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Abstract. In order to solve the problem that it is difficult to achieve better multi-
robot coordination operation using the original control system inmulti-robot coop-
erative systems, this paper conducts system modeling, control framework design
and software development and verification experiments for multi-robot coopera-
tive systems. We firstly model the system composed of multiple robots and oper-
ated objects. The coordination between any two robots can be divided into two
categories: loose coordination and tight coordination according to the constraint
relationship between the robots and the objects, based onwhich the kinematics and
dynamics analysis of the multi-robot system is carried out. A multi-robot cooper-
ative control framework is designed, which contains modules for task planning,
force and position assignment, sensor information acquisition, position/force con-
trol and synchronization clock. On the basis of the multi-robot cooperative control
system, the robot cooperative control software is designed and developed, and the
software system contains, with excellent characteristics. Finally, an experimental
environment containing three large-load EFORT industrial robots was established
and experiments were conducted using the developed multi-robot cooperative
control software to verify the usability and reliability of the software system.

Keywords: Multi-robots cooperative system · Control software development ·
Robot control

1 Introduction

Collaborative multi-robot operation is the focus of current robotics applications, espe-
cially in industrial robots, where multi-robot collaboration has the advantages of large
loads, high efficiency, and higher flexibility and organization to better meet the demands
of increasingly complex applications [1, 2].

However, in current industrial robot applications, control is usually performed
through the control system accompanying the robot, where each robot corresponds to a
dedicated set of control devices. And the independent motion of each robot is achieved
by operating and programming each controller separately. For systems with multiple
robots, which often do not truly achieve the characteristics of synergy in time and space
[3]. This control method neither ensures the synchronization of robot movements nor
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enables fast information exchange between robots, which makes it impossible for mul-
tiple robots to perform the same task simultaneously in an overlapping operation space,
and at the same time. Each robot has to be operated or programmed separately for
each robot, which greatly increases the difficulty and complexity of implementing a
multi-robot cooperative operating system.

The common controller architectures are “PC + motion control card” [4] and “PC
+ real-time operating system+ industrial bus” [5, 6]. The EtherCAT bus is becoming a
hot spot for controller research [7, 8].

Traditional controllers only support position control, which has large limitations
in compliance [9]. Commonly used compliance control methods include impedance
control, force/position hybrid control, etc. [10]. And coordinated compliance control is
a concern in multi-robot coordinated motion [11–13].

The main objective of this paper is to propose a general multi-robot cooperative
control framework and design a scalable, easy-to-use, and high-performing multi-robot
cooperative control software based on this.

2 Multi-robot Collaborative System Modeling

2.1 Coordinated Operation Model

Modeling and kinematic and dynamical analysis of multi-arm robots are the basis for
studyingmulti-robot cooperative control systems.Generally,multi-robot systems consist
of a base, robots and operated objects, and for the basic two-arm cooperative system,
there are two cases of tight coordination and loose coordination between two robots
according to the kinematic and dynamical constraint relationships between robots.

Fig. 1. Multi-arm collaborative system configuration

And for the case ofmore robotswith the sameoperated operation, a tight coordination
relationship is presented between robots with a fixed constraint with the same operated
object, and a loose coordination relationship is presented between robots without a
constraint relationship. Consider a multi-robot cooperative system consisting of three
robots and an operated object, three robots with the same object (see Fig. 1), assuming
that robot A, robot B have constraint relationship with the object and robot C has no
constraint relationship with the object, then robot A has a tight coordination relationship
with robot B and has a loose coordination relationship with robot C.
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2.2 Kinematic Modeling

For a single robot, the positional relationship between its position and the joint vector
can be expressed by Eq. 1.
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The relationship between end velocity and joint angular velocity can be expressed
by the Eq. 2.
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For the case where there are constraints between the robot and the object can be
expressed by the Eq. 3.

0iTei =
(
BT0i

)−1 · BTL ·
(
eiTL

)−1
(3)

The velocity of the object is analyzed as shown in the Fig. 2 and satisfies the Eq. 4.

Fig. 2. Object velocity analysis

(4)

For robots with constraints between them and the object, the end velocity is the same
as the object.

(5)

2.3 Dynamics Modeling

For each robots.

(6)
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The joint torque and the robot end-action force are expressed by Eq. 7.

(7)

The object is subjected to the robot end-action and environmental forces that are
bound to its existence, which can be expressed as Eq. 8.

(8)

3 Collaborative Control System Frame and Methods

3.1 Control Frame Design

The controller system mainly consists of task planning, machine force/position con-
troller, and sensor information acquisition.

Task planning acquires the position and force planning of the robot, performs position
and force assignment. And sends it to the robot’s force controller or position controller,
which outputs the desired joint trajectory, sends it to the robot and executes it (Fig. 3).

Fig. 3. Overall diagram of the coordinated control algorithms.

3.2 Position and Force Distribution

The case where there are two robots exerting forces on the object can be expressed by
the Eq. 9.

(9)
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With the task trajectory, the robot planning trajectory with constraint relationship
with the object can be found.

(10)

3.3 Motor Control and Motion Planning

Themulti-robot cooperative control system designed in this paper ismainly for industrial
robotswith largemass and inertia, and a primary issue is to ensure smooth and continuous
joint motion in position, velocity, and acceleration. The servo motors used in general
robots can be controlled relatively easily in terms of position or velocity. In order to
reduce the vibration caused by velocity changes, the control of a single motor axis is
achieved by applying PD control on the motor velocity loop.

In order to ensure the synchronization of multi-axis and multi-robot position motion,
taking into account the smoothness of motion and efficiency requirements, a five times
spline method is used for planning each motor axis.

(11)

The vector of coefficients can be obtained by the method of coefficients to be
determined.

(12)

The initial value is the current value, the end position is given, the end velocity and
acceleration are set to 0. In order to achieve multi-axis synchronization, a maximum
average velocity of v is set, and the estimated time for each axis to move to the current
command is given by Eq. 13.

(13)

Then the planning time is given by Eq. 14.

(14)

3.4 Multi-arm Compliance Control Method

In the actual application of robot, the pure position control cannot meet the requirement
of flexibility, and it is easy to cause damage to robot or object. For the robot without
constraint, the traditional impedance control is used, and for the robot with object with
constraint, the main concern is the compliance control between object and environ-
ment. A dual closed-loop impedance controller is used to perform force control between
robot/object and object/environment at the same time (Fig. 4).



Multi-robot Cooperative System Modeling 19

Fig. 4. Object-based impedance controller

4 Control System Software

4.1 Demand Analysis

The control system software has three main requirements.
Scalability. Heterogeneous collaboration of multiple robots is possible, compatible

with existing industrial solutions, and allows for rapid expansion of multi-robot systems.
Ease of use. Provides good interfaces at different levels to facilitate the expansion

of operating environments, algorithm development and verification.
High performance. Meet real-time requirements, provide multiple computing unit

expansion interfaces, and fully mobilize the resources of self-developed hardware.

4.2 Overall Design

The entire software system is divided into five main layers, namely user interface layer,
task planning layer, controller layer, device management layer, and hardware interface
layer (Fig. 5).

Fig. 5. Overall software frame design
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4.3 Design of Each Layer

The user interface layer contains modules such as graphical user interface, programming
interface, and safety monitoring for direct interaction with the user.

Task planning layer. The task planning layer integrates the lower level position/force
controllers, process equipment packages, and unified scheduling through Python scripts,
and can integrate ROS and Python rich resources.

The controller layer implements advanced control algorithms, including impedance
control, Cartesian space trajectory control, and multi-robot cooperative control algo-
rithms, accepts feedback data from the lower layer and sends commands to the device
or device group, facilitating the development and application of advanced algorithms.

Devicemanagement layer. Thedevice interface layer integrates the basic control units
of the lower layer into independent devices or groups of devices from multiple devices
for dynamic management of execution and sensing devices, facilitating the application
of complex coordination algorithms for multiple robots to a specific set of devices for
easy development and use.

The hardware interface layer communicates directly with the underlying hardware,
performs motor axis motion planning through multi-axis synchronization algorithms,
and accepts feedback from encoders and other sensors, and is compatible with a variety
of communication modules, enabling the connection of different kinds of devices in
industrial solutions.

The hardware environment can include robots, sensors, process equipment, etc.

4.4 Main Modules

Some important modules of the software system are described.

Communication Module. In order to synchronize the controller clock with the Ether-
CAT reference clock, the reference clock is used as input and the PD control is used to
correct the controller clock.

CalculationModule. In order to ensure the performance and stability of the controller, a
coprocessor is used for the design of the operation library. Since often the same algorithm
is operated for multiple axes or devices, parallel methods can be utilized and dynamic
load optimization and redundant operations are implemented.

Safety Monitoring. The safety mechanism consists mainly of the underlying position,
speed and force limits and state machine switching.With EtherCAT the current position,
speed and current can be quickly obtained, the limits are exceeded as Eq. 15 and a state
machine switch is triggered to ensure safety.

(15)
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4.5 Software Interface

The graphical user interface contains the main functions of the force control system. It
includes communication module, robot control, package usage, script management and
running (Fig. 6).

Fig. 6. Graphical user interface

5 Experiment Verification

5.1 Experimental System

The experimental environment was set up with three Efort ER20-1700 industrial robots,
all connected to the control system software using EtherCAT.

Fig. 7. Experimental System
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5.2 Motion Planning Experiment

The three robots are kept in a constant relative position to each other and move linearly
along the x-axis in space to obtain the actual robot end x-axis direction position and
compare it with the planned position (Figs. 8 and 9).

Fig. 8. Planning trajectories of joints

Fig. 9. Actual end x-axis position of robot A

The figure represents the joint trajectory planning of robot A and the actual end
x-axis trajectory, and it can be seen that the minimum trajectory error is 0.31 mm, which
has sufficient accuracy.

5.3 Compliance Control Experiment

Make three robots hold a basketball at an angle of 120° as Fig. 7, one robot is position
controlled, and the other two robots are impedance controlled in the direction of the end
z-axis. Make the basketball gradually rises, and obtain the feedback value of the robot
end sensor to prove that this multi-robot motion control system is capable of complex
force control algorithms (Fig. 10).
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Fig. 10. Robot A and Robot B force sensor feedback

The figure shows the end force sensor feedback values for Robot A and Robot B
using force control with a desired force of 10 N. It can be seen that the force control
accuracy of the impedance controller is less than 1%.

6 Conclusion

In this paper, we concern the problem of multi-robot cooperative control. Firstly, a basic
multi-robot operating system model is established, and on the basis of the model, kine-
matics and dynamics are analyzed for the two cases of constrained and unconstrained
between robots and objects, respectively. Then the multi-robot cooperative motion con-
trol system framework is designed, the force and position distributionmethods are given,
the single-axis motor control and multi-axis synchronous motion planning methods are
designed.And themulti-robot cooperative soft-smooth control algorithmbased on object
impedance is given. Based on the control framework, themulti-robot cooperative control
system software is designed and developed. The software system has hardware interface
layer, device management layer, control layer, task layer and user layer, and contains
communication module, scalable computing module, safety monitoring and fault han-
dling module, with strong scalability, ease of use and usability. Finally, an experimental
environment containing three industrial robots was built, and experiments onmulti-robot
trajectory motion and multi-robot coordinated impedance control were conducted with
good results to verify the usability of the control system software.
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