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Abstract. Digital Twin (DT) offers us to acquire actual system’s critical in-
formation and hence, it may be possible to develop and produce more suitable
systems in terms of low energy consumption and effectiveness. In this way, re-
sponsible consumption and production systems can be designed and the sys-
tem’s parameters can be tuned via DT. In this study, the model of a servomotor
system that is used for industrial purposes is experimentally obtained. This
study consists of two steps. In the first step, within the embedded control of the
system, position and velocity control loops are deactivated. Then through the
servo driver, currents with sinusoidal waveforms at various frequencies are ap-
plied to the servomotor. The resultant angular velocity of the motor is moni-
tored and recorded. The amplitude of the current is kept constant during this
study. The frequency of the current, however, is increased logarithmically. By
using these data, a first-order transfer function (TF) is identified for the motor
model. In the second step, all control loops are activated. Consequently, the to-
tal servomotor system could be represented in a digital environment. Further-
more, the static friction issue is overcome by using a Coulomb friction model
with stiction effect. Finally, several experiments are conducted and then results
are compared with the digital model of the servomotor system. The results
clearly show that digital model can fairly represent the physical system.

Keywords: Responsible Consumption and Production, Transfer Function, Ser-
vo System, Static Friction, Coulomb Friction Model, Stiction Effect.

1 Introduction

Over the last few decades, there has been remarkable attention to automation systems.
More recently, Industry 4.0 has changed our daily life and so it makes us develop
various point of view about technology. With the aid of this, a good deal of product
has been produced in a short time, with low-cost and low manpower. Consequently,
there have been numerous researches on systems’ control, flexibility, efficiency etc.
Since servo motor systems yield satisfactory results in position and velocity control
applications, they are one of the highly preferred actuation systems in industrial appli-
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cations. For example, in [1] a macro — micro mechanism for laser cutting process has
been designed with servo motor system so that the end — effector of the mechanism
can follow a desired trajectory with wondrous precision under high acceleration. An
ultra-precision positioning technique has been developed with the combination of a
global stage and micro stage in [2] in order to achieve sub-micrometer accuracy.

When it comes to control and model of the servo motors, modeling, and identifica-
tion of the parameters of a servo motor have been investigated in [3-5]. A Genetic
Algorithm (GA) method is used in order to improve the transient response of the sys-
tem and define the optimal parameters of the PID controller for the desired control
system design specifications in [6]. Other than the traditional control approaches,
there are studies with fuzzy neural network controller [7], a cascade controller with
feedforward robust adaptive fuzzy compensator [8], and a robust internal model con-
trol (IMC) based on sliding mode control (SMC) [9] in literature, in order to compen-
sate the modeling uncertainties. When we look at the current studies related to control
and model of the servo motors, it is seen that several methods are implemented. Gen-
erally, there is a tendency to identify the parameters of the servo motors by conduct-
ing simulations and/or experiments.

As a first step to create a DT of a robotic mechanism presented in [1], the servo
motor system of this mechanism is considered in this work. Two servo motors are
used in this planar parallel mechanism. The aim of this machine is to shorten the task
completion by reaching 5g acceleration while it preserves the positioning accuracy at
less than + 0,100 mm/m, and repeatability at less than + 0,050 mm. To achieve this
aim, trajectory planning algorithms are improved with the inclusion of stiffness model
of the mechanism. Nevertheless, another critical factor in precise control of the mech-
anism under high accelerations is the servomotor control, which is main focus of this
paper.

To study the control of a servo motor which is coupled with a gearbox, the initial
step is to obtain its model. Firstly, frequency domain studies are carried out by gener-
ating the Bode plot of the servo motor system that is subjected to current control loop
via experiments. Consequently, a transfer function is fitted to the obtained Bode plot.
Thus, the motor model is obtained via experimental identification techniques. Cou-
lomb friction model with stiction effect is used as an additional part to the obtained
linear model of the motor [10]. The cascade control parameters were previously
tunned with the aid of servo driver’s auto-tuning capability. Then, the exact replica of
this controller with its control parameters are included in the simulation model as the
digital twin of the servo driver. This part is accomplished without any experimental
identification procedure. Consequently, the controller and its parameters in both servo
driver and the simulation model are exactly same. Thereby, the system including the
servo motor and the embedded controller in the servo driver are represented in the
digital environment. The sampling time of the system is kept constant as 2ms
throughout the study. The final outcome of this study is considered to be satisfactory,
albeit there are minuscule differences between digital and experimental system. This
error is investigated by quantifying it with Mean Absolute Error (MAE) and R-
Squared (R?). As a result of this work, the first step of designing a DT of the laser -
cutting mechanism is realized. Kinematic, dynamic and stiffness models of the laser -
cutting mechanism have already been developed. This mechanism consists of two
servo motors, and servo system model obtained will be used along with the kinematic,
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dynamic and stiffness models so that the whole system can be represented in the digi-
tal environment.

2 System Description and Experimental Procedure

System operation is summarized in Fig. 1. A Kollmorgen servo motor is used in this
study [11]. Servo driver is connected to a computer via ethernet connection, and the
parameters of the controller embedded in the servo driver is changed via Kollmorgen
AKD Graphical User Interface (AKD GUI). With the help of this GUI, controller
mode and enable operation can be selected. On the other hand, Quanser Q8 Data Ac-
quisition Card (DAQ) is used in order to supply the required analog input and evalu-
ate the related output. Then these signals are monitored and recorded in another com-
puter via MATLAB / Simulink Software.
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Fig. 1. System Operation

2.1  Obtaining the Transfer Function of the System with Current Controller

The whole system can be represented as a block diagram in Fig. 2 This figure is taken
from the AKD GUI. The system consists of three cascade control loops, position,
velocity, and current control loops, from left to right, respectively. As a first step,
while the position and velocity loops are deactivated, the current loop is activated.
During the experiments, the amplitude of the sinusoidal current input is kept con-
stant (0.2 A peak to peak). However, when this sinusoidal signal with this amplitude
is suddenly applied to the motor, various problems, such as overheating problems can
occur, and this might result in nonlinear behavior of the system. Therefore, the input
signal’s amplitude (command) is risen to the designated value with a ramp function.
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Fig. 2. System Block Diagram

The frequency of the sinusoidal current input is applied within the interval 0.2 rad/s
- 60 rad/s. During the tests, for each designated frequency of the sinusoidal input, the
corresponding angular velocity is recorded as an output of the servo motor system.
The recording of the angular velocity is performed when the system’s output reaches
a steady peak value.

The obtained data are plotted in Fig. 3a. The frequency axis of this plot is in loga-
rithmic scale. Red asterisks denote the measured data for the designated frequency. In
this graph, the gain (magnitude ratio) is calculated by dividing the peak of the meas-
ured output velocity by the peak of the measured input current. The initial gain
(75.8959 dB) and the gain value where the line intersects the cut-off frequency are
important to find the TF of the investigated system. These values are encircled and
emphasized in Fig. 3a.

The expectation is to receive a first-order delay transfer function due to the relation
between the input current and the output velocity. Since the input, current is directly
related to the input torque by the help of the torque constant of the motor, this rela-
tionship is an obvious one by neglecting the faster dynamics of the system such as the
servo driver’s circuitry. The necessary equations to determine the TF of the system
are presented in Eqgs. (1), (2), (3), and (4).

T(s)= —— = (1)
(3+1)
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These two parameters, a, b, are to be determined from the measured data’s re-
sponse. In Eq. (1), the “b” value represents the cut—off frequency of the first-order TF,

i.e., b= 1.6 rad/s. The remaining part of the TF is calculated as follows by considering
the initial gain value.

30 Bode Diagram
. ® * % *3*2 e ’Gain=72.9dBwhcnw=|.6rad/s I (a)
g0t / e
[ i
260 /A *x
§ Gain=75.8959 dB ’ ‘
s 50‘* * . ‘
40" - i
|0~I 10() 101 10
Frequency (rad/s)
Bode Diagram
80
~ Gl 0 . . (b)
g7 b =1
Z \\\
B 60 i
S 50 \\k
40

10 10°
Frequency (rad/s)

Fig. 3. Experimental results for identifying the current-controlled servo motor system (a)
Measured Data (red) (b) Bode Diagram of the fitted TF (blue) and measured data (red).

75.8959 =20 log,, [ZJ ~20log,, [;;J @)

3.7948 = log {aJ —a= (103'7948)(1.6) = 9975 3)
1.6

Therefore, TF of the current controlled servo motor system is identified to be,

9975
4)
s+1.6

T(s) =

The frequency response of this identified TF and measured data are illustrated to-

gether in Fig. 3b. It is seen that the response of the TF is to a great extent in harmony
with measured data.
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In addition to multiple experiments, random signals are generated and supplied to
the inputs of both the identified TF and the actual servo motor system, simultaneous-
ly. In doing so, the behavior of the identified TF and the response of the servo motor
system are observed and evaluated at various frequencies and amplitudes. An exam-
ple is illustrated in Fig. 4a. Fig. 4b.
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Fig. 4. TF (red) and servo motor’s measured (blue) outputs when (a) there is no friction com-
pensation. (b) there is friction compensation.

In the first few seconds, because of the static friction, the motor could not initiate
its motion. Since the identified TF is a linear model of the system, it does not contain
the nonlinearity feature that the static friction brings to the actual system. Consequent-
ly, a coulomb friction model with stiction effect is implemented on the system’s mod-
el. The result of the system with the static friction model is given in Fig. 4b.

3 Position Control of the Servo Motor System

As a next step for generating the DT of the servo motor system, the embedded con-
troller of the servo driver is studied. Initially, the position and velocity control loop
parameters are tuned and adjusted automatically by the servo driver’s software. The
same control loops with the same parameters that is embedded in the servo driver are
used in the simulation model of the servo motor system. Consequently, the DT of the
total servo driver with all the control loops is generated. Proportional (P) and Propor-
tional and Integral (PI) controllers are implemented for position and velocity loops,
respectively. To validate the accuracy of the DT, same random inputs are supplied to
both the DT and the actual servo motor system. The results of an experimental study
against the results obtained from the DT of the system are given in Fig. 5.
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Fig. 5 Response of both the actual system and its DT for a random input

4 Conclusion and Discussion

As it is observed from Fig. 5, the DT of the actual servo motor system produces simi-
lar results with the actual system. Multiple experiments with different amplitudes and
frequencies are performed which could not be presented in this paper due to space
limitations. The performance of the DT is evaluated quantitatively with two perfor-
mance metrics, Mean Absolute Error (MAE) and R-Squared (R?). The evaluations
based on these metrics are presented in Table 1. The input signal presented in this
Table is in radians and t variable is in seconds.

Table 1. Performance of the obtained system.

Input Signal MAE R?
4sin (1) 0.3002° 1
7sin (50) 0.3624° 1
7sin (t) 0.395° 1
7sin (3t) 0.3283° 1
3sin () 0.2725° 1
3sin (10t) 0.2441° 0.9998

[3sin (6t+2.2864) + 3sin (101)] 0.2707° 0.9998




8

14SDG2021, 100, v2 (final): 'Digital Twin of a Servo Driver of a Servo Motor as a First. ..

As a result of this study, the DT of the servo motor system of a mechanism is gen-

erated. After implementing the kinematics, dynamics and stiffness model of the
mechanism, the controller parameters of the system can be tuned without the need of
using the actual system.
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