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Abstract—The study on the multirobot collaborative control
method has broad application prospect and value in the field
of robotics. To adapt to a variety of working environments and
higher efficiency, this article designed the autonomous multirobot
collaborative control system based on spherical amphibious robots.
First, this article proposed the formation strategy for spherical amphibious multirobot and used linear quadratic regulator algorithm
to adjust the robot trajectory. Then, this article used XBee wireless
communication with excellent communication performance under
low noise ratio conditions to complete real-time information sharing of multirobot. Finally, based on the theoretical analysis and
calculation, a series of land and underwater evaluation experiments
were carried out to verify the feasibility of autonomous multirobot
collaborative control system. The experimental results showed that
the spherical amphibious multirobot could realize collaborative
control accurately under different environments according to the
predetermined trajectory.
Index Terms—Collaborative control system, communication
networks, robot control.

I. INTRODUCTION
URRENTLY, to perform more complex tasks and adapt to
various operating environments, the study of multirobot
technology has become an indispensable part of robot science
and technology [1], [2]. In recent years, domestic and foreign
research institutions have increased their research on multirobot
control and achieved remarkable results [3]–[5].
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In 2015, the collective robotics system, which used
decentralized control to realize the collaboration of multirobot system, was designed by the Alberta University, Canada.
However, the adaptability of the collaborative system to complex environments needs to be further improved. The NerdHerder system was composed of 20 R1 robots, which was
studied by the Southern California University, and which could
change multiple formations and complete object picking and
moving [7], [8]. In 2014, the Nagoya University of Japan designed the cellular robotic system, which used all robots as cell
elements, and these cell elements could be combined to make
changes according to the requirement of tasks and environments.
Unfortunately, in case of emergencies, the system could not
complete the scheduled tasks [9]. In 2014, Harvard University
has developed more than a thousand coin-sized microrobots,
which could be assembled into regular patterns according to
instructions [10], [11]. The University of Colorado designed the
droplets cluster robot system, which was composed of more than
20 robots, and which could realize intelligent behaviors, such
as automatic assembly and adaptive changes [12]. The Tokyo
University in Japan has proposed the ACTRESS multirobot system, which consisted of several robots, which could rerecognize
the surrounding environment according to the tasks and realize
dynamic reconstruction and adaptive learning. The University
of Pennsylvania has designed a multicontainer self-assembly
system, which could form various surface platform through a
formation algorithm, and which provided great convenience for
water transportation [13], [14]. In 2008, Harbin Engineering
University has studied the control and collaborative positioning
of underwater multirobots system [15]. Tsinghua University has
studied how to use cluster robots to imitate biological behavior
[16]. The University of Lisbon in Portugal designed the marine
cluster robots, which could monitor the marine environment by
self-learning [17]. Shanghai Jiaotong University has designed
a multimobile robot system platform (active mobile robotics),
which was composed of multiple Poineer2 intelligent robots, and
which has achieved more research results in formation control
and navigation [18], [19].
It can be seen from the aforementioned research that the
research of multirobot system mainly focused on large underwater or land robots. The research on AUV/UUV multiformation
control is mainly focused on simulation. There is little research
on the collaborative control system of amphibious multirobot
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Spherical amphibious robot we designed.

at home and abroad [20], [21]. In addition, in the process of
performing tasks, it also lacks the autonomy, maneuverability,
and organization of multirobot movement. At the same time, it
restricts the real-time transmission of instructions to the control
center. So, this article designed a multirobot collaborative control system that aims to set up star-topology network meshes,
which supports multiple robots to access. It plays an important
role in the state of environmental information through a variety
of sensors and understanding of complex environmental awareness. From the perspective of autonomy, it also reflects the development of collaborative robots and adapts to the change of the
environment [22], [23]. At the same time, spherical amphibious
robots are used as research objects, which have good adaptability
to the environment [24], [25]. By integrating the advantages
of spherical amphibious robots, the multirobot control system
enables multiple robots to simultaneously complete different
mission planning and enhance the diversity of robots’ mission
completion.
In our previous research, we designed a spherical amphibious
robot, as shown in Fig. 1. The diameters of the upper and lower
hemispheres of the spherical amphibious robot are 280 and
330 mm, respectively, and the height of the actuating unit in the
standing state is 108 mm. The robot uses the bionic four-legged
crawl on the land and use the water jets propel in the water.
In this article, our contributions are as follows.
1) In order to realize the remote control and cableless control
of multirobots, this article uses XBee wireless communication based on ZigBee communication protocol, which
can achieve point-to-point or point-to-multipoint communication, with the advantages of long communication
distance and strong transmission signal.
2) Lacking autonomous control for multirobot control system. In the multirobot control system using the upper

computer control method, when encountering special circumstances, it cannot be controlled autonomously to solve
practical problems. This article, therefore, mainly studies
the autonomous control method of multirobot to solve
the single problem of the previous control method, and
complete the formation problem under different tasks.
3) Lack of maneuverability and organization when performing tasks. In order to enable the spherical amphibious
multirobot to perform different tasks at the same time and
improve its execution efficiency in complex environments,
this article completes the formation strategy of the spherical amphibious multirobot.
The remainder of this article is arranged as follows. Section II
introduces the communication mechanism and research method
of multirobot collaborative control system. In Section III, the
land and underwater evaluation experiments of the spherical
amphibious multirobot collaborative control system were carried out. Our conclusions will be presented in Section IV.
II. METHODOLOGY
A. Communication Mechanism
The diagram of the spherical amphibious multirobot collaborative control system is shown in Fig. 2. The signal is
transmitted between the master robot and the slave robot through
the wireless module. To effectively improve the autonomous
motion command of the spherical amphibious multirobot, the
XBee module based on the ZigBee communication protocol was
adopted to complete the point-to-multipoint signal transmission.
Spherical amphibious robots are connected to each other through
this module. The wireless communication module of the master
robot is configured in the coordinator mode, and the wireless
communication module of the slave robot is configured in the
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Fig. 2.

Control framework of the multirobot collaborative control system.

Fig. 3.

Autonomous spherical amphibious multirobot network framework.

router mode. The router mode can simultaneously receive the
control signals sent by the coordinator mode, which enables the
real-time multireceipt function, as shown in Fig. 3.
B. Principle of Multirobot Formation
For specific practical problems, as well as the characteristics
and requirements of tasks, the robot needs to form or maintain
a variety of formations. When performing a mission, the typical
spherical amphibious multirobot has a formation of straight
lines, columns, triangles, etc. Therefore, this article mainly study
formation planning and control in collaborative control system
[26].
Assuming Ωt expressed the lth target in current multirobot
motion range, at sampling time tm
l , position coordinates are
m T
[xm
l , yl ] . The sampling parameters are estimated by the data
tab . When the target is continuously observed n times, a series

3

of observation information will be obtained, as shown in the
following:
 n
Xl = Φnl θx + enx
(1)
Yln = Φnl θy + eny
where φ is the sampling time matrix
T

ob +1
ob +2
Xln = xn−t
, xn−t
, . . . , xnl
l
l

T
n−t +2
Yln = yln−tob +1 , yl ob , . . . , yln .

(2)
(3)

Equation (2) is the abscissa vector of the target, and T is the
transposed matrix, it is a quadratic function of the sampling
moment. Equation (3) is the ordinate vector of the object, and T
is the transposed matrix, it is a quadratic function of the sampling
moment.
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Since the spherical amphibious robot has nonintegrity constraints, the constraints are as follows:
yr ∗ cos θ − xr sin θ = 0.

(8)

The equation of the robot’s front leg is as follows:
•

xf = V ∗ cos(θ + ϕ)
•
y f = V ∗ sin(θ + ϕ).

(9)

Among them, the rotation angle φ between the forward direction and the original direction is positive.
Similarly, the equation of the robot’s rear legs can be obtained,
as shown in the following:
Fig. 4.

xr = xf − l ∗ cos θ
yr = yf − l ∗ sin θ.

Schematic diagram of multirobot collaborative movement.

Equation (4) is vector parameter in abscissa model
T

θx = a1x , a2x , a3x

(4)

where a1x , a2x , a3x represent the x-axis estimation parameters.
Equation (5) is vector parameter in ordinate model
T

(5)
θy = b1y , b2y , b3y
where b1y , b2y , b3y represent the y-axis estimation parameters.
By limiting the memory parameter estimation method by the
least square method, θxk , θyk (k ≥ tob ) can be obtained. Thus,
at the sampling time, the position coordinates of the objects
acquired by the spherical amphibious robot are
 k+1
xl
= φTk+1 θxk
(6)
k+1
yl
= φTk+1 θyk .
C. Implementation of Multirobot Collaborative
Control Method

xc = (xr + xf )/2
yc = (yr + yf )/2.

There is a nonlinear characteristic of the robot motion, and
the linearization condition of the robot model is that the change
of θ is small
•

(7)

•

•

xr = xf + l ∗ sin θ ∗ θ
•
•
•
y r = y f − l ∗ cos θ ∗ θ .

(11)

According to (8), (9), and (11), the following relationship can
be obtained:
•
sin ϕ
.
(12)
θ=V ∗
l
Equation (13) can be derived from the position of the center
of gravity
xc = xf −
yc = yf −

l
2 ∗ cos θ
l
2 ∗ sin θ.

(13)

The speeds in the x and y directions can be obtained by the
aforementioned equations, as shown in the following:
•

This article uses three spherical amphibious robots to perform
multirobot collaborative control. More robots can be added
to complete complex tasks in the future [27]. Fig. 4 is the
specific implementation of multirobot collaborative planning.
The linear quadratic regulator (LQR) algorithm is used to adjust
the collaborated movement between multirobot, so that the robot
can maintain the corresponding formation to move toward the
target. Several subtargets from the current location to the target
are defined. The distance between the robot and the subtarget is
approximately a straight line. The ideal trajectory of multirobot
movement is a straight line. Each robot moves along the ideal
trajectory under the adjustment of the LQR controller. The robot
stops moving when it reaches the target position.
The coordinates of the center point of the front leg and the rear
leg of the spherical amphibious robot are (xf , yf ) and (xr , yr ),
respectively. The center of gravity coordinate of the spherical
amphibious robot is (xc , yc ). The center of gravity coordinate
has the following relationship with the coordinates of the front
leg and the rear leg:

(10)

xc =
•
yc =

1
2
1
2

∗ V ∗ cos(θ + ϕ) +
∗ V ∗ sin(θ + ϕ) +

1
2 ∗V
1
2 ∗V

∗ cos θ cos ϕ
∗ sin θ cos ϕ.

(14)

In summary, the kinematic model of the spherical amphibious
robot can be obtained, as shown in the following:
⎡• ⎤ ⎡1
⎤
1
xc
2 ∗ V ∗ cos(θ + ϕ) + 2 ∗ V ∗ cos θ ∗ cos ϕ
⎢• ⎥ ⎢ 1
⎥
1
⎣ y c ⎦ = ⎣ 2 ∗ V ∗ sin(θ + ϕ) + 2 ∗ V ∗ sin θ ∗ cos ϕ ⎦
•

θc

V ∗

sin θ
l

(15)
where V is the current moving speed of the spherical amphibious
robot. φ is the declination of the current crawling direction and
the initial crawling direction of the robot. l is the length between
the center points of the front and rear legs of the robot.
Assuming that the dynamic target moves linearly at a constant
speed, to make the spherical amphibious robot move along the
ideal straight line, it is converted into the following motion state:
⎞
⎛
⎞ ⎛
d
(xr − x) sin θr − (yr − y) cos θr
⎝ s ⎠ = ⎝ (xr − x) cos θr + (yr − y) sin θr ⎠ .
(16)
θc − θr
Δθ
In (16), d is the distance of the spherical amphibious robot
from the ideal trajectory. s is the tangential distance between
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Fig. 5.

Robot movement displacement correction.

Fig. 6.

Robot feedback control block diagram.

the master robot and the slave robot on the ideal motion trajectory. Δθ is the angular difference of the robot from the ideal
trajectory.
The robot movement displacement correction is shown in
Fig. 5. In the multirobot collaborative control system, the state
equation of the robot is obtained by loading the LQR algorithm.
Among them, the feedback matrix K is obtained through the
state variables and control variables of the system. The feedback
matrix K can minimize the cost function J.
This article uses LQR feedback control law to form a closedloop control system, which provides a guarantee for the control
of spherical amphibious multirobot.
Then, MATLAB is used to carry out the simulation of the
multirobot collaborative control system, as shown in Fig. 6. The
input of the LQR controller is the positional offset of the spherical amphibious robot during the movement. The LQR algorithm
is loaded to correct the deviation between the robot and the target
position. This article also combines the LQR algorithm with the
mathematical model of the spherical amphibious robot, which
provides convenience for the accuracy and effectiveness of the
multirobot collaborative control system.

Fig. 7.

Bionic quadruped crawling experiments performed on a tile.

Fig. 8.

Relationship between crawling frequency and velocity.

5

III. EXPERIMENTS OF CHARACTERISTIC EVALUATION FOR
MULTIROBOT COLLABORATIVE CONTROL
To evaluate the autonomous control strategy of spherical
amphibious multirobot, this article carried out several land experiments on the floor. The master robot use ultrasonic sensor
to acquire the position of other robots and adjust its trajectory.
These experiments were performed under the same conditions.
Next, this article takes the straight line formation as an example
for analysis, and the experiment was repeated more than ten
times.
When the moving distance reaches 1 m, the average speed is
calculated by measuring the movement time. Fig. 7 is bionic
quadruped crawling experiments performed on a tile by the
spherical amphibious multirobot. The master robot send control
commands to the slave robot, salve robots execute the order after
receiving the control signal.
In order to make the multirobot collaborative control system
more stable, this article measured the movement speed of the
robot in stable state, and the measurement results are shown
in Fig. 8. It can be seen from Fig. 8 that when the movement
frequency is less than 3 Hz, the movement speed increases
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Sketch of multirobot crawling after adding LQR algorithm.

as the movement frequency increases. When the movement
frequency of the robot is greater than 3 Hz, the movement
speed gradually decreases as the movement frequency increases.
However, when the movement frequency of the robot gradually
decreases to 5–7 Hz, the movement speed of the robot stabilizes
at 3.5 cm/s. In the multirobot crawling experiment, when the
movement frequency of the spherical amphibious robot is 3 Hz,
the maximum movement speed at this time is 4.5 cm/s.
In the process of moving to the predetermined target, multirobot can maintain a certain formation, which is beneficial to
multitask execution. The ideal trajectory of the multirobot is to
move in a straight line until it reaches the target. However, the
actual movement process will produce a deflection angle. This
article uses the LQR algorithm to correct the crawling state of
the robot, and the result is shown in Fig. 9, where the straight
line represents the ideal trajectory.
After completing the land experiments, to further verify the effectiveness of the collaborative control system in the underwater
environment, this article completed the underwater collaborative
motion of the spherical amphibious multirobot.
Several underwater experiments in a pool were carried out in
this article. Due to the limitation of pool’s depth in experimental
condition, it was not sufficient to complete the robot’s vertical
motion. Therefore, this article mainly shows the performance
of robot’s horizontal motion. The linear formation experiment
of two robots (Robot 1 and Robot 2) is carried out, maintaining
the relative distance and attitude of the initial formation in the
movement. This article also set the robot to move forward in
the water by 1 m, and Fig. 10 shows the process of horizontal
forward movement.
In this article, the master control board of the spherical amphibious robot includes a master robot main control board and
a slave robot main control board. The wireless communication
module includes a master wireless communication module and
a slave wireless communication module. The slave wireless
communication module and slave robot main control board

Fig. 10.
robot.

Experiment of underwater motion of spherical amphibious multi-

Fig. 11. Motion trajectory of spherical amphibious multirobot during approaching the target.

installed in the spherical slave amphibious robot body. The
main wireless communication module and main control board
of the master robot are connected and installed on the spherical
amphibious master robot, and are connected by a bidirectional
serial communication mode. The main wireless communication
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module can send and receive data from the main control board
of the spherical amphibious master robot through the serial
port transceiver. The master wireless communication module
is connected to the slave wireless communication module in a
two-way wireless communication mode connection.
The motion trajectory of spherical amphibious robots is
shown in Fig. 11. During the movement toward the target,
the distance between the robots is detected by the ultrasonic
detection system, and the motion trajectory is corrected using
the LQR algorithm. It can be seen from Fig. 11 that the distance
between the robot and the main robot is kept within 5 cm, which
further validates the effectiveness of the LQR feedback control
algorithm.
IV. CONCLUSION
To set up the star-topology network meshes, which supports
multiple robots to access, this article proposed the multirobot
collaborative control method for spherical amphibious robots.
To demonstrate the feasibility of the multirobot collaborative
control system of spherical amphibious robots, the simulations
and experiments on the land and underwater movement were
carried out. The experimental results of the land and underwater collaborative control experiments verified the feasibility
of the proposed system. The results showed that after loading
the LQR algorithm, the multirobot could move according to a
predetermined trajectory. The experimental error was less than
5 cm relative to the ideal trajectory, which met the minimum
error requirement. More robots can be added to adapt complex
environments and perform specific tasks in the future.
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