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Abstract: Intelligent underwater vehicles hover by way of a hovering control system. To provide
design inputs and maneuver guidance, this study focused on the characteristics of intelligent un-
derwater vehicles during hovering control with the propulsion system shut down, established a
mathematical model of hovering control and determined injection and drainage functions based
on optimal control theory. From analysis simulation experiments, the influence laws of control
parameters, control timing and rate of injection and drainage control upon hovering control were
deduced. It is proposed that, at the time of control parameter selection, the continuous injection and
drainage rate at each time should be reduced as far as possible to relieve the demand on the volume
of the reservoir when the requirement of depth control accuracy has been satisfied. In addition,
the injection and drainage control should initiate when depth changes exceed 0.5 m. Suggestions
are included on the minimum injection and drainage rate required for different initial disturbances.
The proposed suggestions guide the design of hovering control systems and hovering control over
intelligent underwater vehicles.

Keywords: intelligent underwater vehicles; hovering control; maneuver quality; injection and
drainage function; injection and drainage rate; control timing

1. Introduction

The ocean is a treasury of resources vital to human survival and the second most
significant strategic space after land. The progress of intelligent control [1], numerical
simulation [2], information fusion [3], data mining [4], parameter optimization [5], vir-
tual reality [6], artificial intelligence [7], high-end chips [8] and large-scale integrated
circuits [9] has also brought about remarkable breakthroughs in the technologies of intelli-
gent underwater vehicles. Intelligent underwater vehicles are applicable to operations in
harsh environments which divers and equipment have difficulty accessing, such as during
deep-sea resource exploration [10], submarine oil and gas pipeline inspection [11], dam
exploration [12], aircraft or shipwreck salvage [13], submarine cable maintenance [14] and
submarine cable laying [15], etc. The prospects of intelligent underwater vehicles have
been seen in both military and civilian fields [16–19], and they have become an important
tool in different complex underwater tasks. The control performance has always been a
priority in the controller design of the strongly nonlinear and coupled system of underwater
vehicles [20,21]. This is not only for the successful completion of the tasks but also for the
maximum utilization of the limited power supply.

In-depth research and studies have been carried out on hovering and the depth con-
trol of underwater vehicles, with different methods proposed. A PD-based sliding mode
controller for hovering tilting-thruster underwater vehicles was designed [22]. PD control
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can achieve stable hovering in a certain range, and the combination of PD and sliding
mode control can achieve hovering at a lower speed. Simulation experiments were con-
ducted based on the triggering conditions of the propulsion system, the results of which
verified the hovering control performance of the proposed design. The hovering control of
a biomimetic four-fin underwater vehicle was studied [23]. The new mechanical design
and special application of the bionic underwater vehicle ruled out the traditional AUV
control methods. Therefore, a new single-module control architecture was put forward for
different application scenarios. The simulation experiments verified the effectiveness of the
proposed method in hovering control. In-water visual ship hull inspection via a hovering
underwater vehicle with stereo vision was studied [24]. The method proposed included
path planning, navigation, hovering control and detection. The simulation experiments
proved the effectiveness of the method in hovering control. The hovering control of an
underwater vehicle with tilting thrusters was studied, and its hovering performance was
improved [25]. The maneuverability of the underwater vehicle was evaluated based on
analysis of the forces and moments. A PID-based control strategy involving decoupling
and compensation was designed to overcome the nonlinearity caused by the tilting system.
The feasibility of the strategy was proved in the simulation experiments. A depth controller
for a biomimetic underwater vehicle was proposed [26]. The PID controller and sliding
mode controller were contrasted. The relationship between the desired depth, horizontal
rudder angle and control signal parameters was deduced. Simulation experiments showed
that the sliding mode controller gave superior results to the PID controller. The modeling
and motion control of AUVs were studied [27]. A six-degrees-of-freedom model for rotary
and heaving control was established. A hybrid controller based on sliding mode and PID
control was designed to improve the closed-loop response. Simulation experiments proved
that the hybrid controller had better depth control performance than the PID controller.
With a simple structure and few parameters, the classic S-plane method resulted in the
combination of PD control structure and fuzzy logic. It well met the control accuracy
requirements in underwater depth control. The performance of the S-plane method was
verified in pool tests and sea trials. The S-plane method has become one of the most
commonly used methods for underwater vehicle control [28–30]. Since the situational
static load is not considered in the classical S-plane method, the control effects would be
influenced, theoretically. To counteract such an influence, a novel S-plane method consid-
ering the situational static load was studied [31]. A method for six-degrees-of-freedom
motion control considering the inclination angles was also proposed [32]. The above
control methods primarily rely on the propulsion system to achieve hovering control or
depth control at a certain speed, and are generally based on combinations of thrusters
or propellers and control surfaces [33–35]. Studies and discussions on hovering con-
trol by way of water injection or drainage with the propulsion system shut down are
relatively scarce.

Hovering control of an intelligent underwater vehicle means the maintenance or
change of depth after forward movement ceases and the thrusters are shut down, which is
of great military significance and tactical importance. When the thrusters are shut down, the
lubricating oil pump and cooling pump also stop working. Since the blades stop rotating,
the vibration noise between the propeller blades and the shafting and the cavitation noise
as the result of periodic changes of the thrusting forces disappear. There is no relative
movement between the vehicle body and the seawater, hence the minimum hydrodynamic
noise [36–39]. The lowered noise makes the underwater vehicle quiet and covert, greatly
improving sonar detection range and search capability. Moreover, the hovering control
avails electric energy saving, extends the service time and reduces the exposure of the
underwater vehicles. It is the great military significance and tactical value that boost the
increasing number of studies on hovering control technology, with extensive research on the
success, noise reduction and energy conservation of hovering control. Some of the existing
research findings only realize depth control or hovering control with the propulsion system
operating. However, few studies have been carried out on hovering control via water



J. Mar. Sci. Eng. 2024, 12, 725 3 of 14

injection or drainage with the propulsion system off. Moreover, there are few references to
the factors influencing hovering control performance with the propulsion system off. The
study of these influencing factors is not only beneficial to energy saving but also enables
the sonar system to achieve a longer detecting distance based on the lowered noise of the
propulsion system.

This article concentrates on hovering control by way of water injection or drainage with
the propulsion system shut down and its influencing factors in order to lay the foundation
for the design of a hovering control system in a motionless state. The Section 2 provides an
introduction to the test platform, including its components and model parameters. The
Section 3 explains the mathematical model for hovering control. The Section 4 provides
analysis of the influences on hovering control and describes simulation experiments. The
above analysis conclusions are verified by the simulation results, which provide a reference
to effectively improved hovering control performance.

2. Underwater Vehicle Platform

The platform of this study is shown in Figure 1. The platform was designed by Harbin
Engineering University for technical research and test verification. The parameters of its
scaling model are shown in Table 1. The platform consists of the motion control system,
the planning system, the navigation system, the hovering control system, the propulsion
system, the emergency system and the surface monitoring system [31]. As an intelligent
underwater vehicle, it has all the above systems embedded in the platform body except
the surface monitoring system. The underwater state is monitored through the surface
monitoring system. The motion control performance is the basis for operations other than
long-range cruising [40]. The hovering control system is expected to execute depth control
by controlling the net buoyancy through changing the overall mass of the underwater
vehicle when the propulsion system is shut down, with the aim of saving energy, improving
the detection distance and accuracy and facilitating hydrological information collection.
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Figure 1. Platform of AUV.

Table 1. Parameters of the AUV scale model.

Parameter Symbol Value Unit

mass m 44.9 kg
overall length L 1.56 m

overall breadth B 0.22 m
overall height H 0.22 m

vertical coordinate of buoyancy center zb 0.000 m
vertical coordinate of gravity center zg 0.018 m

hovering reservoir volume Vhover 6.2 × 10−4 m3

dimensionless hydrodynamic parameters
Z′ .

w −7.0727 × 10−2 -
Z′w|w| −4.6857 × 10−2 -
Z′ww −3.1621 × 10−2 -

The platform is driven by thruster, rudder, hydroplane and pump–valve linkage
systems. The platform of this study consists of one thruster and supporting accessories,
equipped with a cross-shaped rudder and hydroplane, as well as a hovering reservoir. The
hovering control is realized with water injection and drainage in and from the hovering
reservoir. The platform is equipped with a velocimeter, depth meter, inertial navigation
device, inclination sensor, flow meter, pumps and a flow-regulating valve. The water
injected to and drained from the hovering reservoir can be measured by a flow meter,
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which reports the flow rate of water injected or drained. Using the positive displacement
pump, it controls the flow rate. The platform is also designed with a hovering reservoir
of the same pressure tolerance as the AUV at its maximum operating depth. The volume
of the hovering reservoir is designed with consideration for the depth range and change
of water density in hovering control as well as the drainage capacity of the pumps. The
flow-regulating valve enables water injection or drainage at a fixed flow rate (or velocity).

The platform is designed for research on motion control, hovering control, fault
diagnosis, hydrological information collection and fixed-point fish detection with the
propulsion system shut down. The diving depth limit of the platform is 200 m with the
hovering depth between 20 m to 100 m. In accordance with the reach contents and objectives,
the depth limit of the platform is 200 m. Hovering control is conducted primarily for
hydrological information collection and fixed-point fish detection. The reservoir required in
hovering control is pressure resistant. A greater hovering depth will lead to more resources
being required by the reservoir. Therefore, the hovering depth is set at 20 m–100 m based
on comprehensive weighing. The precision in hovering control is expected to be within
1.0 m, which is feasible to achieve.

The hydrodynamic coefficients of the platform have been obtained in hydrodynamic
tests, which are the basis for motion modeling and simulation experiments. An experimen-
tal model of the platform is also developed with the relevant hydrodynamic coefficients
obtained using a planar motion mechanism in the circulating water channel. The circulat-
ing water channel is shown in Figure 2, and the relevant hydrodynamic parameters are
provided in Table 1. The symbols can be seen in Appendix A.
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3. Mathematical Model of Suspension Control
3.1. Simplification and Assumptions of Hovering Control
3.1.1. Coordinate Systems

It is generally assumed that the currents on the same surface far from the seabed in a
wide area are uniform, with the same direction and velocity [41]. When the underwater
vehicle is hovering, the thruster theoretically stops working and the blades stop rotating.
As the forward movement ceases, the underwater vehicle will “drift with the current”.
There is no relative movement between the vehicle and the seawater, hence the negligible
influence from the current [42].

It should be pointed out that hovering does not mean unchanged depth. The flow field
in the vertical plane varies with the tides and the landform. Fluctuations in vehicle depth
will inevitably lead to changes of current force. The current produces certain impacts on
the hovering of underwater vehicles. The underwater vehicle will drift in equilibrium with
the current, following any vertical changes in the constant density surface. Considering
the insignificant changes of depth during hovering control and the randomness of the sea
current, the current is excluded from the mathematical model for hovering control, with
the underwater vehicle speed set as zero.
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3.1.2. Movement in Horizontal Plane Excluded

When the position of the underwater vehicle changes during hovering control, the
vehicle itself is unable to recover the predetermined position unless the thruster is restarted.
Consideration of movement in the horizontal plane and vertical plane will make the target
more complicated. In hovering practice, if the underwater vehicle drifts with the current,
its position can be reckoned via comprehensive calculations. If it deviates too far from the
center of position, the controller can be temporarily hovering while the thruster can be
instantly started for forward or backward movement to recover the predetermined position.
Therefore, the movement in the horizontal plane is not considered in the hovering control.

3.1.3. Wave and Seabed Excluded

The underwater vehicle is expected to dive to an adequate depth at the time of
hovering so as to keep away from the water surface and waves. The wave force decreases
sharply with increasing depth. We assume that the influence of wave force is negligible
with a diving depth h ≥ 3.5 L (h is the distance from the vehicle to the water surface, and
L is the length of the underwater vehicle). Similarly, sufficient distance from the seabed
should be kept to avoid ground effects. The influences of the water surface, wave force and
seabed are not taken into consideration in the simulation modeling process.

3.1.4. Trimming Excluded

In theoretical calculations, the trimming moment accompanying the diving move-
ment is also insignificant. For example, an underwater vehicle diving at a vertical speed
of 0.03 m/s produces a trimming moment of 1.2 kN·m and a trimming angle of 0.01◦,
which can be solved with only 2.1 × 10−3 m3 of water. In general practice, however, the
static recovery moment generated by the trimming of 0.01◦ is sufficient to offset such
accompanying moment and prevents the trimming force required from increasing.

In short, the most important form of movement in hovering control is the depth change
in the vertical plane, which is ultimately attributed to the differences in buoyancy and
moment generated during the hovering control. In most cases, however, such differences of
buoyancy and moment are insignificant. Despite such an insignificant buoyancy difference,
it will definitely cause acceleration in the vertical plane. Although it does not change the
hovering depth of the underwater vehicle in a short time, there will be a considerable
change of depth as the vehicle gains momentum. However, the inclination in the pitch
direction caused by a small moment difference can be completely offset by the trimming
recovery moment. When the moment difference balances with the trimming recovery
moment, the inclination in the pitch direction will no longer increase. For this reason, the
influence of the inclination in pitch direction can be neglected.

3.2. Influencing Factors Considered in Hovering Control
3.2.1. Unbalanced Force Caused by Density Changes

The density, salinity, pressure and temperature of seawater change with diving depth.
Deformation of the pressure shell and immersed buoyancy material also bring about
changes in the buoyancy of the underwater vehicle. Studies have shown that the buoyancy
of an AUV that is neutrally buoyant on the surface will increase by about 5‰ when the
AUV dives to a depth of 1000 m because of the increase in the density. The curve of seawater
density over depth is shown in Figure 3.
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3.2.2. Buoyancy Change Caused by Compressed Pressure Shell

The hydrostatic pressure of the seawater grows as the depth increases. The compressed
pressure shell results in reduced displacement of the underwater vehicle. The greater grav-
ity force relative to buoyancy makes the underwater vehicle dive. It is acknowledged that,
within the diving depth limit, the reduction in the pressure shell volume is proportional
to the pressure imposed. As the underwater vehicle dives from depth ζ (with hydrostatic
pressure p) to depth ζ1 (with hydrostatic pressure p1), the buoyancy accordingly changes
as in Equation (1).

∆P = ρ∇ap(p1 − p) (1)

The variable ∆P means the change in buoyancy or the net buoyancy, measured in N
or kN. The variable ρ stands for the density of seawater, measured in kg/m3. ∇ is the
drainage volume of the pressure shell, measured in m3. ap means the relative reduction
value of the pressure shell volume as the pressure increases by one unit, ap = −1.2/Hlim,
measured in m2/kg. Hlim indicates the diving depth limit of the platform, measured in m.
p is the hydrostatic pressure at depth ζ, measured in N/m2, p1 the hydrostatic pressure at
depth ζ1, measured in N/m2.

When the seawater density is assumed to be constant, Equation (2) is expressed
as follows: {

p = p0 + ρgζ
p1 = p0 + ρgζ1

(2)

The variable p0 means the standard atmospheric pressure, measured in N/m2. g is
the gravitational acceleration, measured in m/s2.

When Equation (2) is put into Equation (1),

∆P = ρ2∇apg(ζ1 − ζ) (3)

3.2.3. Initial Imbalance between Weight and Buoyancy Forces When Propulsion Ceases

With a balance at a speed, the thruster ceases after the residual rudder angle and
trimming angle are eliminated. As the speed approaches zero, the gravity force acting on
the underwater vehicle is greater than the buoyancy force that remains when the lift force
and moment fall to zero. The gravity is greater than the buoyancy, which is considered as
the initial mass imbalance.

3.3. Mathematical Model of Hovering Maneuver

For a well-balanced underwater vehicle during hovering, the balance state will be
broken if there are interfering forces. The underwater vehicle will then ascend and de-
scend. At this point, the current passes around the vehicle body with an attack angle
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of approximately 90◦. The hydrodynamic force upon the vehicle body is essentially the
cross-flow resistance of the non-streamlined body. Active control must be exercised to keep
the underwater vehicle at a given depth. Therefore, with the above simplification and
assumptions, a mathematical model of the hovering maneuver can be established as in
Equation (4).{

m
.

w = 1
2 ρL3Z′ .

w
.

w + 1
2 ρL2(Z′w|w|w|w|+ Z′www2) + Z0 + P0 + P1 + P2.

ζ = w
(4)

The variable m is the mass of the underwater vehicle, ρ stands for the density of
seawater, L the length of the underwater vehicle, w the vertical speed and ζ the depth. Z′ .

w,
Z′w|w| and Z′ww are the drag coefficients in the vertical plane. Z0 is the initial imbalance
item (namely, the weight–buoyancy force imbalance). The initial imbalance item is the lift
force generated by the vehicle body as the speed decreases from a certain speed to zero. P0
is the active control force. In hovering, the thruster stops working, the blades stop rotating
and the rudder blade produces no effect. At this point, the active control force is generated
by the injection and drainage of water. P1 is the weight–buoyancy imbalance caused by
density changes during depth changes. P2 is any external interfering force.

4. Analysis of Influencing Factors of Hovering Control Quality

Whether the depth can be well controlled is closely related to the selection of control
parameters, the time to start control and the rate of injection and drainage. A study of how
these factors affect the quality of hovering control can optimize the design of the hovering
control system and, meanwhile, provide guidance for hovering maneuvers. The aforesaid
underwater vehicle and the mathematical model for hovering control were used in this
study. Simulation experiments were conducted to find out how these factors influence the
quality of hovering control.

4.1. Influence of Control Parameters on Hovering Control

Optimal control theory based on a quadratic performance index was adopted. In
this article, we assume that rates of change in the heave direction are small (less than or
equal to 0.5 m/s) such that a linearized version of Equation (4) can be used [43]. In this
article, the changes of rate in the heave direction are slow (≤0.5 m/s) in the AUV hovering
control. Therefore, the system is assumed to be linear. The performance index function is a
quadratic function of state variables (output variables) and control variables. The linear
system can be described by state equations as follows [43]:{ .

x(t) = A(t)x(t) + B(t)u(t)
y = Cx

(5)

The variable x is the n-dimensional state vector and u the m-dimensional control
vector. A is a n× n matrix, and B is a n× m matrix. When A and B are time-invariant
matrices, the system is a time-invariant system.

The performance index is shown in Equation (6).

J = x1
T P1x1 +

∫ t1

t0

[
yT R3y + uT R2u

]
dt (6)

Optimal control aims to have a linear regulator that can minimize the performance
target of the system.

Theoretical derivations have proved the optimal control to be unique [43], as shown
in Equation (7).

u∗(t) = −R−1
2 BT P(t)x∗(t) (7)
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x∗(t) is the optimal state trajectory. The state covariance matrix P(t) satisfies the
Riccati matrix differential equation as follows [44]:

−
.
P(t) = CT R3C− P(t)BR−1

2 BT P(t) + AT P(t) + P(t)A (8)

P(t1) = P1 is the boundary condition.
When t1 → ∞ , P(t) converges to a steady-state solution, P(t), with no relation to

P1. At this point, the Riccati matrix differential equation is regressed to the Riccati matrix
algebraic equation, namely,

0 = CT R3C− P(t)BR−1
2 BT P(t) + AT P(t) + P(t)A (9)

When making Q = CT R3C, R = R2, gain matrix G = −R−1BT P and the hovering
equation of the motion of the underwater vehicle is as follows:

.
x(t) = F(x(t), u(t), t

)
(10)

The variable x is the state parameter. xT = [w, ζ]. u(t) is a function of water injection
and drainage, uT = [P]. P has the same connotation as in Equation (1), namely, it is the net
buoyancy or the flow of water injected into or drained from the reservoir.

For a well-balanced hovering underwater vehicle, the initial state is u = 0,
.
x(t) = 0, x(t)= x(t 0). When external forces exist, the balance state of the underwater
vehicle is broken and the preset depth will change. At this point, water should be injected

or drained to keep
[

w
ζ

]
at zero.

Both PID and PD controllers can realize hovering control that maintains a steady-state
error within 0.5 m [45]. At this point, considerations are given to the computer’s calculation
ability in selecting the controller. In this article, the steady-state error of hovering control is
expected to be within 1 m, which is a relatively less strict requirement. For this reason, the
PD control law is adopted to reduce computational load. Based on analysis and comparison,
several injection drainage functions were determined with different weight function Q and
gain matrix G. 

P = −30w− 0.25ζ
P = −30w− 0.5ζ
P = −30w− ζ
P = −10w− ζ
P = −50w− ζ

(11)

The simulation realizations are shown in Figures 4 and 5.
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It can be seen from Figures 4 and 5 that the selection of control parameters influenced
the stabilization accuracy and oscillation times in the hovering control. Effective control of
the vertical velocity was achieved most easily when the rate of water injection was large.
The depth value fluctuated mildly, but the water injection volume at each time was large.
The coefficient of depth control was small. The depth value fluctuated greatly, but the
water injection volume at each time was small. Given the limited volume of the hovering
reservoir and limited volume injected or drained at each single time, as well as the modest
requirement of depth stabilization accuracy, continuous injection and drainage volume at
each single time should be minimized at the time of control parameter selection so as to
reduce the demand for resources. The expression P = −30w− 0.25ζ is determined to be
the best injection and drainage function.

4.2. Influence of Control Timing on Hovering Control

Calculation conditions: initial mass imbalance of 250 kg, injection and drainage
speed of 28.8 m3/h, starting trigger for depth control to start operating when the depth
disturbance is larger than 0.1 m, 0.5 m and 1.0 m. The calculation results are shown in
Figures 6 and 7.
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As shown in Figures 6 and 7, the control trigger level had significant influence. A
smaller trigger level led to smaller overshoot, smaller volume of injection and drainage
and fewer oscillations. Under the above conditions, if the control started with the depth
change exceeding 1 m, the fluctuation would exceed 4.0 m. For this reason, the injection and
drainage should start as soon as possible at the time of depth change to keep the situation
under control before inertia is formed. On the other hand, considering that small depth
disturbances may be difficult to observe and would be likely to cause frequent injection
and drainage that may result in high energy consumption and noise, the control timing
should not be too early. Based on comprehensive considerations, it is appropriate to start
the injection and drainage when the depth change exceeds 0.5 m.

4.3. Influence of Injection and Drainage Rate on Hovering Control

Calculation conditions: initial mass imbalance of 200 kg, injection and drainage speed
of 18.0 m3/h and 28.8 m3/h and control starting when the depth excursion exceeds 0.5 m.
The calculation results are shown in Figures 8 and 9.
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drainage rates.

As shown in Figures 8 and 9, higher injection and drainage rate was related to a
quicker response and milder depth fluctuations. However, if the injection and drainage rate
keeps growing, more resources of the hovering system would be required, together with
increased energy consumption and noise. The simulation analysis provides the minimum
injection and drainage rate required with different initial imbalance items, as shown in
Table 2, for reference in the design of the hovering system.

Table 2. The minimum injection and drainage rate required under different initial imbalance items.

Control Element
Initial Mass Imbalance

200 kg 400 kg 500 kg

Minimum injection and drainage rate 18 m3/h 28.8 m3/h 39.6 m3/h
Maximum depth overshoot 3.5 m 4.6 m 4.5 m

Maximum injection and drainage volume at one time 900 kg 1200 kg 1400 kg
Fluctuation number 2 3 2

5. Conclusions

This study on hovering control aims to provide design inputs and maneuver guidance.
This study focused on the characteristics of intelligent underwater vehicles during hovering
control with the propulsion system shut down, established the mathematical model of
hovering control and determined the injection and drainage functions based on the optimal
control theory. From the analysis and calculation of the simulation experiments, the
influence laws of control parameters, control timing and rate of injection and drainage
control upon hovering control were deduced. Therefore, it is proposed that, at the time of
control parameter selection, the continuous injection and drainage rate at each time should
be reduced as far as possible to relieve the demand on the volume of the reservoir when
the requirement of depth control accuracy has been satisfied. In addition, given the limit on
the resources and maneuverability of a real underwater vehicle, upon parameter selection,
it is proposed that the continuous injection and drainage volume at a single time should be
minimized when the requirement of depth stabilization accuracy is satisfied. Moreover,
water injection and drainage are recommended to start when the depth change exceeds
0.5 m. Suggestions are also provided on the minimum injection and drainage rate required
under different initial mass imbalances. These suggestions are of great guiding importance
to the design of the hovering control system and maneuver of real underwater vehicles.

The hovering control method proposed in this article targets AUVs with a main
thruster, rudder and hydroplane, but the research findings are also applicable to the over-
driven or under-driven AUVs equipped with thrusters only in both large and small size.
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The control parameters need to be adjusted according to different carriers. The AUVs of
different sizes will be studied and discussed in a future study.
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Appendix A

Symbol Explanation Unit

ρ Density of seawater kg/m3

∇ Drainage volume of the pressure shell m3

ap
The relative reduction value of the pressure shell
volume as the pressure increases by one unit

m2/kg

∆P Change in buoyancy N
p Hydrostatic pressure N/m2

Hlim Limit diving depth m
p0 Standard atmospheric pressure N/m2

g Gravitational acceleration m/s2

m The mass of the underwater vehicle kg
L The length of the underwater vehicle m
w The vertical speed m/s
Z′ .

w The drag coefficients in the vertical plane /
Z′w|w| The drag coefficients in the vertical plane /
Z′ww The drag coefficients in the vertical plane /
ζ The depth of the underwater vehicle m

Z0
The lift force generated by the vehicle body as
the speed decreases from certain speed to zero

N

P0 The active control force N

P1
The imbalance item of buoyancy caused by
density changes during depth changes

N

P2 The external interference force N
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