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Three-Dimensional Helical Path Following of an
Underwater Biomimetic Vehicle-Manipulator System

Rui Wang, Shuo Wang

Abstract—This paper aims to investigate the method of 3-
D helical path following of an underwater biomimetic vehicle-
manipulator system (UBVMS) propelled by undulatory fins
(RobCutt-II). By mimicking the unique undulatory propulsion
mode of cuttlefish, we hope that RobCutt-II could obtain good
low-speed stability, which helps to perform stable and effective un-
derwater operations. For some underwater applications, the UB-
VMS should autonomously generate and pass through a helical
path around specific object for survey and intervention. There-
fore, a path-following control scheme is proposed. In particular,
the path generator provides a 3-D helical path according to the
target position and the specific constraint conditions. To follow
the generated path in underwater space, the control architecture,
which consists of a guidance system, three active disturbance rejec-
tion control (ADRC) subcontrollers, and fuzzy method for control
allocation, is proposed. Finally, two experiments conducted on the
prototype RobCutt-II illustrate the effectiveness of the proposed
control scheme.

Index Terms—Active disturbance rejection control (ADRC),
guidance system, 3-D helical path following, underwater
biomimetic vehicle-manipulator system (UBVMS), undulatory
propulsion.

1. INTRODUCTION

APID progress in marine robotics is steadily affording
R scientists advanced tools for ocean survey and interven-
tion [1], [2]. During this process, many underwater robots were
developed [3]. Yamamoto detailed the fishlike swimming robots
used for various purposes in scientific research [4]. In addition,
some biomimetic underwater vehicles (BUVs) mimicking
knifefish, cuttlefish, or stingray, which use flexural undulatory
waveforms to swim swiftly, were designed and manufactured
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[5]-[8]. This undulatory propulsion mode may provide better
swimming stability, higher maneuverability, lower energy con-
sumption, and better environment adaptation, in comparison to
traditional jets or axial propellers. On the basis of the studies
of wavelike propulsion mechanism and hydrodynamics, it
is expected that underwater biomimetic vehicle-manipulator
systems (UBVMSs) can complete more complicated tasks
autonomously in extreme environments in place of humans.
Among these applications, it is often desirable for the UBVMS
to surround an object (rare rock, underwater wreck, etc.), and
finally to reach the designated location for sample collection,
welding, repair, or other underwater operations. The purpose of
this paper is to develop a 3-D helical path-following scheme for
the ribbon-fins-propelled UBVMS used to perform underwater
observation tasks, such that it can generate a reasonable motion
path and control the UBVMS to move along the path.

Path following is one of the typical control scenarios in the
control literature and it is extremely important for practical ap-
plications of an autonomous robot [9], [10]. As for the path-
following control of autonomous underwater vehicles (AUVs)
or surface ships, worldwide researchers have proposed various
control strategies. In a 2-D plane, path following has been well
studied [11]-[15]. Breivik et al. designed a nonlinear model-
based controller for marine surface vessels to follow straight
lines and circles [12]. Lekkas er al. addressed the problem of
planar curved path following of an underwater vehicle using a
cascaded controller composed of a modified line-of-sight (LOS)
guidance system with a heading controller [14].

In 3-D underwater space, path following is much more chal-
lenging, because not only the horizontal position, but also the
depth of underwater vehicles has to be considered [16]. Encar-
nacao et al. proposed a path following control law that drives
an AUV to desired 3-D straightline and helix [17]. However,
the above method has not been applied in the actual systems.
Fischer et al. developed a nonlinear control design for a fully
actuated AUV using a continuous robust integral of the sign
of the error control structure. The experimental result showed
that the vehicle could track the helical trajectory in a controlled
underwater environment [18].

However, there are few studies focused on path following of
BUVs propelled by undulatory fins, whose propulsion modes
and control inputs are quite different from that of AUVs or
surface vessels. Jenkin et al. developed a hexapod robot named
AQUA that utilized flippers or fins for propulsion and studied
its visual and communication system [19]. Unfortunately,
closed-loop autonomous motion controls have not been imple-
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Fig. 1. Diagram of the underwater observation task of RobCutt-II.
OpXpYpZgp is the earth-fixed frame, Op XpYp Zp is the body-fixed
frame, the current position of RobCutt-II is P(x,y, z), the target position is
Py(zg,yg,2¢), u, v, w are the velocities in surge, sway, and heave, the axis of
the helix is O (a:OH , yéq) and the radius is Ry, .

mented yet. Bi et al. developed a way-point tracking control
system for a BUV propelled by wide paired pectoral foils in the
horizontal plane [20]. In our previous work [21], a close-loop
control law for a BUV propelled by undulatory fins to achieve
path following in the underwater space was proposed and the
2-D circular path following was realized in a BUV prototype.
Remarkably, as far as we know, the 3-D helical path following
of BUVs propelled by undulatory fins has not been considered.

The main contributions of this paper are summarized as
follows:

1) development of a helical path-following control scheme
integrating a helical path generator, a path-following con-
troller, and the fuzzy method for control allocation;

2) practical validation of the proposed control strategy on a
UBVMS prototype.

In the remainder of this paper, Section II presents the problem
description and the control architecture of the 3-D helical path-
following control scheme. Section III depicts the modeling of
RobCutt-1I, including the kinetic model and the allocation of
control parameters based on fuzzy inference, which builds the
nonlinear relationship between the propulsive force/torque and
the control inputs of RobCutt-II. Section I'V details the algorithm
of path generation. The path-following controller is detailed in
Section V. Experimental results, which verify the convergence
and effectiveness of the proposed control algorithm, are given in
Section V1. Finally, conclusion and future work are summarized
in Section VIIL

II. PROBLEM DESCRIPTION AND CONTROL ARCHITECTURE

As shown in Fig. 1, consider a scenario in which RobCutt-II
needs to surround an underwater object (here is a sunken ship)
for observation task. Wide-angle cameras for inspecting under-
water objects and their surrounding environments are mounted
on RobCutt-II. Assume that the vehicle moves in a helical tra-
jectory, whose projection in the horizontal plane is a circle with
center O (zf | y!') and radius R;,. The coordinate of the target
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Fig. 2. Block diagram of the 3-D helical path-following control scheme.

point is P, (x,, Yy, 2,). The integer N denotes the minimum
number of turns of the helical trajectory. The goal of path gener-
ation is to give a 3-D helical path that will eventually reach the
target point while satisfying the above conditions. The control
objective of path following is to ensure that RobCutt-II reaches
and follows the generated helical path and finally converges to
the target point. Note that when the distance between the vehi-
cle and the target point is less than 7, , we think that RobCutt-1I
has reached the target point. The value of 7, can be determined
according to the required accuracy of different tasks.

RobCutt-1I can be considered an underactuated system, be-
cause it cannot generate lateral motion and pitching motion vol-
untarily. As explained in [22], underactuated systems have fewer
inputs than degrees of freedom. While many interesting tech-
niques and results have been presented for underactuated sys-
tems, the tracking problems for underactuated vehicles remain
challenging because most of these systems are not fully feed-
back linearizable and exhibit nonholonomic constraints [23].
Moreover, the UBVMS propelled by undulatory fins is a multi-
variable, nonlinear, and strong-coupling system. Thus, the key
issue in the UBVMS control is how to make it feasible to achieve
a fast convergence to the desired path without a precise mathe-
matical model. As explained earlier, RobCutt-II cannot perform
sway motion voluntarily. All the lateral motion generated by
waves, wind, etc., on RobCutt-II can be considered as a pertur-
bation, and should be corrected, which is the primary motivation
of the closed-loop control.

Motivated by the above considerations, we design the 3-D he-
lical path-following control scheme of RobCutt-II as presented
in Fig. 2. The path generator provides a 3-D helical trajectory
according to the target position and the specific constraint con-
ditions. The main advantage of this approach is the simplicity
of the algorithm and there is no need of complex calculations to
attain the helical path. In addition, we design a path following
controller by decoupling the multivariable system to steer the
surge speed, the heading, and the depth, respectively, so that
the number of degrees of freedom to be controlled is the same
as the number of available control inputs (i.e., propulsive force
Tu, moment 7,, and heave force 7,,). As demonstrated in [8],
the ADRC controller yields better transient performance in the
control of underwater vehicle propelled by undulatory fins than
the commonly used proportional-integral-derivative (PID) con-
troller. Thus, the ADRC technique is used in the development of
the surge speed controller, the heading controller, and the depth
controller, which are designed independently to force RobCutt-
II to track the speed assignment, the target heading, and the
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Fig. 3. RobCutt-II prototype.

target depth in the presence of disturbances. The basic concept
of this method is total disturbance estimation and compensation
in real time, which will be detailed in Section V.

III. MODELING OF THE ROBCUTT-II

The UBVMS named RobCutt-II (ROBotic CUTTlefish) is
shown in Fig. 3. RobCutt-II mimics the unique undulatory
propulsion mode of cuttlefish, which helps to obtain good low-
speed stability for stable and effective underwater survey and
intervention tasks. Readers may refer to [24] and [25] for more
details about the mechanical design of RobCutt-II. This sec-
tion describes the modeling of RobCutt-II swimming in the 3-D
underwater space. The kinetic model of underwater vehicles is
first introduced. Then, the allocation of control parameters is
presented.

A. Kinetic Model of Underwater Vehicles

The position and orientation of underwater vehicles are de-
scribed in the earth-fixed frame O X g Yg ZE, while the linear
and angular velocities and the control force/torque are described
in the body-fixed frame Op XpYp Zp. As explained in [24],
RobCutt-1I has good static stability due to large metacentric
height, so we neglect the dynamics associated with the motion
in roll and pitch when modeling the vehicle. Furthermore, we
assume that the motion in heave is decoupled from the motion
in surge, in sway, and in yaw. Moreover, we do not include the
nonlinear damping since the linear damping is more significant
than the nonlinear damping for an underwater vehicle moving at
low speed. In this case, the vehicle dynamics can be described
by (see [26])

% = ucos(¢) — vsin(y)
¥ = usin(y) + v cos(1))

Z=w
=+
Mpy= —-Cw)v—Dv+71+1y (1)

with
_mll 0 0 0 d11 0 0 0
0 0 0 dyo 0 d
M— ma2 moyq D= 22 24
0 0 ms3 0 0 0 d33 0
L may 0 gy 0 dip 0 dyy
i 0 0 0 —M9o2V — Mg T
C— 0 0 0 miiu
0 0 0 0
L Mo2v + moyr —mpu 0 0

where u, v, w, and r are the velocities in surge, sway, heave, and
yaw, respectively, x, y, z, ¥ denote the position and orientation
of the vehicle, M is the inertia matrix including hydrodynamic
added inertia, D is the linear damping matrix, and C is the
coriolis and centripetal matrix. The parameters mq1, moa, May,
mass3, Myy are given by the vehicle inertia and added mass effects.
The parameters dy 1, dss, doy, dyo, d3s, dyq are given by the linear
hydrodynamic damping. The estimation for these parameters
can be found in [27]. T4y, Tdw, Tdw» Tdr describe the disturbance
force and moment acting on surge, sway, heave, and yaw. The
available controls are the surge force 7, , the heave force 7,,, and
the yaw moment 7,.

B. Allocation of Control Parameters

The controls described in the previous section are propulsive
force and torque, while the actual control inputs of undulatory
propulsion are the parameters of propagating waves on bilat-
eral fins. Specifically, they include the left fin frequency, the
right fin frequency, the amplitude of waves, the phase differ-
ence, and the deflection angle, which are denoted by F7, Fr,
A, ¢, and 0p. Hydrodynamic modeling of the undulatory fin
has been considered by several researchers with the goal of
demonstrating the quantitative effect of waveform parameters
on the fin’s thrust production [28]-[31]. Curet et al. developed a
bio-inspired robotic knifefish with an undulatory propulsor and
examined the basic properties of undulatory swimming [28].
Wei et al. built the analytical expressions between the generated
thrust and the oscillating frequency, amplitude, wavelength, and
wave number of the long-fin using the finite element method
[30]. It should be noted that they made some idealistic assump-
tions to simplify the calculation. Epstein et al. plotted the re-
lationship between the propulsive wave’s frequency, amplitude,
and length and the robotic fin’s surge thrust through physical
experiments [31]. We introduce fuzzy inference to build the
nonlinear relationship between the propulsive force/torque and
the control inputs of the RobCutt-1I. In this way, the parameters
of propagating waves can be more precisely determined than
the simple linear logic. Fig. 4 describes that the proposed fuzzy
method is composed of fuzzification, an inference engine, rule
base, and defuzzification.

In particular, standard triangular membership functions are
utilized in the fuzzification. Fuzzy rules are determined accord-
ing to the evaluation of the experimental results of motion con-
trol. Four key principles are summarized as follows.
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Fig. 4. Block diagram of parameter mapping based on fuzzy inference.

1) Heave force is closely related to the deflection angle of
ribbon-fin. Heave force becomes large as the deflection
angle becomes large within a certain range.

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

3) The priority of the heading control and the depth control
are higher than the priority of the surge control. Namely,
when yaw torque, heave force, and surge force are all
large, large yaw torque and heave force are guaranteed
preferentially.

4) When surge force and yaw torque are both small, the phase
difference between two adjacent fin rays becomes small,
while the frequency of bilateral fins, the amplitudes of
waves, and the deflection angles are determined by the
heave force. Namely, when required heave force is small,
the frequency of bilateral fins, the amplitudes of waves,
and the deflection angles become small and vice versa.

The commonly used Mamdani’s Max—Min method rule is

used to achieve fuzzy inference and weight average method is
applied for defuzzification. Readers may refer to [32] for the
detailed description of the fuzzy method.

IV. THREE-DIMENSIONAL HELICAL PATH GENERATION

Path generation can be viewed as an act in which a feasible
or even optimal path between two given points is to be found
under some predefined constraints. For some observation appli-
cations, helical trajectory around the object is commonly used.
In this section, we will introduce the method of 3-D helical
path generation. The main idea is to set the starting point of the
helical path on the perpendicular line of the initial position of
the vehicle to the rotation axis, then generate a 3-D helical path
according to the number of turns N and the descent height A" .
Without loss of generality, we assume that h” > 0. As illus-
trated in Fig. 5(a), the initial and target position are represented
as Py(xs,ys,zs) and Py(zg,y,, 2, ), respectively. The feasible
path generation algorithm is described in Algorithm 1.

Specifically, we first calculate the starting point S¥ of the
helical path. Fig. 5(b) shows that the coordinate S (2| y™')
can be obtained by solving (2) and (3)

H H H

Ts — T x —x
= 2)
ys —yit oyt =yl
2 2
(" —2')" + (" —w') = R 3)
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Fig. 5. Three-dimensional helical path generation. (a) Initial position and
target position. (b) Projection of the helical path on the Oy X g Yg plane. (c)
Generated 3-D helical path. The initial position of RobCutt-ILis Ps (25, ys, 25 ),
the target positionis Py (x4, ¥4, 24 ), and the starting point and the axis of helical
path are ST (zf1 y"  21) and O (1:[1]{ , y(l){), respectively.

Algorithm 1: The 3-D Helical Path Generation.
1: Input the initial and target position and constraints.

2: Calculate the starting point S of the helical path.
3: Calculate the angles o and a.
4: Qpemp = 0y — Q.
5: if (right-handed helix is required) then
6: (atcmp > 0)‘?04 =2m — Qtemp + X = —Qtemp-
7: else
8: (Qtemp > 0)?¢ = Qemp © O = Qgemp + 27.
9: end if
10: Derive the helical path equation.

In addition, we set 27 = z,.

—_—

Then, the angles between the lines ofngi of P,, and the
Op X axis on the projection plane O X g Yg canbe calculated,
respectively. Take o5 as an example

1
T+ 3 ssgn(Yse ) -, Tse =0
_ Yse 1
s = § arctan +7+ 3 ssgn(yse) -
- § SSgH(ste) Ssgn(yse) © T, Tse 7& 0
4
H

where 2, = 2l — zll y,. =y — yl  ssgn(-) denotes a sign
function defined as follows: ssgn(0) = 1; ssgn(z) = 1,2 > 0;
ssgn(z) = —1,z < 0.

Furthermore, the rotation angle « can be derived. « is the
e —

—_
angle from O” S” to O P,. It should be noted that helices
can be either right handed or left handed. With the LOS along
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Fig. 6. Block diagram of the path-following controller.

the helix’s axis, if a clockwise screwing motion moves the helix
away from the observer, then it is called a right-handed helix,
otherwise, it is a left-handed helix.

At last, denote a point on the helical path by P(z,y, z), then
the helical path [see Fig. 5(c)] equation can be obtained by

xlf cosf —sinf "
Yy Yo sinf cosd oy (5)
H

z=2z2"4+10]-

a+2rN

(adk, q(ﬁ/)T is the normalized unit vector of
(=l y" —yl'), K =z, — 2z, is the height of the he-
lical path, and |0] € [0, « + 27 N] is the rotation angle from
the initial position S (2, 2") to the position P(z,y, z)
on the projection plane Op XYy . If the right-handed helix is

required, 8 < 0, otherwise, 6 > 0.

V. PATH-FOLLOWING CONTROL

This section presents the control algorithm to solve the path
following problem of RobCutt-II. Fig. 6 depicts the design of
the path-following controller. Specifically, a guidance system
based on the LOS principle [11] is implemented to deduce the
target heading vy and the target depth z; based on position

feedback. Moreover, three ADRC controllers, i.e., the surge
speed controller, the heading controller, and the depth controller
are designed independently to output the required propulsive
force and moment for RobCutt-II to follow the generated 3-D
helical path in the presence of disturbances. Note that only
the guidance system needs to be redesigned for other 3-D
trajectories.

A. Guidance System

The guidance system plans the motion of the RobCutt-II. As
for a right-hand helical path, some notations of the proposed
guidance system are given in Fig. 7.

1) P(z,y,z) and ¢ are the 3-D position and the heading

angle of RobCutt-II, respectively.

2) ~ is the radius of the virtual circle associated with

RobCutt-II.

3) )y is the target heading angle.

4) Plos(Xd,¥d,za) defines the foresight point.

5) P’y represents the other intersection.

The algorithm of the guidance system for determining the
target heading v, and the target depth z; is described in
Algorithm 2.

In particular, avo¢q) is the total rotation angle of the vehicle
around the rotation axis on the projection plane Op XpYg,
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Fig. 7. Guidance system. (a) Current position of the vehicle. (b) Foresight
point on the O X Yg plane. (¢) Foresight point in 3-D space. P(z,y, z) is
the current position of RobCutt-II, P)os(Xq,yd,2zq ) is the foresight point.

Algorithm 2: The Determination of the Target Heading and
the Target Depth.

1: repeat

2:  Get the position and attitude feedback data.

3:  Calculate the foresight point pjos(xq,yq) on the

projection plane.

4:  Calculate the angles oy, and oo, .
5 Qigotal = Qotal + Qeur-
6:  while (a0 < Qotal — 7/4) do
7. Qfor = Qfor + 2 pl
8.
9
0

end while

Zd = ZH + Qfor - m

Compute the target heading 14 according to

Plos (de Ya Zd)-

11: until the distance between the RobCutt-II and the target
point is less than v,

H

.y denotes the rotation angle of the vehicle around the center
of rotation in the current control period, and ay,, represents
the corresponding rotation angle of the foresight point on the
projection plane O X Yg.

As shown in Fig. 7(a), suppose that the current position
of RobCutt-II is P(z,y, z) (yellow point), we first calculate
the foresight point on the Op XYy plane. As illustrated in
Fig. 7(b), RobCutt-II and the helical path are projected onto
the Og XrYr plane, the purple point represents the position
of RobCutt-II in the last control period. To find the foresight
point that is ~ apart from the barycenter of the vehicle on the
projection circle, assume that a virtual circle centered at the
barycenter of the vehicle with a radius equal to +y is associated
with the vehicle. We set the foresight point to be the intersection
of the virtual circle and the projection circle of the helical path.

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 43, NO. 2, APRIL 2018

Particularly, when there are two intersection points, the inter-
section point further forward along the helical path is selected
as the current foresight point (green point), whose position can
be derived by solving

(x —za)” + (y —9a)* =" (6)

(wa — 2§ )* + (ya — w')* = Ry (7

Otherwise, if there is no intersection, the point, which is both
located on the projection circle and closest to the virtual circle,

is chosen as the foresight point. In this case, the foresight point
can be deduced from

(@ — 25" )(ya —v3' ) — (v — w3’ )(wa

(wa = ' )* + (ya — w0 )* = R (9)

—zi)=0 (@8

Furthermore, the 3-D position of the foresight point on the
helical path is determined. In the case of N > 1, multiple cor-
responding foresight points can be found on the helical path.
However, depending on the total rotation angle of the vehicle
around the rotation axis, a single foresight point P, (X4, Y, Zq)
(red point) is determined as shown in Fig. 7(c).

Then, the target heading v, is determined according to the
foresight point

1
T+ 3 ssgn(ye) -, z. =0
Ye 1
Ya = { arctan | = | + 7 + B ssgn(ye) - (10)
1 €
~3 ssgn(x.) ssgn(y.) - , z. #0

where x. = x — x4 and y. = y — y4. The target depth is se-
lected as the depth of the foresight point.

Next, we introduce the detailed control design of the surge
speed controller, the heading controller, and the depth controller.
It should be remarked that aforementioned kinetic model of
RobCutt-II in Section III-A is a rough model with large model
uncertainties due to the assumption of decoupling and sym-
metry and other simplifications. In addition, it is difficult to
identify the model parameters accurately. Furthermore, the hy-
drodynamic analysis of undulatory propulsion is approximated
by the fuzzy logic model. All of these uncertainties impose
higher requirements on the design of three subcontrollers. For-
tunately, the ADRC law is not predicated on an accurate and
detailed dynamic model of the plant and is extremely tolerant of
uncertainties and simple to use [34]. Therefore, we design three
subcontrollers based on the ADRC technique.

B. Surge Speed Controller

Based on the model of RobCutt-1I, the dynamic equation of
surge speed can be written as

u:fu(yaTdat)+buTu (11)

where fu (l/7 Td t) = 7(d11/m11)u —+ (mQQ/mll)vr + (m24/
my1)r? + (1/mq1) 74, is the general disturbance for surge
speed dynamics, b, = (1/my) is the control input gain.
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The block diagram of the surge speed controller is given
in Fig. 6. An extended state observer (ESO) provides the es-
timates of the internal dynamics of RobCutt-II and the ex-
ternal disturbances, which include the environmental distur-
bances and the unknown measurement error based on control
signal 7, and system outputs u in real time. Once the ESO
is designed and well-tuned, its outputs (,; will track v and
Cu2 = fu () + (by — byo)Tu, where b,y denotes the estimation
of the control gain b, . By canceling the effect of f,, using (2,
the ADRC actively compensates for f;, in real time. The ADRC
control law for plant (11) is given by

T, = Tu0 ~ Gu2 (12)
buO
where 7,0 will be specified later. By reporting the control signal
given by (12) into the control input of plant (11), the plant (11)
is simplified as

U~ Ty0-

13)

Notice that the plant (11) is reduced to an integral system. Then,
a proportional (P) controller is sufficient to control it

Tu) = kup €y

(14)

where k,,, is the proportional gain and e, = uq — (,1 denotes
the state error.
The linear discrete ADRC controller can be expressed as (see

[33])

ew = Cu1(k) — u(k)
<u1 (k + 1) = Cul (k) + hy, [Cu?(k> — 2wy ey + buOT’u]
<u2(k + 1) = Cu? (k) - huwgueu
Tu) = kup [Ud - Cul (k + 1)]
Tu0 — CuQ(k + 1)
buO

5)

where k denotes the kth sample constant, u, is the target surge
speed, u denotes the real-time surge speed of RobCutt-1II, (1
is the estimation of surge speed, (,» is the estimation of the
general disturbance, w,,, is the ESO bandwidth. Readers may
refer to [34] for more details about the definitions of the ADRC
parameters.

C. Heading Controller

Analogously, the dynamic equation of yaw motion is obtain
based on (1) as

V=r
: (16)
{r = fy(v,7a,t) + by,

where fu (I/, Td,t) = —(d42/m44)v — (d44/m44)7" + (mn —
Mas /My )uv — (Mo /Mag)ur — (Mag /Mas )0 + (1/maa) 74y
is a multivariable function of system states, external dis-
turbances, and time, and by = (1/mu4) denotes the control
gain. Compared with the surge speed dynamics, the heading
dynamics is a second-order system instead of a first-order
system.

Specifically, Fig. 6 shows that a tracking differentiator is used
to obtain the differential signal and the tracking signal of the
setpoint. An ESO outputs the estimations (i.e., Cy1, Cp2. Cp3)
of the system states 1, 1/}, and the general disturbances fy (-) +
(by — byo)7, based on heading angle feedback. By actively
compensating f,; using (3, the control law for plant (16) is
given by
7o — Gy3

r =

17
o (17)

Therefore, the plant (16) is reduced to a double integrator

Y~ T (18)
We use a proportional-derivative controller to control it
Tro = kypey1 + kypaeyo (19)

where £, and k, are the proportional gain and derivative gain,
respectively, e;1 = 11 — (y, and eyo = 19 — (y, are states er-
rors, v, is the tracking signal of v, and 1 is the differential
signal of 1, subject to the acceleration limit of ¢,. The linear
discrete ADRC controller can be listed as

Yi(k+1) = ¢ (k) + hyipa(k)
Yok + 1) = o (k) + hy than (v (k) = g, 2 (k), 6y hyo)
ey = Cu1(k) —¥(k)
Cui(k +1) = Cp1(k) + hy[Cp2 (k) — 3wopey]
Coz(k +1) = Cua(k) + hy [Cus (k) — 3wi, ep + byoTi]
Cos(k +1) = Cpa (k) — hwley
epr = Y1(k+1) = Gui(k+1)
ep2 = tha(k+1) = Cua(k+1)
Tr0 = kypey1 + kpaey2
_ 7o — Gpa(k+1)

r =

P

byo
(20)

where hy, is the heading control period, ho denotes the filtering
factor related to the suppression of noise, w,, refers to the
desired natural frequency of the closed-loop system, fhan(-)
is the optimal control synthesis function of the discrete-time
system [34].

D. Depth Controller

The dynamic model of heave motion deduced from (1) can
be described as

Z=w 21
{w:fz(VaTd»t)“‘szw ( )
where b, = (1/ms3), f. represents the general disturbance in-
cluding the external disturbance and internal dynamics. Spe-
Cially’ fz (Va Td s t) = _(d33 /m33)w + (1/m33)7—dw .

Since the dynamic equation represented by (21) is similar to
(16), an analogous ADRC controller to force RobCutt-1I to track
the target depth is implemented. The detailed expressions are
omitted here.
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TABLE I
CONTROLLER PARAMETERS

Surge Oy huo Wou buo kup
0.009 0.1 3.5 0.02 6.25
Heading 0y hyo  Woy  byo  kyp  kya
0.08 0.1 4 0.28 16 9.6
Depth 52 hzO Woz bz[] kzp k:d
0.02 0.1 5 0.28 16 9.6

Fig.8. Image sequences of RobCutt-II during path following of a helical path.

VI. EXPERIMENTAL RESULTS

The control scheme for 3-D helical path following of
RobCutt-II was tested in an indoor pool with dimensions of
Sm x 4m x 1.1 m (length x width x depth).

In the first experiment, RobCutt-1I started with initial position
and orientation (z, Yo, 20, o) = (0.498 m, 0.592 m, 0.348 m,
6.172 rad). The target position was (2.300 m, 0.900 m, 0.600
m). We set the rotation axis to (2.300 m, 2.000 m) with radius
1.1 m. RobCutt-II revolved around the rotation axis and should
complete at least NV = 1 circle. The control period was 0.05
s and the ADRC parameters of the path-following controller
are tabulated in Table I. Notice that these parameters can be
determined according to the previous heading keeping and depth
control experiments [8], [24]. Remarkably, compared with the
PID controller, the parameters of the ADRC controller have
a wider adaptive range, which helps to quickly determine the
appropriate parameters of the controllers. In addition, the target
surge speed was ugq = 0.08 m/s, 7, was set to 0.1 m, and the
radius vy of the virtual circle of RobCutt-II was 0.3 m.

The experimental results based on these conditions are pre-
sented in Figs. 8—12. The image sequences of RobCutt-II during
path following are shown in Fig. 8. The reference helical path
is presented by a red dotted line. Fig. 9 shows that the path
generator first planned a helical path satisfying the constraint
conditions. RobCutt-II was initially off the path, with an initial
distance error of about 1.2 m. Then, RobCutt-II could catch
up and land on the desired path smoothly. Fig. 10 shows the
time evolution of the tracking error, which was calculated by
the following three steps:

1) found the point (denoted as P; ) on the projection circle of

the helical path nearest the projection point of RobCutt-II
on the projection plane Op Xz Yg;

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 43, NO. 2, APRIL 2018
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Fig. 9. Desired path and actual path of RobCutt-II.
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Fig. 10.  Time evolution of the path-following error.

2) found the point P on the helical path corresponding to
Py

3) the 3-D distance between the barycenter of RobCutt-1I to
P, was calculated as the current tracking error.

In Fig. 10, the convergence of the path-following error states
that path following was achieved. The maximum following
error after RobCutt-II converged to the helical path is 0.1 m,
which is about one-eighth of the length of the main body of
RobCutt-1I. Fig. 11 gives the time evolution of the body-fixed
velocity. The red dotted line indicates the desired surge speed,
and the blue solid lines are the actual velocities. Note that the
velocity fluctuation of RobCutt-1II is observed. The reason may
be that the position given by the global visual tracking system
contains error imbedded with the true value due to accidental
disturbances. The differential calculation caused more serious
fluctuation of the body-fixed velocity. But overall the average of
the surge speed is close to the desired surge speed. The control
parameters of propagating waves on bilateral fins are shown in
Fig. 12. Note that the turning motion of RobCutt-1I was realized
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Fig. 11.  Time evolution of the body-fixed velocity.
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Fig. 12. Time history of the control parameters of propagating waves on
bilateral fins.

Fig. 13. Image sequences of RobCutt-II during path following of a helical
path with two laps.

by regulating different frequency of bilateral ribbon-fins. Spe-
cially, the sign of fin frequency represents the direction of the
propagating waves. If the undulatory frequency was positive,
the traveling wave propagated from the head of RobCutt-II to
the tail. Otherwise, negative undulatory frequency indicates that
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Fig. 14.  Desired path and actual path of RobCutt-Il when N =2.
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Fig. 15. Time evolution of the path-following error when N = 2.

the traveling wave propagated from the tail of the vehicle to the
head. The amplitudes of the bilateral ribbon-fins kept at 30°. In
addition, the deflection angles of bilateral fins were regulated
to produce the heave force. In particular, the deflection angles
of fins fluctuated between —30° and 30° in the helical path fol-
lowing experiment. When the deflection angle was greater than
zero, a positive heave force was produced and vice versa. Thus,
its depth control can be realized by controlling fin surfaces.

Then, another case to follow a helical path with two laps
(namely, N = 2) was studied. The initial position and ori-
entation of RobCutt-II was (0.806 m, 1.138 m, 0.140 m), and
the target position was (2.300m, 0.900m, 0.600 m). We set
v =0.36m, ug = 0.06 m/s. Note that we fine-tuned the pa-
rameters to achieve better path-following results. Other settings
were the same as those of the previous experiment.

Figs. 13—17 show the experimental results of path following.
It is seen that similar results were obtained in this experiment.
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Fig. 16.  Time evolution of the body-fixed velocity when N = 2.
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Fig. 17. Time history of the control parameters of propagating waves on

bilateral fins when N = 2.
The generated helical curve equation is

x| |23 n cosf —sinf | | —0.953
yl |20 sinf cos@ —0.550

z =0.14 + 0.0346

(22)

where 0 € [0,13.613]. This proves the feasibility of the pro-
posed path generation algorithm.

Fig. 13 shows the image sequences of RobCutt-II during
path following. Trajectories of the barycenter of RobCutt-II are
traced in Fig. 14. Fig. 15 shows the time evolution of the path-
following error. Fig. 16 shows the time evolution of the body-
fixed velocity. Fig. 17 shows the time evolution of the control
parameters of propagating waves on bilateral fins. By virtue of
the path-following control scheme, RobCutt-II converged to the
helical path and moved along the planned path. It is observed
from Fig. 15 that the tracking error is larger than that of N = 1.
Specially, the path-following error is increased on the second lap

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 43, NO. 2, APRIL 2018

of path following. The reason may be that the indoor pool was
not large enough to remove the effects of the reflective waves,
so RobCutt-IT was subjecting to external disturbances when it
swam in the pool for a long time. Nevertheless, the maximum
cross-track error after RobCutt-II landed on the helical path is
only 0.16 m, which also is far less than the size of RobCutt-II.
Thus, it can be concluded that the proposed path-following con-
troller makes the RobCutt-II trajectory robust enough to respond
to the disturbances and to achieve a satisfactory recovery.

At this point, the control scheme for 3-D helical path follow-
ing of RobCutt-1I in the 3-D underwater space is validated. To
the best of our knowledge, the closed-loop control for 3-D heli-
cal path following of an underwater vehicle-manipulator system
propelled by undulatory fins is realized for the first time.

VII. CONCLUSION AND FUTURE WORK

The effectiveness of a 3-D helical path-following control
scheme has been experimentally investigated on a UBVMS
(RobClutt-II). RobCutt-II mimics the unique undulatory propul-
sion mode of cuttlefish. The 3-D pose estimation including the
position and orientation of RobCutt-II is implemented based on
the real-time tracking on the images taken by a global visual
tracking system. The control scheme consists of a 3-D helical
path generator, a guidance system based on LOS principle, three
ADRC subcontrollers, and the fuzzy method for control allo-
cation. Two 3-D helical path-following experiments were per-
formed. The experimental results show that RobCutt-II achieves
closed-loop 3-D helical path following.

In future work, we will study the waveform of propagating
waves on bilateral fins. In particular, the counter propagating
waves may be used to enhance the maneuverability and stabil-
ity of the robotic ribbon-fin propulsion. Moreover, the hover-
ing control and the coordinated motion control of the vehicle-
manipulator system will be studied. Our final aim is naturally
to achieve future applications of the designed UBVMS for un-
derwater autonomous movements and operations.
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