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Abstract: This study proposes a novel autonomous system that is able to retrieve an underwater
glider safely and quickly. After a long-period mission, the glider is out of its energy, floats up in
the middle of the sea, and needs retrieval. However, most of the recovery processes are conducted
manually, which is not effective and even damages the glider or injures the worker. In this study, we
propose the use of a remotely operated vehicle (ROV) in a recovery process that consists of three
stages: (i) driving the ROV into the near area of the glider, (ii) automatically catching the glider using
the ROV’s onboard sensors and capturing mechanisms, and (iii) retrieving the glider to the mother
ship or station. Mathematical models were formulated to realize the feasibility of the system. A
cascade adaptive sliding mode control-proportional integral controller is designed to cope with the
thruster’s characteristics, the dynamics of the ROV and the glider, and oceanic disturbances. Finally,
simulation studies were conducted in the system operation scenarios and their results validate the
efficiency of the proposed process.

Keywords: underwater glider; glider recovery; remotely operated vehicle (ROV); cascade control;
adaptive sliding mode control

1. Introduction

Nowadays, the use of ocean data is becoming popular in marine engineering and
ecosystem management. Thanks to this information, complex tasks such as typhoon
prediction, whale ecological monitoring, and red tide monitoring can be conducted reliably.
In order to collect the necessary oceanographic data, underwater gliders carrying multiple
instruments and communication systems have been developed and deployed. The gliders
are a type of non-holonomic autonomous underwater vehicle (AUV) that employs buoyancy
propulsions instead of propellers or thrusters. By switching between negative and positive
buoyancies, the gliders follow an up-and-down sawtooth-like trajectory very slowly but
consume very little energy. Therefore, they offer a significantly greater range and endurance.
Hence, they are able to perform ocean sampling missions from hours to weeks or months,
and to thousands of kilometers of range [1-3]. After these long-period missions, the
gliders float up in the middle of the sea, are unable to return by themselves, and required
retrieving. In other cases, such as a glider being damaged or drifting out of its planned
trajectory, rescue missions are also required. Unfortunately, recovering a glider is always a
challenging task.
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The conventional approach is to use human skills and rudimentary equipment, such
as nets, cranes, belts, and hooks, to bring back a glider, as depicted in Figure 1. For example,
the Argo project [4,5] comprises 3000 underwater gliders scattered throughout the world’s
oceans. To recover a glider to check and calibrate it before the next mission, a mother ship
approached the location the glider had sent. The worker dropped the net below and then
pulled it towards the glider so that the glider fits in the net. The two were then lifted by a
crane, and workers used their strength to pull them back to the mother ship. The succession
of the work relies on the experience and skills of the operators. Moreover, the glider may
collide with the ship and recovery equipment such that its body and instruments take
damage. In bad weather conditions, not only does the retrieving task become more difficult,
but the risk of accidents to people also increases. Therefore, a safe and automatic glider
recovery method is necessary.

Figure 1. The manual recovery of underwater gliders.

On the other hand, numerous projects have been conducted on recovery AUVs, which
have a similar structure and dynamical characteristics to the glider. A favorite recovery
method is to control the AUV to dock into a capture mechanism such as a funnel, net, and
pole [6-9]. The docking procedure is generally as follows: the AUV follows a global path to
approach the station; determines the location and posture of the dock station; generates the
docking path; and finally, follows the guidance and enters the docking cabin. The docking
process is possible thanks to the maneuverability of a traditional AUV. Unfortunately, for
the non-holonomic AUVs, the docking maneuver is more challenging. The complexity of
the maneuver and the influence of the turbulence environment cause the docking process to
fail easily and damage the AUV. Especially for an uncontrollable glider after its mission, the
process is not possible. Several studies designed a docking cabin that is movable by being
carried by a submarine [10] or surface vehicle [11]. However, the succession of docking
still relies on the AUV’s motion performance.

Then comes the use of other types of vehicles to retrieve an AUV; some still require a
certain level of operation of the AUV, while others just control the retrieving vehicle without
controlling the AUV. Multi-propeller aerial vehicles have been deployed in [12] for not only
recovery but also deployment of the AUVs. The recovery mechanism first uses a line and
hook and then evolves by utilizing an electro-permanent magnet to capture and release
the AUV. The line and hook put risk on both vehicles, but the other mechanism shows
its capability. However, the airflow generated by the propellers creates large turbulence
over the water and disturbs the position of the vehicle to be recovered. Remotely operated
vehicles (ROVs) were used to recover submerged vehicles in [13,14]. The ROVs were
equipped with a camera and a gripper so that their operator can search and capture the
submerged assets remotely. Unfortunately, it was difficult for the operator to estimate
the position and the distance between the two vehicles from the camera’s perspective.
Sarda et al. [15,16] designed an AUV recovery system based on unmanned surface vehicles.
The recovery involves lowering a thin line with an outrigger-type depressor wing from
the winch on the surface vehicle, latching the line with the AUV using a pincer-type
onboard mechanism, and finally, reeling the line for vehicle retrieval. For the process, the
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AUV has to be submerged underwater. Moreover, lining up the recovery mechanism is
not easily done with only the controlled motion of the surface vehicles. Thus, different
mechanisms are designed and examined, such as funnel recovery [17], and wing and rope
capturing [18] devices.

Due to its great potential, surface vehicle-based systems have been considered for
glider recovery; for example, in the study of Howse et al. [9]. Since the glider floats on the
surface of the ocean, which is different from the AUV, the surface vehicle is designed with
the Small Waterplane Area Twin Hull (SWATH) form. The recovery mechanism uses a net
with linkages helping it catch and lift the glider in a similar way to the manual operation.
Hence, disadvantages of manual operation remain, such as the risk of damaging the glider
and the difficulty of controlling the recovery system. Other approaches require modifying
significantly the glider [19-21] such that it has autonomous recovery capability. Apparently,
it cannot recover itself when running out of energy. Nevertheless, very few studies have
considered the problem of automatic glider recovery in our knowledge. The process still
heavily relies on manual operation, which is full of risks and drawbacks.

Therefore, in this study, we propose a novel glider recovery method using a ROV.
The vehicle is renovated with additional instruments and mechanisms for the objective of
capturing and retrieving the glider. The recovery process consists of three stages: (i) driving
the ROV to the neighborhood area below the glider, (ii) determining the position and
orientation of the glider and catching it, and (iii) retrieving the glider to the mother ship or
station. In order to analyze the maneuverability of the recovery system, the mathematical
model is firstly derived, and a cascade adaptive sliding mode control (ASMC)-proportional
integral (PI) control system is then designed. Simulation studies in the operation scenario
of the system show its feasibility. Comparison results with a cascade proportional integral
derivative (PID)-PI also validate the effectiveness of the proposed system. Then, the
contributions of this paper can be summarized as follows:

- Anovel recovery method for the underwater glider using the ROV is proposed.

- The mathematical model of the ROV is derived while taking the process (dynamics of
the recovered glider, hydrodynamics, buoyancy effects, etc.) into the formulation

- The cascade ASMC-PI control system is designed. The system stability is proved by
the Lyapunov-like lemma. The system’s effectiveness and robustness are validated
through comparative simulations.

The remainder of the paper is organized into 5 sections. Section 2 introduces the
proposed glider recovery process. The mathematical model of the system is derived in
Section 3. The design of the cascade ASMC-PI control system is presented in detail in
Section 4, whereas its control performance is discussed in Section 5. Finally, conclusions
are drawn in Section 6.

2. Proposed Glider Recovery Process

In this study, the propeller-type ROV is used to recover the target underwater glider.
For this objective, the ROV first needs to determine the position and posture of the glider.
We place a stereo camera in the front of the ROV, and the lighting system ensures we can
obtain good vision even when submerging. Numerous studies proposed reliable methods
to detect and estimate the posture of an object with this visual data, for example in [22-25].
The ROV also uses the sensors such as an inertial measurement unit (IMU) and global
positioning system (GPS) to measure its own position and rotation. The ROV is equipped
with a gripper and a clamp for capturing and carrying the glider. The gripper picks up the
hook underneath the glider, which is a minor accessory added to the glider. The clamp is
kept fully opening while the ROV is deployed from the mother ship or operating station.
After picking up, the ROV adjusts its posture so that the clamp holds tightly the upper
body of the glider when closing up. Then, the glider moves together with the ROV and is
retrieved. The structure of the renovated ROV is depicted in Figure 2.
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Figure 2. The proposed ROV for retrieving the underwater glider. (1) Main body; (2) Thrusters;
(3) Clamp; (4) Gripper; (5) Stereo camera.

With this ROV, the proposed glider recovery process involves three stages:

Approaching stage: After localizing the glider to be recovered, the ROV is deployed
from the mother ship or operating station. It follows a global trajectory, avoids obstacles,
and avoids colliding with the glider’s body. The ROV reaches a destination point below
the glider, points toward it, and then switches to the next stage.

Capturing stage: Through the visual data obtained from the stereo camera, the position
and orientation of the glider in the ROV-fixed coordinates are determined. A path planning
algorithm, for example [26], generates the required movements for the ROV, including the
movement to the pick-up point for the gripper and the subsequent rotation to a position
parallel to the glider. The posture estimation and path planning tasks are conducted
similarly to those in the docking operations mentioned in the literature review. The
difference is that those tasks are conducted by the ROV instead of the vehicle to be recovered.
The ROV performs the motion as follows: (i) It follows the guidance to the pick-up point
for the gripper; (ii) the gripper catches the hook beneath the glider; (iii) the ROV rotates
following the given guidance; and (iv) the clamp holds the upper body of the glider. These
motions are illustrated in Figure 3.

(a) (b) (© (d)

Figure 3. The capturing stage of the proposed process: (a) The ROV approaches the glider from
below; (b) The ROV’s gripper picks up the hook on the glider’s body; (c) The ROV’s clamp holds the
glider’s body; (d) The ROV starts to retrieve the glider back to a mother ship or station.

Retrieving stage: The ROV carries the glider back to the mother ship or station.

It is worth noting the second stage requires completely autonomous operation. This is
due to the close distance between two vehicles, thus resulting in a high precision require-
ment. Besides, an operator has the difficulty in estimating the absolute position and the
depth from the camera perspective. The motion path in other stages can be either remotely
given by the operator or automatically generated by the path planning algorithm. The
control system has to give an effective and robust performance in the whole process.
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3. System Modeling

In order to analyze the maneuverability of the recovery system, the system dynamics
are formulated. We consider the motions in three coordinates: the Earth-fixed frame (or
inertial frame) XYZ, the ROV’s body-fixed frame X;,Y;,Z; and the glider-fixed frame XY, Z,.
They are depicted in Figure 4. Key dimensions of the ROV, as well as the actuating thrust
forces, are also shown in the figure.

Figure 4. Schematic drawing of the glider recovery system using the ROV.

The rigid-body dynamics of the ROV submerged in water, including hydrodynamic
drag and added mass parameters, are as follows [27,28]:

1:1 = I(Tl)Vz (1)
Mv=—-Clv)v—Dv)v—g(n)+t+ 1+ 1¢

where:

=[x y z ¢ 6 @] isthevector containing the position and the orientation of
the body frame with respect to the Earth-fixed frame. The orientation is represented by
three Euler angles of roll, pitch, and yaw in XYZ order.

}T

v=[u v w p q 7| T is the state vector of body-frame linear and angular veloci-
ties.

J(n) is the transformation matrix from the body frame to the inertial frame. It is
given by:

RL 0s
I =10, ik
-1 @)
CyCp SyCo —Sp Co  S¢Sp CpSe
Ré = | —SyC¢p + CySpS¢ CyCo + SypSeS¢ S¢pCo ’ Ik_,c} = % 0 CpCop —S¢pCo
SypSp + CypSeCyp  —CySp + SypSeCy  CyCh 0 5¢ Co
with ¢(.) = cos(-) and s(.) = sin(-).

M denotes the matrix of the ROV’s mass and inertia including added mass and
inertia parameters due to hydrodynamic effects. The matrix is diagonal if the origin of the
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body-fixed frame is chosen coincident with the central frame and the body is completely
submerged in the water, the velocity is low, and it has three planes of symmetry.

M=Muyy +Mpy,

mls 03]

Mayy = [03 I 3)

My = —diag (X, Y; 2, K, M, N,
where m and | are the ROV’s own mass and inertia tensor. diag(X;,Y;, Z ) contains the
added mass and diag (Kp, M i Nf) is the added inertial. O3 and I3 are the 3-by-3 zeros and
identity matrices, respectively.

C(v) is the nonlinear Coriolis and centripetal matrix. As in [27,28], C(v) is introduced
as follows:

C(v) = Cauv(v) + Cal(v),

0 0 0 0 mw  —mv 0 0 0 0 —Zyw Yy
0 0 0 -—-mw O mu 0 0 0 Zyw 0 —Xu (4)
0 0 0 mv  —mu 0 0 0 0 =Y,v X,u 0
Cauv(v) = 0 mw —mv 0 v —Jyql|’ Cav)=1 o —Zyw Yo 0 -N;r - Mg
—mw 0 mu  —J,r 0 Jxp Z,w 0 —Xu Yo 0 —Kpp
mo  —mu 0 Iya =Ly O -Y,o X,u 0 -M.q Kp

The diagonal, linear, and quadratic hydrodynamic drag matrix is denoted by D(v)
and they are given by:

D(V) = 7di11g(X”, Yo, Za, Kp/ Mt]l NV) - diug<Xu\u| |u|/Yv\v| |'U‘, Zw\w\ |w|/Kp\p\ |P|/ Mq\q\ \‘1\: Nr\r\ ‘Vl) (5)

with the coefficients of D(v) being considered to be constant.
g(#) is the restoring force and moment vector that combines gravitational and buoyancy

effects. In the ROV’s body-fixed frame, the ROV’s center of gravity isatr2 = [0 0 0] r

and its center of buoyancy isatrh = [xg yp zg] T Then, the restoring force and moment
vector is obtained by:
(m —pV)gse
(m —pV)gcesy
(m — pV)gcocy
PV8(yseacy — zBcosy)
pVg(—zBSG - XBCQC¢)
Vg (x5cosp + yBso)
In which, g is the gravitational acceleration, p is the water density, and V the volume
of the body underwater.
The vector of control force and moment is denoted by T and resulted from the thrust
vector T generated by the thruster assembly. From the configuration of the thrusters shown
in Figure 4, 7 relates to the thrusts via the thruster configuration matrix as follows:

g(n) = (6)

T = KrT,
T=[T, T, o Ty Ts To T, Ty,

Cs 0 0 —Cs —Cs 0 0 Cs

—S5 0 0 —S5 S5 0 0 S5 (7)
K — 0 1 1 0 0 1 1 0

T —lass lp Ly —lass 185 =l —lp Lass
—lcs —lLo I L1cs Lics Lo —lo —l1cs
—ly8s — lleo‘ 0 0 Ilyss+ lleo‘ —ly1s5 — ly16(5 0 0 lyss + ly1C5
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In addition, the dynamics of the thrusters generate thrust is assumed to follow the
hydrodynamic linear model [29]. For the ith thruster, the model is presented by:

n; = —kyn; — ki Qi(ny, v;) + kaiu;,
Uj = —kgi(v; — U)|v; — U| + ks;T;(n;,v;), ®)
Ti(ni, vi) = g nilni| — g nilvi,

Qi(ni,v) = c&niln;| — &y |milv;

where 1; and v; are the ith propeller angular velocity and the axial fluid velocity, respectively.
Ti(n;, v;) and Q;(n;, v;) represent its thrust output and reaction torque. U is the ambient

velocity. kj; (j = 1,2,3,4) are positive definite, so are the parameters Cz;,, C,{ivi, cr% and C”ini'
Additionally, u; is the actuator’s voltage to be controlled.

Moreover, the effects of waves, wind, and, especially, ocean currents are denoted by
Tc. By assuming the current irrotational and constant in the earth-fixed frame, its effects

can be modeled as follows: 5
R} Os
TC=— {013 R?] 0,c )

with 6,¢c the vector of constant parameters contributing to the earth-fixed generalized
forces and moments due to the current.

Finally, 75 is the vector of resistance force and moment from the glider acting on the
ROV. That means before retrieving the glider, 7z = 0, and after the ROV catches the glider,
75 is resultant from the glider motion. The latter case is formulated by:

¢ = —Kg (MGI/ + CG(V)I/ + DG(V)I/ +gG(17) — ch),
Ko — { I; O (10)
¢ S(dbg) I

where d;,; = dy dy d] " is the vector of translation from the origin of the ROV’s body-
fixed frame to the mass center of the glider. S(dy,) denotes the skew-symmetrical matrix of
dpg. Mg, Cg(v), and Dg(v) are, respectively, the mass and inertia matrix, the Coriolis and
centripetal matrix, and the drag matrix of the glider. Finally, g (#) and T¢c are the forces
and moments acting on the glider and are modeled in a similar manner to those of the ROV.
It is noted that since the glider is tightly held by the ROV, its translational and rotational
velocities in the ROV’s body-fixed frame is the same as those of the ROV.

On the other hand, it is worth noting that in the second stage of the glider recovery
process, both the position and orientation of the glider are required to be measured so
that the glider can be captured successfully. In other words, the representation of the
glider-fixed frame relative to the ROV’s body-fixed frame must be obtained. Moreover, if
one can derive the position in this frame of at least three certain points of the glider, the
relative position and orientation of the glider are completely defined. This is done using the
stereo camera system in this study. Figure 5 illustrates the 6-dimensional pose estimation
of the glider in this stage using the stereo camera system on the ROV, in which the position
of a point A on the glider’s body expressed in the ROV’s body-fixed frame is computed by:

T T
W5 yh ZB) = [dE+da 1E +la hE+hal,
C1G €15 (11)
_ Icf _ X, Sx _ Y S,
da = G185 522 Im = —da=t5—, ha=—"

where xgl and yil represent the projection of A on the horizontal and vertical coordinates,
respectively, of the image plane of the right camera (camera Cy). sfl and SyC 1 are the

T
horizontal and vertical size of a pixel. f denotes the focal length and |d2 lgl hZ|" is the
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location of camera C; in the ROV’s body-fixed frame. Finally, [¢ is the distance between
the two cameras in the stereo camera system.

C, Cameraplane

\{
=
L
o] ’:.N
Image plane
Camera plane

\ X;
o » >

Pl !< sl ;. Image plane

=

(@)

(b) (c)

Figure 5. A 6-dimensional pose estimation of the glider in the capturing stage: (a) Schematic drawing
of the measurement using the stereo camera; (b) projected points in the left image (camera Cy);
(c) projected points in the right image (camera Cy).

4. Motion Control System Design

The objective of the motion control system is to operate the ROV’s thrusters such that
the ROV follow the desired paths of motion, both before and after retrieving the glider.
In practical operations, the desired paths are given by an operator, in the case of remote
control of the ROV, or from a motion planning algorithm based on the position of the
glider and the measurement system equipped in the ROV. To fulfill the control objective, a
cascade control structure is proposed. In the outer control loop, the sliding mode control
law computes the force and moment for the ROV to reach its desired motion. In the inner
loop, each thruster is controlled by the PI controller such that it generates thrust as required.
In order to effectively cope with disturbances and uncertainties, an adaptive law is added
to the control system.

Assume that the voltage input of each thruster can be mapped to its generated
thrust such that T; = K,;u;. Then to the total force and moment acting on the ROV.
This can be done by either a variety of models, such as linear gains or nonlinear dead-zone
functions [30,31], or experimental tests. Then, the dynamics model of AUV in Equation (1)
can be rearranged as follows:

”:Ié(”) (12)
Mv=—-Cv)v—D(v)v — g()+ru+rud+rc+rc
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where T, is the vector of force and moment mapped from the thrusters’ voltage input u.
T,,4 is the remaining dynamical terms between T and u. Let us assume that these dynamics
can be approximated by first-order models. Moreover, Equation (12) can be rewritten
entirely in the Earth-fixed frame, to eliminate the terms expressed in the body-fixed frame,
as follows [27,28,32,33]:

Myij + (Mg + DAy)7 + 8, (1) + dr = Tuy (13)
In which:
My = (T5(1) " M(T5()
Ay + ANy = Cy(v,y) + Dy(v, 1), (14)
d-r = —TC,” — TGJ, — Tu,d,t]
and

Colv,m) = (Th(n) " (c<v> w(&w»”ié(n)) Thm)

D (v,1) = (Tb(m) D) (T50m) ", ,(n) = Us(m) (), (15)

Twan = T50) " Tua oy = T5m) e, ton = T5(n) " 6, Tuy = J5m) T

The term A, represents the nominal value of Cy(v,#) + Dy(v, 1), and AA, denotes
the remaining uncertainty. The uncertainty AA; and the disturbance d. are assumed to be
bounded and satisfy the matching condition.

For a given vector #, of the desired position and orientation of the ROV in the Earth-
fixed frame, let the tracking error be defined as e=y — #75. A vector of sliding surfaces is
considered as follows:

s=e+Ke (16)

With K a positive diagonal matrix. s converges to zero equivalent to the asymptotic
stability of the ROV.
From Equations (13)-(16), the following dynamics of the sliding surfaces is obtained:

é:M’;l (Tu,ﬂ — A””_gﬂ(’])) _ﬁd +Kse+De (’1/ T)/ (17)
De(i,7) = My [~BA i — d]

D, (77, T) denotes the total effect of the uncertainties and disturbances on the sliding
surface. In order to guarantee that the sliding variable converges to zero, even with the
presence of uncertainties and disturbances, the ASMC control law is proposed in the
following form:

Tuy = To+Tax (18)

T, is the equivalent control input and 7, is the switching adaptation input. In our
proposed control law, T, is designed to achieve the convergence of the nominal sliding
surface, i.e., the surface without uncertainties and disturbances. Therefore:

To = M, i+ Ayt + 8, () — M, 'Ksé (19)
Meanwhile, each element of the adaptation term 7, is designed as follows:

Tai :A _d]aisgn(si)/ (20)
Wai = ajlsi

In which, 7,; and s;, (i =1,2,...,6), are the ith elements of the vector T, and s,
respectively. a; is the corresponding positive adaptation gain. Assume that there exists a
positive wy; is a terminal solution that is greater than the boundedness of the corresponding
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Ref.

element d,; of D, (17, ). To validate the stability of the system controlled by the above
ASMC law, we examine the following Lyapunov-like function candidate:

A

2
— C‘Jdl) (21)

1 6
*S S 5;
Taking the time derivative of (21) yields the following result:

(wui;iwdi) o

vV =sTs+

Ttae

1

6 (22)
= ;1 |si|(deisgn(s;) — wai) <0

Hence, the derivative of the Lyapunov function candidate (21) is negative definite.
Based on Barbalat’s Lemma [34], the global stability of the ROV’s motion is preserved.

In addition, the PI control laws are implemented to compensate for the thrusters’
dynamics. From the desired force and moment, 7,,; obtained from the ASMC loop and
their actual values T, the ROV’s force and moment vector is commanded as follows:

t
Tu,p1 = Kpre + Kir of ecdt, (23)
er = Tu’” — Ty
where, Kpr and Kj are the proportional and integral gains of the controller, respectively.
Finally, we derive the voltage input for each thruster:

T = K} (KrK?Y) 7lTu,PIr

(24)
u; = Kim Ti

The schematic drawing of the proposed control system is depicted in Figure 6 below.

glider nonlinearities

ASMC law l l

PI law of thrusters AUYV system with the
glider syslem

7

Thrusters

(i=1,2,....8)

(e
Sl

O

E=] [BE=] EE
5
'a
N

‘ waves, current

Figure 6. The proposed cascade ASMC-PI control law for the ROV retrieving the underwater glider.

5. Simulation Results and Discussion
5.1. Simulation Setup

In this simulation study, we examine the motion control performance of the system.
The simulation scenario is illustrated in Figure 7 and consists of the first and final stages of
the recovery process. In the approaching stage, the ROV is deployed from the mother ship
or operating station on the water surface. It dives into the water and then tracks a curvature
trajectory to the below the glider. The glider is located at [8 6 0] T[m] with respect to the
initial location of the ROV. This stage consumes 80 [s] to finish. In a completed process, the
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ROV then performs the capturing stage, which is fundamentally a tracking task in a similar
manner to the previous stage. Thus, we neglect it in the simulation. In the final stage, the
ROV retrieves the glider back. The retrieving path can be simply a straight line since there
is no concern about colliding with the glider as in the capturing stage. In other words, the
desired trajectory in the simulation is given by:

2oV 2 i<
y= %x, z=0 otherwise

0.5~ ROV’s initial Bbienfing el l
location  ‘aeii|Edi  ane d B
__4__._________@___. :
. . Glider’s
‘ location
( \ /
—_ ).5 — \ /
N \ :
) - \ )
2 \ .
2 \ 2
(o] N e
1.5 ~ % -
T -~
S [55
~=—p
7 Approaching path
2 —

4 6 0

Distance-x [m] Distance-y [m]

Figure 7. The simulation scenario.

The physical parameters of ROV in this simulation are given in Tables 1-5 and re-
ferred to in [35]. The parameters of the thruster models are experimentally obtained in [29]
and shown in Table 6. The total effect of waves, wind, and ocean currents is defined
through 6,c = [0.15[N] 0.35[N] 0.8[N] 0.02[Nm] 0.05[Nm] 0.07 [Nm]]”. The influ-
ence of the retrieval glider is treated as additive resistance forces and moments in the
latter part of the simulation. In this paper, we assume the effect of the glider is a constant
76 = [20.3[N] 20.3[N] 20.3[N] 5.6 [Nm] 7.6 [Nm] 10.3[Nm]]”. The other disturbances
are also added to the scenario to validate the robustness of the control system. They are
given by:

75 = [2.35in0.4¢[N] 1.5sin0.8t [N] 4sin0.7t [N] 0.15sin0.1¢ [Nm] 0.1sin0.4t[Nm] 0.2sin0.5¢[Nm]]” (26)

Table 1. The hydrodynamic parameters.

X, = —72kgs™! X, = —29kg Xy = 0kgm™!

Y, = —77 kg.s~! Y, = —30 kg Yoo =0 kg.m~!

Zy = —95 kg.s_l Z; = —90kg Zjw| = Okg.mfl

Kp = —40 kg.m.s™! K, = =5.2kg.m Kpp =0 kgm™!

My = —30kgm.s~! M, = =7.2kg.m M,y = 0kg.m !
— ~1

N; = —30kg.m.s N, = —3.3kg.m Ny, =0 kg.m~!
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Table 2. The moments of inertia.

L = 1.32kg.m? Ly = Iz = Okg.m?
Iyy = 2.08kg.m? Iyx = Iy, = Okg.m?
L, = 2.32kg.m? Ly = Iy = 0kg.m?

Table 3. The center of gravity and buoyancy.

xG:0m x3:0m
yc =0m yp =0m
ZG:Om ZB:—0.051’1'1

Table 4. The underwater vehicles” parameters.

p = 1028.48kg.m®
V = 0.09577 m3
g=9.81ms2

Table 5. The thrusters’ configuration parameters.

6= frad lp = 0.15m
I,y =05m l,, =05m
lyl =0.5m I, =02m
lzl =02m

Table 6. The parameters of the thruster hydrodynamic linear models.

ki =1366[111111]" s7! I =0.001467[1 1111 1]7 N.s?
kp=1856[1 111117 (Nms?) ™' cl,=04146[1 111117 NsZm™!
ks =11797(1 111 1 1]7 m(N.s?) ' ¢? =2804x10761 11111 Ns2m2

ky=1102111111]" s? ¢S, =1296x 10711 11 1 1 1]TN.s2
ks = 0012321 1111 1]7 m(N.s?) ™! U=035111111" ms!

For the sake of validation, a cascade PID-PI control system is taken into comparison
with our proposed ASMC-PL. Their parameters are listed in Table 7.

Table 7. The controllers’ gains.

K, = diag(11.50, 6.81, 7.52, 16.51, 11.52, 14.11),

ASMC & = diag(28.51, 32.18, 5.27, 7.12, 8.32, 14.12)
Outer loop Kp = diag(145, 200, 183, 84, 40, 50),
PID K; = diag(140, 230, 180, 32, 25, 25),
Kp = diag(106, 170, 350, 82, 74, 60)
Innet loop ol Kpr = diag(0.85, 0.99, 0.6, 0.15, 0.1, 0.89),

Kjr = diag(15, 5.1, 10, 15, 10, 16.1)

5.2. Motion Performance in the Approaching Stage

The tracking performance of the ROV in 3D geometry is illustrated in Figure 8 and the
tracking error in each direction with respect to time is shown in Figure 9. Both controllers are
able to maneuver the ROV following the desired trajectory, but the proposed cascade ASMC-
PI controller performs better. Although the proposed controller seems to give a larger
fluctuation than the PID controller at the beginning, the tracking errors in Figure 9 show
that only the motion in the z-direction is the case. The deviation in the z-direction motion
quickly converges in 20 [s] and remains in a neighbor of zero after that. In comparison, the
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PID-PI controlled system had a smaller tracking error in this direction at the beginning.
However, it is unable to compensate effectively for the error and results in fluctuation in
the whole period. Better performances of the proposed control system are easily seen in
every other direction. The voltage inputs in Figure 10 show that the ASMC-PI controller
quickly adjusts the operation of each thruster such that high-precision tracking is achieved.
Especially when the ROV reaches the end of the first stage, it is close to the glider. Thus,
deviation from the tracking trajectory may lead to a collision between the two vehicles.

Distance-z [m]

o, 6
468 0 2 4

Distance-x [m] Distance-y [m]

Figure 8. Motion performance of the ROV in the approaching stage.

x-axis [m] ¢ [rad]
0.05 T 0.02 T x .
0 0
-0.05 . R . 20.02 ! . .
0 20 40 60 80 0 20 40 60 80
Time [s] Time [s]
-axis [m 0 [rad]
0.05 T y T [m] T T T T
0.04 1
0.02 ]
0 M’WOWD“’ TN ITIT RTINS 0
20.05 . . R -0.02 . . R ]
0 20 40 60 80 0 20 40 60 80
Time [s] PID Time [s]
z-axis [m] ASMC 9 [rad]
02 y y g : y y y
0 WW@WM 0 W@%&OQOQC
-02 . . . . -0.01 . . .
0 20 40 60 80 0 20 40 60 80
Time [s] Time [s]

Figure 9. Tracking errors in the approaching stage.
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Figure 10. Control inputs of the ROV in the approaching stage.

5.3. Motion Performance in the Retrieving Stage

The motion performance in the retrieving stage is represented in the same manner
as the previous stage. The tracking trajectory, tracking errors and voltage inputs are
respectively shown in Figures 11-13. Due to the resistant force and moment of the glider,
the motion performance is worse than in the first two stages. For example, the roll and pitch
of the ROV controlled by the proposed ASMC-PI cannot converge completely. Fortunately,
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the stable motion of the ROV is still maintained. Meanwhile, the effects of the glider on
the ROV’s motion are significant with the comparative PID-PI controller. It is also worth
noting that the requirement of precision tracking is not as critical as in the first two stages.
Therefore, the ROV has proved its ability for the glider recovery mission, and the proposed
ASMC-PI control system has demonstrated its superiority.

— — —Ref.
—PID
—— ASMC

]
=
;Jn
Z

Distance-z [m

8 2 4 6

Distance-x [m] 0 Distance-y [m]

Figure 11. Motion performance of the ROV-glider system in the retrieving stage.

—-0.1

0.1

0

0.1

0.05
0
—0.05
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Figure 12. Tracking errors in the retrieving stage.
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Figure 13. Control inputs of the ROV in the retrieving stage.

6. Conclusions

In this study, a novel recovery process has been proposed for an underwater glider
by using ROV and a motion control system. The ROV is equipped with instruments and
capturing mechanisms to perform three successive tasks: approaching, capturing, and
retrieving the glider. The cascade ASMC-PI controller has been designed such that a safe
and effective recovery is achieved. In order to validate the proposed system, the simulations
were conducted in the first and final stages of the recovery process. The simulation results
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show that the proposed system achieves high motion performance in the former stage and
maintains a robust operation in the latter. In comparison with a cascade PID-PI control
system, the proposed system demonstrated its superiority in the recovery process.

For future works, the specifications of the ROV and the glider will shortly be finalized.
The experimental system will be fabricated, and experimental studies will be conducted for
further evaluation.
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