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Abstract: Achieving the required dynamics and accuracy of movement of electromechanical linear axes is one of the basic tasks in the field 

of modern production machines and devices. In addition to a sufficiently powerful electric motor, e.g. electric servomotor, the appropriate 

controller and control concept also play a key role. As the top performance of the electromechanical axle controller is still a key feature of 
efficient and quality production, this topic is discussed in this paper. 

At the forefront of the paper are the development and implementation of various position controllers developed in the Beckhoff TwinCAT 3 

environment. In addition to the classic PID controller already available in the Beckhoff software, a special PID controller has been 
developed in the Matlab / Simulink environment, as well as a Fuzzy controller and a Feedforward control strategy. For all mentioned types 

of controllers, the basic characteristics, design approach and parameterization of the controllers are presented. The efficiency of individual 
position controllers on an industrial-type electromechanical linear axis, driven by an electric servomotor, was tested experimentally and the 

results are compared. 
The efficiency of these closed loop controllers was also tested in terms of robustness and ability to adapt to changes in the control loop, 

where a different load of moving mass was used as a characteristic change in the control loop.  
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1. Introduction and test device structure 

Different approaches and concepts, as well as different 

hardware and software, are used to control the linear servo axis, 
which are often used within industrial and other manipulators. In 

the present case, a powerful Beckhoff industrial controller and the 
Visual Studio software environment with the TwinCAT 3 software 

add-on or software extension were used. In the TwinCAT 3 

environment, different types of controllers were first designed and 
then implemented and compared. 

The designed system allows to implement different types of 

controllers suitable for position control. Among them was also self-
developed customized PID type controller, which was designed in 

the MATLAB-Simulink software environment. This was designed 
and used due to the limited possibilities of using the existing PID 

controller. Except the classic and customized PID controller, a non-

linear controller based on Fuzzy logic was also designed and tested, 
as well as Feedforward control strategy. All types of controllers 

were tested, and their effectiveness was compared based on the step 
response to a constant change of position at a constant load. [1], [2] 

For the linear axis control, it was used a servomotor that allows 

precise control of speed, acceleration, and position. The servomotor 
is controlled by a closed loop via the position sensor, as shown in 

principle in Figure 1. 
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Fig. 1 Basic structure of the servosystem. 

The control system consists of a trajectory generator and a 

linear axis as a controlled object - Figure 2. From the trajectory 
generator, the position reference r and the rate of change of the 

position reference (trajectory tangent) dr are led to the input of the 
tracking system. The controlled system is implemented according to 

the cascade principle. Speed and current loops are already available 
and set inside the Beckhoff controller. 

The considered system for practical testing of different types of 

controllers consists of electrical, mechanical, constructional and 

control elements. The Festo linear axis of the FESTO-DGE-25-500-

ZR-LV-RV-KF type converts the rotational movement of the 

servomotor into a linear displacement by means of a toothed belt 
and is designed for medium loads. The Beckhoff servomotor type 

AM8113-0F20-0000, which has an integrated 18-bit absolute 
incremental encoder, is used as a linear axis drive. The linear axis is 

connected to the servomotor motor via a toothed belt, which allows 
us to move the trolley with the load quickly and dynamically. 
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Fig. 2 Block diagram of the considered system. 

Up to 5 kg of weights can be attached for variable weight 

regulator testing purposes. Shock absorbers are installed at the end 

positions of the linear axis to physically restrict the end position of 
the trolley. The additionally installed pneumatic cylinder supplied 

with a pressure of 2 bar and actuated via a controller, represents an 
additional switching load to generate additional movement 

disturbance. 

The entire linear axis, together with the supporting frame, is 
mounted on a table under which the controller and power supply 

and the corresponding electronics are installed. The actual 

appearance of the entire system is shown in Figure 3.  

 

Fig. 3 The actual appearance of the test facility. 
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2. User interface – graphical form 

To create a more complex and sophisticated user interface, the 

user interface between the user and the TwinCAT 3 software 

environment (HMI) was created in Visual Studio C# Windows 
Forms Application, which is designed to build graphical 

applications. As shown in Figure 4, the user interface allows us to 
select different types of controllers : P, PI, PD and PID as well as the 

Fuzzy controllers and customized controller type. It also allows 
setting all the necessary parameters of different types of controllers 

as well as control devices and selecting/entering a new setting value 

for the system. After enabling the motion, the response can be 
monitored and recorded on the right side of the screen by using 

Scope function that was implemented in the WinForms application.  
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Fig. 4 Graphical form of the user interface developed in Visual Studio C# as 
Windows Forms Application. 

The graphical form of the interface is divided into individual 

sections. The first part is intended to specify the parameters 
required for system operation. It consists of the desired position, the 

desired speed (maximum speed) and the desired acceleration 
(maximum acceleration). The desired values of each quantity are 

entered in the corresponding empty boxes marked with %, where 
the actual values are shown next to them. 

To make it easier to test individual controllers, hotkeys have 

been added, as each time entering a value for the desired position is 

a time-consuming system bottleneck. Clicking on an individual 
hotkey triggers the transcript of the selected value to the desired 

position and moves the linear axis to the desired value. Speed keys 
are defined according to the distance of the linear axis; values 50, 

150, 250, 350 and 400 mm (see Figure 4). 

Since the main purpose is to test and compare different types of 
controllers, the possibility of quick selection of the type of 

controller is added. In this way, when changing the type of 

controller, it is not necessary to interfere with the program code and 
reload it on the control unit. For the selected controller, it is only 

necessary to enter the controller number, which is listed in the table 
below the controller selection. For optimal setting of the response 

on the controller, the possibility of changing individual parameters 
for the selected controller is added (on the left side of the controller 

selection table). 

In case the system loses power, it also loses information about 

the location of the axis - so the "Start position" button was added, 
which moved the linear axis to the limit switch and set the starting 

position to "0". With the buttons "to the left" or "to the right", the 
linear axis moves in the selected direction, at a certain speed, 

regardless of the setting of other parameters. The "Disturbance" 
button is used to trigger the disturbance function – triggering the 

pneumatic additional load (if necessary – disturbance response). 

In addition to the mentioned parameters, a timer is also 
available. With the timer we were able to set the time of movement 

of the linear axis in the desired direction. 

The graphical interface also displays values for the current 

speed and current axis position in graphical form. The "speed 
indicator" is used to display the speed (in mm/s), which shows the 

current speed value with the help of a pointer and a circular scale, 
and a linear position scale with a green slider (in mm) is used to 

display the position (Figure 4).  

3. Controller design in TwinCAT 3 environment 

The system allows closed loop control of either the servomotor 

or the stepper motor (optional) using different control concepts. In 
our case, the use of a servomotor was at the forefront. 

Servomotor control is performed by two control systems. One is 

implemented by a virtual controller and the other is implemented in 
the servo motor control module (Beckhoff EL7211). For the control 

system that is operated by a virtual controller, we can also select the 
controller type in the Motion (Axis – Ctrl tab) and set the control 

parameters. 

The control system in the "EL7211" servomotor control 

module, which drives and controls the servomotor, is implemented 
in a cascade procedure. Figure 5 shows the control diagram, which 

represents the already mentioned cascade control for the control of 
the AM8113 servomotor (Beckhoff) used. Cascade control in this 

case consists of three controllers. These are the position controller, 
the speed controller, and the current controller. 

 

Fig. 5 TwinCAT 3 cascade closed-loop controller for servomotor. 

Complex system control often cannot be achieved with a single 
feedback loop. The reason for this is that complex systems are 

managed based on only one information about the system and that 
is its output size. The controller reacts to changes that occur within 

the system only when their effect is expressed on the output of the 
output quantity. This usually results in a slow response to the 

control error. Therefore, cascade control is often used in 
automation, where it is necessary to have fast and exact response of 

the system. [3] 

In the considered case, the cascade control system consists of 

two control loops, with an inner and an outer loop, with the outer 
loop being the superior or main loop. In such a cascade structure, 

the main controller does not act directly on the actuator but forms a 
reference value for the internal loop, slave controller. The effect of 

a fault in the auxiliary control loop is practically compensated in 
this loop. The output of one controller changes the set-point of the 

auxiliary controller. Each controller has its own variable that is 
measured in the process. 

Cascade control is only effective when the dynamics of the 

internal control loop is much faster compared to the dynamics of the 

external loop; for example three times faster. If the inner loop is not 
much faster than the outer one, there is a great chance of interaction 

between the two loops that can cause instability [3]. 
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3.1 Matlab/Simulink PID controller 

In the scope of this research a Matlab/Simulink PID controller 

was developed to confirm the adequacy of importing and using 
Matlab/Simulink controllers on Beckhoff soft PLCs, which will 

further allow us to design and implement other types of controllers, 
such as nonlinear closed loop controllers. The Matlab/Simulink 

software environment enables us to generate program code for the 
TwinCAT 3 software environment, in which we design the system 

control program. Thus, we can directly convert the designed 

controller model into the TwinCAT 3 program code. Thus, at first 
step, we have only implemented the PID controller in the 

Matlab/Simulink software environment and compared the response 
of the implemented controller with the response of the TwinCAT 3 

NC Axis system controller. 

The implemented PID controller was designed in the 
Matlab/Simulink software environment with sampling time of 1 ms, 

as the execution on the controller is discrete and not continuous. 

The sampling time had to be the same as set in the TwinCAT 3 
software environment project.  

The transfer function of the PID controller is already available 

on the Beckhoff website - Equation 1 [4]. The equation had to be 
converted from the continuous form to the discrete form shown by 

Equation 2. 

[ 12]. (1) 

 

 

(2) 

The transfer function is built from individual blocks, which 
need to be named and connected into a whole - Figure 6. 

 
Fig. 6 PID controller developed in Matlab/Simulink. 

The created diagram in Matlab/Simulink is then used to create 
Subsystem and prepare it to generate code suitable for import into 

TwinCAT 3 software environment. The generated code is then 
imported into the TwinCAT 3 program as POU using the import 

function (PLCopenXML format). This generates a program block 
including the created controller with corresponding input and output 

variables. 

3.2 Fuzzy PID controller 

The Fuzzy PID controller was also designed using the 
MATLAB-Simulink software environment. The process of 

designing a Fuzzy PID controller is basically the same as the 
described process of designing a classic PID controller, so only key 

differences will be mentioned.  

 

Fig. 7 Fuzzy PID controller. 

The differences are in the scheme, the equation which is used to 
make the controller and the subsystem block. For the Fuzzy PID 

controller, the transfer function shown in Figure 7 was created using 
blocks. 

3.3 Feedforward controller 

In principle, we use the Feedforward control system to perform 

fast movements that do not have enough time to obtain feedback or 
if we want to speed up the operation of the system. The response is 

thus faster than the time required to receive, process, and control the 
signal. With such control, the disturbance is detected and 

considered before it affects the system. Figure 8 shows, for 
comparison, a scheme of a system without a controller - open loop 

(a) and a system with a feedforward controller, which compensates 

for the influence of disturbance (b) [5]. 
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Fig. 8 Non-controlled system (a) and Feedforward system [5] 

Since we do not usually know the exact transfer function of the 

control object, and because the real system is not linear, it makes 
sense to use a combined system with a feedback loop of the 

controller. The block diagram of the combined system is shown in 
Figure 9. 

 
Fig. 9 Structure of combined system [5]. 

The block diagram of the combined control system in the variant 
with PID controller is shown in Figure 10 and in the variant with 

Fuzzy controller in Figure 11. 

 

Fig. 10 Block diagram of Feedforward with PID controller. 

 

Fig. 11 Block diagram of Feedforward with Fuzzy controller. 
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4. Results and comparison 

The aim of the research was not only to control the linear axis 

using Matlab/Simulink designed and implemented PID closed loop 

position controller, but also to evaluate its proper operation and 
response, which was achieved by comparing the responses of the 

TwinCAT 3 PID controller and other controller types. In this way, 
we were able to verify that the axis control system and the closed 

loop controller were properly designed and implemented. In case 
we have implemented everything correctly, the behavior of both 

systems should be the same. Figures 12 to 15 show the responses of 

the system using presented controller types for the case of minimal 
load (0,5 kg). The green line represents the set-point change, while 

the orange line shows the generated position trajectory representing 
the set-point value and the red shows the actual axis position when 

moving relative to the generated trajectory. The figures clearly 
show that the responses different position controller is more or less 

identical. 

 

 

  
  

 
 
 
  
 

 
  

 

Fig. 12 Step response - PID controller optimized by Ziegler-Nichols method. 

 

 

  
  

 
 
 
  
 

 
  

 

Fig. 13 Step response - Fuzzy controller 

 

 

  
  

 
 
 
  
 

 
  

 

Fig. 14 Step response - Feedforward and PID controller. 

 

  
  

 
 
 
  
 

 
  

 

Fig. 15 Step response - Feedforward and Fuzzy controller. 

5. Conclusion 

The main goal of the research was to build a linear feed system 
consisting of an industrial type of servomotor to test the design and 

implementation of different types of controllers suitable for use in 
the Beckhoff TwinCAT 3 system. On this purpose the TwinCAT 3 

PLC program and corresponding user interface for controlling the 
system was developed in Visual Studio C# WinForms application. 

This enabled the implementation and testing of various types of 

position controllers. In addition to research related to different types 
of controllers, the system allows research into the dynamic behavior 

of the system in the case of a step input change of position, the 
dynamic behavior in the case of a disturbance e.g. when changing 

the load as well as the combined step-disturbance behavior, all for 
different loads. 

The design and implementation of PID position controller from 

Matlab/Simulink software environment into TwinCAT 3 system 
allows us to use more advanced, more complex, more responsive, 

and faster controllers - from the classic PID type, nonlinear Fuzzy 

controller, and Feedforward control strategy. We can compare 
different controllers for each system, so we can choose the most 

optimal controller for application needs. By adding even more 
different controllers, we gain the ability to test and compare new 

high-end controller concepts and are no longer limited to 
TwinCAT 3 controller types. 

By confirming the results - approximately the same dynamic 

responses of different types of regulators, the adequacy of the 

process of development and implementation of closed loop 
controllers from the Matlab / Simulink environment is confirmed. 
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