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Robust Magnetic Tracking of Subsea Cable by AUV
in the Presence of Sensor Noise and Ocean Currents

Caoyang Yu, Xianbo Xiang

Abstract—To inspect subsea cables, an autonomous underwater
vehicle (AUV) with two triaxial magnetometers is usually assigned
to track the cable route. In this paper, a novel two-layer framework
synthesizing antinoise cable localization and robust tracking algo-
rithm is proposed to guide an AUV to track subsea cables in the
presence of sensor noise and ocean currents. First, an analytic for-
mulation for the cable localization using two magnetometers is de-
rived, and then a dedicated magnetic line-of-sight (LOS) guidance
is built based on the horizontal offset between the AUV and the ca-
ble. Second, a novel antinoise method by estimating the horizontal
offset is integrated into the LOS guidance law to reduce the nega-
tive effects of magnetic noise in the kinematic layer. Subsequently,
in the dynamic layer, a simplified yet robust feedback controller
with reduced implementation complexity is designed to track the
desired guidance profiles, such that the AUV is able to track subsea
cables in the presence of sensor noise and ocean currents. In addi-
tion, the capability of dynamic control laws accounting for ocean
currents is analyzed in the amplitude—frequency domain. Finally,
numerical studies illustrate the antinoise and robust performance
of the proposed two-layer framework for subsea cable tracking.

Index Terms—Antinoise, autonomous underwater vehicles
(AUVs), cable tracking, magnetic line-of-sight (LOS), robust
control.

1. INTRODUCTION

UBSEA cables provide power and communication links
between continents and islands and also connect a growing
number of offshore installations [1]. Yet, the cable is prone to
suffer from natural disasters and human activities such as earth-
quake, fishing, and anchoring. Hence, it is essential to track the
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subsea cable route, which enables the inspection of the cable
and its surrounding environment. To track a subsea cable, low-
frequency alternating currents (ac) are supplied to conductors in
the cable, and the coaxial alternating magnetic field generated
by ac can be sensed by underwater vehicles to localize the cable
[2]. In fact, this electromagnetic sensing method is widely used
to localize and track both uncovered and buried cables [3]. Af-
ter tracking a cable route, underwater cameras and subbottom
profilers carried by a remotely operated vehicle (ROV) or an
autonomous underwater vehicle (AUV) can be effectively ap-
plied to inspect the present condition of the cable and the buried
environment along the whole route.

Compared with an ROV demanding the support of mother
vessels, AUVs are becoming the most powerful tool to support
subsea pipeline inspection, marine observation and sampling,
and underwater intervention [4]-[7]. For instance, dedicated
AUVs for the autonomous cable tracking, such as AQUA EX-
PLORER 1000 and AQUA EXPLORER 2, have been developed
in Japan [8], [9]. Although the operator is emancipated from the
complicated operation and the operation cost is reduced be-
cause an AUV has no tether link with the mother vessel, it
places greater demands on autonomy and robustness to steer the
vehicle along the desired path in the presence of unknown ocean
currents [2], [10].

In the cable tracking mission, the onboard controller of an
AUV is required to calculate control inputs in real time so that
both the relative distance and the relative direction between
the AUV and the cable become zero [2], [8], [9]. Hence, in
this study, the cable tracking task is innovatively formulated as
a path following problem, which means an AUV is required to
follow a desired geometric path along the cable route with spatial
convergence, but without any time specification. However, the
essential difference between the classic path following problem
and the path following based cable tracking problem is that
the desired path in the cable tracking problem is unknown for
an AUV in prior whereas the desired path for the classic path
following problem is known and parameterized [11]-[16]. In
this paper, the desired path of cable tracking mission is generated
online by adopting the magnetic localization method such that
an AUV can follow the cable route.

In fact, there have been great efforts to develop path following
controllers for AUVs in recent years. A sliding mode controller
was applied to an AUV based on line-of-sight (LOS) guidance
in shallow water [17]. In [18]-[20], a nonlinear path following
controller by adopting the backstepping technique for an AUV
was proposed. A feedback linearizing proportional-derivative
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(PD) controller combined with integral LOS guidance was pro-
posed to achieve path following of an AUV in the presence of
constant irrotational ocean currents [21]. The neural network
controller and fuzzy controller for AUV tracking control have
been described in [22]—-[24]. These control methods have also
been widely applied in unmanned surface vessels, underwater
gliders, and ROVs, and the readers can refer to [25]-[34]. Nev-
ertheless, the path following algorithms based on fuzzy logic
and neural network techniques are relatively complicate and
difficult to implement. Hence, a simplified yet robust algorithm
is demanded for the cable tracking control system, to reduce
implementation complexity of an onboard controller.

In addition, while an AUV tracks subsea cables by using the
magnetic sensing method, the magnetic signal is inevitably in-
terfered by the noise from electric motors, which drive onboard
thrusters and rudders. The previous study in [35] indicated that
the sensor noise will induce a spike signal in the measurement
of the horizontal offset between the AUV and the cable, which
likely renders jittering guidance behaviors and chattering phe-
nomena of control inputs. The negative effects coming from
sensor noise will degrade the control performance and even
result in the instability of the cable tracking control system.
Furthermore, it is well known that an AUV usually suffers from
unknown and time-varying ocean currents while tracking the
cable. In this sense, internal sensor noise and external currents
disturbances make the control design of cable tracking system
more difficult.

Motivated by the above considerations, a novel two-layer
framework synthesizing antinoise cable localization and robust
tracking algorithm is proposed. The main contributions of this
paper are described as follows.

1) Compared with [2] and [35], a novel antinoise method
based on magnetic localization estimation is first proposed
to avoid the potential signal spike. Both graphic analysis
and numerical simulation illustrate that this localization
method effectively reduces the negative effects of sensor
noise compared with the traditional analytic method.

2) A simplified yet robust dynamics controller is designed
so that an AUV can track subsea cables in the presence of
sensor noise and ocean currents. This controller reduces
implementation complexity in an onboard control system.
In addition, the capability of dynamic control laws ac-
counting for ocean currents is analyzed in the amplitude—
frequency domain and the whole dynamics control system
is proved to be stable.

The rest of this paper is organized as follows: The nonlinear
modeling of an AUV and control objectives of subsea cable
tracking are presented in Section II. In Section III, the classical
magnetic sensing and cable localization method are analyzed.
The proposed two-layer framework composed of an antinoise
magnetic LOS guidance and a robust cable tracking controller
is designed in Section IV. Numerical study results are given in
Section V to illustrate the performance of the proposed cable
tracking control system, and Section VI draws the conclusions.

II. PROBLEM STATEMENT

This section defines some notations and reference frames
used throughout this paper, presents the cable tracking mission,
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TABLE I
NOTATIONS AND THE REFERENCE FRAMES

Parameter Description

magnetometer 1
magnetometer 2

The larboard triaxial magnetometer
The starboard triaxial magnetometer

AUV Autonomous underwater vehicle
LOS Line of sight

SNR Signal-to-noise ratio

Ypy The heading deviation

Ye The course deviation

Y The horizontal offset

A The vertical distance

(As, B.,Cy) The magnetic field

{1} The earth-fixed inertial frame
{B} The body-fixed frame of an AUV

describes the kinematic and dynamic equations of an AUV in
the fixed-depth plane, and formulates the problem of subsea
cable tracking.

A. Definition

To explicitly introduce the cable tracking mission, the nota-
tions and reference frames in Table I will be used throughout
this paper.

B. Cable Tracking Mission

As stated in [8], the cable tracking mission is to reduce the
relative direction and the relative distance between an AUV and
subsea cables to be zero. To accomplish the mission, two triaxial
magnetometers are installed in two wide wings of an AUV to
localize the cable. Assuming that this AUV is equipped with a
stern propeller and two pairs of stern rudders, it has no thrusters
to directly contribute the corresponding forces and moment in
sway, heave, and roll and belongs to an underactuated system. In
this paper, the roll and pitch motions of this underactuated AUV
are ignored in consideration of an enough large metacentric
height and relatively large contact area of two wide wings in the
sea.

During the cable tracking mission, an AUV first dives to a
suitable height relative to the seabed and then moves in a given
direction obtained from the cable laying report, as shown in
Fig. 1, where (A4, B, C) and (As, By, Cy) are the magnetic
fields in three axes of magnetometer 1 and magnetometer 2,
respectively. In this paper, the vertical distance Z between the
AUV and the cable is assumed to be 2 m. In this sense, we
focus on how to control the surge speed and heading of the
underactuated AUV to track the cable route in the presence of
sensor noise and time-varying ocean currents.

C. Nonlinear AUV Model

According to [36], an AUV moving in the horizontal plane
can be represented by three-degrees-of-freedom components in
the surge, sway, and yaw directions. Hence, the planar kinematic
equations of an AUV can take the form

T = ucos(yp) — vsin(e)
y = usin(¢y) + v cos()
=r

ey
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Cable

Fig. 1. Magnetic sensing and cable tracking.

where (z,y,1) denotes the position and heading of the AUV
with respect to the frame {7}, and (u,v,r) denotes the surge
speed, sway speed, and yaw speed in the frame { B}, respec-
tively. According to [37], the dynamic equations of an AUV
moving in the horizontal plane can be described as

d11

. mao2 uz i—1
U= —ur — ul’ u+
mi miy ZL 2 | | mi
TEu

mi

Tu

. mi d m i—1 TEv
V= ——"—Ur — —v — U+ —
u zy i fof o+ 222

727,2

T

‘ |z 1 r 4+
m33

TEr
ms3

2)
where m,.) expresses the hydrodynamic derivatives of the AUV
and d.y captures its hydrodynamic damping effects. In addition,
(7w, ) denotes the propeller thrust and the yaw moment rep-
resented in the frame {B}. (Tgy, Try, Ter) denotes the ocean
current disturbances acting in surge, sway and yaw, respectively.

D. Control Objective

As previously mentioned, the cable tracking mission essen-
tially can be regarded as a classic path following problem.
Hence, for a straight subsea cable shown in Fig. 2, the prob-
lem of cable tracking control for an AUV exposed to sensor
noise and unknown ocean currents can be formulated by

{ ]‘imtﬁDC 7/}6 =0 (3)
where Y. = 1, — 1, is the course deviation between the course
angle ¢, of the AUV and the direction v, of the cable. Note that
the first term in (3) demands that the horizontal offset between
the AUV and the cable converge to zero, and the second term

requires that the resultant speed of the AUV be aligned with the
tangent of the cable.

{1}

Fig. 2. Cable tracking control.

III. MAGNETIC SENSING

In this section, an analytic method of magnetic cable localiza-
tion including the course deviation and the horizontal offset is
formulated. Subsequently, the negative effects resulted by sen-
sor noise are analyzed, which inspires the design of antinoise
magnetic LOS guidance law in the kinematic layer.

A. Magnetic Field

Suppose that the straight cable tracked by an AUV is param-
eterized by

y = ka, +b
{y ’ @)

Zr =c

where (2., y,, 2, ) is the position of the cable in the frame {1}, k
is the slope of the cable horizontal-plane projection in the frame
{I}, and b and c are constants.

Let (x,y, z) be the position of an AUV with respect to the
frame {I}. According to [35], the magnetic fields (4;, B;, C;)
of magnetometer ¢ with ¢ = 1,2 can be described as

% sin(1 — arctan(k))
1
A k. (Zr — Z)
|- T% cos(1p — arctan(k))
O

o (e o)) + (5 Feosts)) -

+ fnoil (5)
and
- ke (2 — ) sin(¢) — arctan(k)) _
R;
A2 kr: (Zr — Z)
B |- * cos( - anctan(h)

= . —k (:c — gsin(w)> + (y + ;cos(z/))> —b
73 Nt _
+ fnoi? (6)
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04
Magnetometer 1

Fig. 3. Heading deviation calculation.

where k. is the constant and depends on the ac in the cable, L
is the spacing between magnetometer 1 and magnetometer 2

— »)2
k2_|_1 +(Z7" Z)

represents the distance between magnetometer 1 and the cable,
and

. \/ (k(z + L sin(w) — (y — & cos(y)) + b)?

+ (2, — 2)?

e \/ (k(x = & sin(®) = (y + & cos(v)) +b)
k2 +1

represents the distance between magnetometer 2 and the cable.

In addition, fy;; and fheo denote the sensor noise on magne-

tometer 1 and magnetometer 2, respectively.

Remark 1: For cable tracking, the typical ac following in
subsea cables is about 0.1 A, which makes the magnetic field
10 nT at the altitude of 2 m [8]. Based on this, k. can be set as
2 x 1078,

B. Cable Localization

1) Course Deviation: In this paper, assume that the cable is
located on the right-hand side of two magnetometers. The body
axes O;x; , O;y;, and O, z; coincide with the principal axes of
inertia of magnetometer ¢ and are defined as follows: O;z; is
the longitudinal axis directed from aft to fore of magnetometer
1, O y; is the transverse axis directed from port side to starboard
of magnetometer ¢, and O, z; is the normal axis directed from
top to down of magnetometer . The magnetic fields projected
in the horizontal plane are depicted in Fig. 3, where the heading
deviation ¢ 3, between the heading angle ) of an AUV and the
direction 1, of subsea cables can be calculated by

Yp, = atan2(Ay, By) @)

where the function atan2 is the arctangent function with two
arguments, which ensures the mapping ¢z, € (—m, 7.
From Fig. 2, the course deviation v, is

Ve =thpr + 0 ®)
where the side-slip angle 3 is defined as

[ = arctan (%) . 9)
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Fig. 4. Subsea cable localization.

Similarly, the same course deviation result can be obtained
while the cable is located on the left-hand side or in the middle
of two magnetometers.

2) Horizontal Offset: As shown in Fig. 4, the onboard tri-
axial magnetometers and the blue-black cable are located in
plane 1 and plane 2, respectively. In plane 1, the red dashed line
denotes the projection line of the cable, and the green dashed
line denotes the AUV heading. The purple line connects the
center O; of magnetometer 1 and the center Oy of magne-

—_— ——
tometer 2. Constructing the auxiliary lines as Oy E; L E| Es,
ElFlJ_OlFl, OQEQJ_ElEQ, EQFQJ_OQFQ, and OleJ_OlDl
gives the following geometrical relationships to localize the ca-
ble: F{Ey = FyEy, AO1 Do Fy ~ AOy Dy Fy, F1 Dy = O5 F,
and Z0,01 Dy = 9 p,, where P, P, denotes the norm of vector
ITPQ> , A\ and Z are the symbols of triangle and angle, and ~
connects two homothetic triangles.

Since ANO1 Dy Fy ~ AO9 Dy Fy, it renders

et N (10)

Considering the triangles AO; F} Ey and AOs Fs Es, it has

nE
oF, — i

tan(aq) (11
—  BE
O2Fy = — 2.

tan(ay)

Substituting (11) into (10) leads to

OlDQ o tan(ag)

= = . 12
05D, tan(aq) a2
As shown in Fig. 5, there is
A? + B?
i) - T
Jﬁ (13)
+ B
t =_y2 72
an(as) G
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Transitions of the magnetic fields on two magnetometers.

Combining the following geometrical relationships:

01Dy = 0D,y + 00,

02Dy = ODy — OO0, (14)
00, = 00,
with (12) and (13) yields
2 2 2 2
OD2:C“/A2+BQ+CQ Ai+Bi L (15)

Ci\/A3+ B3 - Cy\/JAT+B7 2
According to Fig. 4, the horizontal offset Y between the AUV
and the cable can be calculated as
Ci1\/A} + B3 + Cy\/A? + B} Lcos(¢p,)
OB+ BI+Co /AT + B 2
Similarly, the same horizontal offset result can be obtained

while the cable is located on the left-hand side or in the middle
of two magnetometers.

Y =

(16)

C. Noise Analysis

Assume that the heading deviation 15, is zero. In this case,
when an AUV exposed to sensor noise moves from the left-
hand side of subsea cables to the right-hand side, the transitions
of \/A? + B}, \/A} + B3, Cy, and C, in (16) are described
in Fig. 6. According to (16), the transitions of the correspond-
ing measured horizontal offset from magnetometer readings are

10

_40 i i i
50 100 150
t(s)
Fig. 7. Transitions of the measured horizontal offset.

shown in Fig. 7, where the measured horizontal offset (green
dotted line) without sensor noise is identical with the actual
horizontal offset (red line).

However, a spike signal is induced in the measurement of the
horizontal offset (blue dotted line) when the AUV approaches
the cable from far away in the presence of sensor noise. The
reason is that the signal amplitude is small, as shown in Fig. 6,
which will lead to a small signal-to-noise ratio (SNR). In this
sense, the small signal amplitude is prone to result in the sin-
gularity where the denominator in (16) tends to zero. In the
cable tracking mission, this spike signal likely renders jittering
guidance behaviors and chattering phenomena of control inputs.
Therefore, the negative effects of sensor noise will degrade the
control performance and even result in the instability of ca-
ble tracking control system. In this paper, this problem will be
solved by introducing a saturated LOS guidance law integrated
with antinoise magnetic localization estimation.

IV. CONTROLLER DESIGN

In this section, a saturated LOS guidance law integrated with
antinoise magnetic localization estimation is proposed to reduce
the negative effects of sensor noise in the kinematic layer, and
then a simplified yet robust feedback linearizing proportional-
integral-derivative (PID) tracking controller with reduced im-
plementation complexity is designed to reject ocean current
disturbances in the dynamic layer.

A. Magnetic LOS Guidance

LOS is a popular course guidance law applied in the marine
vehicle system [14], [20], [36], [38]. In this paper, magnetic
LOS guidance is proposed and built in the projection line of
subsea cables. As shown in Fig. 2, the magnetic LOS guidance

angle is defined as
Y
= —arct — 17
Yros arctan < A) a7
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where A is the look ahead distance and is usually equal to two
vehicles’ length. Obviously, the magnetic LOS guidance law
is equivalent to a saturated proportional control law, effectively
mapping the horizontal offset Y € Rinto ¢10s € (—7/2,7/2).
Note that Y cannot be directly solved based on the coordinate
information as shown in [14], [20], and [36] because the cable
route is unknown for an AUV in prior. While in the magnetic
LOS algorithm, Y is indirectly calculated through magnetic
sensing.

According to the LOS guidance principle [14], [18], [20],
if the course deviation 1), is driven to be equal to ¥ ps, the
AUV will move toward and then follow the cable with imitated
helmsman behaviors.

B. Kinematic Controller

As control objectives of subsea cable tracking are to drive
the horizontal offset Y and the course deviation 1, to be zero,
the corresponding positive-definite Lyapunov function candi-
date can be designed as

1 1
V= §Y2 + 5(1/)6 — ros)>. (18)
The derivative of V' is
V = vV sin(y,) + (¢ — tros)(@e — Yros)  (19)

with the resultant speed v; = Vu? + v2 > 0.
Similar to [20], it is straightforward to choose the kinematic
control law as

Yo = Pros — ky (Ve — Yros) — v Y f (e, Yros)

to let the derivative of 1/ be negative definite. Here, ky is a
positive gain and

(20)

sin(tpe) — sin(¢ros)
Ye — YLOS .

Remark 2: f(1.,1%L0s) is a nonsingular and continuous
function because

f (e, Yros) =

.+ Sin(w(‘ *’ll)Los)
f(we, '(/JLOS) = CO8 (w 2¢LOS> e —1@‘12Los 2D
2
and
lim  f(ve,Los) = cos(¥.). (22)
e —tYLos
Substituting (20) into (19) leads to

. v, Y?

V=————— — k(s —thos)” <0.  (23)

/YZ + A2
According to the Lyapunov stability theorem, it is concluded
that

lim (Y, 4% — ¢hros) = (0,0). 24)

Obviously, lim; .. Y =0 means that lim; .. ¥os = 0.
Hence, under the kinematic control law (20)

Jim (Y, 1) = (0,0). (25)
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Transitions of magnetic fields on two magnetometers.

TABLE II
RELATIONSHIP BETWEEN MAGNETIC SIGNAL AND HORIZONTAL OFFSET

Term Left Middle Right
Magnetic signal B1 > By B| = By B < By
Horizontal offset Y >0 Y=0 Y <0

Remark 3: Although the saturated LOS guidance angle in
(17) can reduce the negative effects of a spike signal in the
measurement of the horizontal offset Y, Y also appears as a
multiplier in the kinematic control law (20), which likely also
renders jittering guidance behaviors in the presence of sensor
noise. Below is an antinoise method for calculating the horizon-
tal offset based on magnetic localization estimation, which can
prevent the potential measurement spike from generating when
an AUV approaches subsea cables from far away.

C. Antinoise Magnetic Estimation

Based on the assumptions in Section III-C, the transitions
of the magnetic fields along the y-axis of magnetometers and
their sum are described in Fig. 8. Obviously, when the cable
is located on the right-hand side of the middle point between
two magnetometers, the horizontal offset is negative and the
magnetic field along the y-axis of magnetometer 1 is smaller
than that of magnetometer 2. When the cable is located below
the middle point, the horizontal offset becomes zero and the
magnetic field along the y-axis of magnetometer 1 is identical
to that of magnetometer 2. When the cable is located on the left-
hand side of the middle point, the horizontal offset is positive
and the magnetic field along the y-axis of magnetometer 1 is
larger than that of magnetometer 2. In addition, the closer the
distance between the AUV and the cable, the stronger the sum
of magnetic flux density along the y-axis of magnetometers.

The above results can be summarized in Table II, where the
sign of the horizontal offset Y depends on the sign of the mag-
netic signal difference (B; — Bs). As shown in Fig. 9, the transi-
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Fig. 9. Transitions of the estimated horizontal offset components.

tion of (B — By) agrees well with that of the horizontal offset
Y when Y is relatively small. Yet, (B; — By) quickly con-
verges to zero when Y becomes large. Combining Fig. 8 with
Fig. 9, a negative exponential function with respect to the sum
(B1 + By) can be introduced to estimate the case of a large
horizontal offset. Note that (B + Bs) becomes small and the
negative exponential function quickly increases when Y is large,
whereas (B + Bs) becomes large and the negative exponential
function tends to zero when Y is close to zero.

Based on the above analysis, it is possible to esti-
mate the horizontal offset by using a simplified nonlinear
equation as

Y = kl (Bl — BQ) + sgn(Bl — Bg)k2€7k3<31 +B2) (26)
with positive control gains ki, ko, k3 and a sign function sgn.
As shown in Fig. 9, the blue line that represents the estimated
horizontal offset is basically consistent with the actual horizon-
tal offset in the presence of sensor noise. Although there are
still few differences, they converge to zero when the AUV is
located above the cable. Hence, as long as the horizontal offset
Y estimated from the magnetometer readings converge to zero,
it can be guaranteed that the AUV is located above the cable
route.

Remark 4: Formulation (26) estimated from the magne-
tometer readings is different from the nominal value given in
[2, eq. (16)] and [35, eq. (16)], which depends on the accurate,
complicated math deduction. Obviously, this improved formu-
lation (26) has no fraction, which is instrumental in reducing
the negative effects of sensor noise and preventing the potential
spike from generating.

D. Dynamic Controller

Since 9. = 1, — 1., the error rate between the course angle
1, of the AUV and the direction v, of subsea cables is

Yo =ra+ B — U, 27)

N.(s)
+
Xi,t(s) X ‘(S)
kI‘ 1 o
G4 (8) =kps +——+kpas G,a(s)=— -
+ s -+ s
IIH. (s)=1 I| <t
Fig. 10. Block diagram of the dynamic control system.

Assume that subsea cables tracked by the AUV are straight,
which means that 1), is constant and its derivative 1, is zero.
Substituting (20) into (27) leads to the reference yaw speed
rq as

sin(tp.) — sin(vros)

ra = Yros — ky (Ve — Yros) — v Y —-f
e — YLOS

(28)

where Y10s, ., and § are defined in (17), (8), and (9),

respectively.

In the cable tracking mission, an AUV is usually demanded
a constant reference surge speed u,. Hence, the speed errors in
the dynamic layer can be summarized as

ey =Ug — U
e =rq—Tr.
To reduce the errors (29) to be zero, the dynamic control

laws that act on the surge and yaw directions of an AUV can be
designed as

(29)

T, = —Maovr +diju + Z?:Q dyilultu
+m11(k17ueu + klu fof eudT + kDuéu)
3 i (30)
T, = —(my1 — mag)uv +dgsr + >y dui|r|

+m33(kPr6r + kh’ f(f 6,,-d7' + kDrér)-

Here, the feedback linearizing technique is first adopted to elim-
inate the unknown system nonlinear terms, and then a PID al-
gorithm with reduced implementation complexity is designed
to reject unknown current disturbances.

Substituting (30) into (2) leads to

. . TEu
= (kpuey + kru f(f eudr + kpyéy) + —
mi1 G1)
TE
i = (kprer + kir [] epdr + kpré,) + Wf .
33

Assume that the Laplace transform of the control input
ug(t),rq(t)is X; (s) with* € {u, r}, the Laplace transform of
the output u(t), r(t) is X, «(s), and the Laplace transform of the
current disturbance (7., /m11)(t), (7, /ms3)(t) is N.(s). Ac-
cording to [39], the Laplace transform of (31) can be assembled
Into

X0 (5) = ki (X, 5) = X))+ hr 2

+ kp.s(X; «(8) — Xo.4(8)) + Nu(s). (32)

Hence, the block diagram of the dynamic controller can be
depicted in Fig. 10. Obviously, this controller consists of a pro-
portional term, an integral term, and a derivative term.
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The closed-loop transfer function Gy, . (s) under the control
input of X; ,(s) is given by
X ol,* (3 )

GX/‘,K(S): Xl*(S) =

kD*32 + kpis + ki
(kD* + 1)82 + kpys + k.

(33)

where X, .(s) is the Laplace output resulting from the input
X «(s) as Ni(s) = 0.

The closed-loop transfer function Gy, (s) under the noise
input of N, (s) is

Xo2,4(5) s

Gy, (s) = N.(s) - (kp«+1)s2 + kpus + kr.

(34)

where X, ,(s) is the Laplace output resulting from the current
disturbance N, (s) as X; .(s) = 0.

When both the input X; .(s) and the current disturbance
N.(s) act on the dynamic system, the output of the whole
system is

Xoﬁ*(s) = Xol,*(s) + XOQA,*(S)
ICD*S2 + kP*S + k]* )
(kD*+1)82 + kpys + ks nr

S
N,
+ (k‘D* + 1)82 + kp.s+ ki« (8)

. (kD*SQ +kp*s—|—k]*)XZ*(S) -‘rSN*(S) (35)
- (kpw 4+ 1)82 + kp.s + k. '

(s)

Remark 5: kp. >0, kr, >0, and kp, > 0 guarantee that
all the characteristic roots of the dynamic control system
have negative real parts. Hence, the dynamic control system
is asymptotically stable, namely lim; .., 2,1 +(t) = 2; .(t) and
limy .o @02.«(t) = 0, which indicates that the AUV is capable
of rejecting unknown ocean current disturbances and then let
the steerable surge and yaw speeds converge to the respective

desired profile.
The transfer function (34) yields that
1
XOQ,* S) = - N* S
(#) (kps +1)s + £ + kp, 5)
1

=——N, 36
AR (56)

with 6.(s) = (kps + 1)s + “= + kp., where the amplitude—
frequency characteristic of 0(s) is

2
37

Auw) =] 0.(jw) [= \/]ﬂ%* + [(km + 1w — k:j

with j = v/—1 denoting the imaginary unit. The corresponding
evolution of amplitude—frequency characteristic with respect to
the frequency w is shown in Fig. 11. Obviously, it has a minimum
value of kp. when w = +/(kz.)/(kp« + 1), sharply decreases
with respect tow whenw < \/(kr.)/(kp+ + 1), and sharply in-
creases with respect to w whenw > /(kr.)/(kp. + 1). Hence,
(1)/(| 0+(jw) |) < 1 can be guaranteed by choosing large kp.,
proper kr., and kp.. In this case, the output resulted by the
ocean current disturbance N, (s) is minimal in the designed dy-
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TABLE III

15 20

Amplitude—frequency characteristics of d(s).

HYDRODYNAMIC PARAMETERS OF THIS AUV

25

Parameter ~ Value Unit

L 1.5 m
mii 1116 kg
moo 2133 kg
ms33 4061 kg-m?
diy 25.5 kg-s~!
da2 138 kg-s~t
dss3 490  kg-m?.s7!
dy2 0 kg-m~!
dys 0 kg-m’2 -8
dyo 920.1 kg~m’1
dy3 750  kgm Z-s
dr? 0 kg
dy3 0 kg-s

namic control law, which is instrumental in the cable tracking
control in the presence of time-varying ocean currents.

V. NUMERICAL STUDY

To illustrate the performance of the proposed antinoise cable
localization and robust tracking control framework, two numer-
ical examples are carried out using an AUV with a length of
5.56 m and a mass of 1089.8 kg in [37]. Its hydrodynamic
parameters are listed in Table III, and the maximum propeller
thrust and yaw moment are assumed to be 200 N and 800 N-m,
respectively. Here, the first example is used to evaluate whether
the proposed antinoise cable localization method can reduce
the negative effects of sensor noise or not. The second exam-
ple is to validate the performance of the whole cable localiza-
tion and tracking control framework in the presence of sen-
sor noise and time-varying ocean currents. In the simulation,
the control gains are k; = 7.5 X 107, ko =1, ky = 1.2 x 10,
kp, = 0.85, kr, = 0.8, kp, = 0.75, kp, = 0.08, k7, = 1.9,
and kp, = 0.50.
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TABLE IV
TwO METHODS OF CABLE TRACKING

No.  Method Equations

1 Ml (16), (28), (30)

2 M2 (26), (28),(30)
TABLE V

PERFORMANCE COMPARISON OF TWO METHODS

Method  Spike ¢ max/rad Control inputs
M1 Yes 1.76 Chattering
M2 No 0.90 Slight oscillation

A. Example 1: Antinoise Evaluation

In this example, assume that the complicated noise signal
shows periodic variation. It is well known that any complicated
periodic signal can be expanded in a series of simple sine and
cosine functions by Fourier transformation. For instance, the
frequencies are composed of 0.5, 5, 10, 15, 20,...(Hz). To
reduce the noise and improve SNR, a proper narrow bandpass
filter is often used to remove the high-frequency portion of raw
noise. Therefore, we can consider the low-frequency portion of
raw noise and in the simulation fo; and fhe are chosen as

Jooil = faoiz =[0.02 cos(3.14¢t) + 0.2sin(0.1¢)][1 1 1]T(nT).
(38)
The symbol “T” denotes the transpose.

Note that the noise magnitude in (38) is almost 0.2 nT, and
the resulted SNR is almost 20, such that the noise level in the
numerical study is the same as that of the field data in [2].

Two methods of calculating the horizontal offset are formu-
lated in Sections IIT and IV, respectively, which correspond
to two kinds of cable tracking methods as listed in Table IV.
The first method called M1 represents the classic cable track-
ing controller based on the accurate magnetic measurement,
and the second one called M2 denotes the proposed antinoise
cable tracking controller based on the magnetic localization
estimation.

The cable tracking results of two methods are shown in
Figs. 12-15 and Table V. Obviously, the first method based
on the accurate magnetic measurement in (16) renders a spike
signal of the horizontal offset as shown in Fig. 12, which re-
sults in jittering behaviors in the transition of the tracking path
as shown in Fig. 13 and a large course deviation as shown in
Fig. 14. Yet, the cable tracking path of the second method that
depends on the proposed antinoise nonlinear estimation in (26)
is smooth, which indicates that this dedicated magnetic LOS
guidance integrated with magnetic localization estimation is in-
strumental in antinoise. As shown in Fig. 15, the control inputs
of the first method change violently in the initial stage and
jitters back and forth in the cable tracking period, whereas the
second method reduces this oscillation. It is clear that the second
method outperforms the first method in the presence of sensor
noise. To know the reason of slight oscillation, we consider the

10 ;
Y
E 10/
= 10 i —— Actual Y
-20r 1 ~==-Measured Y (M1)|]
-30 ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120
{(s)
(@)
5
‘| ——Actual Y
= =Measured Y (M2)
40 60 80 100 120
(s)
(b)
Fig. 12.  Comparison of the horizontal offsets in the presence of sensor noise.
200
1507 1
E 100 1
<
50f —— Cable Path ||
- = AUV Path 1
—— AUV Path 2
0 i i i
-10 0 10 20 30 40 50
y(m)
Fig. 13. Comparison of the cable tracking paths in the presence of sensor
noise.
2
——y (M1)
15} —v,M2)| |
~ 1 '
o)
8
o
= 0.5 1
0 B
-05 ‘ ‘ ‘ ‘ ‘
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{(s)
Fig. 14.  Comparison of the course deviations in the presence of sensor noise.
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Fig. 15. Comparison of the control inputs without/in the presence of sensor
noise.
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Fig. 16.  Subsea cable tracking paths in the presence of sensor noise and ocean
currents.
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Fig. 17.  Subsea cable tracking errors in the presence of sensor noise and ocean

currents.
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Fig. 18.  Transition of the magnetic fields on the magnetometers.
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Fig. 19. Transition of the linear speeds and side-slip angle of this AUV.

cable tracking without magnetic noise. The green line describes
the corresponding control inputs and there is no oscillation in the
transition, which illustrates that the slight oscillation of control
inputs using the proposed method (M2) results form magnetic
noise rather than the choice of control parameters.

B. Example 2: Robustness Illustration

In this example, the same AUV is exposed to sensor noise in
(38) and time-varying ocean currents as [37]

TEuw = —0.05m11d(t)
TEv — 0.05m22d(t) (39)
TEr — —005m35d(t)

with d(t) =1+ 0.1sin(t).

While accomplishing this cable tracking mission, the AUV
is first required to dive to a fixed-depth plane and then move
in a given direction obtained from the cable laying report.
Assume that itsposition and posture are [z(0),y(0),1(0)]" =
[0m,—5m,—O0rad]" when the AUV detects the enough
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Fig. 20. Transition of the control inputs acting on this AUV.

magnetic field and enters the cable tracking phase, and its speeds
are [u(0),v(0),7(0)]" = [1.25m/s,0 m/s,0rad/s]". The cor-
responding cable tracking paths are described in Fig. 16. It
shows that the AUV exposed to sensor noise and time-varying
ocean currents still moves toward, converges to, and finally fol-
lows the desired red dotted path, which is the projection line of
the green cable in the above fixed-depth plane.

As shown in Fig. 17, both the horizontal offset Y and the
course deviation v, reduce to a small neighborhood of zero in
the presence of sensor noise and ocean currents, which illustrates
that control objectives in (3) have been achieved; namely this
AUV follows the cable route with its resultant speed aligned
with the direction of the straight cable.

The transitions of the magnetic fields in the tracking period
are described in Fig. 18, where both the components along the
z-axis of magnetometer 1 and magnetometer 2 tend to — 0.6 nT
and the components along the y-axis tend to 4 nT. It means that
the yaw angle is not aligned with the direction of the cable and
the sway speed is nonzero. As depicted in Fig. 19, this AUV
reaches the desired surge speed of 1.5 m/s, but its sway speed
is nonzero and equal to 0.25 m/s due to the side-slip effect
resulted by ocean currents while tracking a straight-line cable.
Obviously, the side-slip angle is not zero, which means that it
cannot be ignored in the control design for an underactuated
AUV.

The available control inputs of this AUV including the surge
force and the yaw moment are depicted in Fig. 20, which keep
changing in the straight cable tracking to account for sensor
noise and time-varying ocean currents.

VI. CONCLUSION

In this paper, a two-layer framework is designed to address the
problem of robust cable tracking in the presence of sensor noise
and ocean currents. The two-layer framework is composed of an
antinoise cable localization method in the kinematic layer and
a robust tracking control algorithm in the dynamic layer. In the
kinematic layer, a simplified magnetic LOS guidance integrated
with magnetic localization estimation is proposed to reduce the
negative effects of sensor noise. In the dynamic layer, a simpli-

fied yet robust feedback linearizing PID controller with reduced
implementation complexity is designed to robustly track the de-
sired magnetic guidance profiles. Moreover, the capability of the
designed dynamic control laws accounting for ocean currents
is analyzed in amplitude—frequency domain. Finally, numeri-
cal study illustrates that an AUV using the proposed two-layer
framework is able to track subsea cables in the presence of sen-
sor noise and ocean currents. In future work, we expect to focus
on extending this method to three-dimensional cable tracking,
which should take into consideration the pitch and roll effects
of an AUV.
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