotation stability of the steering reg-
ulating mechanism to reduce the vibration noise. In addition,
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the revolution speed of the motor should be set reasonably
according to the requirements of the glider status. This way
can make the frequency of the noise that produced by the roll
mechanism far away from the frequency that observed from
the marine ambient noise and avoid the bad influence of the
roll mechanism on the acoustic system.

B. VIBRATION FREQUENCY DESIGN OF THE HEADING
REGULATING MECHANISM

When the heading regulating mechanism of the underwa-
ter glider is working, the noise frequency produced mainly
depends on the structure, the material and the motor rota-
tional speed of the heading regulating mechanism. On basis
of the modal analysis of the structure, the structure design
of the heading regulating mechanism is optimized, and the
rotational speed of the motor is reasonably set according to
the performance requirement of the glider to make the noise
frequency produced by the rolling mechanism far way form
the detection range of the acoustic system and avoid the bad
influence of the noise on the detection performance of the
acoustic system.

C. WAYS TO BLOCK NOISE TRANSMISSION

There are two main ways for the glider platform vibration
noise to affect the acoustic system, which are the conduc-
tion propagation of the structure and the spatial radiation
propagation. For the conduction propagation, a damping
structure is designed among the acoustic load, the steering
regulating mechanism and the glider shell to cut off the
transmission route of the vibration noise from the steering
regulating mechanism to the acoustic load. For the spatial
radiation propagation, the noise can be reduced by painting
rubber sound-absorption material inside of the glider shell
and arranging sound-absorption modules inside of the glider.

D. OPTIMIZATION DESIGN OF THE ELETROMAGNETIC
COMPATIBILITY

The heading regulating mechanism of the underwater glider
is a variable load which can cause the current fluctuation of
the drive motor andfurther affect the power supply stability
of the dry-end circuit of the glider, which will cause the bad
influence on the acoustic system. To ensure the stability of the
acoustic system under working condition, the optimization
design of the electromagnetic compatibility is conducted
on the existing underwater glider platform. An independent
pressure cabin is designed. The electromagnetic radiated
interference is shielded. The independent isolated power
supply is adopted to block the electromagnetic conduction
interference.

Fig. 3 and Fig. 4 show the time-domain noise waveform
collected by the acoustic pressure channel of the vector
hydrophone and the frequency spectrum diagram obtained by
the heading regulating mechanism during its working period.
The images on the left belong to the original signal while
the images on the right have been processed by the vibration
and noise reduction technique. It can be seen that the heading
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FIGURE 3. The time-domain signal received by the acoustic pressure
channel of the vector hydrophone when the glider adjusts the heading.
(a) Before the vibration and noise reduction and (b) after the vibration
and noise reduction.
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FIGURE 4. Frequency spectrum diagram of the signal received by acoustic
pressure channels of the vector hydrophone. (a) Before the platform
optimization and (b) after the platform optimization.

regulating mechanism produces strong intermittent electro-
magnetic brake interference impulse signal, but the impulse
interference can be eliminated after the optimization of the
vibration and noise reduction. We quantitatively compared
the changes in the noise spectrum level of each channel
of the vector hydrophone during the working period of the
glider heading adjustment mechanism before and after the
optimization of vibration and noise reduction (Fig. 5). It can
be seen that: (1) After the optimization, the noise interference
produced by the heading adjustment mechanism on the vector
hydrophone is greatly reduced. Among them, the noise of
the vector hydrophone’s sound pressure channel at 2 kHz
frequency is reduced by a maximum of 25 dB, and the noise
at 80Hz frequency is reduced by a maximum of 28 dB.
(2) After the optimization, the noise spectrum levels of
the vector hydrophone acoustic pressure channel are always
smaller than those of the marine ambient noise under the
sea state of level O in the entire frequency range; However,
the noise spectrum levels of the vector hydrophone vector
channels are still higher than the marine ambient noise under
the sea state of level 6 in the range of the low frequency bands
that below 200 Hz. This is because the sensibility of the vector
channels is lower at low frequency bands and they are more
sensitive to the vibration noise of the platform.

IV. TARGET BEARING ESTIMATION

A. MINIATURE ATTITUDE SENSOR

When underwater swaying platforms, such as the under-
water glider, buoy and subsurface buoy loaded with vector
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FIGURE 5. (a) Noise reduction spectrum levels with the optimization of
the glider platform and (b) self-noise spectrum levels with the
optimization of the glider platform.

FIGURE 6. The real picture of the micro-attitude sensor.

hydrophones, conduct underwater target detection, the vector
hydrophone will bring attitude changes in terms of pitch,
reversal and roll. The target bearing detected by the vector
hydrophone is based on its own coordinate system. However,
in order to obtain the target bearing relative to the geographic
coordinate system, it is necessary to provide the real-time
attitude information of the vector hydrophone relative to the
geographic coordinate system, and then the accurate target
bearing can be obtained by the attitude correction. In this
study, a micro-electro-mechanical system (MEMS) attitude
sensor is integrated in the pressure tank of the glider platform
acoustic system, which is used to measure the heading, pitch,
and roll angles of the vector hydrophone (Fig. 6). The heading
angle 0° represents the head of the glider facing due north,
and the heading angle will change from 0° to 360° if the
glider turns one circle clockwise. The roll angle 0° indicates
that the glider wing is horizontal, and the roll angle to the
left is positive while to the right is negative (looking from the
tail of the glider towards the head). The range of roll angle is
+180°. A pitch angle 0° indicates that the glider is horizontal.
The pitch angle should be positive when the glider attitude is
downward, and the pitch angle should be negative when the
attitude is upward. The range of pitch angle is 90°.
Micro-attitude sensor is mainly composed of sensor mod-
ule and computer control module. The sensor module is
composed of triaxial MEMS gyroscope, triaxial MEMS
accelerometer and triaxial MEMS magnetometer, which are
used for measuring components at three quadrature axis of
the angular velocity, accelerated velocity of the platform,
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TABLE 1. Accuracy testing results of the heading angle at the dynamic
state.

Standard Measured

Frequency amplitude amplitude Efror
il ) ) )
0.1 19.76 19.3 0.46
0.3 15.48 15.1 0.38
0.5 19.36 19.0 -0.36
0.7 15.16 14.8 -0.36
0.9 7.47 7.3 -0.17

1 6.82 6.7 -0.12
2 3.63 3.5 -0.13

and the intensity of the geomagnetic field of its environ-
ment, respectively. They are connected together to measure
the coordinate system mutually overlapping. The test result
shows that the micro-attitude sensor can resolve the attitude
with the maximum speed of 540 Hz and output the attitude
angle with the speed of 20 Hz or higher speed by serial port
RS232 bus.

The performance parameters of the micro-attitude sensor
are tested in the First Measurement and Testing Research
Center of Science and Technology Industry of National
Defense. The testing projects include the accuracy test of
the heading angle, pitch angle and roll angle at the static
state and dynamic state. The accuracy tests at the static state
show that the maximum error values of the heading angle,
pitch angle and roll angle at the static state are respectively
0.8°, 0.1° and 0.2°. The accuracy tests at the dynamic state
respectively measure the accuracy at the dynamic state at
seven frequencies of 0.1 Hz, 0.3 Hz, 0.5 Hz, 0.7 Hz, 0.9 Hz,
1 Hz and 2Hz on the direction of three axis. The test results
show that the error values of the heading angle, pitch angle
and roll angle at the dynamic state are respectively less than
or equal to 0.5°, 0.4° and 0.5°, when the vibration amplitude
is less than 20° and the frequency is less than 2 Hz. In the
following table, the accuracy testing results of the heading
angle at the dynamic state are shown, which can be seen that
the micro-attitude sensor has better measurement accuracy of
the attitude angle.

B. ATTITUDE CORRECTION

Mark the Cartesian coordinate system as Oxpypzp, Which
is used for the vector hydrophone to measure the particle
vibration. Mark the geographic coordinate system applied by
the attitude sensor as Ox;y,z,. The Ox,, Oy,, and Oz, axis
of the geographic coordinate system point to the north, the
east, and the sky, respectively. When the coordinate system
Oxpypzp rotates relative to the coordinate system Ox,y,Zn,
the variation in Oz, axis is heading angle «, the variation in
Ox, axis is pitch angle §, and the variation in Oy, axis is roll
angle y (Fig. 7).

Supposed (xp, y», 2p) is the coordinate value of the coor-
dinate system Oxpypzp, and (xy, yu, Zn) is the coordinate
value of the geographic coordinate system Ox,y,,2,, the map-
ping relationship between the two coordinate values can be
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FIGURE 7. Schematic diagram of the attitude angle definition.

obtained by the attitude transition matrix as follows:

s V> ) = C - (X, Yoo 7).

where Cg denotes the attitude transfer matrix, and its expres-
sion is presented as shown at the bottom of the page.

C. DIRECTION-FINDING METHOD BY A SINGLE VECTOR
HYDROPHONE

There are many target bearing estimation algorithms based on
single vector hydrophone. Generally, they can be divided into
two categories according to the direction-finding principle.
One kind is based on the bearing estimation of the acous-
tic energy flow, such as the acoustic intensity average, the
cross-spectrum method, the histogram method, the weighted
histogram method, and so on; The other kind considers the
various channels of the vector hydrophone as multivariate
arrays, in which each array element is at the same point of
the space. Since the vector hydrophone itself conforms to the
characteristics of the array flow pattern, the existing array
signal processing methods can be applied to the single vector
hydrophone.

The windowing histogram bearing estimation method is
used in the current study, which is more adapted to the engi-
neering application with better robustness and stability. The
windowing histogram bearing estimation method is a statistic
method based on the complex sound intensity, namely, each
frequency point within the processed frequency bands is con-
ducted with the bearing estimation on basis of the conjugate
cross spectrum between the acoustic pressure and the particle
vibration velocity. The omnidirectional 360° is divided into
bearing intervals every 1° or 0.5°. Counting the number of
frequency points within each bearing interval and the bearing
corresponding to the maximum number are regarded as the
target estimation bearing. This is called the histogram statis-
tical method. In practical applications, in order to increase
the detection ability of the vector hydrophone, people need to
improve the processing gain by time accumulation, namely,
time windowing. However, the accumulation time should
neither be too long nor too short. If the accumulation time is
too long, it may cause a large bearing estimation deviation for
targets with fast bearing change rate, and if the accumulation
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FIGURE 8. The bearing estimation flow chart of windowing histogram
method.

time is too short, the gain would be too small. In this study,
a 5s-time-window is adopted to process the data with the
processing frequency band of 200 Hz~3 kHz. The fast-
Fourier-transform (FFT) time length of each calculationis 1 s
while the FFT step pitch is 0.25 s. Thus, seventeen groups
of acoustic intensity flow spectrum are obtained within each
time window. After the average, the histogram statistical
method can be used to conduct the bearing estimation, and
this processing method by time windowing is called the win-
dowing histogram method. During target direction-finding
process, the false alarm probability of target detection can be
kept constant by the cell-averaging constant false alarm rate
(CA-CFAR) processors, and then the target bearing tracking
can be realized. The whole calculation process of the method
is shown in Fig. 8.

InFig.8,i =1, ---, 17, the function of the detrending pro-
cessor is to detrend low-frequency trend items of the acoustic
signal received by the vector hydrophone. The calculation
formula of the target bearing is presented as follows:

Re (Pw*(f) * Vyw(f)) {IyG, f))

0(f) = arctan = arctan ———

Re (Pw*(f) = Vaw(f)) (Ix(i, f))
It can be seen from the above formula that the target bearing,
which is calculated by the above formula, is related to the
frequency f. The estimation values of the target bearing are
not the same among different frequency points. The narrow-
band interference and strong line spectrum interference exist-
ing in the environment can be restrained with the windowing
histogram method. However, when there are multiple targets
in the environment or the frequencies of the radiated noise
are mutually overlapping, this method can only obtain the

cosycosa —siny sinBsine  —cosfBsina  siny cosw« + cos y sin B sin«
Cp = | cosysina + siny sin f cos o cos B cosa sin y sino@ — cos y sin B cos «
—siny cos 8 sin 8 cos y cos 8
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compound bearing of the acoustic energy flow of each target,
resulting in a large deviation from the true bearing. The
purpose of histogram bearing statistics is to count the target
estimation bearing 6(f) in corresponding bearing intervals
according to frequency points. Supposed each bearing inter-
val is 1°, then the following is derived:

k = [6(f) * 180/7]
pk) = pk) +1

In the above formula, the square bracket [ ] expresses round-
ing operation, if 0(f) < 0, then 6(f) = 6(f) + 360, the target
estimation bearing is located within the range of [1 360]. ¢
is the frequency of the bearing estimation at each angle, and
the angle value corresponding to the maximum value is the
target estimation bearing.

V. EXPERIMENTAL DATA ANALYSIS

A. EXPERIMENT DESCRIPTION

Since 2013, integrated with the vector hydrophone, the
“Petrel-II”” underwater glider platform has conducted several
experiments both in the anechoic tank and in the ocean.
Two experiments were organized in the South China Sea
in May of 2018 and August of 2019 to verify the target
detection estimation performance of the underwater glider.
Experimental data were used to compare the performance
of the glider platform in detecting surface ships before and
after the vibration and noise reduction processing. The glider
adopts the working mode of profile gliding during the exper-
iments under the sea state of level 2, and the spectrum level
of the marine ambient noise was 54 dB @ 1kHz. During these
experiments, results of the acoustic velocity profile measured
by the conductivity-temperature-depth (CTD) system show
that there was a homogeneous layer within the sea depth
of 30 m. The acoustic channel axis was near the depth of
1000 m, and the seabed in experimental area was flat and
sandy.

B. EXPERIMENT ORGANIZED IN MAY of 2018

To verify the detection performance of the new-type glider on
the surface targets under deep sea conditions, an experimental
ship (Iength 40 m, width 8 m) was used as the detection target,
and the detection ability verification test of the underwater
glider was firstly carried out in the South sea in May of 2018.
The maximum diving depth of the glider was set to 400 m.
Fig. 9(a) and (b) indicates the depth changes of the platform
and the variation of the attitude angle with time during the
process of underwater glider profile gliding in experiments.
It can be seen that: firstly, during the period of profile glid-
ing from 09:35 to 10:35, the maximum diving depth of the
underwater glider platform is 360 m and the profile duration
is approximately 1h. The acoustic system is on electricity to
collect signals at 09:35. When the glider drains oil and adjusts
the attitude and buoyance, the acoustic system is outage to
stop working approximately for fifteen minutes from 10:01
to 10:15, and then the acoustic system is on electricity to
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FIGURE 9. Experimental results in May 2018. (a) The change of the glider
platform depth with time; (b) the change of the glider platform attitude
angle with time; (c) the relative distance between the underwater glider
and the experimental ship with time; (d) the estimation bearing recording
pseudo-color graphic of the noise signal.

work again at 10:15. The underwater glider floats to surface
and the acoustic system is outage to stop working at 10:35.
The working duration of the acoustic system is forty-five
minute in the whole profile process. Secondly, the roll angle
of the glider is continuously adjusted to control the heading of
the glider platform during the process of profile gliding. The
heading angle changes greatly when the glider is ready to dive
from the surface or ready to drain oil to surface. During the
process of profile gliding, the fluctuation of the heading angle
is within 35°. In addition, the pitch angle only changes when
the glider platform is in the maximum diving depth. The pitch
angle of the glider is approximately 17° during the process
of diving and -19° during the process of surfacing. A positive
pitch angle indicates that the glider platform is heading down,
and a negative pitch angle indicates that the glider platform is
heading up.

Fig. 9(c) gives the relative distance of the underwater
glider and the experimental ship within the period of 09:35
to 10:35. Fig. 9(d) shows the estimation bearing pseudo-
color graphic of the noise signal recorded by the acoustic
system of underwater glider within the period of 09:35 to
10:35, among which the acoustic system is in power outage
and stops working from 10:01-10:15. It can be seen from
Fig. 9(c) and (d) that, in addition to receiving the noise signal
of the experimental ship, the glider acoustic system is also
interfered by the intermittent brake noise of itself within the
period of 09:35-10:01. However, since the experimental ship
is far away from the glider platform, the acoustic system
mainly receives the noise signal which is produced by the
glider platform within the period of 10:15 to 10:35. The
direction of the connection line between the glider platform
and the vector hydrophone relative to the true north is the
estimation bearing of the noise signal, and also the glider
output heading angle. With the interference of the intermittent
brake noise of the glider platform, the farthest detection
distance of the underwater glider to the experimental ship
is only approximately 5 km. Thus, the interference has a
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FIGURE 10. The detailed situation of the underwater glider and the
experimental ship in May 2018.

serious impact on the target detection performance of the
glider acoustic system. Fig. 10 shows the detailed situation of
the underwater glider and experimental ship within the period
of 09:35 to 10:35. During the experiment, the velocity of the
experimental ship is 10 kn and the heading direction is 340°.
The underwater glider moves 1.8 km along with the direction
of 343° at a speed of 1.0 kn.

C. EXPERIMENT ORGANIZED IN AUGUST of 2019

In response to the intermittent electromagnetic brake noise
problem exposed in the experiment of May of 2018, the
heading regulating mechanism was processed with the vibra-
tion and noise reduction, and meanwhile, the control strategy
of the heading regulating mechanism was also optimized.
In August of 2019, the experiment of vibration and noise
reduction for the underwater glider platform was carried out
in the South China Sea. The maximum diving depth of the
glider was set to 1200 m during the experiment. Fig. 11 (a)
shows the change of the platform depth with time during
the working period of profile gliding. It can be seen that the
maximum diving depth of the glider platform is 1152 m and
a single profile takes about 4h. Within the period of 12:54
to 13:49, a surface ship (MMSI 414350640, 42 m in length
and 6 m in width) passes near the glider platform, during
which the glider dives from 905 m to 1042 m. Then, the
acoustic system shuts down for 11 min during the glider
drains oil to adjust its attitude and the buoyancy period (from
13:49 to 13:59). Fig. 11 (b) shows the change of the glider
attitude angle with time. It can be seen that, during 12:54
to 13:49, the glider moves downwards with the pitch angle
of 25° which remains approximately constant, but the head-
ing angle and the roll angle change all the time to control
the motion state. The change amplitude of the roll angle
has been greatly improved compared with that before the
vibration and noise reduction of the platform, which means
that the heading regulating mechanism has better heading
regulating capability. The amplitude change of the heading
angle is approximately 8°, which has been improved greatly
compared with that before the platform optimization too.
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FIGURE 11. The experimental results in August, 2019. (a) The change of
the glider platform depth with time; (b)the change of the glider platform
attitude angle with time; (c) the relative distance between the glider
platform and the experimental ship with time; (d) the estimation bearing
recording pseudo-color graphic of the noise signal.

Fig. 11(c) gives the relative distance of the underwater
glider and the experimental ship within the period of 12:54
to 13:49. The position of the experimental ship is obtained by
the shipborne automatic identification system (AIS) receiver.
Fig. 11(d) shows the estimation bearing pseudo-color graphic
of the noise signal recorded by the acoustic system of under-
water glider during the period of 12:54 to 13:49. It can be
seen from Fig. 11(c) and (d) that the nearest distance between
the glider platform and the experimental ship is 0.7 km, and
the farthest distance is 7.7 km within the period of 12:54
and 13:49. During the entire experiment, the acoustic system
of the glider detects and tracks the experimental ship with-
out the interference of platform intermittent noise. However,
since the underwater position of the glider platform obtained
by interpolation is not accurate, there is a certain deviation
between the target estimation bearing and the true bearing.

13:49

Underwater
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14:54

. @”@@.
L0 13:17 e
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MMST : 414350640

Length:42m
Width:6m
Speed:8. 4kn
Heading:301°

s b

FIGURE 12. The detailed situation of the underwater glider and the
experiment ship in August,2019.

Fig. 12 shows the detailed situation of underwater glider
and the experimental ship during the period of 12:54 to 13:49.
During the experiment, the experimental ship is kept at a
speed of 8.4 kn and the heading direction is kept at 301°.
The glider platform moves 3.0 km along with the direction
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of 54°, and the gliding velocity is about 0.4 kn during the
whole gliding period.

VI. CONCLUSION

In this study, the underwater glider platform is integrated with
a single vector hydrophone, which develops a new type of
underwater glider with target detection capability. Main noise
sources of the glider platform are analyzed. According to
noise production, transmission and interference mechanism,
the glider is optimized for vibration and noise reduction from
four aspects: the intensity reduction of the vibration source,
the vibration frequency design of the heading regulating
mechanism, blocking the transmission route of the noise, and
the optimization design of the electromagnetic compatibility.
Verified by the experiments, the results show that the noise
interference of the optimized glider platform on the vector
hydrophone is significantly reduced. The vector hydrophone
acoustic pressure channel has the maximum noise reduction
of 25 dB at 2 kHz frequency, but vector channels have the
maximum noise reduction of 28 dB at 80 Hz frequency. The
results of the two experiments organized in the South China
Sea in May, 2018 and August, 2019 show that the farthest
detection distance of the underwater glider to the surface ship
with a speed of 10 kn is only approximately 5 km before the
vibration and noise reduction of the glider platform, and the
intermittent brake noise interference of the glider platform
has a great influence on the vector hydrophone. After opti-
mization, the farthest detection distance of the underwater
glider to the surface ship with a speed of 8.4 kn reaches to
7.7 km and without the influence of the intermittent brake
noise interference from the glider platform. The research
will promote the application of the underwater unmanned
platform on the target detection.
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