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Abstract: 

This article presents a proposal of impedance 
controller, which is able to infulence the compliance of 
a robot, based on information obtained from a low-
level controller about robot interaction with the 
environment. The proposed system consists of a low-
level controller with proximity sensor, based on which 
mechanical impedance is adjusted. The intention of the 
creators was to develop a universal impedance 
regulator in the sense of  hardware and software 
layers. Because of TCP/IP architecture, the designed 
regulator can be easily adapted to different robot 
controllers. Experiments were conducted on a real  
1-DOF manipulator driven by BLDC motor, as well as 
using simulation on a 2DOF planar robot. 

 
Keywords: impedance controller, admittance contro-
ller, 2DOF manipulator, BLDC drive 

 
1. Introduction 

Nowadays, in an industrial environment, we often 
deal with positional robot control. This type of con-
trol takes place when the manipulator is highly rigid, 
thus the kinematic chain is characterized by high 
impedance. However sometimes is needed to soften 
a kinematic chain. In this situation impedance con-
trol can be used. A robot’s mechanical impedance is 
usually equated with the impedance of its mechani-
cal part. The concept of impedance control was first 
introduced to the field of robotics by Hogan [3]. If we 
assume that we are utilizing the analogy of velocity-
current [5, 6], then mechanical impedance can be 
defined with a greater precision. Namely, after the 
adaption of an incremental linear dynamical model 
in the vicinity of a chosen operating point, the me-
chanical impedance of the kinematic chain is defined 
as the Laplace transform of the force exerted by the 
end-effector of the manipulator to the Laplace trans-
form of effectors’ velocity.  

Proper control of a robot’s actuators can change 
the impedance of its kinematic chain. It is relatively 
easily manageable in the case of pneumatic or hy-
draulic actuators [2]. Their rigidity is naturally relat-
ed to energy-transferring media. In the case of elec-
tric drives, it should be utilized to control kinematic 
chain stiffening or softening with the help of feed-
back mechanisms. In this process, it is necessary to 
anticipate how the manipulator will interact with the 
environment, as changes in impedance cannot be 
infinitely fast. This is due to the fact that electric 
actuators are stiff according to the configuration of 
drives (usually high velocity and high gear ratio).  

In most cases interaction with the environment must 
be detected early enough to enable the controller to 
respond effectively. This can be achieved by gather-
ing information about the environment, obtained 
from the robot’s external sensors. 

The article proposes a system that makes it easy 
and efficient – to connect the manipulator controller 
with a proximity sensor. It consists of a low-level 
driver which works with the designed computer 
system. The data collected by the sensor is sent to 
the impedance controller software which processes 
the data and controls an electric drive associated 
with controller in order to obtain desired flexibility. 
The manipulator can thus be prepared to interact 
with an external object to avoid harmful collisions. 
Experiments were done on robot with one degree of 
freedom (DOF), as well as using simulation on 
a 2DOF planar robot. 

Impedance control is currently under develop-
ment in a growing number of research centers. Both 
stiffness and damping adjusters can be viewed as 
primitive impedance drivers. There are only a few 
studies describe how to interact with the control 
system with the use of external sensors in order to 
optimize manipulator impedance. Interaction with 
the environment is mostly affected by the use of 
force sensors [1, 7]. However, force sensors are ef-
fective only when the manipulator’s movements are 
sufficiently slow. If manipulator velocity is high, 
potential collisions with a rigid environment should 
be detected in advance. This can be accomplished 
with the help of proximity sensors, radars or vision 
systems. An example of this type of solution is de-
scribed in [9]. The authors used information from 
the vision system to impact manipulator impedance. 
Impedance was switched abruptly when the robot 
approached an object. 

 
2. Impedance Controller 

The manipulator’s desirable properties are de-
termined by the environment and the features of the 
robot controller. Usually it is assumed that if the 
robot is close to a person or detects an undesirable 
object on its planned trajectory, the susceptibility of 
the kinematic chain should increase. When the sen-
sor detects an approaching object, the controller 
changes the manipulator’s impedance, depending on 
the distances between the robot’s arm and an object. 

The system presented in this article consists of 
a brushless DC motor (BLDC) which drives the robot 
link, an inductive proximity sensor with a low-level 
controller and a computer system that processes the 
data and controls the motor. The computer system 
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consists of two programs. The first captures and 
processes data from the low-level driver, while the 

second controls the motor (Fig. 1). 

 

 
Fig. 1. The overall block diagram of the control system for BLDC motor 

 
 

 
2.1 The Impedance Driver 

Description of the dynamics of the manipulator 
in contact with the environment can be described as 
follows: 

 
�(�)�� + �(�, �� )�� + �(�) + �(�, �� ) � � � ���� (1) 

 
where � is an inertia matrix, � – a matrix of velocity 
couplings, � – a vector of gravitational forces, � – 
a friction vector, � –  a vector of control torques and 
forces, ����– a vector of external forces. The vector of 
external forces acting on the manipulator can be 
approximated by means of the mass-spring-damper 
system, it gives: 
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where � – is the environment’s inertia, �� – is 
damping and �� is stiffness. Transforming equation 
(2) to determine join acceleration we get: 
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In the case of a 1DOF manipulator, the last equa-
tion can be written as: 
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The equation can be used to control the robot by 
the means of “the computed torque feedforward 
control”. Equation (5) shows that the response of 
a conventional driver’s impedance depends on the 
value of acceleration, velocity and position, as well as 
the value of the force controller, set controller pa-
rameters (�, �� and ��) and the object’s dynamic 
parameters (�, �, �, �). 

However, the equation fulfills its function only 
when the manipulator actively interacts with the 
environment. Due to the fact that the force can be 
recorded only when the manipulator establishes 
contact with the environment it was decided to use 
virtual force instead of actual force. The equation for 
the modified force can be expressed as follows: 
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where a is an estimated position based on infor-
mation obtained from the position sensor, and 
 � ���m� is the proportionality parameter (obtained 
by heuristic methods). 

 
The equation shows that the reaction of the ma-

nipulator does not depend on torque value but is 
associated with the distance from the object to the 
manipulator. The proportionality factor has been 
selected to provide an appropriate response when 
approaching the outer arm to the object. 
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Fig. 2. The example of communication between server, written in Python and compiled C-client 
 

3. Implementation of Hardware  
and Software 
The aim of the project was to design a system 

that will enable efficient implementation of imped-
ance control with the help of different types of phys-
ical hardware. Problems with the integration of vari-
ous systems occur frequently. In the case being de-
scribed, a BLDC electric motor was controlled in real 
time using the Python interpreter, which cooperates 
with a data acquisition card, as well as drivers which 
are dedicated to work with C compiled programs or 
other compilers. It was therefore necessary to devel-
op software which would ensure proper operation of 
the controller. 

The problem of software integration occurs very 
often when creating systems of greater complexity. 
There are several methods to combine various pro-
grams to form a common system on platforms such 

as Windows or Linux. One of the common ways is to 
implement multithreading functionality, what means 
running several routines at the same time and ex-
changing data via, for example, a swap file. 
A common resource in this case may be in 
a computer’s internal memory or on a hard disk 
drive. However, this type of cooperation between 
two programs makes it difficult to implement it cor-
rectly on the various operating systems. In addition, 
one of the project’s assumptions was that computer 
programs are easily integratable. 

Due to the above-mentioned issues, a technique 
of combining two programs using TCP/IP was used. 
One of the programs acts as a server and the second 
as client. Both server and client can swap data. It was 
decided that the server is a program written in Py-
thon. It controls the motor and enables connection 
with client. The client is written in C++ and is re-
sponsible for processing data from the proximity 
sensor. 

Experiments were performed using several 
types of acquisition cards in order to demonstrate 
the versatility of the solution. We have successfully 
used cards manufactured, inter alia, by Advantech 
(USB-4704, PCI-1710), as well as drivers based on 

the popular ATmega8 Atmel microcontrollers. Driv-
ers communicated with the computer via a USB-
UART protocol. 
4. Experiments and conclusions 
4.1  Experiments on Object with One Degree 

of Freedom 
One of the final experiments was carried out on 

the model with one degree of freedom (Fig. 3). 
In order to determine the optimal control pa-

rameters several experiments were performed to 
illustrate how changes in stiffness and damping coef-
ficients affect the system’s properties. When the 
manipulator stiffness decreases, it no longer tracks 
the desired trajectory, as opposed to situations when 
rigidity is high. This principle was used to determine 
the values of stiffness and damping parameters that 
cause a desired change in the robot’s operation.  

Experiments consisted of altering the value of stiff-
ness and damping parameters when motor was at 
a steady-state �� � ������. 
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Fig. 4. Graph of desired virtual speed of the manipula-
tor when changing the damping coefficient. The virtu-
al speed was 300 RPM. During the experiments the 
motor was rotating 

 

 
 
Fig. 5. Velocity of the manipulator with discrete 
changes of virtual forces (the distance of object from 
the proximity sensor) and changes in controller’s 
damping parameter. The virtual velocity was 300 RPM 

 
One of conducted experiments was to suddenly 

change the force which acts on the manipulator; 
meaning the distance between the object and the 
proximity sensor, while also suddenly changing at-
tenuation values (Fig. 5). From the graph below it 
can be concluded that a high damping value makes 

the system so rigid that it does not respond to the 
operating force. If the damping is small, the driver 
reacts causing even a change in the direction of rota-
tion. In some situation it is the manipulator’s most 
desirable response. 

The second experiment was to increase the ma-
nipulator’s impedance when the object is closer to 
the robot. The graph shows that when the value of 
the virtual force is in the range of 0.18 to 0.19 Nm 
(the time interval from 45 to 47.5 s), the motor 
stops. In some cases this is the most optimal re-
sponse. After crossing this threshold, the motor be-
gins to slowly rotate in the opposite direction 
(Fig. 6). If the object moved away from the motor, 
velocity would return to its original value. 
 

 
Fig. 6. Changes in velocity when approaching the ob-
ject to the sensor when distance from the object to the 
sensor is less than 0.5 cm, the motor direction of rota-
tion changes 

 
4.2 Simulation Study of Cartesian Impedance  

Controller 
Second experiment was conducted in Cartesian 

space in order to test what the properties of control 
system are, when impedance controller processes 
task variables. These parts of experiments were 
done on 2 DOF planar manipulator in Matlab-
Simulink environment. Manipulator was modeled in 
second edition of Sim-Mechanics toolbox (Fig. 7). 

 

 
 

Fig. 7. Manipulator with 2 degrees of freedom modeled in Sim-Mechanics environment 
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The dynamic model of the manipulator was sim-
plified to mass points placed in the ends of rigid 
links. This can be done without limitation to the 
generality of the results achieved. The dynamics of a 
manipulator can be written as: 
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The other subsystems of control were modeled in 
standard Simulink environment. The view of the 
whole system is presented in Figs. 8 and 9. 
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Fig. 9. The view of decoupling model subsystem (model of manipulator control by the designated torque method). 
Model was decoupled with PD regulator 

 
Fig. 10. Simulink scheme of admittance controller 

 
 
It can be seen from Fig. 8, that the impedance 

controller was applied in Y-coordinate in manipula-
tor control system, while in the X-axis a standard PD 
regulator was used. 

Experiments were designed to see how the ma-
nipulator behaves with different impedance control-
ler settings. Simulation consisted of controlling the 
2DOF robot on the desired trajectory. During 
70 seconds of simulation high external force was 
applied in Y-axis. This situation can be likened to 
a collision with an obstacle (Fig. 11). 

 
 
Fig. 11.  Schematic representation of 2DOF manipula-
tor and force acting in Y axis
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The results of research were presented on below 
graphs. Three runs show the trajectory tracking in 
case of rigid manipulator, when impedance was 
lower and very low impedance of the manipulator. 

 
 

 

In the last case, as it was presented in previous ex-
periments, the manipulator reacts by subjecting the 
force. Disturbances that occurred at the end of the 
workspace are associated with non-stationary of 
boundary conditions. 

 
 

 

   
 
 

 
 
   

 

    
 
 

 
 
 
 
  

 
 
 
 

Fig. 12. The illustration of changing the impedance of the manipulator. The figure from the left presents the de-
creased value of impedance (left figure – very rigid manipulator, middle figure – impedance of controller slightly 
reduced, right figure – very low value of impedance)  
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5. Future Research 

During experimentation it was discovered that 
choosing the most adequate parameters for the im-
pedance controller is a complicated process. A set of 
parameters is closely related to the numerical meth-
ods used to solve differential equations, with a lim-
ited speed of calculation, as well as the selection of 
the scaling factors for information obtained from the 
position sensors. This is probably one of the main 
reasons why impedance/admittance controllers are 
rarely applied in practice. 

Upcoming research will therefore be associated 
with the creation of an adaptive model, probably 
based on the methods of artificial intelligence, by 
means of which it will be possible to effectively se-
lect appropriate controller settings, depending on 
the desired behavior of the robot. The next sched-
uled project will also involve the integration of an 
impedance controller to control robots with higher 
degrees of freedom. 
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