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Abstract: Electromechanical linear axes are used as actuators in many areas of industrial automation. Such axes are a fundamental building 

block of any machine tool, manipulator or similar device, whether they implement only one- or multi-axis positioning. Usually, servomotors 

or stepper motors are used to drive the axes, and the control is performed by a variety of PLC controllers and controller con cepts.  
The paper presents the implementation of a multi-purpose electromechanical linear axis, which enables the study, research and comparison 

of various linear drive concepts and types of closed loop controllers. The linear axis incorporates two different motor types: a BLDC 

servomotor as well as a stepper electric motor, and thus also enables comparison of these two motor types and corresponding control 
concepts. A multi-core Beckhoff soft PLC is used as a controller, which can implement either built-in closed loop controllers or can also 

implement controllers designed in the Matlab/Simulink environment. 
PID closed loop position controller built-in Beckhoff TwinCAT 3 is presented in the paper. Further on, it is compared by PID closed loop 

controller developed in Matlab/Simulink which was exported and imported into Beckhoff TwinCAT 3 environment in order to confirm the 
adequacy of importing and using Matlab/Simulink controllers on Beckhoff soft PLCs. 
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1. Introduction 

The paper presents the planning and implementation of linear 
axis control with the aim of using our own developed position 

controller. This allows us to use any position controller to control 
the system. The system does not allow this by using the standard 

controllers, which are part of the Beckhoff TwinCAT 3 software 
environment, as it uses a specific program block for absolute axis 

travel, which performs motor rotation according to the specified 

parameters. 

The main advantage of standard TwinCAT 3 controllers 
(program blocks) is that they are as easy as possible to use in 

industry, as the user does not need to design its own controller, but 
only select one of the controllers available in the TwinCAT 3 

software and set individual parameters. For simple operations, the 
PID controller is the most commonly used, which is usually 

sufficient to control industrial applications. The aim of the research 

was to replace the standard TwinCAT 3 PID controller with custom 
closed-loop controller develepod in Matlab/Simulink and confirm 

the adequacy of importing and using Matlab/Simulink controllers 
on Beckhoff soft PLCs.  

For the development and implementation of our own closed 

loop controllers, we first had to build a demonstration system and 
get familiar with the soft PLC environment. Once we had the 

system built and developed industry standard closed-loop control of 

the axis using TwinCAT 3 program blocks, we were able to start 
creating our own closed-loop controllers using the Matlab/Simulink 

environment. In order to confirm the consistency of the purposed 
method, we had compared the functionality of the standard PID 

closed loop controller in TwinCAT 3 and the functionality of the 
same controller developed in Matlab/Simulink that was imported 

into TwinCAT 3 system. As presented in this paper, we have 
achieved almost identical results, which confirmed the possibility to 

develop new types of different non-linear controllers in 

Matlab/Simulink  and incorporate them in industrial applications 
using Beckhoff soft PLCs.  

2. System overview 

For the purpose of research, it was first necessary to design a 

linear positioning unit with a linear axis. The design is based on 
Festo DGE-25 linear axis, which converts rotational motion into 

linear motion with the help of a toothed belt and is designed for 

medium loads. Such linear systems are commonly used for 
transporting, lifting, manipulating and performing feeding 

movements.  

To drive the linear axis, two different Beckhoff motors are 
mounted on the drive. One is Beckhoff AS1050-0120 stepper motor 

and the other is Beckhoff AM8113-0F20 BLDC servo motor, which 
has an integrated 18-bit absolute incremental encoder. The motors 

are connected via the shafts to the pulleys of the linear module that 
drive the linear axis by means of a toothed belt, which allows fast 

and dynamic movement of the linear axis. A track guide with a ball-
bearing carriage is also attached to the linear axis. The carriage is 

used for mounting weights, which allows the use of ten smaller 
weights of 500 g each. Weights can be removed or added as needed, 

and depending on the weight of the load, the dynamics of the 

system also changes. It should be noted that both motors never drive 
the linear axis at the same time, but they can be connected and 

disconnected via the shaft coupling. The appearance of the linear 
positioning unit with installed motors and weights is shown in 

Figure 1.  

 

Fig. 1 Electro-mechanical linear axis with servo- and stepper-motor. 

 

The advantage of the toothed belt is the cushioning of sudden 
shocks and changes to the system, so the dynamics of the system 

remain without major changes, as the rotational motion is 
transmitted directly to the belt. Thus, the system is more demanding 

to control, as we can achieve great external influences on the 
system. 

The axis control system is designed using the TwinCAT 3 

software environment, which enables the development and 

implementation of control programs for Beckhoff soft PLC 
controllers. In the TwinCAT 3 software environment, we can add 

various modules for motor and axis control, such as servo motor 
control and numerically controlled axis modules (NC axis module). 

NC axis module allows us to change the type of closed loop 
controller (PID and their combinations) and its parameters, scaling 

factors for the incremental encoder and other axis parameters.  

In order to monitor the response of the system, the Scope 

function was used in TwinCAT 3, which allows us to monitor and 
record system data in very short sample times (e.g. 1 ms or 0,1 ms). 
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3. User interface 

In order 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 2, the user interface (on the left) 
allows us to select different types of controllers (P, PI, PD and 

PID), set the controller parameters and define the new set-point for 
our 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.  

 

Fig. 2 User interface developed in Visual Studio C# as Windows Forms 

Application. 

 

In order to access the real-time PLC variables (the program 

created in TwinCAT 3) from the WinForms user interface created 
Visual Studio C#, the Beckhoff  ADS (Automation Device 

communication protocol is used, which defines an interface of an 
independent device on an independent network. The TwinCAT 3 

architecture allows individual software modules to be considered as 
stand-alone devices. For each task, the software uses a module that 

acts as a server or as a client. Messages between objects are 

exchanged through the ADS interface, more precisely in the 
message center, through which information is distributed across the 

system via a TCP/IP connection. In this way, all data and 
commands necessary for the operation of the program are 

transmitted. The ADS protocol is therefore a communication 
protocol in Beckhoff TwinCAT 3, developed for data exchange 

between different software modules, for example for 

communication between PLC and NC axis. 

This protocol allows the use of other communication tools in 
the TwinCAT programming environment. If you need to 

communicate with another computer or device, the ADS protocol is 
used on top of TCP/IP. This means that all data in the network is 

accessible from any desired point and the user can connect to 
almost any connection method and connect to a device that changes 

the parameters [1]. 

To analyze the responses obtained from the real system, the 

TwinCAT 3 built-in function for plotting diagrams Scope is used. 
The Scope is used to plot the set-point motion line, the actual 

motion line and the deviation between these two values. The use of 
Scope also proves to be excellent for monitoring and observing 

responses at various controller parameters, as we can monitor the 
operation of the linear by using different controllers and controller 

settings in real time. 

Scope settings were generated in the TwinCAT 3 programming 

environment and imported to the WinForms in Visual Studio C# 
with program code. In addition to Scope itself, we also added the 

possibility of creating X and Y cursors that measure the value of the 
difference between responses. We have also added a save function, 

which saves our response to a CSV file format that we can access at 
any time. 

4. TwinCAT 3 PID controller 

The system allows closed loop control of either the servo-motor 

or the stepper motor using different control concepts. Hereafter, the 

closed loop position control of the servomotor will be presented 
more in detail.  

Servo motor 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 in the same way as for a stepper motor. 

The control system in the "EL7211" motor control module, 

which drives and controls the servomotor, is implemented in a 
cascade procedure. Figure 3 shows the control diagram, which 

represents the cascade control for the control of the AM8113 servo 
motor used. Cascade control in this case consists of three 

controllers. These are the position controller, the speed controller 
and the current controller. 

 

Fig. 3 TwinCAT 3 cascade closed-loop controller for servo-motor. 

 

 Complex system control often cannot be achieved with a single 

feedback loop. The reason for this is that complex systems are 
managed on the basis of 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 [2]. Therefore, cascade control is often used in 

automation, where it is necessary to have fast and exact response of 

the system.  

Commonly, the cascade control system consists of two control 
loops where the internal loop is slave or auxiliary. The outer loop is 

the superior or the main one. In such a cascade structure, the main 
controller does not act directly on the actuator, but forms a 

reference value for the slave controller. The effect of a fault in the 
auxiliary control loop is practically compensated in this loop [2]. 

The output of one controller therefore changes the set-point of 

the auxiliary controller. Cascade control loops can consist of two or 

more controllers. Each controller has its own variable that is 
measured in the process. Cascade control is typically used to isolate 

the primary system from interference, nonlinearity, and drive-
related problems. 

Cascade control brings improvement only when the dynamics 

of the internal control loop is fast enough compared to the external 
control loop. It does not make sense to use cascade control if the 

inner loop is not at least three times faster than the outer control 

loop. 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]. 

In the scope of this research we have concentrated only on the 
external loop of our cascade controller, that is the PID closed loop 

position controller of the servo-motor.  
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5. Matlab/Simulink PID controller 

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

was developed in order to in order 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 PID controller was designed 
using a transfer function consisting of different blocks such as add, 

multiply, divide, delay and input and output block. Figure 4 shows a 
diagram of the implemented PID controller in Matlab/Simulink. 

 

Fig. 4 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. 

6. Results  

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

system 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 the controller 

developed in the Matlab/Simulink environment. 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. Figure 5 shows the response of the 

system using both PID controllers (above TwinCAT 3 PID 
controller, below Matlab/Simulink controller) with the same PID 

settings and trajectory of set-point change with speed of 1000 mm/s 
and acceleration/deacceleration of 500 mm/s2. 

The green line represents the start of the set-point chage, 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 difference between 

the set-point and actual position in represented by blue line. The 

Figure clearly shows that the response of the both PID position 
controller are more or less identical, confirming that the design and 

the implementation of PID controller in Matlab/Simulink and 
import into TwinCAT 3 control software was successful.  

TwinCAT 3 PID controller response 

 

Matlab/Simulink PID controller response 

 

Fig. 5 TwinCAT 3 PID controller response (above) in comparison to 

Matlab/Simulink PID controller response (below). Green: start point; 
Yellow: position set-point value; Red: actual position value; Blue: difference 
between set-point and actual value.  

 

 7. Conclusion 

The main aim of the research was to build a linear-axis research 

system consisting of industrial type of servo motor and stepper 

motor and to test the design and implementation of 
Matlab/Simulink closed-loop controllers in Beckhoff TwinCAT 3 

system. Thus, a positioning axis with a linear guide driven by an 
industrial servo motor or stepper motor was designed and 

manufactured. Further on, the TwinCAT 3 PLC program and 
corresponding user interface for controlling the system was 

developed in Visual Studio C# WinForms application. This further 
allowed us to implement and test PID position controller from 

TwinCAT 3 system and the one built in Matlab/Simulink, which 

was imported into TwinCAT 3.  

The final aim of the research at this point was to confirm the 
suitability of the PID controller designed in the Matlab/Simulink 

software environment, which was then imported into TwinCAT 3 
software environment. The results of both controller responses fully 

confirms the adequacy of importing and using Matlab/Simulink 
controllers on Beckhoff soft PLCs. By confirming the results and 

obtaining an identical response, we confirmed the adequacy of the 

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

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 
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and faster controllers. We are able to 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. 
This further enables us to develop and test different nonlinear 

controllers, such as a soft logic controllers. Soft logic controllers 

use experiential rules such as natural language words. In addition to 
non-linear controllers, linear controllers can also be used by 

changing the parameters during operation, which has the advantage 
that the parameters are set to the optimal ones.  
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