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considerations for the motion study of a cable-tethered vehicle system,
which include analytical method, experimental method, lumped mass
method (LMM), catenary method, and finite difference method (FDM).
The analytical method was initially studied by Casarella and Parsons;
however, the application of this method is very limited as it can only
be used to solve the simple problem when the studied system is at
rest [13]. Experimental method can be considered as the most reliable
method to predict the dynamic behavior of the cable-tethered vehicle
system [14], [15]; however, the experimental method is very time
consuming and costly, and the conduction of the experiment in the
field has many limitations and challenges. The LMM considers the
cable as a discretized system consisting of microunits connected by
an elastic nonmass spring [16], [17]. In this chain-connected spring
system, although all the forces are considered for each node, the bending
stiffness of the cable is neglected, which is less realistic. Mai et al.
presented a governing dynamic equation for the combined motion of
the vehicle and cable system based on the catenary equation and applied
the shooting method to solve the two-point boundary problem of the
catenary equation [11]. In this catenary method, the two ends of the
cable are fixed so that the length of the deployed cable is also fixed;
however, it is not applicable to the case in our study, for which the cable
is deployed by a drum on the deck of the support ship with increased
length and negligible tension when it is pulled by the vehicle.

In recent years, the FDM has become more popular. It assumes the
cable as a long, thin, flexible, and circular cylinder, which is built up
by finite elements. In this way, the motion of each element can be
modeled with all acting forces considered [18]. Due to these reasonable
considerations, this method has been referenced for cable modeling in
many studies, and the proposed FDM has been extensively utilized and
approved in different applications. Milinazzo et al. introduced a set of
equations to calculate the initial conditions of the cable, which makes
it more stable and efficient to solve the motion equations [19]. For
a typical towed cable system, where the length of the cable is fixed,
numerical solutions of the equations can be obtained by the proposed
FDMs [18], [19]. However, these numerical schemes cannot be applied
to our mentioned situation directly due to the varied cable length. Feng
and Allen extended the numerical scheme developed by Milinazzo et
al. and evaluated the effects of the communication cable with nonfixed
length on the Subzero II AUV [10]. In Feng and Allen’s work, the least
squares solution was adopted to solve the nonlinear finite differential
equations. As the calculation capability of MATLAB Optimization
Toolbox improves, there are more advanced solving methods that can
provide individual benefits, such as higher efficiency, lower memory
requirement, and higher accuracy.

In this article, we will apply the well-known FDM to conduct
motion analysis of the AUV and cable coupling system. To solve
the nonlinear differential equations, different iteration methods are
applied to the respective AUV and cable dynamic equations due to their
different dynamic characteristics. Usually, the Runge–Kutta method
is well known to solve the differential equations of AUV dynamics,
whereas either the trust-region (TR) method, TR dogleg (TRD) method,
or the Newton–Raphson (NR) method could be used to solve the
partial differential equations of cable dynamics. TR, TRD, and NR
methods are well developed advanced equation solving algorithms in
MATLAB nowadays [20]. They can provide more accurate results than
the least squares method, as is used in Feng and Allen’s work; however,
they are less considered in the existing relevant research so far, to the
best of our knowledge.

Among these three methods, the TRD method has the fastest com-
puting speed, followed by the TR and NR methods. In general, the TR
method could provide more accurate results than the other two methods;

Fig. 2. Definition of coordinate systems.

however, this method requires large amount of computation resource
to solve the equations. The NR method is a kind of primeval iteration
algorithm. Although its computing speed is slower than that of the other
two methods, it requires less memory during its computation, making
its performance better when dealing with complicated problems. As
a result, users should choose their suitable method with the given
problem. The methods mentioned above would require a Jacobian
matrix to solve the partial differential equations, where the Jacobian
matrix could be calculated by using the built-in function of MATLAB
program [20]. In this article, the TR method is adopted to solve the
nonlinear finite differential equations in all the case studies to achieve
more accurate results.

By using the FDM numerical scheme, this article will focus on the
investigation of not only the cable effects on AUV operation but also the
environmental impact on the coupled AUV and cable system, such as the
ocean current disturbances. The cases when the vehicle manoeuvers in a
variety of motion modes and current scenarios will be studied to conduct
a systematic motion analysis. Based on this, antitwining maneuvering
strategies will be proposed to make the tethered AUV system operate
safely in the harsh ocean environment.

The rest of this article is organized as follows. Section II presents the
dynamic model of the coupled AUV and cable system. In Section III, we
introduce and verify our model-based simulation scheme. The motion
analysis of the coupled system moving in a series of scenarios is con-
ducted by numerical simulation in Section IV, whereas the simulation
results are further discussed in Section V. Section VI summarizes the
main contributions and describes some additional avenues for continu-
ing research.

II. DYNAMICS MODELING OF THE AUV AND CABLE

COUPLING SYSTEM

As a complex dynamics coupling system, the mathematical model of
the cable-tethered AUV is composed of two parts: kinematic model and
dynamic model. Its modeling method will be presented respectively in
details in this section.

A. Kinematic Model

1) AUV Kinematic Model: First, an inertially fixed frame
{i1, i2, i3} and a body-fixed reference frame {b1, b2, b3} are defined
to derive the motion equations of an AUV, as is shown in Fig. 2. Each
of the reference frames consists of a triad of orthogonal vectors defined
according to the right-hand rule. The origin of the inertial frame is fixed
at the drum, whereas the origin of the body frame is fixed at the buoyancy
center of the vehicle. The orientation of the body frame is given by the
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rotation matrix R, which is parameterized by Euler angles, that is the
roll angle φ, the pitch angle θ, and the yaw angleψ. Let ei represent the
standard basis vector for R3, i ∈ 1, 2, 3, and let the character ·̂ denote
the 3× 3 skew-symmetric matrix operator satisfying âb = a× b for
vectors a and b, where the symbol × denotes the cross product of two
vectors. Then, in terms of conventional Euler angles, we have

R(φ, θ, ψ) = eê3ψeê2θeê1φ

where R(φ, θ, ψ) can be used to indicate the relationship between the
vectors expressed in inertial and body frames

X = R(φ, θ, ψ)x (1)

where x = [x, y, z]T defines a position vector expressed in the body
frame, and X = [X,Y,Z]T denotes a position vector expressed in the
inertial frame.

Letv = [u, v, w]T andω = [p, q, r]T represent the respective trans-
lational and rotational velocities of the vehicle with respect to the
inertial frame but expressed in the body frame. The kinematic equations
of the vehicle are

Ẋv = R(φ, θ, ψ)v (2)

Ṙ = R(φ, θ, ψ)ω̂ (3)

where Xv = [Xv, Yv, Zv]
T denotes the position vector of the vehicle,

expressed in the inertial frame. Note that v represents the absolute
velocity of the vehicle with respect to the inertial frame, but expressed
in the body frame. It is the sum of the relative velocity of the vehicle
with respect to the water vr and the velocity of the ocean current vc.
Both vr and vc are expressed in the body frame.

2) Cable Kinematic Model: A cable-fixed reference frame
{c1, c2, c3} is defined along the cable to describe the motion of the
cable (see Fig. 2). The cable frames are located at points along the
cable with c1 tangent to the cable in the direction of increasing arc
length from the drum-side towpoint, and c3 in the plane of {i1, i2}.
The orientation of the cable frame is given by the rotation matrix W ,
which maps free vectors from the inertial frame to the cable frame.
W is parameterized by two rotation angles: α and β, where a rotation
through angle (−α) about the i3 axis to bring the i1 axis into the plane
of {c1, c2}, rotation about the new i1 axis through (−π/2) to bring i3
into coincidence with c3, and rotation about c3 through β to bring i1
and i2 into coincidence with c1 and c2. The signs have been chosen to
permit agreement with [18].

Let c = [t, n, b]T represent a vector (the position of a point along
the cable) defined in the cable frame. With the rotation matrix W , the
relationship between the vectors expressed in the cable frame and the
inertial frame can be expressed as follows [18], [19]:

c = W (α, β)X (4)

where

W (α, β) =

⎡
⎣

cosα cosβ − sinα cosβ − sinβ
− cosα sinβ sinα sinβ − cosβ

sinα cosα 0

⎤
⎦ .

According to (1) and (4), the relationship between the vectors
expressed in the body and cable frames can be written in terms of
R(φ, θ, ψ) and W (α, β)

c = W (α, β)R(φ, θ, ψ)x. (5)

LetV c = [Vt, Vn, Vb]
T represent the velocity vector of a point along

the cable, which is expressed in the cable frame. The kinematic equation

of the cable can be written as

Ẋc = W T (α, β)V c (6)

where Xc denotes the position vector of a point along the cable,
expressed in the inertial frame.

B. Dynamic Model

In this section, the dynamic model of the AUV and cable coupling
system will be derived separately. Then, the interaction between AUV
and cable dynamic behaviors will be further identified.

1) AUV Dynamic Model: According to [21], the following equa-
tions show the dynamic equations of an AUV expressed in body-fixed
frame:

m[u̇− vr + wq − xg(q
2 + r2) + yg(pq − ṙ)

+ zg(pr + q̇)] = f1 (7)

m[v̇ − wp+ ur − yg(p
2 + r2) + zg(qr − ṗ)

+ xg(qp+ ṙ)] = f2 (8)

m[ẇ − uq + vp− zg(p
2 + q2) + xg(rp− q̇)

+ yg(rq + ṗ)] = f3 (9)

I1ṗ+ (I3 − I2)qr − (ṙ + pq)I31 + (r2 − q2)

I23 +m[yg(ẇ − uq + vp)− zg(v̇ − wp+ ur)] = m1 (10)

I2q̇ + (I1 − I3)rp− (ṗ+ qr)I12 + (p2 − r2)I31 + (qp− ṙ)

I23 +m[zg(u̇− vr + wq)− xg(ẇ − uq + vp)] = m2 (11)

I3ṙ + (I2 − I1)pq − (q̇ + rp)I23 + (q2 − p2)I12 + (rq − ṗ)

I31 +m[xg(v̇ − wp+ ur)− yg(u̇− vr + wq)] = m3 (12)

where m denotes the mass of the vehicle. The center of gravity of the
vehicle is located at xg = [xg, yg, zg]

T . I1, I2, and I3 are the moments
of inertia of the vehicle with respect to each axis of body frame,
whereas I12, I23, and I31 are the products of inertia. f = [f1, f2, f3]

T

and m = [m1,m2,m3]
T are the external forces and moments acting

on the vehicle respectively, which are those due to the following:
1) gravity and buoyancy (fg/b and mg/b);
2) hydrodynamic effects (fv and mv);
3) ocean current effects (f cur and mcur);
4) propulsion and control (f ctrl and mctrl);
5) cable effects (f cab and mcab).
Since there are well developed studies on the modeling methods

of the above each force and moment component in AUV dynamics
[22]–[25], we save the details in this article. Thus, the complete external
force and moment can be expressed as follows:

f = fg/b + fv + f cur + f ctrl + f cab (13)

m = mg/b +mv +mcur +mctrl +mcab. (14)

2) Cable Dynamic Model: When modeling the cable dynamics,
the cable is divided into finite small segments with equal length. The
motion states of each segment of the cable can be represented by
defining the following vector:

y(s, t) = (T, Vt, Vn, Vb, α, β)
T (15)

where s and t denote the cable segments measured from
the towpoint at vehicle side and the time instant, re-
spectively, T is the tension acting along the cable, and
V c = [Vt, Vn, Vb]

T represents the absolute velocity vector of one
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segment along the cable, which is expressed in the cable frame. The
dynamic model of the whole cable can be expressed in the form of
following partial differential equation [18]:

M
∂y

∂s
= N

∂y

∂t
+ q (16)

where we have the equation details shown at the bottom of the page.
Here, ρ is the fluid density, mc denotes the mass per unit length

of the cable, A is the cross-sectional area of the cable, mcv means
the virtual mass per unit length, which is equal to mc + ρA, g is the
gravitational acceleration, wc represents the immersed weight per unit
length, which is equal to (mc − ρA)g, e is equal to 1/EA, whereE is
Young’s modulus, Ct and Cn are the tangential and normal drag coef-
ficients, respectively, d is the diameter of the cable, J = [Jt, Jn, Jb]

T

is the velocity of the ocean current, expressed in the cable frame, and
U = [Ut, Un, Ub]

T denotes the cable velocity relative to the ocean cur-
rent, that is U = V c − J . From the above definition of each parameter
involved in the vector q, we can see that the external and internal forces
and moments acting on the cable include: the gravity and buoyancy of
the cable, elastic effects along the cable, hydrodynamic drag, current
induced forces, and moments.

The following equations, developed by Ablow and Schechter [18],
are used to represent the cable effects on AUV dynamics, where the
cable-induced forces and moments are expressed in the vehicle body
frame as follows:

f cab(t) =

⎡
⎣
fc1
fc2
fc3

⎤
⎦ = R(φ, θ, ψ)T

⎧
⎨
⎩−W (α, β)T

⎡
⎣
T
0
0

⎤
⎦
⎫
⎬
⎭ (17)

mcab(t) =

⎡
⎣
mc1

mc2

mc3

⎤
⎦ =

⎡
⎣
ycfc3 − zcfc2
zcfc1 − xcfc3
xcfc2 − ycfc1

⎤
⎦ (18)

where rc = [xc, yc, zc]
T denotes the location of the towpoint at the

vehicle side, expressed in the vehicle body frame. Note that cable caused
forces and moments acting on the vehicle varies with the time instant.
This is because the deployed cable length changes with time when the
AUV towing the cable moves in the water.

Six boundary conditions are defined to specify the solution of the
governing equations (16). The immersed part of the cable has two ends:
the vehicle-towed end and the drum-released end. The vehicle-towed

end is fixed at the tail of the vehicle, whereas the drum-released end
is located at the drum at the deck of the ship, which deploys the cable
into the water during the pull of the vehicle. The vehicle-towed end
shares the same vehicle velocity with the cable at the towpoint so that
the boundary conditions of this end can be defined in the cable frame
as [10]

V c(0, t) = [Vt(0, t), Vn(0, t), Vb(0, t)]
T

= W (α, β)R(φ, θ, ψ)(v + ω × rt) (19)

where rt = [xt, yt, zt]
T denotes the position of the towpoint in the

vehicle body frame. In (19), the term v + ω × rt means the velocity
of the towpoint expressed in the vehicle body frame.

At the drum end of the cable, since a drum is applied to release
the cable constantly along the tangent of the cable, we assume there
is no tension force generated during this process. Thus, the boundary
conditions at the drum-released end are

T (St, t) = 0 (20)

Vn(St, t) = 0 (21)

Vb(St, t) = 0 (22)

where St is the total arc length of the deployed cable at time t.
Combining the kinematic equations (2), (3), and (6), with the dy-

namic equations (7)–(12) and (16), one obtains a complete dynamic
model for the AUV and cable coupling system. Note that different
from Feng and Allen’s work in [10], here we consider the current
effects on both the AUV and the cable dynamics. In the following study,
the model-based simulation is conducted to predict the motion of the
coupled system, especially under the disturbance of ocean currents.

III. MOTION SIMULATION AND VERIFICATION

As the nonlinear dynamic equations are difficult to be solved an-
alytically, the numerical simulation method is adopted to simulate
the motion of the AUV and cable system. Based on the simulation
scheme introduced in Section III-A, model-based motion simulation is
further implemented in Sections III-B and IV. To ensure the accuracy of
the simulation results, the modeling method as well as the simulation

M =

⎡
⎢⎢⎢⎢⎢⎢⎣

1
0
0
0
0
0

0
1
0
0
0
0

0
0
1
0
0
0

0
0
0
1
0
0

0
Vb cosβ
−Vb sinβ

Vn sinβ − Vt cosβ
−T cosβ

0

0
−Vn
Vt
0
0
T

⎤
⎥⎥⎥⎥⎥⎥⎦

N =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

−mce
Vt

1+eT
mc 0 0 (mcvVb − ρAJb) cosβ −(mcvVn − ρAJn)

e 0 0 0 0 0
0 0 0 0 0 1 + eT
0 0 0 0 −(1 + eT ) cosβ 0

−e (mcvVb−ρAJb)
(1+eT )

0 0 mcv (mcvVn − ρAJn) sinβ −mcVt cosβ 0

−e (mcvVn−ρAJn)
(1+eT )

0 mcv 0 −(mcvVb − ρAJb) sinβ mcVt

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

q =

⎡
⎢⎢⎢⎢⎢⎢⎣

wc sinβ + 1
2
ρd

√
1 + eTπCtUt |Ut|
0
0
0

1
2
ρd

√
1 + eTCnUb

√
U2
n + U2

b − ρAJ̇b
wc cosβ + 1

2
ρd

√
1 + eTCnUn

√
U2
n + U2

b − ρAJ̇n

⎤
⎥⎥⎥⎥⎥⎥⎦
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Fig. 3. Flowchart of a numerical simulation scheme.

scheme is verified by comparing the simulation results with the ones
published by Feng and Allen [10]; as in their work, the proposed
modeling and simulation methods have been validated by experiments.

A. Simulation Scheme

In this article, the model-based simulation process is proceeded as
shown in Fig. 3. After the establishment of the respective dynamic equa-
tions of the coupled AUV and cable system, the dynamic equations are
further discretized for numerical simulation. Thus, different iteration
methods could be applied to solve the discretized equations.

As for the cable, the partial differential equations (16) under the
boundary conditions (19)–(22) can be solved numerically using FDM.
In this method, the cable is considered to be divided into n segments
(or nodes) equally, so that the FDM could discretize the cable dynamics
both over time (Δt) and cable length (Δs). Note that unlike a typical
towed cable, where the length of the cable is fixed in a mission, in our
case, the length of the deployed communication cable is increased when
the AUV towing the cable moves forward in the water. In this case, the
length of each segment of the cable is fixed in the FDM, whereas the
number of the total segments of the cable increases as time goes.

Define the centered finite differences at midnodes sj−1/2 and at the
time instant ti+1/2 as

y(sj−1/2, ti) =
1

2
[y(sj , ti) + y(sj−1, ti)]

y(sj−1/2, ti+1) =
1

2
[y(sj , ti+1) + y(sj−1, ti+1)]

y(sj−1, ti+1/2) =
1

2
[y(sj−1, ti) + y(sj−1, ti+1)]

y(sj , ti+1/2) =
1

2
[y(sj , ti) + y(sj , ti+1)]

with

Δsj = sj − sj−1

sj−1/ 2 =
1

2
(sj + sj−1) , j = 1, 2, . . . , n+ 1

ti+1/2 = (i+ 1/2)Δt, i = 0, 1, . . . , k

where we assume that the time step Δt is sufficiently small. Applying
the governing equations (16) at the points (sj−1/2, ti+1/2

) yields the
6(n+ 1) difference equations as follows [19]:

M(y(sj−1/2, ti+1))
y(sj , ti+1)− y(sj−1, ti+1)

Δsj

+M(y(sj−1/2, ti))
y(sj , ti)− y(sj−1, ti)

Δsj

= N(y(sj , ti+1/2))
y(sj , ti+1)− y(sj , ti)

Δt

+N(y(sj−1, ti+1/2))
y(sj−1, ti+1)− y(sj−1, ti)

Δt

+ q(y(sj−1/2, ti+1)) + q(y(sj−1/2, ti)). (23)

The above finite difference equation (23) involvesn+ 1 cable nodes,
and according to (15), there are six motion states used to describe
the motion of each cable segment, so there are 6(n+ 1) cable node
variables in total. Because the AUV is a rigid body, 12 motion states are
used to describe its dynamics. Thus, for the combined AUV and cable
system, there are in total 12 + 6(n+ 1) dynamic equations involved
to solve the 12 + 6(n+ 1) motion states, which are

Y = {y1:n+1, (Xv, Yv, Zv, φ, θ, ψ, u, v, w, p, q, r)}T . (24)

The initial condition of the system (Y 0) should be provided for
further calculation. Then, the previous iteration result (Y k) will be used
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Fig. 4. Validation of the tethered vehicle model [10]. (a) AUV forward speed. (b) AUV heading angle.

Fig. 5. Configuration of Mullaya AUV [22], [26].

as the initial guess for the next iteration (Y k+1). A converged result is
expected for each iteration step [19].

As mentioned in Section I, the TR method will be used to solve
the nonlinear finite differential equations in our numerical simulation
scheme to obtain more reliable solving results.

B. Modeling Method Verification

To verify the presented modeling method and simulation scheme,
study is conducted to compare the simulation results obtained from the
presented model in this article with the ones as discussed in Feng and
Allen’s work [10]. Feng and Allen have validated their AUV and cable
coupling model using the field test data that are measured by a set of
sensors onboard, as is shown in Fig. 4.

Since the full hydrodynamic model of our Explorer AUV is still
under development, due to the availability of an AUV dynamic model,
an identical dynamic model of the coupled AUV and cable system
has been established with our Mullaya AUV. This vehicle is designed
for hydrodynamic testing at AMC (see Fig. 5), whose hydrodynamic
coefficients are fully available. Although a different AUV model is used
in the simulation from the one (Subzero II AUV) presented in [10], the
size and geometry of the two vehicles are similar as is shown in Table I.

For the sake of comparison, a case study has been conducted, which
repeats the simulation scenario mentioned in [10]. The cable-tethered
AUV moves straightforward for 10 s; then, it decreases its pitch angle

TABLE I
COMPARISONS OF PHYSICAL PARAMETERS BETWEEN SUBZERO II

AUV AND MULLAYA AUV

by 6 °/s, and after 20 s, the pitch angle remains at –60°. The time series
of the vehicle’s pitch angle in the case study is defined as follows:

θ(t) =

⎧
⎨
⎩

0◦, 0 ≤ t ≤ 10 s
−6◦ × (t− 10), 10 < t ≤ 20 s
−60◦, t > 20 s.

The same cable and fluid property parameters are adopted following
the study in [10], which are given in Table II. Note that the optical fiber
is taken as an inelastic, lightweight, thin, and neutrally buoyant cable.

Fig. 6 presents the simulation comparison results. It can be seen from
Fig. 6(a) that there is some slight discrepancy in the configuration of the
cable between the two sets of simulation results. This may be due to the
larger inertia of Mullaya AUV, which has a larger mass and size than the
Subzero II AUV. It is observed in Fig. 6(b) that the results of the cable
velocity at the towpoint matches well with each other as well as the
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TABLE II
CABLE AND FLUID PARAMETERS

Fig. 6. Simulation results for verification (the prefix “ZF” in the legend denotes the corresponding data obtained from [10]). (a) Cable configuration at different
time instants. (b) Cable velocity at the towpoint. (c) Cable-induced force at the towpoint. (d) Cable-induced moment.

value of the cable-induced force at the towpoint as shown in Fig. 6(c).
However, an obvious discrepancy in the cable-induced moment acting
on the two vehicles is shown in Fig. 6(d), which may be caused by the
different distances between the cable towpoint and the center of gravity
of the vehicle. There are obvious fluctuations in the cable-induced force
in the b1 direction and in the cable-induced moment in the b2 direction,
which may be caused by the less stable pitch control of the vehicle
during its descending flight. Overall, according to the similarity and
the reasonable difference between the compared simulation results, it
can be concluded that the accuracy and feasibility of the presented
modeling method and simulation scheme in this article is acceptable.
Therefore, the model-based simulation can be further implemented for
the following motion analysis study.

IV. MOTION ANALYSIS

In this section, we conduct several case studies to investigate the
effects of the tethered cable and ocean current on AUV motion using the

model-based simulation. Different motion scenarios have been taken
into consideration, including straight running, moving in the vertical
plane, moving in the horizontal plane, and moving in the 3-D space.
Based on the motion analysis, an antitwining maneuvering strategy is
further proposed for safe operation of the tethered AUV moving in
currents.

There are following assumptions in our simulations.
1) The AUV is moving at equilibrium conditions.
2) Before the vehicle starts to move, the deployed cable length is

considered as 0 m. There is no tension acting along the cable.
The velocity and rotation angles of each segment along the cable
are all equal to 0.

3) A drum is used to release the cable to avoid the generation of
tension along the cable.

4) The constant uniform currents are considered in different study
cases.

5) The cable tension is estimable or measurable online in real time.
Unless the real-time cable tension is available by the vehicle
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TABLE III
TENSION AT TOWPOINT VARIED WITH THE CABLE LENGTH

Fig. 7. Current effect on the AUV and cable coupling system in straight running. (a) Cable tension at towpoint in different current conditions. (b) Cable
configuration in downstream current. (c) Cable configuration in upstream current. (d) Cable configuration in cross current. (e) Cable configuration in calm water.
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control system, the cable tension induced forces and moments
(disturbances) acting on the vehicle could be compensated imme-
diately; this will keep the vehicle stay in the desired equilibrium
motion status.

A. Straight Running

In this case, the Mullaya AUV starts at the origin of the inertial frame
and moves straightforward in the horizontal plane at the speed of 1 m/s
in calm water, with all the attitude angles equal to 0. The change in
the cable tension at the vehicle-side towpoint is observed as the cable
length increases when the AUV moves forward. The cable tensions in
three conditions are compared when the cable length grows up to 200,
500, and 1000 m, respectively. The results are presented in Table III. It
is obvious that as the length of the deployed cable increases, the cable
tension acting at the towpoint will increase. When tethered by a 1000-m
cable, it will take the vehicle an addition of at least 51.055 N propulsion
force to compensate the cable effect and maintain the desired forward
speed. So, special attention should be paid to the effect of cable tension
when the vehicle is tethered by a cable in its mission.

Furthermore, the ocean current effect on the straight motion of
the coupled AUV and cable system is studied. In this study, four
kinds of constant current conditions are considered: downstream with
current velocity of Vcx = 0.35 m/s, upstream with current velocity of
Vcx = −0.35 m/s, cross current with velocity of Vcy = −0.1 m/s, and
no current.

The time series of the cable tension at the towpoint and the cable
configuration for each current condition are presented in Fig. 7. The
cable tension at the towpoint is highest when the vehicle is moving
in the upstream current. In this case, the vehicle’s absolute velocity
is increased by the current, so in the given time range of 500 s,
the longest cable is deployed into the water. As is found from the
previous study, longer deployed cable can generate larger tension at
the towpoint of the vehicle. On the contrary, the cable tension is
lowest when the vehicle is moving against the current in a 500-s run.
Since the slight cross current does not dramatically change the length
of the deployed cable within 500 s, the cable tension in the cross
current is similar to the one in calm water. It is also observed that
the vehicle and the cable are pushed to the starboard side in the cross
current with an obvious displacement in the positive i2 direction in
Fig. 7(d).

B. Motion in the Vertical Plane

In this study, the current effect on the AUV and cable coupling system
is investigated when the AUV maneuvers in the vertical plane. In the
simulation, the vehicle starts at the origin of the inertial frame with the
forward speed of 1 m/s while its pitch angle θ varies as shown in Fig. 8.

The simulation results for the tethered AUV moving with and without
current disturbance are, respectively, given in Fig. 9. Both the variation
in the cable tension at the towpoint and the configuration of the cable
for the two cases are compared. In this study, the ocean current in the
positive i1 direction is considered with a constant velocity of 0.5 m/s
at all the depths while the vehicle moves downstream in the {i1, i3}
plane. As the vehicle can hardly get tangled in the cable if moving
against the current, here we intend to study the worst case that may cause
tangling.

From the comparison between Fig. 9(a) and (c), it can be found
that the downstream current changes the configuration of the cable.
As the forward speed of the AUV and cable system is increased by
the current, the deployed cable length is longer than the one without
current disturbance. Since the current carries the vehicle and the cable

Fig. 8. Variation in vehicle pitch angles.

together to move forward, although moving in the downstream current,
it is still not easy for the vehicle to get tangled by the cable as long
as it is moving forward. As is shown in Fig. 9(b) and (d), the overall
cable tension increases when there is current disturbance, whereas the
cable tension at the towpoint decreases at the time ranges from 100
to 120 s and from 160 to 180 s for both cases. This is because the
cable tension at the towpoint increases when the vehicle is traveling
in one direction, like at a fixed pitch angle, whereas the cable tension
will decrease to some extent when the vehicle is changing to travel in
an opposite direction, such as changing its pitch angle to an opposite
direction. Thus, when deploying the AUV and cable coupling system,
one can design the maneuvering form of the vehicle to control the cable
tension at the towpoint and make it within an acceptable range.

C. Motion in the Horizontal Plane

Next, the motion of the coupled AUV and cable system in the
horizontal plane is studied. Here, we consider two kinds of motion
cases when the vehicle moves in the horizontal plane. In the first case,
the vehicle starts at the origin of the inertial frame and runs in a zig-zag
pattern without current disturbance. The forward speed of the vehicle
is set at 1 m/s while the variation in the heading angle ψ is defined as
shown in Fig. 10(a).

The variation in AUV trajectory and the configuration of the cable
is shown in Fig. 10(b). It can be found that both the vehicle trajectory
and the configuration of the cable appear like sinusoids. However, the
period of the vehicle trajectory looks constant, the period of the cable
configuration curve seems increasing over time.

In the second case, the vehicle makes a circle in the horizontal plane
in current. In the simulation, the current in the negative i1 direction is
considered with a constant velocity of 0.1 m/s. The vehicle starts from
the origin of the inertial frame while the variation in the vehicle heading
angle is defined as shown in Fig. 11(a).

The variation in AUV trajectory and the configuration of the cable
is shown in Fig. 11(b). It shows that the vehicle has the risk of getting
tangled by the cable when it returns to the start point after making a
circle under the disturbance of current. So, special attention should be
paid to this case when recovering a tethered AUV. A possible solution
is that the vehicle turns to the port side at certain angle at the beginning
and then turns to the starboard side to complete the circle when making
a right turn, as is shown in Fig. 12(a). Performing in this form, the
cable will not drift over the area where the vehicle will pass through
for returning [see Fig. 12(b)].
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Fig. 9. Current effect on the AUV and cable coupling system when manoeuvering in the vertical plane. (a) Cable configuration in calm water. (b) Cable tension
in calm water. (c) Cable configuration in current. (d) Cable tension in current.

Fig. 10. Simulation input and result of zig-zag motion in the horizontal plane without current disturbance. (a) Variation in vehicle heading angle. (b) AUV
trajectory and cable configuration.
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Fig. 11. Simulation input and result of horizontal circling motion without
antitwining maneuvering strategy. (a) Variation in vehicle heading angle. (b)
AUV trajectory and cable configuration.

D. Motion in 3-D Space

In this section, the motion of the cable tethered AUV system in
3-D space is presented. In the simulation, the vehicle is commanded to
perform downward spiral motion. The vehicle starts from the origin of
the inertial frame. The forward speed of the vehicle is set at 1 m/s, and
the pitch angle θ is fixed at 10°, whereas the variation in the heading
angle ψ is defined as shown in Fig. 13(a).

The simulation results for the tethered AUV moving in two different
current conditions are given in Fig. 13(b) and (c), respectively. In
Fig. 13(b), the current in the positive i2 direction is considered with
a constant velocity of 0.05 m/s at all the depths, and the current in
the opposite direction is also with a constant velocity of 0.05 m/s as
shown in Fig. 13(c). It is found that the diameter of the turning circle of
the cable will increase when the vehicle starts spiraling in downstream
current, whereas the diameter of the turning circle of the cable will
decrease when the vehicle starts spiraling in upstream current. It also
appears that both the vehicle trajectory and the cable profile drift along
the current direction as a whole, so the vehicle is hardly to get tangled by
the cable in both current conditions. Moreover, at the given pitch angle
and heading rate of the spiral motion, the cable will not get tangled by
itself in the uniform current.

Fig. 12. Simulation input and result of horizontal circling motion with the
antitwining maneuvering strategy. (a) Variation in vehicle heading angle. (b)
AUV trajectory and cable configuration.

V. DISCUSSION ON SIMULATION RESULTS

In the previous motion analysis, both the variation in the cable tension
at the towpoint and the configuration of the cable are investigated. It
is found that the cable tension causes the extra drag on AUV motion,
which will affect the motion behavior and endurance capacity of the
vehicle, whereas the variation in cable configuration may get the vehicle
tangled especially under the disturbance of ocean current. The above-
mentioned two issues will be further discussed in this section based on
the simulation results in Section III.

A. Cable Tension at the Towpoint

For a tethered AUV, it will take the vehicle additional propulsion
to compensate the drag caused by the cable and maintain the desired
forward speed. In general, the cable drag will increase as the length
of the cable increases, so the maximum affordable cable length for an
AUV will depend on the propulsion capability and the power capacity
of the vehicle. However, if the proper maneuvering strategy is adopted,
one can control the cable tension to make it within an acceptable range,
for example by switching the orientation of the vehicle from time to
time. Since the uniform current carries the AUV and cable coupling
system as a whole to move forward, it will cause less effect on the cable
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Fig. 13. Simulation input and result of spiral motion in currents. (a) Variation
in vehicle heading. (b) AUV trajectory and cable configuration starting with
downstream current. (c) AUV trajectory and cable configuration starting with
upstream current.

tension. However, in the real world, the ocean environment is much
more complicated with unsteady nonuniform current components. In
this case, the current effect on the AUV and cable coupling system will
be more complex, so further studies should be conducted to investigate
this issue.

B. Antitwining Manoeuvering Strategy

With regard to the twining issue of the coupled system, as long as
the tethered AUV moves forward, it will be difficult for the vehicle to
get tangled by the cable if there is no current. However, the motion of

the AUV and the ocean current affects the cable configuration heavily.
It is found that the diameter of the turning circle of the cable will vary
when the vehicle starts spiraling in different current conditions, such as
in downstream or upstream current. Generally, as the cable is neutrally
buoyant and has less inertia, it is much easier for the deployed cable to
drift along the current. If the current environment is too complicated,
the vehicle will run into high risk of twining with the cable.

In the given current environment, if adopting a proper antitwining
maneuvering strategy, it will help the vehicle to escape from twining
with the cable. Taking the circling motion for example, it is better for
the vehicle to navigate against current to make the whole cable body
move backward. Besides, the vehicle should start to turn to certain
direction for a while if intending to make a circle in the opposite
direction; by doing this, the cable will leave the entry area when the
vehicle completes the circle and returns to the start point. Again, more
thorough antitwining maneuvering strategies should be studied when
the vehicle is moving in more dynamic ocean environments.

VI. CONCLUSION

This article presented the mathematical model of a cable-tethered
AUV system as well as the numerical simulation scheme for the coupled
motion analysis. In our study, the TR method was used to solve the
partial differential equations of cable dynamics as it could provide
more accurate results than other methods. The presented model-based
simulation scheme was verified by comparing the simulation results
with the ones in the existing literature, in which the adopted modeling
and simulation methods were validated by the experimental results.
Furthermore, a series of simulations were conducted to analyze the
motion interaction in the coupled AUV and cable system, especially
under the disturbance of ocean currents. In our simulation, different
motion cases were studied as the vehicle moves in 1-D, 2-D, and 3-D
spaces, respectively. The variation in the cable tension at the towpoint
and the configuration of the cable were investigated in different current
conditions. We found that the cable tension caused the extra drag on
AUV motion, which would affect the motion behavior and endurance
capacity of the vehicle, while the variation in the configuration of the
cable may get the vehicle tangled especially when the coupled system
moves in currents. These two issues were both well discussed in details
at the end of this article.

In our current work, we discussed the equilibrium motion states
of the vehicle in our simulations, whereas the propulsion dynamics
was not considered in the vehicle dynamic model. However, including
the propulsion dynamics as well as the consideration of the dynamic
level of cable effects on vehicle dynamics will make the simulation
more actual, which should be considered in our future work. Besides,
only the uniform current was considered for the case studies in this
article, whereas in the real world, the ocean environment is much more
complicated with unsteady nonuniform components, in which case, the
current effect on the cable-tethered AUV should be further investigated
in our future study to provide effective and practical guidelines for the
safe operation of the AUV and cable coupling system in the field.
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