
A Modified Line-of-Sight Method for Path Tracking Applied to
Robotic Fish

Sheng Du1,2, Chao Zhou3, Junzhi Yu1,4, and Zhengxing Wu1,2
1State Key Lab Management and Control for Complex Systems, Institute of Automation, CAS, Beijing 100190, China

2School of Artificial Intelligence, University of Chinese Academy of Sciences, Beijing 100049, China
3Naval Research Academy, Beijing 100072, China

4Dept. Mech. Eng. Sci., BIC-ESAT, College of Engineering, Peking University, Beijing 100871, China
{dusheng2017, zhengxing.wu, junzhi.yu}@ia.ac.cn, rickzhou2010@126.com

Abstract— This paper proposes an improved line-of-sight
method to navigate a two-joint-actuated tuna-like robotic fish.
Based on the characteristics of thunniform swimmer, a simplified
kinematic and dynamic model is constructed, and the intrinsic
body swing is illustrated. To deal with the nonlinear and under-
actuated dynamics of the robotic fish, the reference head angle is
designed with cross-track error, which substantially simplifies the
control of linear path tracking. Furthermore, with the physical
constraint, co-simulation using Automatic Dynamic Analysis of
Mechanical Systems (ADAMS) software and MATLAB simulink
reveals the effectiveness. The obtained results show that the
proposed method is able to make both the cross-track error and
the heading error fluctuate in an acceptable range quickly.

Index Terms— Biomimetic robotic fish, fish swimming, path
tracking, under-actuated control.

I. INTRODUCTION

Humans are making great effects to develop the aquatic
resource, but with less attention to the aquatic ecosystem. The
aquatic environments are facing threats such as industrial and
household waste, alien species invasion, and resident species
extinction. To protect the biological diversity and ensure the
sustainable development of water resources, monitoring and
understanding the change of aquatic environments are neces-
sary. However, it is difficult to obtain reliable data only by
observation on the surface of the water. Underwater robots
are considered to be suitable for these applications. Specially,
the robotic fish has received increasing attention not only
for their better maneuverability but also the environmental
friendliness [1]–[4]. Usually, the fish-like propulsions are clas-
sified as Median and/or Paired Fin (MPF) and Body and/or
Caudal fin (BCF). By comparison, MPF mode offers greater
maneuverability, and BCF mode provides higher speeds and
high acceleration rates [5], [6]. In this paper, we consider a
tuna-like robotic fish as our research platform, which is driven
by BCF mode.

Unlike the traditional propeller driven Autonomous Un-
derwater Vehicles (AUV), the swimming of robotic fish is
a intricate process in which propulsion comes from external
reactive force on the robot. Furthermore, the undulating body
and fins act as the rudder while generating unsteady motion
thrust, all these make it difficult to construct an accurate model,
especially with the complex fluid dynamics. Hence, most of

the control strategies have poor performance on the motion
control of robotic fish, hindering the practical application.

As mentioned previously, a practical application is to mon-
itor the aquatic environment, which needs the robotic fish to
cruise on a given route, raising the path tracking problem. In
this paper, we focus on the path tracking problem on the plane,
not trajectory tracking, which means that there is no constraint
on the following time. Although there are many studies of
autonomous underwater vehicle path tracking [7]–[10], they
are not suitable for the fish-like robot, especially, the BCF
driven one. For instance, due to the intrinsic swing of body, it
is difficult to obtain the actual heading angle. Besides, forward
velocity and steering angular velocity have a complex nonlin-
ear coupling relationship, and time-varying body deformation
also increases the difficulty of precise control. All these make
it nearly impossible to apply existing methods directly.

To solve this problem, Castano [11], [12] proposes a
Nonlinear Model Predictive Control (NMPC), based on a
simplified averaged dynamic model. Suebsaiprom [13], [14]
tries to deal with it in two ways: one is to decompose the
complex nonlinear coupled fish dynamics into three simple
linearized models, and linear quadratic regulators are designed
for the control of speed, orientation, and path tracking. The
other one is to introduce a sliding mode controller for the
robotic fish motion, such as swimming, orientating, and way-
point tracking. Liu [15] calculates yawing moment through the
sliding mode controller, and then the fuzzy mapping between it
and movement of pectoral fins helps to achieve path tracking.

In this paper, a two-active-joint tuna-like robotic fish is
introduced, and a simplified mathematical model of motion and
dynamics is constructed, based on the character of thunniform
swimmer. Simulation is conduced with the ADAMS software,
and results of straight swimming and turning under open-loop
control show the presence and influence of the fish body swing.
A modified line-of-sight method for path tracking is proposed,
aiming to make both the cross-track error and the heading
error undulate in an acceptable range. At last, line-tracking
and circle-tracking results are discussed in detail.

The remainder of this paper is organized as follows. Sec-
tion II presents the robotic fish model. The swing of fish body
is of particular focus, and virtual prototype of the robotic fish
is used to demonstrate it in Section III. In Section IV, the
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path tracking control is raised, with simulation and analysis
provided. Section V summarizes the conclusions.

II. THE ROBOTIC FISH MODEL

In our previous work, we design a tuna-like robotic fish
shown in Fig. 1. As a typical thunniform swimmer, the rigid
anterior body takes up two thirds of total length, and a lunate
caudal fin provides most of thrust. In this paper, we focus
on the planar motion, so the equivalent model of the robotic
fish is simplified as Fig. 2 shows. Where mi are the mass
of anterior body, posterior body and caudal fin, li are the
equivalent lengths of fish parts, ni are the distance between
joints and mass centers of links with (i = 0, 1, 2), θj are
angles of neighbour links with (j = 1, 2). θ0 is the instance
yaw angle. Considering the coordinate point of m0 as (x0, y0),
the corresponding points of m1 and m2 can be calculated as
follows:{

x1 = x0 + (l0 − n0) cos(θ0) + n1 cos(θ0 + θ1)

y1 = y0 + (l0 − n0) sin(θ0) + n1 sin(θ0 + θ1)
(1)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

x2 = x0 + (l0 − n0) cos(θ0) + l1 cos(θ0 + θ1)

+ n2 cos(θ0 + θ1 + θ2)

y2 = y0 + (l0 − n0) sin(θ0) + l1 sin(θ0 + θ1)

+ n2 sin(θ0 + θ1 + θ2)

. (2)

Based on previous hypothesis, as shown in Fig. 3, hydrody-
namic force acting on the robotic fish can be calculated. Here,
vxi and vyi are velocity components along the coordinate
system, vci and vli are velocity components related to fish
parts, Fci and Fli are corresponding force components with
(i = 0, 2). The relationships between them are determined by
following equations.{

vc0 = vx0 cos(θ0) + vy0 sin(θ0)

vl0 = −vx0 sin(θ0) + vy0 cos(θ0)
(3)

⎧⎪⎨
⎪⎩

vc2 = vx2 cos(γ) + vy2 sin(γ)

vl2 = −vx2 sin(γ) + vy2 cos(γ)

γ = θ0 + θ1 + θ2

(4)

⎧⎪⎨
⎪⎩

Fci = 1/2Cρ(vci)
2Sci

Fli = 1/2Cρ(vli)
2Sli

i = 0, 2

(5)

where C is the drag coefficient, ρ is the density of water, Sci
and Sli (i = 0, 2) are areas on which relevant force acts.
Finally, the dynamical equation is represented as⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

∑
(mi +miadd)ẍi = Fx∑
(mi +miadd)ÿi = Fy

(I0 + I0add)θ̈0 = M

i = 0, 1, 2

(6)

where miadd (i = 0, 1, 2) are the added inertia mass caused
by motion of anterior body, posterior body and the caudal

Rigid bodyMotor controllerCaudal fin

BatteriesPectoral finMotors
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mechanism

(a)

(b)

Fig. 1. Illustrations of the robotic fish. (a) Conceptual design. (b) Robotic
prototype.
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Fig. 2. Simplified model of the robotic fish.

fin, I0 denotes rotational inertia of anterior body, I0add is
corresponding additional rotational inertia, Fx and Fy are
components of the external reactive force along the coordinate
system, M is torque acting on anterior body. Here they are
determined by following equations.

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Fx=Fc0 cos(θ0)+Fl0 sin(θ0)+Fc2 cos(γ)+Fl2 sin(γ)

Fy=−Fc0 sin(θ0)+Fl0 cos(θ0)−Fc2 sin(γ)+Fl2 cos(γ)

M=(Fc2 cos(γ) + Fl2 sin(γ))(y2 − y0)

+ (−Fc2 sin(γ) + Fl2 cos(γ))(x2 − x0)

γ=θ0 + θ1 + θ2

.

(7)
From the constructed dynamic model of robotic fish, it

is easy to infer that θ0 has an inevitable influence on the
swimming. Furthermore, it is almost impossible to keep θ0
constant. To demonstrate the swing of body more clearly, next
section presents virtual simulation experiments with the aid of
ADAMS software.

III. SIMULATION UNDER OPEN-LOOP CONTROL

A. Straight Swimming

Given the input signals that θ1 = π/6 sin(4πt) and θ2 =
π/6 sin(4πt + φ), the straight swimming simulation results
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Fig. 3. Hydrodynamic force acting on the robotic fish.
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Fig. 4. Straight swimming simulation under open-loop control. (a) Illustra-
tions of the virtual ADAMS prototype and trajectories. (b) Instantaneous value
of θ0.

are shown in Fig. 4. As can be seen, the phase difference
φ influences not only the course but also the body swing
amplitude, which reaches the maximum while φ = 0. However,
It can be inferred that φ only affects the course in the initial
phase, for the average value of θ0 is linearly increasing. A
possible explanation for this phenomenon is that the initial
unbalance causes a course deviation which is later maintained
by the symmetrical swing of caudal fin. Besides, φ means the
lead or lag of the action signals, which affects the body swing
more or less, making a reduced amplitude.

B. Turning

As pointed out earlier, the caudal fin not merely provides
the thrust, but also plays a role as the rudder. We consider
that θ1 = π/6 sin(4πt) remains unchanged, with θ2 =
π/6 sin(4πt) + π/6 and θ2 = π/3 set respectively, and the
simulation results are compared in Fig. 5. We can see that a
constant bias on θ2 even means a better performance on turning
motion. It is easy to understand, for the fixed θ2 means a less
recoil and more torque generated by asymmetrical tail fin beat.
One thing is noteworthy that θ1 = ±π/6 and θ2 = ±π/3 are
the physical limits.
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Fig. 5. Turning simulation under open-loop control. (a) Illustrations of the
virtual ADAMS prototype and trajectories. (b) Instantaneous value of θ0.

IV. A MODIFIED LINE-OF-SIGHT METHOD FOR PATH

TRACKING

A. Problem Formulation

In our previous work, a yaw control method is raised to
regulate the body swing into an acceptable range determined
by a given yaw angle [16], but incapable of compensating
the sideways drift. In this section, we take into account the
sideways drift and course error, and propose a modified line-
of-sight method for path tracking as shown in Fig. 6.

Considering that there are two way-points P0 and Pref ,
placed at (xori, yori) and (xref , yref ) respectively, and the
position of robotic fish is expressed by (x0, y0). θ is the angle
from the X-axis positive direction to the line P0Pref , while α
denotes the reference head angle for robotic fish. e represents
the cross-track error, and d stands for the boundary distance.
β is deviation between α and θ. The line P0Pref is described
as

θ = atan2(yref − yori, xref − xori) (8)

{
x = xori, θ = −π/2 or π/2

y = yori + tan(θ)(x − xori), others
. (9)

811

Authorized licensed use limited to: INSTITUTE OF AUTOMATION CAS. Downloaded on June 15,2021 at 08:30:42 UTC from IEEE Xplore.  Restrictions apply. 



Thus e is calculated as⎧⎪⎨
⎪⎩

e = x0 − xori, θ = −π/2 or π/2

e =
y0 − yori − tan(θ)(x0 − xori)√

1 + tan(θ)2
, others

. (10)

Now θ can be seen as the target heading angle, and the value
of e not only denotes the distance away from line P0Pref

but also indicates the relative position. As we know, while a
straight line divides the plane into two parts, the relationship
between any point on the plane and the line can be divided into
three categories. if e = 0, the point is on the line. While e > 0,
the point falls into the area above or on the right of the line.
Finally, e < 0 means that the point is in the region below or on
the left of the line. This fact inspires us to design the reference
head angle α in a simple and natural way. Take the Fig. 6(a) as
an example, while e < 0 and 0 < θ < π/2, α = θ+β. Here β
is a positive constant value. When the robotic fish follows the
designed α, absolute value of e decreases. if |e| < d, we design
that α = θ+ β|e|/d. Here, d also is a positive constant value.
In such way, α approaches to θ with |e| close to zero. Based
on the above analysis, the reference head angle is calculated
by algorithm 1.

Algorithm 1 Reference head angle calculation
Input: Target head angle: θ. Cross-track error: e. Constant

positive variables: β, d.
Output: Reference head angle: α.

1: if |e| > d and 0 <= θ < π/2 then
2: α = θ − β sign(e)
3: else if |e| <= d and 0 < θ < π/2 then
4: α = θ − βe/d
5: else if |e| > d and π/2 <= θ <= π then
6: α = θ + β sign(e)
7: else if |e| <= d and π/2 <= θ <= π then
8: α = θ + βe/d
9: else if |e| > d and −π/2 <= θ < 0 then

10: α = θ − β sign(e)
11: else if |e| <= d and −π/2 <= θ < 0 then
12: α = θ − βe/d
13: else if |e| > d and −π < θ < −π/2 then
14: α = θ + β sign(e)
15: else if |e| <= d and −π < θ < −π/2 then
16: α = θ + βe/d
17: else
18: α = 0
19: end if

Considering the physical constraint, as depicted in Fig. 6(b),
a saturation is used to limit the input value of θ2.

B. Prescribed Lines Tracking

Three points marked at (0, 0), (−1200,−1200) and
(−2400, 0) are used to construct the prescribed lines. At the
beginning, xori = 0, yori = 0, xref = −1200, yref = −1200,
If

√
(x0 − xref )2 + (y0 − yref )2 < R, then xori = −1200,

P0

θ 

y

xo

y

xo

θ 

α 

e

β

d
Pref

(x0,y0)

(xori,yori)

(xref,yref)

(a)

ADAMS 

subsystemModified line-

of-sight method

α 

x0,y0

θ0 

x0,y0,θ0 

k

- 

θ2 

θ1 

P0 (xori,yori)

Pref (xref,yref)

(b)

Fig. 6. Path tracking control. (a) Modified line-of-sight method. (b) Control
diagram.

yori = −1200, xref = −2400, yref = 0. Here R = 60 mm.
The simulation results are shown in Fig. 7. Notably, there is
a minor modification to the reference head angle α. For θ0 is
measured from negative direction of the X-axis to the robotic
fish, and positive in counterclockwise direction in this ADAMS
simulation model, ±π + α is used to guide the direction of
robot. The same settings are applied to circle tracking.

As seen in Fig. 7(a), the initial position of robotic fish is
far away from the prescribed lines, but the robot approaches
quickly under the proposed control method. In spite of a little
overshoot, the whole performance is acceptable. Reasonably,
it is nearly impossible to keep the cross-track error zero
due to the intrinsic body swing of fish-like swimming, but a
fluctuation in a small range meets our requirement, as shown
in Fig. 7(b). Since we design the reference head angle α with
e, α has a similar fluctuation demonstrated in Fig. 7(c). It
is worth mentioning that a proportion control is effective to
deal with α, θ0 and θ2. To understand this, it needs to review
(4), (5) and (7) in Section II. For the torque M is related
with γ, and γ = θ0 + θ1 + θ2, the deviation between α and
θ0 can be compensated by adding proportionable bias to θ2
irrespective of θ1. Furthermore, Fig. 7(d) verifies the necessity
and effectiveness of the saturation, which we have mentioned
in the previous subsection.

C. Circle Tracking

The similar strategy is used in circle tracking. At first,
R = 60, xori = 0, yori = 0, n = 0, xref =
1200 cos(π − nπ/10), yref = 1200 sin(π − nπ/10), If
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Fig. 7. Simulation results of straight lines tracking. (a) Comparison of
tracking path and prescribed lines. (b) Cross-track error e. (c) Comparison
of α and θ0. (d) The value of tail joint angle θ2.

√
(x0 − xref )2 + (y0 − yref )2 < R, then xori = xref ,

yori = yref , n = n + 1, xref = 1200 cos(π − nπ/10),
yref = 1200 sin(π−nπ/10). The simulation results are shown
in Fig. 8. Obviously, the chosen way-points form an inscribed
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Fig. 8. Simulation results of circle tracking. (a) Comparison of tracking path
and prescribed circle. (b) Cross-track error e. (c) Comparison of α and θ0.

polygon, so most part of the tracking trajectory falls within
the circle like Fig. 8(a). Since Fig. 8(b) displays the effect of
tracking in a more clear way, we can see that the cross-error
fluctuation of circle tracking is greater in magnitude than the
one of line tracking. This is easy to understand, for the change
of θ is more frequent, resulting in less time for e to converge
to a smaller range.

Due to the definition of θ, the range of θ is (−π, π].
Accordingly, α has the same range. By comparison, the value
of θ0 is calculated by integration, which means the range is
(−∞,∞). An angle transformation is of great necessity, as the
final result is shown in Fig. 8(c). Although α jumps between
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−π and π as a result of the constructive method, θ0 follows
as well.

In this section, we design the reference heading angle α
with the target heading angle θ and the cross-track error e.
In such way, the problem that both e and β approach to
zero is converted into the reference heading angle α following
problem, which is more easily to deal with. Besides, according
to the design, by following the reference angle, the robot will
approach the prescribed line quickly in the case of |e| > d, and
keep a dynamic stability while |e| < d. All these are confirmed
by the simulations of line tracking and circle tracking.

V. CONCLUSIONS AND FUTURE WORK

In this paper, a tuna-like robotic fish is introduced, and
then we constructs a simplified kinematics and dynamic model
based on the characteristic of thunniform swimmer. A virtual
prototype is built with the help of ADAMS software, and
the body swing is illustrated by the simulation of straight
swimming and turning under open-loop control. Furthermore,
a modified line-of-sight method is proposed for path tracking.
Considering the fact that there are only three categories for
the relationship between a point and a given line on the plane,
we design the reference head angle with the cross-track error
to simply the control. So the multi-objective path-tracking
problem is simplified to a heading angle following problem. As
a result, the robot approaches to the pre-given line quickly, and
then forms a trajectory which undulates around the line. Due to
the intrinsic body swing, we consider that small undulation of
the heading angle error is inevitable but acceptable. Finally, the
simulation results of line tracking and circle tracking confirm
the effectiveness of the proposed method.

Our future work will concentrate on improving and applying
this path tracking control method in real underwater environ-
ments.
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