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Abstract: This paper presents a novel approach for a visual system of robotic fish to reduce the instability of camera image
caused by the inherent periodic yawing of the fish head. In order to acquire the stable image from the camera located inside
of the fish head, a camera stabilizer for the visual system is designed. Meanwhile, an Inertial Measurement Unit (IMU) with
nine degrees-of-freedom (DoFs) is employed to maintain the attitude of the camera stable with respect to the inertial frame. To
accurately describe the stabilizer system characteristics, a simple and effective system model is built. Moreover, a feedback-
feedforward controller is proposed to mitigate the periodic swing effect and obtain stable and clear camera image when the
robotic fish is swimming. Finally, the simulation and experiments both verified the effectiveness of the mechanism design for
camera stabilizer and the corresponding feedback-feedforward control approach for enhancing the stability of images.
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1 Introduction

Fish, as a highly evolved animal living in the water, is
highly adaptive to the underwater environment, which makes
them have much better maneuverability and efficiency than
the traditional manmade propeller. The MIT designed the
first robotic tuna in 1995 [1]. Since then, more and more
researches on improving the maneuverability of robotic fish
have been conducted. Su et al. proposed the fast C-start
maneuvers of robotic fish [2]. Yu et al. designed a yaw
and pitch control method for a dolphin-like robot, which was
able to replicate the jumping behavior in real dolphins [3, 4].
The iSplash-II could achieve consistent untethered stabilized
swimming speeds of 11.6 BL/s (body length per second) [5].
Conte et al. designed a simple mechanical system to get
maximum start-up acceleration at around 40 m/s2 [6]. The
extraordinary maneuverability enables the biomimetic robot-
ic fish to be used in the complex and hostile underwater mis-
sion as a reliable solution [7, 8]. To make the robotic fish
fully autonomous, it is essential to equip robotic fish with
good environment sensing solution. The embedded vision
system, which can provide abundant information of the en-
vironment, is rather suitable for robotic fish. Nevertheless,
as opposed to the mature ground-based application, it con-
fronted with great challenges for the visual system on robot-
ic fish [9]. First, the illumination underwater is not uniform.
Second, the degradation of lighting in water, which is relat-
ed to the distance, is much stronger than that in air. Third,
the embedded system has limited performance, which makes
the real-time processing of image difficult. Last but not least,
for the robot fish, it is not easy to get stable image since the
camera swings with the fish body while swimming [10].

In fact, the stability of image is also a problem for the
humanoid robot. Inspired by the fact that humans tend to
stabilize their head orientation while accomplishing a loco
motor task [11], Falotico et al. designed a model based on
an inverse kinematics controller to stabilize the pitch head
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rotation during walking [12]. Further, Falotico et al. pro-
posed an adaptive model for the head stabilization based on
feedback error learning to overcome the delays caused by the
head motor system and to adapt itself to the dynamics of the
head motion [13]. Inspired by the structure of human eye-
s, researchers tried to build actuators and mechanisms for
robot eyes [14–16]. In [16], an adaptive control model of
the binocular Vestibule-ocular Reflex to be used as the bion-
ic control algorithm to drive and control the eye mechanism
was proposed, which ensured the stability of image from the
camera. These solutions for the humanoid robot are unac-
ceptable for robotic fish due to the limited space and limit-
ed computing performance of robotic fish vision system. In
[17], Li et al. proposed a controller for the gimbaled camera
on a small Unmanned Aerial Vehicle (UAV) to compensate
the camera’s line-of-sight change caused by the rotation and
movement of the UAV. Their solution is ideal for application
with limited space.

Although a lot of efforts have been made in the field of
humanoid robots and UAVs, few studies have been conduct-
ed for robotic fish. In [10], Sun et al. built a hydrodynamic
model for robotic fish. Based on this model they used the
genetic algorithm to optimize the parameters for multiple
moving joints to minimize the swing of the head of robotic
fish. The results of their experiments on their self-developed
biomimetic robotic fish showed that this method can improve
the stability of image. But there is a drawback that it has to
sacrifice the speed of fish to get the stability of image.

This paper mainly focuses on how to improve the stabil-
ity of image of the robotic fish vision system. To reduce
the instability caused by the swing of fish body, we design
a simple, compact and efficient camera stabilizer that can
be fixed inside a small robotic fish. A simple model to de-
scribe the dynamic characteristic of the camera stabilizer is
established. Based on the model, the dynamic characteristics
of the camera stabilizer can be identified, which makes the
following controller design possible. We design a feedback-
feedforward controller for the control of the camera stabiliz-
er, which shows satisfactory performance in simulation. At



last, an experimental platform is built to verify the effect of
the controller. The experimental results demonstrate that the
camera stabilizer with feedback-feedforward controller can
greatly reduce the instability of image.

The rest of the paper is organized as follows. The problem
formulation of the influence of the swing of body of robotic
fish on field of view of camera is given in Section 2. Me-
chanical design and dynamic model of camera stabilizer is
shown in Section 3. In Section 4, designs and simulations
of controllers are conducted. Experimental setup and corre-
sponding results are given in Section 5. Finally, the conclu-
sions and future work are contained in Section 6.

2 Problem Formulation

When the robotic fish is swimming, its body swings in-
evitably. We can assume that the fish body rotates along the
z-axis, which passes through a particular point in the fish,
and the fish heads toward x-axis in the beginning. Because
of the swing of fish body, there will be an angle between fish
body and x-axis, which is denoted by α. Since the z-axis
may not pass through the camera, the distance between the
camera and the z-axis is denoted by l. The distance between
the target object and the z-axis is denoted by d, as shown in
Fig. 1.
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Fig. 1: The influence of fish swing on altitude angle of cam-
era

From Fig. 1, we know that the angle between the optical
axis of the camera and the x-axis, which is denoted by ϕ, has
the following form:

ϕ = α+ arctan

(
l · sinα

d− l · cosα

)
(1)

Assuming that d = 1 and l = 0.1, the relationship be-
tween ϕ and α can be plotted as shown in Fig. 2 (α ∈(
0,

π

2

)
).

From Fig. 2, we can infer that the larger α is, the larger
ϕ is. So if a servo or motor is used to compensate ϕ, the
target will be at the center of image no matter how the fish
swings. Since l and d are not easy to acquire, we can only
compensate the component α in ϕ, which can be measured
by IMU. That is equal to keeping the attitude angle of camera
on z-axis with respect to the inertial frame unchanged.

The motor we are using is a normal DC motor. If the arma-
ture reaction, the eddy effects, the hysteresis and the change
of temperature are ignored and the load torque is zero, the
differential equation can be obtain as below:

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0

0.5

1

1.5

2

α (rad)

φ 
(r

ad
)

Fig. 2: The relationship betweet ϕ and α
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where Tm =
RaJ

KeKm
and Ta =

La

Ra
. La is the equivalent

inductance of the motor. Ra is the equivalent resistance of
the motor. La is the back electromotive force coefficient.
Km is the torque coefficient. J represents the moment of
inertia.

The transfer function of the controlled system can be ob-
tained by Eq. (2), which is:

Θ(s)

Ua (s)
=

1

Ke (TaTms3 + Tms2 + s)

=
1

as3 + bs2 + cs

(3)

3 Controller Design and Simulation

In order to design the controller and to run the simula-
tion, the transfer function of the controlled system must be
known. Using the above-built model, we can run system i-
dentification for our system. With the help of the MATLAB
System Identification toolbox, we use ten groups of data,
whose inputs are different, to identify our experiment mo-
tor. We get the transfer function of the controlled system as
below.

Θ(s)

Ua (s)
=

7150.2

s3 + 834.95s2 + 37280s+ 0.002007
(4)

As mentioned previously, the main purpose of this control
system is to keep the altitude angle unchanged. It suggests
that this system is similar to the servo system, except that
this system is tracking the altitude angle instead of the motor
angle. Furthermore, since the system is designed to hold the
altitude angle, the target of it should be a constant. The main
problem the controller needs to tackle is the disturbance on
the output, which is caused by the swing of fish body. Thus
we can have the block diagram of the controlled system as
shown in Fig. 3.

To control this system, the feedback controller can be ap-
plied. In this paper, the most widely used PID controller is
chosen as the feedback controller. Since the dynamic perfor-
mance is our main concern, the “I” part is abandoned, which
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Fig. 3: The block diagram of controlled system

means that we use the PD controller as the feedback con-
troller in fact. The block diagram of the feedback control
system is shown in Fig. 4.

The “P” parameter is set as 171.88 and the “D” parameter
is set as 5. We use the sine wave as the disturbance, since
the swing of the tail of robotic fish is based on CPG model
[18], whose output is very similar to sine wave when its pa-
rameters are stable. When the amplitude and frequency of
the sine wave are set as π/3 and 1 Hz, the output wave of the
system is shown in Fig. 5.
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Fig. 5: The simulation result of the feedback control system

The output of the system varies as the frequency changes,
so disturbances with different frequencies are used to run the
simulation. We get the amplitude-frequency characteristics
of the feedback control system as Fig. 8 shows.

During tuning the parameter of PD controller, we find that
the “D” parameter cannot be too large. Specifically, the sys-
tem would be unstable when the “D” parameter is set as 10.
While increasing the “P” parameter might cause overshoot.
So we need to find another way to improve the effect of con-
trol.

When the fish is swimming, the altitude angle of the fish
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Fig. 7: The simulation result of the feedback-feedforward
control system
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Fig. 8: The amplitude-frequency characteristics of control
systems in simulations

body can be easily obtained since there is an IMU on fish
body. We can make the most of it by using it as a feedforward
signal to control the motor, which makes our control system
a feedback-feedforward control system. The block diagram
of this control system is shown in Fig. 6.

We can easily get the transfer function:

Y (s)

N (s)
=

1−D (s)G (s)

1 + C (s)G (s)
(5)

If we want to completely remove the influence of the

disturbance, we should set D (s) =
1

G (s)
, which makes

Y (s)

N (s)
= 0. Using the feedforward controller D (s) =

1

G (s)
and disturbance with π/3 amplitude and 1 Hz fre-
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Fig. 6: The block diagram of feedback-feedforward control system

quency, we can get the simulation result as Fig. 7.
Similar to the feedback control system, the output of the

feedback-feedforward control system is also related to the
frequency of disturbance. The amplitude-frequency charac-
teristic of the feedback-feedforward control system is shown
in Fig. 8. As can be observed, the feedback-feedforward con-
troller can significantly reduce the amplitude response of the
system, and its effect is much better than the feedback con-
troller.

4 Experimental Verification

For the verification of the performance of the controllers
on the real system, an experiment platform is designed. A
servo that rotates as the sine wave is used to simulate the
swing of robotic fish body. The mechanism of the experi-
mental platform is shown in Figs. 9.
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Fig. 9: The schematic diagram of the experiment platform

The upper one is a motor with a reduction gearbox and
a rheostat. The lower one is the servo that simulates the
swing of the fish body. We use the same PD controller and
feedforward controller as the simulation. To implement the
discrete controller in MCU, the backward difference method
is adopted to approximate the continuous controller, which
means:

s ≈ z − 1

Tz
(6)

The transfer function of the feedforward controller is:

D (s) =
1

G (s)
= as3 + bs2 + cs (7)

Considering that the angle-velocity of the fish body can be
obtained by using the IMU, and D (s) contains no constant

component, the angle-velocity can be used as the input of the
feedforward controller, whose transfer function should be as
below:

Dv (s) = as2 + bs+ c (8)

Applying Eq. (6) to discretize Dv (s), we can get:

Dv (z) =a

(
z − 1

Tz

)2

+ b

(
z − 1

Tz

)
+ c

=
cT 2 + bT + a

T 2
+

−2a− bT

T 2
z−1

+
a

T 2
z−2

(9)

Eq. (4) shows the system identification result of the con-
trolled system. We can see that the zero order component
of it is very small, which is consistent with the built motor
model since the zero order component of the model is zero.
We can treat the small zero order component of the system
identification result as error, and use the rest of it as the esti-
mation of the system characteristics of the real system. The
sample period is set as 10 ms in experiments. Thus, the pa-
rameters of the feedforward controller should be as below:

a =1.3896× 10−4

b =1.168× 10−1

c =5.2183

T =1× 10−2

(10)

Similarly, we know the transfer function of the feedback
controller as below:

C (s) = Kp +Kds (11)

Discretizing C (s) with Eq. (6), we get:

C (z) =Kp +Kd
z − 1

Tz

=
(KpT +Kd) z −Kd

Tz

=
KpT +Kd

T
− Kd

T
z−1

(12)

The parameters in Eq. (12) are listed below:




Kp =171.88

Kd =5

T =1× 10−2

(13)
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Fig. 10: Experiment result of the feedback controller
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Fig. 11: Experiment result of the feedback-feedforward con-
troller
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Fig. 12: Comparison of the amplitude-frequency character-
istics of two different controllers

Using the controllers based on Eq. (9) and Eq. (12), we
can get the experiment outputs as Figs. 10 and 11 show,
whose disturbances are both sin waves with frequency of
1 Hz and amplitude of π/3.

As shown in Table 1 and Fig. 10, the experimental re-
sults and the simulation results are very close, which in-
fers that the built model is able to describe the real sys-
tem. As for Table 2, the amplitude-frequency characteristics

Table 1: Comparison of amplitude responses of feedback
control system in simulation and experiment

Frequency (Hz)
Amplitude of output (◦)

Simulation Experiment
0.5 5.0297 5.71
0.75 7.4906 8.39

1 9.8901 10.98
1.25 12.2127 13.94

Table 2: Comparison of amplitude responses of feedback-
feedforward control system in simulation and experiment

Frequency (Hz)
Amplitude of output (◦)

Simulation Experiment
0.5 0.2973 2.31
0.75 0.6618 4.65

1 1.1593 7.37
1.25 1.7782 12.7

of the feedback-feedforward control system in experiments
is different from that in simulation. The experimental re-
sult shows worse control effect than simulation. It might
be caused by the inaccuracy of the motor model with smal-
l input. But the result is still good since it achieves much
improvement of amplitude response than the feedback con-
troller, which is shown in Fig. 12.

To better demonstrate the effect of the camera stabilizer,
we capture some pictures from the camera loaded on the ex-
periment platform, which are shown in Fig. 13. All the pic-
tures in Fig. 13 are captured when the “fish body” is swing-
ing at 25◦ of amplitude and 1 Hz of frequency and the reso-
lution of the camera is 640×480 pixels. Fig. 13(a) shows the
change of field of view when the camera is swinging with
the fish body, which means the motor is not working and
the altitude angle of camera is the same as the fish body.
As can be seen from Fig. 13(a), in this condition its change
of field of view is 624 pixels. As for the Fig. 13(b), the
feedback controller is used to control the motor of the cam-
era stabilizer, and it reduces the change of field of view to
130 pixels. When it comes to the Fig. 13(c), the change of
field of view is reduced to 62 pixels, which is contributed by
the feedback-feedforward controller. Thus we can draw two
conclusions from Fig. 13. First, the camera stabilizer can
significantly improve the stability of image of camera. Sec-
ond, the feedback-feedforward controller has better control
effect that the feedback controller.

5 Conclusions and Future Work

This paper have proposed a camera stabilizer to compen-
sate the change of altitude angle of camera to stabilize the
image, which is instable caused by the swing of robotic
fish while swimming. Specifically, we design the mechan-
ical structure of the camera stabilizer and develop a mod-
el to describe the controlled system. To control the cam-
era stabilizer, a feedback controller based on PD control
and a feedback-feedforward controller are further designed.
The control effect of two controllers are compared. The
feedback-feedforward controller shows satisfactory perfor-
mance in simulations. For the purpose of verifying the ef-
fect of these controllers, we develop a experimental platfor-
m which can simulate the swing of fish body. The two con-
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Fig. 13: Comparison of change of field of view in different situations: (a) No camera stabilizer; (b) Camera stabilizer with
feedback controller; (c) Camera stabilizer with feedback-feedforward controller.

trollers are implemented in the experimental platform. The
results obtained demonstrate that the feedback-feedforward
controller has better performance than the feedback con-
troller, and that they could both work perfectly with the cam-
era stabilizer to reduce the instability of image caused by the
swing of robotic fish.

The ongoing and future work will focus on the the effec-
t of the controller in a robotic fish swimming in the water
instead of that in the simulation platform. In addition, e-
quipped with the camera stabilizer, the robotic fish can have
more applications based on the visual system with stable im-
age. Since the camera is able to rotate, it is also possible
to investigate the active vision of robotic fish based on this
platform.
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