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ABSTRACT: Monitoring the conditions of electric motors in industrial applications is an essential step for ensuring
safety and reducing maintenance costs. This paper deals with one of the most frequent winding failures—the inter-
turn short fault of an interior permanent magnet synchronous motor. A novel high-fidelity co-simulation framework
toward a digital twin-based approach combining Maxwell simulation in finite element method (FEM) for the motor and
control system in system software for the inverter is presented. An analysis of the motor based on a 2D FEM model is
performed considering the motor topology and non-linear properties, and inductance and flux-linkage data of 3-phase
and short circuit currents. A real-time simulation of the motor and inverter control algorithm is performed based on
the calculated electromagnetic field data of the motor. The characteristics of short current and its fault diagnosis method
under different operating conditions, according to short fault severity, load, and speed of motor, are investigated. We
focused on phase current spectral analysis, particularly the 3rd harmonics of the phase current in the frequency domain.
The proposed co-simulation approach enables a digital twin-based model to identify and pick up informative data for
fault diagnosis. In addition, the simulation results and proposed method are verified using experimental data.

KEYWORDS: Digital twin-based approach; co-simulation; interturn short-circuit fault; permanent magnet
synchronous motor; fault detection

1 Introduction
The demand for electric vehicles (EVs) has continued to increase in order to replace internal combus-

tion engine vehicles, owing to increasing environmental problems and the corresponding environmental
regulations. In addition, electric motors are used in a vast range of industrial applications, from powering
pumps, fans, compressors, lifts in manufacturing systems, and actuators in robots. An interior permanent
magnet synchronous motor (IPMSM), frequently used as a traction motor for EVs as well as industrial
applications, may fail owing to various mechanical and electrical faults such as bearing faults, eccentricity,
demagnetization, and winding short; therefore, research on prognostic and health management (PHM) of
IPMSM has been actively conducted [1].

Recent research investigated an 800 V electrified vehicle platform to ensure fast battery charging and
high power [2–5]. Furthermore, construction vehicles, trucks, and high-performance vehicles have been
manufactured based on an 800 V system [6,7]. However, when a high voltage is applied to the winding,
the strength of the electric field may exceed the dielectric strength in the gap between the insulators inside
the winding insulation or between the windings, causing partial discharge. The partial discharge causes a
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high-temperature electric spark to erode the insulator, and the ozone generated by the partial discharge
causes a chemical reaction in the insulator, deteriorating the insulation performance [8,9]. Partial discharge
continuously deteriorates the winding insulation, and eventually, the insulation fails, causing an interturn
short-circuit fault (ITSF) in the winding of the motor. In addition, the high switching frequency characteristic
of the wide band gap (WBG) power module for increasing the efficiency of the inverter also increases the
number of occurrences of partial discharge [10]. Next-generation power modules for electric vehicles as
well as industrial applications mainly adopt silicon carbide (SiC) and gallium nitride (GaN) based switching
devices as they have a high slew rate of 50–100 kV/μs compared with 20 kV/μs for conventional switching
devices and achieve high efficiency by reducing low-order harmonics and switching loss; however, such a
high slew rate generates an inverter surge voltage (close to twice the applied voltage) and accelerates the
partial discharge energy [3]. According to [11], stator winding failure can account for 36%–66% of the failure
modes of the electric machine as the applied voltage increases.

In previous studies, winding fault diagnosis was mainly performed using various signals such as current,
voltage, and magnetic flux sensors. Among these, motor current signature analysis (MCSA) has been studied
using various signal processing techniques such as fast Fourier transform (FFT) [12], short-time Fourier
transform (STFT) [13], and additional sensors to investigate current [14,15]. Unlike other failure diagnosis
methods, MCSA can be performed using the current sensor embedded in the traction system of EVs without
requiring additional sensors.

Urresty et al. [16] used the zero-sequence voltage component of the voltage between the three phases and
the neutral point to diagnose ITSF. Sarikhani and Mohammed [17] used the back electromotive force (back
EMF) of a faulty motor estimated based on the current and line voltage, and the failure was diagnosed by
comparing the back EMF with that measured from a healthy motor. Other studies used the signal injection
method at standstill conditions [18,19]. Qi et al. [18] used the high-frequency signal injection method to
estimate the number of shorted turns by calculating the resistance and inductance of the winding. Baruti
et al. [19] applied DC current to the stator winding and developed a severity estimation algorithm considering
the non-linearity of inverter switching modules. Although these signal injection-based methods can be
performed only at standstill conditions, they have a significant advantage in that they are not affected by
the operating conditions, unlike other methods, and can maintain good fault diagnosis accuracy. Despite its
advantages, this method is fundamentally limited by its inability to function while the motor is in motion.

A stator winding short-circuit fault can be classified into three types: ITSF, phase-to-phase short-circuit
fault, and phase-to-ground short-circuit fault. ITSF refers to a short circuit fault in a single coil and is the most
common short-circuit fault type [20,21] because coils are insulated only with the weakest enamel coating.
When a short circuit occurs between turns, it causes a decrease in motor efficiency and vibration of the
motor. In addition, a short circuit current exceeding the current capacity of the winding can be induced
in the short region. Early detection of ITSF is necessary because short circuit current can cause excessive
thermal stress on the windings, leading to catastrophic motor failure, i.e., phase-to-phase short-circuit fault,
and phase-to-ground short-circuit fault.

Stator coils are randomly distributed within the slots, and a short-circuit fault can occur anywhere;
therefore, the number of shorted turns is also unpredictable. The number of shorted turns is closely related
to the amplitude of the short current [22–24] or circulating current that causes excessive heat [23,25,26]
and flux distortion [27]. As the number of shorted turns increases, the short current decreases and then
increases [22,23]; hence, the number of shorted turns and short current can be proportional or inversely
proportional depending on the contact resistance [25,26]. According to the above studies, the relationship
between the number of shorted turns and short current can change depending on motor parameters such as
motor topology, power, and contact resistance; therefore, this relationship should be carefully investigated.
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Recently, the paradigm of system fault diagnosis, including motor systems, has shifted toward a
co-simulation or digital twin-based approach. These offer an enhanced and comprehensive understanding
of physical degradation induced by motor faults, predictive capabilities, and design guidelines for diagnosis
systems based on results from high-fidelity virtual models [20,28,29]. Despite these advancements, achieving
a balance between model fidelity and computational efficiency remains a significant challenge. While
full-scale Finite Element Method (FEM) models provide superior accuracy in capturing nonlinear electro-
magnetic behaviors during faults, their integration into real-time digital twin environments is often hindered
by prohibitive computational costs [30]. To address these limitations, recent cutting-edge literature has
explored Reduced-Order Modeling (ROM) and Look-up Table (LUT)-based co-simulations as a pragmatic
path toward functional Digital Twins. By embedding control algorithms directly into the simulation loop,
these approaches can replicate the phase current signatures that are critical for industrial diagnosis, which
were often simplified in earlier studies.

This study proposes a novel high-fidelity co-simulation framework toward a digital twin-based approach
for the diagnosis of ITSF of IPMSM. Finite element analysis (FEA) was performed to obtain the inductance
and flux linkage data of the healthy condition and ITSF of the motor. A closed-loop controlled inverter–
motor system was co-simulated using the inductance and flux linkage data to calculate the phase current.
Specifically, the inverter modeling for motor control involved programming the control algorithm, and
the simulation parameters were tuned to ensure that the resulting current values closely matched the
experimental data. Our co-simulation model achieves significantly improved accuracy for calculating the
phase current with an error of only 15% under identical conditions. Based on results from co-simulation,
we demonstrated that ITSF can be diagnosed via frequency domain analysis and established the specific
frequency range required for observation. In addition, the severity levels of diagnosable ITSF were identified.
To verify the simulation results, faulty IPMSMs were designed and assembled with artificially emulated
ITSF with different severity levels. The monitored data of the phase current, including short current as well
as vibration, were analyzed under various operating conditions. Furthermore, it was confirmed that ITSF
diagnosis can be effectively performed using low-cost, embedded current sensor data from the traction
system, rather than relying on expensive vibration data. The main advantage of the proposed experimental
set-up, including the system for prognostics and health management (PHM), is to control the severity level
of shorts as well as the contact resistance of shorted points. This approach can provide guidelines for a
maintenance schedule.

2 Co-Simulation of Inverter–Motor
Many analytical techniques can be used for modeling short-circuit faults of motors. Among them, finite

element analysis (FEA)-based modeling is an accurate modeling technique as it considers the non-linear
characteristics caused by magnetic saturation and the topology of the motor. In a couple of studies, an IPMSM
control drive model coupled with FEA simulation was simulated [31,32]. Although this co-simulation
method provides accurate analysis results, it requires significant simulation time. As a result, Qi et al. [26]
used an FE-based phase variable model to analyze the FEA and control algorithm to reduce the computa-
tional time. In their study, FEA simulation was performed to create a look-up table (LUT) of inductance
and flux linkage on each rotor position, and a 3-phase voltage drive model was simulated using the LUT.
Once the FEA simulation has been performed, it is not necessary to perform it while simulating the drive
model under various operating conditions. This method is frequently used for fault motor analysis because
it yields relatively accurate analysis results in less time compared with the co-simulation method. Therefore,
during the real-time co-simulation, the system instantly retrives there pre-computed values instead of solving
complex, time-consuming electromagnetic equations at every time step.
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2.1 Finite Element Analysis
In this study, a 2D FEA analysis was performed using the Ansys Maxwell program to evaluate the

electromagnetic effect of an ITSF in the motor. A 400 W IPMSM with two pole pairs was modeled, and the
non-linear magnetic properties of the material were considered. Fig. 1 shows a model of the IPMSM including
its geometry and topology. The detailed specifications of the IPMSM are presented in Table 1. Fig. 2 shows
the winding model of the IPMSM with ITSF. The winding model consists of three phases, with one phase
comprising three coils with 42 turns; only one coil is shown for convenience. To examine the characteristics
of the ITSF based on the number of shorted turns, three faults were implemented by connecting the neutral
point, which is the middle point of the last coil of phase A, as shown in Fig. 2. The number of shorted turns
is set by 1st, 13th, and 26th in the IPMSM. Phase A was divided into a healthy coil and a shorted coil. FEA
simulation was performed for three types of ITSF. The flux linkage and inductance for three phases and
short-circuited phases were calculated according to the rotor position in the range of 0○–360○ electrical angle.
The simulation was conducted on a workstation equipped with an Intel Xeon W-5 3435X CPU (16 cores, 32
threads, Max 4.5 GHz), 128 GB RAM, RTX A2000 12 GB GPU.

Motor shaft

Rotor core

Permanent magnet

Stator winding(coil)

Stator

Figure 1: Geometry and topology of modeled IPMSM (left), Computed Tomography (CT) for topology, and detailed
sectional view drawing (right) of motor used in both simulation and experiment.

Table 1: Detailed specification of the IPMSM used in this study.

Motor Parameters Value
Motor type IPMSM

Winding type Double layer
Number of rotor poles 4

Rated power 0.4 kW
Rated torque 0.58 N⋅m
Rated speed 6600 rpm

Rated voltage 220 V
System inertia 44.4

Ld 6.68 mH

(Continued)
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Table 1 (continued)

Motor Parameters Value
Lq 13.39 mH

Resistance (phase) 1.139 Ω
λPM 0.1025 Wb

Figure 2: Winding configuration of the ITSF motor.

2.2 ITSF in IPMSM Modeling
The phase voltage model of the ITSF of IPMSM is represented by the following voltage, torque, and

motion equations. As the motor voltage is applied as a line voltage, the equation is represented as given
in Eq. (1).
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where V is the voltage, R is the resistance, i is the phase current, e is the back electromotive force (EMF), λ
is the flux linkage, and subscripts a, b, c, and f are the A, B, C phases and fault phase, respectively. The fault
phase is a shorted coil, treated as a single phase in the ITSF of the motor model. The inductance is defined
as self-inductance if the subscript is repeated and mutual inductance of the two alphabets if the subscripts
are different. For instance, Lff refers to the self-inductance of the phase fault loop, and Laf is the mutual
inductance of phases A and the fault. Rfsc is the contact resistance. A detailed physical explanation of the
above equation can be found in Ref. [33].
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2.3 Inverter and Motor Control Algorithm
The appropriate control algorithm should be implemented and analyzed because the behavior of the

short-circuit fault can be affected by the control method [34]. The algorithm includes ITSF of IPMSM
modeling based on the electromagnetic data computed using FEM. Fig. 3 shows the inverter–motor control
algorithm, which implements a closed-loop field-oriented control (FOC) method with current and speed PI
(proportional integral) controllers. IPMSM is controlled by an inverter in the d-q reference frame, as shown
in Fig. 3. The parameters of the controllers were auto-tuned using a bandwidth of 30 rad/sec for the speed
controller and 318 rad/sec for the current controller. The time step for the simulation was set to 0.5 μs. All
these parameters used in this model referred to the parameters of the actual motor and inverter.

Figure 3: Inverter–motor control diagram for real-time simulation.

2.4 Simulation Results
The phase current (ia, ib, and ic) and short current (if) were simulated using the inverter–motor drive

based on the parameters obtained from FEM analysis, as shown in Fig. 4. The time and frequency domains
of the healthy and ITSF motors under an operating condition of 3000 rpm and 0.2 N⋅m were analyzed.
The contact resistance is 0.3 Ω. It was observed that a short current can be approximately 2 to 5 times the
magnitude of the 3-phase current in the ITSF condition. The short current has an impulse waveform in a
single shorted fault because the low inductance single coil could not smooth the pulse width modulation
(PWM) waveform voltage applied from the inverter. The short current is maximum in a 26-turn short-circuit
fault because the back-EMF producing the short current is proportional to the number of turns of the shorted
coil. The short current is an important factor, as heat is produced at the short point in proportion to the
square of the short current. The odd harmonic of the motor is larger than that of a healthy motor, and the 3rd
and 5th harmonics increase proportionally with the number of shorted turns in 13 and 26 turns short-circuit
faults. In particular, the 3rd harmonic can be used as a fault index for diagnosing an ITSF because its value
is significantly higher compared to that of the healthy condition. It was observed that the 3rd harmonic of
phase current increased by 260% for the 13-turn and 510% for the 26-turn case, compared to the healthy
motor. However, the fault signal is not significantly different from that at the healthy condition in a 1-turn
shorted, relatively subtle fault condition.

The 3rd harmonic of the back EMF produced by the second inductance and fundamental phase current
is not present because it is canceled out in the line by the balanced three phases. However, when a short-
circuit fault occurs in one phase, a magnetic flux is generated from the shorted coil in the opposite direction
of the main flux, and the flux is distorted and cannot be offset from the 3rd harmonic of the other phase [35].
The fundamental harmonics of the short current and the 3rd harmonic of the phase current under various
operation conditions were evaluated under different speeds and loads, as shown in Fig. 5. The short current
is proportional to the speed because the flux linkage producing the shorted current increases in proportion
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to the speed of the motor. Except at 1500 rpm 0.4 N⋅m condition, the higher the number of shorted turns, the
larger the short-circuit current because the flux linkage that produces the shorted current is proportional to
the number of turns of the coil. The 3rd harmonic of the phase current, which is used as a fault index, can
accurately distinguish the healthy state from the shorted fault for all operation conditions.

1 turn short (time-domain)

13 turn short (time-domain)

26 turn short (time-domain)

1 turn short (frequency-domain)

13 turn short (frequency-domain)

26 turn short (frequency-domain)

(a) (b)

Figure 4: Simulation results for phase and short current at 3000 rpm and 0.2 N⋅m at various fault conditions: (a) time
domain (b) frequency domain.

(a) (b)

Figure 5: Proposed robust fault indicators from simulation results at various operation conditions for different severity
levels: (a) first harmonics of short current (b) 3rd harmonics of phase current.
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3 Experimental Verification

3.1 Experimental Setup
The experiments were carried out to verify the effectiveness of the proposed method for fault diagnosis

of ITSF as well as to validate simulation results. Detailed specifications and topology of PSMS used in
the experimental study were already provided in the simulation part. The motor was designed using the
same specifications as those used in the simulation part. Figs. 6 and 7 show the schematic diagram and
photograph of the experimental setup for detecting the ITSF of IPMSM, respectively. Also, Fig. 8 illustrates
the implementation of ITSF in this study. To create the ITSF, the insulation of the coil was removed at different
turns within a single coil, and additional lead wires were connected to these points and extended externally.
These external leads were designed to allow for the adjustment of contact resistance as shown terminal block
in Fig. 7. An ITSF was emulated by connecting the neutral point of the stator winding and the number of
shorted turns is 1, 13 and 26 as shown in Fig. 6. The insulation resistance of a healthy double-layer enamel wire
is a few giga-ohms, but the contact resistance of a shorted wire can decrease to several mili-ohms [36,37].
The contact resistance of the motor was set to 0.3 Ω for safety and equipment protection. Zero contact
resistance corresponds to a complete breakdown of the coil’s dielectric strength, which may cause hazardous
overcurrent during the experiment. Thus, the contact resistance was determined to ensure the short-circuit
current does not exceed 15 A. A commercial inverter (V1000, Yasakawa) was used for controlling the IPMSM.
The three-phase current and short current were measured using two types of current transformers (CTL-6-
S-Z, URD, CTL-24-S28-10Z, URD), respectively. The accelerometer was placed at the center of the motor,
and the vibration was monitored using a three-axis piezo accelerometer (3093D7, DYTRAN). The sensor
data was acquired using a data acquisition module (NI9223, National Instruments) at 100 kHz and 12.8 kHz
for current and vibration data, respectively.

Figure 6: Schematic diagram of the test bed for the experimental validation of ITSF.
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Figure 7: Photograph of the test bed for the ITSF of ITSF.

Figure 8: The implementation of the ITSF of the experimental setup in Fig. 7.

3.2 Experimental Results
We investigate the change of phase current, focusing on the odd harmonics in the frequency domain

based on results from co-simulation presented in the previous section. The phase currents were monitored,
and the experimental and simulation results of the phase currents were compared under different operational
conditions, as shown in Fig. 9. In all cases, the amplitude of current through the short circuit of the IPMSM
was 4 times higher than the phase current of the healthy motor. The current through the short circuit is
dangerously high because a low impedance path can be created in a stator, bypassing the normal load.
The current of the phase and short circuit measured in the experimental set-up are similar to those from
the simulation results. Hence, in Fig. 10, the 3rd and 5th harmonics increase in both the experimental and
simulation results. Furthermore, the difference is most significant at the 3rd harmonic, which is used as a
fault detection index. Most of the current harmonics of the simulation results are larger than those from the
experiment. Experimental results confirmed that the amplitude of the 3rd harmonic exhibited an error of
approximately 15% and 17% compared to the simulation for the healthy motor and the ITSF-faulted motor,
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respectively. It is estimated that even though the PWM frequency is the same in both results, the inverter
dead time was not considered in the simulation.

13turn short - 3000 rpm 0.2 Nm 13turn short - 3000 rpm 0.2 Nm

13turn short - 4500 rpm 0.2 Nm 13turn short - 4500 rpm 0.2 Nm

(a) (b)

Figure 9: Experimental results for phase and short currents of the 13-turn shorted fault: (a) experimental results and
(b) simulation results.

(a) (b)

Figure 10: Integer harmonics of the phase current of the healthy and short-circuit fault motor conditions during
experiment and simulation: (a) 13 turn short, 3000 rpm, 0.2 N⋅m (b) 13 turn short, 4500 rpm, 0.2 N⋅m.

The first and third harmonics of the phase current of the healthy and short-circuit fault motor conditions
during the experiment were investigated, and the results are shown in Fig. 11. In the case of the motor
with ITSF, the balanced nature of the three-phase system is distorted, resulting in the third harmonic being
changed. However, even when motor torque increases due to applied load, the change in the 3rd harmonic
component remains relatively small. These results can be found in Figs. 5b and 11b of our manuscript for
both simulation and experiment (as below for experiment). The 3rd harmonic current under ITSF conditions
is primarily induced by the distorted Back-EMF within the shorted turns. Since the Back-EMF is directly
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proportional to the rotor speed variations, it remains largely unaffected by the stator fundamental current
used for torque production. As the 3rd harmonic is a zero-sequence component, it is inherently decoupled
from the d-q axis currents that govern the electromagnetic torque. This component circulates through the
localized fault loop, making it robust against load fluctuations while serving as a reliable indicator of fault
severity at a given speed. The 3rd harmonic of phase current can detect 13, 26 shorted faults from the healthy
condition under all operating conditions. However, the 3rd harmonics of a 1-turn shorted fault cannot be
clearly distinguished from the healthy condition. Analytical and experimental results confirm that an ITSF
severity of 13 turns with a contact resistance of 0.3 Ω is reliably diagnosable across all operating conditions.
This condition causes a motor efficiency drop of 3.1%, and it enables early-stage diagnosis of the ITSF. In
addition, the signal from the vibration sensor, which has been widely used in condition monitoring for
PMSM, shows that there is no significant difference in the vibration of 1 and 13 turns shorted and healthy
states under all operating conditions. As depicted in Fig. 12, it is expected that it is difficult to diagnose ITSF
with low severity (1 and 13 turns). It means that the vibration signals alone are not enough to make a solid
diagnosis of ITSF. It is possibly because the vibration from flux linkage distortion due to 1 shorted coil is
smaller than other vibrations due to mechanical factors. In contrast, under the condition of 4500 rpm, the
vibration of the 13-turn shorted motor was 13%–25% larger than that of the healthy motor, depending on the
load torque, whereas that of the 26-turn shorted fault motor was 1.5–4 times larger than that of the healthy
motor. Therefore, except for 1 and 13 turn shorted faults, the RMS value of the vibration can be one of the fault
indicators for ITSF under all operational conditions, which is similar to the diagnosis performance of the
current sensor. Therefore, this study demonstrates that current sensor-based diagnosis is more advantageous
than vibration-based diagnosis for detecting ITSF in PMSM.

(a) (b)

Figure 11: Proposed robust fault indicators from experimental results at various operation conditions for different
severity levels: (a) first harmonics of short current (b) 3rd harmonics of phase current.
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(a) (b)

Figure 12: RMS value of vibration as a function of fault severity and driving conditions under various operating
conditions: (a) healthy, 1, 13, 26 turn shorted fault (b) healthy, 1, 13 turn shorted fault.

4 Conclusion
This study investigated the characteristics and diagnostic methods for inter-turn short-circuit faults

(ITSF) in an interior permanent magnet synchronous motor (IPMSM) operating under various speeds
and loads. To monitor the essential data for ITSF diagnosis and identify fault indicators through signal
processing, a co-simulation framework based on a digital twin approach was employed. A 2D finite element
analysis (FEA) of the ITSF in the IPMSM was conducted to evaluate the electromagnetic effects. The inverter
and motor were co-simulated in real time by implementing a closed-loop field-oriented control (FOC)
algorithm derived from the FEA results. A fault diagnosis technique was then applied using the phase current
data obtained from the co-simulation, and the method was verified with experimental results.

The simulation results show that the magnetic flux of a healthy coil is distorted by a shorted coil, owing
to the flux generated in the opposite direction to the main flux. It was confirmed that the third harmonic of
the phase current, resulting from this magnetic distortion, can serve as a fault indicator. It was also found
that higher motor speeds and a greater number of shorted turns lead to a stronger fault signal.

Although a stronger fault indicator at higher speeds can be advantageous, this characteristic inherently
limits the proposed algorithm to fixed-speed operation. However, because operational systems typically
monitor speed, acquiring and analyzing current data at a designated speed does not pose a significant issue
for ITSF diagnosis. Based on both simulation and experimental results, 13-turn and 26-turn short-circuit
faults were accurately distinguished from the healthy state under all operating conditions.

Furthermore, vibration analysis of short-circuit faults using an accelerometer yielded similar results,
although its sensitivity for fault detection was slightly lower than that of phase current spectral analysis
under certain conditions. Therefore, this study confirms that ITSF diagnosis in PMSMs is feasible using low-
cost, built-in current sensors instead of expensive vibration sensors, which are already implemented in most
traction systems.
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