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The development of a novel type of hybrid underwater glider (HUG) that combines the advantages of
buoyancy-driven underwater glider and propeller-driven autonomous underwater vehicle (AUV) has
recently received considerable interest. HUG is designed with a rotatable thruster to ensure the enough
maneuverability of the vehicle for underwater docking. Unlike the fixed funnel-type dock, the dock
proposed here can rotate actively to allow the vehicle to approach the docking station frommost range of
directions providing better accessibility for the vehicle. Considering that the ocean current may have a
significant impact on the HUG, a pursuit guidance algorithm with current compensation is presented.
The performance of the guidance algorithm is compared with other existing guidance algorithms, such as
pure pursuit guidance and proportional navigation guidance by simulation based on the dynamic model
of HUG. Moreover, underwater docking experiments are conducted to validate the feasibility of the
docking system and the effectiveness of the proposed guidance algorithm. The experimental results
indicate that the proposed algorithm compensates well for the current disturbances on HUG docking
mission and the HUG can dock with the rotatable dock entrance successfully.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Underwater gliders are highly efficient, winged underwater
vehicles that propel themselves by modulating their buoyancy and
attitude (Mahmoudian and Woolsey, 2008). These gliders are
widely used in oceanographic research because of their low cost,
long range, and high endurance. However, the low-speed cap-
ability presents with significant problems when operating in areas
with strong water currents that exceed the glider's maximum
forward speed (Claus et al., 2010). Moreover, gliders have limited
applications because they do not have horizontal flight cap-
abilities. By contrast, conventional propeller-driven autonomous
underwater vehicles (AUVs) have high maneuverability, but their
endurance time usually ranges from hours to days, which is much
less than underwater gliders.

A novel type of hybrid underwater glider (HUG) that combines
the advantages and features of gliders and AUVs is proposed
(Bachmayer et al., 2004; Jenkins et al., 2003). Several types of HUG
ang@163.com (S. Fan).
have already been developed in previous studies. Alvarez et al.
(2009) and Caffaz et al. (2010) fabricated a HUG called Folaga.
Claus et al. (2010) developed a low-power, propeller-based pro-
pulsion module to augment the buoyancy engine of a 200 m Slo-
cum electric glider. Wang et al. (2010, 2011) developed a HUG
called PETREL. Isa and Arshad (2013) and Isa et al. (2014) pre-
sented a mathematical model and analysis of the motion control
for a USM (Universiti Sains Malaysia) hybrid-driven underwater
glider, which has independently controllable wings and a rudder.
A concept of a gliding robotic fish that combines gliding and fin-
actuation mechanisms has also been presented (Feitian et al.,
2014; Tan, 2011; Zhang et al., 2012). However, few studies have
considered a HUG with docking capability. If a HUG can dock with
an underwater station with enough maneuverability for battery
recharging and data communication, vehicle endurance can be
enhanced a lot. We can then expand glider applications, for ex-
ample, oceanographic scientists who aim to monitor long-term
change of the ocean, can benefit from the long-term deployment
of HUGs instead of recovering the vehicles and replacing the
batteries after each mission. Furthermore, if the docking station is
connected to a cabled ocean observatory (Chen et al., 2012a,
2012b, 2013), the HUGs can be considered as additional mobile
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Table 1
Main specifications of Mini-HUG.

Feature Description

Length 1 m
Diameter 130 mm
Weight in air 7.85 kg
Operating depth 0 � 10 m
Deflection angle of thruster 745°
Ballast system Piston-cylinder
Communications Radio
Sensors TCM5, depth sensor, camera, GPS receiver
Battery Lithium battery
Operating in glider mode 0.2–0.4 m/s
Operating in AUV mode 0.2–0.6 m/s

C. Yang et al. / Ocean Engineering 125 (2016) 170–181 171
nodes for three-dimensional ocean observation. Considering the
benefits described above, Zhejiang University is developing a HUG
for underwater docking (Peng et al., 2014). In this paper, a small-
scaled hybrid underwater glider called Mini-HUG, is developed for
the validation of docking scheme and guidance algorithm, con-
sidering its convenience for deployment and operation. For a ve-
hicle to perform underwater docking, horizontal flight capability
and high maneuverability are obviously necessary, which are two
important features of the vehicle to realize underwater docking.
Typically, underwater gliders are driven by a buoyancy engine and
do not have horizontal flight capability to perform underwater
docking. Moreover, the low maneuverability of underwater gliders
also adds the challenge for potential docking. Therefore, for un-
derwater gliders, docking is a more difficult and possibly different
problem. In our case, by the concept of ‘hybrid’, the HUG has
horizontal flight capability. However, given the low speed of our
HUG, a key technical challenge in vehicle design is how to obtain
high maneuverability at low speeds for underwater docking (Peng
et al., 2013). As conventional AUVs use control fins to control the
yaw and pitch, and their steering capability is strongly coupled
with their velocities, they have to reach a minimum speed to
maintain control authority and counteract the positive buoyancy
(Morel, 2002; Woolsey, 2005). Although the minimum speed may
differ depending on vehicle configuration, Thivierge et al. (2005)
showed that most control fins are effective as long as the vehicle's
velocity is 1 m/s (two knots) or faster. Given that the speed of our
glider is low, the traditional fin-steering method is unsuitable for
our case. We thus attempt to design a HUG whose yaw is con-
trolled by the rotation of the thruster and whose pitch is con-
trolled by a longitudinal moving mass.

In terms of the dock, there are two most common dock designs
for flying vehicles: one is a pole type (Singh et al., 2001); another
is a funnel type (Allen et al., 2006; McEwen et al., 2008; Park et al.,
2009). As we will discuss latter, each type has its own pros and
cons. To integrate the advantages of both types, this paper in-
troduces a rotatable funnel-shaped dock, which can rotate around
its vertical axis actively. The dock proposed here can rotate ac-
tively to allow the vehicle to approach the docking station from
most range of directions providing better accessibility for the ve-
hicle, thus reducing the complexity of the docking algorithm.

With regard to the underwater docking, the docking guidance
algorithms are of vital importance. McEwen et al. (2008) pre-
sented a cross-track-error based docking control algorithm for a
unidirectional docking system. Park et al. (2009) introduced a vi-
sion-guidance docking algorithm with PID controllers for the
vertical and horizontal plane. Kim (2007) derived a linear terminal
guidance (LTG) controller in the framework of optimal control for
AUV docking. Because the LTG controller does not consider the
effect of ocean currents, a modified LTG is addressed by Park et al.
(2011a, 2011b) for unidirectional docking compensating the effect
of currents. Teo et al. (2012, 2015) gave a fuzzy docking guidance
that can handle unknown currents. However, few studies have
been conducted on the docking algorithms of funnel-shaped ro-
tatable docking system. This paper aims to develop a docking
guidance algorithm for the rotatable docking system; the effect of
ocean currents is also taken into consideration.

The paper is organized as follows. Section 2 presents the details
of the docking system developed by Zhejiang University. A novel
type of HUG with a rotatable thruster is first proposed. Since HUG
is an underactuated vehicle, an underwater station with a rota-
table dock entrance is designed to assist the vehicle for docking. In
Section 3, the dynamic model of HUG is derived briefly, which is
the basis of numerical simulation for motion prediction and al-
gorithm validation. Considering that the ocean current may have a
significant impact on the motion of HUG, a pursuit guidance al-
gorithm with current compensation is proposed in Section 4,
whose performance is compared with the existing guidance al-
gorithm by simulation. Section 5 gives the results of underwater
docking experiments which are conducted to validate the feasi-
bility of the docking system and the effectiveness of the proposed
guidance algorithm. Section 6 summarizes the main contributions
and describes some additional avenues for continuing research.
2. Docking system

For long-term sustainability, an AUV or HUG should be able to
autonomously perform its mission and dock at a deployed un-
derwater docking station for data downloads, battery recharging,
and new mission script upload for the next mission operation.
According to the functions of the docking system, it can be divided
into three main parts: the autonomous vehicle, which is a HUG in
our case; the mechanical system of a docking station with navi-
gation and guidance accessories, such as the acoustic transducer
and the light source, and so on; and the power and data trans-
mission system. More details on our docking system are presented
as follows.

2.1. Hybrid underwater glider

A small-scaled hybrid underwater glider called Mini-HUG, is
developed for the validation of the docking scheme and guidance
algorithm, motivated by its convenience for deployment and op-
eration. The main specifications of Mini-HUG are shown in Table 1.
For a vehicle to perform underwater docking, horizontal flight
capability and high maneuverability are obviously necessary,
which are two important features of the vehicle to realize un-
derwater docking. Given the low speed of our HUG, a key technical
challenge in vehicle design is how to obtain high maneuverability
at low speeds for underwater docking. Due to this, a rotatable
thruster and a longitudinal moving mass are adopted to control
the yaw and the pitch movements, respectively.

2.1.1. Mini-HUG design overview
As shown in Fig. 1, Mini-HUG can be divided into four sections:

Bow Section, Main Section, Electronic Section, and Thruster Sec-
tion. Specifically, the Bow Section is a flood section, which holds a
camera and the flooding part of the ballast system. The Main
Section contains the attitude control system and the sealed part of
the ballast system. The attitude control system regulates the pitch
angles of the vehicle by moving an internal mass. The ballast
system changes the net weight of the vehicle by pumping water
inside or outside the vehicle. The Main Section also contains the
control and signal processing boards, the navigation devices as
well as the battery. The GPS and communication terminals to-
gether with the antennas are all fixed in the Electronic Section. In
the Thruster Section, there is a thruster which can rotate around
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Fig. 1. Configuration of hybrid underwater glider.
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Fig. 2. The rotatable thruster of Mini-HUG.

Table 2
Turning diameters for different turning configurations.

HUG with conventional rudder
configuration

HUG with rotatable thruster
configuration

Rudder deflection
angle (°)

Turning
diameter (m)

Thruster deflection
angle (°)

Turning
diameter (m)

45 8.4 45 1.1
40 8.6 40 3.0
35 9.6 35 3.0
30 10.4 30 4.3
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its vertical axis, which acts as a rudder as well.
The rotatable thruster is designed with special consideration to

increase the turning (or heading) maneuverability of the vehicle. It
consists of a thruster chamber, a rotation mechanism, a thruster
motor, a propeller, and a vertical fin; see Fig. 2. The rotation me-
chanism with a steering engine is used to swing the thruster to
control the vehicle heading. When the steering engine works
causing the thruster motor, the propeller, and the vertical fin to-
gether to have a deflection angle around its vertical axis. This
yields dual steering effects: the thruster with a deflected angle
generates a turning torque, while the swung vertical fin has the
heading effect as a regular rudder.

2.1.2. Turning capability validation
The HUG with a rotatable thruster has higher maneuverability

even at low speeds compared with conventional AUV which uses
control fins to turn. To validate this improvement, a series of
turning experiments have been carried out comparing two dif-
ferent types of HUG configurations. The difference between the
two types of configurations is that for one, HUG uses conventional
rudder to turn; while for another, HUG adopts rotatable thruster to
turn.

During the turning tests, the deflection angles of the rudder or
the rotatable thruster (as well as the vertical fin) was set to be °45 ,

°40 , °35 , and °30 , respectively. Table 2 gives the turning diameters
for the two types of configurations. As noted in the table, the
turning diameters of the HUG with rotatable thruster are sig-
nificantly smaller than that of the HUG with a conventional rud-
der. The experimental tests indicate that the HUG with a rotatable
thruster can provide higher maneuverability than conventional
HUGs and AUVs that use control fins to steer; and this type of
configuration is more suitable for the low-speed HUG to imple-
ment underwater docking.

2.2. Dock station overview

The most common dock designs for flying vehicles, which rely
on sustained forward motion for control, are a pole type and a
funnel type (McEwen et al., 2008). The pole-type dock is omni-
directional and can be approached from any direction (Kim, 2007).
This eases the constraint on heading control, but the mechanical
implementation of the docking system may be more complicated
and offers less vehicle protection (Kim, 2007). The funnel-type
dock has a cone shape entry, which is used to channel the vehicle
into a tube where it is captured, and provides a simple dock design
(McEwen et al., 2008). The funnel-type dock is typically fixed for
its simplicity. However, the docking algorithms for the fixed fun-
nel-type dock may be much complicated because it can only be
approached from a fixed direction. Another kind of funnel-type
dock, which is similar to a weathervane, is omnidirectional, pro-
viding better accessibility for the docking vehicle. However, this
design has to transfer power and data across a moving interface,
most likely using a slip ring, which brings additional complexity to
the mechanical structure (McEwen et al., 2008).

Considering that the funnel-type dock is simpler and can pro-
vide better vehicle protection (McEwen et al., 2008), we choose
the rotatable funnel-type dock for our design, whose dock en-
trance can rotate around the dock vertical axis actively. However,
unlike the weathervaning cone, the rotatable dock is not omni-
directional, and the limitation of the rotation angle is due to the
length of the power and communication cables, such as the one
which connects the underwater lamp fixed on the rotatable funnel
of the dock with the sealed electronic cabin fixed on the support of
the dock and provides power for the underwater lamp; see Fig. 3.
Therefore, the rotating range of dock is about [ − ]° °120 , 120 in
our design. In this case, a slip ring is not necessary, while the ro-
tatable dock can decrease the difficulty of HUG docking control.
Fig. 3 shows the docking system with a rotatable dock entrance.
When the vehicle approaches the dock, it transmits its heading
angle to the dock station. The dock then rotates the entrance to
follow the vehicle's heading accordingly.

2.3. Power and data transmission system

The power connection is achieved by an inductive link, with
one inductive coil on the vehicle and a corresponding coil on the
docking station. High-speed data communication with the dock is
achieved by a wireless network link through WiFi antennas. Al-
though the range for WiFi connection is limited in water, our ex-
periments indicate that high-speed data transmission can still be
achieved if the gap in seawater between the WiFi antennas is less
than 55 mm (Shi et al., 2012). In our case, when the vehicle enters
the docking tube, the seawater gap is less than 30 mm to maintain
reliable data transmission. The debugging and testing of these
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components for docking are in process.
3. Dynamic model in currents

The dynamics of a HUG with a rotatable thruster has been fully
derived in Peng et al. (2014). In order to illustrate the following
guidance algorithm, we further consider the effect of currents here
and derive vehicle dynamics in currents, which will be used for
numerical simulations in Section 4.

The multi-body Mini-HUG is modeled as a rigid body (mass
mrb) with a single moving point mass mp which can move long-
itudinally along the vehicle's centerline for the pitch adjustment of
the vehicle, as well as a rotatable thruster for the yaw adjustment.
The HUG also includes a variable ballast actuator, which is mod-
eled as a fixed-position variable point mass (mb). The total vehicle
mass is

= + +m m m mrb p b

The vehicle displaces a fixed volume of fluid of mass m so that
the net weight can be described as

= −W mg mg

3.1. Kinematics

Define a body-fixed, orthonormal reference frame centered at
the center of buoyancy (CB) of the vehicle and represented by the
unit vectors b1, b2 and b3. The vector b1 is aligned with the
longitudinal axis of the vehicle, b2 points out the right wing, and
b3 completes the right-handed triad; see Fig. 4. Define another
orthonormal reference frame, denoted by the unit vectors i1, i2,
and i3, which is fixed in inertial space such that i3 is aligned with
the force due to gravity. Let = [ ]X x y z, , T represent the position
vector from the origin of the inertially fixed frame to the origin of
the body-fixed frame, which is expressed in the inertial frame. The
orientation of the vehicle is given by the rotation matrix RIB, which
is parameterized by Euler angles, that is: the roll angle φ, the pitch
angle θ and the yaw angle ψ . RIB can map free vectors from the
body-fixed frame to the inertially fixed frame (Fossen, 1995). Let
1i
2i

3i

2b

1b

3b

rbm
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Fig. 4. Illustration of reference frames.
= [ ]v u v w, , T and ω = [ ]p q r, , T represent the translational and
rotational velocity of the vehicle with respect to the inertial frame,
but expressed in the body-fixed frame.

The current velocity described in the inertial frame is
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Since it is common to derive vehicle dynamics in the body-
fixed frame, current velocity with respect to inertial frame de-
scribed in the body-fixed frame is like this

= =
⎛
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Thus, the vehicle velocity relative to the current is

= −v vvr f

The kinematic equations (Graver, 2005; Mahmoudian, 2009)
are

̇ = ( )X R v 1IB

ω̇ = ^ ( )R R 2IB IB

where ⋅̂ denotes the ×3 3 skew-symmetric matrix satisfying
^ = ×a a bb for vectors a and b.

The kinematic equations of vehicle in currents has no differ-
ence from the ones without currents. One should note that the
total velocity of the vehicle includes the component of current
relative velocity and the current velocity.

In addition to the six degrees of freedom associated with the
vehicle's translation and rotation, there is one degree of freedom
associated with the moving mass mp, which is modeled as a par-
ticle moving along b1 and used for pitch angle regulation. Let

= ⎡⎣ ⎤⎦r r , 0, 0p px
T represent the position of mp relative to the origin

of the body-fixed frame. Thus, the kinematic equation of the
moving mass is

ω= + × + ̇ ( )v v r r 3p p p

Eqs. (1)–(3) describe the kinematics of the entire vehicle
system.

3.2. Dynamics

Let η denote the generalized velocity of the vehicle and let ηf
represent the generalized flow velocity in dimensions consistent
with η

η ω=
̇ ( )

⎛
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Fig. 5. Coordinate system of docking.

C. Yang et al. / Ocean Engineering 125 (2016) 170–181174
η =
( )

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

v
0
0 5

f

f

The generalized velocity relative to the flow is
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Here, in order to avoid the complexity of re-deriving the full dy-
namics of HUG in currents, we refer to the existing study of
Woolsey (2011) and Fan and Woolsey (2014), and assume that the
vehicle is neutrally buoyancy, the vehicle's center of mass (CM)
coincides with the CB, and the flow is uniform, thus the flow-re-
lative dynamic model can be written as this
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where  is the generalized inertia matrix of the vehicle system,
including the generalized added inertia matrix; ( ) rp p is the gen-
eralized inertia matrix for the moving particle; ζ = R iT

IB 3 is defined
as the “tilt vector”; τsys is the external moments, fv denotes the
viscous force acting on the vehicle, fprop is the propulsion force of
the thruster, upx is the input forces from the actuator that adjusts
the HUG’s pitch angle, all expressed in the body frame. One can
find more details about the external forces and moments
from Peng et al. (2014).

Dynamic Eq. (7) and Kinematic Eqs. (1)–(3) completely describe
the motion and dynamics of the vehicle in currents.
4. Docking guidance algorithms

Actually there are similar docking problems in other domains,
such as spacecraft rendezvous and docking, connection estab-
lishment during aerial refueling, and so on. However, since the
control objects are different, the control difficulty is different.
Compared with aircraft and airplane, AUV is a kind of under-ac-
tuated vehicle with low velocity and less maneuverability, which
suffers from more serious ocean disturbances. Thus, special con-
siderations should be taken for underwater docking problem. Most
of all, the powerful docking guidance algorithms are the key to
ensure successful underwater docking. In this section, the docking
problem is firstly described mathematically and the docking
scheme adopted is overviewed. Considering that the ocean current
may have a significant impact on the HUG, a pursuit guidance
algorithm with current compensation is proposed, whose perfor-
mance is compared with other guidance algorithms, such as pure
pursuit guidance and proportional navigation guidance by
simulation.

As for the current measurement, there is normally no ADCP
onboard a small glider or HUG, and this presents problems for
underwater docking in currents. In practice, an Acoustic Doppler
Current Profilers (ADCP), which is used to measure the current, is
equipped on the dock. The dock station gets the current in-
formation and sends it to the vehicle; the vehicle then uses this
information in the guidance algorithm to compensate the current
effect.

We assume that the depth of the docking station is known after
deployment. Then the docking motion control can be decoupled
into two parts: the depth control in the vertical plane and the
motion control in the horizontal plane. Since the depth control
problem in underwater docking is the same to that in the depth-
keeping cruising problem, which is well studied in many litera-
tures (Claus et al., 2012; Hu et al., 2013; Watson and Green, 2014),
this paper will focus on the docking algorithms in the horizontal
plane.

4.1. Coordinate system

Referring to Kim (2007), the coordinate system of docking in
the horizontal plane is defined in Fig. 5. To simplify the problems
without loss of generality, the funnel-type dock is assumed to be
located at the origin of the inertia frame. The position of the ve-
hicle is (x, y) in the inertia frame. β is the bearing angle which is
defined from the centerline of the dock to the line between the
origin of the inertia frame and the vehicle position; ψ is the
heading angle of the vehicle with respect to the x-axis of docking
frame. In addition, λ is defined as the line-of-sight angle from the
centerline of the vehicle to the line between the vehicle and the
origin of inertia frame. According to Fig. 5, it is not hard to figure
out the relationship among these three angles:

β ψ λ= + ( )8

4.2. Mathematical problem of docking

In order to evaluate the guidance performance of the docking
control algorithm, it is necessary to describe the docking problem
mathematically. The cone-shape entry of the funnel-type dock can
be assumed as a triangle PAB in the horizontal plane, as is shown
in Fig. 6, where PA and PB denote the outline of the cone-shape
entry, Rd is the maximum radius of the cone-shape entry, ε is the
angle between the sides PA and AB. The moment when the vehicle
nose arrived at the cone-shape entry is defined as tf. The heading
angle and the lateral position deviations of the vehicle nose with
respect to the dock centerline are denoted respectively by ψΔ f and
Δyf at the time of tf . Thus, one of the basic requirements for the
successful docking is Δyf less than Rd. Besides, since the cone-
shape entry of the dock has the function of channeling the vehicle
to enter the tube behind, the channeling effect will be active if ψΔ f
less than ε.

Based on the above statements, the docking problem can be
described as this: under the effective navigation and guidance
algorithm, the vehicle can enter the dock entrance with the final
states like this:

ψ ε εΔ < − ′

Δ < − ′ ( )

⎪

⎪

⎧
⎨
⎩ y R R 9

f

f d d
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Fig. 6. Docking problem for directional docks.

Table 3
Docking specifications and requirements.

Variable Value

Rd 0.55 m
′Rd 0.05 m

ε 60°
ε′ 15°

ψΔ f 45°

Δyf
0.5 m
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where ε′ and ′Rd are the safety margins for successful docking.
Table 3 lists the specifications of our docking station and the
corresponding docking control requirements.

With regard to the docking problem for a rotatable dock, we
assume that the dock can follow the vehicle's heading accurately
so that ψΔ = 0f (Fig. 7). In the light of the assumption, the suc-
cessful docking requirement is simplified as:

Δ < − ′ ( )y R R 10f d d

Therefore, in the following simulation, the docking station is
described as a yellow point, which shows the acceptable docking
area for successful docking attempt; see the yellow point in Fig. 7,
the radius of which is equal to − ′R Rd d. If the HUG can arrive at the
area within the yellow point, the vehicle will enter the dock en-
trance successfully; otherwise, the vehicle will fail to enter the
dock entrance.
X
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Δyf

Fig. 7. Docking problem for a rotatable dock ( ψΔ = 0f ).
4.3. Navigation strategy for docking

The navigation strategy for docking depends on the navigation
and positioning devices. Comparing the performance of different
devices, we choose ultrashort base line (USBL) and camera for
docking control. Assuming the 3D (3 degrees of freedom) position
of the dock is known ahead, the HUG approaches the dock with
the dead-reckoning devices at the beginning of the dock process.
Once the USBL bearing is obtained, the docking program is started.
As the distance between the dock and the vehicle varies, also ac-
cording to the performance limits of the navigation and posi-
tioning devices, the docking process is divided into three se-
quences: long-distance homing stage, medium-distance adjust-
ment stage, and the proximal docking stage.

In the long-distance homing stage, the vehicle keeps tracking
the USBL signals from the dock for increasing signal strength; in
the meanwhile, the vehicle is controlled to reach the same depth
as the dock located. In the medium-distance adjustment stage, the
USBL bearing and fix are obtained, with which the vehicle is
controlled to reduce the heading and cross-track derivations with
respect to the centerline of the dock. The proximal docking stage
begins when the vehicle is 15 m far away from the dock, since the
vision navigation information can be computed from the camera
image at this range. This final stage is key to the whole docking
process, so both the USBL and vision information are adopted for
navigation and control. As for the dock with fixed entrance, both
the heading and cross-track deviations should be decreased as far
as possible. For the dock with rotatable entrance, the dock en-
trance starts to rotate after the proximal docking stage begins,
trying to follow the vehicle's heading, so the vehicle is only re-
quired to arrive at the dock position as exact as possible. In this
paper, we focus on the study of guidance algorithms on the
proximal docking stage for a rotatable dock as follows.

4.4. Pure pursuit docking guidance

4.4.1. Algorithm description
With the current positioning information, pure pursuit gui-

dance algorithm calculates the desired heading angle aiming to
keep the vehicle pointing to the dock station. Fig. 8 shows the
principle of the pure pursuit guidance algorithm. The desired
heading angle can be solved as this:

ψ β= = y
x

arctand

The calculated heading angle is used for heading control. As is
shown in Fig. 9, the pure pursuit guidance algorithm determines
the desired heading angle ψd, which is the input of the heading
controller. The heading controller makes the vehicle follow the
desired heading angle with feedback control. When the actual
heading angle of the vehicle equals to the desired heading angle,
the vehicle can point to the docking station exactly.
Y

XO

(x, y)

Bearing
angle

Desired
heading
angle

d

Actual heading angle

�

Fig. 8. Principle of the pure pursuit guidance algorithm.
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Fig. 9. Block diagram of pure pursuit guidance algorithm.

Fig. 11. Docking trajectory of HUG under pure pursuit guidance in cross currents.
The blue arrows indicate the heading of vehicle; the yellow point shows the
acceptable docking area for successful docking attempt. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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Because the range of the arc tangent operation is π π[ − ]/2, /2 ,
the desired heading angle should be modified according to the
vehicle's quadrant. The desired heading angle after modification
is:
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4.4.2. Simulation results
The pure pursuit guidance algorithm is easy to achieve and

guides the vehicle towards the dock ensuring that the dock is al-
ways in the view of the USBL and the camera. Fig. 10 shows the
simulation results of the pure pursuit guidance algorithm without
current disturbance. Since the final stage of docking mission de-
termines the success or failure of docking attempt, here we take
this stage into consideration to verify the effectiveness of the
guidance algorithm. The dock is located at the origin of the inertia
frame; the vehicle starts from the same line x¼�15 with different
cross-track deviations, respectively, with the same heading angle
ψ = °0 ; the speed of the vehicle is 0.5 m/s. The simulation results
indicate that the pure pursuit guidance algorithm has the desired
effect on the docking motion if the ocean currents are absent. The
vehicle can approach the entrance successfully with different in-
itial cross-track deviations. Since the dock entrance can rotate to
follow the vehicle, there is a less strict requirement on the vehicle
heading for the final docking progress.

Fig. 11 presents the docking trajectory of HUG under pure
pursuit guidance in cross currents, the vehicle starts from the
same point of (�15, 0) with the same heading angle ψ = °0 under
different current disturbances. The speed of the vehicle is 0.5 m/s.
It can be found that the cross currents have remarkable effects on
Fig. 10. Docking trajectory of HUG under pure pursuit guidance without currents.
The blue arrows indicate the heading of vehicle; the yellow point shows the ac-
ceptable docking area for successful docking attempt. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
the docking motion of the vehicle. As the velocity of the current Vfy

increases, the cross-track deviation of the vehicle with respect to
the centerline of the dock grows. The pure pursuit guidance al-
gorithm has no compensation on the current effects, the currents
with increasing velocity may cause the failure of docking attempt,
which occurs when Vfy equals to ± 0.2 m/s in the simulation.

4.5. Proportional navigation guidance

4.5.1. Algorithm description
The optimal control is widely applied in many fields, such as

the space, air, etc. (Cottrell, 1971; Ryoo et al., 2006; Shaferman and
Shima, 2008; Steinfeldt et al., 2010; Xu and Liang, 2015). In the
field of underwater docking, Kim (2007) described a terminal
controller design procedure under the framework of optimal
control. In his research, the proportional navigation guidance
(PNG) algorithm is derived as an optimal terminal controller for a
specific setting. The PNG algorithm, which is widely used for the
terminal guidance of missile interception, can be also applied to
the docking guidance of vehicles. In this paper, the PNG algorithm
considering the effect of ocean currents is discussed. According to
(Kim, 2007), the PNG law is given by:

β* = ̇ ( )r 3 12

where *r is the optimal heading rate command.
The bearing angle can be provided by

β = ( )
y
x

tan 13

Differentiating Eq. (13) and substituted by the kinematic
equations, gives

β
ψ ψ

= −
( + )

=
( + ) − ( + )
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. . . sin cos
142 2
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So the PNG law in the coordinate system for docking can be
given by

β
ψ ψ* = ̇ = ×

( + ) − ( + )
( + ) ( )
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x V V y V V

x y
3 3

sin cos
15
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4.5.2. Simulation results
The simulation results of the PNG algorithm without current

disturbance are shown in Fig. 12. The initial conditions of the dock
and the vehicle for simulation are the same as the ones discussed



Fig. 12. Docking trajectory of HUG under proportional navigation guidance without
currents. The blue arrows indicate the heading of vehicle; the yellow point shows
the acceptable docking area for successful docking attempt. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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in Section 4.4.2. Similarly, the simulation results indicate that the
PNG algorithm can guide the vehicle to the dock effectively with
different initial cross-track deviations if there is no disturbance
from the ocean currents.

If adding current disturbance with the flow velocity of
=V 0.3fy m/s to the above simulations, we can investigate the ef-

fectiveness of the PNG algorithm under current disturbance. The
simulation results are shown in Fig. 13. It can be found that the
ocean currents still have some disturbance on the docking motion,
but the PNG algorithm can compensate well for the current effects,
the cross-track deviation can be reduced to the range required for
successful docking. However, the PNG algorithm does not take the
view range of the camera or USBL into consideration; the dock
entrance is possible to be out of the view of the camera or USBL,
which is equipped on the vehicle, during the docking process. Take
point A on one of the simulated trajectories in Fig. 13 for example,
the shadow region shows the view of camera when the vehicle
passes through point A on the trajectory. We can find that the
underwater lamp is outside the view of the camera at this mo-
ment, which means the vehicle loses the navigation information
from the camera image at this point; this may cause a failure for
the docking attempt.
Fig. 13. Docking trajectory of HUG under proportional navigation guidance in cross
currents. The blue arrows indicate the heading of vehicle; the yellow point shows
the acceptable docking area for successful docking attempt; the rectangle in the
origin indicates the underwater lamp. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
4.6. Pursuit guidance algorithm with current compensation

4.6.1. Algorithm description
Comparing the characteristics of the guidance algorithms dis-

cussed above, we see that the pure pursuit guidance algorithm
keeps the vehicle pointing towards the dock, which ensures that
the dock is within the view of the USBL or the camera throughout
the docking mission; but the robustness of the algorithm is not
satisfactory, which cannot compensate well for the current effect.
As for the proportional navigation guidance algorithm, it has good
capability to resist the disturbance of the ocean currents, but the
dock may disappear from the view of the USBL or camera, since
the line-of-sight angle is not taken into consideration in the
algorithm.

Based on the above comparison, a novel guidance algorithm is
proposed in this paper, which combines the advantages of the
discussed algorithms. We call it pursuit guidance algorithm with
current compensation. The principle of the algorithm is described
as this: we choose a line-of-sight angle as the threshold in ad-
vance; during the flight, the vehicle computes the current line-of-
sight angle with respect to the dock in real time; if the current
line-of-sight angle is less than the threshold, a current compen-
sation method is applied; if the current line-of-sight angle is
greater than the threshold, we use the pure pursuit guidance al-
gorithm to lock the target dock entrance and keeps the dock en-
trance in the view of the USBL or camera.

Referring to the way the plane lands in the presence of cross
wind, that is the plane fly with a offset heading angle downstream
the wind aiming to compensate the effects of the wind and make
the flight trajectory coincide with the centerline of the runway
(Crosswind landing, 2009), we present our guidance algorithm
with current compensation here. Assuming that the lateral com-
ponent of the current is Vfy, the corresponding compensation angle
ψcrab can be solved from this equation:

ψ =V Vsin0 crab fy

We have

ψ =
V
V

arcsincrab
fy

0

In the actual operation, the computed compensation angle
should be multiplied by a coefficient in order to avoid the ap-
pearance of an unreasonably large compensation angle, which
may cause the dock lost in the view of the USBL or camera view.
Since then, the actual compensation angle ψc is:

ψ ψ= ×kc c crab

where kc is the compensation coefficient. Then, the desired
heading angle with current compensation is:

ψ ψ ψ ψ′ = − = − ×k
V
V

arcsind d c d c
fy

0

where ψd is the desired heading angle defined by Eqs. (11). Thus,
the final desired heading angle which is determined by pursuit
guidance with current compensation can be written as this:
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In this algorithm, the tuning parameters are the line-of-sight
angle threshold and the compensation coefficient kc. The line-of-
sight angle threshold decides when the current compensation is
taken into account, which aims to keep the dock within the
camera viewing volume. While the compensation coefficient kc



Fig. 14. Docking trajectories compared between pure pursuit guidance and pursuit
guidance with current compensation. The blue arrows indicate the heading of
vehicle; the yellow point shows the acceptable docking area for successful docking
attempt. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 16. Docking trajectory comparison between proportional navigation guidance
and pursuit guidance with current compensation. The blue arrows indicate the
heading of vehicle; the yellow point shows the acceptable docking area for suc-
cessful docking attempt. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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determines the intensity of the current compensation. If kc equals
to 0, there is no current compensation. If kc equals to 1, the effect
of current is fully compensated. The compensation coefficient kc is
carefully tuned to make sure that the current is well compensated
within the line-of-sight angle threshold.

4.6.2. Simulation results
The performance of the proposed pursuit guidance with cur-

rent compensation is compared with the other two kinds of gui-
dance algorithms by simulation. The initial conditions of the dock
and the vehicle for simulation are the same as the ones discussed
in Section 4.4.2. The compensation coefficient kc of the pursuit
guidance has the value of 0.5; the threshold of the line-of-sight
angle is chosen as °18 .

Fig. 14 gives the docking trajectories comparison between pure
pursuit guidance and pursuit guidance with current compensa-
tion. It can be seen that in the cross current with =V 0.2fy m/s, the
vehicle under pure pursuit guidance algorithm may fail to enter
the dock entrance, while the pursuit guidance algorithm with
current compensation can lead the vehicle to dock with the en-
trance successfully. Line-of-sight angle of pursuit guidance with
current compensation during docking process is shown in Fig. 15.
It can be found that the line-of-sight angle maintains in the range
of [ − + ]° °30 , 15 with HUG starts from different initial positions. As
the field of view for the USBL and camera we apply are ± °60 /± °35
respectively, this indicates that the pursuit guidance algorithm
with current compensation can keep the dock in the view of the
USBL or camera.

Next, we compare the simulation results between proportional
Fig. 15. Line-of-sight angle of pursuit guidance with current compensation during
docking process.
navigation guidance algorithm and pursuit guidance algorithm
with current compensation. The initial condition and the para-
meters of the guidance algorithm are the same as the ones dis-
cussed above in this section. From Fig. 16, we see that the pro-
portional navigation guidance algorithm can make the vehicle
dock with the station successfully in the given cross current, but if
moving to Fig. 17, it is obvious that the line-of-sight angle of
proportional navigation guidance algorithm at the end of docking
mission is larger than °35 , which indicates that the dock may be
lost in the camera views of the vehicle, and may cause the failure
of docking attempts.

Based on the discussion above, we can conclude that the per-
formance of pursuit guidance algorithm with current compensa-
tion is superior to the other two ones, which takes both the view
range of the sensors and the ocean current disturbance into ac-
count and ensures the success of docking attempt.
5. Underwater docking experiments

The preliminary docking experiments in the swimming pool
have been carried out to validate the performance of the proposed
pursuit guidance algorithm with current compensation as well as
the function of the docking system.

5.1. Docking system setup

In order to have an intuitive understanding of the docking
process, the experiments were conducted on the surface of the
Fig. 17. Line-of-sight angle curve of proportional navigation guidance.
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water initially. Besides, the acoustic devices for underwater com-
munication and positioning were not available, which were still
being debugged at the time we carried out the following experi-
ments. Fortunately, there are other ways to solve this problem by
locating the docking system on the water surface. The experi-
mental docking system is setup as Fig. 18 shows. The dock station
is located in the water with part of the dock entrance on the water
surface. The control computer on the shore communicates with
the dock station through WiFi. Since the vehicle sails on the water
surface, it can receive the GPS signals for positioning; moreover,
HUG can establish connection with the control computer using
wireless communication terminals. Thus, both the positioning and
attitude information of the vehicle can be sent to the control
computer wirelessly in real time. The control computer then acts
as a relay station transmitting such information to the dock station
through WiFi. When the proximal docking stage begins, the dock
station actuates the dock entrance to rotate according to the re-
ceived information assisting the vehicle for a successful docking
action.

During the test, when the range between the vehicle and dock
is less than certain distance, the dock entrance starts to follow the
vehicle's heading. At the same time, the vehicle approaches the
funnel under the proposed guidance. Due to the wireless com-
munication and the mechanical response, there may be some
delay for the dock rotation. However, since the vehicle's speed is
low and the range between the dock and the vehicle is long en-
ough, the rotation of dock and the approach of vehicle can match
up well.

5.2. Vision guidance system

In the docking system, a CCD (Charge Coupled Device) camera
is mounted on the nose of the Mini-HUG vehicle, and an under-
water lamp is installed on the dock. The image captured by the
CCD camera is processed by an image processing board in the
Electronic Section of Mini-HUG.

Through a serial of image process, such as object segmentation
and extraction (Wang, 2014), the position of the underwater lamp
in the image reference frame can be obtained, which is described
in the unit pixels. Because only one underwater lamp is used for
vision navigation, the distance between the dock and the ap-
proaching vehicle is not available. According to the method pre-
sented by Li et al. (2015), we can estimate the line-of-sight angle λ
between the dock and the approaching vehicle, which can be used
for vision navigation in docking process.

5.3. Experiment results

Fig. 19 presents the vehicle trajectories during the docking
experiments with and without current disturbance. The current
disturbance was made artificially by a water pump. As shown in
Fig. 19, the black solid curve indicates the docking trajectory
without current disturbance using pure pursuit guidance, the red
dot curve shows the docking trajectory with current disturbance
using pure pursuit guidance, and the blue dash dot curve re-
presents the docking trajectory with current disturbance using
pursuit guidance with current compensation. In the case of pure
pursuit guidance without current disturbance, the vehicle can
approach the dock entrance successfully. Comparing the trajec-
tories with and without current disturbance, we can find that the
cross currents caused remarkable cross-track and heading devia-
tions to the vehicle. Since the pursuit guidance algorithm with
current compensation compensated the current effect well, there
was no big discrepancy between the black solid curve and the blue
dashed dot curve at the docking entrance in Fig. 19. Besides, the
rotatable dock entrance can follow the vehicle's heading actively
ensuring the successes of these two docking attempts as well. As
for the case of pure pursuit guidance under current disturbance



Fig. 20. Time-series photos for one docking attempt. The rectangle represents the location of the HUG; the straight arrow shows the motion trend of HUG; while the curved
arrow indicates the rotation direction of the dock entrance.
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but without current compensation, the current affected the vehicle
motion a lot, and caused the failure of this docking attempt; see
the red dot curve in Fig. 19.

To ensure the performance of vision navigation, the experi-
ments were carried out in the dark, which simulated the light
condition underwater. Fig. 20 shows the time-series photos for one
docking attempt. It can be found that the dock rotated corre-
sponding to the vehicle actively in real time, and then the vehicle
entered the dock easily.
6. Conclusions

Since ocean currents bring serious disturbances on underwater
docking operation, especially for underactuated vehicles, this pa-
per presents a hybrid underwater glider with a rotatable thruster,
which ensures the enough maneuverability of the vehicle for un-
derwater docking. The high maneuverability of the vehicle has
been validated by turning tests. Besides, a novel kind of docking
scheme with a rotatable dock entrance is proposed, which can
rotate actively to follow up the vehicle and increase the probability
of successful docking.

Considering both the influence of the ocean currents and the
view range of the sensors, such as USBL and camera, a pursuit
guidance algorithm with current compensation is presented. The
performance of the proposed algorithm is compared with the
existing ones, including the pure pursuit and the proportional
navigation guidance algorithms by simulation. The simulation re-
sults indicates that the proposed guidance algorithm compensates
the current effects on the vehicle motion well, and maintains the
dock in the views of the USBL and camera on the vehicle.

In addition, a series of experiments have been conducted to
validate the proposed guidance algorithm preliminarily in the
swimming pool. During the experiments, HUG using the proposed
guidance algorithm entered the rotatable dock entrance success-
fully for several docking attempts under current disturbance,
which demonstrated the feasibility of the docking system and the
effectiveness of the guidance algorithm proposed. Our ongoing
research is focused on the complete docking system development
with acoustic devices for underwater communication and posi-
tioning, and the field trials will be carried out to verify the ro-
bustness and stability of the docking system.
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