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Abstract

Double star electric machines are renowned for their robustness, reliability and torque quality. However, despite these advantages, 

they are prone to various mechanical and electrical faults. This research investigates the impact of electrical faults on double-star 

induction machines (DSIMs), encompassing phase-open and inter-turn short-circuit failures in both stator and rotor windings. 

A real abc framework is employed, considering both connected and unconnected neutral configurations, to accurately model the 

behavior of the machine under healthy and degraded conditions. Simulation results reveal that open-phase faults (OPF) lead to 

current imbalances, torque fluctuations, and speed variations, which can be mitigated through an intentional adjacent second-phase 

opening. Additionally inter-turn short-circuit faults (ITSCF) severity is found to be highly dependent on fault resistance, influencing 

current distortion and electromagnetic disturbances. The results demonstrate that the suitable configuration of the neutral depends 

on depends on the fault type: connecting the neutral (CN) generally reduces the severity of OPF issues, whereas disconnecting the 

neutral (UNC) is more effective for mitigating stator ITSCF. These strategies effectively reduce disturbances and minimize torque 

and speed ripples, thereby maintaining optimal machine performance. Furthermore, detailed spectral analysis of DSIM signatures is 

performed, highlighting the complexities involved in fault diagnosis and emphasizing the importance of accurate fault identification 

for ensuring system reliability. These findings offer valuable insights into fault-tolerant strategies and DSIM reliability enhancement. 

This guarantees service continuity while keeping the main loads connected.
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1 Introduction
Polyphase machines play a crucial role in the industrial 
sector, offering several advantages over conventional 
three-phase machines, notably in terms of power segmen-
tation and rotor loss reduction [1]. Among these machines, 
double-star induction machines (DSIM) are widely used 
in various applications, including embedded systems and 
information systems  [2,  3]. The DSIM stands out for its 
robustness, reliability, torque quality, and fault toler-
ance [4, 5]. In the case of a DSIM with a 30° phase shift, the 
offset between the two stars effectively, the offset between 
the two stars helps eliminate the 5th and 7th harmonics, as 
well as the 3k harmonics in the case of unconnected neu-
trals, while reducing other harmonics at 6k ± 1 [6]. These 
machines can feature squirrel-cage or wound rotors, each 

with its advantages and disadvantages. In motors with 
wound rotors, rotor access allows control over motor 
torque and speed, as well as fault detection at both the rotor 
and stator levels. They can reach up to twice the nominal 
speed and power without defluxing and up to three times 
the nominal values with defluxing. Additionally, they can 
operate in degraded mode, prioritizing main loads while 
managing auxiliary loads, which ensures service continu-
ity without interruption  [7–10]. Despite its many advan-
tages, the DSIM remains vulnerable to certain failures 
that can disrupt its operation. These malfunctions can 
affect both the stator and the rotor. Stator faults are gen-
erally due to electrical constraints  [11,  12]. Among elec-
trical faults, the most common in electric machines are 
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open-phase faults (OPF) and inter-turn short-circuit faults 
(ITSCF) [13]. These anomalies can lead to increased torque 
ripple, current imbalance, overheating, winding damage, 
and reduced efficiency  [14]. Most studies consider the 
severity of ITSCF primarily related to short-circuit current 
amplitude, as high current accelerates the fault. A recently 
proposed algorithm directly determines the number 
of short-circuited turns in a faulty machine  [15]. This 
approach, though promising, is limited to situations where 
the short circuit is already present and does not account 
for insulation-related failures  [16–18]. Some research has 
explored the use of extended Kalman filters for diagnos-
ing and identifying inter-turn short-circuit faults in the 
stator. Although this method is valued for its sensitivity 
and fast convergence, it has limitations that make it less 
reliable than frequency-based fault analysis  [19]. Other 
approaches, such as reference frame transformation or the 
recursive Levenberg-Marquardt method, yield promising 
results but are complex and require substantial computa-
tional resources  [20,  21]. Some studies combine discrete 
wavelet transforms and neural networks, despite chal-
lenges in data collection, implementation complexity, and 
result interpretation [22]. Certain research has focused on 
various types of faults that can affect winding insulation, 
requiring precise mathematical models of the machine and 
measurements of voltages and currents to detect faults and 
identify defective phases [10, 16]. Despite the complexity 
of phase-open faults, many studies have been conducted to 
improve fault tolerance [23–25]. Additionally, other studies 
tackle the OPF issue using a synchronous machine model 
with permanent magnets in the fifth harmonic subspace 
to reduce torque ripple. These works develop an advanced 
control algorithm requiring six PI regulators, which com-
plicates tuning and can degrade current quality [26]. 

This paper presents a comprehensive study of electri-
cal faults in the DSIMs, focusing on open-phase and inter-
turn short-circuit scenarios. Firstly, a real abc frame-
work is employed for accurate modeling, accounting for 
connected and unconnected neutral configurations. This 
method offers a more realistic representation of machine 
behavior compared to traditional dqo transformations. 
Secondly, an extensive simulation analysis explores 
machine behavior in degraded modes, including a novel 
approach for open-phase fault to mitigate disturbances 
and maintain stable operation. The impact of neutral con-
nections and fault resistance on performance is analyzed. 
Finally, detailed spectral analysis of motor signatures is 
investigated for the different studied scenarios. 

2 Model of the wound rotor DSIM
The DSIM configuration comprises two sets of three-phase 
stator windings and a single three-phase rotor winding. 
Whose respective neutral points can either be connected 
or left floating. When the neutral points are connected, 
the machine operates in polyphase mode. At unconnected 
neutral, the machine in multi-star mode with a 30° off-
set introduces an asymmetry that eliminates the third har-
monic, thus improving phase distribution, reliability and 
system efficiency, even in the event of a fault, compared 
with a conventional asynchronous machine. To simplify 
the modeling of this machine, magnetic saturation and 
eddy currents are neglected.

2.1 Electrical equations
2.1.1 Voltage equations
The machine's electrical equations for its connected 
neutral (CN) and unconnected neutral (UNC) operat-
ing modes are presented below in the natural reference 
frame (abc): 
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with [vn(s1)(s2)(r)]; [vn(c1)(c2)(c)]: the voltage in the various neutral 
sources and coils of the machine, respectively: 
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Expanding Eq. (1), we obtain Eq. (2): 
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and zeros sequences currents between the different neutrals 
of the stator stars and the rotor, respectively; I3: identity 
matrix (3 × 3).
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2.1.2 Magnetic equations
The magnetic equations are established in the reference 
frame abc [27, 28]:
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The details of the inductance matrixes are defined by 
Eqs. (4)–(8):
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2.2 Electromagnetic torque equation
Electromagnetic torque is expressed in reduced form 
as follows: 
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2.3 Mechanical equation
The general mathematical expression for the rotational 
speed of a machine is given by Eq. (11): 
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3 Exposure of the DSIM models under electrical faults
DSIM are known for their efficiency. However, despite 
their advantages, they are subject to various electrical 
faults that can occur in the stator or rotor, particularly 
phase open faults and short circuits.

3.1 DSIM modeling with phase-opening faults
Double-star induction machines are subject to a variety 
of faults, including OPF, which can occur either in the 
stator (SOPF) or in the rotor (ROPF) (see Table A1 in the 
Appendix). In the case of a SOPF situation. Fig. 1 illus-
trates the machine's stator winding configuration in the 
event of a phase opening fault affecting stator phase As1. 
One proposed solution is to introduce a second open-
ing phase via the switch K3, positioned at 90° to the 
faulty phase. The  aim is to eliminate torque and speed 
ripples, retaining only the direct sequence component 
of the magnetic field. This maintains a circular rotating 
field in the air gap, guaranteeing smoother, more efficient 
machine operation.

In the case of a ROPF situation, Fig. 2 shows that the 
machine's rotor winding configuration, whether in normal 
or degraded operation, consists of a single three-phase 
winding, arranged in the same way as the stator winding. 

A comprehensive simulation-based investigation is 
conducted to analyze the performance of the DSIM in 
degraded mode, considering open-phase conditions in 
both the rotor and stator. In the case of a SOPF situation, 
a proposed solution consists in introducing a second adja-
cent phase opening (OPs), defined as follows: 

Fig. 2 Diagram showing the Rotor winding of the DSIM studied with 
an OPF occurring in its Ar phase

Fig. 1 Diagram presenting the two stator windings of the DSIM studied 
with an OPF occurring in its As1 phase

The state system which governs the behavior of the 
electrical part is described by Eq. (9): 
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where [Ms2,s1] = [Ms1,s2]
t, [Mr,s1] = [Ms1,r]

t and [Mr,s2] = [Ms2,r]
t.
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3.2 DSIM modeling with a short circuit fault
Previously, we studied the OPF case at stator and rotor level, 
considering neutral configurations (NC/UNC). At this stage, 
we examine the behavior of the machine in the case of ITSCF. 
Fig. 3 shows an explanatory diagram of the DSIM with an 
interturn short circuit at stator level (SITSCF), while Fig. 4 
illustrates an interturn short circuit at rotor level (RITSCF). 

This type of fault is more complex than the OPF, as many 
secondary phenomena occur in the machine. The  induc-
tance of the faulty turns depends on their relative position 
in the slot and the initial phase. The short-circuit current 
irf is added to the phase current flowing through the faulty 
coil, made up of short-circuited turns.

This resulting current is called the fault inductance cur-
rent iasc or iarc. In the machine's mathematical model, the 
faster intervention, we diagnosed the fault using the fre-
quency characterization method [29].

In order to model the DSIM with a short-circuit, 
some points were taken into consideration; the fault 

occurred in the stator on the winding of the phase As1 
and its resistance rf represents a fault resistance, we take 
rf = [1000 500 0.5 0] Ω. The coefficient µ represents the 
number of short-circuited turns relative to the total num-
ber of turns of the winding of phase as of the 1st star: 
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where number of turns per phase (Nas); Nas1, Nasc: number of 
turns of the two parts of the phase in short-circuit [6, 15].

In the case of ITSCF on phase As1, the electrical equa-
tion of the DSIM is defined as follows for the two cases 
NC or UNC. 

3.2.1 Faulty DSIM model under stator ITSCF
The faulty stator resistance matrix is given by 
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if r = (1 − μ)ra + rf ; rac = μra. 
The stator and rotor induction matrices in the event 

of a stator or rotor short circuit, respectively, are as 
follows [30]: Fig. 3 Diagram illustrating the short circuit fault occurring in the stator 

phase (ITSCF)

Fig. 4 Diagram illustrating the short circuit fault occurring in the rotor 
phase (ITSCF)
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where [Ms2,s1] = [Ms1,s2]
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By substituting expressions Eq. (3) and Eqs. (14)–(17) 
into Eq. (2), we obtain the following system described in 
Eq. (18) in the case of stator ITSC fault.
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3.2.2 DSIM model under rotor ITSCF
In the case of RITSCF on phase Ar, for both cases NC 
or UNC.
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The submatrices of the rotor inductance matrixes are 
defined by Eqs.  (20)–(22). By substituting expressions 
Eqs. (3), (6) and Eqs. (19)–(22) into Eq. (2), we obtain the 
system of Eq. (23) in the case of RITSCF. 
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4 Results and discussion
4.1 Simulation based open-phase fault analysis
A simulation in MATLAB/Simulink [31] is conducted to 
observe the behavior of the variables under normal condi-
tions and in the event of a fault. The half of the nominal 
mechanical torque (50 N m) is applied at t = 1 s. 

4.1.1 Stator open-phase fault
Assuming that a single OPF appears in the As1 phase and 
is based on the cancellation of the stator current at t = 2 s. 
As a fault-tolerant strategy, the stator current is forced to 
be zero in phase Cs2, opening the power switches of the 
corresponding phase at t = 6 s. In addition, the neutral con-
figuration is evaluated in both cases. 

The simulation results are presented in Figs.  5–9. 
The occurrence of the OPF initiated the deterioration in 
the performance of the investigated machine. This degra-
dation is consistently characterized by unbalanced stator 
currents which, in turn, induce perturbations in the elec-
tromagnetic torque and mechanical speed.

The proposed reconfiguration to overcome this deterio-
ration, by canceling the current of the Cs2 phase (2nd phase 
opened), remains efficient. This action led to the stator 
currents adopt sinusoidal shapes, similar to their normal 
behavior and the curves return to their usual stable config-
uration for rotor currents, torque and speed.

Furthermore, the study of different neutral configura-
tions highlights the significance of the CN in reducing 

Fig. 5 1st star currents of the DSIM under the influence of the stator 
OPF and the neutral configuration (NC/UNC)
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the severity of disturbances introduced by open-phase 
faults (OPFs).

Fig. 10 illustrates the machine variables spectra for the 
healthy case, during the stator OPF fault and after recon-
figuration. The amplitude of the 3rd harmonic of the supply 
frequency (3fs) in the faulty current spectrum increases 
compared to the healthy current. Concurrently, the ampli-
tude of the 2fs component and its harmonic of both torque 
and speed spectra increases proportionally to the fault 
severity. However, upon reconfiguration of the system to 
mitigate the open-phase fault, all spectra return to a profile 
closely similar to that of the healthy state.

The behavior of the machine variables spectra upon 
both neutral configurations is also investigated in the 
presence of the stator open-phase fault. As illustrated in 
Fig. 11, when using a CN configuration, there is a notice-
able decrease in amplitude at faulty frequencies. This sug-
gests that connecting the neutral is an effective method for 
reducing the severity of OPF issues.

4.1.2 Rotor open-phase fault
Simulations of a doubly-fed induction machine under rotor 
open-phase fault condition were performed, assuming a 
single OPF event in the Ar phase. No significant modifi-
cations to the fundamental structure of the model were 
required to simulate a phase disconnection; only the resis-
tance of the affected phase was increased to a very high 
value, effectively simulating an open circuit. This OPF is 
based on the cancellation of rotor current at t = 2 s. 

Figs. 12–16 illustrate the resulting temporal evolution 
of stator currents, electromagnetic torque, rotor speed, and 
rotor currents. 

Similarly to the stator fault, when the rotor OPF occurs, 
the system becomes unbalanced and a high torque and speed 
ripples appear, which can destruct and affect the continuity 
of service of the system. As can be seen, those ripples are 
significantly higher in the unconnected neutral configura-
tion case, reaching an amplitude of 200 N m, compared to 
those observed in the NC case, which do not exceed 60 N m 
if we compare in the healthy state their amplitude is 50 N m. 
These results show that it is preferable for the machine to be 
connected to a neutral in the case of OPF.

The spectral characteristics of stator current, torque 
output, and rotational velocity signals derived from a 
DSIM operating under rotor open-phase fault (OPF) con-
ditions are illustrated in Fig. 17. A key indicator of a rotor 
fault is the appearance of sideband frequencies centered 
around multiples of twice slip frequency ((1  ±  2ks)fs), 
observable within the stator current spectrum relative to 

Fig. 6 2nd star currents of the DSIM under the influence of the stator 
OPF and the neutral configuration (NC/UNC)

Fig. 7 Rotor currents of the DSIM under the influence of the stator OPF 
and the neutral configuration (NC/UNC)

Fig. 8 Speed of the DSIM under the influence of the rotor OPF and the 
neutral configuration (NC/UNC)

Fig. 9 Electromagnetic torque of the DSIM under the influence of the 
stator OPF and the neutral configuration (NC/UNC)
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healthy operation states. Additionally, pronounced ampli-
tude elevations occur at twice slip frequency (2s fs) along 
with its harmonic components across both torque and rota-
tional velocity spectra.

Similar to the temporal evolution, these fault compo-
nents exhibit lower amplitudes in the connected neutral 
configuration, highlighting its effectiveness in mitigating 
the rotor fault issues. 

4.2 Simulation-based short-circuit fault analysis
A simulation in MATLAB/Simulink is conducted to 
observe the behavior of the variables under normal con-
ditions and in the event of an ITSCF, as described in 
Section  3. The half of the nominal mechanical torque 
(50 N m) is also applied at t = 1 s. 

(a) (b) (c)

Fig. 10 Signals spectra before the stator open-phase fault, during the fault and after the reconfiguration:  
(a) Stator current, (b) Electromagnetic torque and (c) Speed

(a) (b) (c)

Fig. 11 Signals spectra during the OPF conditions for both neutral configurations (CN/UNC):  
(a) Stator current, (b) Electromagnetic torque and (c) Speed

Fig. 12 1st star currents of the DSIM under the rotor OPF condition and 
neutral configurations (CN/UNC)

Fig. 13 2nd star currents of the DSIM under the rotor OPF condition and 
neutral configurations (CN/UNC)
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4.2.1 Stator interturn short-circuit fault
Assuming that a 15% ITSCF appears in the As1 stator 
phase, significant changes in the currents in the first star 
are observed, as shown in Fig. 18. The impact of this fault 
is clearly noticeable. By varying the fault resistance rf 
(rf = 1000, 500, 0.5, or 0 Ω), a fourth current, termed the 
short-circuit current iasc, is introduced. At rf = 500 Ω, this 
short-circuit current has an amplitude that is considerably 
closer to the healthy state. When rf = 0.5 Ω, the amplitude 
of the isb1 phase current increases by 96% compared to its 
healthy state, while iasc increases four times compared to 
that recorded in the healthy condition. With rf = 0 Ω, the 
short-circuit current reaches a significantly higher ampli-
tude, reaching 34 times that of the healthy state. The sta-
tor phase currents are slightly higher in this case: isa1 is 
4 times higher than in the healthy state, while isb1 and isc1 
increase by 51% and 37% respectively compared with 
their values in the healthy state.

Fig. 19 displays the stator currents of the second star. 
Under NC configuration, the only notable variation occurs 
when rf = 0 Ω, causing a slight imbalance between phases 
and an increase in amplitude. In the UNC scenario, 
a  decrease in amplitude is observed across all phases, 
similar to the pattern seen in the NC condition. The char-
acteristics of rotational speed, electromagnetic torque, 
and rotor currents under stator ITSCF are illustrated in 
Figs. 20–22, where ripples appear, highlighting the impact 
of varying the fault resistance. 

Moreover, the amplitude of these ripples increases 
with rf but decreases in the UNC condition compared to 
the NC condition.

Fig.  23 illustrates the spectral characteristics of key 
machine variables during the SITSC fault occurrence. 
The amplitude of the third harmonic component (3fs) of the 

Fig. 17 Spectra of the DSIM signals under rotor OPF and neutral reconfiguration (CN/UNC):  
(a) Stator current, (b) Rotor current, (c) Electromagnetic torque and (d) Speed

(a) (b) (c)

Fig. 14 Rotor currents of the DSIM under the rotor OPF condition and 
neutral configurations (CN/UNC)

Fig. 15 Speed of the DSIM under the rotor OPF condition and neutral 
configurations (CN/UNC)

Fig. 16 Electromagnetic torque of the DSIM under the rotor OPF 
condition and neutral configurations (CN/UNC)
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supply frequency in the faulty current spectrum increases rel-
ative to the healthy current spectrum. Additionally, this fig-
ure reveals how these disturbances propagate through other 
critical parameters like torque output and rotational velocity; 
the amplitudes of twice the supply frequency (2fs) and its har-
monic (4fs) increase proportionally to the fault severity. 

Moreover, the spectral behavior of machine variabil-
ity under two neutral configurations is also examined in 
response to a stator short-circuit fault. Disconnecting neu-
tral (UNC configuration) results in a significant reduction 
in amplitude at the fault-related frequencies. This suggests 
that disconnecting the neutral provides an effective means 
of mitigating the severity of stator short-circuit fault issues.

4.2.2 Rotor interturn short-circuit fault
Simulations of the DSIM under the short-circuit in a 
rotor phase are conducted as described in the Section 3.2. 
The detailed representation of the temporal progression of 
stator and rotor current waveforms during the onset and 
development of the RITSCF fault can be found in Figs. 24 
and 25, respectively. Despite changes in fault resistance, 
the time waveform of stator currents remains unchanged 
from the healthy state. In contrast, rotor currents exhibit an 
imbalance, while the torque and speed curves demonstrate 
oscillatory behavior, as shown in Figs. 26–28, respectively. 

Therefore, connecting neutral (NC) configuration min-
imizes machine disturbances, leading to substantially less 
oscillation and better-balanced rotor currents. 

The spectral analysis of the studied machine parameters 
under the influence of rotor ITSC fault shows harmonic 
components at (1 ± 2s)fs frequencies in the stator current 
spectrum, as depicted in Fig. 29 (a), and their amplitudes 
are amplified due to the rotor fault. Additionally, both the 
torque and rotational velocity spectra show pronounced 
amplitude elevations, see Fig.  29  (a) and (b). These 

Fig. 18 Star 1 stator current in the event of a stator ITSCF with variable 
fault resistance and both neutral configurations (NC/UNC)

Fig. 19 Star 2 stator current in the event of a stator ITSCF with variable 
fault resistance and both neutral configurations (NC/UNC)

Fig. 20 Rotor current in the event of a stator ITSCF with variable fault 
resistance and both neutral configurations (NC/UNC)

Fig. 21 Speed in the event of a stator ITSCF with variable fault 
resistance and both neutral configurations (NC/UNC)

Fig. 22 Electromagnetic torque in the event of a stator ITSCF with 
variable fault resistance and both neutral configurations (NC/UNC)
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elevations occur at twice the supply frequency (2s fs) and 
its harmonic components.

In contrast to the stator ITSC fault condition, discon-
necting the neutral increases the amplitude at fault-related 
frequencies. This observation supports the conclusion that 
connecting the neutral is an effective way to mitigate the 
severity of RITSCF.

5 Conclusion
This study has provided a comprehensive analysis of elec-
trical faults in double-star induction machines (DSIMs), 

Fig. 23 Spectra of the DSIM signals under stator ITSC fault and neutral configurations (NC/UNC):  
(a) Stator current (b) Electromagnetic torque (c) rotational speed

(a) (c)(b)

Fig. 24 Star 1 stator current in the event of a rotor ITSCF with variable 
fault resistance and both neutral configurations (NC/UNC)

Fig. 25 Star 2 stator current in the event of a rotor ITSCF with variable 
fault resistance and both neutral configurations (NC/UNC)

Fig. 26 Rotor current in the event of a rotor ITSCF with variable fault 
resistance and both neutral configurations (NC/UNC)

Fig. 27 Speed in the event of a rotor ITSCF with variable fault 
resistance and both neutral configurations (NC/UNC)

Fig. 28 Electromagnetic torque in the event of a rotor ITSCF with 
variable fault resistance and both neutral configurations (NC/UNC)
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Fig. 29 Spectra of the DSIM signals under rotor ITSC fault and neutral configurations (NC/UNC):  
(a) Stator current (b) Electromagnetic torque (c) Rotational speed

(a) (b) (c)

focusing on open-phase faults (OPF) and inter-turn short-cir-
cuit faults (ITSCF) affecting both the stator and rotor wind-
ings. By considering both connected (CN) and unconnected 
neutral (UNC) configurations, we analyzed the impact of 
these faults on key machine parameters, including stator and 
rotor currents, electromagnetic torque, and rotational speed.

The simulation results indicate that OPF leads to severe 
imbalances in machine operation, particularly in the stator 
and rotor currents, inducing torque and speed fluctuations. 
The proposed reconfiguration strategy, involving the inten-
tional opening of a second phase, demonstrated its effec-
tiveness in mitigating these disturbances and restoring sta-
ble machine operation. Additionally, the study highlighted 
that the CN configuration helps reduce the severity of OPF-
related issues, minimizing ripple effects on torque and speed.

For ITSCF, our analysis revealed that fault sever-
ity depends significantly on the fault resistance. Lower 

resistance values lead to higher current imbalances, 
increased electromagnetic disturbances, and more pro-
nounced harmonic components in machine signals. 
Spectral analysis confirmed that fault signatures manifest 
prominently in the frequency domain, particularly with 
elevated sideband frequencies and harmonics. The results 
further suggest that disconnecting the neutral (UNC) is 
beneficial in reducing the impact of stator ITSCF, whereas 
a connected neutral (CN) is preferable for mitigating rotor 
ITSCF effects.

Overall, the study underscores the crucial role of neu-
tral configuration in fault mitigation strategies and pro-
vides valuable insights for improving DSIM reliability. 
Future work could focus on experimental validation of 
these findings and the development of advanced fault-tol-
erant control strategies to enhance machine performance 
under degraded operating conditions.
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Appendix
Table A1 Parameters of 15 kW double-star induction motor

Parameters Values

Power Pn = 15 kW

Nominal frequency F = 50 Hz

Resistance of the stator winding of the first and second star rs1 = rs2 = 0.804 Ω

Rotor winding resistance rr = 0.196 Ω

Stator leakage inductance of the first and second star Ls = 0.0046 H

Rotor leakage inductance Lr = 0.0032 H

Mutual inductance Lm = Lms = Lmr = 0.0582 H

Number of pole pairs P = 2

Viscous friction coefficient f = 0.0005 N m s/rad 

Moment of inertia J = 0.2 kg m2

Offset between two stator windings α = 30°
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