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Abstract

A mobile marine seismometer (MMS) is a vertical underwater vehicle that detects ocean seismic waves. One of the
critical operational requirements for an MMS is that it remains suspended at a desired depth. This article aimed to
propose a fixed-depth suspension control for the MMS with a limited onboard energy supply. The research team
established a kinematic model to analyze fluctuations in the vertical motion of the MMS and the delayed response of the
system. We ascertained a direct one-to-one correlation between the displacement volume of the mobile ocean seismic
instrument and the depth at which it reaches a state of neutral buoyancy (commonly referred to as the hover depth). A
fixed-depth control algorithm was introduced, allowing a gradual approach to the necessary displacement volume to
reach the desired suspension depth. The study optimized the boundary conditions to reduce unnecessary adjustments
and mitigate the time delay caused by the instrument’s inertia, thereby significantly minimizing energy consumption.
This method does not require calculating the hydrodynamic parameters or transfer functions of the MMS, thereby
considerably reducing the implementation complexity. In the three-month sea trial in the South China Sea, the seismic
instrument was set to hover at 800 m, with a permissible fluctuation of £100 m, operating on a seven-day cycle. The
experimental results show that the seismic instrument has an average hover error of 34.6 m, with a vertical drift depth of
29.6 m per cycle, and the buoyancy adjustment system made six adjustments, indicating that our proposed control
method performs satisfactorily. In addition, this method provides new insights for the fixed-depth control of other ocean
observation devices that rely on buoyancy adjustment.

Key words mobile marine seismometer, fixed-depth control algorithm, low buoyancy-adjustment cost, faster
convergence speed

Citation  Hou Fei, Li Jiabiao, Zhu Xinke, Ding Weiwei, Yu Zhiteng. 2025. A new fixed-depth suspension control
algorithm for mobile marine seismometer and its testing results. Acta Oceanologica Sinica, 44(2): 91-103, doi:
10.1007/s13131-024-2422-8

1 Introduction are located in the ocean, which covers nearly two-thirds of

the area of the planet. This substantially restricts our un-

Seismology was developed as a discipline in the 1889
and has since become an essential method for studying
various aspects of earth’s structure and geology, and it is
based on a variety of data acquired by seismometers in-
stalled at seismic stations (Ben-Menahem, 1995). Thou-
sands of permanent seismic stations have been operated
on continental landmasses and islands, but few stations

derstanding of the deep structure of the earth under the
oceans. Ocean-bottom seismometers (OBSs) are helpful
instruments for collecting seismic data in the sea. Howev-
er, OBSs are typically deployed for no more than one year
due to their limited battery capacity. Furthermore, the
high cost of delivery and recovery of OBSs also restricts
their long-term uses, resulting in a significant lack of off-
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shore seismic observation coverage, which has limited
large/global-scale tectonic and structural studies (Tolstoy
et al., 20006).

To overcome the problems mentioned above, the de-
velopment of floating ocean seismometers started in late
1980 (Joubert et al., 2015, 2016; Simon et al., 2021; Si-
mons, 2021; Simons et al., 2009; Sukhovich et al., 2015),
of which the typical representative is the mobile marine
seismograph (MMS), a vertical underwater vehicle. Com-
pared to traditional fixed land-based seismic stations and
OBSs, the MMSs can be suspended at a fixed depth, move
with ocean currents, and transmit data via satellites, reduc-
ing the cost of seismic data recovery. MMSs can record
signals conveyed by earthquakes (seismic P-waves) and
thus are used to establish a seismic network covering an
extensive marine area, solving the lack of long-term seis-
mic stations in the oceans. In addition, the design lifespan
of MMS exceeds three years, enabling the acquisition of
additional seismic data, and is especially suitable for seis-
mic tomography over large marine areas.

One of the critical operational requirements for an
MMS is that it remains suspended at a desired depth for
seismic monitoring for a specified time. Usually, the de-
sired depth is around 1 500 m, below the axial depth of
the deep ocean sound channel (SOFAR), around 1 000 m
(Liang et al., 2020; Xu et al., 2023) (Fig. 1). This depth
requirement aims to reduce the probability of the MMS
from detecting the T-wave signal that propagates in the
surface acoustic channel and then reduce the likelihood of
false triggering of the seismic signal identification algorithm
(Simon et al., 2021). This depth requirement also allows
the MMS to achieve whole-ocean operation due to its
lower resistance to pressure compared with other types of
marine seismometers, which reduces the complexity of
equipment design. Therefore, constant-depth control of
MMSs is crucial.

The array for real-time geostrophic oceanography
(ARGO) buoy is another representative of the floating
ocean instruments, and it has been widely deployed in the
ocean. An ARGO buoy could measure seawater density
using its onboard conductivity-temperature-depth (CTD)
sensor to calculate the displacement volume required to
hover at different depths. This capability enables rapid
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Fig. 1. Schematic diagram of the operation of an MMS.

and precise fixed-depth hovering. However, this method
for achieving constant depth hovering is unavailable due
to the absence of a CTD sensor on MMS. Currently, re-
search on the control technology of ocean observation
equipment is based primarily on the proportional-integral-
derivative (PID) algorithm and its various improvements
(Carneiro et al., 2023; Hu et al., 2022; Huang et al., 2020;
Keow et al., 2020; Ranganathan et al., 2020; Sholl et al.,
2022). However, unlike autonomous underwater vehicles
(AUVs), remotely operated vehicles (ROVs), and manned
submersibles, most deep-sea self-powered MMSs are not
equipped with peripheral feedback actuators such as
thrusters, resulting in slow buoyancy change and vertical
motion of the MMS (Gigacz et al., 2018; Poksawat et al.,
2018; Sholl et al., 2022).

For the profile buoy, like an MMS that achieves verti-
cal motion by changing buoyancy for ascent and descent,
the system’s inertia affects the vertical movement of the
float, resulting in a delayed response in the control pro-
cess. Many studies have been extensively conducted on
the fixed-depth control issues of such autonomous profil-
ing floats. Barker (2014) proposed a closed-loop control
method that linearized a nonlinear model for a buoy
depth-fixing control problem. However, in their study, os-
cillatory motion was observed when the float velocity was
near zero, the motor restarted frequently, and the energy
consumption for depth control was high, indicating that
the equipment was unsuitable for long-term operation.
Therefore, using conventional control methods like PID to
control the self-sustaining profiling buoy will lead to a
significant overshoot, steady-state system error, and fre-
quent oil-pump motor action (Shi and Chad, 2014). In re-
sponse to these problems, various depth control algo-
rithms have been proposed (Wang et al, 2022; Qiu
et al., 2020; Zhang et al., 2020). Although the advanced
algorithms exhibit delayed response and anti-interference
capabilities, the model construction is complex, and the
execution cost is high. In addition, these methods did not
provide specific experimental validation, and the reliabili-
ty and stability need further verification.

The MMS is a self-disposing device that carries limit-
ed onboard battery energy and must achieve a balance be-
tween the depth fixing and the cost of execution when ex-
ecuting fixed-depth suspension control. This study pro-
poses a method of depth control for an MMS that address-
es the issues of frequent buoyancy adjustments and high
power consumption associated with PID and other con-
trol methods. The proposed method features fast conver-
gence and efficient memory control, designed for fixed-
depth adjustment while considering the constraints of in-
ertia, delayed response, and limited battery energy.

2 Force analysis

An MMS consists of a protective case, a pressure-re-
sistant compartment, an antenna, a hydrophone, a battery,
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Fig. 2. Seismometer structure (a) and seismometer force
analysis (b).

and a buoyancy-adjustment mechanism (Fig. 2a). The
buoyancy-adjustment mechanism adjusts the net buoyan-
cy of the MMS by changing the oil volume of the internal
and external oil bladders, thereby controlling the ascent
and descent of the MMS. During the descending stage, the
MMS must overcome seawater density variations, dive to
the preset operating depth, and adjust its net buoyancy
through the fixed-depth suspension algorithm.

Force analysis of the MMS is required to intuitively
analyze the vertical motion of an MMS during diving,
suspension, and surfacing. A two-dimensional coordinate
system is established with the depth measured in the verti-
cal dimension as the coordinate Y-axis positive direction
and any direction parallel to the sea surface as the X-axis
positive direction. This study ignores the influence of the
vertical component of the current on the motion of the
MMS and the effect of seawater pressure on its shape
change in order to simplify the state of motion analysis of
the MMS. Because the pressure hull is made of glass ma-
terial and has a slight deformation, the size of the MMS it-
self relative to its ascent and descent motion varies only
very slightly, and the effect of the volume change can be
ignored. The MMS is then subjected to the joint action of
gravity (G), buoyancy (F;), and resistance (D) during as-
cent and descent, as presented below. A simplified
schematic of the MMS is shown in Fig. 2b.

(1) Gravity: The MMS is subjected to gravity (G) ac-
cording to the expression

G=m-g, (1)

where m is the total mass of the MMS and g is the accel-
eration due to gravity.

(2) Buoyancy: The buoyancy force (F;) on an MMS in
seawater is equal to its weight when discharging seawater
vertically upward and can be expressed as

Fr=—p(h)-g-V=—p(h)-g (Vo+V(1), 2)

where p (h) is the density of seawater at a depth of h; V is
the drainage volume of the MMS; V; is the initial drainage
volume (without the external oil bladder) of the MMS,

and V(¢) is the volume of the external oil bladder.

(3) Resistance: Assuming that the MMS has a smooth
form, its free fall in static seawater is subject to total resis-
tance (D), expressed as (Tian et al., 2021)

D:—%mﬂmm, 3)

where Cp is the drag coefficient, v is the ascent and de-
scent speeds of the MMS, and A is the cross-sectional area
of the MMS.

The combined forces of gravity determine the ascent
and descent acceleration of the MMS, buoyancy, and drag
as follows:

z}ec+ﬁ+Dzmﬂ, 4)

where ZF is the combined forces of gravity, buoyancy,
and resistance, and «a is the acceleration of the MMS.

When the MMS floats on the sea surface, the vertical
direction of motion speed v = 0 according to Eq. (3). The
MMS is subject to resistance D = 0 according to Eq. (4),
and gravity G and buoyancy F; are equal in strength and
opposite in direction, meaning that the MMS is in equilib-
rium of forces. When the MMS starts to dive, the buoyan-
cy-adjustment system transfers hydraulic oil from the out-
er bladder to the inner bladder, resulting in a smaller vol-
ume of the outer bladder; i.e., V(r) decreases, which caus-
es gravity acting on the MMS to be greater than the buoy-
ancy force provided by the seawater. According to Eq.
(4), the MMS is subjected to a combined force more sig-
nificant than 0 and increases speed during its dive. As the
dive depth increases, the density of seawater increases,
and according to Eq. (2), the buoyancy force provided by
seawater increases, and the MMS starts to decelerate;
without changing the volume of the MMS, the MMS re-
enters force equilibrium, that is, ZF =0, where D =0
and v = 0. According to Egs (1), (2), and (4),

p(h)-g (Vo+V()=m-g. ®
Which gives
m
V() = O (0)

According to the high-pressure equation of state for
seawater, the seawater density equation is obtained from
the temperature, salinity, and pressure as follows:

p(ST0
p(S, T, P) = 444544417247, @)
1- ———
K(S, T, p)
p(S, T, 0) = pw + A1S + ArS? + A3S?, ®)

where p(S, T, P), K(S, T, P), and p(S, T, 0) denote the seawa-
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ter density at high pressure, typical bulk modulus, and
seawater density at standard atmospheric pressure, respec-
tively; P, T, and S denote the pressure, temperature, and
salinity, respectively; and A;, A,, and A; are coefficients
related to the properties of seawater. The units and values
of the variables used in these equations are listed in Table 1.

3 Neutral buoyancy search for the fixed-
depth control method

As derived in Section 2, seawater density and seawa-
ter pressure are one-to-one mapping functions. Consider-
ing that seawater pressure also corresponds uniquely to
seawater depth /, seawater density at different depths al-
so corresponds uniquely to seawater depth. Then, it is
known that MMSs with varying volumes of drainage will
be suspended at different seawater densities related to sea-
water depth without considering the influence of currents.

The algorithm’s core is to employ a binary search
method to quickly and accurately determine the appropri-
ate displacement volume based on the seismometer’s
depth and vertical velocity, thereby enabling fixed-depth
hovering. The device relies solely on buoyancy changes
for vertical movement, which leads to a significant time
delay in the control system. This study analyzes the mo-
tion trends of the seismometer and establishes two bound-
ary conditions for buoyancy control to prevent excessive
adjustments that could result in oscillations and increased
energy consumption.

Once fixed-depth hovering is achieved, the algorithm
records the current buoyancy value to reference future
depth control. Given that the device’s drift distance dur-
ing a single operational cycle is limited and seawater den-
sity remains relatively stable, utilizing this reference val-
ue reduces the number of buoyancy adjustments required.
This approach facilitates faster depth stabilization, lowers
energy consumption, and extends the device’s lifespan.

3.1 Principles of fixed-depth control

Suppose that the real-time depth of the MMS is d, the
set suspension depth is H, the allowable depth fluctuation
during suspension is AH, the drainage volume is V, and

Table 1. The significant parameters in the calculation

the buoyancy interval required for being suspended at
depth (H— AH,H+ AH) i (Fyiam Fu_am). A seawater
pressure gauge determined the real-time depth. Accord-
ing to Eq. (6), it is known that the buoyancy force F(V) of
the MMS is continuous over the interval (Vimn, Vimax)
where V., is the maximum drainage volume and Vi, is
the minimum drainage volume. When F (Vi) < Fyian,
F (Vinax) > Fy_am, Where F(Vpin), F(Vinax) are the equip-
ment-adjustable maximum buoyancy and minimum buoy-
ancy, respectively, then there must existVigwer € (V_min,
V_max) SO that F(Vieer) € (Fryam Fru_an), for which the
MMS achieves constant-depth suspension (Fig. 3).

Therefore, when the buoyancy control system starts to
find Vigyer from Vi, if there is F(V,) — Fy_am< 0 and
F(Vy) — Fyiap >0, then there must be Vi € (V_min,
V_max) € (V,, V3); 1.€., F(Viover) € (F(Va), E(Vy)), where
V,, Vi is the MMS drainage volume adjustment interval
and F(V,), F(V}) is the corresponding buoyancy.

3.2 Fixed-depth control algorithm adjustment
mechanism

Because the changes in the buoyancy and vertical mo-
tion of the MMS are slow and influenced by the inertia of
the system, a response time lag exists in the control pro-
cess. Therefore, to improve the control effect, it is neces-
sary to analyze the fluctuation in the vertical motion of the
MMS to avoid an invalid buoyancy adjustment. As shown
in Fig. 4, even if the MMS exceeds the upper and lower
boundaries of the fixed-depth range for a short time, it is
feasible to complete the fixed-depth suspension gradually.
Therefore, the relationship between d and H, and AH can-
not be simply used as the basis for buoyancy regulation.
The analysis revealed two cases that required immediate
buoyancy adjustment: beyond the upper boundary and
with a tendency to ascend or suspend, and beyond the
lower boundary and with a tendency to sink or suspend. In
the case of the remaining motion states, it is only neces-
sary to wait for the MMS depth to change until it reaches
one of the above two states or achieves a suspension.

In the process of controlling the MMS to suspend at a
fixed depth, if the effect of the vertical component of the
current motion is not considered when the buoyancy of

Symbol Value Physical significance Symbol Unit Physical significance
G 514515 N the gravity force F N the buoyancy force
m 52.235 kg the total mass of the MMS D N the resistance force
g 9.85 m/s? the acceleration due to gravity v m/s the ascent and descent

speeds of the MMS
¥ 0.050364-0.051364m’  the volume of the external oil bladder ph) — kg/m? the density of seawater

at a depth of / (m);
A 0.163 m? the cross-sectional area of the MMS P Pa seawater pressure
Vy 0.049 164 815 m3 the initial drainage volume of the MMS T C temperature

(z) 1200-2 200 cm3 the volume of the external oil bladder S salinity
a m/s? the acceleration of
the MMS




Hou Fei et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 2, P. 91-103 95

4 Buoyancy F(v)

FV i)
F(,)

A(Ver)

Fy

Required buoyancy range F(Vioo)

for device hovering F(V,)
0.

FV i) |— -

i U displacement

volume V'

required displacement volume
for device hovering

MMS dive depth profile ~—--—--—- The lower boundary = — — — — The upper boundary
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it. c. MMS attains fixed-depth hovering.

the MMS is adjusted to the suspension buoyancy interval
(Frream Fr_am), suspension can be realized in the depth in-
terval (H— AH, H+ AH). In contrast, when the buoyancy
of the MMS is not within the buoyancy interval
(Frryam Fu_an), then this will undoubtedly trigger the con-
dition for the two possible adjustments mentioned above.
An adjustment of buoyancy will be required to correct the
motion of the MMS. The principles of buoyancy regula-
tion are presented below and in Fig. 5.

(1) Fixed step to find a fixed-depth buoyancy interval

Before the first £ buoyancy adjustments are complet-
ed, the vertical motion trend of the MMS remains un-
changed (Fig. 5), meaning that the buoyancy of the MMS
always has F> Fy_,y, and each oil adjustment is fixed
Gk—1="""=4qk=(.

(2) Determine the fixed-depth buoyancy interval

When the kth buoyancy adjustment is completed (g; =
gr—1), the motion trend of the MMS changes, and the pre-
vious adjustment condition is not satisfied. The MMS may
then appear in two states: gradually entering the suspen-
sion depth interval to achieve a constant-depth suspen-
sion, which satisfies Fc (Fi,i, F); alternatively, if the
MMS triggers another adjustment condition (e.g., the
MMS lies beyond the lower boundary and has a sinking or
suspending tendency), then (Fuyam, Fu_an) € (Fry1, Fr) 18
satisfied, and the adjustment needs to be continued so that
Fe (Fi, Fr).

(3) Rapid convergence into a constant-depth buoyan-
cy interval

To quickly converge the buoyancy of the MMS into
(Fuyam Fu_an) and achieve the effect of a constant-depth
suspension within the depth layer (H— AH, H+ AH), the
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Fig. 5. Principles of buoyancy adjustment. The seismometer gradually reduces its displacement until it reaches the re-

quired volume for hovering.

principle of dichotomous zero-point calculation was
adopted for buoyancy regulation. The oil volume adjust-
ment after the first (k+1) time is halved, that is,
o %, until F € (Fep, Fr), at which time the position

of the MMS is stabilized, and the MMS is suspended
within the depth (H— AH, H+ AH) with the set speed of
ascent or descent.

3.3 Fixed-depth control process

The MMS adjusts its negative buoyancy to its maxi-
mum value at the beginning of the dive to achieve the
highest speed. When the MMS dives to the upper bound-
ary of the preset suspension depth range [i.e., d = (H—
AH)], it adjusts its buoyancy according to the neutral
buoyancy of the previous suspension state; if the MMS is
diving for the first time, its buoyancy will be adjusted
based on the empirical value of seawater density. The pur-
pose of this adjustment is to quickly bring the MMS to a
neutral buoyancy state for suspension. It helps reduce the
number of buoyancy corrections needed to maintain a
fixed depth and prevents repeated adjustments. As a re-
sult, it lowers power consumption and shortens the adjust-
ment time. In addition, after a completed duty cycle (usu-
ally seven days), the MMS moves a short distance with
the current, the ocean environment does not change signif-
icantly, and the buoyancy state required for the suspen-
sion is similar. Referring to the previous suspension state
can considerably reduce the number of buoyancy neces-
sary adjustments to fix the depth, realize suspension rapid-
ly, and reduce power consumption.

After completing the initial buoyancy adjustment, if
the MMS is suspended within the preset operational depth
range and shows fluctuation in depth at a speed less than
the preset value, the MMS is considered to be in a sus-
pended state; however, if the MMS exceeds the opera-
tional depth range and triggers the buoyancy adjustment
condition, it is adjusted according to the neutral buoyancy
adjustment mechanism in Fig. 6 until it meets the sus-
pended state. After entering the suspended state, the MMS

detects its depth change at a fixed frequency (usually set
to 10 min); if the adjustment condition is triggered, it is
adjusted according to the adjustment scheme shown in
Fig. 6 to ensure that the MMS retains the suspended state.
The pseudocode for the algorithm execution is shown in
Table 2.

3.4 Analysis of algorithm convergence speed
and fixed-depth accuracy

To achieve a fast and accurate determination of the re-
quired displacement volume for hovering, a method simi-
lar to the “bisection method” for root finding was em-
ployed. The displacement volume range was gradually
narrowed until it approached the value of Vj,,.,. Consider-
ing the midpoint of [v,, v;], V, = %(Va +V;) and dividing
the interval into two; if F(Vy) — Fy ay >0 and F(V,)—
Fyian <0, then Vi€ (Vigian Vu_an) (Where (Vyiam,
Vu_an) 1s the drainage volume needed to reach neutral
buoyancy at the depth (H - AH, H+ AH) of the device),
and at this time, the MMS achieves constant-depth sus-
pension. Otherwise, it is necessary to determine whether
the interval (Vi ap, Vi_an) 1S to the left or right of v;. If
(F (V) — Fu_an) X (F(Vy) — Fyyan) < 0,thenwehave (Vi ag,
Vi_an) € (Vg, Vo) such that V,, = a, Vj,, = V.

If (F(Vo) — Fa_an) % (F(Vp) — Fiyan) < 0, then (Viyam
Vu_an) € (Vo, b), such that V,; = V, Vi = b(V,y, Viy) is the
new interval where neutral buoyancy exists, and its length
is only half of the original interval, meaning that the aim
of compressing the interval is achieved. By performing
the operation mentioned above repeatedly, there is always
(Vany Von) € (Va, Vi), and the length of the interval

1
(Vans Vi) 18 Vi — Vo= E(Vw Vi) (where n is the number
of adjustments of buoyancy), then for a sufficiently large

value of n, there must be Viger € (Van, Vi) € (Virram
Vu_an) to achieve fixed-depth suspension. The conver-

gence rate of the algorithm is v,,, = v, + 0 2%
The convergence speed of the fixed-depth algorithm
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Fig. 6. Fixed-depth control process.

Table 2. Pseudocode for the algorithm

Input: the real-time depth of the MMS is d, the suspension depth is H, the allowable depth fluctuation during the suspension is AH,

the previous suspension state V,,, the first k£ buoyancy adjustment g,
Output: displacement volume V

V=Y,
.if d < (H— AH) && Trigger adjustment

{

. if Determination(q;) { //whether the oil drain adjustment
.Gk = qi/2}

V=V- gk

. }yelseif d > (H +AH) && Trigger adjustment

{

. if Determination(q;) { //whether the oil return adjustment
10. gx = g2}

11.v=v+ qk

12.}

13. else {

If speed < the set value

14. hover

15.}

© N U A WN —

Nel

was influenced by variations in the seawater density, tar-
get fixed-depth value, range of fixed-depth control, and
adjustment of oil quantity. Using actual measured seawa-
ter density data from the South China Sea (Fig. 7), we an-
alyzed the convergence speed of the fixed-depth control
algorithm. Assuming a target fixed depth of 1 000 m with
an allowable deviation of +50 m. By analyzing the num-
ber of times the control algorithm finds the appropriate
neutral buoyancy range for different adjustment step sizes
(q equal 0 mL to 100 mL), we consider the initial adjust-
ment of the device at different neutral buoyancy states (af-

ter the initial adjustment, the device may hover at any
depth owing to a lack of experience, leading to significant
errors). The seawater density curve was approximated us-
ing segmented fitting to facilitate the simulation. When
the seawater depth satisfies 400 m < d < 1 800 m, the rela-
tionship between the seawater density p and depth d can
be described using a cubic curve with the following equa-
tion:

p(d) =4.581 x 1071°4% — 2.410 5 x 10~°4%+

0.008 947 9d + 1 025.028 5. 9)
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Fig. 7. Seawater density data for the South China Sea.

The simulation results are shown in Fig. 8. Point A
represents the scenario in which, after the initial buoyan-
cy adjustment, the device can hover at a depth of 989 m
with zero adjustment iterations, achieving the desired hov-
ering state. Point B represents the scenario in which, after
the initial buoyancy adjustment, the device can hover at a
depth of 800 m, requiring three adjustment iterations for
the control algorithm to achieve the necessary buoyancy
for hovering. The simulation results indicated that the
number of adjustment iterations decreased as the adjust-
ment step size increased. However, larger adjustment step
sizes result in longer pump activation, leading to energy
wastage. When the adjustment step size exceeded 20 mL,
a further increase in the step size did not significantly re-
duce the number of adjustment iterations. Therefore, a
step size of 20 mL was used in this study. Even with more
significant errors (500 m), hovering was achieved through
six adjustment iterations. The analysis demonstrated that
the algorithm has a theoretically fast convergence speed
when selecting an appropriate adjustment for the oil volume.

According to Eqgs (6), (7), and (9), a one-to-one map-
ping relationship exists between the displacement volume
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of the mobile marine seismometer and the depth of the
hover. The relationship between the displacement volume
(Vo + V(7)) and hover depth H is expressed as follows:

m

——— =4.581 x107Y°H® —2.4105 x 10" H?+
V() + V(T)

0.008 947 9H + 1 025.028 5, (10)
where m represents the total mass of the seismometer, V,
represents the initial displacement volume of the seis-
mometer (excluding that of the external oil bladder), V(t)
represents the volume of the external oil bladder, and H
represents the depth at which the seismometer hovers
(400 m < H< 1800 m). The minimum adjustment in the
displacement volume of the device determined the accura-
cy of the fixed-depth suspension. Based on the relation-
ship between the displacement volume and the hover
depth in Eq. (10) and considering the displacement vol-
ume at the target hover depth of 1 000 m as a reference,
the variation in the displacement volume (AV) concerning
the hover depth is plotted as shown in Fig. 9. The algo-
rithm controls the oil volume by regulating the opening
time of the plunger pump and using potentiometer feed-
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Fig. 8. Number of adjustments of the fixed-depth algorithm concerning oil volume. Here, X-axis represents the depth
(m) at which hovering is possible after the initial buoyancy adjustment, Y-axis represents the adjustment step size of the
displacement volume (mL) for each iteration, and color bar represents the number of adjustments required to achieve

the neutral buoyancy necessary for hovering.
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back to detect the oil bladder position. Actual oil volume
control was achieved with a precision of 2 cm?, resulting
in a depth-control accuracy of 7.5 m.

4 MMS sea trial and results

A sea trial of the MMSs was conducted in the South
China Sea starting in April 2021. The trial was executed
in a sea area with a radius of 50 n mile centered on
17°46.9'N, 114°24.1'E, and the average water depth of the
trial area was greater than 2 000 m, meeting the water-
depth requirements (Fig. 10a). The sea trial was conduct-
ed in two phases. The first stage was a short-term trial of

99

nine MMSs to verify the implementation process and the
effect of the depth control algorithm (Fig. 10b). The sec-
ond stage was a long-term trial of two MMSs to verify
their operation under natural oceanic operating conditions
(Fig. 10c).

4.1 Short-term trial

The short-term trial (Fig. 10b) parameters were set as
follows: a suspension depth fixed at 1 000 m, an allow-
able vertical fluctuation range of +50 m, an entry of the
MMS into the suspension state when the rising and sink-
ing speed is less than 0.01 m/s and an initial adjustment of
oil volume of 10 mL. The execution of the fixed-depth
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Fig. 9. The relationship between the variation in displacement volume (with the displacement volume at 1 000 m hov-

er depth as the reference).
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suspension algorithm is analyzed here using MMS No-9
as an example (Fig. 11), where the blue curve represents
the depth profile of the MMS, and the two red dashed
lines represent the upper and lower boundaries of the set
constant depth interval, respectively. The MMS sank at
speed (approximately 0.17 m/s) from the sea surface with
maximum negative buoyancy. After falling to the upper
boundary of the suspension zone, the first buoyancy ad-
justment was performed (the adjustment amount was cal-
culated based on the seawater density in the adjacent sea
measured by the Argo buoy). This buoyancy adjustment
was completed when the MMS dived toadepthof 1 013.7 m.
Subsequently, the MMS ascended slightly, exceeding the
upper boundary of the suspension zone and triggering the
buoyancy-adjustment condition. The MMS made four
consecutive oil transfer adjustments to control its buoyan-
cy to enter the fixed-depth suspension zone with a sink-
ing speed of <0.01 m/s, thereby entering the suspension
state. Four hours later, once the preset submersion time
was reached, the MMS was adjusted to the maximum pos-
itive buoyancy state and returned to the sea surface.

The vertical profiles of the other MMSs involved in
the short-term trial are presented in Fig. 12. MMS No-12

0
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and No-16 were set to a fixed depth of 500 m, and the rest
of the MMSs were set to a fixed depth of 1 000 m. The
depth curves show that different seismometers can be sus-
pended relatively quickly after a short adjustment period.
The short-term trial shows that the fixed-depth control al-
gorithm designed in this study could achieve an MMS
fixed-depth suspension with fewer buoyancy adjustments
(less than four times on average during the experiment)
and better suspension control in the case of unknown sea-
water density.

4.2 Long-term trial

Based on the results of the short-term trial, the two
MMSs were placed in the trial area for a 3-month-long ap-
plicability trial to verify their overall operating perfor-
mance. The MMSs were recovered in early August 2021.
During the trial period, the two MMSs were operated for
95 d, with 44 cycles and 532 n mile of travel. The MMSs
were 258 n mile apart at the time of recovery. The drift
tracks of the two MMSs are shown in Fig. 10c.

The parameters of this trial were set as follows: a sus-
pension depth of 800 m, an allowable vertical fluctuation
range of £100 m, and an entry of the MMS into the sus-
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Fig. 11. The dive depth curve for the MMS No-9 and the two red dashed lines represent the upper and lower bound-

aries of the set constant depth interval, respectively.
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Fig. 12. The dive depth curve for MMSs, where MMS No-12 (purple dotted line) and No-16 (light blue) were set to a
fixed depth of 500 m, and the rest of the MMSs were set to a fixed depth of 1 000 m.
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pension state at a speed of <0.01 m/s. The dive duration of
the MMSs gradually increased over time (Fig. 13a). The
blue curve represents the operating time of MMS No-12
across various dive cycles. The first ten dives had shorter
durations, averaging 55 h, while the last 12 dives were ex-
tended to 6.5 d. The red curve indicates the operating time
of MMS No-13. An analysis of the operating status of the
MMS for three months showed that the MMSs were in a
fixed-depth suspension state 98% of the time (Fig. 13b),
indicating that the fixed-depth control algorithm can real-
ize MMS long-term fixed-depth suspension and reduce
the influence of ocean currents, enabling the MMS to
record seismic events.

As shown in Fig. 14a and Fig. 15a, as the number of
MMS dives increased, the overall number of starts of the
fixed-depth suspension control algorithm decreased. The
average number of adjustments was reduced by about 10.
At a depth of 800 m underwater, the energy consumption
for a single buoyancy adjustment of the seismometer is
0.067 W-h, resulting in a total energy savings of 0.67 W-h
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per profile. Through semi-physical simulation testing, the
device’s power consumption for a single operational cy-
cle (7 d) was 27 W-h, with an energy savings of 2.5%.
Based on the device’s designed lifespan of 3 years, the al-
gorithm can save 105 W-h compared to the initial adjust-
ment, extending the operational period by 3.9 cycles. Al-
so, as shown in Figs 14b and 15b, the MMSs can achieve
a satisfactory effect in long-term operations, with an aver-
age suspension depth of 765.4 m in the long-term trial and
an average drift depth of 29.6 m. The long-term trial
showed that the fixed-depth suspension algorithm de-
signed in this study can effectively and efficiently control
an MMS to achieve a fixed-depth suspension and that the
maintenance of the position of the MMS within the sus-
pension zone is also satisfactory.

5 Conclusions

In this study, we addressed the problem of fixed-depth
suspension control for a mobile marine seismometer with
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a limited onboard energy supply. We developed an effec-
tive fixed-depth control algorithm with a low depth ad-
justment cost that does not depend on seawater density da-
ta by establishing an MMS motion model and analyzing
the fluctuations in vertical motion. Sea trials demonstrat-
ed that the control algorithm produced a satisfactory
fixed-depth suspension, maintained the desired fixed
depth, and mitigated the influence of ocean currents with-
out requiring complex computations or hydrodynamic
analysis of the MMS.

The algorithm’s simplicity and low computational re-
quirements make it suitable for drifting buoys like the
MMS, which rely solely on buoyancy adjustments for ver-
tical motion. This innovative approach provides a new av-
enue for the fixed-depth control of other deep-sea equip-
ment that utilizes buoyancy adjustments via an oil blad-
der, enhancing performance without complex control sys-
tems. Additionally, the algorithm has a memory function
that allows for faster subsequent depth adjustments, re-
ducing the number of corrections, lowering energy con-
sumption, and extending the operational lifespan of the
equipment.
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