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Abstract – This research work presents the real-time implementation of a Full State Feedback 
(FSFB) controller, which controls the angular position of a Direct Current (DC) motor. The 
designed Simulink controller is transformed into an object that is used in Beckhoff’s TwinCAT 
programming environment to interface with an actual DC motor test rig. The MATLAB command 
code required for the transformation is described with all other software required. The test rig used 
for the implementation is also shown and discussed. Lastly, a case study is done to test the control 
system’s response and limitations to various positional set point changes.  This research contributes 
to the study of FSFB control for DC motors by providing a practical method to implement the 
simulated controller on a hardware device that is used in industry. The implemented control system 
can be used in industry and not just for testing purposes. This method can be used to implement any 
designed FSFB controlled DC motor model. 
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I. Introduction 

Angular position control of a DC motor is a well-versed 
topic that has been studied by multiple authors. The 
research field entails adding a type of controller to change 
the response of a motor as it changes position to a set point. 
The responses simulated and studied include settling time, 
rise time, overshoot, and steady-state error. Input step 
responses are usually compared between the open-loop DC 
motor control system and the DC motor control system 
with added controller. Many different controllers have 
been modelled and simulated, for example Proportional-
Integral-Derivative (PID) controllers in [1] - [4] and Full 
State Feedback (FSFB) controllers in [5] - [12]. These 
authors went as far as simulating the control systems but 
never implemented the controllers in real-time using actual 
DC motors. 

References [13] – [20] have implemented their 
developed controllers on actual DC motors using 
microcontrollers with a pulse width modulated output.  

Reference [13] uses an ATMega 2560 series 
microcontroller to implement a fuzzy logic controller for a 
DC motor. The implementation is done to compare the 
reliability of the model when implemented as the 
simulation does not consider noise and other disturbances. 

The results are successful, and no overshoot is evident in 
the output response. 

Reference [14] uses an Arduino microcontroller to 
implement a sliding mode controller to prove that the 
simulated results can be implemented. The results are 
compared with a PID controller, but it is seen that 
oscillations are present in the rotation of the motor and 
therefore improvement is required. 

References [15] and [16] use Arduino microcontrollers 
to control a DC motor with PID control. The results in [15] 
show that the controller successfully controls the motor 
driver’s voltage, speed, position and velocity and 
compares the open-loop and closed-loop system 
responses. Results with low error oscillations are recorded 
in [16] but errors do occur when trying to turn the motor at 
smaller rotations due to friction in the gearbox.  

A PIC microcontroller is used in [17] to implement the 
simulated mathematical model of the DC motor control 
system. The author’s results show that there is a 
relationship between the overshoot and speed of response 
and that a sacrifice of one parameter must be made to 
improve the other.  

Reference [18] implements the developed control 
system using LabVIEW and an Arduino Uno 
microcontroller. The results show that the system is robust 
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I. Introduction 

Angular position control of a DC motor is a well-versed 
topic that has been studied by multiple authors. The 
research field entails adding a type of controller to change 
the response of a motor as it changes position to a set point. 
The responses simulated and studied include settling time, 
rise time, overshoot, and steady-state error. Input step 
responses are usually compared between the open-loop DC 
motor control system and the DC motor control system 
with added controller. Many different controllers have 
been modelled and simulated, for example Proportional-
Integral-Derivative (PID) controllers in [1] - [4] and Full 
State Feedback (FSFB) controllers in [5] - [12]. These 
authors went as far as simulating the control systems but 
never implemented the controllers in real-time using actual 
DC motors. 

References [13] – [20] have implemented their 
developed controllers on actual DC motors using 
microcontrollers with a pulse width modulated output.  

Reference [13] uses an ATMega 2560 series 
microcontroller to implement a fuzzy logic controller for a 
DC motor. The implementation is done to compare the 
reliability of the model when implemented as the 
simulation does not consider noise and other disturbances. 

The results are successful, and no overshoot is evident in 
the output response. 

Reference [14] uses an Arduino microcontroller to 
implement a sliding mode controller to prove that the 
simulated results can be implemented. The results are 
compared with a PID controller, but it is seen that 
oscillations are present in the rotation of the motor and 
therefore improvement is required. 

References [15] and [16] use Arduino microcontrollers 
to control a DC motor with PID control. The results in [15] 
show that the controller successfully controls the motor 
driver’s voltage, speed, position and velocity and 
compares the open-loop and closed-loop system 
responses. Results with low error oscillations are recorded 
in [16] but errors do occur when trying to turn the motor at 
smaller rotations due to friction in the gearbox.  

A PIC microcontroller is used in [17] to implement the 
simulated mathematical model of the DC motor control 
system. The author’s results show that there is a 
relationship between the overshoot and speed of response 
and that a sacrifice of one parameter must be made to 
improve the other.  

Reference [18] implements the developed control 
system using LabVIEW and an Arduino Uno 
microcontroller. The results show that the system is robust 
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and that the PID controller is satisfactory for the required 
implementation.   

   Reference [19] controlled a DC motor with a PID and 
FSFB controller using an Arduino microcontroller and 
motor driver. The results showed that the FSFB controller 
has a better system response than the PID controller. The 
FSFB controller showed good performance with robust 
characteristics as the same response of the DC motor 
occurred for different input setpoints. The state space 
approach using pole placement is a more modern control 
technique and will be used in this research work to control 
a DC motor in real-time. 

Reference [20] also uses an FSFB controller with pole 
placement technique due to the simplicity of control. The 
author also investigates multiple journals which use FSFB 
control but only do theoretical modeling and simulations. 
The author states that the practical constraints of simulated 
controllers aren’t often tested as the price of sensors 
required to build test rigs are often too high. This results in 
difficulty when trying to implement a modelled system in 
an actual industrial application. 

The use of microcontrollers in [13] – [20] is fine for 
testing responses for research purposes but not appropriate 
for industrial applications. This research work considers 
the implementation of a DC motor that can be used in real-
time industrial applications such as CNC machines, 
robotic arm control, and radio antenna positioning. This is 
done by implementing the control system using a 
Programmable Logic Controller (PLC) instead of a 
microcontroller. 

The implementation work in this research paper is an 
extension of the designed and simulated controller in [12] 
where the author has gone one step further than just using 
a single step response by using random position input set 
points to test the robustness of the controller. In [12] the 
controller is developed and simulated using 
MATLAB/Simulink. The results show that the FSFB 
controller is fast and consistent, but no implementation is 
done to prove that the control system will work in a real-
time application. 

In this research paper, the controller from [12] is 
transformed from a Simulink model into a The Windows 
Control and Automation Technology (TwinCAT) 3.1 
software object to allow the model to be used in the PLC 
programming environment. The transformed simulation 
model interacts with the DC motor from a PLC using an 
EtherCAT network to a remote motor controller. The 
motor controller outputs a voltage to the DC motor to turn 
it, and an incremental encoder is used to feedback the 
angular position of the motor and close the control loop. A 
test rig is built to create the closed-loop system that 
interfaces with the transformed Simulink model. The test 
rig consists of a Beckhoff C4015 IPC, Beckhoff EK1100 
EtherCAT coupler, Beckhoff EL7342, 12V DC motor and 
an OMRON incremental encoder for feedback. 

 The closed-loop control system is tested with various 
position set point changes to prove the modelling of the 
system is accurate and that the model can be used in real-
time. The successful implementation also shows that 

Simulink models can be transformed to TwinCAT objects 
to allow for implementation on actual hardware and not 
just simulation. This research contributes to the field of 
real-time positional control of DC motors using a state 
space approach by showing methods used to convert any 
DC motor state space model into a TwinCAT object that 
can be used for controlling an actual DC motor. The 
research also shows methods on how to test the limitations 
of the closed-loop control system to make the controller 
industry ready. 

II. Simulink Model 
The state space model of the DC motor control system 

with full state feedback and integral control from [12] is 
shown in (1) and (2). Fig. 1 shows the Simulink block 
diagram of the state space equations. 

[
�̇�𝜃
�̈�𝜃
𝜃𝜃𝑖𝑖
] = [

−5.26 −2.2862 0
1 0 0
0 −1.1431 0

] [
𝜃𝜃
�̇�𝜃
𝜃𝜃𝑖𝑖
] + [

2
0
0
] 𝑟𝑟(𝑡𝑡) (1) 

                   𝑦𝑦(𝑡𝑡) = [0 1.1431 0] [
𝑥𝑥
𝑥𝑥𝑛𝑛]                    (2) 

This controller robustness has been simulated and tested 
against random positional set point changes and will 
therefore be used as the example control system to 
implement. The results showed that the addition of the full 
state feedback controller to control position of the DC 
motor reduced the rise time of the response from 4.013s to 
0.966s. With added integral control, the steady state error 
of 9.84 is reduced to zero.  

For this work, the model needs to be ported from 
Simulink to the TwinCAT environment, as a Beckhoff 
PLC is used to integrate with the actual DC motor. This 
transformation requires adjusting the current Simulink 
model to make it useable in TwinCAT. The model needs 
to include parameters that are required by TwinCAT to 
control the DC motor as a servo with encoder feedback. 
These parameters include encoder feedback, velocity, 
deceleration, acceleration, and jerk. A set point position 
and position output are already present in the existing 
model and are also required. The new Simulink model is 
shown in Fig 2. 

The DC motor angular position is measured in 
millimeters; therefore, it is necessary to convert all the 
parameters from radians per second to millimeters per 
second. This is necessary as the current Simulink model 
uses radians per second. This conversion is possible by 
multiplying the output parameters by 0.02m, which is the 
radius of the DC motor shaft, and then by 1000 to convert 
from meters to millimeters. The reverse is done to convert 
the input parameters. 

The output velocity is found using the C matrix. The 
output of the modelled DC motor is multiplied by 1.1431 
to get the value of the two states, position and velocity. 
Position uses the second entry of the C matrix and velocity 
uses the second entry. Therefore, velocity is found by 
multiplying the output of the modelled DC motor by 
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matrix [1.1431 0]. The output velocity is limited to 565.5 
mm/s as this is the limit of the actual DC motor. 

The acceleration is found by taking the derivative of the 
output velocity. This is done in the Simulink model by 
using a derivative block before converting to millimeters 
per second. The same is done for deceleration but the 

velocity is first multiplied by -1. The value for the jerk 
parameter is found by deriving the acceleration output.  

Now that all parameters required for servo control are 
present in the Simulink model it is ready to be converted 
to a TwinCAT object. 

 

 
Fig. 1. DC Motor closed-loop control system with FSFB and integral control

  

 
Fig. 2. Updated Simulink model which includes additional input and output parameters

III. Transformed TwinCAT Object 
Transforming a Simulink model into a TwinCAT object 

requires the installation of Beckhoff’s TE1400 target 
software which allows for seamless transitions between 
two software development environments [21]. This target 
specifically converts Simulink block diagrams into C++ 
code that can be used by the TwinCAT programming 
environment. The software is licensed but models with less 
than 100 blocks, 5 input signals, and 5 output signals can 
be transformed without license. 

The target software automatically converts and imports 
the code into TwinCAT by running a series of MATLAB 
commands that automatically configures and transfers the 

model to the TwinCAT programming environment. The 
first command opens the Simulink model which needs to 
be transformed. The second command changes the solver 
type from continuous to fixed step mode. This is necessary 
as the PLC run time is cyclic and therefore the model will 
be executed every cycle and not continuously.  

The third and fourth MATLAB commands change the 
formatting of the model’s files name to suit the TwinCAT 
naming conventions. Lastly, the Simulink Coder build 
command is run to build and compile the model.  

After the commands are run, the transformed model can 
be used as a function block in the Controller Development 
System (CODESYS) environment. Fig 3 shows the 
function blocks in ladder logic with all the inputs and 
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output pins which match the parameters required by the 
Simulink model. 

The global variables connected to the function block 
pinouts are linked to the actual DC motor through the 
EtherCAT network and motor terminal controller. When a 
set point change occurs, the velocity, deceleration, 
acceleration and jerk are sent to the motor causing it to turn 
to the set position. As the position changes, the encoder 
feedback changes and manipulates the outputs of the 
function block to allow the motor to reach the desired set 

point at the same response times of the simulated models. 
This function block is a template that can be used multiple 
times if more DC motor need to be controlled. For 
example, a robotic arm with 3 axes could use a function 
block for each DC motor connected to each axis. The set 
point for each axis can be controlled by G-code commands 
with each motor having separate encoder feedback.  If a 
different sized DC motor is used, the state space model 
parameters must be updated in Simulink before 
transforming the model into the TwinCAT object. 

 

 
Fig. 3. CodeSYS function block of transformed Simulink Model 

IV. Hardware Test Rig 
A test rig is built to do real-time testing of the developed 

controller with an actual DC motor. The test rig is shown 
in Fig 4 and consists of AC voltage distribution breakers 
(1), a 24V DC power supply (2), a 12V DC power supply 
(3), a Beckhoff C6015 PLC (4), Beckhoff EK1100 
EtherCAT remote module with Beckhoff EL7342 terminal 
motor controller card (5), a DC motor (6), an Omron 
incremental encoder (7), and two push buttons (8). Each 
item plays a crucial role in the closed loop system. 

 

 
Fig. 4. DC motor with encoder feedback test rig 

Two different voltage rated power supplies are used to 
power the components on the test rig. The 24V DC power 
supply, powers the PLC, EtherCAT modules, and digital 
inputs via the push buttons. The 12V DC power supply is 
used to supply the GB37Y360 12V DC motor. The voltage 
is regulated through the motor control terminal to change 
the speed of the motor according to the required response 
of the controller.  

The Beckhoff PLC cyclically executes the transformed 
Simulink model in real-time. When a change in position 
set point is registered, the object sends the velocity, 
acceleration, deceleration, and jerk parameters to the 
remote EtherCAT module which converts the EtherCAT 
signals to a voltage that is sent to the DC motor via the 
motor control terminals. As the motor turns, the 
incremental encoder feeds the rotations back into the 
motor terminal controller via pulses. The Omron E6C2-
CWZ5B incremental encoder outputs 400 pulses per 
revolution. The gear ratio is 1:1 between the motors shaft 
and the encoder, therefore one rotation of the motor is 
equal to 400 pulses.  

The push buttons are added to easily send a position set 
point change to the DC motor. PB1 is used to turn the 
motor forward, and PB2 is used to turn reverse the motor 
by sending a negative positional set point change. The case 
studies done will alter the magnitude of the position set 
point to see the motors response. 

V. Case Studies 
 The real-time implementation of the closed loop DC 

motor control system is tested with input step responses. 
This is done by sending a set point change to the model’s 
input and recording the response of the actual DC motor. 
The case studies have four variables to consider to 
accurately describe the response. These variables are the 
position step input, the model actual position, the motor set 
position, and the motor actual position. 
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The position step input is the value sent to the 
transformed Simulink model to trigger the velocity output 
that will allow the motor to start turning. The set point is 
triggered by either of the push buttons to turn the motor 
forward or reverse. The model actual position is the 
position output from the TwinCAT object that is sent to the 
axis to start turning the motor. The motor set position is 
the position sent to the actual DC motor by the EtherCAT 
remote motor terminal. Lastly, the motor actual position is 
the actual motor position feedback from the incremental 
encoder via the remote motor terminal. 

The motor’s response and setpoints are monitored using 
Beckhoff’s Scopeviewer software within the TwinCAT 
programming environment. Three case studies are done to 
test the robustness and limitations of the DC motor used. 
Case study 1 shows the effects of network delays on the 
control system and how to eliminate them. Case study 2 
and 3 tests the limitations of the control system. 

A. Case Study 1 

A step input response is used to test the real-time 
application. A single rotation of the DC motor is 10mm 
therefore a step response of 10mm is used. The first step 
response is shown in Fig 5. Due to using an EtherCAT 
network, the effects of network delays can be seen by the 
reaction time of the actual motor position to the motor set 
position. A delay of almost 80ms is present, shown in Fig 
6, which is caused by the delayed feedback of the encoder 
position over the EtherCAT network. This delay is also 
known as a sensor-to-controller delay. 

This delay causes a decrease in performance in the 
system as the motor tries to turn faster to catch up to the 
initial position set point. This causes the motor to turn too 
fast and overshoot the initial position step input as seen in 
Fig 5. The model’s actual position and set position also 
does not reach the 10mm mark as the encoder value fed 
back into the model is already at this position. 

Delays such as sensor-to-controller and controller-to-
sensor delays can be dealt with when modeling the control 
system but for this research Beckhoff’s time delay 
compensation feature is used. This feature uses specific 
algorithms to predict the desired output of the DC motor. 
The algorithms use the actual position, set position and 
following error of the axis with respect to time compared 
to the physical axis position at the same time, to determine 
what the position of the motor should be. By monitoring 
the control signal and corresponding feedback, the time 
delay compensation feature can control the signals to 
account for dead time in the system. 

The new response with time delay compensation is 
shown in Fig 7. The motor actual position reaches the 
position set point without overshoot. The ripple effect of 
the encoder feedback is caused by running the motor at low 
speeds to get to the position set point. This is due to the 
control system consisting of a low efficiency motor, low 
pulse encoder, and low current output controller. The 
motor terminal controller is rated at 3.5A and therefore the 
torque required to run the motor at slower speeds is not 

possible. This causes the motor to jerk when reaching the 
set point. To overcome this jerking, a higher efficiency 
motor can be used to run at lower speeds.  

 

 
Fig. 5. Step response of 10mm without time delay compensation 

 
Fig. 6. Panned in X and Y Axis of the response in Fig 5 

 
Fig. 7. Step response of 10mm with time delay compensation 
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B. Case Study 2 

Depending on the application, the need to turn the motor 
to a position less or more than 10mm could be required. A 
quarter or half turn might be required for smaller 
movements, whereas three or four turns might be required 
for a bigger change in position. Therefore, it is necessary 
to test the limitations of the DC motor control system. 

Fig 8 shows the system response to a half turn of the 
motor of 5mm. Due to factors mentioned in Case Study 1 
such as low efficiency motor and low pulse encoder being 
used, the DC motor jerks while moving to the desired set 
point. Because the same rise time, settling time, and 
overshoot is expected due to a FSFB controller being used, 
the DC motor needs to turn at a very slow velocity at small 
positional set point changes. 

Fig 9 shows the response of the motor to a 40mm change 
in positional set point, which is four rotations of the motor. 
The system response is stable and reaches the desired set 
point at the same response times as Fig 7 where one 
rotation is set. Because the system is stable at 4 rotations, 
it is possible to rotate the motor twice for small changes in 
position set point by using a 2:1 gearbox. This will prevent 
oscillations in the motor by running the motor at a faster 
speed while turning the motor at smaller position changes. 

 

 
Fig. 8. Step response of 5mm forward and reverse 

C. Case Study 3 

The maximum positional change of the motor needs to 
be known before the control system can be used for any 
application. Fig. 10 shows the response of the DC motor to 
a positional change of 60mm. As shown, the motor is not 
able to accelerate fast enough to keep up with the output of 
the controller. Therefore, the motor tries to speed up as fast 
as possible and overshoots the input set point. The motor 
eventually settles and reaches steady state, but this 
overshoot is not ideal for real-life implementations.  

A maximum positional set point of 40mm should be 
used when applying the controller to an application. This 
value could change if a higher efficiency motor, or higher 
count encoder, or higher current rate motor control 
terminal, is used. 

 

 
Fig. 9. Step response of 40mm forward and reverse 

 

 
Fig. 10. Step response of 60mm 

VI. Conclusion 
The Simulink model of the FSFB controller for a DC 

motor controller in [12] is successfully implemented on a 
real-time test rig. The model is converted to a TwinCAT 
object which is used as a function block to interface with 
the actual DC motor. A method is described to convert the 
current Simulink model to have the required parameters 
such as velocity, acceleration, deceleration, accessible 
before the transformation. MATLAB commands are 
described and used to complete this transformation before 
implementing. The methods described can be used for any 
FSFB controller for a DC Motor. 

The test rig hardware is described in detail, explaining 
the connections between each electrical components as 
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well as the flow of information. The transformed model is 
downloaded to the Beckhoff PLC which interfaces with 
the remote terminal motor controller to control the DC 
motor. The encoder feedback allows the controller to know 
the position of the DC motor in real-time. 

Once all hardware and software is communicating 
successfully, the control system response is tested. The 
system is subjected to various position set points to test the 
limitations and robustness to changes in position.  

The first position set point in Case Study 1 is set to allow 
the motor to turn once. The effects of network delays due 
to an EtherCAT network present in the feedback loop are 
shown immediately in Beckhoff’s Scopeviewer software. 
Beckhoff’s TwinCAT function time delay compensation is 
used to remove these delays by estimating the motors 
feedback once a change in position is commanded, 
minimizing the effects of network delays. 

 Case Study 2 tests turning the motor at half a turn as 
well as a double rotation. A half turn of the motor is 
possible, but the motor oscillates at low speeds. This is due 
to the motor not being very efficient and the remote motor 
terminal card not having a high enough output current to 
allow the motor to turn as a low torque. Turning the motor 
twice gives a good response, with the motor not oscillating 
and the set point is reached without overshoot. This result 
shows that if the industrial application requires smaller 
rotations of the motor, a gearbox can be used to allow the 
motor to turn more times than the required output, 
depending on the gearbox ratio. 

The limitations of the FSFB controller are tested in Case 
Study 3. A set point of three rotations of the motor is tested 
and the results show the motor overshooting the set point 
and reversing back to the set point. This is not ideal in a 
real-life implementation and therefore the limitation 
should be considered when designing the application. 

This research work contributes to the study of FSFB 
controllers for DC motors by implementing the designed 
models on equipment suited for real life industrial 
applications. The methods use allow for control of any DC 
motor depending on the application. 

Future work can be done to decrease the effects of 
network delays by adding filters to the Simulink model 
therefore time delay compensation does not have to be 
used to predict the controller response. This might make 
the controller more accurate. 

More future work can be done by using higher 
efficiency motors. This will increase accuracy and prevent 
oscillations occurring especially at lower speeds. Smaller 
positional changes will also be possible allowing more 
opportunity for the controller to be used in industrial 
applications that require higher accuracy.  
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