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Abstract—This paper addresses the problem of path following
for biomimetic underwater vehicles (BUVs) propelled by undu-
latory ribbon-fins. First, the general kinematics and dynamics
models of underwater vehicles are presented, followed by a fuzzy
logic model for dealing with a nonlinear relationship between the
propulsive force/torque and the control parameters of the undula-
tory fins of the BUV. Then the path following problem of the BUV
is formulated. A path following control paradigm integrating
the line-of-sight guidance system with backstepping (BP) tech-
nique is proposed to maneuver the BUV to follow a predefined
parameterized curve without time constraints. The stability of
the BP controller is analyzed and guaranteed by Lyapunov
stability theory. Finally, simulations and experimental results
illustrate the performance of the proposed path following control
paradigm.

Index Terms—Backstepping (BP), biomimetic underwater
vehicle (BUV), line-of-sight (LOS) guidance, path following,
ribbon-fin, undulatory propulsion.

I. INTRODUCTION

VARIOUS autonomous underwater vehicles (AUVs) have
been proposed for numerous applications in marine

and military fields, such as underwater operation, mili-
tary reconnaissance, leakage detection, and so forth [1]–[5].
Nevertheless, as operations in dangerous and worse under-
water environments become more common and complicated,
biomimetic underwater vehicles (BUVs) propelled by undu-
latory fins have received much attention, whose appealing
nature involves stronger disturbance rejection, more remark-
able maneuverability, and quieter actuation than conventional
underwater vehicles equipped with axial propellers [6], [7].
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For more than ten years, researchers have developed sev-
eral kinds of BUVs propelled by undulatory fins [8]–[13].
The earliest undulatory-fin device using the parallel bel-
lows actuator was developed by Sfakiotakis with Heriot-Watt
University in 2001 [9]. Hereafter, Northwestern University
designed a bio-inspired robotic knifefish with an undula-
tory propulsor [10]. Zhou and Low [11] developed a robotic
manta ray named RoMan-II. A squid-like underwater robot
mimicking stingrays was proposed by Osaka University [12].
Wei et al. [13] designed a robotic cuttlefish, which can rotate
with small turning radius and dive or float vertically in water.
Meanwhile, some undulatory fin systems have been devel-
oped using advanced materials, such as ionic polymer metal
composites, which may help to improve the efficiency of the
propulsion system [14], [15]. However, most of researchers
focus on undulatory fin control, but seldom consider closed-
loop motion control (such as path following, etc.), which are
of primary importance for most applications [16], for those
BUVs.

Over the past few years, the path following control for
AUVs or surface ships has received great attention from world-
wide researchers [17]–[19] and various control strategies have
been proposed, including linear algebra approach [20], adap-
tive control [21], [22], sliding-mode method [23], [24], and
backstepping (BP) control [25]–[27]. Serrano et al. [20]
presented a linear algebra approach for trajectory track-
ing of underactuated surface vessels. Antonelli et al. [21]
proposed an adaptive control law for the end-effector track-
ing problem of underwater vehicle-manipulator systems.
Healey and Lienard [24] designed a sliding mode autopilot
for the combined steering, diving, and speed control functions
of an underwater vehicle. Do et al. [26] developed a non-
linear control strategy to force an underactuated surface ship
to follow a predefined path at a desired speed using the BP
method. Sun et al. [25] proposed a cascaded control system
integrating BP control with bio-inspired model for tracking
control of a manned submarine vehicle. Some intelligent con-
trol algorithms like fuzzy control are usually used in path
following of underwater vehicles for that the dynamics of the
controlled system need not to be completely known [29], [30].
Guo et al. [30] demonstrated the feasibility of applying a
sliding mode fuzzy controller to motion control of an AUV.

Most of the above literatures about path following control
have achieved good performance demonstrated in numeri-
cal simulation with precise mathematical models of vehicles.
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But only a few papers have reported their proposed path fol-
lowing methods applied in the actual systems and achieved
acceptable performance in experiments, due to model uncer-
tainty and complex hydrodynamics. Moreover, the propulsion
modes and control inputs of BUVs with ribbon-fins are quite
different from that of AUVs and surface vessels, such that
the model uncertainty and hydrodynamic complexity are more
challenging for these BUVs and the path following problem
become more difficult.

This paper provides a positive effort to the above chal-
lenging problem. The preliminary goal of this paper is to
develop a close-loop control paradigm for a BUV named
RobCutt-II to ensure path following in the underwater space.
In order to obtain good low-speed stability, the RobCutt-II
adopts undulatory propulsion as its actuation system, which
in turn poses challenges to the design of the motion con-
trol system. The look-ahead line-of-sight (LOS) guidance law
mimicking an experienced sailor is implemented to compute
the foresight point the RobCutt-II needs to track currently.
Furthermore, the BP methods are most commonly used in the
robot control systems [31], [32]. The control algorithm of BP
is quite simple, and the system stability is strictly guaranteed
by Lyapunov stability theory. Thus, we use the BP controller to
output the required propulsive force and moment based on the
derived foresight point and state feedback. Moreover, fuzzy
logic model is proposed to build the nonlinear relationship
between the propulsive force/torque and the control parame-
ters of the undulatory fins of the RobCutt-II. Compared with
traditional model-free control methods, such as proportional-
integral-differential (PID) technique, we try to make use of
the partial model information that can be identified through the
combination of BP algorithm and fuzzy logic. Moreover, the
integrated design weakens the requirements of BP control
for precise model parameters and state feedback. Thus, the
proposed control paradigm can be actually applied in the path
following control of the RobCutt-II. In the end, we investi-
gate its efficacy through simulations and experiments with a
physical prototype.

In the remainder of this paper, the modeling of the
RobCutt-II is described in Section II. Section III formulates
the path following problem and gives the control paradigm.
Section IV details the BP algorithm of the proposed con-
trol paradigm. Simulations and experimental results are further
provided in Section V. Finally, the conclusion and future work
are summarized in Section VI.

II. MODELING OF THE ROBCUTT-II

The RobCutt-II presented in this paper is a mechatronic
system motivated by the unique undulatory propulsion mode of
cuttlefish. The mechanism design is first introduced in this sec-
tion. Then, the kinematics and dynamics of the RobCutt-II are
presented. Finally, the parameter mapping between the propul-
sive force/torque and the control parameters of the RobCutt-II
is built based on fuzzy inference.

A. Design of the RobCutt-II

The mechanical design of the RobCutt-II is based on modu-
lar concepts. As shown in Fig. 1, the RobCutt-II is composed

Fig. 1. RobCutt-II prototype.

TABLE I
STRUCTURE PARAMETERS OF THE ROBCUTT-II PROTOTYPE

of three parts, including a tube-like main body, a five DOF
manipulator, and two symmetrically arranged propulsors with
fins propulsion. Specially, servo motors for driving the manip-
ulator are installed inside the main body. Those servo motors
are connected to the joints of the manipulator by timing belt
pulley, gear or wire rope transmission. This concept design sig-
nificantly reduces the mass of the manipulator and the coupling
between the manipulator and the vehicle, which is conductive
to the coordinative control and operation in the underwater
space [33]. In addition, the propulsor can both swim in the
water independently and be used to construct various BUVs
propelled by undulatory fins [34].

Table I tabulates the main structure parameters of the
RobCutt-II prototype. Since, the buoyancy is approximately
equal to the gravity, the RobCutt-II will be neutrally buoyant in
the water. Moreover, benefiting from the bilateral symmetrical
structure and large metacentric height, the RobCutt-II has good
static stability of roll and pitch angles. With the coordinated
control of the propagating waves on bilateral fins, the long fins
can produce 3-D propulsive force and moment simultaneously.
Thus, the RobCutt-II can perform diversified locomotion pat-
terns, including forward/backward swimming, diving/floating
motion, and turning maneuver, especially submerging or sur-
facing vertically. The detailed description about the mecha-
nism design and system configuration of the RobCutt-II can
be found in [33]–[35].

B. General Kinematics and Dynamics of
Underwater Vehicle

In this paper, the path following issue is addressed in the
horizontal plane. It should be mentioned that when swimming
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in the 3-D underwater space, the RobCutt-II could first dive
or ascend to the desired depth using the method in [13] while
maintaining horizontal position, then transits along the hori-
zontal plane to the target. Moreover, the RobCutt-II can switch
back to vertical movement mode when the vertical error is
larger than a certain threshold.

As previously explained, the RobCutt-II has good stabil-
ity due to large metacentric height, such that it is reasonable
to neglect the motion in pitch and roll. Due to the limita-
tion of motor power of this prototype, the maximum speed of
the RobCutt-II is about 0.4 m/s. It is further assumed that the
nonlinear damping can be ignored since the linear damping is
more significant than the nonlinear damping for BUV moving
at low speed. Therefore, the 3 DOF kinematics and dynamics
of the vehicle can be represented as (see [36])

η̇ = J(ψ)ν

Mν̇ = −C(ν)ν − Dν + τ + τd (1)

where η = [x y ψ]T ∈ R
3 represents the earth-fixed position

and course, J(ψ) ∈ SO(3) is the rotational transform matrix
from the earth-fixed reference frame to the vehicle-fixed ref-
erence frame, ν = [u v r]T ∈ R

3 represents the vehicle-fixed
velocities, M is the inertia matrix including hydrodynamic
added inertia, C(ν) is the coriolis and centripetal matrix, D
is the linear damping matrix, τ = [τu 0 τr]T is vehicle-fixed
propulsive force and moment, where τu, τr describe the propul-
sive force and moment acting on surge and yaw, respectively,
τd = [τdu τdv τdr]T describe the disturbance force or moment
acting on surge, sway, and yaw. The mass and inertia matrix
are assumed to be diagonal matrix. Specifically, the matrices
M and D are assumed to have the following structure:

M �

⎡
⎣

m11 0 0
0 m22 0
0 0 m33

⎤
⎦, D �

⎡
⎣

d11 0 0
0 d22 0
0 0 d33

⎤
⎦. (2)

The particular structure chosen for M and D is motivated by
the fact that the RobCutt-II has bilateral symmetry. In this case,
the surge mode is decoupled from the sway-yaw subsystem.
Moreover, as the motion speed of the RobCutt-II is small, we
ignore the nonlinear hydrodynamic damping effect. In addi-
tion, although the RobCutt-II fore/aft nonsymmetry implies
that the off-diagonal terms of the inertia and damping matri-
ces are nonzero, these terms are small compared to the main
diagonal terms because the manipulator mass is far less than
the mass of the vehicle [33]. With the particular structure of
the inertia matrix M given in (2), the coriolis and centripetal
matrix C(ν) is parameterized as

C(ν) �

⎡
⎣

0 0 −m22v
0 0 m11u

m22v −m11u 0

⎤
⎦. (3)

The elements of matrices M, D, and C are calculated as

m11 = m − Xu̇,m22 = m − Yv̇,m33 = Iz − Nṙ

d11 = −Xu, d22 = −Yv, d33 = −Nr

where m is the mass of the RobCutt-II. The readers may
refer to [37] for more details about the definitions of
Xu̇,Yv̇,Nṙ,Xu,Yv, and Nr.

Fig. 2. Block-diagram of the parameter mapping based on fuzzy inference.

C. Modeling of the Propulsors Based on Fuzzy Inference

It is difficult to give a general expression for the quantitative
analysis of the fin propulsion that encompasses complex exter-
nal force and torque due to hydrodynamic force, gravitational
force, buoyant force, etc. Although some literatures [38]–[40]
try to build hydrodynamic models of the undulatory fins, the
limitations of those methods include modeling inaccuracy,
parameter identification difficulty, etc. which make it difficult
to design the motion control algorithms based on those models
of fin propulsion.

To address this challenging problem, fuzzy logic model
is proposed to build the nonlinear relationship between the
propulsive force/torque and the control parameters of the
undulatory fins of the RobCutt-II, i.e., the parameters of prop-
agating waves on bilateral fins including the left fin frequency,
the right fin frequency, the amplitude of waves, and the phase
difference, which are denoted by FL, FR, A, and ϕ. As shown
in Fig. 2, the proposed fuzzy approach has two input and four
output: 1) fuzzification; 2) fuzzy inference; 3) fuzzy rule base;
and 4) defuzzification are four main components of the fuzzy
model.

The fuzzification includes the determination of the universe
of discourse of input and output variables, the selections of
the fuzzy sets and the membership functions. The universe
of discourse of each variable is determined according to the
characteristics of undulatory fins and the evaluation of the
experimental results of basic motion control : τu ∈ [−7, 7],
τr ∈ [−5, 5], FL ∈ [−40, 40], FR ∈ [−40, 40], A ∈ [10, 40],
and ϕ ∈ [0, 120]. In particular, the sign of fin frequency rep-
resents the direction of the propagating waves. The fuzzy sets
of τu, τr, A, FL, FR, and ϕ are expressed as Tu, Tr, UA,
UFL , UFR , and Uϕ , respectively. The sets with seven linguis-
tic values for τu, τr, FL, and FR are defined: Tu = Tr =
UFL = UFR = {NB,NM,NS,Z,PS,PM,PB}; the set with four
linguistic values for A is defined: UA = {PS,PM,PB,PL};
and the set with four linguistic values for ϕ is defined:
Uϕ = {Z,PS,PM,PB}. Here, NB, NM, NS, Z, PS, PM, and PB
are linguistic values meaning negative large, negative median,
negative small, zero, positive small, positive median, and posi-
tive large, respectively. In order to simplify the calculation, the
standard triangular membership functions is used as illustrated
in Fig. 3.

Table II tabulates the specific fuzzy rules base, which is
generated on the basis of following two principles.

1) The priority of the heading control are higher than that
of the surge control. Namely, when yaw torque and surge
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(a)

(c) (d)

(e) (f)

(b)

Fig. 3. Membership functions for (a) τu, (b) τr , (c) A, (d) ϕ, (e) FL,
and (f) FR.

TABLE II
FUZZY RULE BASE

force are both large, large yaw torque is guaranteed
preferentially.

2) When required yaw torque is small while surge force is
large, the direction of waves along the two fins should
be consistent but the wave frequency should become
different to output large surge force and small yaw
torque.

The max–min inference is used for fuzzy inference.
Meanwhile, weighted average method is used to achieve
defuzzification. We take the computation for the wave
frequency of the left fin for an example. The wave frequency
of the left fin can be calculated as

FL =
∑m

i=1 bFL
i μi(τu, τr)∑m

i=1 μi(τu, τr)
(4)

where FL represents the wave frequency of the left fin out-
putted by fuzzy system, m is the number of fuzzy rules
activated by (τu, τr) as the input, bFL

i is the membership func-
tion center of the output lingual variable of FL corresponding
to the ith rule. μi(τu, τr) represents the membership value of

Fig. 4. Schematic of path following for RobCutt-II.

the ith rule, which can be obtained as

μi(τu, τr) = min
{
μ

Tj
u
(τu), μTk

r
(τr)

}
(5)

where μ
Tj

u
(τu) is the membership value of the jth linguistic

value of Tu when the input is τu, and μTk
r
(τr) is the mem-

bership value of the kth linguistic value of Tr when the input
is τr. Finally, the nonlinear relationship between the propul-
sive force/torque and the parameters of propagating waves on
bilateral fins is built.

III. PATH FOLLOWING CONTROL PARADIGM

A. Controller Architecture

In the path following task, the vehicle must reach and follow
a geometric reference path in the Cartesian space starting from
a given initial configuration (on or off the path). The controller
is given a geometric description of the assigned Cartesian path.
This information is usually available in a parameterized form
expressing the desired motion in terms of a path parameter,
which may be in particular the arc length along the path.
For this task, time dependence is not relevant because one
is concerned only with the geometric displacement between
the vehicle and the path.

As depicted in Fig. 4, the controller generates control inputs
τu and τr such that the position p(x, y) of the RobCutt-II glob-
ally follows a reference path � parameterized by (xd(s), yd(s))
with s being the path parameter at a certain surge speed. In
particular, we are interested in designing explicit expressions
for τu, τr such that lim

t→∞[x(t)− xd(s), y(t)− yd(s)]T = 0 with

u > 0, for all t ≥ t0 ≥ 0 and [x(t0), y(t0)]T ∈ R
2.

In order to solve the above problem, a path following control
paradigm is proposed as illustrated in Fig. 5. The integrated
control design mainly consists of three parts. The first part is
a guidance system based on LOS principle, which is imple-
mented to deduce the foresight point plos the RobCutt-II needs
to track currently in real time based on reference path and
position feedback. The second part is a BP controller by
using foresight point plos and position/orientation feedbacks.
In particular, the BP controller outputs propulsive force τu and
torque τr, which are further mapped to the parameter settings
of propagating waves on bilateral fins to force the RobCutt-II
to converge to the current foresight point plos based on fuzzy
inference. A detailed description about the controller design
is presented in the later section.
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Fig. 5. Block-diagram of the path following controller.

(a)

(b)

Fig. 6. Modeling of the LOS guidance system. (a) Image sequence of the
straight-line path following. (b) Circular path.

B. LOS Guidance System

An LOS guidance system is implemented in the path fol-
lowing control to accomplish motion planning of the BUV.
Specially, straight-line and circular paths are considered. The
notations of the LOS guidance system are depicted in Fig. 6.

1) p(x, y) and ψ are the real-time position and the heading
angle of the RobCutt-II, respectively.

2) γ is the radius of the virtual circle associated with the
RobCutt-II.

3) ψd is the target heading angle.
4) plos(xd, yd) defines the foresight point.
5) p′

los represents the other intersection.
When the path following starts, the controller tries to reduce

the cross-track error between the RobCutt-II and the desired
path.

Assume that there is a virtual circle associated with the
RobCutt-II, whose center is located in the barycenter of the
RobCutt-II and the radius is γ . As for the straight-line path,

Fig. 6(a) shows that the current foresight point is located some-
where on the straight-line. If the virtual circle intersects the
current tracking straight-line path, the intersection point fur-
ther forward along the path is served as the foresight point,
whose coordinate (xd, yd) can be calculated by solving

(x − xd)
2 + (y − yd)

2 = γ 2 (6)

yd = kxd + b (7)

where k and b are the slope and intercept of the straight line,
respectively. Otherwise, the point, which is both on the current
tracking straight-line and closest to the virtual circle, is chosen
as the foresight point, which can be obtained

(x − xd)+ k(y − yd) = 0 (8)

yd = kxd + b. (9)

Analogously, in the case of circular path, as illustrated in
Fig. 6(b), if the virtual circle intersects the current tracking
circle, the intersection point further forward along the path is
chosen as the foresight point, whose position can be derived
by solving

(x − xd)
2 + (y − yd)

2 = γ 2 (10)

(xd − xc)
2 + (yd − yc)

2 = R2
c (11)

where (xc, yc) and Rc are the center and radius of the circle.
Otherwise, the point, which is located both on the current
tracking circle and closest to the virtual circle, is selected as
the foresight point, which can be deduced from

(x − xc)(yd − yc)− (y − yc)(xd − xc) = 0 (12)

(xd − xc)
2 + (yd − yc)

2 = R2
c . (13)

Notice that the circle must be centered at the known loca-
tion of the vehicle in order to compute the coordinates of
the intersection points with the straight or circular path.
Additionally, the foresight point is related to the current
position of the RobCutt-II. That is, the foresight point is chang-
ing along with the motion of the RobCutt-II. Next, the BP
controller are detailed.

IV. BACKSTEPPING CONTROLLER

To force the RobCutt-II to converge to the given foresight
point, a BP controller is designed in this section. The controller
is first derived at the kinematic level by assuming that the
control signals are surge speed u and yaw angular velocity r.
Then the kinematic controller is extended to the dynamic case.

Let plos = (xd, yd) denote the foresight point, then the target
heading angle can be computed as

ψd =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

π + 1

2
sgn(ye) · π, xe = 0

arctan

(
ye

xe

)
+ π + 1

2
sgn(ye) · π

−1

2
sgn(xe)sgn(ye) · π, xe �= 0

(14)

where xe = x − xd and ye = y − yd. sgn(·) denotes the sym-
bolic function with sgn(0) = 1. In particular, when there is
flow disturbance in the path following, using the heading angle
ψd in the controller would lead to the deviation of the actual
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path from the desired path. In order to reduce this static error,
heading compensation related to the planar distance error is
added to the heading angle in (12). Therefore, the ultimate
target heading angle is expressed as

ψD = ψd + c0tanh(c1edis) · flr (15)

where ψD is the calculated target heading angle with heading
compensation for the control to achieve the following, edis
is the distance from the barycenter of the RobCutt-II to the
current tracking path. c0 and c1 are adjustable parameters. flr
is a sign function defined as follows: flr = 1, if the RobCutt-II
is on the left side of the current tracking path; flr = 0 if the
RobCutt-II is on the current tracking path; and flr = −1 if the
RobCutt-II is on the right side of the current tracking path.

Then, the tracking error can be written as

xe = x − xd

ye = y − yd

exy =
√

xe
2 + ye

2

ψe = ψ − ψD (16)

where ψe is heading angle error. Combined with (1), the
kinematics equation of motion of the RobCutt-II can be
rewritten as

˙exy = −u cos(ψe)+ v sin(ψe)

ψ̇e = r + sin(ψe)

exy
u + cos(ψe)

exy
v. (17)

Feedback control laws for force τu and moment τr need
to be derived to make the equilibrium state of (17) asymp-
totically stable. Notice that the transformation is only valid
for nonzero values of exy, since the angle ψe is undefined for
exy = 0. In particular, as for this singularity problem, we guar-
antee that exy(t) stays positive for all t so that all mathematical
expressions with exy in the denominator are valid through the
selection of the foresight point in the guidance system as men-
tioned in last section. It should also be mentioned that the
transformation (17) is used to display the vehicle kinematics
in a form that helps to motivate the derivation of the controller.

With the formulation developed previously, kinematic con-
trol is first designed.

Theorem 1: Consider the nonlinear, invariant system
described by (1) in closed-loop with the control law

u = k1
(
exy − δ

)
cosn(ψe)

r = −cos(ψe)

exy
v − k2ψe (18)

where exy and ψe are defined in (16), δ is an arbitrary small
positive constant, n is a natural number, and k2 > k1 > 0.
Then, for every initial condition (exy, ψe) ∈ R

2, (exy, ψe)

converges to (δ, 0) as t → ∞.
Proof: Substituting (18) into (17), we can get

˙exy = −k1
(
exy − δ

)
cosn+1(ψe)+ v sin(ψe)

ψ̇e = −k2ψe + k1 sin(ψe)

(
1 − δ

exy

)
cosn(ψe). (19)

It is obvious that (δ, 0) is an equilibrium point of (exy, ψe).
Then we will prove that the equilibrium point is stable based
on the Lyapunov’s second method for stability [41]. The proof
is organized as follows. First, it will be proved that ψe con-
verges to zero as t → ∞. Using this result, it will be further
shown that exy → δ as t → ∞.

Convergence of ψe: Consider the following Lyapunov func-
tion candidate:

V1 = 1

2
ψe

2. (20)

Evaluating its time derivative using (17) yields

V̇1 = ψeψ̇e = ψe

(
r + sin(ψe)

exy
u + cos(ψe)

exy
v

)
. (21)

In combination with (18) and (19) will allow to get

V̇1 = −ψe
2
[

k2 − k1
sin(ψe)

ψe

(
1 − δ

exy

)
cosn(ψe)

]
. (22)

Since ([sin(ψe)]/ψe) < 1, (1 − (δ/exy)) ≤ 1, cosn(ψe) ≤ 1,
and k2 > k1 > 0, thus V̇1 ≤ 0, and V̇1 = 0 only when ψe = 0.
Then we can conclude that ψe is asymptotically stable and
converges to zero as t → ∞.

Convergence of exy: Consider the Lyapunov function can-
didate

V2 = 1

2

(
exy − δ

)2
. (23)

Computing its time derivative using (18) yields

V̇2 = (
exy − δ

) ˙exy = (
exy − δ

)
[−u cos(ψe)+ v sin(ψe)]

= (
exy − δ

)[−k1
(
exy − δ

)
cosn+1(ψe)+ v sin(ψe)

]
. (24)

Since ψe → 0 as t → ∞. There exists a limited time t0,T ≥
t0 ≥ 0 to obtain

cosn+1(ψe) > 0, ∀t ≥ T. (25)

Therefore

V̇2 = −k1
(
exy − δ

)2 cosn+1(ψe)+ v sin(ψe)
(
exy − δ

)

= −k1(1 − λ)
(
exy − δ

)2 cosn+1(ψe)

− k1λ
(
exy − δ

)2 cosn+1(ψe)+ v sin(ψe)
(
exy − δ

)

≤ −k1(1 − λ)
(
exy − δ

)2 cosn+1(ψe) = V̇∗
2

∀(
exy − δ

) ≥ |v sin(ψe)|
k1λ cosn+1 ψe

, 0 < λ < 1. (26)

It is obvious that V̇∗
2 = 0 only if exy = δ, otherwise V̇∗

2 < 0.
So V̇2 is strictly negative definite. Furthermore, v sin(ψe) → 0
as ψe → 0, such that exy → δ as t → ∞.

Then, the kinematic control is extended to the dynamic case,
where the suitable force and torque to drive the RobCutt-II to
follow a desired geometric path are derived from the velocity
control inputs.

Let u and r in (18) be the virtual control inputs and α1 and
α2 the corresponding virtual control laws. Introduce the error
variables

β1 = u − α1, β2 = r − α2. (27)
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From (1), the differential equations of surge speed and yaw
angular velocity can be described as

u̇ = 1

m11
(τu + m22vr − d11u)

ṙ = 1

m33
(τr + (m11 − m22)uv − d33r). (28)

Consider the function V1 defined in (17) augmented with
the quadratic terms β1 and β2, that is

V3 = V1 + 1

2
β1

2 + 1

2
β2

2. (29)

The time derivative of V3 can be written as

V̇3 = ψeψ̇e + β1β̇1 + β2β̇2

= −ψe
2
[

k2 − k1
sin(ψe)

ψe

(
1 − δ

exy

)
cosn(ψe)

]

+ ψeβ2 + ψe
sin(ψe)

exy
β1 + β1β̇1 + β2β̇2. (30)

Let the control law for τu, τr be chosen as

τu = −m22vr + d11u + m11α̇1 − m11
sin(ψe)

exy
ψe − k3β1

τr = (m22 − m11)uv + d33r + m33α̇3 − m33ψe − k4β2 (31)

where k3 and k4 are positive constants. Combining (28), (30),
and (31), then

V̇3 = −ψe
2
[

k2 − k1
sin(ψe)

ψe

(
1 − δ

exy

)
cosn(ψe)

]

− k3
β1

2

m11
− k4

β2
2

m33
. (32)

Similarly, V̇3 is strictly negative definite, which shows that
the subsystem (ψe, β1, β2) is global asymptotically stable.
Therefore, the extension of Theorem 1 to the dynamic case
follows.

Theorem 2: Consider the nonlinear, invariant system
described by (1) and the control law (31). Assume the control
gains ki, i = 1, 2, 3, 4, δ are positive constants, k2 > k1 > 0
and n is a natural number. Let exy and ψe be given as (16), then
for every initial condition (exy, ψe) ∈ R

2, (exy, ψe) converges
to (δ, 0) as t → ∞.

Proof: The convergence of (ψe, β1, β2) has been proven
in (32), therefore, we only need to prove that exy − δ → 0, as
t → ∞. Consider Lyapunov function candidate

V4 = 1

2

(
exy − δ

)2
. (33)

Its time derivative is given by

V̇4 = (
exy − δ

) ˙exy

= (
exy − δ

)[−k1
(
exy − δ

)
cosn+1(ψe)+ v sin(ψe)

]

− β1
(
exy − δ

)
cos(ψe). (34)

Since ψe → 0 as t → ∞. There exists a limited time t0,T ≥
t0 ≥ 0 to obtain

cosn+1(ψe) > 0, ∀t ≥ T. (35)

TABLE III
CONTROLLER PARAMETERS IN SIMULATIONS

Then

V̇4 = −k1
(
exy − δ

)2 cosn+1(ψe)+ v sin(ψe)
(
exy − δ

)

− β1
(
exy − δ

)
cos(ψe)

= −k1(1 − λ)
(
exy − δ

)2 cosn+1(ψe)− k1λ
(
exy − δ

)2

cosn+1(ψe)+ v sin(ψe)
(
exy − δ

) − β1
(
exy − δ

)
cos(ψe)

≤ −k1(1 − λ)
(
exy − δ

)2 cosn+1(ψe) = V̇∗
4

∀(
exy − δ

) ≥
∣∣v sin(ψe)− β1

(
exy − δ

)
cos(ψe)

∣∣
k1λ cosn+1(ψe)

0 < λ < 1. (36)

Analogously, V̇∗
4 is negative definite. As it has been proven

that ψe, β1 → 0, it can be concluded that v sin(ψe)−β1(exy −
δ) cos(ψe) will converge to zero, which means that (exy−δ) →
0, i.e., exy → δ. Therefore, the whole system is asymptotically
stable.

V. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Simulations

First, to illustrate the performance of the integrated design
of the path following system based on an LOS guidance
law and a BP controller, simulations are carried out with the
model shown in Section II-B. The model parameters used in
the simulations are m11 = 57.5,m22 = 61.3,m33 = 1.15,
d11 = 53, d22 = 58, and d33 = 3.1.

1) Straight Path Following: A simple case to follow a
straight-line path is studied first. The slope and intercept of the
straight line are 1 and −0.5 m, respectively. The RobCutt-II
starts at posture (0.5 m, 0.5 m, 0 rad), while the initial velocity
is zero. The parameter setting of the path following controller
is shown in Table III.

Fig. 7 show the simulation results of the straight line path
following. Fig. 7(a) depicts the desired path and the actual
trajectory of the RobCutt-II. It is observed that the proposed
path following controller is able to force the RobCutt-II to
catch up and land on the desired path smoothly with no over-
shoot. Then, the RobCutt-II moves along the desired path and
the tracking error between the desired path and the actual
trajectory is small. Fig. 7(b) shows the time evolution of
the body-fixed velocity. The actual velocity well follows the
virtual velocity given by the kinematic design. Moreover,
although the velocity in sway of the RobCutt-II is not con-
trolled, its convergence can also be achieved under the path
following controller.

2) Circular Path Following: Then, a typical case to fol-
low a circle is studied. The RobCutt-II starts at posture
(0.5 m, 1.5 m, 0 rad) and the initial velocity is zero. The cen-
ter (xc, yc) and radius Rc of the circle are (2 m, 1.5 m) and
1.1 m, respectively. A full circle is considered, namely, the arc
length along the path s = 2πRc. The same parameter setting
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(a)

(b)

Fig. 7. Simulation results of the straight-line path following. (a) Desired
path and actual path. (b) Time evolution of the vehicle-fixed velocity (blue
solid line) and virtual velocity (red dotted line).

shown in Table III is used. To reflect the disturbance rejec-
tion performance of the controller, zero mean uniform random
noises are incorporated into the surge, sway, and yaw dynam-
ics of the RobCutt-II. In addition, a constant flow turbulence,
which is unknown from the point of view of the controller,
with intensity Vc = 0.03 m/s and direction φc = (33/18) rad
is also added to the controllers dynamic model.

More detail results based on these conditions are presented
in Fig. 8. Fig. 8(a) shows that the RobCutt-II converges to
the circle and moves along the desired path. Moreover, the
RobCutt-II responds to the disturbance and achieves a sat-
isfactory recovery. Fig. 8(b) shows the time evolution of
the vehicle-fixed velocity. The surge speed and yaw angu-
lar velocity well follow the virtual control signals derived at
the kinematic level while the sway velocity converges to zero
under the path following controller. Fig. 8(c) shows the time
evolution of the vehicle-fixed propulsive force and moment.
All control inputs are bounded. Thus, it can be concluded that
the LOS BP controller is practical and effective.

Furthermore, some comparative experiments including
BP with no heading compensation, sliding mode control
(SMC) [42], and PID control are performed. Fig. 9 shows
the simulation results. Specially, The path following can all
be achieved as shown in Fig. 9(a). However, it can be seen

(a)

(b)

(c)

Fig. 8. Simulation results of the circular path following. (a) Circle to be
followed and actual path. (b) Vehicle-fixed velocity. (c) Propulsive force and
moment.

from Fig. 9(b) that the cross-track error (the shortest distance
from the current barycenter of the RobCutt-II to the desired
path) with heading compensation is smaller than that with-
out heading compensation in the path following. Specifically,
when the RobCutt-II moves along the circle, the maximum
cross-track error of the method with heading compensation is
0.0933 m, while the method without heading compensation is
0.1821 m, which indicates that heading compensation shows
more precise motion than direct calculation of the orientation
for path following of the RobCutt-II. Moreover, the cross-track
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(a)

(b)

Fig. 9. Comparative simulation results. (a) Desired path and actual path.
(b) Cross-track error.

error of the proposed method is better than those of the SMC
and PID control. When the RobCutt-II moves along the cir-
cle, the maximum cross-track error of the SMC and PID with
heading compensation are 0.1114 and 0.1249 m, respectively.

Furthermore, some comparative experiments including BP
with no heading compensation, SMC [42], and PID control
are performed. Fig. 9 shows the simulation results. Specially,
the path following can all be achieved as shown in Fig. 9(a).
However, it can be seen from Fig. 9(b) that the cross-track
error (the shortest distance from the current barycenter of the
RobCutt-II to the desired path) of BP with heading compensa-
tion is smaller than that of BP without heading compensation
in the path following. Specifically, when the RobCutt-II moves
along the circle, the maximum cross-track error of the BP
with heading compensation is 0.0933 m, while that of the BP
without heading compensation is 0.1821 m, which indicates
that heading compensation leads to more precise motion than
direct calculation of the orientation for path following of the
RobCutt-II. Moreover, the cross-track error of the BP is better
than those of the SMC and PID control. Specifically, when the
RobCutt-II moves along the circle, the maximum cross-track

TABLE IV
CONTROLLER PARAMETERS IN THE STRAIGHT

PATH FOLLOWING EXPERIMENT

(b)

(a)

Fig. 10. Experimental results. (a) Image sequence of the straight-line path
following. (b) Control parameters of propagating waves on bilateral fins.

errors of the SMC and PID with heading compensation are
0.1114 and 0.1249 m, respectively.

B. Experimental Results

In order to further evaluate the performance of the proposed
control system of the RobCutt-II, straight line and circu-
lar path following experiments are performed in an indoor
pool with dimensions of 5 m × 4 m × 1.1 m (length ×
width × depth). The real-time position (x, y) and orientation
ψ of the RobCutt-II for closed-loop feedback are obtained
based on the global visual tracking system. Specifically, by
processing the image information of the RobCutt-II and its
surroundings captured by the global visual tracking system,
the remote console calculates the position and heading of
the RobCutt-II, which are further transmitted to the internal
controller of RobCutt-II in real-time.

1) Straight Path Following: A straight line path follow-
ing experiment is first carried out. The desired path is
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(b)

(a)

Fig. 11. Comparative experiment results of straight path following.
(a) Desired path and actual path. (b) Cross-track errors.

the same as the simulation. While the initial states of the
RobCutt-II are (x0, y0, ψ0) = (0.720 m, 0.836 m, 0.250 rad)
and (u0, v0, r0) = (0.017 m/s, 0.037 m/s,−0.128 rad/s). The
parameter settings (listed in Table IV) can be quickly obtained
based on the experience of simulations.

Notice that the indoor pool is not large enough to remove
the effects of the reflective waves at present, such that the
RobCutt-II is subjecting to external disturbances when it
swims in the pool.

Fig. 10 shows the experimental results of the straight line
path following. The clip of path following experiment is
depicted in Fig. 10(a), where the red dotted line is the path
to be followed and the pink curve indicates the trajectory of
the RobCutt-II. It is observed that the proposed path follow-
ing control system is able to force the RobCutt-II to catch
up and land on the desired path smoothly with small over-
shoot. Then, the RobCutt-II moves along the desired path and
the cross-track error between the desired path and the actual
trajectory is small. Fig. 10(b) shows the time evolution of
the control parameters of propagating waves on bilateral fins.
Notice that the amplitudes of the bilateral long fins maintain
at 30◦ and the turning motion of the RobCutt-II is realized by
regulating different frequency of two long fins. In the initial
stage of path following, the frequency difference is relatively
large to achieve rapid turn, while the frequency difference

(a)

(b)

Fig. 12. Experimental results. (a) Image sequence of the circular path fol-
lowing experiment. (b) Control parameters of propagating waves on bilateral
fins.

becomes small during the period of keeping straight with a
certain heading.

Furthermore, a comparative experiment in which no head-
ing compensation is added to the controller is performed.
Fig. 11(a) shows the desired path and actual path of the
RobCutt-II. It is observed that the convergences of the cross-
track errors can be achieved in both cases as shown in
Fig. 11(b). However, the cross-track error with heading com-
pensation is significantly smaller than that without heading
compensation.

2) Circular Path Following: Another experiment is to
follow a circular path. The initial position and head-
ing angle of the RobCutt-II are (0.828 m, 2.080 m)
and 6.20 rad, respectively, while the initial velocity is
(0.012 m/s,−0.008 m/s, 0.113 rad/s). Table V shows the
parameter settings of the path following controller. Specially,
we reduce the radius of the virtual circle γ to reduce the
tracking error. Other parameters are also fine-tuned accord-
ingly. The other settings are the same as those of the circular
path simulation.

Fig. 12(a) gives the image sequence of the circular path
following experiment. The RobCutt-II converges to the circular
path and moves along the desired path. Fig. 12(b) shows the

Authorized licensed use limited to: INSTITUTE OF AUTOMATION CAS. Downloaded on August 26,2020 at 05:16:06 UTC from IEEE Xplore.  Restrictions apply. 



492 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 49, NO. 3, MARCH 2019

(a)

(b)

Fig. 13. Comparative experiment results of circular path following.
(a) Desired path and actual path. (b) Cross-track errors.

TABLE V
CONTROLLER PARAMETERS IN THE CIRCULAR

PATH FOLLOWING EXPERIMENT

parameter settings of propagating waves on bilateral fins. Note
that the frequency difference is always large to achieve stable
turning maneuver. The amplitude is still kept at 30◦. This value
can be changed in the following study to realize 3-D motion
control.

Furthermore, we evaluate the proposed method with the typ-
ical PID controller, where FL+FR is used for surge speed
control and FL−FR is used for heading angle control. The PID
parameters are carefully adjusted and the experimental results
are shown in Fig. 13. Two kinds of methods can all catch up
and follow the desired path. However, the BP method achieves
faster convergence to the desired path than the PID method.
Moreover, compared with PID method, the proposed con-
troller has a smaller tracking error. Specifically, the maximum
cross-track error of the proposed method after the RobCutt-II
converges to the desired path is 0.07 m, while the maximum
tracking errors are 0.113 and 0.121 m, respectively, using the
proposed method without heading compensation and the PID

method. It can be concluded that the proposed path following
control paradigm is more accurate and effective.

VI. CONCLUSION

In this paper, we have proposed a control paradigm for
path following of the RobCutt-II, which was designed to
imitate the unique propulsion mode of the cuttlefish. With
the coordinated control of the propagating waves on bilat-
eral fins, the RobCutt-II can perform diversified locomotion
patterns in water. In order to realize path following, the mod-
els of the RobCutt-II, including kinematics/dynamics models
and modeling of the biologically inspired propulsor based on
fuzzy inference have been developed. Furthermore, a closed-
loop control paradigm integrating LOS guidance system with
BP technology has been presented for the RobCutt-II path
following control. The experimental results show that the
BUV is able to autonomously follow straight line and cir-
cular paths in the underwater space. Moreover, compared
with traditional PID method, the proposed method reduces the
cross-track error with a more satisfactory path following result.
Meanwhile, the proposed method has stronger disturbance
rejection performance due to heading compensation.

Future research will concentrate on the 3-D path-following
control and the coordinated motion control of the vehicle-
manipulator system.
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