Paper-

Multi-mobile robot systems and networked remote control are hot research issues in
the field of mobile robots. The control problem of mobile robot can be attributed to two
types of stabilization and tracking, and positioning and navigation are the basis of con-
trol. Positioning and navigation through the sensor network. Networked remote control
was implemented and positioning navigation problems were solved. The combination
of mobile robots and wireless sensor networks is the inevitable result of the develop-
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Abstract—To realize the design of multi-robot cooperative control based on
wireless sensor networks, a large number of local control research experiments
are carried out on a specific model of mobile robots. Combined with the kine-
matic model of mobile robot, the motion characteristics of this kind of mobile
robot are grasped. On the basis of realizing the multi-target tracking and posi-
tioning of wireless sensor network, a multi mobile robot cooperative control sys-
tem based on the feedback of wireless sensor network is developed, and the syn-
chronous motion between the master and the robot is maintained through the
feedback control of the network. Finally, a cooperative trajectory tracking control
algorithm for mobile robot is introduced, and the principle of the controller de-
sign is mastered. A multi mobile robot cooperative trajectory tracking LQG con-
troller is designed for mobile robot in wireless sensor network. The simulation
results show that the algorithm can reach the cooperative control target.
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Introduction

ment of the discipline.

In the research of wireless sensor networks, mobile robots usually only serve as po-
sitioning targets. It is equipped with various types of sensors and can independently
move according to local planning paths. There is no information feedback between the
two. The research focuses on the wireless sensor networking mode, topology control,

routing protocols, energy consumption and other aspects.
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However, the mobile robot can serve as a tracking target and as a control object in
the network. A networked multi-mobile robot system was established. Its collaborative
control has significant research significance.

Under the support of the National Natural Science Foundation of China, Prof. Su
Weizhou of the School of Automation Science and Engineering of South China Uni-
versity of Technology led the core team to conduct research on cooperative control of
multi-mobile robots based on wireless sensor network feedback. It is divided into two
parts: wireless sensor network multi-target tracking system and networked multi-mo-
bile robot control. The two are closely linked. In the networked multi-mobile machine
cooperative control system, the mobile robot acquires the positioning and navigation
data of the wireless sensor network and accepts motion commands. Based on this, it
serves as an input to the controller. This achieves true network feedback control and
can keep pace with other robots. The realization and stable operation of the platform
means that multi-target real-time tracking and multi-mobile robot network feedback
control technology has reached the leading level in the domestic counterparts.

Mobile robots and wireless sensor networks are currently hot topics in academia.
The combination of the two forms an innovative network control system platform inte-
grating sensor measurement, network feedback, and multi-agent control. As a physical
experiment platform of the National Natural Science Foundation of China's key project
"Network System Control Theory and Method (60,774,057)", this platform has de-
signed and implemented a multi-mobile robot real-time tracking and feedback cooper-
ative control system based on wireless sensor networks. Through the wireless sensor
network, the mobile robot is positioned. After the robot acquires the positioning infor-
mation, it moves according to the mission planning. The master and slave robots keep
synchronized.

Based on the above background, the wireless sensor network and the multi-mobile
robot are mainly combined, and the multi-robot cooperative strategy based on the wire-
less sensor network is mainly studied.

2 State of the art

Wireless sensor network (WSN) is a research hotspot in the 21st century. It is a
product of cross-disciplinary combination of computer, communication, control, and
sensors, and it is also a complex measurement and control system integrating infor-
mation acquisition, transmission, and processing. Palanikumar and Ramasamy [1]
pointed out that wireless sensor networks consist of a large number of distributed sensor
network nodes. Each node has limited computing processing, storage, and wireless
communication capabilities to sense the surrounding environment. Korol et al. [2]
pointed out that nodes and nodes communicate information through wireless commu-
nication and form an ad hoc network. Through the switchboard control, sensor data and
information fusion results are passed to users.

Wireless sensor networks have received a lot of attention in academia. In practice,
more and more practical application systems have emerged and brought convenience
to human life. Tang et al. [3] summarized the typical WSN applications in recent years.
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Szczepny et al. [4] used WSN technology to implement intelligent parking management
system. It can instantly transmit the latest parking information to vehicles in the parking
lot so that the owner can search for parking spaces in time. Another example is the
closed warehouse cargo management system, which witnessed the mature application
of WSN technology in the field of logistics. In 2002, Intel Corporation established the
world's first wireless vineyard in Oregon. WSN technology is used in agricultural ap-
plications. The wireless vineyard integrates precision and intelligent farming, which is
of great significance for improving the intelligence of modern agriculture.

At present, the main research problems of network control systems are delay, packet
loss, timing disorder, single-packet and multi-packet transmission. The main research
methods are model control method, predictive control method, random control method,
and handover control method. Zhu et al. [5] studied the Markov delay network control
system, which is quite extensive. Oliveira et al. [6] proposed H2/H control, which is
widely used in NCS. Network control has become a cross-cutting research area for con-
trol systems, communications networks, computer science, and information theory.

Network control systems have a wide range of applications. The networked robot
control system is one of the most active research contents. Berghuis et al. [7] pointed
out that the networked robot control was originally accompanied by the application of
network technology and developed from teleoperation robots. Teleoperation robot sys-
tem consists of operators, robots, and communication networks. It is a human-computer
interaction technology proposed in the 1980s. Samejima et al. [8] pointed out that re-
mote-controlled operators are mainly responsible for system monitoring in the remote
monitoring room. Abnormal conditions in the work environment are handled. Remote
technology improves the flexibility of robot and equipment motion control, avoiding
system instability and other issues.

In summary, the above research is mainly focused on the independent research of
wireless sensor networks and multiple mobile robots, and lacks the research to fuse the
two. Therefore, based on the above research status, a multi-robot cooperative strategy
based on wireless sensor networks is studied. First, wireless sensor networks and mul-
tiple mobile robots are introduced. Then, wireless sensor networks are applied to multi-
mobile robots to achieve multi-robot coordination.

3 Methodology

3.1 An overview of the system

The entire network feedback control system is mainly composed of ultrasonic sensor
nodes, wireless communication modules, base stations, wheeled mobile robots, and up-
per computers. The platform is a distributed wireless sensor network platform.

The wireless sensor network locates and tracks the wheeled mobile robot and reports
its coordinate information to the robot's local control terminal. The specific implemen-
tation process is as follows: First, the wireless sensor network is initialized, the human-
computer interaction interface is opened, and a start command is clicked. The working
base station transmits the work node's work token and communication token to each
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node of the network through the ZigBee network. Second, using the wheeled robot of
Shenzhen Ou Peng as the tracking target, it is put into the wireless sensor network.
Third, the task node that gets the work token inspires Sonar to perform the ranging.
Fourth, after the ranging is completed, the task node transmits the asynchronous meas-
urement data to the monitoring base station through the ZigBee network in the order of
the communication token. Fifth, after the monitoring base station performs data fusion
on the asynchronous measurement data, the target position is calculated, and the target
trajectory is displayed in real time through labview. Sixth, according to the latest posi-
tion of the target, the base station generates a new work token and a communication
token for the task node, and broadcasts it through ZigBee.

The experimental platform is unified by LabVIEW by monitoring the base station.
It mainly includes data communication module, data management module, data analy-
sis module, sensor data display module, real-time tracking display module and filtering
module. LabVIEW management platform module of WSN tracking and positioning
system is shown in Figure 1.

Data communication < > Data management <]  Data analysis module
module module
A
A\
Rez‘il—time tracking < > Filter module Sensor data display
display module module

Fig. 1. LabVIEW management platform module of WSN tracking and positioning system

Under the role of the overall scheduling strategy and various functional modules, the
wireless sensor network node can perform ultrasonic ranging on the moving target in
the network and send the measured distance to the base station. LabVIEW obtains the
position information of the target through the data fusion after the base station obtains
the data, thereby realizing the positioning. The specific signal flow chart is as shown in
Figure 2.
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Fig. 2. Signal flow chart of WSN control system
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3.2 Wireless sensor network multi-target tracking and positioning strategy

There are several algorithms for wireless network sensor target positioning, such as
least square method, Taylor-based incremental optimization algorithm and Kalman fil-
ter algorithm. After experimental comparison, the Kalman filtering algorithm works
well and the generated trajectory is the smoothest. The second is an incremental opti-
mization algorithm based on Taylor's expansion. The effect of only the least square
method is not ideal. Therefore, the Kalman filter algorithm is used for positioning data
processing in this project.

In a network, the multi-target tracking problem is much more complex than the sin-
gle target. This network platform has the characteristics of distributed, high-speed asyn-
chronous measurement data fusion, and uses ultrasonic measurement to simulate the
physical model of a high-noise environment. The laboratory members of wireless sen-
sor network positioning proposed a sensor task node scheduling strategy and node adap-
tive clustering and network routing protocol for inter-cluster negotiation. The previous
single target tracking work mode was changed. The multi-target positioning and track-
ing in the network is realized, and a real-time feedback system is formed with the mo-
bile robot, which can realize the precise navigation of the robot and the multi-robot
formation control. It is highly innovative. Task scheduling strategies, mutual interfer-
ence in ultrasonic ranging, communication channel bandwidth limitations, and distrib-
uted asynchronous measurement data fusion algorithms are key technical issues in the
entire study. After many experiments, the platform can track the target's maximum
speed to lrad/s (centered on the mission node).

3.3 Data measurement and data fusion

A large number of distributed sensors constitute a wireless sensor network. Nodes
assigned to work tokens measure the distance to the target and summarize it to the Lab-
VIEW master management platform. LabVIEW calls the corresponding function mod-
ule for filtering and fusion calculation to get the global coordinate information of the
mobile robot.

The target's motion model in the network is:

X (k+1)=4(k) X (k)+w(k,At,) ()

The target's status is:

X(k)=|:x(k)vx(k)y(k)vy(kﬂ[ @)
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X(k) and y(k) are X(k) and y(k) coordinates of the target. Vx(k) and

Vv y(k ) are the velocity components of the kth sampling period target. W( k,At x) is

process noise. A[ » 18 the sampling time.

3.4  Networked multi robot cooperative control system architecture

The realization of multi-target tracking system based on wireless sensor network
provides reliable navigation data for mobile robots. The realization of the multi-target
tracking and positioning system brings the wireless sensor network from theory to prac-
tice, which lays the foundation for the implementation of the subsequent network feed-
back control system.

Based on the multi-target tracking and positioning system, the mobile robot serves
as a positioning and tracking target. While moving in the grid, the mobile robot can
receive the positioning coordinate data fed back by the network, adjust its own move-
ment speed and direction according to different planning tasks, and complete different
control tasks.

At present, the platform has been designed and implemented with coordinated con-
trol of multiple mobile robots, and can be operated stably. It has been recognized and
praised by experts in the same field for many times. According to current understand-
ing, under the support of the National Natural Science Foundation of China, the multi-
target tracking and positioning system and its feedback control technology have
reached the leading level of domestic counterparts.

The overall system control framework is shown in Figure 3. The networked multi-
mobile robotic cooperative control system is based on the Leader-Follower mode. The
information of the Leader and Follower is distributed centrally by the base station
through wireless sensor network measurement feedback. The Follower is controlled by
the control program shown in Figure 3, and the Leader only needs to follow the local
planned trajectory.

Follower local side, control thread and sampling thread were performed at the same
time. Multi-thread sampling is to ensure the reliability and timeliness of the sampled
data. With the clock of the multimedia high-precision timer control system, the real-
time reaction speed of the system is enhanced. In the mobile robot, Kalman filtering is
performed on the received network data to reduce the influence of measurement noise,
and an effective control strategy and design optimization algorithm are implemented
according to planning collaborative tasks.

82 http://www.i-joe.org



Paper—Multi-Robot Cooperation Strategy Based on Wireless Sensor Network

Main program
start

Create the
sample worker
thread

v

Initialize

Y Stan- Sample N
controlling cad wor
e r0bot? i
Call the multi-
robot control Y
. N
subroutine
* Sampling data
processing
Multi-robot
control subroutine
Y
* Update and
display robot data
Control output or commands
L Y
Return
=
Y

End of main
program

Fig. 3. Networked multi robot cooperative control system architecture

3.5 Network control system communication protocol and multi-thread
sampling

When a wireless sensor network transmits information to a mobile robot, the com-
munication protocol between the two is defined as follows:

There are two types of information that wireless sensor networks transmit to robots.
One is the coordinates (X, y) of the robot in the wireless sensor network, and the other
is the robot motion control command. Currently, there are only two kinds of commands:
start or stop.
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The mobile robot uses the Zigbee communication module of the wireless sensor net-
work to communicate with the network. Therefore, the header and tail of the transmitted
packet are automatically generated by the Zigbee module. Communication between the
communication band and the wireless sensor network node will not conflict. For unified
management, the data packets transmitted from the wireless sensor network to the mo-
bile robot include information of the master robot and the slave robot. The robot ex-
tracts its own data based on its own status and simultaneously obtains the information
of the main robot to track.

According to a predefined communication protocol, the mobile robot parses the re-
ceived data. The valid data starts from the coordinate/command bit, and respectively
marks the transmitted information as coordinate data or control command. The master
robot ID number is 01, the slave robot ID numbers are 02 and 03 respectively, and the
robots respectively receive their respective data packets for analysis.

The main controller of the notebook computer receives network data by monitoring
the network data transmission serial port converted by the Zigbee communication mod-
ule. Taking into account the network measurement delay, real-time requirements of the
control system and higher actual conditions, the sampling timeliness and accuracy of
the network feedback data are the key to the realization of the control system. There-
fore, under the WindowsXP system, the most efficient way to obtain serial data based
on MFC is sought.

Multithreading is an effective way to increase the real-time processing rate in Win-
dows XP systems. In the XP multitasking system, the CPU time of each process pro-
gram is determined by the system. There can be multiple concurrent threads in the pro-
cess to overcome the limitations of the application message queue. Worker threads (as
distinguished from user interface threads) are specifically designed to perform back-
ground processing tasks such as calculations, scheduling, and serial read/write opera-
tions.

In addition, there are three ways to read and write the serial port in MFC: read and
write through the MsComm control, read and write through the serial port, and read and
write through the Windows API function. From the point of view of program imple-
mentation, the MsComm control and the serial port class are all packaged by the Win-
dows API function and provide user interface functions for developers. Thus, its effi-
ciency is lower than reading and writing through Windows API functions.

Therefore, through the Windows API function, it is the most effective way to directly
read and write the serial port on Windows platforms such as MFC. Its embodiment is
the network sending robot start command. The program implemented by the Windows
API function can achieve the effect that the robot responds immediately by clicking a
command button, while the other two methods will intermittently "fail". At the same
time, it is necessary to use a multi-threading technique to perform sampling separately
to make up for the non-real-time bug in the Windows XP system. The sampling period
needs to be controlled by a high-precision multimedia timer.

High-precision multimedia timers refer to a set of multimedia timer functions that
Microsoft provides to users in the Win32 API to achieve millisecond-level timing. The
multimedia clock and system regular timers (SetTimer, regular timer timing interval
cannot be less than 55ms) use the same counter work, but the difference is that the
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multimedia timer does not depend on the message mechanism but based on the inter-
rupt. When a certain number of interruptions is reached, the WM_TIMER message in
the application message queue is bypassed, and the callback function is directly invoked
to respond to the event, thereby ensuring the response speed.

The flow chart of the multi-thread sampling program is shown in Figure 4. The sam-
pling thread and the main thread use the event synchronization method to synchronize
the threads. Since variables such as master and slave coordinate information need to be
called in both the sampling thread and the main thread, thread synchronization technol-
ogy is needed to avoid data collisions.

N

v
Read the network
feedback serial port data

Control orders?

Is it coordinate data?

Update the currently
received coordinate data

v

Invalid data
Displays the currently

received coordinate data

Execute start or
stop commands

Fig. 4. Flow chart of multi-thread sampling program

To ensure the reliability and timeliness of sampling, the sampling period Ts can be
made smaller. Since the laptop is sampled as the main controller, the processor cost can
be effectively guaranteed. At the same time, the measurement period of the wireless
sensor network needs to be taken into consideration. The sampling period must be much
less and fast enough than the measurement period to ensure the success rate of sam-
pling.

In the sampling process, the status of the serial port receiving data is not exactly the
same when each Ts arrives. The data in the serial data receive buffer will have different
conditions. The positioning data of the next cycle has not yet been sent, and the
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positioning data is being transmitted. Therefore, the reception and parsing of the feed-
back data from the network must be considered comprehensively so as to get accurate
and timely positioning data of the mobile robot. It is prepared for the calculation of the
next step of control.

The data packets transmitted to the mobile robot via the wireless sensor network
have only two kinds of control commands and coordinate information. Therefore, when
the received data packet is a control command, the mobile robot needs to execute a
control command immediately. If the coordinate information is received, it is extracted
and saved, and the current coordinate data is updated. However, packet loss and timing
ambiguity may occur in network transmission. Therefore, if the received data does not
conform to the format of the communication protocol, it can be considered as invalid
data and discarded. The next sampling cycle is used for sampling.

4 Result analysis and discussion

4.1 Numerical simulation and result analysis

The circular reference track is selected. The reference speed is:
0.5m/s
q= Vi|_ 3)
RV lrad /s

Its radius is r=0.5m, and the necessary initial values of the parameters are selected
according to the actual physical meaning:

0.=0.+7 @

In the formula, 2 is the axial angle. T is the sampling period. The initial pose is:

0.5 5)
p,= 0

T

During the simulation experiment, the controller adjustable parameters are f _, k ’

and f,. The choice of these three parameters determines the effect of the controller.
The specific determination method is as follows:

From the control law and kinematics model, / directly affects the control speed v,
which directly affects the output x, y. The larger the f , the smaller the steady-state
error of x and y.

From the simulation results, when other parameters are consistent, k- =2/sand
=5/s are obtained.
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When f =2/s, x,()=0.0042, ) (0)=0.0080, @ (=0)=-0.0424.
When k=55, x,()=0.0019, ) (%)=0.0088, @ (c0)=-0.0472.
Therefore, / has a greater impact on X. and 09' The larger the / , the smaller

the steady-state error of x. At the same time, the steady-state error of He is increased.

However, if [ is too large, it can cause oscillations. Under the above parameters,
k. cannot exceed 10. 1/ /  cannot be equal to or nearly equal to the sampling period
T. Tis 0. Isis 100ms. When f =10/s, 1/ [ is exactly equal to the sampling period
T. Therefore, as the above factors are balanced, the value of / between 2 and 8 is
appropriate.

4.2  Work results

In May 2012, the key project of the National Natural Science Foundation of China,
"The Theory and Method of Control of Network Systems (60,774,057)" has entered the
phase of research and development. As an experimental platform of this project, the
real-time tracking and cooperative control system of multiple mobile robots based on
wireless sensor network positioning has been basically realized and can operate stably.
It includes the 4m x 6m sensor network of 12 wireless sensor network nodes, the real-
time tracking and positioning of multi targets, and three mobile robots in the network
according to the planning path and the cooperative control of the multi mobile robot.

Wireless sensor networks and mobile robots are integrated. The design and imple-
mentation of multi-objective real-time tracking and positioning of wireless sensor net-
work system and networked multi-mobile robot cooperative control system are de-
scribed. For mobile robots, there are currently three main phases of work:

The first part is the local control of the mobile robot. It includes trajectory tracking,
point stabilization, and so on. Through a series of motion characteristics experiments,
a specific type of mobile robot control method is mastered, and its development process
is designed and a framework for a mobile robot control program is established.

The second part is the design and implementation of multi-mobile robot cooperative
control based on wireless sensor networks. The mobile robot is placed in the wireless
sensor network, and the navigation information is provided by the sensor network. As
the reference input of the mobile robot, the controller is designed to move the mobile
robot according to a specified trajectory. There are essential differences between multi-
mobile robot control and stand-alone robot control. The system of multi-target posi-
tioning and tracking provides a stable navigation method for cooperative control of
multiple mobile robots based on network feedback, and the master and slave robots can
maintain synchronization.

The third part is the research of multi-mobile robot cooperative control and its con-
trol algorithm. By learning the multi-robot trajectory tracking algorithm, the principles
and steps of controller design are mastered. Based on the networked multi-mobile robot
cooperative control application in practical projects, the key technologies such as
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collaborative strategy and controller design were deeply studied, and an applicable
LQG controller was designed to improve the performance of the control system.

4.3 Development of project platform

First, collaborative strategy. The multi-mobile robotic system has advantages that
are unmatched by a single mobile robot. It can complete more complex and more diffi-
cult tasks. Therefore, the cooperative control system can be used as a multi-robot sys-
tem control framework. However, as the difficulty of the task increases, more advanced
collaborative strategies are needed to complete the task. For example, two mobile ro-
bots make a circular nesting movement with a larger radius to form cross links.

Second, the design and implementation of practical controllers. Due to the con-
straints of such factors as the strong nonlinearity and slip of the mobile robot, the con-
troller's effect in actual control is unsatisfactory. Therefore, a more practical mobile
robot model is established. Designing a more effective mobile robot controller will be
the top priority in the next phase of the mobile robot control section.

Third, multi-robot formation control. With the stability and scale of the system plat-
form, the disadvantages of large noise at the ultrasonic nodes are becoming increasingly
prominent. Therefore, other effective detection methods have also begun to be tested
on this platform. Based on this, more and more different robots can move on the plat-
form at the same time. Through multi-sensor information fusion, the problem of meas-
urement conflict caused by multi-robot motion in the grid is resolved. The multi-robot
cooperative control at this time will be a more powerful network control system.

In short, with the improvement and development of the system, networked multi-
mobile robot control will be able to achieve more complex and more practical tasks,
and the control accuracy will be higher and higher.

5 Conclusions

The system of multi-target tracking and tracking provides a stable navigation method
for the cooperative control of multiple mobile robots based on network feedback. The
mobile robots in the grid are located by a wireless sensor network, and their positioning
information is reported to the robots for local control. After obtaining the positioning
information from the robots, the robot tracks the trajectory and synchronizes with the
main robot according to the mission planning. Various key technologies such as sensor
positioning, communication, multi-robot task planning, controller design, and collabo-
rative algorithms are studied and developed. The networked multi-robot cooperative
control application mode is explored, which provides a test platform for network con-
trol theory and methods. It lays a solid foundation for the design and application of
networked multi-mobile robotic cooperative control. According to current understand-
ing, the realization of the platform, technology and corresponding theoretical research
have reached the domestic leading level in the field, and even it is a world-class. A
networked multi-robot cooperative control system was studied. The key projects of the
National Natural Science Foundation were integrated. From the aspects of multi-
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objective real-time tracking and positioning of wireless sensor networks, local control
of mobile robots, and networked multi-mobile robotic cooperative control, the realiza-
tion of a multi-mobile robot coordinated control system based on wireless sensor net-
works and its controller design are thoroughly described.
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