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Abstract— This paper is concerned with cooperative control
for trajectory tracking of multiple biomimetic robotic fish using
neural network based sliding mode control method. An exper-
iment system is set up for multiple robotic fish cooperation,
in which the information of robotic fish and the target points
of the planned trajectory are sent to each robotic fish. Based
on the received information, robotic fish can make decisions
autonomously to track the planned trajectory in a decentralized
way. Considering the difficulties in modeling the system due to
the high nonlinearity of robotic fish and the complex hydro-
environment, radial basis function neural networks are invoked
to approximate dynamics of the biomimetic robotic fish with a
gradient descent algorithm to optimize the network parameters.
Furthermore, to deal with the model uncertainty, a discrete
sliding mode control approach based on the neural networks,
along with a target planning method, is applied to control
the robotic fish to achieve cooperative trajectory tracking task.
Experimental results are included to show the effectiveness of
the proposed approach.

I. INTRODUCTION

Study of trajectory tracking control has attracted an ever

increasing interest in robotics and control fields [1], [6], [7],

[10], [11], [13], [14]. Most of the previous work on trajectory

tracking control of multiple robots focuses on the terrestrial

robots and seldom deals with underwater applications due to

the uncertainties and complexity in the hydro-environment

[6], [11].

As we know, fish as one of the aquatic animals show

enhanced maneuverability in contrast to man-made underwa-

ter vehicle. Indeed, during a long evolution, most fish have

developed good body shapes and fins ergonomically suitable

for swimming and foraging for foods, avoiding collisions,

exhibiting great advantages of high efficiency, great ma-

neuverability, low noise and stealthy capability. Considering

these merits, research on biomimetic robotic fish has been

becoming to be a hot topic (see, e.g., [8], [12]). Early works

had been focused mainly on hydrodynamic modeling and

behavior design of single fish. Recently, more complex tasks

such as cooperative transport, formation control, navigation

and so on have gained much attention in robotic fish research.

In this paper, we introduce a multiple cooperative underwater

robots system developed in a laboratory environment, and

study the issue of cooperative control for trajectory tracking

of robotic fish with this system.
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In the literature, there have been several methods for

trajectory tracking control problems in different cases. For

the car-like mobile robots, the method of network-based

fuzzy decentralized sliding-mode control exhibits good ef-

fects [2]. And for the farm vehicles, the sliding method

shows incredible power in trajectory tracking [7]. Until

now, there have been a few papers considering trajectory

tracking problems with fuzzy control algorithm and neural

network method. Fuzzy control algorithm consists of a set

of decision rules and is one of the model-free control

algorithm. In case of a system not well defined or modeled,

this approach shows great handling capacity. However, the

fuzzy logical set is usually given through experience of

experts or experiments, and is hence not well available in

the case where experimental environment is complex and

variable, such as the hydro-environment for robotic fish.

The sliding mode technique provides an another approach to

dealing with model uncertainties in robot control problems

[3]. In applications, this method may suffer from undesirable

chattering behavior due to frequent control switching in the

sliding plane.

The main difficulty in our study of trajectory tracking

control of robot fish is the lack of a theoretical model of the

dynamics of the robot system due to the high nonlinearity

of the robotic fish and the complex hydro-environment. To

circumvent this difficulty, here we make use of radial basis

function neural networks with gradient descent algorithm to

approximately model the dynamics of the robotic fish, and

design a discrete-time sliding mode controller based on the

neural networks model for cooperative trajectory tracking

of the robotic fish. Moreover, the coefficients in the sliding

mode controller can be adjusted adaptively so as to efficiently

reduce the chattering effects.

The rest of the paper is arranged as follows. Section II

gives a description of the biomimetic robotic fish considered

in this paper. Section III introduce the presents the structure

and the functions of the multiple robotic fish cooperation

system. Section IV develops a cooperative trajectory tracking

control schema based on neural networks and sliding mode

techniques. Experimental results are shown in Section V, and

the paper is concluded in section VI.

II. DESCRIPTION OF BIOMIMETIC ROBOTIC FISH

The swimming mode of fish can be sorted into four differ-

ent kinds including anguilliform mode, carangiform mode,

thunniform mode, and ostraciform mode [9]. In order to

investigate swimming traits of robotic fish, we have designed

a three-joint robotic fish with carangiform swimming mode

and the caudal fin flirting to provide propulsive power.
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Fig. 1. Biomimetic robotic fish prototype

The biomimetic robotic fish prototype is exhibited in Fig.

1. In the front of the robotic fish, there is an infrared sensor

which is used to sense the information of the obstacle or the

other robotic fish. When the obstacle or the other robotic fish

is closed to the robotic fish, a message made by the infrared

sensor will be sent to the main control chip. Based on this

message a control command will be made to control the

robotic fish to avoid collision with the obstacle or with the

other robotic fish. The traveling-wave model of carangiform

swimming mode proposed by Lighthill [15] of the robotic

fish is expressed as

ybody(x,t) = [c1x + c2x2]sin(kx + ωt) (1)

where ybody is the transverse displacement of the fish body,

x represents the displacement along main axis, and k in-

dicates the body wave number. c1, c2, ω are the linear

wave amplitude envelope, the quadratic wave amplitude and

the body wave frequency respectively. Then (1) can be

transformed into a discrete model for simplicity in analysis

and realization. In such case the time variable t in ybody is

replaced with variable i with the value ranging from 0 to

M−1, where M standing for discrete degree of the traveling

wave is denoted as body wave resolution. Then the discrete

traveling body-wave can be described to be

yboday(x, i) = (c1x + c2x2)sin(kx +
2π

M
i)

According to the translational velocity and angular speed

of the robotic fish determined by the deflections of the three

joints, the maximum translational velocity and maximum

angular speed are limited due to the offset limitations of the

joints. Unlike four-wheeled robot [7], the robotic fish can not

rotate arbitrarily.

Assume that the coordinates of the robotic fish are

(x(t),y(t)). Θ(t) is the direction angle of robotic fish mea-

sured from the horizontal axis. Translational velocity v(t)
is the magnitude of the center mass of the underwater

robotic fish. With ω(t) defined as the angular speed, the

nonholonomic constraints on the motion of the robotic fish

can be described in the following equation

ẋ(t)sin Θ(t)− ẏ(t)cosΘ(t) = 0.

The kinematic equations of the robotic fish are then given as










ẋ(t) = v(t)cosΘ(t)

ẏ(t) = v(t)sinΘ(t)

Θ̇(t) = ω(t)

(2)

where the translational velocity and angular speed are subject

to the following limits
{

v(t) ≤ vmax

ω(t) ≤ ωmax

III. MULTIPLE ROBOTIC FISH COOPERATION

SYSTEM

Most of the previous work on platform for cooperation

control of multiple robots mainly focuses on the terrestrial

robots and seldom deals with the research of underwater

cooperation system due to the uncertainties and complexities

in the hydro-environment. In order to address this chal-

lenge, a cooperation control system for multiple robotic

fish is established using the software of VC++.NET. In

this cooperation system, the original image captured from

a global CCD camera is sent to the host and shown in the

original image window, and then this image is processed in

this system to debase the effect of light asymmetry of the

image. Whereafter the orientation and position information

of the robotic fish or the information of obstacle if selected

is obtained through the identification of colors which are

installed in the robotic fish or the obstacles.

Generally, the global vision based cooperation control

systems make the decisions to control the robots where the

robots only make movement based on the commands sent

by the host with the centralized control mode. But there

are some defects existing in the centralized control mode

system, e.g. larger control time lag, more control command

error, more complex programme. Considering these defects,

we choose a new control way to study the cooperative control

for trajectory tracking on the hydro-environment where the

distributed way is used with the advantages of better syn-

chronization, more powerful process ability, centralized scout

with decentralized control, etc than the centralized mode.

All of the control strategies including obstacle avoiding,

control arithmetic are programmed and downloaded into

the main control chip of the underwater robotic fish. The

cooperation system sends the information of robotic fish and

the referenced trajectory to all the underwater robotic fish.

Then based on this information, all of the robotic fish make

their decisions autonomously.

IV. NEURAL NETWORKS BASED DISCRETE

SLIDING MODE CONTROL

A. Neural networks model

As we know, neural networks [1], [2], [4], [5], [10] mainly

consist of BP neural networks, CMAC neural networks,

GMDH neural networks and RBF neural networks. And RBF

neural networks consist of three layers which are the same

as the BP neural networks except the different construction

function of hidden layer node. The neural networks can

provide accurate approximation to the nonlinear system [5].

Taking the nonlinear trait of the robotic fish and the complex

operation of the hydro-environment into account, the RBF

neural networks are applied to model the underwater robotic

fish.
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Since the original image is captured at a given time in

the cooperation system, only the discrete time model of

the robotic fish is useful which is shown in the following

(3) with the uncertain portions ∆ f (x,y), and ∆g(x,y). Then

the kinematics equation of robotic fish including uncertain

portions in (3) can be modeled using the RBF neural neural

networks.











x(k + 1) = x(k)+ Tv(k)cos
Θ(k)+Θ(k+1)

2
+ ∆ f (x,y)

y(k + 1) = y(k)+ Tv(k)sin
Θ(k)+Θ(k+1)

2
+ ∆g(x,y)

Θ(k + 1) = Θ(k)+ Tω(k)

(3)

Assume the input vector U of neural networks is

U(k) = [v(k),ω(k),v(k−1),ω(k−1)]T

where k denotes the kth input variable of the sequences U(k).
And radial basis vector H which is the output of hidden layer

is

H = [h1,h2,h3, ...,hn]
T

which is calculated through training samples and where n

denotes the number of hidden layer neurons. Gaussian kernel

function is used to calculate the element in the output of

hidden layer which is shown as follows,

hi = exp

[

−
||U(k)−Ci||

2

2σ2
i

]

, 1 < i ≤ n

where in this kernel function, hi denotes the ith neuron’s

output in the hidden layer. Ci is the center value of Gaussian

function and σi is the standardization sample. m is the neuron

number in hidden layer. In our system, we use the K-means

to cluster the samples. Then Ci and σi are numerated through

the following two equations,

Ci =
1

Ni
∑

ui∈θi

U(k), σ2
i =

1

Ni
∑

ui∈θi

||U(k)−Ci||
2

where in these expressions, θi is the ith sample and Ni is

the total input number. The output vector Om is defined

as Om(k) = (xm(k),ym(k)) where (xm,ym) are the output

coordinates of neural networks.

Then we can gain the following equation

[

xm(k)
ym(k)

]

=

[

wx1(k) wx2(k) ... wxn(k)
wy1(k) wy2(k) ... wyn(k)

]











h1

h2

...

hn











(4)

And the weight vector W is

W = [w1,w2,w3, ...,wn]

with

wi = [wxi,wyi]
T , 1 ≤ i ≤ n

where n is the element number of weight vector which is the

same as the hidden layer neurons. In optimization process,

gradient descent method is adopted to modify parameters

Fig. 2. Neural network based discrete sliding mode control system

wi j and so on. The expression of gradient descent method is

presented as
[

wxi(k + 1)
wyi(k + 1)

]

=

[

wxi(k)
wyi(k)

]

− ε

[

αxi

αyi

]

and






αxi =
∂ ||Op(k)−Om(k)||2

∂ωxi(k)

αyi =
∂ ||Op(k)−Om(k)||2

∂ωyi(k)

(5)

where 1 ≤ i ≤ n, and ε is a small constant.

B. Neural network based discrete sliding mode control

The sliding mode control approach has been deemed as

an effective control method for non-linear systems with

the parameters variational and model imprecise [3], [7].

However, the sliding mode control approach can cause a

chattering problem around the sliding mode plane due to

the frequent switching. To address this problem, a neural

network based discrete sliding mode control approach is

planned in order to control the robotic fish to track the

given trajectory and debase the chattering phenomenon. The

structure of the neural networks based sliding mode control

system is shown in Fig. 2 where Od(k) is the input desired

tracked trajectory coordinates with Od(k) = (xd(k),yd(k)),
and the control variation U(k) is given at every sampling

instant kT , where T is the sampling time.

Define the hyperplane as S = {∆OT (k) + λ ∆OT (k −
1)/s(k) = 0,k = 1, ...,n}, and the tracking error vector as

∆O(k) = Op(k)−Od(k) = (x(k)− xd(k),y(k)− yd(k))

then the sliding mode function is obtained to be

s(k) = ∆OT (k)+ λ ∆OT (k−1)

where λ is a positive constant.

The tracking problem can be well solved if the tracking

error vector converged exponentially to zero on the time-

varying hyperplane S [3]. The design of sliding mode control

can be divided into sliding phase with s = 0 while the

corresponding control is defined as equivalent control ueq

and approaching phase with s 6= 0 while the corresponding

control is assumed as corrective control uc.

The equivalent control ueq(k) can be obtained through

s(k + 1)− s(k) = 0 (6)

Then it is easy to find

∆OT (k + 1)+ (λ −1)∆OT (k)−λ ∆OT (k−1) = 0
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Along with (3), the equivalent control can be given to be
{

ωe(k) = 2
arctan(Φ)−Θ(k)

T

ve(k) =
xd(k+1)−xd(k)−∆ f (x(k),y(k))+Ψx

cos(Θ(k)+Tωe(k)/2)

And Φ and Ψ = (Ψx,Ψy)
T

are obtained as
{

Φ =
yd(k+1)+Ψy−yd(k)−∆g(x(k),y(k))
xd(k+1)+Ψx−xd(k)−∆ f (x(k),y(k))

Ψ = λ ∆OT (k−1)− (λ −1)∆OT (k)

where ∆ f (x(k),y(k)) and ∆g(x(k),y(k)) can be approximate

as
{

∆ f (x,y) ≈ x(k)− x(k−1)−Tv(k−1)cos
Θ(k−1)+Θ(k)

2

∆g(x,y) ≈ y(k)− y(k−1)−Tv(k−1)sin
Θ(k−1)+Θ(k)

2

The corrective control uc(k) is selected to make the

following equations come into existence.

{

∆1(k) = asxp(k)+ ε1sgn(sxp(k))

∆2(k) = bsyp(k)+ ε2sgn(syp(k))
(7)

with

s(k) = [sxp(k),syp (k)]
T

and
{

∆1 = v(k)cos(Θ(k)+ T
2
(ω(k)))− ve(k)cos(Θ(k)+ T

2
ωe(k))

∆2 = v(k)sin(Θ(k)+ T
2
(ω(k)))− ve(k)sin(Θ(k)+ T

2
ωe(k))

where sgn in (7) is a sign function, and the control law is

presented as
{

ω(k) = ωe(k)+ ωc(k)

v(k) = ve(k)+ vc(k)
(8)

Then corrective control uc(k) can be obtained as







ωc(k) = 2
T
(arctanΛ−Θ(k))−ωe(k)

vc(k) =
ve(k)sin(Θ(k)+ T

2 ωe(k))+∆2

sin(Θ(k)+ T
2 w(k))

− ve(k)

where Λ is given as

Λ =
ve(k)sin(Θ(k)+ T

2
ωe(k))+ ∆2

ve(k)cos(Θ(k)+ T
2

ωe(k))+ ∆1

The parameters of a and b in (7) are chosen to satisfy the

condition of
{

|∆1(k)+ λ ∆1(k−1)|< |∆1(k−1)+ λ ∆1(k−2)|

|∆2(k)+ λ ∆2(k−1)|< |∆2(k−1)+ λ ∆2(k−2)|
(9)

Though the discrete sliding mode control method has

a strong capability in dealing with the nonlinear systems

with uncertainties, a chattering phenomena exists in the

close-loop system due to frequent and discontinuous control

switching in the sliding plane s = 0. To debase the chattering

phenomena, the variables ε1 and ε2 in the corrective control

can be adjusted adaptively similarly the parameters of the

neural networks and the adjusting law is described as






ε1 = ε1last −η1
∂ ||Om(k+1)−Od(k+1)||2

∂ε1last

ε2 = ε2last −η2
∂ ||Om(k+1)−Od(k+1)||2

∂ε2last

Fig. 3. Multiple robotic fish cooperation control structure

where ε1last and ε2last are the last value of the ε1 and

ε2. η1 and η2 are chosen as constant where the value of

them will directly effect the adjusting intensity. Unlike the

common sliding mode control approach, the coefficients can

adjusted according to the error between the reference output

and the actual output of the neural networks. Due to the

decrease of switch amplitude, the chattering phenomena can

be eliminated gradually.

C. Stability analysis

For the stability analysis of the closed-loop system which

is shown in Fig. 2, assume that (4) and (3) have the same

motion characteristics due to the fact that they are two

models of the same robotic fish. And define the hyperplane

as s1(k). Then in order to analyze the stability of the above

method, a positive definite discrete time Lyapunov function

is selected as

V (k) = [s(k + 1)− s1(k + 1)]T [s(k + 1)− s1(k + 1)]. (10)

Based on (6) and (8), assume that s(k + 1) consists of

s1(k +1) and s2(k +1) where s1(k +1) = s1(k) based on the

definition of hyperplane, and s(k+1) = s1(k+1)+s2(k+1).
Then the difference of (10) is defined as ∆V (k), and the

system is stable if ∆V (k) is negative.

∆V (k) =V (k)−V (k−1)

=[s(k + 1)− s1(k + 1)]T [s(k + 1)− s1(k + 1)]

− [s(k)− s1(k)]
T [s(k)− s1(k)]

=s2
T (k + 1)s2(k + 1)− s2

T (k)s2(k)

where

s2(k + 1) =

[

T ∆1(k)+ λ T∆1(k−1)
T ∆2(k)+ λ T∆2(k−1)

]

Along with the restricted condition of (9), it is distinct

to prove ∆V(k) < 0. So ∆V (k) is negative definite, and the

closed-loop system is stable.

D. Multiple robotic fish cooperation approach

In order to realize the purpose of cooperative control for

tracking a reference trajectory, a cooperation structure of

multiple robotic fish is designed and shown in Fig. 3. When

the task is chosen, a distribution module distributes the task

into some subtasks where each subtask is fulfilled by one

robotic fish. And the subtasks are assigned to robotic fish

according to their original positions.
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After the process of matching the robotic fish and the

subtasks, the design of each subtasks should consider the

positions of the robotic fish. Considering the robotic fish

tracking the referenced trajectory independently, the subtask

in the distribution module is then transformed into a series

of target points which are sent to the robotic fish. The target

points are chosen with some principle in order to achieve the

task of cooperative control for trajectory tracking of multiple

underwater robotic fish.

The first task of cooperative control for trajectory tracking

is control underwater robotic fish to arrive at their corre-

sponding start points. The speed v of the robotic fish is

proportional to the distance d between appointed start point

and coordinates of the corresponding robotic fish. When the

distance between the two exceeds a given value namely dmax,

the underwater robotic fish can only move with the speed

of vmax, whereas with distance dmin, the robotic fish moves

with a proper speed vp (vmax > vP). So for other cases of

distance di, the robotic fish moves with the speed vi which

is calculated through the following equation,

vi =
vmax − vp

dmax −dmin

(di −dmin)+ vp , 1 < i < L

where L is the total number of the robotic fish. Then the

speed v is obtained as

v =











vmax d = dmax

vp d = dmin

vi dmin < d < dmax ,1 < i < L

When all the robotic fish reach their corresponding start

points, the next task is to make them accomplish their

subtasks which are distributed above. Since the robotic fish

are controlled to achieve the task of cooperative control

for trajectory tracking, the referenced trajectory should be

transformed into some target points which are then sent to

each robotic fish along with the information of the robotic

fish. And the target planning method will be explained in

detail in the section of experimental results. With these target

points, the robotic fish can track the referenced trajectory

cooperatively.

V. EXPERIMENTAL RESULTS

The 3-joint robotic fish used in this experiment is shown in

Fig. 1 with the body length 33cm, and the maximum speed

is

vmax = 0.4
m

s

where the maximum angular velocity is

ωmax = 0.8
rad

s

And the sampling time T is 0.4 second. The maximum

infrared ranging is set to 20cm. The tank is with the size of

225cm*125cm*30cm (length*width*depth). And the image

is 624 ∗ 346 pixels.

The two robotic fish are cooperatively controlled to track a

given trajectory where the cooperative trait is presented with

fixed absolute phase sum as PI. The absolute phase Phi of

robotic fish i is obtained through (11),

Phi =

∣

∣

∣

∣

arctan2(
yi − yci

xi − xci

)

∣

∣

∣

∣

(11)

where (xci,yci) are the coordinates of the corresponding

rotating center. The range of function arctan2 is (−π ,π ].
The referenced trajectory (xdesired(t),ydesired(t)) is planned

through the following functions:
{

xdesired(t) = 162−150cos(ωt)

ydesired(t) = 173−150sin(ωt)

where t satisfies 2kπ < ωt < (2k +1)π , or 3π +2kπ < ωt <
2(k + 2)π , and

{

xdesired(t) = 462 + 150cos(ωt)

ydesired(t) = 173−150sin(ωt)

where t satisfies (2k + 1)π < ωt < (2k + 3)π .

Suppose the positions and orientations of the two robotic

fish are (x1(k),y1(k)), (x2(k),y2(k)), Θ1(k) and Θ2(k). The

subtask I and subtask II to be completed by the robotic fish I

and robotic fish II are distributed into a series of target points

according to the positions of the two robotic fish. And the

target points (x1a(k),y1a(k)) and (x2a(k),y2a(k)) are obtained

through the following equations together with (11),
{

x1a(k) = 162 + 150cos(Ph1 −aθ1)

y1a(k) = 173 + 150sin(Ph1 −aθ1)a

for x1(k) < 312, and
{

x1a(k) = 462 + 150cos(Ph1 + aθ1)

y1a(k) = 173 + 150sin(Ph1 + aθ1)a

for x1(k) > 312, and
{

x2a(k) = 462 + 150cos(Ph2 + bθ2)

y2a(k) = 173 + 150sin(Ph2 + bθ2)b

for x2(k) > 312, and
{

x2a(k) = 162 + 150cos(Ph2 −bθ2)

y2a(k) = 173 + 150sin(Ph2 −bθ2)b

for x2(k) < 312, where
{

a = sgn(y1(k)−173)

b = sgn(y2(k)−173)

And both of the two initial value are set to PI/6. The

value of θ1 is updated to PI/3 when the following (12) and

(13) come into existence,
{

|x1(k)−312|> |x2(k)−312|

y1(k) > 173 or y2(k) > 173
(12)

{

|x1(k)−312|< |x2(k)−312|

y1(k) < 173 or y2(k) < 173
(13)
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(a) Case I (b) Case II

(c) Case III (d) Case IV

Fig. 4. Experimental scenario, trajectory tracking control of two robotic
fish with fixed absolute value of phase sum of PI. The expected trajectory is
an inverse 8 shape trajectory. Robotic fish I is marked with color of yellow
and red and the robotic fish II is marked with the color of purple and green.
The four cases are a cycle of the cooperative control for trajectory tracking.

whereas the value of θ2 is updated to PI/3 when the other

cases come into existence and the value of θ1 is updated to

be the initial value PI/6. This method changing the value

of θ1 and θ2 to achieve the task of cooperative control for

trajectory tracking of the two robotic fish will be validated

in this experiment.

The initial value of weight matrix w1 in the model of

robotic fish I and w2 in the model of robotic fish II are chosen

as (14) and (15) in order to show the great processing ability

of the neural networks.

w1 =

[

2 0.5 0.6 −0.4
0.6 1.5 −0.6 1.2

]

(14)

w2 =

[

1.3 0.2 2 0.5
0.9 −1 0.3 2.4

]

(15)

The experimental scenario is shown in Fig. 4. Since the

two robotic fish will avoid collision with each other, so when

robotic fish move to be closed to each other, the obstacle

avoiding arithmetic in the main control chip of the robotic

fish will become effective. And from Fig. 5(a), it is easy to

find that the trajectory of robotic fish II has some zigzag

shapes in the case of the distance between the two robotic

fish becoming small. Though there are some flection in the

trajectories of the robotic fish, the phase sum of the two

robotic fish is almost PI from Fig. 5(b). Also the chattering

phenomenon is greatly debased.

VI. CONCLUSIONS

Cooperative control of multiple robotic fish is a chal-

lenging task. The complex hydro-environment and strong

moving constraints result in large uncertainties and strong

nonlinearities in the dynamics of the robotic fish, and hence

raises great difficult in modeling and control the system.

The neural network based sliding mode control approach

presented in this paper takes advantage of the good nonlinear

approximate capability of the radial basis function neural

(a) Trajectory of robotic fish (b) Curve of phase sum

Fig. 5. Curves from the experimental results, where in figure (a) red color
trajectory stands for the trajectory of robotic fish I, blue color trajectory
stands for the trajectory of robotic fish II and black color trajectory is the
expected trajectory. And the coordinates are the pixel value. In figure (b),
the red color curve stands for absolute value of phase sum.

networks together with the insensitivity to model uncertain-

ties of the sliding mode control techniques. Experiments has

shown the effectiveness of the approach in the cooperative

control for trajectory tracking of robotic fish.
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