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INTRODUCTION

Abstract

This paper aims to address key considerations in building digital twins for some of the most
commonly used electrical machines, including the Induction Machine with a Squirrel Cage
Rotor, DC Machine with Linear Electrical Excitation, DC Machine with Permanent Excitation,
Synchronous Machine with Electrical Excitation and Damper, and Synchronous Machine with
Permanent Excitation and Damper. These machines, critical across various industries, require
precise modeling and real-time monitoring to optimize their performance and lifespan. The
development of digital twins for these machines involves creating virtual representations that
dynamically mirror their physical counterparts, using real-time data from sensors and ad-
vanced simulation techniques. Each machine type presents unique challenges for the digital
twin, such as accurately capturing the electromagnetic interactions in the squirrel cage rotor
or modeling the excitation systems in synchronous and DC machines. This paper investigates
the methodologies for overcoming these challenges, focusing on data acquisition, mathemat-
ical modeling, real-time analytics, and predictive diagnostics. The paper also highlights the
benefits of digital twin technology, including enhanced operational efficiency, reduced down-
time through predictive maintenance, and optimized control under varying load conditions.
Additionally, it discusses the integration of digital twins into broader Industrial Internet of
Things (IloT) frameworks, paving the way for more connected and autonomous industrial
environments. The findings in this paper provide valuable insights for both researchers and
engineers seeking to implement digital twins in electrical machine systems, contributing to
improved industrial automation and machine lifecycle management.

mance, reliability, and maintenance of these ma-
chines is crucial to ensuring efficiency and minimiz-

The concept of digital twins has gained significant
traction across various industries, offering new pos-
sibilities for the real-time monitoring, simulation,
and optimization of physical assets. A digital twin is
a virtual representation of a physical object, system,
or process that mirrors its real-world counterpart
through data integration and advanced analytics.
This technology provides a dynamic interface be-
tween the physical and digital worlds, enabling engi-
neers and operators to predict performance, diag-
nose issues, and optimize operations more effectively
[1-3].

In the domain of electrical motors, the implemen-
tation of digital twins holds immense potential. Elec-
trical motors are ubiquitous in modern industry,
powering critical processes in sectors such as manu-
facturing, transportation, and energy production.
Given their widespread use, optimizing the perfor-

ing downtime. Digital twins of electrical motors pro-
vide a powerful tool to achieve these objectives by
enabling continuous monitoring, predictive mainte-
nance, and enhanced fault diagnostics [4-6].

This paper explores the development and appli-
cation of digital twins for electrical motors. It exam-
ines the key components required for creating accu-
rate and effective digital models, including data ac-
quisition, simulation techniques, and real-time feed-
back loops. Additionally, the paper discusses the po-
tential benefits of employing digital twins in the con-
text of electric motors, such as reduced operational
costs, improved system reliability, and extended ma-
chine life. Through a detailed analysis of the state-of-
the-art technologies and methodologies, this paper
aims to highlight the transformative role that digital
twins can play in the management and optimization
of electrical motors.
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Furthermore, it offers insights into future research
directions and the challenges that need to be ad-
dressed for the widespread adoption of digital twin
technology in the electrical motor industry.

For all types of electrical machines there are com-
mon features: data acquisition and sensors, stage of
mathematical modeling and simulation, using ma-
chine learning and predictive analytics to predict mo-
tor parameters depend on ordinary and critical
working modes, real-time monitoring and feedback,
building and implementing control systems and op-
timization [5-8].

For an effective digital twin, real-time data collec-
tion is critical. Various sensors must be embedded in
the physical motor to gather data such as:

e temperature of windings and bearings;
o vibration levels;

¢ voltage and current characteristics;

e rotational speed and torque;

e motor slip and efficiency.

These data points form the foundation of the dig-
ital twin, enabling a dynamic and constantly updated
digital representation of the motor's condition.

The behavior of an induction motor can be de-
scribed through well-known mathematical models
based on electrical and mechanical principles. the
squirrel cage rotor, in particular, has specific opera-
tional characteristics, including non-linear current-
voltage relationships; complex electromagnetic inter-
actions in the rotor bars and stator windings; torque-
slip characteristics and speed-torque curves.

The digital twin incorporates these models to sim-
ulate the motor’s behavior under varying operating
conditions, allowing engineers to predict responses
to different load demands, ambient conditions, and
system configurations.

In combination with traditional physics-based
models, advanced analytics and machine learning al-
gorithms can be integrated into the digital twin to de-
tect patterns and anomalies that may indicate future
failures or operational inefficiencies. This aspect of
the digital twin enables predictive maintenance,
where machine learning can forecast issues like rotor
bar failures, bearing wear, or insulation degradation
before they cause a breakdown, minimizing unex-
pected downtimes.

The digital twin enables real-time monitoring by
processing incoming sensor data and comparing it
with the expected performance based on the motor’s
current operational mode. Deviations from normal
operating conditions can be immediately detected,
allowing the system to issue warnings or automati-
cally adjust parameters to maintain performance. For
example, the twin might identify unusual heat gen-
eration in the rotor, which could indicate an imbal-
ance or early-stage failure in the rotor bars or bear-
ings.

In addition to monitoring and diagnostics, digital
twins can contribute to the real-time optimization of
motor performance. By analyzing the operational
data, a digital twin can recommend optimal control
settings, such as adjusting the power supply, torque,
or speed to maximize efficiency or minimize energy
consumption under varying load conditions. This
optimization can reduce energy costs, improve mo-
tor efficiency, and extend the life of the motor’s com-
ponents.

The aim of this paper is to disclose questions con-
nected with building digital twins of commonly used
electrical machines: Induction Machine with Squirrel
Cage Rotor, DC Machine Linear Electrical Excitation,
DC Machine Permanent Excitation, Synchronous
Machine Electrical Excitation with Damper and Syn-
chronous Machine Permanent Excitation with
Damper [9]. The challenges associated with building
digital twins for these machines stem from the com-
plexity of their physical behavior and the need for ac-
curate modeling. Each type of electrical machine pre-
sents unique demands for data acquisition, simula-
tion accuracy, and real-time feedback. For instance,
the induction machine requires precise modeling of
rotor bar behavior under various load conditions,
while synchronous machines with dampers necessi-
tate complex simulations to account for their dy-
namic response during transient conditions. Ad-
dressing these challenges involves combining ad-
vanced mathematical models with machine learning
algorithms and real-time data analytics to create ro-
bust digital twins that can adapt to different opera-
tional scenarios [10-12].

INDUCTION MACHINE WITH
SQUIRREL CAGEROTOR

Induction machines, particularly those with squirrel
cage rotors, are among the most commonly used
types of electric motors in industrial applications due
to their robustness, efficiency, and relatively simple
construction [11-12]. The squirrel cage induction mo-
tor (SCIM) is especially popular in applications re-
quiring reliable and low-maintenance motors, such
as in manufacturing processes, transportation sys-
tems, and various types of heavy machinery. How-
ever, like all machinery, SCIMs are subject to wear,
efficiency losses, and potential failure over time. This
is where the concept of digital twins can bring sub-
stantial benefits. A digital twin of an induction ma-
chine with a squirrel cage rotor is a precise virtual
model that replicates the motor's physical state and
operational behavior in real time. By continuously re-
ceiving and processing data from sensors embedded
in the motor, the digital twin can provide insights
into the machine's health, performance, and opera-
tional efficiency.
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Figure 1. Simulation model of induction motor in ANSYS Twin Builder

This real-time mirroring allows for predictive di-
agnostics, dynamic optimization, and improved
maintenance scheduling, ultimately enhancing the
lifespan and efficiency of the motor [13-17].

In this example (Fig. 1), the Induction Machine
ASM_2 is connected to a to a three-phase power sup-
ply composed of Sinusoidal Voltage Sources ET1,
ET2 and ET3. The mechanical terminal of ASM_2 is
connected to a Torque Source F_ROT1, whose torque
value is decided by the summation of the outputs of
the Step Functions Generator_torque and
Load_torque.

The model represents an induction machine with
squirrel cage rotor and star-connected stator wind-
ings as a lumped circuit component. The circuit
nodes A-B-C are the terminals of star-connected sta-
tor windings. Due to its rotational pin, the machine
can be connected to mechanical components from the
physical domains folder. This component cannot be
used with AC and DC simulation.

Model Limits of Induction Machine Model:

¢ 3-phase symmetrical induction machine with
squirrel cage rotor and star-connected stator
wingdings without neutral node (no zero
phase-sequence system);

¢ linear and iron-loss free magnetic circuit;

¢ no consideration of skin effects in the wing-
dings (restricted simulation accuracy at e.g.
start-up processes; typical case: current-dis-
placement motor connected to the mains);

o exclusive consideration of fundamental flux
linkage between stator and rotor wingdings;

e rotor position-independent leakage induct-
ances;

o friction losses (parasitic torques) are not con-
sidered in the model; they can be added with
the load torque parameter externally.

The equation system is implemented in a stator-
fixed coordinate system (a-p coordinates). Index 1
represents the stator quantities, index 2 the rotor
quantities. The phase quantities of the real three-
phase induction machine are indicated with a, b, c. &
is the magnetic flux. The simulation results are
shown in Fig. 2-4.
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Figure 2. Simulation of induction motor: phase current
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Figure 3. Simulation of induction motor: moving torque
and load
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Figure 4. Simulation of induction motor: rotor speed

DC MACHINE LINEAR ELECTRICAL
EXCITATION

The model represents a DC machine as a lumped cir-
cuit component. By proper connection of armature
and excitation circuit, separately excited, series and
shunt machines can be modeled. To define the pa-
rameter values, enter a numerical value, a variable,
or expression in the corresponding field of parameter
list [18-20].
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Figure 7. Simulation of DC motor: moment of inertia and speed

The equation system is implemented on condition
of a linear magnetic circuit. Index a represents the ar-
mature circuit quantities, the index e the quantities of
excitation circuit.

Model Limits of DC Machine Models:

e the nonlinear magnetic circuit (DC machine
with Nonlinear electrical excitation) is able to
consider the dependence on excitation flux and
inductance caused by the excitation current;

no consideration of armature reaction on excit-
ing field;

no consideration of eddy-current and hystere-
sis loss caused by armature rotation and pul-
sating-current supply system;

friction losses (parasitic torques) are not con-
sidered in the model; they can be added with
the load torque parameter externally.

This example (Fig. 5) demonstrates the setup of a

e armature and exciter circuit of the DC machine  basic DC Electrical Excitation motor with linear exci-
model are considered to be completely decoupled;  tation and mechanical load. The simulation results
¢ no consideration of saturation effects in the ar-  are shown in Fig. 6, 7.

mature g-axis caused by the armature current;
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Figure 8. Simulation model of DC motor with permanent magnets in ANSYS Twin Builder: power part
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Figure 9. Simulation model of DC motor with permanent magnets in ANSYS Twin Builder: control part

DC MACHINE PERMANENT EXCITATION

The model represents a DC machine with permanent
excitation as a lumped circuit component [21-23].
The equation system is implemented on condition of
a linear magnetic circuit. Index a represents the ar-
mature circuit quantities.

Model Limits of DC Machine Models:

the nonlinear magnetic circuit (DC machine
with Nonlinear electrical excitation) is able to
consider the dependence on excitation flux and
inductance caused by the excitation current;
armature and exciter circuit of the DC machine
model are considered to be completely decou-
pled;

no consideration of saturation effects in the ar-
mature g-axis caused by the armature current;
no consideration of armature reaction on excit-
ing field;

no consideration of eddy-current and hystere-
sis loss caused by armature rotation and pul-
sating-current supply system;

friction losses (parasitic torques) are not con-
sidered in the model; they can be added with
the load torque parameter externally.

This example (Fig. 8 and Fig. 9) demonstrates the
use of a DC Permanent Magnet motor being driven
by a switched DC supply. The circuit in Figure 2
shows the supply, switching transistor, and motor
hookup. Figure 3 shows the block diagram of the
control circuit to sample the motor speed and create
the TR_Control signal used to drive the gate of the
transistor to provide the proper average voltage to
hold the motor at speed. The simulation results are
shown in Fig. 10, 11.

SYNCHRONOUS MACHINE ELECTRICAL
EXCITATION WITH DAMPER

The model represents a linear DC field synchronous
machine without damper (internal-field) as a lumped
circuit component. Depending on the parameter set,
the machine can be operated either as a salient or
non-salient pole rotor.

The circuit nodes A-B-C are the terminals of star-
connected stator winding; the circuit nodes E1-E2 are
the terminals of excitation winding [24, 25]. The
equation system is implemented in a rotor-fixed (ro-
tor-fixed and also rotor flux-fixed) coordinate system
(d — g coordinates).
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Figure 10. Simulation of DC motor with permanent magnets: currents and torque
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Figure 12. Simulation model of synchronous motor in ANSYS Twin Builder

Index 1 represents the stator quantities; the index
e the quantities of rotor excitation wingdings. The
phase quantities of the real three-phase synchronous
machine are indicated with a, b, c.

If the line-to-line voltage vqyp, Vpe, Vg Or the line
currents iy, ip, i, of the synchronous machine are of
special interest, voltmeters or ammeters can be con-
nected to the synchronous machine.

Model Limits of Synchronous Machine Models:

e -phase symmetrical synchronous machine
with internal-field system and star-connected
stator winding without neutral node (no zero
phase-sequence system);

¢ linear and iron-loss free magnetic circuit;

no consideration of skin effects in the windings;
exclusive consideration of fundamental flux
linkage between stator, damper and excitation
windings;

rotor position-independent leakage induct-
ances;

friction losses (parasitic torques) are not con-
sidered in the model; they can be added with
the load torque parameter externally.

This example (Fig. 12) demonstrates the use of a
Synchronous machine configured as an electrical

generator. The simulation results are shown in
Fig. 13-16.
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Figure 13. Simulation of synchronous motor: rotor speed
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Figure 14. Simulation of synchronous motor: drive and motor torque
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Figure 18. Simulation of synchronous permanent magnet motor: speed and phase current

SYNCHRONOUS MACHINE PERMANENT
EXCITATION WITH DAMPER

The model represents a permanent excitation syn-
chronous machine with damper circuit i as a lumped
circuit component. The damper circuit is not accessi-
ble from outside the machine; the corresponding
phase windings are connected at a virtual neutral
node. Depending on the parameter set, the machine
can be operated either as a salient or non-salient pole
rotor. The circuit nodes A-B-C are the terminals of
star-connected stator winding [26-30].

In the case of identical parameters for the induct-
ances L1D and L1Q, a synchronous machine with
permanent magnet and non-salient pole rotor is
modeled. To model a permanent magnet salient-pole
machine, the parameters must be different for L1D
and L1Q.

The equation system is implemented in a rotor-
fixed (rotor-fixed and also rotor flux-fixed) coordi-
nate system (d — q coordinates). Index 1 represents
the stator quantities; the index 2 the equivalent quan-
tities of the damper circuit belonged to the rotor. The
phase quantities of the real three-phase synchronous
machine are indicated with 4, b, c.

If the line-to-line voltage vgp, Vpe, Vg OF the line
currents iy, ip, i, of the synchronous machine are of
special interest, voltmeters or ammeters can be con-
nected to the synchronous machine.

Model Limits of Synchronous Machine Models:

e 3-phase symmetrical synchronous machine
with internal-field system and star-connected
stator winding without neutral node (no zero
phase-sequence system);

e linear and iron-loss free magnetic circuit;

e no consideration of skin effects in the windings;

e exclusive consideration of fundamental flux
linkage between stator, damper and excitation
windings;

e rotor position-independent leakage induct-
ances;

e friction losses (parasitic torques) are not con-
sidered in the model; they can be added with
the load torque parameter externally.

This example (Fig. 17) demonstrates the use of a
Permanent Magnet Synchronous machine with
Damper configured as a motor driving a load. The
simulation results are shown in Fig. 18, 19.
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Figure 19. Simulation of synchronous permanent magnet motor: moving and load torque

DISCUSSION

Implementation of digital twins technology bring
valuable benefits to electrical machines design, math-
ematical modelling, predictive analytics and solving
coupling projects, that connected to real machines
and control systems. Traditional maintenance strate-
gies often rely on scheduled checks, which may re-
sult in unnecessary downtime or missed issues be-
tween inspections. The digital twin's continuous
monitoring and data analysis allow for condition-
based maintenance, reducing the likelihood of unex-
pected failures and optimizing maintenance sched-
ules. By dynamically adjusting operational parame-
ters based on real-time data, digital twins can ensure
that induction machines operate at their peak effi-
ciency. This is particularly important in industries

where energy consumption is a significant cost factor.

With digital twins, engineers can identify inefficien-
cies caused by wear, load changes, or environmental
factors and make real-time adjustments.

The early detection of issues such as rotor bar
cracks, insulation breakdowns, or bearing wear al-
lows for timely interventions, reducing the stress on
the machine and extending its operational life. By
preventing catastrophic failures, digital twins also re-
duce the need for costly repairs or replacements.

Digital twins facilitate rapid fault identification
and diagnosis, as they continuously compare real-
time data with ideal performance models. This
means that deviations or anomalies can be immedi-
ately flagged, helping operators to quickly pinpoint
the root cause of a problem. For example, an imbal-
ance in the rotor could be identified through unusual
vibration patterns, prompting an investigation be-
fore it leads to further damage.

The use of digital twins for electrical machines is
expected to expand as sensor technology, machine
learning, and data analytics continue to evolve. Fu-
ture research is likely to focus on improving the ac-
curacy and adaptability of the digital models, partic-
ularly under highly dynamic or complex operating
conditions. Moreover, the integration of digital twins

into Industrial Internet of Things (IloT) platforms
will enable more seamless communication between
machines and broader control systems, facilitating a
fully connected, autonomous industrial environment.

CONCLUSIONS

This paper has explored the development of digital
twins for several commonly used electrical machines,
including the induction machine with a squirrel cage
rotor, DC machines with both linear electrical and
permanent excitation, and synchronous machines
with both electrical excitation and permanent excita-
tion, featuring dampers. By examining the specific
characteristics and operational requirements of each
machine type, it is evident that digital twin technol-
ogy provides a valuable tool for improving perfor-
mance monitoring, optimizing operational parame-
ters, and implementing predictive maintenance strat-
egies. The ability of digital twins to mirror real-time
behavior and predict future states allows for en-
hanced reliability, efficiency, and cost-effectiveness
in managing these electrical machines.

Digital twins offer a transformative approach to
managing induction machines with squirrel cage ro-
tors. By providing real-time insights into machine
health, enhancing predictive maintenance, and opti-
mizing performance, digital twins can significantly
reduce operational costs and increase machine relia-
bility, making them a vital tool in modern industrial
automation. The implementation of digital twins for
these widely used electrical machines holds immense
potential for enhancing the reliability, efficiency, and
lifecycle management of industrial systems. Future
research should focus on refining the accuracy of dig-
ital twins, improving sensor technology, and inte-
grating digital twins into broader control systems
within the Industrial Internet of Things (IloT). As the
technology evolves, digital twins will become a cor-
nerstone of intelligent maintenance and optimization
practices in industries that rely on electrical machines,
significantly reducing downtime and improving
overall system performance.
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I dpoBi ABITHMKM eIeKTPUIHMX MallIMH pi3HMX TUIIIB
Biragucnas IImrorin, €Bren LeremsHuk, Onekcinn CIIOBiKOBCBKUTA

AmHoTaris. 3pocTrarounii IIOMMT Ha ePeKTUBHICTh, Ha/IiHICTh i IPOTrHO3He TexXHiuHe 0OCIyrOBYBaHHS B ITPOMVICITOBMX
cmcTeMax BUK/IMKAaB 3HAUHWI iHTepec /10 3aCTOCyBaHH: IMQPOBUX OIM3HIOKIB eJIeKTPUYHMX MatiH. Llg cTaTTsa Mae Ha
MeTi PO3IJISHY TV KJIIOYOBi acITeKTV 00 CTBOPEeHHS IV POBYIX ABIHKIB /17151 IesIKVIX i3 HaltOUIBII 9acTO BUKOPVICTOBY-
BaHMX €JIeKTPUYHMX MalllliH, BKJIIOYalouy aCMHXPOHHY MalllHy 3 KOPOTKO3aMKHEHMM POTOPOM, MAaIIVHY IOCTiIHOrO
CTPYMY 3 JIHIVTHUM eJIeKTPUIHUM 30yKeHHIM, MaIllHY HOCTiMTHOTO CTPYMY 3 TIOCTiTHMMY MarHiTaMy, CMHXPOHHY Ma-
ITVHY 3 eJIEKTPUYIHUM 30y/IKeHHSIM 1 CMHXPOHHY MaIllHy 3 ITOCTiVTHMMY MarHiTamu. Lli MaIrmiHu, KpUTUYHI B pisHMX
rajIy3six IIpOMMCIIOBOCTI, BUMaraxTh TOUHOIO MOJIe/IIOBaHH: Ta MOHITOPMHIY B peaJIbHOMY Yaci [y OnTuMisallil ix IIpo-
IOYKTMBHOCTI Ta TepMiHy cTy>k0m. KoskeH TMIT MalIMHy CTBOPIOE YHIKaJIbHI 3aBIaHHS I 11 POBOTO ABIMHVKA, HAIIp-
Ky1aJl, TouHe (piKCyBaHHS eJIeKTPOMAarHiTHVMX B3a€MOIil Y POTOpi 3 KOPOTKO3aMKHEHOIO KIIITKOIO a00 MOie/IFoBaHHS CVIC-
TeM 30y/DkeHHS B CMHXPOHHVIX MaIllMHaX i MaITiHaX IOCTIHOTO CTPyMY. Y iV CTaTTi OCTIIKyIOTCS METOIOJIOTII ITo-
JIOJIaHHS IVIX ITpo0JIeM, 30cepeKyIounch Ha 300pi JaHVX, MaTeMaTYHOMY MOIeJIIOBaHHI, sIKi KOPVCHI y ITOJaJIbIIIOMY B
aHaJli3i y peaJIlbHOMY 4aci Ta IIpOrHO3HIN JiarHocTuIli. Y cTaTTi TaKOX BUCBIT/IIOIOTHCS IIepeBaryt TeXHOJIOril 111 poBoro
6m3HIOKa, 30KpeMa HifBuIeHa eeKTUBHICTE PODOTH, CKOPOUEeHH:ST Yacy ITPOCTOIO 3aBIsAKVI IPOTHO3HOMY TeXHITHOMY
00CITyroByBaHHIO Ta ONTMMIi30BaHe KepyBaHH: 3a 3MiHHMX yMOB HaBaHTakeHHs. Kpim Toro, obrosoproerbcst iHTerparis
1 poBrx OIM3HIOKIB y cTpyKTypi IHnTepHeTY pedert (IIoT), mo BigkpmBae IMUTAX 1T OUIBIT aBTOHOMHIX ITPOMUCITOBUX
cepenoBMIIL. BUICHOBKM B I1iVl CTATTi JAIOTh BaXKITMBY iH(OpMAIlifo sIK 117151 JOCTITHWKIB, TaK i /1715 ilKeHepiB, sIKi MparHyTh
3arpoBagUTV 1M POBi ABIVTHUKN B CHCTEMax eJIeKTPUYHVIX MaIIH, CIIPVAIOUN ITOKPaIlleHHIO IIPOMVICIIOBOI aBTOMaTHM3a-
i Ta yIpaBJIiHHIO XUTTEBUM LIMKJIOM MaIIVHIA.

KitrogoBi cy1oBa: 1 poBui ABIVIHMK, aCMHXPOHHUT ABUTYH, CMHXPOHHA Malll/Ha, IIOCTiVHMII MarHiT, MaIllHa MOCTi-
HOTO CTPyMy, MOJIeJIIOBaHHs, IlepexifHi Ipoliecu
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