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Sliding Mode Observer-Based Heading Control
for a Gliding Robotic Dolphin
Jun Yuan, Zhengxing Wu, Junzhi Yu, Senior Member, IEEE, and Min Tan

Abstract—This paper proposes a sliding mode observer
(SMO)-based heading control method for the gliding
motion of a dolphin-like gliding robot. A pair of flippers
are employed to regulate gliding direction via differential
actions, rather than actuators commonly used in traditional
underwater gliders. The framework of the control algorithm
is established based on a derived dynamic model, including
an SMO, a backstepping controller, and a solver for action
commands of the flippers. Considering gliding velocity is
indispensable for heading control but difficult to measure
practically, we design the SMO to estimate gliding velocity
by data acquired from a depth sensor and an attitude and
heading reference system. Afterward, the backstepping
methodology is applied to derive the heading control law.
Further, a solver is designed to convert the controller’s
instruction to deflection angles of the flippers, which can
simultaneously eliminate coupled but undesired roll and
sideslip. Simulation results obtained demonstrate the
effectiveness of the proposed method.
Index Terms—Gliding robotic dolphin, heading control,
sliding mode observer (SMO), underwater robotics.

I. INTRODUCTION
QUATIC biomimetics [1]–[3] have aroused great interest
in recent years. Inspired by natural dolphins, roboticists
have been trying to realize dolphin-like swimming performance via various researches of robotic dolphins [4]–[8].
Quasi-3D maneuverability [4], 360◦ frontflip–backflip [5], fast
swimming speed (2.9 BL/s or 2.07 m/s, BL for body length),
and acrobatic-like dolphin leaping behaviors [8] have been
achieved. However, short range and limited endurance are
barriers to real-world applications. By contrast, underwater
gliders [9]–[12] are known for their traits of long range and
strong endurance, which origin from their buoyancy-driven
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mechanism. Nevertheless, both speed and maneuverability
of gliders are much lower. Hence, a gliding robotic dolphin
[13], [14], which is an integration of robotic dolphin and
underwater glider, is developed to merge the propulsion modes
and, thereby, the advantages of both types into one robot.
Heading regulation is crucial for navigation during gliding.
So is heading stabilization, since factors such as environmental
disturbances and asymmetry of hydrodynamic structures would
cause gliders to departure from desired direction. In general,
existing approaches for adjusting heading angles can be categorized into two classes by actuators: rolling by internal movable
masses to cause a banked turn [9], [10]; turning by vertical
rudders [11], [15], [16]. Concretely, as for the former, the pitch
moment, lift, and drag forces are rotated out of the vertical plane,
and thereby, their lateral components arise and compel gliders
to turn. Regarding the latter, yaw movements come from the
hydrodynamic moment caused by deflection of the rudders. The
former costs no effort on dynamic sealing of the driving shaft
and reduces the risk of leakage, while the direction of roll should
be changed during infections between upward and downward
glide, which would cause frequent actions of the mass actuators
in shallow water operations involving many inflections [18]. By
comparison, the latter conserves interior space of gliders, and
the relation between rudder deflection and heading direction
is fixed. From the viewpoint of control methods, proportionalintegral-derivative feedback controllers are commonly used for
their simplicity and convenience [10], [18]. In addition, modelbased controllers [15], [16] have also been proposed. However,
little effort has been devoted to the research of heading control via differential actions of horizontal control surfaces up to
now, since traditional gliders have nearly no movable horizontal
surfaces for attitude control. Therefore, heading control of newstyle gliders with movable horizontal surfaces, such as gliding
robotic dolphins and flying wing gliders [17], is a new problem.
This paper focuses on the problem of heading regulation enabled by horizontal control surfaces in gliding motion, which has
not been addressed in previous literature on underwater gliders,
to the best of our knowledge. A newly designed gliding robotic
dolphin is regarded as the research object, and its flippers act
as the horizontal control surfaces. We construct a control algorithm framework based on a derived dynamic model, including a sliding mode observer (SMO), a backstepping controller,
and a solver for action commands of the flippers. Simulations
are conducted to validate the proposed method. The traits and
contribution of our method are twofold. First, to overcome the
difficulty in velocity sensing, we design an SMO in combination
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Fig. 2.

Fig. 1. Illustration of the developed gliding robotic dolphin: (a) Mechanical structure. (b) Developed prototype.

with an attitude and heading reference system (AHRS) and a
depth sensor to estimate the gliding velocity. Second, a solver
for flipper action commands is established, which is capable
of simultaneously solving the control allocation problem and
eliminating the coupled, but undesired roll and sideslip.
The remainder of the paper is organized as follows. Section II
briefly presents the configuration of the gliding robotic dolphin. Thereafter, the dynamic model is derived in Section III.
Section IV elaborates the proposed heading control algorithm.
Section V gives simulation results and analysis of the presented
methods. Finally, Section VI concludes this paper.
II. OVERVIEW OF THE GLIDING ROBOTIC DOLPHIN
The heading control is toward a newly developed gliding
robotic dolphin, whose mechanical structure and appearance are
illustrated in Fig. 1. The gliding robotic dolphin is designed as
a streamlined geometric shape, which is modeled after a killer
whale. The total length and mass are 1.5 m and 58.1 kg, respectively. The main mechanical systems include the following
systems.
1) Dorsoventral propulsive system: The system is composed
of a fluke, a waist joint, a caudal joint, and two sets of
drive mechanisms. It performs dorsoventral oscillations
to thrust the robot during dolphin-like swimming.
2) Buoyancy adjusting system: Connecting a pump, a
solenoid valve, and two oil bladders by pipelines yields
the system. One of the bladders is inside the hull of the
robot, while the other one is exposed to water. When the
pump transfers oil between the two bladders, the variation
of the external bladder’s volume changes the buoyancy
and, thereby, the glide state (i.e., up or down).
3) Pitch adjusting system: A movable mass and an actuator
constitute the system. The robot will pitch up or down
when the mass moves longitudinally.

Schematic illustration of coordinate frames and notation.

4) Controllable flippers: The pair of one-degree-of-freedom
(1-DOF) flippers are mechanically separate, which are
driven by servomotors to pitch up or down in the range
of ±90◦ (positive for pitching down). They are capable
of adjusting attitude during gliding or swimming and
continuously flapping for MPF (i.e., median and/or paired
fin) locomotion [19].
It should be noted that, despite the robot’s capability of multimodal locomotion, only gliding motion is addressed in this
paper.
III. DYNAMIC MODELING FOR 3-D GLIDING MOTION
For gliding motion, turning is implemented in the 3-D space.
Thus, we derive the dynamic model for 3-D gliding motion
in this section. The coordinate frames involved in the following analysis are illustrated in Fig. 2, all of which follow the
right-hand rule. An inertia frame, denoted by Cg = og xg yg zg ,
is defined with its z axis along the direction of gravity. The
unit vectors along corresponding axes of frame Cg are i, j,
and k. Afterward, we define a body-fixed frame Cb = ob xb yb zb
with its origin ob at the robot’s center of buoyancy (CB). Let
Ct = ot xt yt zt , Cl = ol xl yt zl , and Cr = or xr yr zr be attached
respectively to the fluke, left flipper, and right flipper, since they
are movable control surfaces. In addition, wind axes Cw [18]
will be used in hydrodynamic analysis. Let the left superscript
of a physical tensor represent the projection frame. For example, g Rb and g Pb denote the rotation matrix and position vector
of Cb with respect to (w.r.t.) Cg . When a tensor is expressed
in the frame where it is defined, we omit its left superscript.
For the cross product of two vectors a, b ∈ 3 , a (3 × 3) skewsymmetric matrix â is introduced: a × b = â · b.
A. Kinematic Analysis
Let the linear and the angular velocity of the robot w.r.t.
the body frame Cb be denoted by Vb = (Vbx , Vby , Vbz )T and
Ωb = (Ωbx , Ωby , Ωbz )T , respectively. The kinematics of the
robot are formalized by
g

Vb = g Ṗb = g Rb Vb
g

Ṙb = g Rb Ω̂b .

(1)
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Here, g Rb is parameterized by Euler angles (roll φ, pitch θ,
yaw ψ).
Owing to that the flippers and the fluke are rotatable, their
linear velocities w.r.t. their attached frames are given as follows:
Vi = i Rb (Vb + Ωb × b Pi ) (i = l, r, t)

(2)

where the indexes l, r, t correspond to the left flipper, the right
flipper, and the fluke; b Pi denotes a corresponding position vector; i Rb is a rotation matrix parameterized by the deflection
angle δi of the corresponding fin surface.
B. Hydrodynamic Analysis
Once the geometric profiles of the robot are settled, the hydrodynamic forces are determined by the gliding velocity and
orientation of the robot relative to the current. For the robot’s
body, the relative orientation can be parameterized by the attack
angle αb and the sideslip angle βb




Vbz
Vby
αb = arctan
, βb = arcsin
.
(3)
Vbx
Vb 
The hydrodynamic force/moment vectors w.r.t. the wind axes
Cw are formalized as follows:
⎛
⎞
−Cb,d (αb )
⎜
⎟
1
w
Cb,sf (βb ) ⎟
Fb = ρSb Vb 2 ⎜
⎝
⎠
2
−Cb,l (αb )
⎞
Cb,τ x (βb )
⎜
⎟
1
w
Cb,τ y (αb ) ⎟
τb = ρSb Vb 2 ⎜
⎝
⎠ + Kb Ωb
2
⎛

C. Dynamic Modeling
Apart from the hydrodynamic forces, another type of external
forces on the gliding robotic dolphin are gravity and buoyancy.
The net buoyancy of the robot w.r.t. frame Cb is given by


ρ 1
mo − mex g(g Rb T k)
(7)
Gn =
ρo 2
where mo denotes the total oil mass; mex is the oil mass in
the external bladder; ρo is the oil density; g is the gravitational
acceleration. The moments of the gravity and buoyancy take the
forms as follows:


ρ
τn = mb P̂b + mo P̂o + mm P̂m − mex P̂ex g(Rb T k)
ρo
(8)
where mm is the movable mass; mb is the robot’s total mass
excluding the movable mass and the oil mass; P̂b , P̂o , and P̂m
are corresponding center of gravity (CG) w.r.t. frame Cb .
The total external force and moment are formalized by
Text =

Π=−

(5)

where w Rb is a rotation matrix that depends on αb and βb .
In particular, (3)–(5) formalize the hydrodynamic forces and
moments only on the body of the robot. Regarding the flippers
and the fluke, the computational procedures are nearly the same,
other than that their deflection angles and action points should
be taken into consideration
Fi

b

τi

i

=

Rb −i Rb b P̂i

03×3

i

Rb

T

Fi
τi

τb + b τl + b τr + b τt + τn

.

(9)

(4)

where ρ denotes the water density; Sb is the reference area
of the body; Cb,d , Cb,sf , Cb,l , Cb,τ x , Cb,τ y , Cb,τ z indicate
corresponding hydrodynamic coefficients, which are of complex relations with αb or βb in wide angular range; Kb denotes the coefficient matrix of the rotational damping term.
Further, the hydrodynamic forces/moments w.r.t. frame Cb are
given by

b

Fb + b Fl + b Fr + b Ft + Gn

Thereafter, we can derive the dynamic model as follows for
the gliding motion by Newton’s law:
 
V̇b
= M−1 (Π + Γm + Γo + Text )
Ω̇b

Cb,τ z (βb )

F b = b R w w F b , τb = b R w w τ b
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(6)

where Fi and τi (i = l, r, t) are the hydrodynamic force and
moment w.r.t. frame Ci . Besides, the attack/sideslip angles of
the fin surfaces are calculated w.r.t. their attached wind axes
using the velocities acquired in (2).

Γm

Ω̂b 03×3

M

Vb
Ωb

V̂b Ω̂b
⎞
⎛
2Ṗˆ m Ωb − P̈m
⎠
= mm ⎝
ˆ
P̂m (2Ṗm Ωb − P̈m )

⎞
2Ṗˆ o Ωb − P̈o
⎠
Γ o = mo ⎝
P̂o (2Ṗˆ o Ωb − P̈o )
⎛

(10)

where Π denotes the Coriolis-centrifugal force; Γm and Γo indicate the forces caused by the CG shift of the movable mass
and the oil bladders; M is the total inertia matrix, composed of
the inertia matrix of the robot Mdl and the added inertia matrix
Mad from the surrounding water
M = Mdl + Mad
Mad =

Mf Df T
Df Jf

Mdl =

(mb + mm + mo )I3×3
D

DT
J

D = mb P̂b + mo P̂o + mm P̂m
J = Jb − mr P̂b P̂b − mo P̂o P̂o − mm P̂m P̂m

(11)
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where Jb is the rotational inertial caused by the distribution of
mb relative to its CG.
In addition, the CG shift of the movable mass and the oil
bladders in (10) is formalized by
Ṗo = σo vo (Pin − Pex) /mo
Ṗm = Vm

(12)

where σo is the pump’s displacement, vo is the pump’s speed,
Pin denotes the CG of the inner bladder, and Vm is the velocity
of the movable mass. Actually, we have assumed that P̈m = 0
and P̈o = 0 since their start–stop processes are indeed rapid.

A. Problem Statement and System Framework
The target of the control system is to make the yaw angle
ψ track the reference yaw angle ψd by adjusting the deflection
angles of the left and right flippers, i.e., δl and δr . The heading
dynamics can be formalized as follows:
ψ̈ = HB(Π + Γm + Γo + Text ) + (Ωb T ΛΩb )/cos2 θ

H=

0

sin φ
cos θ

cos φ
cos θ

0

⎜
⎜
⎜
⎜ 1
Λ = ⎜ cφcθ
⎜ 2
⎜
⎝ 1
− sφcθ
2

(13)



I3×3 M−1

B = 03×3
⎛

1
cφcθ
2

Framework of the heading control system.

solver is designed and embedded into the control system. The
framework of the heading control system is illustrated in Fig. 3.
B. SMO-Based Velocity Estimation

IV. HEADING CONTROL

with

Fig. 3.

1
− sφcθ
2

⎞

⎟
⎟
⎟
⎟
sθ(c2 φ − s2 φ) ⎟
2sφcφsθ
⎟
⎟
⎠
sθ(c2 φ − s2 φ)
−2sφcφsθ

Recurring to model-based observers is a hopeful approach
to deal with the difficulty in velocity sensing. In terms of the
system characteristics, the heading dynamics are with distinct
nonlinearity, and the robot’s hardware configuration can supply
partial state feedback. Exactly, an SMO [20]–[23] is a kind of
high performance state observer suitable for nonlinear uncertain
systems with partial state feedback. Hence, we design an SMO
for velocity estimation.
The available state data origin from two equipped sensors:
an AHRS and a depth sensor. The AHRS can provide real-time
attitude data in the form of Euler angles and angular velocity.
Essentially, the depth sensor acquires the robot’s submergence
depth d by sensing the water pressure. Thus, the linear velocity
along the z axis of the inertia frame Cg can be derived based on
the measured data:
g

(14)
where I denotes an identity matrix, c and s in Λ are short for
cos and sin, respectively.
In essence, the basic principle of the regulation approach is
using differential actions of the flippers to generate asymmetric
hydrodynamic forces on the left and right sides for turning. As
demonstrated in (3)–(5), the hydrodynamic forces depend on
gliding velocity and attack/sideslip angles. Nevertheless, such
gliding states are considerably difficult to measure directly. Up
to now, no sensor is capable of measuring the attack/sideslip
angles for underwater vehicles. Regarding underwater velocity
sensing, sensors such as Doppler velocity logs may be utilized,
but their premium prices, large sizes, and low accuracy make
them inappropriate for practical application.
Thereby, we design an SMO to estimate the velocities based
on data collected from equipped sensors, including a depth sensor and an AHRS. With the estimated velocity, we can calculate
the attack/sideslip angles by (3). Thereafter, based on the heading dynamics in (13), we apply the backstepping methodology
to derive a heading control law. Further, in order to convert the
controller’s instruction to action commands of the flippers, a

Vbz = d˙ − kT · g Rb (Ωb × Pd )

(15)

where d is actually the depth at the point where the depth sensor
is installed, denoted by Pd w.r.t. frame Cb .
Afterward, we estimate the entire linear velocity vector w.r.t.
frame Cg on the basis of g Vbz . The sliding function s of the
SMO is defined as the estimation error of g Vbz
s = g Vbz − g V̄bz

(16)

where the bar-style superscript indicates the estimated value.
The SMO is designed as follows:
⎞
⎛
kx sgn(s)
⎟
⎜
g ˙
V̄ b = (g Rb Ω̂b )V̄b + g Rb V̄˙ b + ⎝ ky sgn(s) ⎠
(17)
kz sgn(s)


V̄˙ b = A Π(V̄b ) + Text (V̄b ) + Γm + Γo
where K = diag(kx , ky , kz ) is the gain matrix of the SMO;
Text (·) and Π(·), defined in (9) and (10), are functions of V̄b rather
than Vb here; A = I3×3 03×3 M−1 ; and sgn(·) indicates the
sign function.
The dynamics of estimation error take the following forms:
⎞
⎛
kx sgn(s)
⎟
⎜
g ˙
Ṽ b = (g Rb Ω̂b )Ṽb + g Rb Ṽ˙ b − ⎝ ky sgn(s) ⎠
(18)
kz sgn(s)


Ṽ˙ = A Π(V ) − Π(V̄ ) + T (V ) − T (V̄ )
b

b

b

ext

b

ext

b
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where g Ṽb = g Vb − g V̄b , and the tilde-style superscripts represent the estimation errors. The sliding condition for the SMO is
sṡ < 0, which is equivalent to
 



(19)
kz > kT (g Rb Ω̂b )Ṽb + g Rb Ṽ˙ b  .
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Afterward, to facilitate z1 → 0, we can design the stabilizing
function ξ as follows
ξ = ψ̇d − c1 z1

(27)

where c1 > 0 denotes a feedback gain, yields
ż1 = −c1 z1 + z2 .

(28)

Assuming that s reaches the sliding surface, i.e., ṡ = 0, we
apply Philippov’s theory of equivalent dynamics [24] to (18)
and thereafter locally linearize the equations around g V̄b . As a
result, new forms of g Ṽ˙ bx and g Ṽ˙ by are derived as follows:
⎞
⎛
g ˙
g
Ṽbx
Ṽ bx
⎠=Q
⎝
(20)
g
g ˙
Ṽby
Ṽ

Step 2: In this step, we stabilize the dynamics of z2 , which
can be formalized as follows:

with

ż2 = γ̇ − ξ˙ = H [B(Π + Γm + Γo + T  + Tp )]

by

⎞

⎛

∂fx
∂fx
kx ∂fz
kx ∂fz
−
−
gV
gV
⎜ ∂ g Vbx
k
∂
∂
kz ∂ g Vby ⎟
z
bx
by
⎟
⎜
Q=⎜
⎟
⎝ ∂fy
∂fy
ky ∂fz
ky ∂fz ⎠
−
−
∂ g Vbx
kz ∂ g Vbx ∂ g Vby
kz ∂ g Vby


(fx , fy , fz ) = iT · g V̇b , j T · g V̇b , kT · g V̇b .

(30)

where the force exerted by the flippers (denoted by Tp ) is separated from the total external force Text , and T  = Text − Tp . We
define the second Lyapunov function as follows:

(22)

1
V 2 = V 1 + z2 2
2
and derive its derivative

C. Controller Design
Based on the heading dynamics in (13), we employ the backstepping methodology [25]–[27] to design a heading controller.
It is owing to that backstepping is a recursive design approach
suitable for cascade systems. In the course of applying backstepping, not only feedback control laws are deduced, but also stability is guaranteed by establishing associated Lyapunov functions.
The procedures are as follows.
Step 1: Define the heading error by e = ψ − ψd . The first
backstepping state variable is chosen as z1 :
z1 = e

(31)

V̇2 = V̇1 + z2 ż2 = −c1 z1 2 + z2 [z1 + Ωb T ΛΩb − ξ˙
+ HB(Π + Γm + Γo + T  + Tp )].

(32)

Design a control law u as follows:
u = HBTp = −HB(Π + Γm + Γo + T  )
− Ωb T ΛΩb + ξ˙ − z1 − c2 z2

(33)

where c2 > 0 is another design parameter, yields
V̇2 = −c1 z1 2 − c2 z2 2 .

(34)

Apparently, V̇2 < 0, ∀z1 = 0, z2 = 0. Hence, by applying control law in (33), the heading control system is asymptotically
stable.
The control law can be rearranged as follows:
u = −HB(Π + Γm + Γo + T  ) − Ωb T ΛΩb
+ ψ̈d − h1 ż1 − h2 z1

(35)

where h1 = c1 + c2 (h1 > 0) and h2 = c1 c2 + 1 (h2 > 1). In
essence, the physical meaning of u is the desired yaw acceleration exerted by the flippers.
D. Solver for Flipper Action Commands

(24)

Then, we regard γ as virtual control input
(25)

where z2 is a new state variable to be interpreted later, and ξ is
a stabilizing function, yields
ż1 = ξ + z2 − ψ̇d .

(29)

(21)

where ε is a positive value and indicates the boundary layer
thickness.

γ = ξ + z2

1 2
z1
2
V̇1 = z1 ż1 = −c1 z1 2 + z1 z2 .
V1 =

+ Ωb T ΛΩb − ξ˙

It is revealed from (20) that appropriate kx and ky can be selected
to make Q a Hurwitz matrix in order to ensure the convergence
of g Ṽbx and g Ṽby .
Actually, to eliminate undesirable chattering effect in practice, the sign function is replaced by a saturation function defined
as

s/ε
if |s/ε| ≤ 1
sat(s, ε) =
(23)
sgn(s/ε) if |s/ε| > 1

ż1 = ψ̇ − ψ̇d = γ − ψ̇d .

Further, we define a Lyapunov function V1 for z1

(26)

It is necessary to design a solver to resolve the controller’s
instructions to action commands of the flippers. Nevertheless,
we are confronted with four obstacles as follows.
1) Control allocation: The two flippers are redundant control
effectors for heading regulation, while the controller’s
outputs are with reduced dimension as in (35). Thereby,
the solver need to map a reduced dimension instruction
to action commands of the two flippers. Such a problem
is referred to as control allocation [28].
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TABLE I
CONFIGURATION PARAMETERS OF THE GLIDING ROBOTIC DOLPHIN
Parameters
mr
mo
ρo
Pb
Pe x
Pl
Pt
Mf
Jf
ε

Fig. 4. Yaw moment exerted by a pair of flippers when V b  = 0.4 m/s,
V b y = 0, α b = 20 ◦ , and Ω b = 0 3 ×1 .

2) Nonlinearity of hydrodynamics: The relation between deflection angles and resultant yaw moments is nonlinear
(see Fig. 4), especially when the flippers rotate in a wide
angular range. How to solve deflection angles of the flippers for desired yaw moment is a problem.
3) Jitter of deflection angles: The nonlinearity of hydrodynamics and the underdetermined property of the control
allocation problem will lead to multiple solutions when
solving for the deflection angles. As shown in Fig. 4, the
same yaw moment may correspond to different deflection
angles, and their interval may be large. Thereby, jitter of
deflection angles will arise during continuous control,
which leads to considerable but undesirable energy consumption.
4) Constraints of exit status: At the end of heading regulation, we expect that not only the heading angle reaches
the target value, but also the attendant motion vanishes.
Specifically, turning is usually accompanied by certain
roll and sideslip angles, owing to the system’s coupling.
These side effects may stay after heading regulation ends,
which will increase drag forces and thereby result in unnecessary energy loss. Hence, the solver should also meet
the constraints of the exit status.
The four problems mentioned above are synthesized into the
optimization problem as follows:
⎧
arg min [u − HBTp (δl , δr , V̄b , Ωb )]2 + λ1 (δl − δr )2
⎪
⎪
⎪
δ
⎪ l ,δ r
⎪
⎪
⎪
+λ2 [(δl − δ  l )2 + (δr − δ  r )2 ]
⎪
⎨

 π

π π

π
⎪
,
+ ᾱbl
δl ∈ max − , − + ᾱbl , min
⎪
⎪
⎪
2
2
2 2
⎪
⎪

π π


 π
⎪
π
⎪
⎩ δr ∈ max − , − + ᾱbr , min
,
+ ᾱbr
2
2
2 2
(36)
where λ1 and λ2 are coefficients; δ  l and δ  r denote the flippers’ deflection angles at the previous control period; Tp (·) is
expressed as the function of δl , δr , V̄b , and Ωb . The first term
in the objective function is oriented to the problem of control

Value

Parameters

Value

53.1 kg
1.54 kg
800 kg/m 3
[0.0017, 0, 0.02] T
[0.5206, 0, 0.0308] T
[0.29, −0.176, 0.049] T
[−0.755, 0, −0.012] T
diag{1.2, 10.8, 12.5}
diag{0.036, 1.66, 2.46}
0.1

mm
ρ
σo
Pin
Pm 0
Pr
Pd
Df
g

2.86 kg
998.2 kg/m 3
2.5 × 10 −7 m 3 /r
[0.3696, 0, 0.0308] T
[−0.0964, 0, −0.065] T
[0.29, 0.176, 0.049] T
[0.548, 0, −0.067] T
0 3 ×3
9.8 m /s 2

allocation. The second term aims to eliminate the side effects
caused by turning motion through gradually guiding δl and δr
to a same value when the heading error is closed to zero. It is according to that symmetrical forces will not support nonzero roll
angles and sideslip angles. Additionally, the third term punishes
jitter of the deflection angles to smooth the flippers’ actions. The
constraints of δl and δr in (36) limit the flipper’s attack angles
to [− π2 , π2 ]. Considering the nonlinearity of (36), we apply the
particle swarm optimization (PSO) algorithm [29] to search optimal deflection angles. To decrease possible interference to the
convergence process of heading error, the values assigned to λ1
and λ2 should be properly small.
V. SIMULATIONS AND ANALYSIS
Simulations are implemented in MATLAB SIMULINK to
validate the proposed methods of velocity estimation and heading control. Some configuration parameters of the gliding
robotic dolphin are tabulated in Table I. Definitely, all the parameters are quantified in accordance with the international system
of units, although some parameters’ units are omitted for limited space. Pm 0 denotes the initial position of the movable mass.
Additionally, the angular inertia matrix Jb is given as follows:
⎛
⎞
0.8
0
0.04
⎜
⎟
5.336
0 ⎠.
Jb = ⎝ 0
0.04
0
4.213
Regarding the hydrodynamic coefficients, there exist several
approaches [30] to obtain the parameters. We implement the
computational fluid dynamics based simulations [13] to acquire
the relations between the hydrodynamic parameters and the attack/sideslip angles in [− π2 , π2 ].
A. Results of Velocity Estimation
A typical 3-D gliding case, i.e., spiraling motion, is utilized
to validate the performance of the SMO-based velocity estimation method. At the initial time, the gliding robotic dolphin is
stationary with zero net-buoyancy and zero attitude angles. At
t = 1 s, the pump begins to rotate at a speed of vo = 50 rps
(revolutions per second) to suck the oil from the external bladder to the inner one, until that the external bladder is empty.
Meanwhile, the movable mass moves forward at 3 mm/s for a
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Fig. 5. Velocity estimation without parameter uncertainty and external
disturbance.
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Fig. 7. Errors of velocity estimation under p% model error and external
disturbing term χ = qsin(t), which are marked by the format of “p − q.”

parameter uncertainty and external disturbance. The estimation
errors are plotted in Fig. 7. With the distinct increase of parameter uncertainty and disturbance, the estimation errors rise
but still fluctuate in an accepted range, which demonstrates the
robustness of the SMO.
B. Results of Heading Control
The gliding conditions above are employed again to test the
heading control system. The difference is that the flippers are
now governed by the controller for heading regulation. The
parameter h1 in (35) is set in an adaptive format as follows:
h1 = 10.5 + 8.5sat(e − 10◦ , 5◦ ).
Fig. 6. Velocity estimation under 50% model error and external disturbing term χ = 0.01sin(t).

distance of 3.9 cm. Additionally, the left flipper stays at δl = 15◦
to generate turning moment. Consequently, the robot will spiral
downward. The gain matrix and the initial state of the SMO
are K = diag{50, 50, 50} and g V̄b = [0.1, 0.1, 0.1]T . Fig. 5
shows the result of velocity estimation. It is shown that the estimated states catch up with the real ones rapidly and thereafter
stay overlapped with them.
Further, both parameter uncertainty and external disturbance
are introduced to verify the robustness of the SMO. The parameter uncertainty is quantized by a relative model error, which is
superposed to the formula of V̇b in (10). For instance, 20% model
error indicates 0.2V̇b . The external disturbance is modeled by
a time-varying function χ = qsin(t), which is also superposed
to V̇b . Fig. 6 displays the estimation result under 50% model
error and disturbance with an amplitude of q = 0.01 m2 /s. It
is noticed that obvious velocity fluctuations appear since the
disturbance changes the robot’s acceleration directly. Although
suffering from a strong model error and disturbance, the estimated velocities keep closed to the real ones with small deviations. In addition, the SMO is also tested under different

(37)

When e is high, the differential coefficient h1 increases adaptively to restrain possible overshoot caused by the robot’s inertia.
When e is low, h1 decreases to avoid undesirable vibration. We
set h2 = 1.5. The control period is set as 0.2 s. Additionally, the
parameters of the solver are set as λ1 = 0.002 and λ2 = 0.003.
Figs. 8–10 show a part of states when the heading control system
is commanded to track a 45◦ step signal. It is shown from Fig. 8
that the robot’s yaw angle reaches the given value precisely with
nearly no overshoot. In Fig. 9, both the flipper angles jump to the
values that can generate a maximum yaw moment at t = 40 s
and jump again reversely at t = 44 s to decelerate the turning
speed to avoid overshoot. Apparently, from t = 67 s, both of the
flippers are compelled gradually to a same angle by the penalty
term on |δl − δr | in (36). Thereby, the roll angle in Fig. 8, Vby
in Fig. 10, and the sideslip angle βb return back to zero at the
same time.
To validate the robustness of the combination of the SMO
and the controller, we introduce 50% model error and external
disturbing term χ = 0.01sin(t) at t = 40 s as in Fig. 6. Some
states and the flippers’ angles are shown in Figs. 11 and 12.
In spite of the unfavorable factors, the heading error still keep
closed to 0 and fluctuates within ±0.4◦ . The roll angle and Vby
also undulate around 0 in considerably tiny ranges. When the

6822

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 8, AUGUST 2017

Fig. 8. Attitude curves when the heading control system is commanded
to track a 45 ◦ step signal.

Fig. 9. Deflection angles of the flippers when the heading control system is commanded to track a 45◦ step signal.

Fig. 11. States of heading control under 50% model error and external
disturbing term χ = 0.01sin(t).

Fig. 12. Deflection angles of the flippers during heading control under
50% model error and external disturbing term χ = 0.01sin(t).

TABLE II
EFFECT OF λ1 ON THE EXIT STATUS OF HEADING CONTROL
λ1

δ l (◦)

δ r (◦)

φ (◦)

β b (◦)

t e (s)

0
0.002
0.004
0.005
0.008
0.01

−31.6
−36.4
−43.7
−43.8
−43.9
−44.0

44.1
−36.2
−43.7
−43.8
−43.9
−44.0

2.6
0
0
0
0
0

2.3
0
0
0
0
0

–
78.8
72.8
72.6
79.2
85.0

Note: the notation t e indicates the time point from which the
left and right flippers stay at a same angle.

Fig. 10. Velocity curves when the heading control system is commanded to track a 45 ◦ step signal.

heading error is small, both the flippers rotate around a same
angle to generate a yaw moment that resists the disturbance.
Moreover, we also investigate the effect of the parameter λ1
in the solver on the exit status of heading control, as listed in
Table II. When λ1 = 0, there is completely no limit on the difference between δl and δr . As a result, although the yaw angle
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reaches the target value, the two flippers are stuck in two angles
with a vast difference, which generates a roll moment balanced
by the net buoyancy and thereby a roll angle of 2.6◦ . Additionally, the consequent lateral force component of the flippers
prompt the body to sideslip, which generates a lateral force
in turn to counteract the flippers’ effect. Certainly, the roll angle also contributes to the body’s lateral force by rotating the
body’s lift and drag forces out of the vertical plane. Essentially,
the robot does not glide exactly toward the direction that its
body points to, in this case. Table II reveals that the penalty
term on |δl − δr | in the solver can eliminates such side effects
by guiding the flippers gradually to a same angle. If the flippers
are simply adjusted to a same angle after the heading error converges, the achieved balance of yaw and roll moment will be
destroyed, and thereby, the robot will instantly departure from
the target heading direction. To some extent, the increase of λ1
can accelerate the convergence of the flippers’ angle difference.
However, as the cases under λ1 = 0.008 and λ1 = 0.01, too
large λ1 affects the heading regulation and results in overshoot,
which decelerates the convergence of the heading error as well
as the flippers’ angle difference on the contrary.
C. Discussion
To deal with the absence of analytical solutions, the PSO
algorithm has been employed to search the optimal flipper angles
in (36). Although the precision and robustness of the heading
control method have been validated by simulations, it seems
difficult to satisfy the real-time demand. Actually, the heading
control period of typical gliders is about 2–10 s [18], to save
energy. The average elapsed time of the solver in MATLAB is
1.2 s, when the PSO is with a population size of 40 and the
angular search space is continuous. Parallel implementation of
the PSO by C/C++ language and discretizing the search space
will dramatically decrease the elapsed time. In addition, fuzzystrategy is an alternative to approximate the solver and more
suitable for practical applications, at the cost of precision and
speed of convergence to some extent.
The penalty term on |δl − δr | in the solver can lead the two
flippers to a same angle. But the consequent angle is not necessarily beneficial to the gliding motion, since it has not been taken
into consideration in the solver. There are two solutions to the
problem. One is to add another penalty term in the solver, which
can simultaneously optimize the gliding performance during
heading regulation. The other is simply adjusting the flippers to
a desired angle at the same time after they converge to a same
angle. It is feasible since that the forces are now symmetrical
on the left and right. Besides, Fig. 12 shows that the periodic
disturbance results in undulation of the flippers and thereby
energy consumption. Adding deadband to the controller is an
option to reduce excessive actions of the flippers at the expense
of accepted precision loss.
VI. CONCLUSION AND FUTURE WORK
In this paper, we have provided an SMO-centered method
to heading control of gliding motion in a bio-inspired gliding robotic dolphin. To regulate gliding direction, the robotic
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dolphin employs a pair of flippers with separate DOF to realize
differential actions, rather than actuators commonly employed
in traditional underwater gliders. Based on a derived dynamic
model, a framework of the control algorithm including an SMO,
a backstepping controller, and a solver for action commands of
the flippers is established. In detail, the SMO is designed to
estimate gliding velocity of the robot through the real-time sensor data from a depth sensor and an AHRS, since the velocity
is necessary for heading control but difficult to measure practically in complex underwater environment. The backstepping
methodology is applied to derive the heading control law, and
a solver is designed to convert the control instruction to deflection angles of the flippers, which can simultaneously eliminate
coupled but undesired roll and sideslip. Simulation results have
demonstrated the effectiveness of the proposed heading control
method.
In the future, we will plan to investigate continuous heading tracking and path point following of the robot based on
intelligent control methods [31]–[33]. Of course, real-world applications of the developed gliding robotic dolphin will also be
explored.
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