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Abstract This paper investigates the three-dimensional (3-D) path following control problem for an under-

actuated robotic dolphin. With a comprehensive consideration of the mechanical constraint and swimming

principle of the robotic dolphin, a decoupling motion strategy is proposed to produce yaw and pitch maneu-

vers simultaneously. Then, kinematics and dynamics models for 3-D dolphin-like swimming are established,

followed by simulations of the path following control. Furthermore, a novel lookahead based 3-D line-of-

sight (LOS) guidance law is developed and implemented to obtain desired attitude angles with its simplicity,

intuitiveness, and small computational footprint. Finally, simulation results illustrate the feasibility and

effectiveness of the proposed path following control methods.
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1 Introduction

Autonomous underwater vehicles (AUVs) are critical to the long-term future of marine development and
protection. However, the drawbacks of traditional rotary-propeller based underwater vehicles are obvious,
such as low driving efficiency, large turning radius, and much disturbance to the aquatic species. In
nature, aquatic animals have been endowed with novel morphological features and incredible locomotion
characteristics that enable them to cope up with different living conditions. Inspired by nature, engineers
and researchers put their hands to create innovative underwater vehicles that interact with the aquatic
environment friendly. In 1994, the first robotic fish was developed by MIT, which preluded bioinspired
underwater robots.

As a typical marine mammal, dolphins are relatively well endowed with many novel mechanisms and
astounding swimming abilities based on the vertical oscillation of the fluke and vertebral columns, such as
high swimming speed, reduced detection, and enhanced maneuverability [1]. The potential applications
of biomimetic dolphin-like swimming robots would apply to marine exploration, mariculture, and military
affairs, which involved three-dimensional (3-D) topographic mapping, offshore aquaculture, environmental
monitoring, archaeology, exploration, etc. [2]. The 3-D path following control of the robotic dolphins will
be an indispensable tool to achieve the above tasks. Recently, to realize 3-D maneuver, various robotic
dolphins with innovative mechanical structures have been implemented. For example, Nakashima et al. [3]
presented a robotic dolphin to achieve 3-D maneuverability by offsetting the center of oscillation of the
caudal fin and dorsal fin. Wu et al. [4, 5] designed a gliding robotic dolphin and achieved 3-D attitude
control by adjusting the controllable fluke and flippers during the gliding process. Wang et al. [6] utilized
the movable mass and dolphin-like swimming part for their gliding robotic dolphin to change the pitch
and yaw angles, respectively. Yu et al. [7] built an acrobatic robotic dolphin to implement frontflip,
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backflip, as well as yaw motions, which were benefited from the multiple pitch joints and yaw joint in
the body. Shen et al. [8] developed a robotic dolphin with two turning units and multi-link oscillatory
joints. The yaw maneuver and pitch motion were realized by controlling the turning joints and the
flipper’s deflection, respectively. In order to achieve 3-D motion, Wang et al. [9] proposed a robotic
dolphin, whose tail was divided into three swing joints and a twist joint. However, the 3-D motion of
above robotic dolphins is decoupled into the horizontal plane and vertical plane with the sacrifice of
intricate mechatronic design (such as added turning joints or buoyancy-driven system). To make up for
these defects, we had addressed the path following problems for a straightforward robotic dolphin in the
vertical plane [10] and horizontal plane [11], respectively. Therefore, how to design the 3-D decoupling
motion is worthy of more intensive investigation.

The path following problem can be regarded as the classical line-of-sight (LOS) guidance problem
by steering a virtual target converges to and follows the desired waypoints, without strict temporal
requirements [12, 13]. Breivik and Fossen [14] proposed the novel LOS guidance law for marine surface
vessels, and then a variety of variants had been developed, such as adaptive LOS [15, 16] strategies
and integral LOS [17, 18] methods, by adding adaptive and integral terms to alleviate the effects of
uncertainties. However, few studies involved 3-D LOS guidance law. Lekkas [19] designed an LOS
guidance law for 3-D motion, and the coupled movement was decomposed into depth controller and
horizontal LOS controller. The utilized LOS guidance method was, at the bottom, horizontal guidance
law. Zuo et al. [20] built a guidance based 3-D path following method that consisted of a guidance loop,
an attitude stabilization loop, and a velocity tracking loop. The guidance law was utilized from [21],
which was obtained through complicated derivation. Wang et al. [22] developed a fuzzy iterative sliding
mode control scheme for special AUVs on the 3-D path following problem, where the 3-D LOS guidance
law was utilized to offer attitude angles. However, the time-varying guidance variable was considered as
a positive constant. Therefore, it is worth exploring the simple but effective 3-D guidance law.

The primary purpose of this paper is to provide a 3-D path following solution for an underactuated
robotic dolphin. A brief overview of the mechatronic design and decoupling motion for the robotic
dolphin is first developed to obtain a clear understanding of the 3-D maneuver. As an extension of our
studies [10, 11], a lookahead based 3-D LOS guidance law is proposed. Simulations of both decoupling
motion and 3-D path following are finally carried out to verify the feasibility of the proposed strategies.

The remainder of this paper is structured as follows. The mechanical design and 3-D decoupling motion
of the underactuated robotic dolphin are overviewed in Section 2. The kinematic and dynamic models of
3-D swimming are detailed in Section 3, followed by the LOS guidance law in Section 4. The numerical
simulations and analyses are provided in Section 5. Finally, concluding remarks and outline of future
investigations are offered in Section 6.

2 Overview of the robotic dolphin

2.1 Mechatronic design

The developed robotic dolphin consists of a waist joint, a fluke, and a pair of independent mechanical flip-
pers, whose mechanical structure is elaborated in Figure 1. For the sake of reducing hydraulic resistance,
a well-streamlined shape that is loosely modeled after the killer whale is designed to offer an expected
lift-to-drag ratio. To implement the dolphin-like swimming, two pitch joints are exploited to realize
dorsoventral oscillations. Meanwhile, the mechanical flippers are utilized for better attitude adjustment.
Furthermore, the movement of the robotic dolphin is controlled by a Raspberry Pi that is embedded in
the head. Diversified onboard sensors are equipped for autonomous 3-D path following solution, such as
inertial measurement unit (IMU) and pressure sensor.

2.2 3-D decoupling motion

The robotic dolphin has been developed for excellent agility on depth control [10] and planar path
following control [11], while the flippers make the crucial contribution to the success of both motions.
The yaw maneuver is coupling with the pitch maneuver of the robot. Therefore, the research of 3-D
decoupling motion is urgent.
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Figure 1 Illustration of the mechanical structure of the robotic dolphin.
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Figure 2 The yaw maneuver of the robotic dolphin.

2.2.1 Yaw maneuver

The asymmetric flapping of the bilateral flippers will generate different hydrodynamic forces, which
produces effective yaw maneuver. Based on [23], the turning pattern named as turning with braking
(unilateral flipper flapping and the other maintaining vertical) is utilized for its excellent astringency,
which is plotted in Figure 2. A Hopf oscillator based on central pattern generator (CPG) model is
adopted to realize smooth motion.

˙xflip =− ωflipyflip + xflip(m
2
flip − x2flip − y2flip) + h1xflip−1,

˙yflip =ωflipxflip + yflip(m
2
flip − x2flip − y2flip) + h2yflip+1,

(1)

where mflip and ωflip represent the intrinsic amplitude and oscillation frequency of the flipper. xflip and
yflip denote the state variables. h1 and h2 stand for coupling weights which can adjust the convergence
speed.

2.2.2 Pitch maneuver

Inspired by the frontflip and backflip of the robotic dolphin in the vertical plane [7], the flexible posterior
body and flukes moving in the form of body wave are forcibly deflexed or upturned to ensure an asym-
metric motion (e.g., adding some biases to the waist and fluke). The diving and ascending motions are
fabricated in Figure 3, and the corresponding dorsoventral oscillations equation can be simplified as

xwaist = ϕwaist offset +mwaist sin(2πft),

xfluke = ϕfluke offset +mfluke sin(2πft+ ζ),
(2)

where xwaist and xfluke denote the state variables of the waist and fluke, ϕwaist offset and ϕfluke offset mean
the bias angles of the waist and fluke, m and f stand for intrinsic amplitude and oscillation frequency,
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Figure 3 The illustration of pitch maneuver. (a) The diving motion in which the waist joint and fluke are forcibly deflexed;

(b) the ascending motion in which the waist joint and fluke are all upturned.
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Figure 4 Schematic illustration of the reference frames.

and ζ denotes the phase lag.

3 Modeling of the robotic dolphin

3.1 Coordinate frames

We review the 3-D dynamics model of the robotic dolphin, which serves as the basis for the simulation
design to verify the control strategies. To clearly describe the kinematic and dynamic modeling of the
robot, the relevant coordinate frames are defined and illustrated in Figure 4.

The inertial frame is defined as {I} (Ogxgygzg). xg and yg axes lie in the horizontal plane, and zg axis
is along gravity direction. The body reference frame is labeled as {B} (Obxbybzb) with its origin at the
robot’s center of buoyancy. The xb and yb axes are along the body’s longitudinal axis and transverse
axis, respectively. Furthermore, the control surface moving reference frames {i} (Oixiyizi) are depicted,
where i = w, f, l, r represents the waist, fluke, left flipper, and right flipper, respectively. Each moving
frame has its origin in the “middle point” of each control surface. The above coordinate frames all obey
the right-hand orthonormal principle.

3.2 Kinematics

In order to facilitate robotic dolphin modeling, some reasonable assumptions are made.
(1) The fluid is assumed to be incompressible as well as irrotational, so 3-D fluid effects in the robot

are neglected.
(2) During practical operations, thanks to the restoring forces of the robot, the pitch angle is not likely

to be ±π

2 .
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The following vectors are used to describe the general motion of the robotic dolphin [24]:

η = [η1,η2]
T, (3)

υ = [νb,ωb]
T, (4)

where η1 = [x, y, z]T and η2 = [φ, θ, ψ]T denote the inertial positions and Euler angles with coordinates in
the {I} frame. νb = [u, v, w]T and ωb = [p, q, r]T are the generalized translational and rotational velocity
vectors with coordinates in the {B} frame.

The kinematic of the robot is given by

η̇ =

[

gRb 0

0 gξb

]

υ, (5)

where gRb is a transformation matrix in the orientation of {B} frame with respect to (w.r.t.) the {I}
frame:

gRb=









cψcθ cψsθsφ− sψcφ sψsφ+ cψcφsθ

sψcθ cψcφ+ sψsθsφ −cψsφ+ sθsψcφ

−sθ cθsφ cθcφ









, (6)

and the transformation matrix gξb is given by

gξb =









1 tθsφ tθcφ

0 cφ −sφ

0 sφ/cθ
cφ/cθ









, (7)

where s(·) , sin(·), c(·) , cos(·), and t(·) , tan(·). Note that gξb is singular at θ = ±π

2 .
The robotic dolphin can be viewed as a multilink system. Each control surface has its own body-fixed

moving reference frames, and it can rotate about its y-axis (pointing out of the body). The rotation
angle in counter-clockwise sense about its y-axis is denoted by δi (i = w, f, l, r). When δi = 0, the x-axis
of the {i} frame is assumed to be coincident with xb. The transformation matrix is defined as

iRb =









cδi 0 sδi

0 1 0

−sδi 0 cδi









. (8)

As shown in Figure 4, rotational angles θi is obtained by

θi =

{

θ + δi, i = w, l, r,

θ + δw + δf , i = f.
(9)

The position of each control surface in {I} frame can be expressed as

ηw = η1 +
gRblb +

gRwlw, (10)

ηf = η1 +
gRblb +

gRw(lw + lw′) + gRf lf , (11)

ηl = η1 +
gRblbl +

gRlll, (12)

ηr = η1 +
gRblbr +

gRrlr. (13)

Then, the velocities of each control surface concerning the {I} frame can be derived, i.e., gνi =
η̇i (i = w, f, l, r). Similarly, the angular velocity of each control surface concerning the {I} frame is
gωi =

gωb +
gRiωi.
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3.3 Kinetics

The dynamics of the robotic dolphin in 3-D space is derived from the general underwater vehicle
model [24]:

Mυ̇ +C(υ)υ +D(υ)υ + g(η) = τ , (14)

where M denotes the rigid-body inertial matrix and added mass owing to the inertia of the surrounding
fluid. C(υ) represents the Coriolis and Centripetal matrix because of the rotation of {B} frame about
the {I} frame. D(υ) is the hydrodynamic damping matrix in which only the linear damping is utilized
for simplicity. g(η) = W +B denotes the restoring forces and moments that are expressed in {B} frame,
owing to the gravity (W ) and buoyancy (B).

The vector τ is the total forces and moments depending on dorsoventral oscillations of the waist and
fluke, accompanied by pitch and yaw maneuvers. The hydrodynamic force acting on the fluid is usually
expressed employing the wind frame {w}; that is, the force (wFi) and moment (wτi) acting on the control
surface containing the drag, sideforce, and lift expressed in the {w} frame are

wFi =









−Di

SFi

−Li









=
1

2
ρ
(

ivi

)2
Si









−CDi (αi, βi)

CSFi (αi, βi)

−CLi (αi, βi)









, (15)

ωτi =









wτx
wτy
wτz









=
1

2
ρ
(

ivi

)2
Si









CMx (αi, βi)

CMy (αi, βi)

CMz (αi, βi)









+Kω
iωi, (16)

where Si is the area of each control surface. CDi, CSFi, CLi, CMx, CMy , and CMz indicate the corre-

sponding hydrodynamic coefficients, which are related to the angle of attack (αi = arctan(
iviz
/

ivix) ) and

the sideslip angle (βi = arcsin(
iviy
/

‖ivi‖)). Kω is the rotational damping matrix. The transformation

matrix can be obtained as

iRw =









cαi
cβi

−cαi
sβi

−sαi

sβi
cβi

0

sαi
cβi

−sαi
sβi

cαi









. (17)

In the {i} frame, the hydrodynamic forces and moments can be expressed as

(

Fi

τi

)

= iRw

(

wFi

wτi

)

, i = w, f, r, l. (18)

Finally, τ can be obtained in the {B} frame:

τ=

(

bFtotal

bτtotal

)

=

(

Fb

τb

)

+

(

iRb −iRbP̂i

0 iRb

)T(

Fi

τi

)

, i = w, f, r, l. (19)

4 LOS guidance principle for 3-D path following

Figure 5 depicts the block diagram of the 3-D path following control. The desired path point (xp, yp, zp)
is the input value for the control structure. The desired heading and pitch angles are acquired based on
3-D LOS guidance law. Then the decoupling controller assigns the desired angles to each joint of the
robotic dolphin.

The geometry of the 3-D LOS guidance law is illustrated in Figure 6. Consider a geometric path
continuously parametrized Pp(̟) = [xp(̟), yp(̟), zp(̟)] ∈ R

3, which is parameterized by a scalar
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variable ̟ ∈ R. As shown in Figure 6, the spatial path-fixed reference coordinate system {P} (Opxpypzp)
with its origin at the point Pp(̟) is defined by a given ̟. The Opxp-axis and Opyp-axis are along the
tangent and normal of the desired path, respectively. The azimuth and elevation angles from the {I}
frame to the {P} frame are defined as

ψp(̟) = atan2

(

dyp(̟)

d̟
,
dxp(̟)

d̟

)

, (20)

θp(̟) = atan2



−
dzp(̟)

d̟
,

√

dxp(̟)

d̟

2

+
dyp(̟)

d̟

2


 , (21)

where atan2(b, a) is the four-quadrant version of arctan(b/a). The full rotation matrix from {P} to the
{I} can be inferred as

gRp=Rp,z(ψp(̟))Rp,y(θp(̟)). (22)

Subsequently, the following error vector ε(t) ∈ R
3 can be defined in the {P} frame as

ε(t) = [xe(t), ye(t), ze(t)]
T = gRT

p (Pp(t)− Pp(̟)), (23)

where xe(t), ye(t), and ze(t) represent the along-track, cross-track, and vertical-track errors relative
to Pp(̟), respectively, which are demonstrated in Figure 6. The path following errors vector can be
expanded as

xe(t) = cψp(̟)cθp(̟)(xp(t)− xp(̟)) + sψp(̟)cθp(̟)(yp(t)− yp(̟))− sθp(̟)(zp(t)− zp(̟)),

ye(t) = −sψp(̟)(xp(t)− xp(̟)) + cψp(̟)(yp(t)− yp(̟)),

ze(t) = cψp(̟)sθp(̟)(xp(t)− xp(̟)) + sψp(̟)sθp(̟)(yp(t)− yp(̟)) + cθp(̟)(zp(t)− zp(̟)).

(24)
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Table 1 Control parameters of the robotic dolphin

Parameter Value Unit Parameter Value Unit

mb 6.42 kg lf (0.18, 0, 0)T m

mw 0.87 kg lbl (−0.13, 0, 0.03)T m

mf 0.10 kg lbr (−0.13, 0, 0.03)T m

ml 0.05 kg Sb 0.015 m2

mr 0.05 kg Sw 0.076 m2

ρ 998 kg/m3 Sf 0.088 m2

R 0.3 m Sl 0.061 m2

lb (−0.31, 0,0)T m Sr 0.061 m2

lw′ (0.08, 0, 0)T m lw (0.09, 0, 0)T m

ll (0, 0.06, 0)T m lr (0, 0.06, 0)T m

The associated control objective for the 3-D spatial path following becomes

lim
t→∞

ye(t) = 0, lim
t→∞

ze(t) = 0. (25)

The traditional guidance based path following scheme used by [20, 25–27] would set the vessel heading
and pitch angles to shape the convergence behavior toward the xz-plane and xy-plane of the path-fixed
frame. However, in this paper, the different guidance law based on the lookahead steering is proposed to
reduce the overall complexity.

Consider a sphere with radius R enclosing the robotic dolphin’s center of buoyancy. If the radius is
chosen to be sufficiently large, it will intersect the path tangentially at the foresight point Plos(t). The
lookahead based guidance law is given by

ψlos(t)
.
= atan2(ye(t),∆),

θlos(t)
.
= atan2

(

ze(t),

√

ye(t)
2 +∆2

)

,
(26)

where ∆ is a time-varying guidance variable that is positive and upper bounded. Furthermore, ∆ can be
calculated by

∆2 + ye
2 + ze

2 = R2. (27)

Finally, the desired heading and pitch angles can be obtained according to Figure 6:

ψd(t) = ψp(̟)− ψlos(t)− β, θd(t) = θp(̟)− θlos(t) + α, (28)

where α and β are angles of attack and sideslip, respectively.

5 Simulation and analysis

For the sake of testing the feasibility of the decoupling strategy and the LOS based path following
controller, numerical simulations are carried out in the robotic dolphin, whose parameters are listed in
Table 1. The simulations ran on a desktop computer with Intel(R) Core(TM) i7-8550U 1.99 GHz CPU
and 16 GB of RAM, running win10 and coding in MATLAB 2019.

5.1 Decoupling motion

The depth control is assumed to conduct in xz-vertical plane, and the desired depth is parameterized as

zp(t) = −1, xp 6 50,

zp(t) = −2, 50 < xp 6 120.
(29)

In the vertical plane, ψp(t) = 0, θp(t) = 0, and θd(t) = −θlos(t) + α. Comparison of depth plotted
against xp for the robotic dolphin is illustrated in Figure 7, followed by a time history of the pitch angle.
The pitch angle has an excellence response to the desired pitch angle. It indicates that decoupled pitch
maneuver and LOS guidance law can steer the robot toward and along with the desired depth.
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Figure 7 Depth control. (a) Depth control response; (b) time history of pitch angle.
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Next, the planar path following control is conducted, and the predefined planar path is defined as

xp(̟) = 4.8 sin(̟) + 1, 0 6 ̟ 6 2π,

yp(̟) = 4.8 cos(̟) + 1, 0 6 ̟ 6 2π.
(30)

The simulation results are demonstrated in Figure 8. It is clear that the robotic dolphin moves toward
and along the desired path, and the yaw angle has an excellent response to the reference angle (the
average heading-track error is 1.37◦), which verifies the effectiveness of the proposed strategies.

5.2 3-D path following

Finally, the 3-D path following simulation concerning a spatial helix is carried out in the robotic dolphin,
which is parameterized by ̟ as

xp(̟) = 50 sin(̟), −10 6 ̟ 6 10,

yp(̟) = 50 cos(̟)− 50, −10 6 ̟ 6 10,

zp(̟) = −0.5̟, −10 6 ̟ 6 10.

(31)

The initial positions and attitude angles of the robotic dolphin are all set as zero. To solve the intersection
point between the 3-D helix and sphere, the “polyxpoly” function in MATLAB is utilized. The 3-D path
following response of the robotic dolphin is illustrated in Figure 9, where it is easily seen that the robot
nicely converges toward and moves along the desired helix path. Furthermore, Figure 10 shows that
the cross-track and vertical-track errors converge to and oscillate at the reasonable level (the averages
are 0.04 m and 0.012 m, respectively). The essence of the path following control is to track the desired
yaw and pitch angles. Based on (28), the desired yaw and pitch angles are calculated and depicted in
Figure 11. It is clear that the robot has a steady-state oscillatory behavior when it reaches the desired
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Figure 10 Path following errors. (a) Cross-track error; (b) vertical-track error.
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Figure 11 Time history of attitude during the path following. (a) Yaw angle; (b) pitch angle.

path. Note that it would still oscillate owing to the oscillating motion of the waist joint and fluke. The
pitch angle gradually stable during the following control has small oscillations with an amplitude about
15◦. The success of 3-D path following testifies the effectiveness and feasibility of the designed decoupling
strategy and LOS guidance law.
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5.3 Discussion

With consideration of dolphin-like swimming, symmetrical and dorsoventral oscillations can be regarded
as an active way of producing thrust forces, while asymmetrical oscillations of waist and fluke in con-
junction with asymmetrical flapping of flippers yield different maneuvers. Based on this performance,
the decoupling motion can be achieved. Compared with the multilink dolphin-like robot [7], whose me-
chanical structure consists of a yaw joint and three pitch joints, the utilized robotic dolphin has a more
straightforward structure and achieves better yaw maneuver than pitch maneuver. Compared with [21],
lookahead based 3-D LOS guidance law reduces the computational complexity by calculating the inter-
section between sphere and curve. The guidance law has a better prospect of application.

However, as depicted in Figure 7, the mean pitch angle error is about ±3.5◦, which is larger then [10]
whose average is ±1.466◦. It means the flippers are more suitable for handling depth control. In the
context of 3-D path following, the proposed decoupling strategy has application potential with the sacrifice
of control accuracy. Further study involves soft robots that provide a better 3-D maneuver solution.

6 Conclusion

In this paper, we have offered a 3-D path following solution for a robotic dolphin, which provides a tradeoff
between the 3-D maneuverability and the structural complexity. More specifically, a comprehensive 3-D
dolphin-like swimming model is carried out. Next, control strategies consisting of decoupling control and
3-D LOS based guidance law are proposed to achieve path following. Finally, simulations on the robotic
dolphin testify the effectiveness. This study sheds light on intelligent control of robotic dolphins in 3-D
environments, contributing to updated design and control of innovative fish or dolphin inspired swimming
robots.

For future work, the decoupling strategy and LOS guidance law will be systematically implemented
and improved on the actual robotic dolphin platform. In addition, combining sliding mode control or
reinforcement learning with 3-D path following method will be explored to advance the applications of
robotic dolphin in real ocean-oriented scenarios.
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