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Abstract: AUV docking devices have the ability to achieve homing of the AUV, supply the AUV
with energy, and exchange data with it, thus improving the endurance and ensuring the continuous
long-term and large-scale operation of the AUV. To improve the successful docking rate of the AUV, a
funnel-shaped underwater docking device with multi-degree freedom based on a deep-sea platform
was designed in this paper. The heading angle, pitch angle, and roller angle of the docking device
could be adjusted in a timely manner according to the current flow direction and the position of the
AUV. In order to realize the timely adjustment of the heading angle, pitch angle, and roll angle of
the docking device, a set of underwater hydraulic systems was developed as the power source to
drive the corresponding hydraulic cylinders, hydraulic motors, and other executive components.
The model of the heading angle adjustment circuit of the hydraulic system was established and
the open-loop transfer function of the heading angle adjustment circuit was derived. The dynamic
response performance of the hydraulic circuit was simulated and the optimized PID algorithm was
used to improve the dynamic response performance. Finally, the accuracy of the heading angle
adjustment circuit model and the effectiveness of the control algorithm were validated by experiment
of the docking device in a water pool.

Keywords: AUV docking device; hydraulic drive system; modelling and simulation; PID control
algorithm; experimental validation

1. Introduction

Autonomous underwater vehicles (AUVs) are important underwater operating equip-
ment, which play an irreplaceable role in the fields of underwater observation, underwater
rescue, and deep-sea sampling. Owing to the restrictions of the volume of AUVs, the
energy of its own self-carrying cannot support its long-term and large-scale underwater
operations, and it is usually necessary to recover the AUV to the mothership for energy
supply and data exchange to allow it continue working, which not only reduces the operat-
ing efficiency, but also increases the use cost of the AUV. The AUV underwater docking
device can be connected with the AUV underwater, so as to supply the AUV with energy
and exchange data with it, thus improving the endurance of the AUV and ensuring the
continuous long-term and large-scale operation of the AUV.

Many researchers have designed different docking devices and proposed different
docking strategies for AUVs. Stokey et al. developed a docking device composed of a
conical guide cover and a cylindrical butt joint cylinder for the Remus AUV [1,2]. The
Remus AUV relies on the USBL to enter the guide cover and the docking cylinder to
complete the docking process, and then the docking device supplements the energy and
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exchanges data with the AUV through the underwater cable. Feezor et al. constructed an
electromagnetic homing (EM) system for the docking device to complete the docking with
Odyssey IIB AUV and employed the decoupled PID control loop to supply the control
response of the AUV [3]. Cowen et al. designed an optical terminal guidance docking
station and the Odyssey IIB and the NRaD Flying Plug were used to validate the accuracy
of terminal guidance and docking [4]. Singh et al. designed a bar-type docking device and
installed a latching mechanism at the head of the AUV to capture the positioning bar [5].
The AUV and the docking device can perform 360° all-round docking in a horizontal
plane. McEwen et al. designed a docking device with a bellmouth guide cover for Bluefin
AUV with a diameter of 540 mm and tested the homing and docking control system at
sea [6]. Jantapremijit et al. proposed an optimal high-order sliding mode control technique
based on the state-dependent Riccati equation [7] and a line-of-sight method to optimize
the trajectory of the AUV [8], and carried out a simulation of the docking process. Park
et al. developed a set of underwater docking devices for the ISIMI AUV, which uses the
guide cover and charge coupled device (CCD) camera to guide the AUV to enter into the
docking device to complete the docking, and they also conducted the docking experiment
in an ocean engineering basin [9,10]. Raspante designed a mobile funnel-shaped docking
device for the REMUS-100 AUV and proposed a four-step docking approach to enable the
recovery of the AUV in moderate sea conditions [11]. Rigaud et al. developed a mobile
funnel-shaped docking device for the Ifremer Asterx AUV, which incorporated USBL and
vision-based docking strategies as well as induction charging and Wi-Fi data connection
technologies [12]. Batista et al. proposed a two-step control approach for an intervention
type AUV docking and carried out docking simulation, which shows high accuracy in the
presence of sensor noise [13]. Ferreira et al. presented a control law for the MARES AUV
based on the range-only measurement docking approach and the docking experiment was
carried out in the Douro river to validate the robustness of the control strategy [14]. Li et al.
performed a docking experiment based on vision positioning with two cameras, achieving
an 83% successful docking rate with the micro-AUV WL-3 [15]. Yang et al. developed an
active stationary funnel-shaped docking device with adjustable orientation for the hybrid
underwater glider and studied docking guidance algorithms to ensure a successful docking
rate [16]. Sans-Muntadas et al. [17] designed a fixed funnel-shaped docking device for the
torpedo-shaped AUV, and Piskura et al. [18] and Sarda et al. [19] designed a line capture
docking station for REMUS-600 and REMUS-100 AUV, respectively. With the use of a
light beacon localization module and a single beacon range-only localization algorithm,
Hurtos et al. developed a funnel-shaped docking device for the Sparus II AUV [20,21].
Zuo et al. proposed unified strategy to docking an over-actuated AUV that included task
planning, guiding, and thrust distribution [22]. Lin et al. developed a funnel-shaped
docking station for the AUV with a length of 2.15 m and a diameter of 0.18 m, and they
carried out kinematic simulation, electromagnetic guidance system design, and docking
experiments [23,24]. Anderlini et al. investigated two reinforcement learning strategies in a
simulated environment to regulate the docking of an AUV onto a stationary platform [25].
Palomeras et al. designed a docking station for the Girona 500 I-AUV and a docking test
was performed at sea using the USBL system to locate both the AUV and the panel [26].
Zhang et al. developed a cone-shaped docking device and established a dynamic model
in ADAMS to carry out the docking simulation [27]. Li et al. designed a prototype AUV
docking system for an AUV with a diameter of 200 mm and a length of 2.7 m, and they
tested entrance adjustment, clamping, non-penetrating power, and data transfer in a lake
environment [28]. Roy et al. proposed a robust control strategy for the AUV-150 and
conducted a comparative study on the positioning control of the AUV [29,30].

In order to improve the success rate of AUV underwater docking, an AUV underwater
docking device with multi-degree freedom based on the submarine platform is designed
in this paper. The multi-freedom AUV docking device designed in this paper can adjust
the heading angle, pitch angle, and roller angle of the docking device in a timely manner
according to the direction of the current flow and the position of the AUV, so that the
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opening direction of the docking device horn cover can better adapt to the attitude position
of the AUV and avoid the adverse impact of the lateral current on the AUV docking. In
order to realize the timely adjustment of the heading angle, pitch angle, and roll angle of the
docking device, a set of underwater hydraulic system was developed as the power source
to drive the corresponding hydraulic cylinders, hydraulic motors, and other executive com-
ponents. The dynamic response performance of the hydraulic drive system of the designed
docking device was simulated and the optimized PID algorithm was used to improve the
dynamic response performance of the hydraulic system. Finally, the effectiveness of the
designed hydraulic system and control algorithm was verified by the experiment of the
docking device in the water pool.

This paper is organized as follows. Section 2 is the design of the docking device and
hydraulic drive system. In Section 3, we constructed the simulation model of the heading
angle adjustment circuit of the hydraulic system. Section 4 is devoted to the dynamic
response simulation of the designed heading angle adjustment circuit and the application
of the optimized PID control algorithm. Section 5 aims through experimental validation
to verify the accuracy of the model and effectiveness of the PID control algorithm. The
conclusions end the paper in Section 6.

2. Design of Docking Device and Hydraulic Drive System

The designed multi-freedom AUV docking device is shown in Figure 1. The docking
device has three bottom corners to ensure it can be located on the seafloor. The hydraulic
system cabin and control system cabin are fixed on the disc at the bottom of the device.
The docking device mainly consists of the guide port, docking barrel, underwater camera,
communication antenna, electronic compass, charging and data exchange module, locking
module, adjustment module of roll angle and pitch angle, and adjustment module of
heading angle.

Underwater camera Electronic compass Communication antenna

Limit block

Docking barrel

Locking module

Adjustment module of roll
angle and pitch angle

Charging and data
exchange module

Docking guide port
Control system

Hydraulic system

Figure 1. Designed AUV docking device with multi-degree freedom.

The adjustment module of heading angle is also located on the disc of the device,
as shown in Figure 2, and it can lock the shaft of the docking device by one hydraulic
motor driving the locking rod, and then drive the shaft to rotate by another hydraulic
motor driving the worm gear mechanism, so as to achieve the heading angle adjustment
of the guide port and the docking barrel. Owing to the self-locking characteristics of the
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worm gear mechanism, the module can achieve stable self-locking when the hydraulic
motor does not rotate. The hydraulic cabin is connected with the executive components of
each module through hydraulic pipelines and the control system cabin is connected with
the hydraulic cabin, sensors, underwater camera, and other corresponding components
through watertight cables. The height of the docking device is 3400 mm and the guide port
is conical with a thickness of 8 mm. The maximum diameter of the guide port is 2000 mm
and the diameter of the interface between the guide port and the docking barrel is 640 mm.

Shaft of the docking device Drive arm

Worm drive mechanism

Hydraulic motor

Locking rod

Hydraulic motor

Figure 2. Adjustment module of the heading angle.

The three views of the target AUV to be docked are shown in Figure 3. The diameter
of the AUV is 560 mm and the total length of the AUV is 5100 mm. The shell of the AUV is
mainly made of fiber-reinforced plastic. The bottom of the AUV is flat and equipped with a
charging interface, the upper of the AUV is equipped with a round lifting lug, and the tail
is equipped with a communication antenna and a main propeller.

Figure 3. Three views of the target AUV to be docked.

The docking flow chart of the AUV and the docking device is shown in Figure 4. After
the docking device is placed on the seafloor, the current direction meter on the docking
device will measure the current direction at this time and the electronic compass will
measure the heading angle, roll angle, and pitch angle of the guide port and docking
barrel. The heading angle of the guide port and docking barrel will be changed through the
heading angle adjustment module to make it the same as the current flow direction angle.
Then, the roll angle and pitch angle of the guide port and docking barrel will be adjusted
through the adjustment module of roll angle and pitch angle so that the guide port and
docking barrel are in the horizontal state. When the AUV drives into the docking barrel
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and reaches the designated position, the locking module first completes the locking of the
AUYV, and then the charging and data exchange module will charge the AUV and exchange
data with it. Finally, the locking module, charging, and data exchange module move in the
opposite direction, making the AUV in a non-locking state and the AUV exits the docking
device under the force generated by the reverse movement of the propeller. The actions of
the heading angle adjustment module, the adjustment module of roll angle and pitch angle,
locking module, and charging and data exchange module are all realized by the movement
of executive components such as hydraulic cylinder or hydraulic motor powered by the
hydraulic system in the hydraulic cabin.

Start |

- —

| Docking device placed ‘
on the seabed

Measuring the
w current direction

Heading angle adjusting |
| of the docking device |

Control system

v Receiving signals from electronic
Roll angle and pitch angle compass and pressure sensor and
justi i i ¢ 1 hydrauli
adjusting of docking device control hydraulic system
AUV sailing in
AUV arrives at the designated
position of docking device
The hydraulic system working,
Locking, charging and hydraulic circuit opening to

information exchanging of AUV provide driving force for the

movement of related modules

v
Charging and information
~ exchanging of AUV completed

~ Reverse movement of locking
module and charging module

AUV sailing out

AUV driving out of the
docking device

!

‘Over <

Figure 4. Docking flow chart of the AUV and the designed docking device.

Figure 5 displays the schematic design of the hydraulic system of the docking device.
The hydraulic system has the characteristics of small volume and large output power.
Compared with using the motor drive in which we must solve the sealing problem of the
motor in the deep-sea environment, the hydraulic cylinder and hydraulic motor of the
hydraulic system designed in this paper are made of 316 stainless steel, which can withstand
seawater corrosion for a long time and have high stability and low cost. The seawater
pressure compensator of the hydraulic system can apply seawater pressure outside the
hydraulic cabin to the pipelines of the hydraulic system, thus making the hydraulic system
suitable for the deep-sea environment. The six independent hydraulic circuits can achieve
shaft locking, heading angle adjustment, roll angle adjustment, pitch angle adjustment,
AUV locking, and AUV charging, respectively. The six hydraulic circuits share a common
hydraulic power source and each hydraulic circuit is controlled by its corresponding valve
for opening, closing, direction changing, or flow speed control. The hydraulic pump,
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Shaft locking
circuit

ALY

Heading angle

adj

electric machinery, electromagnetic directional control valve, proportional servo valve,
flow speed control valve, and some other components are sealed in the hydraulic system
cabin and the hydraulic motor, hydraulic cylinder, and other actuating components can be
resistant to seawater corrosion and directly exposed to seawater. The control system sends
the control signal to the hydraulic cabin through a watertight cable, which can realize the
start and stop of the electric machinery, the control of the proportional servo valve, and the
electromagnetic directional control valve. Through the work of each circuit of the hydraulic
system, a series of docking actions between the docking device and the AUV in Figure 4
can be achieved, thus completing the whole docking process.

AUV locking circuit

Roll angle Pitch angle AUV charing circuit

circuit adj

circuit adj t circuit

kil

[X]

Hydraulic cabin inside

Control signal

Seawater

Figure 5. Designed underwater hydraulic system of the AUV docking device: 1. filter; 2. electric
machinery; 3. hydraulic pump; 4. unilateral valve; 5. electromagnetic directional control valve;
6. proportional servo valve; 7. pressure sensor; 8. hydraulic motor; 9. flow speed control valve;
10. throttle valve; 11. hydraulic cylinder; 12. relief valve; 13. seawater pressure compensator;
14. hydraulic system cabin.

3. Modeling of Heading Angle Adjustment Circuit of the Hydraulic System

The heading angle adjustment, roll angle adjustment, and pitch angle adjustment of the
AUV docking device can be achieved by the positive and negative rotation of the hydraulic
motors controlled by the proportional servo valves. The heading angle adjustment circuit is
composed of a proportional servo valve, a hydraulic motor, a worm gear mechanism, and
an angle sensor. The control schematic diagram of the heading angle adjustment circuit is
shown in Figure 6.

Proportional Proportional Hydraulic Load of
o Worm and gear . .
amplifier servo valve motor docking device

Al

ngle sensor

Figure 6. Control schematic diagram of heading angle adjustment circuit.
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The schematic diagram of the power mechanism composed of a four-way proportional
servo valve and a two-way hydraulic motor is shown in Figure 7. The linearized flow
equation of the proportional servo valve can be expressed as follows:

QL= quv —Kepr 1)

where Q) is the load flow, Kj is the flow coefficient of the proportional servo valve, K is
the flow pressure coefficient of the proportional servo valve, and p; is the load pressure
drop. Because of the compression of hydraulic oil, the flow Q; flowing into the motor is not
equal to the flow Q, flowing out of the motor, that is Q; # Q. However, the compression
amount of hydraulic oil is very small compared with Q1 and Q, so the load flow can be
defined as Q; = (Q1 + Q2)/2.

Load

m

Bﬂ & Hydraulic motor

/16 W/ N
0

/ !

-

|‘; T
A%
Proportional servo valve 40 Ps

v—it

Figure 7. Schematic diagram of the valve-controlled hydraulic motor.

The hydraulic pipeline of the docking device is short, and the friction, fluid mass loss
and dynamic pressure loss in the pipeline can be ignored. Moreover, the hydraulic motor
has a short continuous working time and a small oil temperature rise, so the change of oil
temperature and bulk modulus can also be ignored. The linearized flow equation of the
motor can be expressed as follows:

Vi dpr

_ dey
QL= DtMW + Cimpr + 4B, dt )

where Dy is the theoretical displacement of the hydraulic motor; ) is the rotation
angle of the hydraulic motor shaft; . is the elastic modulus of the effective volume,
Be = 700 Mpa; V; is the volume of oil inlet chamber of the hydraulic motor (including
valve, pipeline and oil inlet chamber); C;), is the total leakage coefficient of the hydraulic
motor Cip1 = Cipr + Cep/2; Cip is the internal leakage coefficient of the hydraulic motor;
and G, is the external leakage coefficient of the hydraulic motor.

The torque balance equation of the hydraulic motor is as follows:

d20,
dt?

o
+ By L GOy + Ty )

T¢ = DimpL =17 It
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where Ty is the theoretical torque of the hydraulic motor, | is the total inertia of the hydraulic
motor and the load, 0, is the rotation angle of the hydraulic motor shaft, By, is the total
viscous damping coefficient of the hydraulic motor and the load, G is the torsional spring
stiffness of the load, and T, is the external load force acting on the motor.

The following equation be obtained after the Laplacian transformation and combina-
tion of Equations (1)—(3):

K
B Xo— K (14 gheoTe

Kee BmVi B KC[’ KV, Kce
3+ (& f+4ﬁyD;) +(1+ e 4 ) +

4)

Om = W
48.D3,

where K. is the total flow-pressure coefficient, K¢, = K¢ 4 Cypg.

Equation (4) shows the response characteristics of the hydraulic motor rotation angle
to the valve input displacement and load force and takes into account the influence of
the system’s physical characteristics such as inertial load, elastic load, viscous friction
load, hydraulic motor leakage, and oil compressibility on the motor speed. The load of
the docking device can be considered as an inelastic load, that is G = 0. In addition, the
damping coefficient D%A / K¢e is much larger than By, so BpKee / D%/I < 1. In order to study
the control characteristics of the system, the load is considered as the interference term
in this paper, so the transfer function of motor shaft rotation angle to valve displacement
without load can be obtained as follows:

Gﬂ_ Kq/DM

Gm(s) = - = ©)
Xo  s(Z+Tas+1)
W

where wy, is the natural frequency of the system, wy, = D f, 7 Cn is the damping of
the system, ¢, = K“ </ ﬁ‘}t + 4DM ,/ ; and, in general, By is very small, so ¢j can be
simplified as &), = g—f\; ﬁv%

The hydraulic system parameters in Equation (5) are listed in Table 1.
Table 1. Parameters of the hydraulic system.

Dy Vi J Be K.
16 mL/r 1.5 x 107*m?  0.083 kg-m/s? 700 MPa 51x 107" m5/Ns

In practical engineering, generally ¢, ~ 0.1 ~ 0.2, and in this paper we set {;, = 0.1.
Finally, the transfer function of the hydraulic motor can be obtained as follows:

K,/Du
Gm(s) = i (©)
(3822 + 555 5+1)

Equation (6) is composed of a proportional component, an integral component, and a
shock component, and it can be concluded that it is a type I system.

In addition to the proportional servo valve and the hydraulic motor, mathematical
models of other components in Figure 6 also need to be established. The proportional
amplifier is used together with the proportional servo valve to convert the input voltage
signal into a current signal and output it to the proportional servo valve.

In this paper, the rated input voltage of the proportional amplifier is Uy = 10 V and
the rated output current is Iy = 3 A, then the proportional amplification gain is as follows:

3
Ko=Up/Ip= 15 =03 A/V @)
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The transfer function of the proportional servo valve is a typical second-order model,
which could be expressed as follows:

KXU
R

wSU

KypGso(s) = Q(s)/I(s) = (8)

where Ky, is the flow gain of the proportional servo valve, Ky, = Agqu\/Ap/Apn/ 1 Agy is
the flow gain under the specified valve port pressure drop of the proportional servo valve,
Agy =25 L/min; Ap is the actual valve port pressure drop of the proportional servo valve,
Ap = 3.7 MPa; Ap, is the specified valve port pressure drop for the proportional servo
valve, Ap, = 10 MPa; Gs,(s) is the transfer function of the proportional servo valve; Q is
the flow of proportional servo valve; I is the input current of the proportional servo valve;
Wsy is the natural frequency of the proportional servo valve, ws, = 502.4Hz; and (s, is the
damping ratio of the proportional servo valve, with a value range of 0.5~0.7.
Therefore, Equation (8) can be rewritten as follows:

-3
KzoGsals) = Q8)/1(s) = —5— ©)

12
502 T 50048 T 1

The deviation signal input by the proportional amplifier is as follows:
O = 0, — 0¢ (10)

where 6 is the control voltage signal and 6y is the feedback voltage signal.
The feedback signal of the angle sensor is as follows:

0 = Kqf (11)

where Kj is the gain of the angle sensor, Ky = 1.44 V/rad.
The input current equation of the proportional servo valve is as follows:

The speed reduction ratio of the worm gear mechanism is i = 80.
The angle control block diagram of the heading angle adjustment circuit can be
obtained by combining Equations (5), (7), (8) and (10)-(12), as shown in Figure 8.

1, K vV
ce 1+ r
" D2, I+ BK. $)
1
I (@) _ — 0,
i K.\'szv (S) d ]'/DIL[ S(S—2 + 2—§hS + l) 1/1 >

h e

A

K,

Figure 8. The angle control block diagram of the heading angle adjustment circuit.

Taking the load as interference, when the external load torque T} is zero, the block
diagram of the system can be simplified as Figure 9.
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1
b 0 Oy
»K G _(s)F—{1/D » 57 28 > /i >
xv S\'( ) / M S(ﬁ-i-ﬁS-l-l) /I
(0,7 @,
K, <

Figure 9. Simplified angle control block diagram of the heading angle adjustment circuit.

Therefore, the open-loop transfer function of the output angle 6, to the input signal
6, of the system is as follows:

KKy Gsp(s) 5—Kg 1.69
GK(S) - - :;v SUZ(QJ) o - s2 0.2 © s2 2x0.6 (13)
s(w—%—l—w—os—i-l) 5(38‘22 Jrgmerl)(SOZ42 + Spes+1)

4. Simulation of Dynamic Characteristics of the Hydraulic Control System

The open-loop Bode diagram of Equation (13) was calculated using Matlab, as shown
in Figure 10. It can be seen from Figure 10 that the phase margin and amplitude margin
of the system are 33.9 db and 89.9 db, respectively, so the system meets the stability
requirements. The open-loop crossing frequency of the system is 0.476 rad/s, which is
much lower than the natural frequency of the hydraulic actuator (38.2 rad/s) and the
natural frequency of the proportional servo valve (502.4 rad/s). Therefore, the system
bandwidth should be increased to speed up the response of the system. The phase margin
of the system is 89.9 rad /s, which is large and has good stability. However, the transient
response to interference is slow and the acceleration error of the system will also be large.

Magnitude (dB)

-270

Phase (deg)

-360 -

-450 ;
10

Frequency (rad/sec)

Figure 10. Open-loop Bode diagram of the established model.

In order to ensure the stability of the system, reduce the steady-state error, and
improve the response speed, the PID controller was used to improve the dynamic response
performance of the system. The module block diagram of the heading angle adjustment
circuit was established through Simulink in Matlab, as shown in Figure 11. The PID
parameters were optimized using the Simulink Design Optimization tool and the toolbox
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can select the best controller parameters that meet the requirements through continuous
simulation. Finally, we obtained K, = 9.5, K; = 0.03, and K, = 0.01.

= b " Outt ] % K NEELSIND, ! Seope
Step Kp2 n2 den(s) den(s)
Saturaion 'y 4 ) Gain F2 Gaind | (T)—p @]

Clock

PID Controller

XY Graph1

1.44 |= > /“

Gaint

Signal Constraint

Figure 11. Module block diagram of the heading angle adjustment circuit.

Figure 12 shows the response of the system to the unit step signal with and without
the optimized PID control algorithm and the response curve under the pulse interference.
The amplitude of the applied pulse interference is 10,000 and the duration time is 0.1 s. It
can be seen from Figure 12 that the system with optimized PID has no overshoot, and the
time to reach stability is about 1 s. Compared with the system without PID, its response
time to the unit step signal is reduced by 9 s. The maximum deviation of the system is
about 0.1 at 12.5 s and it takes less than 2 s for the system to return to the stable value
at nearly 14 s. Compared with the system without PID, the deviation amplitude of the
system from the target value under pulse signal interference is reduced from 0.4 to 0.1, the
deviation amplitude is reduced by 75%, the time to recover to the stable value is reduced
from 8 s to 2 s, and the time is shortened by 75%. The anti-interference ability of the system
is significantly improved after the optimized PID control algorithm is applied.
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Figure 12. Response of the system to the unit step signal and response curve under the pulse

Time/ sec

interference: (a) unit step response of the system with optimized PID; (b) unit step response of the
system without PID; (c) response curve of the system with optimized PID under pulse interference;
(d) response curve of the system without PID under pulse interference.

5. Experimental Validation

The experiment of the heading angle adjustment of the docking device was conducted
in a water pool to validate the accuracy of the modeling and the effectiveness of the control
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algorithm. The physical experiment diagram of the docking device in the water pool is
shown in Figure 13. The three feet of the docking device are located at the bottom of the
pool and the docking device is completely submerged in the water.

Figure 13. Physical experiment diagram of the docking device in the water pool.

In order to test the tracking performance of the system, a sine signal was input to the
system, and the equation of the signal is y = 60 sin (0.05 t). The response curve and control
voltage curve of the system are shown in Figures 14 and 15, respectively. It can be seen
from Figures 14 and 15 that, in the first cycle, the maximum positive error is 5° (at 10 s),
the corresponding control voltage is 0.25 V, the maximum negative error is 5° (at 61 s), and
the corresponding control voltage is —0.3 V. In the second cycle, the tracking error of the
system increases. The maximum positive error is 10° (at 130 s), the corresponding control
voltage is 0.45 V, the maximum positive error is 10° (at 175 s), and the corresponding control
voltage is —0.45 V. The maximum error of the angle tracking of the system is 8.3% under the
excitation of the above sinusoidal signal. As a whole, the angle tracking error of the system
is always small, which shows that the model of the hydraulic circuit and the control system
established in this paper has achieved high accuracy, and the accuracy of modeling and
the effectiveness of the control algorithm were validated. The performance of the docking
device and the effectiveness of the control algorithm in the deep-sea environment need to
be further verified.
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Figure 14. The expected trajectory and experiment response of the system.
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Figure 15. Control voltage of the proportional servo valve.

6. Conclusions

In this paper, a funnel-shaped underwater docking device with multi-degree freedom
based on a submarine platform was designed. In order to realize the timely adjustment of
the heading angle, pitch angle, and roll angle of the docking device, a set of underwater
hydraulic system was developed as the power source to drive the corresponding hydraulic
cylinders, hydraulic motors, and other executive components. The model of the heading
angle adjustment circuit of the hydraulic system was established and the open-loop transfer
function of the circuit was derived. In order to ensure the stability of the system, reduce
the steady-state error and improve the response speed, the optimized PID controller was
employed to increase the system’s dynamic response performance. The simulation results
demonstrate that the anti-interference ability of the system has been greatly increased as the
optimized PID control algorithm is applied. To validate the accuracy of the modeling and
the effectiveness of the control algorithm, the experiment of the heading angle adjustment
of the docking device was carried out in a water pool. The maximum error of the angle
tracking of the system is 8.3% under the excitation of the sinusoidal signal. It was concluded
from the experiment results that the angle tracking error of the system is small, showing
that the model of the hydraulic circuit and the control system established has achieved
high accuracy and the control algorithm is effective.

In future research, we will focus on the research of the collision between the AUV and
the docking device during the docking process and the AUV docking control strategy, in
order to achieve more accurate underwater docking.
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