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Abstract: Underwater docking greatly facilitates and extends operation of an autonomous underwater vehicle (AUV) without the
support of a surface vessel. Robust and accurate control is critically important for docking an AUV into a small underwater funnel-
type dock station. In this paper, a docking system with an under-actuated AUV is presented, with special attention paid to control
algorithm design and implementation. For an under-actuated AUV, the cross-track error can be controlled only via vehicle heading
modulation, so both the cross-track error and heading error have to be constrained to achieve successful docking operations, while
the control problem can be even more complicated in practical scenarios with the presence of unknown ocean currents. To cope
with the above issues, a control scheme of a three-hierarchy structure of control loops is developed, which has been embedded with
online current estimator/compensator and effective control parameter tuning. The current estimator can evaluate both horizontal
and vertical current velocity components, based only on the measurement of AUV’s velocity relative to the ground; in contrast,
most existing methods use the measurements of both AUV’s velocities respectively relative to the ground and the water column. In
addition to numerical simulation, the proposed docking scheme is fully implemented in a prototype AUV using MOOS-IvP ar-
chitecture. Simulation results show that the current estimator/compensator works well even in the presence of lateral current
disturbance. Finally, a series of sea trials are conducted to validate the current estimator/compensator and the whole docking
system. The sea trial results show that our control methods can drive the AUV into the dock station effectively and robustly.

Key words: Autonomous underwater vehicle (AUV); Docking systems; Current estimator; Current compensation; Docking
control
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1 Introduction

Use of autonomous underwater vehicles (AUVs)
has much increased in ocean activities in recent years;
example applications include military surveillance
(Curtin et al., 1993), ecosystem monitoring (Baum-
gartner et al., 2014), scientific application (Ludvigsen
et al.,, 2014; Zhang et al., 2016), three-dimensional
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(3D) visual observation (Sato et al., 2014), oil spill
detection (Choyekh et al., 2015), and deep-sea ex-
ploitation (Kilgour et al., 2014). In such applications,
users almost always desire that an AUV can carry
more sensors, some of which may be quite power
intensive, and be operated for long duration and large
coverage (Baumgartner et al., 2014; Zhang et al.,
2014; Choyekh et al., 2015). This requirement can
hardly be met given the limitation in the state-of-the-
art battery technology (Bradley et al., 2001; Borgogna
et al., 2015). As a consequence, traditionally AUVs
can only survey around the shore or must be accom-
panied by a support ship (McEwen et al., 2008).

To mitigate the ship support requirements and
also increase the covert nature of AUV operations,
numerous research groups have developed various
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docking technologies (Singh et al., 2001; McEwen
et al., 2008; Park et al., 2009; Peng et al., 2014; Li DJ
et al., 2015). The basic function of a docking system
is to charge the AUV, download data, and upload new
missions (McEwen et al., 2008). As the in-situ un-
derwater electricity charging and data transmission
techniques improve, docking an AUV becomes prac-
tical (Li et al., 2010; Chen et al., 2012a, 2012b; Shi
etal., 2014).

Singh et al. (2001) introduced a docking system
based upon an acoustic ultra-short baseline (USBL)
system that allows the AUV to approach the dock
from any direction. The system was installed on the
mooring of an autonomous ocean sampling network,
and the dock was capable of long-term deployment at
a remote site. Allen et al. (2006) presented the design,
development, and testing results of the field demon-
strations of a funnel-type docking station for a modi-
fied REMUS-100 series AUV; a digital USBL system
was used to navigate the AUV into the entrance noz-
zle of the dock. A funnel-type docking system for a
torpedo-like flying vehicle was designed, built, and
tested at sea by McEwen et al. (2008). The dock was
attached to a cabled observatory in southern Monte-
rey Bay, used to support docking operations with a
54-cm diameter AUV; it had a fixed heading, and
provided rigid data/power connection and safe park-
ing for the AUV. A vision guided docking system was
presented by Park et al. (2009). There are five lights
installed on the dock for vision guidance. A fun-

nel-type docking system was introduced by Li DJ et al.

(2015). The dock station was connected to a cabled
ocean observatory network, which can charge the
AUYV, download data, and upload new missions. Peng
et al. (2014) presented a hybrid glider for underwater
docking. A dynamic model of the hybrid glider was
derived and evaluated for docking with a funnel-type
dock.

Robust and accurate control is critically im-
portant for docking an AUV to a small underwater
structure, and the problem will become even more
complicated with the presence of unknown currents
(Cowen et al., 1997; Teo et al., 2012). Cowen et al.
(1997) introduced optical terminal guidance for
docking, and a traditional proportional-integral—
derivative (PID) controller was adopted. The system

was shown to be effective without current disturbance.

McEwen et al. (2008) proposed a controller for AUV

docking, with the current being considered as a dis-
turbance in the control loop but without the corre-
sponding consideration in the controller design. A
conceptual idea to overcome the current effect was
introduced by Park et al. (2009), as in this study the
current velocity was assumed to be known. Park et al.
(2011a, 2011Db) presented a time-varying current ob-
server for current velocity estimation, and the per-
formance of the observer was evaluated by simulation.
However, in their study the AUV was modeled as a
mass particle, and the current observer had less con-
sideration on the actual control response of the vehi-
cle; therefore, the method can hardly be applied in
practice. Refsnes et al. (2006) presented a controller
using the estimate of the current velocity to com-
pensate for environmental disturbances; however,
some theoretical analyses were given without any
experimental validation. Teo et al. (2012, 2015) pro-
posed a fuzzy controller for AUV docking control,
which took current estimation into consideration. The
proposed current estimator could potentially handle
unknown ocean currents. However, the estimator
required the AUV conduct an open-loop mission at
first for current estimation, which is not practical in
high sea states or harsh environments and thus could
be tested only by simulations. The path-following
control for fully actuated and under-actuated vehicles
was analyzed by Xiang et al. (2016), indicating that
the side-slip angle of the vehicle plays an important
role in the evolution of the dynamics with different
actuation configurations. Xie et al. (2016) gave a
review of the control methods used in spacecrafts,
which can be applied for an underwater vehicle. Zhou
et al. (2013) presented a neural network method in-
tegrating a path-following control algorithm with
current disturbance resistance capability, and the
controllers were designed to guarantee that all the
error states in the path-following system were as-
ymptotically stable. Simulation results illustrated that
the proposed methodology was effective and capable
of attenuating the path-following error in currents.
However, this approach was just implemented by
simulation, and the feasibility of implementation in a
real system is hard to tell.

This study is focused on the design and imple-
mentation of the docking strategy, controller, and
current estimator/compensator. A docking system
with an under-actuated AUV is presented and the
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control strategy is developed for AUV docking with
an unknown current. For an under-actuated AUV,
special attention should be paid to docking control
because the cross-track error can be controlled only
via vehicle heading modulation, so both the highly
accurate cross-track and heading control are required
to ensure successful docking operations, while the
control problem can be even more complicated in
practical scenarios with the presence of unknown
currents. A current estimator for both horizontal and
vertical currents is developed based on the AUV
control results, which need only the information of
the vehicle’s velocity relative to the ground. The
proposed current estimator requires low sensor con-
figuration, which can reduce cost in practice. A cur-
rent compensator is also designed and applied in the
docking control loop. A robust control strategy for
under-actuated AUV docking is further proposed. The
control strategy and current estimator are validated
via both simulation and sea trials. Through simulation
and experiments, the proposed approaches are
demonstrated to be effective, and robust in compen-
sating for current disturbances. Besides, the functions
of the whole docking system are fully tested during
the sea trials.

2 Docking system design

A docking system is designed, including two
parts: dock station and docking AUV (Fig. 1). The
basic function of our dock station is to charge the
AUYV, download data, and upload new missions. The
docking AUV should have the capability to guide,
navigate, and control itself into the dock station in a
strategic manner.

2.1 Dock station

The dock station is a funnel-type one, designed
to stand on the seafloor and can be connected to a
cabled ocean observatory network (Fig. 1). The dock
consists of the following parts: funnel-shaped en-
trance, terminal tube, base, waterproof chamber,
USBL, underwater camera, two underwater lights,
compass, depth sensor, and data and power transmis-
sion components.

The funnel-shaped entrance, with a diameter of
1.2 m and a cone angle of 70°, is used to guide the
AUV into the terminal tube. The funnel and tube are
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Fig. 1 Photo of the designed docking system

fixed on the top of a 3-m-tall base, and the total
weight of the base is about 3500 kg. These parameters
are determined by the required docking trial condi-
tions (Shi et al., 2015). The control circuits of the
dock station are installed in a waterproof chamber;
they are used to manage all the devices installed on
the dock station, including all the navigation sensors,
observation sensors, and data and power transmission
components. A USBL is fixed atop the dock station to
locate the AUV and then transmits the location in-
formation to the AUV acoustically. Since the location
of the dock station is pre-known and the orientation of
the dock station can be measured by the compass
equipped, the dock information can be sent to the
AUV through the USBL periodically. The underwater
camera is used to inspect the docking process. The
lights on the dock station provide a landmark for
AUYV vision guidance and can also illuminate the area
around, so that the vehicle can be visible through the
inspecting camera. The compass measures the dock
orientation, and the depth sensor gives the absolute
depth of the dock station. The data and power trans-
mission components are applied for data exchange
and power charging between the dock station and the
AUV. This is the main function of the docking system
in Li DJ et al. (2015) for detailed design.

2.2 Docking vehicle

A torpedo-like AUV is used for docking opera-
tion. This is a modified version of the Dolphin II
AUV developed at Zhejiang University (Li et al.,
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2014; Zhang et al., 2014) (Fig. 2). With the front
payload customized for docking, the AUV has a
length of 2.5 m; the diameter of the standard modules
is 200 mm, and for the front docking payload part, the
diameter is 290 mm.

Propelling
section

= [Docking Control and [[Navigation and

Fig. 2 The modified Dolphin-II AUV for docking

2.2.1 Hardware system

The docking AUV is a modular designed system,
consisting of four sections: propulsion section, con-
trol and energy section, navigation and communica-
tion section, and docking section.

The propulsion section includes one propeller
and four control planes, through which the speed and
attitude of the AUV can be controlled. An X-shaped
control plane structure is adopted to have better ma-
neuverability. The control and energy section consists
of the PC104-based control computer and the related
peripheral system and a battery pack. The battery is a
rechargeable lithium battery, which can be charged by
the dock station. The navigation and communication
section includes a depth sensor, a compass, and a
Doppler velocity log (DVL), which measures AUV’s
altitude and velocity with respect to the bottom. The
radio, WiFi, and Global Position System (GPS) an-
tennas are contained in a 20 cm high antenna housing.
The docking section is specially designed to imple-
ment docking functions as mentioned above. It in-
cludes one acoustic transducer for communication
and AUV positioning, one camera for terminal vision
guidance, one coil and charging circuits for wireless
power charging, and a WiFi antenna for high speed
data transmission.

2.2.2 Software system

The modular software development of the AUV
is based on MOOS-IvP architecture (Newman, 2008).
MOOS stands for ‘mission oriented operating suite’
and IvP stands for ‘interval programming’, which is
a mathematical programming model for multi-

objective optimization.

MOOS has a star topology structure (Fig. 3). A
MOOS community consists of processes that com-
municate through a database process called the
MOOSDRB in a ‘publish and subscribe’ manner. Each
MOOS process has two key methods, which are
called at a user-specified frequency. The OnNew-
Mail() is used to check for new mail from the
MOOSDB. The Iterate() method is called to allow the
process to handle any newly received mail, and the
results are then published back to the MOOSDB.

S5Hz 30Hz 10Hz 5Hz 10 Hz

[ iGPs | [iDVL] [iCompass |[pBhvLoad| | iBattery |
Hz 4Hz
0
\ 5Hz

5Hz

pMOOSSafety

10 Hz

10 Hz

10 Hz 10 Hz

Fig. 3 MOOS community of the docking AUV. Each
process is denoted by its name and calling frequency

As shown in Fig. 3, the MOOS community in the
docking AUV is composed of processes for naviga-
tion (iGPS, iDVL, iCompass, iUSBL, iVision, pNav),
control (pMarinePID, pHelmlvp, iADIO), docking
operation (pDockProcess, pUndockProcess), propul-
sion (iPropulsion), energy (iBattery), safety
(pMOOSSafety), communication (iRadio), and data
log (pLogData). Processes with prefix ‘i’ are called
interface applications, which interact with individual
external devices. Processes with prefix ‘p’ are called
pure applications, which process data acquired from
MOOSDB. The processes with white background in
Fig. 3 are the basic AUV functions. The processes
with blue background are especially developed for
docking operation. iUSBL and iVision are used for
docking guidance. pDockProcess and pUndockPro-
cess are used to implement docking and undocking
sequences, respectively. pCurrentObserver is used for
online current estimation.

2.3 Docking scheme analysis

The dock station is deployed on the sea floor
with position measured a priori. The depth and
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orientation of the funnel are measured by the depth
sensor and compass installed on the dock station,
respectively. The USBL and vision are used for ter-
minal navigation and guidance, respectively, and thus
only a rough estimate of the initial location of the
dock is needed.

Given the performance of the navigation devices
and the control objective, the AUV docking control
process is divided into the following steps:

1. Autonomous navigation and waypoint track-
ing guidance

When the AUV starts homing, it may have been
navigated using the measurements of onboard navi-
gation devices but not USBL and GPS. Thus, there
will exist some accumulated navigation errors. In the
presence of large navigation errors, it is better to make
the AUV conduct a waypoint tracking mission to the
dock station in order to drive the vehicle to within the
USBL range. Based on the lake test results, the USBL
signal is good enough within a range of about 150 m.

2. Flying around and searching for USBL signal

If the AUV receives a USBL signal, it fuses the
USBL information into the navigation filter to elim-
inate the accumulated error, and begins to execute
step 3. If the AUV did not receive any USBL signal at
step 1, it could be that the vehicle is not in the USBL
field of view or that the navigation error is too large
and thus the vehicle is out of the USBL range. In this
case, the AUV will begin to fly around the dock in a
circle and search for USBL signals.

3. Going to the marked point

To improve the probability of successful docking,
the AUV is driven to arrive at a marked point at first,
which is located along the dock centerline and the
location is previously determined after the deploy-
ment of the dock station. In our test, the point is set
150 m away from the dock station.

4. USBL aided homing guidance and path
following

If the AUV reaches the marked point, it will
approach along the dock centerline with cross-track
error control, aided by USBL navigation information.
The USBL can supply signals every 8 s at this step,
and the AUV processes the DVL and compass meas-
urements using the extended Kalman filter (EKF) to
navigate the vehicle through the gap of USBL updates.
The disturbance caused by lateral ocean current will
be compensated, and thus the vehicle will not be

Li et al. / Front Inform Technol Electron Eng 2018 19(8):1024-1041

blown downwind during its approaching. Meanwhile,
the vehicle decreases its speed (to 1 m/s in our case) to
prevent it from hitting the dock with too much
momentum.

5. Terminal computer vision guidance and
control

When the AUV is less than 20 m away from the
dock, it begins to check the vision signal. If the AUV
receives the vision signal, it fuses the information to
the control loop. If there is no vision signal, the ve-
hicle will use the USBL signal for docking guidance.
This stage is critical for docking operation. Details of
the control considerations are given in our previous
work (Li B et al., 2015).

6. In dock and latch

The dock station uses a WiFi connection to judge
if the AUV has docked with the station successfully;
if the WiFi between the AUV and the dock is con-
nected, the docking operation is successful. When the
AUV is in dock, the dock control system will power
on the electromagnet, which will grip the AUV im-
mediately. Once the AUV is latched, it can start to
charge the battery and upload or download data.

In our docking strategy, the conventional 3D
path-following problem is divided into motion con-
trols in the horizontal plane and vertical plane sepa-
rately. This aims to simplify the controller design.
Different from most of the existing docking systems,
a long-distance straight-path-following strategy is
proposed in our docking process, and the advantages
are as follows: (1) Docking in a straight path along the
dock centerline enables the AUV to estimate the
current velocity easily; (2) The AUV moving along
the dock centerline can achieve the maximum dock-
ing view angles and ensure better acoustic and vision
signals; (3) Our docking strategy requires a relatively
loose bound on the navigation accuracy compared
with the 3D path-following control scheme. In our
case, the AUV requires high navigation accuracy
across the cone axis but low navigation accuracy
along the dock centerline.

The above docking strategy is fully implemented
in our AUV prototype using MOOS-IvP architecture.
Fig. 4 shows the simplified docking process in state
diagram form.

If the vehicle finishes power recharging and the
new mission is obtained, the AUV will begin with the
undocking process by reversing the propeller. The
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distance between the vehicle and the dock is checked
to determine whether the vehicle undocks with the
dock successfully. If the distance between the dock
station and the AUV is large enough, the undocking is
considered to be successful. The undocking process is
illustrated by Fig. 5.

Each of the operation stage has a timeout judg-
ment during the docking and undocking processes.

Homing initiated? |

Time out?

Close enough to dock?

earching Abort
for USBL (surface)
Get USBL signal?
ransit to

marked 3 misses?
A misses?
point Less than 3
misses?
At the marked point?

Close enough & vision

present? Passed

Electromagnet is power
on?

Mission ends
Download data
Start/stop charging
Upload new
mission

Fig. 4 State diagram of the homing and docking
sequence
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& time out?
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Fig. 5 State diagram of the undocking process

3 Docking control and current compensator

The primary task in a docking mission is to
navigate and control the AUV into the dock station
safely. Steps 4 and 5 in Section 2.3 are critically im-
portant in the docking operation. For an under-
actuated AUV, no lateral thruster is used for sway
control, and one can control only its heading to
eliminate the cross-track error. It is quite challenging,
if not impossible, to maintain an AUV heading toward
the dock perfectly while maintaining a zero
cross-track error under the lateral current disturbance.
Thus, the main concern of the docking control is how
to eliminate the cross-track error in the presence of
lateral current. In this section, mainly the horizontal
plane controller in steps 4 and 5 are studied, and a
current estimator and a current compensator are de-
signed in addition to the controller.

3.1 Docking control strategy

The control objective is to force the autonomous
vehicle to track the docking cone centerline in the
presence of lateral current. Here we assume that the
forward velocity of the AUV is non-zero, and that the
velocity of lateral current remains stable.

Fig. 6 shows the definitions of the symbols in the
docking controller design. Angles are defined to be
positive clockwise and zero in the north. There are
three coordinate systems: Earth-fixed frame, AUV
body frame, and dock frame. The dock station is lo-
cated at (Xgock> Vdock)> and its orientation is @gocx, both
expressed in the Earth-fixed frame. Ay is the cross-
track error of the AUV with respect to the dock cen-
terline, Ad is the distance projection between the
AUV and the dock along the dock centerline, and
A=y auv—(@doccT180°) is the angle between dock
heading and AUV heading, called ‘cross angle’ here.
Viateral current 15 the velocity of the lateral current in the
docking frame. A successful docking operation has
strict control constraints on Ay and Ay at the final
docking point, which are determined by the dimen-
sion of the dock entrance. In our docking system, the
control objective is to make Ay<0.6 m and Ay<35°
regardless of the current disturbances. Fig. 7 presents
docking control loops in the horizontal plane. There is
a three-hierarchy structure of control loops, embed-
ding a current estimator and a current compensator.
The outer loop is developed to calculate the cross-
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track error and transform the cross-track error Ay to
the equivalent heading control angle A¢'. The middle
control loop fuses the equivalent heading control
angle ¢', current compensation angle @crp-angle, and
AUV current heading error Ayayy together as the
inputs of the inner controller. The inner loop is the
basic controller for yaw control, and its outputs are
the deflection angles of the control planes. In our
docking controller, heading control parameters need
to be tuned first, and then the proportional factors of
the equivalent heading control angle and crab angle
are tuned. The input of the inner control loop is Ae:

Ae = klA¢' + k2¢)crabiangle + k3Al//AUV H (1)

where ki, ky, and k; are proportional factors of the
above three angles.

Note that
AV v =VWauy = Veer> (2)
_ vlateralicurrems
¢crab7angle = arctan s (3)
vtotal

where ¥.=@4occt180°. Since we have defined a cross
angle Ay as mentioned before, here Apauv=Ay.
Viatreral currents 15 the velocity of the lateral current to be
estimated, and vy, 1S the speed of the AUV relative to
the ground. A current estimator is integrated in the
docking controller (Fig. 7). Before compensating for
current disturbance, the AUV is set to work under
cross-track error control with £=0 in Eq. (1), to es-
timate the lateral current velocity. Then the estimated

Earth-fixed frame
Docking frame
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Vlaleralicurrem

———— ,/’
A ,,
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S \
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Fig. 6 Angle and reference frame definitions
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Fig. 7 Horizontal plane docking control loop

current velocity is further considered in the current
compensation controller with £,#0 in Eq. (1). If there
is no current compensation term, cross-track errors
will increase due to the current effect. Thus, current
compensation is quite necessary for keeping the ve-
hicle running along the dock cone centerline. The
current estimator will be discussed in detail in Section
3.3.

In the terminal stage, vision information is used
for navigation instead, for more accurate docking
guidance. The term Ag’ in Eq. (1) is switched to be the
vision information A@ysion in Fig. 7. Note that under
the MOOS framework, it is quite flexible in switching
or adding external items in the controller.

3.2 Current compensator design

To maintain the vehicle at a desired course in the
presence of lateral currents, a crab angle correction
term is introduced to the docking control loop in
Eq. (1). The crab angle varies with the lateral current
velocity and the AUV’s velocity. In this subsection,
we focus on horizontal crab angle calculation.

The crab angle is defined in Eq. (3). When the
AUV is running in a steady state, which means the
cross-track error Ay varies within 8y during a certain
time interval 7, the input of the inner control loop Ae
will approach zero. dy is a small value dependent on
the cross-track error control accuracy.

If there is no lateral current, gcrap-angle=0. Because
no current needs to be compensated, the final cross
angle Ay will be zero when the AUV runs in a steady
state. As a result, the vehicle is expected to navigate
along the cone centerline with a perfectly aligned
heading.

If there exists lateral current, without crab angle
correction, there will be a large constant cross-track
error and a cross angle when the AUV is in a steady
state. The path and attitude of the AUV running in this
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case are shown in red in Fig. 8. Since Ae is approxi-
mately zero when the AUV is in steady state, ac-
cording to Eq. (1), there must be some non-zero cross
angle Ay to cancel the effect of the lateral current.
Thus, the equivalent angle of the cross-track error and
the cross angle in the steady state are related by

Ap'=— LS Ay, @)
kl
_ vlateralicurrents
Ay=arctan| ———— |. ®)
vtotal

With a crab angle term added as in Eq. (3), the
steady cross angle is equal to the crab angle with
ky=k; according to Eq. (1). Again, in the steady run-
ning state, the cross-track error and cross angle can be
described as follows:

Ay =0, (6)

A _ _ vlatcra]fcurrcnts
l//_ - wcrabianglc =arctan| ————— b (7)
vtotal

and thus the AUV will track the cone centerline with a
non-zero cross angle.

If crab angle correction is not accurate in Eq. (3),
the cross-track error may not be zero, but should be
less than the case without crab angle correction.

3.3 Online current estimation

According to the control strategy described
above, the lateral current velocity in the docking
frame should be obtained first for further current
compensation. Most DVL systems (if not all) are able
to measure both the velocities relative to the ground
and the water column, and current velocity can be
obtained as the subtraction of the two measured ve-
locities. However, according to the DVL working
principle, there is a minimum range for water tracking
to guarantee adequate acoustic isolation; in addition,
there exists a maximum altitude for bottom tracking
to ensure enough echo intensity of the acoustic pulse.
For the Explorer DVL we use, the minimum range for
water profiling is 1 m, while the maximum altitude for
bottom tracking is 60 m; the parameters may change
with water quality. Strictly speaking, the current ve-
locity measured by DVL is not the current around the
vehicle but around the tracked water layer, and thus

the current velocity around the vehicle can hardly be
accurately measured by DVL. Besides, the DVL with
water tracking functions is always expensive. For the
above reasons, we have to develop a current estima-
tion algorithm for current compensation.

A novel current estimator is designed in addition
to the docking controllers. The following current
estimator can estimate the velocities of both hori-
zontal and vertical current components, using only the
measurement of AUV velocity relative to the ground.

3.3.1 Horizontal current estimator

In Fig. 8, the yellow AUV shows the vehicle’s
path and attitudes without current disturbances, and
the red AUV is the one under current disturbances.
Clearly, there exists a cross-track error Ay and cross
angle Ay induced by the lateral current.

AN
Earth-fixed frame

Docking frame

Vlatera |_current

Ap\\}
\ INN E

T
Body frame \\‘ X%

J
N\ N
N
N
AN Ay
N
<
N

Fig. 8 Current effect analysis

We assume that the current is uniform and steady.
When the AUV runs in a steady state, the cross-track
error Ay will stay at a constant value, and thus the
total velocity of the AUV will be parallel with the
docking centerline. At this time, the input of the PID
controller Ae is approximately zero, and the output is
also around zero, which means that the deflection
angles of the control planes are zero. For an un-
der-actuated AUV, the lateral velocity of the AUV can
be neglected in this case. The velocity relative to
ground presented in the docking frame can be meas-
ured from DVL. From Fig. 8, we can obtain the fol-
lowing equation based on the AUV kinematics in

Eq. (5):
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Viateral_currents — Vtotal tan(Ay). (8)
The above current estimator needs only the
measurement of AUV’s velocity relative to the
ground, without using the one of the vehicle’s veloc-
ity relative to the water column. If the output of the
heading PID is not zero, which means that the control
planes have certain deflection angles, the lateral body
velocity of the AUV may not be neglected. The de-
flection of the control planes produces forces and
moments that may affect the results of current esti-
mation. According to Fossen (1994) and McEwen
et al. (2008), Eq. (8) can be approximately modified
as follows:
tan(Ay )+k(n)o., ©)

vlateralicurrents - vtotal

where ¢, is the deflection angle of the rudder (vertical
control plane), n is the propeller speed (revolutions
per minute), and k(n) is a parameter factor related to
the propeller speed, which needs to be calibrated. The
second term on the right in Eq. (9) can be considered
as the estimated lateral velocity of the AUV in the
body frame, induced by rudder deflection. When the
AUV is in a steady state in the docking process, the
lateral current can be estimated by Eq. (9). However,
in practice both Ay and vy, are measured with errors:

(10)
(11)

A l//mcasurc =A 4 + éhcading ’

Vmcasurc = Vtotal + velocity 2

where A peasure 1S the measured cross angle, Vieasure 1S
the measured vehicle velocity relative to the ground,
Cheading describes the heading variation, including both
measurement and control errors, and &ieiociry 1S the
measurement error of AUV velocity. The measured
current can then be expressed as

v = tan(Ay,, ..0) + k(1)0..

lateral_currents = vmeasure (12’)
When the AUV is in a steady state, one can just
calculate the mean value of ¥ cmens and then use it

to estimate the lateral current. In practice, often the
current is not uniform but varies slowly, and thus
AWmeasure may vary slowly; in this case, some se-
quential filtering, such as a Kalman-type filter, can be
applied to estimate the horizontal current velocity.

3.3.2 Vertical current estimator

The vertical current can also influence the
docking process. Estimation of the vertical current is
similar to that of the horizontal one, but not the same
since the AUV is asymmetrical with respect to the
horizontal plane. In addition, there exists net buoy-
ancy for safety, which also affects current estimation.

When the AUV is in a steady state in a con-
stant-depth mission, the pitch of the AUV is a con-
stant. Thus, the vertical current can be expressed as
follows:

\% =V, tan(AO)+k'(n)o,, (13)

vertical_currents

where J. is the deflection angle of the elevator (hor-
izontal control plane), Af is the pitch angle, and the
other parameters have already been defined. The
second term on the right in Eq. (13) is considered as
the vertical velocity of the AUV in the body frame,
induced by elevator deflection.

Again,Af and v, may not be constant in prac-
tice, and they can be described as follows:

AOpe = DO+ E,

measure

(14)
(15)

itch »

Vincasure — Viotal T ‘:Cvclocity’
where AOpeasure 18 the measured pitch, Vieasure 18 the
measured vehicle velocity relative to the ground, &yitcn
describes the pitch variation, including both the
measurement and control errors, and Cyeiociry 1S the
measurement error of AUV velocity. Hence, the
measured current can be written as

% =vy tan(A6Q

vertical_currents measure measure ) + k '(n)é‘e N ( 1 6)

Similarly, we can just calculate the mean value

of v when the AUV is in a steady state and

vertical_currents

then estimate the vertical current. Similar to the hor-
izontal plane, some sequential filtering can be applied
to estimate the vertical current velocity if the current
varies slowly.

In this study, the vertical current is estimated and
used as the trigger of the protection program. If the
vertical current is too large, the depth control may be
unstable. In this case, the AUV should end its docking
attempt.



Li et al. / Front Inform Technol Electron Eng 2018 19(8):1024-1041

4 Simulation performance

Our simulation is run based on MOOS-IVP ar-
chitecture as described in Section 2. The vehicle
simulation incorporates a full six-degree-of-freedom
(6-DOF) vehicle model replete with vehicle dynamics,
center of buoyancy/center of gravity geometry, and
velocity dependent drag (Newman, 2008). The con-
troller described in Fig. 7 is implemented in the
MOOS simulator. The mass of the AUV is 70 kg and
the length is 2.5 m in our simulation model.

The docking process is studied using the control
strategy and docking sequences developed in this
study. We assume that the environment has a flat
bottom with a depth of 20 m. The dock station is
located at (0, 0, 20) m, and its orientation is 270°. The
radius of the dock is 0.6 m, and the cone angle is 70°.
The start point of the AUV is set at (=60, 10) m with
an initial heading of 90°, and we set the velocity of the
AUYV to be 1 m/s in the simulation. Before the dock-
ing operation, the current is estimated using the
method discussed in Section 3.3. All variables are
represented in the Earth-fixed frame.

4.1 Current estimator performance

For current estimation simulation, we add lateral
and vertical currents to the 6-DOF vehicle model in
the simulator, and make the AUV conduct a docking
process with cross-track error control.

4.1.1 In the horizontal plane

First we add respectively 0, —0.1, —0.2, —0.3,
—0.4, and —0.5 m/s lateral currents and zero vertical
current in the simulator, and estimate the current ve-
locity using Eq. (9). The parameter k£ in Eq. (9) is
pre-calibrated by selecting a special AUV speed and a
special velocity of the current. Once the parameter is
tuned at a certain propeller speed, it does not change
further; however, if the propeller speed is changed
from n to m, then the parameter k can be approxi-
mately described by mk/n. Fig. 9 shows the rudder’s
deflection angles when the vehicle runs through no
current and —0.5 m/s current, respectively. From the
figure, we find that the rudder’s deflection angle is
approximately zero even if there exists some current.

Table 1 shows the estimated lateral current ve-
locities in the dock frame under different conditions,
where the current is calculated by averaging the
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measured lateral current when the AUV is in steady
state. From Table 1, we find that the current estimator
can estimate the lateral current velocity accurately
and effectively. The accuracy of the estimates meets
our requirements for successful docking operations.

10 r

Ve=-0.5 m/s
5r | V=0 m/s

0

|
a

N
IS}
T

-15 [

Rudder’s deflection angle (deg)

0 20 40 60 80 100

Fig. 9 AUV rudder’s deflection angles in the docking
process

Table 1 Lateral current estimation results

Estimated error

True Estimated (m/s) Error
Case vrf:]l/ue Vsll/ue Bi Standard percentage

(n/s) (nvs) ' deviation

1 0 0 0 0.0007 -

2 —0.1 —-0.1004 0.0004 0.0008 —0.416%

3 -0.2 —-0.2004 0.0004 0.0007 —0.194%

4 -0.3 —-0.3004 0.0004 0.0006 —0.142%

5 —-0.4 —0.4009 0.0009 0.0008 —0.224%

6 -0.5 -0.5015 0.00015 0.0011 —0.293%

A Kalman filter (KF) is used for online current
estimation. As shown in Egs. (9)—(12), the measure-
ment noise is dependent on the heading control ac-
curacy, so we set the process error as w~N(0, 0.052),
and the measurement noise as v~N(0, 1). Fig. 10
shows the estimated current speed versus time when a
current of —0.5 m/s is considered. The blue line is the
true current velocity, and the red curve is the esti-
mated one. At the beginning, the AUV is not steady,
and the estimated current velocity fluctuates because
of the heading variation. When the AUV is in a steady
state, the current estimate converges as close as the
true current.

4.1.2 In the vertical plane

To validate the performance of vertical current
estimation, we add 0, —0.1, —0.2, —0.3, —0.4, and —0.5
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m/s vertical currents, respectively, and no lateral
current in the simulation model. Also, we add 1 N net
buoyancy in the AUV model for practical purposes.

----- Estimated current
- True current

; (a)

Current speed (dB)

MSE (dB)

(b) |

0 20 40 60 80 100
Time (s)

Fig. 10 Current estimation results: (a) estimation of
currents speed; (b) estimation error covariance

Similar to the parameter k£ in Eq. (9), the pa-
rameter £’ in Eq. (13) needs to be pre-calibrated by
selecting a special AUV speed and a special velocity
of the current. Because of the asymmetry of the AUV
body and the presence of net buoyancy in the vertical
plane, the elevator’s deflection angles oscillate
around a non-zero constant when the AUV is in
steady state (Fig. 11). Table 2 shows the estimation
results under different conditions, where the current is
calculated by averaging the measured vertical current
when the AUV is in steady state. From Table 2, it can
be found that the current estimator can estimate the
vertical current effectively in the presence of 1 N net
buoyancy. Comparing the estimation results with the
horizontal ones, we find that the latter has a better
performance than the former. This is because the
control accuracy in the horizontal plane is higher than
the one in the vertical plane. KF is again used for
online current estimation. As shown in Egs. (13)—(16),
the measurement noise is dependent on the pitch
control accuracy, so again we set the process error as
w~N(0, 0.012) and the measurement noise as v~N(0,
1). The estimation results are shown in Fig. 12. The
blue line in the figure is the true current velocity, and
the red curve is the estimated one. At the beginning,
the AUV is not yet steady, and the estimated current
velocity is far away from the true value. When the
AUV is in a steady state, the current estimate con-
verges to the true value but with a small fluctuation.
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The pitch is limited to [-25°, 25°] in our simulation
for stability considerations. The AUV does not ap-
proach the steady state at the first 90 s since the depth
changes at that time. This leads to the disagreement
between the red and blue curves in Fig. 12.

30

V=-0.5 m/s
vy V=0 m/s

20

15

10

Elevator’s deflection angle (deg)

0 50 100 150 200
Time (s)

Fig. 11 AUV elevator’s deflection angles in the docking
process with 1 N net buoyancy

Table 2 Vertical current estimation results

Estimator error

True Estimated (m/s) Error
Case value  value Standard percentage
(m/s) (m/s) Bias deviation
1 0 0.0000 0.0000  0.0631 -
2 -0.1 -0.0997 —0.0003 0.0620 0.302%
3 -0.2 -0.2013 0.0013  0.0593 —0.661%
4 -0.3 -0.3011 0.0011 0.0539  —0.370%
5 -0.4 -0.4013 0.0013  0.0554  —0.322%
6 -0.5 -0.5014 0.0014  0.1003 —0.280%
~ 10
% ----- Estimated current
; 05+ wowns True current
]
a oM (a)
§ ~05 [
3 -10 : '
0
@ -10 |
=)
w
g -20 | (b)
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Fig. 12 Estimation results of the vertical current with
1 N AUV net buoyancy: (a) estimate of current speed;
(b) estimation error covariance
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The above simulations show that the developed
current estimator can evaluate both horizontal and
vertical components of current velocity, using only
the measurement of AUV’s velocity relative to the
ground. The controlled attitudes are critical for this
current estimator to work properly. Comparatively,
lateral current estimation is more effective and simple,
which is very important for docking operation;
however, the behavior of the vertical current estimator
is more complicated because of body asymmetry and
net buoyancy. The parameter k& needs to be calibrated
previously by experiments for a certain type and
speed of AUV in practice. Most importantly, in this
study the current can be estimated online during a
docking process via KF.

4.2 Docking control simulation

Using the control strategy developed in the pre-
vious sections, here we study cross-track error control
under the disturbance of different lateral currents.
Again, the AUV starting point is set at (—60, 10) m in
the dock frame.

It is better to guide the AUV to track a prede-
fined path for docking operation. Commonly, the
AUV should first go to the centerline of the cone and
then approach the dock. A successful docking attempt
requires the following two basic conditions (in the
horizontal plane):

1. The cross-track error is less than the radius of
the dock (0.6 m in this work).

2. The cross angle between AUV heading and
the cone axis is less than a certain value (35° in this
work).

Case 1: cross-track error control with no current

We assume there is no lateral current, and the
AUV starts docking with cross-track error control and
heading control, which means &, is zero in Eq. (1).
Fig. 13 presents the results, where the green dot curve
is the AUV trajectory, the red arrow is the AUV
heading, the blue star is the start point, and the blue
triangle is the dock station. The results show that the
control method can eliminate the cross-track error
with no current, and also make the cross angle ap-
proach zero, as expected. In this case, the AUV can
get into the dock successfully.

Case 2: cross-track error control in current
without current compensation
We assume that there exists a lateral current, but

that the AUV implements docking operation without
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current compensation, which means £, is still zero in
Eq. (1). We compare the control results in currents
with the speed equal to 0, —0.1, —0.3, and —0.5 m/s,
respectively. As shown in Fig. 14, without current
compensation, the controller cannot eliminate the
cross-track error, and the larger the current velocity,
the larger the cross-track error. From Fig. 14, we can
see that the cross angle is not zero in currents, and that
the larger the current velocity, the larger the cross
angle. The cross-track error and cross angle turn to be
constant when the AUV is in a steady state. However,
the results show that the vehicle fails to enter the dock
entrance according to the given requirements on mo-
tion control.

14 o  Start point
P Dock station
12 === Dock axis
AUV trajectory
10 o> —= AUV heading
st
S 6
2
0\
2
0 = i i il
-2
—60 -50 -40 -30 -20 -10 0
East (m)
Fig. 13 Simulation results in case 1
o Start point --=-= Dock axis —> AUV heading
P Dock station AUV trajectory
15 15
(a) (b)
E 10 & E 10 >~
= <
€ 5 £ 5( )
s [\ 2 S
(0] > 0 =
-60 -40 -20 0 -60  -40 -20 0
East (m) East (m)
15 15
(c) R )
E 10 ¢ E10¢
g 5! N
2 e 29[ TTRETETE
0 > 0 »
—60  -40 ~20 0 -60 -40 -20 0
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Fig. 14 Simulation results in case 2 under different
current conditions: (a) V=0 m/s; (b) V=-0.1 m/s; (c)
Ve=—0.3 m/s; (d) V=-0.5 m/s

Case 3: cross-track error control in current with
current compensation
We assume that there exist lateral currents, and

that the AUV implements docking operation with
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current compensation, which means k&, k,, and k; are
all non-zero in Eq. (1); we set kj=k,=k;=1. The current
is estimated and compensated in the docking control
loops. Again, we compare the control results in dif-
ferent currents with the speed equal to 0, —0.1, —0.3,
and —0.5 m/s, respectively. As shown in Fig. 15, with
current compensation, the controller can eliminate the
cross-track error very well even in the presence of a
lateral current. From Fig. 15, we can also see that the
cross angle is non-zero in current, and that the larger
the current velocity, the larger the cross angle. The
cross angle turns to be constant when the AUV is in
steady state. The cross-track error and cross angle are
controlled to meet the requirements for a successful
docking operation.

o Start point ----- Dock axis — AUV heading
P Dock station AUV trajectory
15 15
| @ _ e
E 10 € 10T\
£ <
€ 5 £ 5\
21 AN
[1] - — S — 0 [,,, b, S il
-60 ,40 7‘20 0 -60 —40 -20 0
East (m) East (m)
15
[ @)
E 108
£ 5!
20
S
1 01 i G S T
—60 —40 -20 0 -60 -40 -20 0
East (m) East (m)

Fig. 15 Simulation results in case 3 under different
current conditions: (a) V=0 m/s; (b) V=-0.1 m/s;
(¢) Ve=—0.3 m/s; (d) V:=0.5 m/s

As a conclusion, without current compensation,
the cross-track error may be large for docking
(Fig. 14). Part of the reason is that the gain of the
path-following controller is not large enough to resist
the current. If the gain of the path-following control-
ler is set large enough, the cross-track error may be-
come smaller. However, increasing the gain of the
path-following controller and ensuring the stability of
the control system require tuning the control param-
eters carefully, which is quite time-consuming and
less effective. Actually, the main reason for the fluc-
tuation of the cross-track error is that the forward
speed is not large enough to provide enough thrust,
while increasing the forward speed can improve the
AUV’s capability in resisting current disturbance.
However, large speed could also make the AUV hit
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the dock station heavily with too much force at the
docking point. In our proposed path-following strat-
egy, the AUV is able to dock at a reasonable speed
and the control parameters are easily tuned. Accord-
ing to the results of our lake experiments and pre-
liminary sea trials, the AUV’s forward speed set to be
1 m/s works well in the docking operations.

5 Experimental results

To validate the performance of the proposed
current estimation/compensation algorithm and the
docking system, sea trials were conducted separately
in April and May, 2017, in the South China Sea. The
sea tests in April were conducted to validate
the effectiveness of the AUV current estimator/
compensator without locating the dock station in the
field, while the further sea trials in May were con-
ducted to test the whole docking system.

5.1 Sea tests of the current estimator/compensator

To evaluate the performance of the current es-
timator/compensator, a series of sea tests were carried
out in the South China Sea (Fig. 16).

Fig. 16 Sea test for the current estimator/compensator

The selected sea area has a relative flat bottom
with a depth of about 30 m. We validated the current
estimator and also compared AUV docking control
performance with and without the current compen-
sator. To ensure a better performance of DVL, the
AUV was set to dive to the depth of 10 m underwater.
The AUV uses EKF for navigation data filtering in
underwater missions without USBL.

5.1.1 Current estimation

First, the AUV ran a docking attempt to a virtual
dock station at the speed of 1 m/s with cross-track
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error control on surface, and then dove to 10 m water
depth to perform docking operation. The virtual dock
station was assumed to be located at the given posi-
tion, like (=94, 35) m in the horizontal plane, with the
orientation at 290°. Fig. 17 shows the estimated lat-
eral current speeds expressed in the dock frame,
which are processed by KF with a process error of
w~N(0, 0.01), and a measurement noise of v~N(0,
0.1). The red curves in the figures are the estimated
current velocities, and the blue dot curves are the
current velocities measured by DVL. Fig. 17 shows
that the current estimates can converge to the
DVL-measured current velocities in fewer than 10 s.
Note that there is more noise in the estimated current
speed in Fig. 17a because of surface wave disturb-
ances. Overall, the results demonstrate that the pro-
posed current estimation method is feasible and ef-
fective under reasonable current conditions.

5.1.2 AUV docking operation in currents

Since the online current estimation algorithm has
been validated effectively, the proposed current
compensator can be further applied in the control
algorithm. The control algorithm was tested sepa-
rately without locating the dock station in the field;
thus, a virtual dock station was assumed to be located
at (—94, 35, 10) m, with the orientation at 290°. There
were no USBL or vision systems applied during the
experiments; we adopted autonomous navigation
devices combined with EKF for navigation data fil-
tering. The effectiveness of the control algorithm was
evaluated by the final cross-track errors and the cross
angle at the dock station.

Tests were conducted with and without the cur-
rent compensator. The AUV was run with the control
algorithm, and the AUV’s speed was set to be 1 m/s
during the tests. The forward speed controller em-
ployed in this study is the conventional PID loops,
and the control results are shown in Fig. 18. Since
there is nothing special in the PID controllers them-
selves, here we just omit the specific details of the
controllers to shorten this paper.

The corresponding current velocity during the
docking operation is shown in Fig. 17b. Fig. 19
shows the comparison results for the following two
scenarios:

1. AUV docking without current compensation
(red dot curve);
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(b)
Fig. 17 Current estimation results in sea tests: (a) cur-
rent estimation results on the surface; (b) current esti-
mation results in a depth of 10 m
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Fig. 18 Forward speed of the AUV in the field experi-
ments

2. AUV docking with current compensation
(green double dot curve).

Fig. 19a gives the AUV paths during the docking
operation. As stated in Section 3, a successful docking
operation is achieved if the final cross-track error and
cross angle are less than 0.6 m and 35°, respectively.
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Fig. 19 Docking experimental results in currents with
or without compensation: (a) vehicle track; (b) corre-
sponding cross-track error and cross angle

Fig. 19b shows that without current compensation,
the final cross-track error is too large to achieve a
successful docking operation. However, the cross-
track error is sufficiently restrained with current
compensation, as shown by the green curve in Fig. 19.
The cross-track error and cross angle here are defined
and expressed in the dock frame.

Comparing the two cases, it can be found that
with current compensation, the cross-track error can
be kept within the required range to achieve a suc-
cessful docking operation, even though the fluctua-
tion of the cross-track error and the cross angle are
more obvious than the case without compensation
(Fig. 19b).

5.2 Sea trials of the docking system

To test the docking system and the control
strategy, a series of sea trials was carried out in the
South China Sea in May, 2017. The whole docking

system was tested in the sea areas with water depth of
about 50 m and 105 m, respectively.

First, we tested the docking system at the water
depth of 50 m (Fig. 20). The dock station was de-
ployed and located on the sea bottom. The docking
and undocking strategy shown in Figs. 4 and 5 had
been fully implemented and validated with the vehi-
cle. During the sea trials, the dock station was posi-
tioned at (0, 0, 50) m, and the dock orientation was
fixed at 330°.

2017-05-15,16:08:26
Fig. 20 Sea test for docking

We conducted 10 runs of successful docking
operation at 50 m water depth. Fig. 21 gives the ex-
perimental results of one successful underwater
docking attempt. The vehicle initiated the docking
operation at a start point on the water surface. When
the AUV approached close enough to a certain point
on the surface, which was located in front of the dock
station, the vehicle started to dive; if the depth of the
AUV is close to the dock station, it began homing and
searching for a USBL signal. Once the AUV got a
USBL position fix, it began to approach a given point
which was located on the dock centerline but 150 m
away from the dock station. Fig. 21a shows the
docking trajectory of the AUV from the start point on
the surface to the dock station underwater. We can see
that the vehicle passed by the marked point, accu-
rately followed the dock centerline and finally entered
the dock entrance. Figs. 21b and 21d present the
corresponding cross-track error and cross angle, re-
spectively. Fig. 21c gives the depths of the AUV and
the dock station. According to Fig. 21, it can be found
that the AUV cross-track error is less than 0.6 m, the
depth error is less than 0.6 m, and the cross angle is
less than 35° when the vehicle docks with the dock
station. This illustrates that a successful docking op-
eration is achieved. There was a small jump in the
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Fig. 21 One successful docking trial in depth of 50 m: (a) AUV track in docking process; (b) cross-track error;
(c) depths of the AUV and the dock station; (d) cross angle

cross angle when the vehicle ran near the dock station.
This is because the AUV hits the funnel-shaped dock
entrance, which channeled the vehicle into the ter-
minal tube and caused the change on the vehicle’s
heading.

As seen from Fig. 21a, the small fluctuation
along the trajectory is induced by the less stableUSBL
position fixes. The accuracy of USBL navigation is
good enough to navigate the AUV near the dock sta-
tion. However, it is not accurate enough for terminal
docking operation. The vision guidance was applied
in the terminal stage. From the sea tests, we can see
that our navigation/guidance and control systems are
robust and accurate enough to make a successful
docking operation.

The lateral and vertical current velocities in the
experimental sites are presented in Fig. 22. The red
curve shows lateral current velocity, while the blue
curve presents vertical current velocity. Fig. 22 shows
that there existed obvious lateral current during the
experiments, and thus current compensation is nec-
essary for motion control in the horizontal plane.
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Fig. 22 Current in the experimental sites

Once the AUV was latched inside the dock sta-
tion, it started to charge the battery, upload the col-
lected data, and download the next commands. Once a
new mission was uploaded, the AUV began to undock
by reversing the propeller. When the AUV moved
backward far away from the dock station, the un-
docking process was ended, and the AUV started to
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execute the new mission. Fig. 23 shows the undock
trajectory, from which it can be found that the AUV
can undock successfully.
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Fig. 23 One successful undocking trial in a depth of 50 m

After the docking system was fully tested at 50
m water depth, the dock station was further deployed
at the depth of 105 m to test the robustness of the
docking system. During this set of tests, the dock
station was positioned at (0, 0, 105) m, and the dock
orientation was 20.8°. Similar to the previous ex-
periments, the whole docking and undocking opera-
tions were conducted. The AUV entered the dock
station successfully. The power charging and data
transmission functions were also validated when the
AUYV was latched inside the dock station.

Our control strategy was fully tested and vali-
dated with a series of field trials. As shown in Fig. 21,
the proposed control methods can keep the cross-
track error and cross angle within the required ranges
in the open sea environments, which illustrates the
feasibility and robustness of our control algorithm
and docking system. The docking scheme shown in
Figs. 4 and 5 proves effective for underwater docking
operation, and it is especially suitable for the given
type of docking AUV and docking station.

6 Conclusion and future work

In this paper, a prototype underwater docking
system is designed, including the dock station,
docking AUV, and docking algorithms. A novel con-
trol approach that can handle current disturbances via
online current estimation/compensation is presented.

Different from the traditional current estimator, in
which the AUV’s velocity relative to both the ground
and the water column are needed, the proposed
method just needs the measurement of the AUV’s
velocity relative to the ground to estimate the current
velocity. Through the simulations based on the
MOOS-IvP model, the control strategy and the cur-
rent estimator/compensator are thoroughly analyzed
and verified. Moreover, the docking process, control
strategy and current estimator/compensator are fully
implemented in our docking system. Sea trials were
carried out in the South China Sea at different depths.
Sea trial results validated the feasibility and effec-
tiveness of the proposed control strategy and current
estimator/compensator. The docking scheme proved
robust and effective in the sea tests. Our docking
system showed satisfactory performance when
docking the vehicle to the station.

Future work will be focused on the improvement
of the guidance and control algorithms. As the veloc-
ity of the lateral current increases, the current com-
pensation method may lose its effectiveness, and this
means the cross angle and the cross-track error are
both too large to achieve successful docking opera-
tions. In this case, a different docking path should be
planned to align the AUV’s heading with the docking
heading in a large current; the docking path may be
designed depending on the current information.
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