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Control and benchmarking of a 7-DOF
robotic arm using Gazebo and ROS

Bowei Zhang and Pengcheng Liu

Department of Computer Science, University of York, York, UK

ABSTRACT

The robot controller plays an important role in controlling the robot. The controller

mainly aims to eliminate or suppress the influence of uncertain factors on the control

robot. Furthermore, there are many types of controllers, and different types of

controllers have different features. To explore the differences between controllers of

the same category, this article studies some controllers from basic controllers and

advanced controllers. This article conducts the benchmarking of the selected

controller through pre-set tests. The test task is the most commonly used pick

and place. Furthermore, to complete the robustness test, a task of external force

interference is also set to observe whether the controller can control the robot arm to

return to a normal state. Subsequently, the accuracy, control efficiency, jitter and

robustness of the robot arm controlled by the controller are analyzed by comparing

the Position and Effort data. Finally, some future works of the benchmarking and

reasonable improvement methods are discussed.

Subjects Human-Computer Interaction, Artificial Intelligence, Autonomous Systems, Robotics

Keywords Robotic arm, Control, Benchmarking, Accuracy, Efficiency, Robustness, Gazebo, ROS

INTRODUCTION
Robot technology plays an important role in industry and life. In actual use, fully

autonomous robots account for the majority (Yudha et al., 2018). Among many types of

robots, the use of robotic arms is very wide. In the industry, robotic arms are used to

complete tasks such as welding, assembly and labelling; In life, the robotic arm can be used

for cooking, cleaning and other household service tasks (Ersen, Oztop & Sariel, 2017).

However, the control of robotic arms is a challenging task both in industry and in life (Liu

et al., 2020). Because the robotic arm needs to face a complex unstructured environment

and various indeterminate interferences, these problems cause the sensor to obtain

incomplete information or even obtain incorrect information, which makes the robotic

arm unable to complete the task. Therefore, the control and use of robotic arms in

unstructured environments has become a hot topic in recent years.

In general, the steps of the robot arm to complete the task can be abstracted into four

steps: Operation before grabbing, grab the object, transport it after grabbing, and place it to

the target location (Vernon, 2014). The first step requires the robot arm to move to the

target. To achieve this, motion planning is required. Then the gripper needs to be in

contact with the target object during the gripping phase. In the third step, after grasping

the object, the robotic arm moves to the specified target position. The last step is to put

down the object. In the whole process, it is necessary to calculate the trajectory of the

robotic arm, and a controller with superior performance to complete the precise control of
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the robotic arm (Liu et al., 2018a; Shyam et al., 2019). Similar robotic arm simulation tasks,

for example: inMilitaru, Mezei & Tamas (2016) is a 7-DOF robotic arm and a commercial

sensor. In order to complete the trajectory control they used MoveIt (Coleman et al., 2014)

to test different planners. In Dawson et al. (2014) the researchers simulated a 5-DOF

manipulator, and they exported the manipulator model to ROS for simulation. Robot

operating systems (ROS) (Quigley et al., 2009) and MoveIt allow researchers to use various

packages to control the robot to complete designated tasks.

Whether in simulation or actual use, achieving efficient and accurate control of the

robotic arm is a challenging task (Szczçsny & Rećko, 2018). Different types of robotic arms,

such as rigid robotic arms (Falco et al., 2019) or flexible robotic arms (Fang et al., 2019),

have different control methods. Because the redundant robot arm with seven degrees

of freedom has excellent performance in a wide range of applications, the Franka Emika

Panda (Gaz et al., 2019) seven degrees of freedom robot was selected for this work. The

purpose is to compare the performance of different controllers on a multi-DOF robotic

arm. Compared with the non-redundant 6-DOF robotic arm, the 7-DOF redundant

robotic arm has great advantages in obstacle avoidance and joint torque optimization

(Zhang et al., 2019). In addition to the advantages of 7 DOF, the control mode of the multi-

DOF robotic arm can provide a reference for other DOF robotic arm control. In the field of

robotic arm control, except accurate control is an important requirement, the robustness

of robotic arm control is also an important research topic (Cao et al., 2019). This is because

uncertain factors in the real world include, but are not limited to, machine wear, gravity-

affected manipulation, motor errors and noisy environments. These points are also

challenging that need to be faced in the simulation of robotic arms, which means how to

convert the uncertain factors in real-world environment into the parameters of the

simulated environment, in order to highly fit and reflect the real-world environment.

In summary, there are many types of controllers, and there are different degrees of

differences between the same types of controllers is the motivation of this article.

The purpose of this article is to explore the performance differences in accuracy between

the same types of basic and advanced controllers. As mentioned above, the accurate

control of the robotic arm is a challenging task, and the performance of the controller

can be reflected in the accuracy of controlling the robotic arm. Therefore, the accuracy test

is one of the tasks in the benchmarking. Furthermore, the control efficiency is also used as

a task of the benchmarking because the faster the robot arm runs, the accuracy will

decrease. In the case of the same accuracy, the faster the robot arm runs, the better the

performance of the controller. So, control efficiency is also used as part of the benchmark

test. In addition, the jitter of the robotic arm is also one of the criteria for the performance

of the controller (Banerjee, Yu & Aggarwal, 2018), so the jitter test is also part of this

benchmarking. Considering that the working environment of the robot arm is usually

disturbed by external factors, this became the motivation to add robustness testing to

the controller benchmarking. Since the abnormal operation of the robotic arm will be

involved in the test process, which may cause damage to the real robot, the simulation

method is chosen to complete this work. The software used for the simulation is

ROS+MoveIt+Gazebo. ROS provides a lot of toolkits and plug-ins to help complete the
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work, MoveIt provides motion planning functions, and Gazebo (Koenig & Howard, 2004)

provides a very good simulation environment, the simulation environment can fully

simulate all conditions in reality and a simple interactive interface. There are two types of

controllers studied in this article: advanced controllers and basic controllers. Advanced

controllers include an Active inference controller (AIC) proposed by (Pezzato, Ferrari &

Corbato, 2020) and a model reference adaptive controller (MRAC), and basic controllers

are joint effort controller, joint position controller and joint velocity controller provided by

ROS. By completing the benchmarking of these controllers, the aim of benchmarking

between the same types of controllers is achieved. AIC is an adaptive controller (Mercadé,

2018), and it can be extended to a high-DOF robotic arm. It is worth noting that AIC

uses perception and biological knowledge as a basis. MRAC is a model reference adaptive

controller (Zhang & Wei, 2016). Its main idea is to obtain a control signal to be applied

to the robot's brake, which forces the system to operate in a manner specified by the

selected reference model.

In order to achieve the purpose of benchmarking the controller, the task of

benchmarking is to simulate pick and place (Nabat et al., 2005; Sugiarto & Conradt, 2017;

Toan & Khoi, 2019). Four poses are designed in the experiment, three poses are used to

simulate pick-and-place actions, and one initial pose is used to determine whether the

controller can control the robotic arm to return to the initial state. The purpose of the

design these three poses is to enable the controller to control the robot arm to run at

different angles, and to prevent the controller from performing poorly in some specific

positions. Then obtain the operating data (Position, Torque) of each joint of the robotic

arm by using the data collection plug-in provided by ROS. Position data is used to

observe whether the robot arm can reach the correct pose and the time required to

reach the pose, so as to compare the control efficiency and accuracy of the controller.

By analyzing Torque data, the jitter of the robotic arm can be obtained. Finally, by applying

an external force to the robot arm through the built-in function of Gazebo and analyzing

the time required for the robot arm to return to the normal state and the position data

of the joint, the robustness of the controller can be obtained. There are two criteria for

the success of the test: First, the controller can control the robot arm to reach or approach

the target pose every time; second, data collection is not affected by any uncertain factors.

The contribution of this article is to complete the benchmarking of the same type of

controller through the designed experiment, and to analyze the test results of these

controllers based on the experimental results.

The structure of the article is as follows: In the second part, we compiled the work on the

development and design of the controller and some benchmarking methods. The third

part describes in detail the experimental environment such as ROS, Gazebo, etc. More

importantly, the specific description of the controller, as well as the inspiration and design

of the experimental method. In the data analysis part, corresponding analysis and

summary will be given based on the experimental results. The fourth part is the

experimental result, and the fifth part is the experimental result analysis and discussion.

Furthermore, some experimental deficiencies and future work will be included in this part.

The last part is the conclusion of the entire article.

Zhang and Liu (2021), PeerJ Comput. Sci., DOI 10.7717/peerj-cs.383 3/22

http://dx.doi.org/10.7717/peerj-cs.383
https://peerj.com/computer-science/


RELATED WORKS
Robot controllers can be divided into two categories. One is model-based controllers,

and the other is model-free controllers. Models include robot dynamics models,

environment models, motor/actuator models, etc. These models will be affected by

many factors in the process of establishment and use, such as machine wear and gravity

(Zhang et al., 2016). In order to solve the model problem, researchers are committed to

developing model-based controllers to suppress or adapt to the uncertainty of these models

(Liu, Yu & Cang, 2014, 2016, 2018a, 2018b, 2018c, 2018d, 2019; Liu et al., 2018b, 2019;

Huda et al., 2020). In Cao et al. (2019) an adaptive controller is proposed, which is a novel

control method, which combines adaptive filtering and admittance control to overcome

the shortcomings of the constant admittance controller. In another study (Sugiarto &

Conradt, 2017), researchers developed a kinematic model based on general factor graphs.

In order to solve the problem of fine-tuning the parameters of the kinematic model, they

chose to use a data-driven learning method to complete the task of fine-tuning the

parameters. Also in (Toan & Khoi, 2019), researchers used the pick and place task

to test a fuzzy-based admittance controller. In Kang et al. (2019), it is also about the

controller design of human-robot interaction. The researchers proposed two types of

admittance control schemes, one for direct intent and the other for indirect intent. When

benchmarking the controller, the researchers selected a 6-DOF robot arm and set up a

series of tasks. To solve the problem of parameter uncertainty (Abraham et al., 2020), the

researchers proposed a model-predictive path integral control strategy.

Another type of controller is a model-free controller. The characteristic of a model-free

controller is that it usually does not consider the accuracy of the model and the uncertainty

of the model, but achieves the purpose of control through learning or training (Popović

et al., 2011). In recent years, the popularity of machine learning has continued to increase,

and many developers have begun to use machine learning technology to develop new

control systems in order to improve the performance of the controller (Williams et al.,

2017; Wu et al., 2019b). Not only used in model-free control systems, but also in the

application of machine learning technology in model-based control systems (Lee et al.,

2020). But not all model-free controllers use machine learning technology. In Wang,

Wang & Wang (2019) they designed an impedance controller based on torque feedback.

For the rigid robot in Esmaeili et al. (2019), the researchers proposed an observer-

based data-driven model-free adaptive terminal sliding mode controller. In addition,

reinforcement learning is also applied to model-free control. In Perrusquía, Yu & Soria

(2019), the researchers proposed a model-free robot interactive control method using

reinforcement learning. In Wu et al. (2019a) proposed a model-free adaptive iterative

learning controller based on an iterative feedback adjustment algorithm.

In summary, different types of controllers have different problems (Zhou et al.,

2017; Zhang, Hu & Gow, 2020). Model-based controllers need to build models to suppress

or adapt to the influence of many uncertain factors (wear, gravity, etc.) in robot

applications. The design of a model-free controller needs to consider developing the

controller without using a model and effectively controlling the operation of the robot arm
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through the controller. Although the problems to be solved by the two types of controllers

are different, the fundamental purpose is to improve the accuracy of the controller to

control the robotic arm.

METHODOLOGY AND EXPERIMENT DESIGN

ROS+Gazebo

ROS and Gazebo are the main tools of this experiment.

Gazebo is a 3D dynamic simulator that can accurately and efficiently simulate robots in

complex indoor and outdoor environments. Gazebo uses a distributed architecture with

independent libraries for physical simulation, user interfaces, communication and sensor

generation.

Controllers

Base controllers

The three base controllers used for benchmarking come from ROS:

JointPositionController, JointVelocityController and JointEffortController. These

controllers are included in the ROS control package:

� JointPositionController: The input data is position (radians (or) meters). The data

calculation of the controller is to convert the difference between the goal position and

the current position into force data through the PID controller.

� JointVelocityController: The input data is the velocity (radians/sec (or) meters/sec).

The data calculation of the controller is to convert the difference between the goal

velocity and the current velocity into force data through the PID controller.

� JointEffortController: The input data is the effort (force (or) torque). The controller does

not need the data conversion of the PID controller, because its input data and output

data are all efforts.

It is worth noting that the first two controllers will be affected by the PID controller, so

in the subsequent experiments will involve the adjustment of the PID parameters, so that

the controller can achieve better results.

Advanced controllers

The two advanced controllers selected for this article are AIC and MRAC.

� AIC: the control scheme is based on Karl Friston’s free energy principle (FEP) (Friston,

Mattout & Kilner, 2011). The active inference framework uses FEP to explain

perceptions and actions, and the subject has a world model that is optimized using

sensory input by predicting and interpreting its feelings. The main idea of active

inference is that the brain can manipulate sensory input and brain state to minimize

prediction errors (16). In this way, by changing the sensory input of behavior or

modifying its beliefs about the state of the world, behavior and perception can be used to

minimize free energy. AIC can be used as an adaptive control scheme for robotic arms,
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which is easily scalable to high DOF, and it maintains high performance even in the

presence of large unmodeled dynamics.

� MRAC: model reference adaptive control is a direct adaptive strategy with some

adjustable controller parameters and adjustment mechanisms for adjusting them

(Jain & Nigam, 2013). Different from commonly used PID controllers, adaptive

controllers are good at dealing with uncertain factors in unstructured environments.

Usually, the adaptive controller consists of two loops for state feedback and parameter

adjustment. The similarity between AIC and MRAC is that they both belong to the

adaptive controller type.

Experimental scene

This experiment simulates that the robotic arm will grab an object from one bookshelf and

place it on another bookshelf. It mainly simulates actions instead of actually grabbing

objects. The purpose of this is to observe as much as possible the performance of the

controller without interference from other external objects. The last forward lean motion

is to test whether the joints are in good working condition when the robot arm moves

forward. In addition, the purpose of the robot arm moving to the left and right is to obtain

the state of different joints when they move in the opposite direction, such as whether

the position data is completely opposite, etc. The diversity of data provides strong evidence

for controller performance analysis. During the experiment, all actions are repeated

multiple times. This is because during the exercise test, sometimes the robot arm will

have abnormal movements that are not easy to attract attention. To make the experimental

data more convincing, every time during the test, motion will be executed multiple times,

and then the observation data will be used for subsequent data analysis. These tasks are

to obtain the position data and force data output by the robot arm during operation.

The position data is used to analyze the accuracy and control efficiency of the controller

to control the robot arm, for example, by analyzing time from one position to another.

It can be seen that the controller controls the operating efficiency of the robotic arm.

Effort data is mainly used to analyze the jitter of the robotic arm. It is noted that the

consideration behind is that the essence of the robot arm is to change the position of an

object, including its own joint position, therefore, such a simple test environment was

designed, and this test result can be used in some similar environments, however, the

environment changes greatly, for instance, in some very cluttered scenarios, more tests are

needed to illustrate the results.

Experiment on robustness

The robustness test of the controller is by applying an instantaneous external force to a

specific joint of the robot arm, because the robot arm will have a position shift or jitter after

receiving external force. Then, by collecting joint position data, the time required for the

robotic arm to return to a normal state or whether the controller can still control the

robotic arm to work normally after receiving external force can be obtained. The joints that

accept the external force are selected based on the changes in the position of the joints in

space. The more obvious the changes in the position of the joints in space, the easier it is to
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see the changes in the data after being subjected to the external force. On the contrary,

if you choose joint 1 or 2 which has no spatial position change, it is not easy to see the

running status of the robot arm after force in the simulation. Finally, in the robustness test,

there is another point that needs to be explained. The direction of the robot arm’s

instantaneous force is opposite to the direction of the robot arm’s movement. Figures 1

and 2 are all the tasks of this experiment. The three action tasks in Fig. 1 are mainly to

complete the general test of the basic controller and advanced controller. The purpose

of the test in Fig. 2 is to complete the robustness of the controller. From Fig. 2, it can

be seen that the robot arm is running in the right direction, but the external disturbance is

left. The purpose of this design is to clearly see the robot arm’s response to external

disturbance. In addition, if the direction of force is the same as the direction of movement

Figure 1 Simulation Scene: (A) Initial pose; (B) picking from the right shelf; (C) picking from the

left shelf; (D) placing the object. Full-size DOI: 10.7717/peerj-cs.383/fig-1
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of the robot arm, the adjustment of the robot arm’s controller to external disturbance may

not be clearly observed unless a very large force is applied.

PID controller adjustment

PID controller is composed of a proportional unit, integral unit and derivative unit. Adjust

the performance of the PID controller by adjusting the three parameters. There are

many ways to adjust PID, which can be adjusted manually or dynamically adjusted by

machine learning. In this article, manual tuning parameters is used. The adjustment

method is to adjust the proportional unit P first, then adjust the integral unit I, and finally

adjust the differential unit D if necessary. In general, only adjust the parameters of P and I.

In addition, the PID controller is just a simple controller with limited performance,

so it cannot solve all control problems. In this article, there are two basic controllers that

will be affected by PID parameters: joint Velocity Controller and Joint Position Controller.

Taking the Joint Velocity Controller as an example, the comparison chart before and

after PID parameter adjustment is shown in Fig. 3. Before the PID controller is adjusted,

the robot arm cannot reach the set pose and there will be many poses that are not set.

This means that the robot arm cannot be effectively controlled by the controller. In Fig. 3,

before the PID controller is adjusted, the rotation angle of joint 2 often exceeds the given

range, and its maximum value even exceeds that of joint 1. After adjusting the PID

controller, the performance of the robot arm is obviously better. If the PID controller is not

adjusted, the performance of the two basic controllers cannot meet the needs of the

experiment, because the robot arm cannot reach the set posture during the simulation.

Figure 2 The direction and position of the external force on the robot arm.

Full-size DOI: 10.7717/peerj-cs.383/fig-2
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EXPERIMENT RESULTS

Base controller benchmarking

Figure 4 shows the position data of the three basic controllers. It is clear to see from the

figure that the data of the joints with the most obvious data changes are basically the same

between different controllers. In the simulation process, these three controllers can also

control the robot arm to reach the accurate position, and there is no too abnormal

data, such as unable to reach the accurate position. But this result is after proper

adjustment of PID parameters. It can also be seen from Fig. 4 that the robot arm takes

the same time to complete the task designed in Fig. 1. In addition, the data output by the

robot arm is the same whether it is at the inflexion point or at the maximum value.

However, there are also joints with the significantly different performance data output,

such as joint 2 and joint 4. Joint Position Controller has very obvious data anomalies

between 0 and 3 s. Although Joint Velocity Controller also has this performance, it is

far less obvious than Joint Position Controller. Furthermore, there are obvious data

anomalies between 7–13 and 20–23 s, which caused the joints to shake at the target

Figure 3 Comparison of PID controller before and after adjustment: (A) Joint velocity controller

before PID adjustment; (B) Joint velocity controller after PID adjustment.

Full-size DOI: 10.7717/peerj-cs.383/fig-3
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position during the simulation. However, the Joint Effort Controller does not have such

abnormal data. Figure 5 shows the effort data of the three basic controllers.

It can be clearly seen in Fig. 5 that the Joint Effort Controller has no jitter data, and all

the data is normal, but the other two controllers have obvious jitter data. During the

simulation, the jitter of the robot arm controlled by the other two controllers can be

seen from the simulation animation, but because the amplitude is not very large, it does not

look obvious. However, the effort data clearly shows the jitter. Although both the Joint

Position Controller and the Joint Velocity Controller are jittering, the Joint Velocity

Controller does not make some joints shake significantly at certain times. For example,

there is no serious jitter problem for joint 2 between 2 and 7 s. The jitter problem of

Joint Position Controller basically lasts for the entire task process, and all joints have jitter.

Since displaying the status of 7 joints at the same time is too confusing for the data of

the Joint Velocity Controller and Joint Position Controller, then joint 4 is selected for

specific data display. Since the position data shows that the degree of change of joint 4 is

not very large, the jitter value will be relatively small. If a joint with a very large value is

selected, it will be difficult to read the jitter data.

Figure 4 Basic controller position data: (A) Joint velocity controller before PID adjustment;

(B) Joint velocity controller after PID adjustment. Full-size DOI: 10.7717/peerj-cs.383/fig-4
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The last test is a robustness test. Figure 6 shows the result. The purpose of this test is

to observe the time it takes for different controllers to respond to external interference

before recovering the interference, and whether the robot arm can return to a normal state.

In order to be more intuitive, Table 1 records the response time of the three basic

Figure 5 Basic controller effort data: (A) Joint effort controller; (B) Joint position controller;

(C) Joint velocity controller. Full-size DOI: 10.7717/peerj-cs.383/fig-5
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controllers and the time of accept external force. “Accept external force” means the time

when the robot arm is subjected to an external force in the experiment. In the experiment,

the robot arm is accepted to two times external forces. “Response time” means how

long it takes for the controller to restore the robot arm to its previous state when the

Figure 6 Basic controller robustness test: (A) Joint effort controller; (B) Joint position controller;

(C) Joint velocity controller. Full-size DOI: 10.7717/peerj-cs.383/fig-6
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position of the joint changes. According to the final result, the Joint Position Controller

takes the shortest time, and the Joint Effort Controller takes the longest time. Of course,

this does not mean that the Joint Position Controller is better than the Joint Effort

Controller. The specific reasons will be explained in the data analysis section. In addition,

even if the time is different, the difference is only 0.1 s, so the robustness test of the three

controllers is equivalent to obtaining relatively good results. First, the three controllers

restore the robot arm to the normal state and the time it takes is all short, secondly, these

three basic controllers have the ability to restore the robot arm to normal state. The

accuracy of the robotic arm can be determined by observing whether each joint of the

robotic arm reaches the correct position. By observing the force of each joint, it can be seen

whether the robot arm is running stably.

Advanced controller benchmarking

Figure 7 shows the position data of the experimental results of the advanced controller

benchmarking of this article. Through this data, the accuracy and control efficiency of the

advanced controller AIC and MRAC to control the robot arm is obtained. Figure 7

also shows that it takes less time for the MRAC to control the robot arm to reach the

designated position than the AIC to control the robot arm to reach the designated position.

The AIC controller takes 30 s but the MRAC only takes 20 s. Furthermore, the turning

point of each line in the figure is the position data of the joint when the robot arm reaches

the specified position, so whether it is in the simulation animation or the joint output

data can prove that the two advanced controllers can control the robot arm to the

specified position because the value of the turning point is the same. However, the joint

2 data in Fig. 7 has obvious differences. The fluctuation of joint 2 of the robot arm

controlled by MRAC is more obvious than that of AIC. For the convenience of

observation, the data of joint 2 is taken out separately. Since the data of joint 4 in Fig. 7 is

not obvious, the data of joint 4 is also taken out.

Figure 8 is the Effort data figure of AIC and MRAC. It can be seen from the figure

that the jitter of the robotic arm controlled by the MRAC controller is much more serious

than the AIC, which is not obvious in the position data. Furthermore, when the AIC

controlled robotic arm has data fluctuations, the MRAC controlled robotic arm also

has data fluctuations, such as at 6 and 12 s. The difference is that MRAC is sometimes

earlier than AIC. This may be because the robot arm controlled by MRAC runs faster.

For MRAC, the problem of joint 2 is more serious, and the jitter of joint 2 in the simulation

animation is indeed more obvious. Although other joints also jitter, the gap is still relatively

Table 1 Robustness testing of basic controllers.

Controller Time

Accept external force (s) Response time (s)

Effort controller 3 and 5 0.3

Position controller 3.7 and 5.7 0.1

Velocity controller 3.1 and 4.5 0.2
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large compared with joint 2. Compared with MRAC, there is almost no jitter in the

robot arm controlled by AIC, and the data change law of AIC is smoother, and the data

change of MRAC is more chaotic.

Figure 9 shows the robustness test results of the advanced controller AIC and MRAC.

The direction and position of the robot arm bearing the external force have been

shown in Fig. 2. Furthermore, the movement direction of the robot arm is to the right,

and the robot arm will receive an external force to the left. Furthermore, it is not difficult

to see from Fig. 9 that AIC reacts more smoothly to external interference, while MRAC

is more chaotic. This phenomenon should be because the jitter of MRAC is more

obvious than that of AIC, which leads to more chaotic MRAC data output. Another

phenomenon is worth noting. The time interval between two data fluctuations of the robot

arm controlled by AIC is about 5 s, for example, between 1 and 6 s. The time interval of

MRAC is 2 s, for example, 5–7 s. This phenomenon should be caused because the

robot arm controlled by AIC runs slower than the robot arm controlled by MRAC.

In order to better display the experimental results, relevant experimental data are recorded

in Table 2.

Figure 7 Advanced controller position data: (A) AIC controller; (B) MRAC controller.

Full-size DOI: 10.7717/peerj-cs.383/fig-7
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The final result shows that the robot arm controlled by the AIC controller needs 0.3 s to

recover to the previous state after receiving the external force, while the MRAC only needs

0.1 s. In addition, the output data value of the MRAC after the external force is smaller

than the value of AIC a lot of. However, this does not mean that the robustness of MRAC is

better than that of AIC controller. This experimental result can only prove that the two

advanced controllers can adjust the robot arm to the state before the external force is

applied. The data size and response time output by the robotic arm may also be affected by

other factors, such as jitter. More analysis will be explained in the data analysis section.

DISCUSSION

Based controller

According to the experimental results of the basic controller, several conclusions can be

drawn:

� The basic controller can control the robot arm to the designated position, and the time

spent is the same;

Figure 8 Advanced controller Effort data: (A) AIC controller; (B) MRAC controller.

Full-size DOI: 10.7717/peerj-cs.383/fig-8
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� The basic controller has jitter, but the jitter of the Joint Effort Controller is the least

obvious, and the other two basic controllers have obvious jitter;

� All three basic controllers can restore the robot arm interfered by an external force to the

state before the interference, but the response time of the controller is different.

Based on the previous introduction to the basic controller, it is not difficult to see that

the two controllers that perform poorly (with obvious jitter) are affected by the PID

parameters, so the adjustment of the PID parameters will directly affect the performance

of the basic controller. It is challenging to obtain very good results based on the adjustment

of PID parameters because there are seven joints that need to adjust PID parameters in

this robot arm, and the joints will affect each other during the adjustment process.

For example, when the PID parameters of joint 1 are adjusted to a satisfactory condition,

the PID parameters of joint 2 are adjusted, but during the adjustment process, it is found

that the data output of joint 1 has changed again. Therefore, in this experiment, adjust

the PID parameters as much as possible. The result is that each joint can work, and every

PID parameter adjustment is not forced to obtain very good results. So PID parameters

affect the performance of the two basic controllers. In addition, the poor performance of

the controller may also due to the controller itself. The Joint Velocity Controller and

Joint Position Controller accept speed and position values as input data, and then output as

Effort commands through PID mapping. First, that also proved the conclusion of the

experiment, that is, PID parameters affect the performance of the basic controller, and

besides, because the data needs to be mapped and converted, this may also cause problems

with the controller, as the data conversion may cause errors. The better-performing

Joint Effort Controller does not need to consider these issues. Because the input and output

of the Joint Effort Controller are both Efforts data, it does not need to map input and

output data, nor is it affected by PID parameters, so this may be a reason of the better

performance of the Joint Effort Controller. Although the performance of the two

basic controllers is not very good, it is only reflected in the occurrence of jitter. More

importantly, the three basic controllers can spend the same time controlling the robot arm

to the designated position.

This test also did a robustness test on the controller, the purpose is to observe whether

the controller is capable of restoring the controller interfered by external forces to the

state before the interference. From the results, the three controllers all meet the

requirements. The difference is that the response time and output value of the controller

are different. This should be caused by the jitter problem of the robot arm itself. It can be

seen from the Effort data output by the robotic arm that there is jitter between the

joints. When the robot arm is subjected to external force, the force generated by the jitter

and the jitter direction will affect the magnitude of the external force. As a result, the

controller’s response and time to external force interference in different results. Although

the result data is different, this robustness test proves that the basic controller has the

ability to deal with simple external disturbances and restore the robot arm to the state

before the disturbance.
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Advanced controller

Active inference controller and MRAC are the advanced controllers selected for this

controller benchmarking. From the results, both controllers can control the robot arm to

reach the preset posture, but they take different time. MRAC is obviously faster to

Figure 9 Advanced controller robustness test: (A) Joint effort controller; (B) Joint position

controller; (C) Joint velocity controller. Full-size DOI: 10.7717/peerj-cs.383/fig-9
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complete the task than AIC. According to the characteristics of the AIC controller, some

parameters need to be adjusted adaptively within the AIC. Most of the parameters of

MRAC are preset, so this may be one of the reasons that cause the MRAC controller

to execute faster than AIC. In addition, the jitter problem of MRAC controller is

obviously more obvious than that of the AIC controller. According to the understanding

of MRAC, this may also be due to the parameter setting of MRAC itself. In Fig. 1, it can be

seen that the data output by the plant will be input to the controller, which is MRAC,

which compares the data with the reference model internally. This process will

produce errors, which will be passed to the adaptive algorithm module, and then the

recalculated result is still with error, and finally, the result of the controller output is

with error, this result is passed to Actuator and Plant. Since the model parameters are

set in advance, any inappropriate situation occurs, the internal parameters of the

controller will not be changed. Therefore, if the MRAC jitter problem is solved, the

MRAC parameter setting and the reference model setting should be very accurate.

But in general, the results of this benchmark test can show that these two controllers can

meet the basic requirements of controlling the operation of the robotic arm. Although the

time is different, the two advanced controllers can control the robotic arm to reach the

specified pose.

This benchmarking also designed a simple robustness test for the advanced controller.

According to the results, it can be seen that the AIC response to the external force is

smoother, and it took more time to restore the robot arm to the state before the

external force interference. Like the basic controller, although MRAC can control the

robotic arm to return to the state before the interference in a short time, due to the jitter

problem of MRAC itself, it does not mean that MRAC is more robust than AIC. If the

further testing is needed, the jitter problem should be solved first, whether it is a basic

controller or an advanced controller, this is necessary, the purpose of this is to minimize

the impact of other uncertainties on the experiment.

FUTURE WORKS
There are still some works that can be improved in our future work. First, improving

PID parameter adjustment, because this will not only improve the performance of the

controller but also help the test to obtain more accurate data. The adjustment can choose

learning-based method because this can achieve the purpose of dynamic adjustment,

especially beneficial for the seven interactive PID parameter adjustments. The purpose

of PID parameter adjustment is to reduce the jitter problem, so it is also possible to

choose to introduce other controllers to solve the jitter problem. In addition, adding

Table 2 Robustness testing of advanced controllers.

Controller Time

Accept external force (s) Response time (s)

AIC controller 3 and 5 0.3

MRAC controller 6.4 0.1
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grippers to the robotic arm and adding objects with actual weight makes the environment

more complicated in order to obtain more experimental data. Objects can be unfixed

or stationary or add multiple robots to complete tasks in coordination to test the

performance of the controller. More tasks and benchmarking methods can be developed in

the future.

CONCLUSIONS
The purpose of this article is to perform benchmark tests on a 7-DOF robotic arm with

various controllers. According to the results, the tests have achieved the requirements.

First, choose the simulated pick and place task to complete the test of the controller’s

control robot arm accuracy, control efficiency and jitter problems. The selection of

controllers also covers two types of controllers: advanced controllers and basic controllers,

and appropriate analysis is carried out based on the test results and the controller itself.

In addition, during the experiment, all tasks were repeated many times, and the data

was presented in the article as the result of this experiment. In summary, this experiment

completed the benchmarking of the two types of controllers, both the completion of the

preset experiment and the data collection have been successfully demonstrated.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the National Natural Science Foundation of China (No.

61803396). The funders had no role in study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

National Natural Science Foundation of China: 61803396.

Competing Interests

Pengcheng Liu is an Academic Editor for PeerJ Computer Science.

Author Contributions

� Bowei Zhang conceived and designed the experiments, performed the experiments,

analyzed the data, performed the computation work, prepared figures and/or tables,

authored or reviewed drafts of the paper, and approved the final draft.

� Pengcheng Liu conceived and designed the experiments, performed the experiments,

authored or reviewed drafts of the paper, and approved the final draft.

Data Availability

The following information was supplied regarding data availability:

Data is available at GitHub: https://github.com/evanevanevan/Robot-control-

benchmarking.

Code is also available at GitHub: https://github.com/cpezzato/panda_simulation.

Zhang and Liu (2021), PeerJ Comput. Sci., DOI 10.7717/peerj-cs.383 19/22

https://github.com/evanevanevan/Robot-control-benchmarking
https://github.com/evanevanevan/Robot-control-benchmarking
https://github.com/cpezzato/panda_simulation
http://dx.doi.org/10.7717/peerj-cs.383
https://peerj.com/computer-science/


REFERENCES
Abraham I, Handa A, Ratliff N, Lowrey K, Murphey TD, Fox D. 2020. Model-based

generalization under parameter uncertainty using path integral control. IEEE Robotics and

Automation Letters 5(2):2864–2871 DOI 10.1109/LRA.2020.2972836.

Banerjee D, Yu K, Aggarwal G. 2018. Hand jitter reduction algorithm software test automation

using robotic arm. IEEE Access 6:23582–23590 DOI 10.1109/ACCESS.2018.2829466.

Cao P, Gan Y, Duan J, Dai X. 2019. Passivity-based stable human-robot cooperation with variable

admittance control. In: 2019 IEEE 4th International Conference on Advanced Robotics and

Mechatronics (ICARM). Piscataway: IEEE, 446–451.

Coleman D, Şucan IA, Chitta S, Correll N. 2014. Reducing the barrier to entry of complex robotic

software: a moveit! case study. Journal of Software Engineering for Robotics. 5(1):3–16

DOI 10.6092/JOSER_2014_05_01_p3.

Dawson MR, Sherstan C, Carey JP, Hebert JS, Pilarski PM. 2014. Development of the Bento

Arm: an improved robotic arm for myoelectric training and research. In: Proceedings of MEC.

Vol. 14, 60–64.

Ersen M, Oztop E, Sariel S. 2017. Cognition-enabled robot manipulation in human environments:

requirements, recent work, and open problems. IEEE Robotics & Automation Magazine

24(3):108–122 DOI 10.1109/MRA.2016.2616538.

Esmaeili B, Salim M, Baradarannia M, Farzamnia A. 2019. Data-driven observer-based model-

free adaptive discrete-time terminal sliding mode control of rigid robot manipulators. In: 2019

7th International Conference on Robotics and Mechatronics (ICRoM). Piscataway: IEEE, 432–438.

Falco P, Lu S, Natale C, Pirozzi S, Lee D. 2019. A transfer learning approach to cross-modal object

recognition: from visual observation to robotic haptic exploration. IEEE Transactions on

Robotics 35(4):987–998 DOI 10.1109/TRO.2019.2914772.

Fang G, Wang X, Wang K, Lee K-H, Ho JD, Fu H-C, Fu DKC, Kwok K-W. 2019. Vision-based

online learning kinematic control for soft robots using local gaussian process regression.

IEEE Robotics and Automation Letters 4(2):1194–1201 DOI 10.1109/LRA.2019.2893691.

Friston K, Mattout J, Kilner J. 2011. Action understanding and active inference. Biological

Cybernetics 104(1–2):137–160 DOI 10.1007/s00422-011-0424-z.

Gaz C, Cognetti M, Oliva A, Giordano PR, De Luca A. 2019.Dynamic identification of the franka

emika panda robot with retrieval of feasible parameters using penalty-based optimization.

IEEE Robotics and Automation Letters 4(4):4147–4154.

Koenig N, Howard A. 2004. September. Design and use paradigms for gazebo, an open-source

multi-robot simulator. In: 2004 IEEE/RSJ International Conference on Intelligent Robots and

Systems (IROS) (IEEE Cat. No. 04CH37566). Vol. 3, IEEE, 2149–2154.

Huda MN, Liu P, Saha C, Yu H. 2020. Modelling and motion analysis of a pill-sized hybrid

capsule robot. Journal of Intelligent & Robotic Systems 100(3–4):753–764

DOI 10.1007/s10846-020-01167-3.

Jain P, Nigam MJ. 2013. Design of a model reference adaptive controller using modified MIT rule

for a second order system. Advance in Electronic and Electric Engineering 3:477–484.

Kang G, Oh HS, Seo JK, Kim U, Choi HR. 2019. Variable admittance control of robot

manipulators based on human intention. IEEE/ASME Transactions on Mechatronics

24(3):1023–1032 DOI 10.1109/TMECH.2019.2910237.

Lee MA, Zhu Y, Zachares P, Tan M, Srinivasan K, Savarese S, Fei-Fei L, Garg A, Bohg J. 2020.

Making sense of vision and touch: learning multimodal representations for contact-rich tasks.

IEEE Transactions on Robotics 36:582–596.

Zhang and Liu (2021), PeerJ Comput. Sci., DOI 10.7717/peerj-cs.383 20/22

http://dx.doi.org/10.1109/LRA.2020.2972836
http://dx.doi.org/10.1109/ACCESS.2018.2829466
http://dx.doi.org/10.6092/JOSER_2014_05_01_p3
http://dx.doi.org/10.1109/MRA.2016.2616538
http://dx.doi.org/10.1109/TRO.2019.2914772
http://dx.doi.org/10.1109/LRA.2019.2893691
http://dx.doi.org/10.1007/s00422-011-0424-z
http://dx.doi.org/10.1007/s10846-020-01167-3
http://dx.doi.org/10.1109/TMECH.2019.2910237
http://dx.doi.org/10.7717/peerj-cs.383
https://peerj.com/computer-science/


Liu P, ElGeneidy K, Pearson S, Huda MN, Neumann G. 2018a. Towards real-time robotic

motion planning for grasping in cluttered and uncertain environments. In: Towards

Autonomous Robotic Systems: Proceedings of the 19th Annual Conference, TAROS 2018, Bristol,

UK, 25–27 July 2018. Cham: Springer, 481 2018.

Liu P, Huda MN, Sun L, Yu H. 2020. A survey on underactuated robotic systems: bio-inspiration,

trajectory planning and control. Mechatronics 72:102443

DOI 10.1016/j.mechatronics.2020.102443.

Liu P, Huda MN, Tang Z, Sun L. 2019. A self-propelled robotic system with a visco-elastic joint:

dynamics and motion analysis. Engineering with Computers 36:655–669.

Liu P, Neumann G, Fu Q, Pearson S, Yu H. 2018b. Energy-efficient design and control of a vibro-

driven robot. In: 2018 IEEE/RSJ International Conference on Intelligent Robots and Systems

(IROS). Piscataway: IEEE, 1464–1469.

Liu P, Yu H, Cang S. 2014. Modelling and control of an elastically joint-actuated cart-pole

underactuated system. In: 2014 20th International Conference on Automation and Computing

(ICAC). Piscataway: IEEE, 26–31.

Liu P, Yu H, Cang S. 2016.Modelling and dynamic analysis of underactuated capsule systems with

friction-induced hysteresis. In: Intelligent Robots and Systems (IROS), 2016 IEEE/RSJ

International Conference on IEEE. 549–554.

Liu P, Yu H, Cang S. 2018a. Geometric analysis-based trajectory planning and control for

underactuated capsule systems with viscoelastic property. Transactions of the Institute of

Measurement and Control 40(7):2416–2427 DOI 10.1177/0142331217708833.

Liu P, Yu H, Cang S. 2018b. On the dynamics of a vibro-driven capsule system. Archive of Applied

Mechanics 88(12):2199–2219 DOI 10.1007/s00419-018-1444-0.

Liu P, Yu H, Cang S. 2018c. Optimized adaptive tracking control for an underactuated vibro-

driven capsule system. Nonlinear Dynamics 94(3):1803–1817 DOI 10.1007/s11071-018-4458-9.

Liu P, Yu H, Cang S. 2018d. Trajectory synthesis and optimization of an underactuated

microrobotic system with dynamic constraints and couplings. International Journal of Control,

Automation and Systems 16(5):2373–2383 DOI 10.1007/s12555-017-0192-7.

Liu P, Yu H, Cang S. 2019. Adaptive neural network tracking control for underactuated systems

with matched and mismatched disturbances. Nonlinear Dynamics 98(2):1447–1464

DOI 10.1007/s11071-019-05170-8.

Militaru C, Mezei A-D, Tamas L. 2016. Object handling in cluttered indoor environment with a

mobile manipulator. In: 2016 IEEE International Conference on Automation, Quality and

Testing, Robotics (AQTR)—IEEE. 1–6.

Mercadé AC. 2018. Robot manipulator control under the active inference framework.

Unpublished MSc thesis, TU Delft, 1–72.

Nabat V, De la O Rodriguez M, Company O, Krut S, Pierrot F. 2005. Par4: very high speed

parallel robot for pick-and-place. In: 2005 IEEE/RSJ International Conference on Intelligent

Robots and Systems. Piscataway: IEEE, 553–558.

Perrusquía A, Yu W, Soria A. 2019. Optimal contact force of robots in unknown environments

using reinforcement learning and model-free controllers. In: 2019 16th International Conference

on Electrical Engineering, Computing Science and Automatic Control (CCE). IEEE, 1–6.

Pezzato C, Ferrari R, Corbato CH. 2020. A novel adaptive controller for robot manipulators based

on active inference. IEEE Robotics and Automation Letters 5(2):2973–2980

DOI 10.1109/LRA.2020.2974451.

Zhang and Liu (2021), PeerJ Comput. Sci., DOI 10.7717/peerj-cs.383 21/22

http://dx.doi.org/10.1016/j.mechatronics.2020.102443
http://dx.doi.org/10.1177/0142331217708833
http://dx.doi.org/10.1007/s00419-018-1444-0
http://dx.doi.org/10.1007/s11071-018-4458-9
http://dx.doi.org/10.1007/s12555-017-0192-7
http://dx.doi.org/10.1007/s11071-019-05170-8
http://dx.doi.org/10.1109/LRA.2020.2974451
http://dx.doi.org/10.7717/peerj-cs.383
https://peerj.com/computer-science/


Popović M, Kootstra G, Jørgensen JA, Kragic D, Krüger N. 2011. Grasping unknown objects

using an early cognitive vision system for general scene understanding. In: 2011 IEEE/RSJ

International Conference on Intelligent Robots and Systems. IEEE, 987–994.

Quigley M, Conley K, Gerkey B, Faust J, Foote T, Leibs J, Wheeler R, Ng AY. 2009.

ROS: an open-source Robot Operating System. In: ICRA Workshop on Open Source Software.

Vol. 3, No. 3.2, 5.

Shyam RB, Lightbody P, Das G, Liu P, Gomez-Gonzalez S, Neumann G. 2019. Improving local

trajectory optimisation using probabilistic movement primitives. In: 2019 IEEE/RSJ

International Conference on Intelligent Robots and Systems (IROS).

Sugiarto I, Conradt J. 2017. A model-based approach to robot kinematics and control using

discrete factor graphs with belief propagation. Robotics and Autonomous Systems 91(9):234–246

DOI 10.1016/j.robot.2017.01.003.

Szczçsny T, Rećko M. 2018. Control of robotic arm for Mars rover analogue. In: 2018 19th

International Carpathian Control Conference (ICCC). IEEE, 259–264.

Toan NV, Khoi PB. 2019. Fuzzy-based-admittance controller for safe natural human–robot

interaction. Advanced Robotics 33(15–16):815–823 DOI 10.1080/01691864.2019.1607551.

Vernon D. 2014. Artificial cognitive systems: a primer. Cambridge: MIT Press.

Wang H, Wang Z, Wang H. 2019. Impedance control strategy and experimental analysis of

collaborative robots based on torque feedback. In: 2019 IEEE International Conference on

Robotics and Biomimetics (ROBIO). Piscataway: IEEE, 2951–2957.

Williams G, Wagener N, Goldfain B, Drews P, Rehg JM, Boots B, Theodorou EA. 2017.

Information theoretic MPC for model-based reinforcement learning. In: 2017 IEEE

International Conference on Robotics and Automation (ICRA). Piscataway: IEEE, 1714–1721.

Wu W, Li D, Meng W, Zuo J, Liu Q, Ai Q. 2019a. Iterative feedback tuning-based model-free

adaptive iterative learning control of pneumatic artificial muscle. In: 2019 IEEE/ASME

International Conference on Advanced Intelligent Mechatronics (AIM). Piscataway: IEEE, 954–959.

Wu M, Taetz B, Saraiva ED, Bleser G, Liu S. 2019b. On-line motion prediction and adaptive

control in human-robot handover tasks. In: 2019 IEEE International Conference on Advanced

Robotics and its Social Impacts (ARSO). Piscataway: IEEE, 1–6.

Yudha HM, Dewi T, Risma P, Oktarina Y. 2018. Arm robot manipulator design and control for

trajectory tracking: a review. Proceeding of the Electrical Engineering Computer Science and

Informatics 5(1):304–309 DOI 10.11591/eecsi.v5.1620.

Zhang Q-C, Hu L, Gow J. 2020. Output feedback stabilization for MIMO semi-linear stochastic

systems with transient optimisation. International Journal of Automation and Computing

17(1):83–95 DOI 10.1007/s11633-019-1193-8.

Zhang Q, Shen Y, Li S, Han F, Wang Z. 2019. A new analytical inverse kinematics model for seven

degrees of freedom redundant manipulators. In: 2019 International Conference on Intelligent

Computing, Automation and Systems (ICICAS). Piscataway: IEEE, 692–696.

Zhang D, Wei B. 2016. Convergence performance comparisons of PID, MRAC, and PID+ MRAC

hybrid controller. Frontiers of Mechanical Engineering 11(2):213–217

DOI 10.1007/s11465-016-0386-x.

Zhang Q, Zhou J, Wang H, Chai T. 2016. Output feedback stabilization for a class of

multi-variable bilinear stochastic systems with stochastic coupling attenuation. IEEE

Transactions on Automatic Control 62(6):2936–2942 DOI 10.1109/TAC.2016.2604683.

Zhou Y, Zhang Q, Wang H, Zhou P, Chai T. 2017. EKF-based enhanced performance controller

design for nonlinear stochastic systems. IEEE Transactions on Automatic Control

63(4):1155–1162 DOI 10.1109/TAC.2017.2742661.

Zhang and Liu (2021), PeerJ Comput. Sci., DOI 10.7717/peerj-cs.383 22/22

http://dx.doi.org/10.1016/j.robot.2017.01.003
http://dx.doi.org/10.1080/01691864.2019.1607551
http://dx.doi.org/10.11591/eecsi.v5.1620
http://dx.doi.org/10.1007/s11633-019-1193-8
http://dx.doi.org/10.1007/s11465-016-0386-x
http://dx.doi.org/10.1109/TAC.2016.2604683
http://dx.doi.org/10.1109/TAC.2017.2742661
http://dx.doi.org/10.7717/peerj-cs.383
https://peerj.com/computer-science/

	Control and benchmarking of a 7-DOF robotic arm using Gazebo and ROS
	Introduction
	Related works
	Methodology and experiment design
	Experiment results
	Discussion
	Future works
	Conclusions
	References


