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Abstract

The objective of this study is to evaluate the dependability of double-star induction machines by employing meticulous monitoring 

and intelligent handling of potential electrical malfunctions that may arise during their functioning. Specifically, the research delves 

into the examination of three distinct fault types: rotor bar breakage, stator phase opening, and inter-turn short circuit. Utilizing a 

mathematical model developed in the natural reference frame (abc), our aim is to comprehensively delineate both normal and faulty 

operational scenarios. To categorize and gauge the gravity of identified faults, we employ a methodology rooted in spectral analysis. 

In order to ensure continuous machine operation, especially in instances of stator phase opening, our proposed mitigation approach 

entails intentionally opening a secondary phase positioned at a 90-degree angle to the faulty phase. This strategic alteration transforms 

the machine into a dual two-phase configuration. Through rigorous simulation analyses, our findings underscore the efficacy and 

pragmatic viability of the devised fault detection technique, offering valuable insights into the domain of electrical machine reliability 

and fault management.
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1 Introduction
Asynchronous machines pose significant concerns in indus-
trial settings due to frequent production interruptions from 
mechanical or electrical issues, resulting in substantial costs. 
This study explores improving machine performance by 
replacing the traditional three-phase winding with a higher 
number of phases, enhancing reliability, torque quality, and 
fault tolerance [1, 2]. The double star asynchronous machine 
emerges as a robust and efficient solution, ideal for reliable 
applications [3–5]. With fault tolerance becoming crucial, 
this design evolution holds promise for enhancing indus-
trial system durability and performance [6]. Degradation of 
asynchronous motor bars is influenced by factors like direct 
starting and unexpected mechanical variations, causing ther-
mal and mechanical stresses beyond design limits [7,  8]. 
Softer starting methods and rigorous quality control are rec-
ommended [7]. Diagnostic signals, including stator current, 
Park vector, and mechanical vibration, offer crucial informa-
tion for maintenance [9–10]. Various techniques, like Fourier 
transform analysis, face limitations, but machine learn-
ing-based approaches show high recognition rates [11–13]. 

A novel Hilbert transform method for stator current enve-
lope analysis shows promise [14]. Stator winding faults arise 
from diverse issues, leading to circuit interruptions, over-
heating, and machine damage [15]. Stator inter-turn short 
faults are particularly dangerous, potentially escalating to 
phase-to-phase and phase-to-ground short circuit [6, 16]. 
Some research results introduce a technique using Random 
Forest and Park's Vector methods for fault identification, 
requiring real-world validation [17]. Researchers [18] pro-
pose a VI loci-based technique for stator inter-turn short-cir-
cuit detection in low-power motors, urging wider adoption, 
while also discussing frequency response analysis for stator 
winding fault detection with potential challenges in practical 
effectiveness and accuracy [19]. Additionally, a fault diag-
nosis method is introduced for high-speed solid-rotor induc-
tion motors, raising questions about its practical applicability 
[20]. Moreover, a robust control approach is presented for 
a wind turbine system with a dual-star induction generator, 
emphasizing stability and fault detection, albeit potentially 
overlooking dynamic responses under varying conditions 
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and predictive maintenance strategies  [21]. Other studies 
present a sensorless modelling and control approach for 
five-phase open-wound induction machines, but highlight 
the challenges associated with the complexity of the mod-
els and algorithms, suggesting simplification to enhance reli-
ability in industrial environments  [22]. Our study specifi-
cally addresses rotor bar breakage, stator phase opening, and 
short-circuit between turns in a dual-star induction machine 
with a squirrel-cage rotor, favoring its windings for improved 
energy efficiency and service continuity. The linear system 
with a stator featuring two identical windings and a squir-
rel-cage rotor will be detailed further in the paper, excluding 
considerations for the saturation effect of magnetic material.

2 Model of asynchronous machine
2.1 The modified squirrel cage
Fig. 1 portrays a simplified cage winding (a) alongside pha-
sors (b), which illustrate both bar and ring currents. The bars 
are numbered in sequence from 1 to Qr , and the arrows 
indicate their respective positive directions. The resistance 
of only one bar is represented by rbar , while its inductance 
is denoted by Ibar . Additionally, rring and Iring symbolise the 
parameters of the section of the ring positioned between 
two bars. The overall impedance of the winding is calcu-
lated accordingly. A phase diagram representing the current 
is generated for the rotor bars at harmonic ν, with a phase 
shift of ναu  p for the angular position of each bar. Owing to 
the adaptable nature of squirrel cage rotors to operate with 
various numbers of stator pole pairs, αu is adopted as the 
mechanical angle, synchronised with the electrical angle of 
pαu (as illustrated in Fig. 1). Then a polygon is constructed 
to provide a graphical representation of the bar currents [23].

At every junction between the bar and the ring, 
Kirchhoff's first law is upheld-as illustrated in Fig. 1 (a).

I I Ix x xring, , ,� � �bar ring 1 .	 (1)

Furthermore, the mutually phase angle between the circular 
currents is ναu  p. The phase difference between the currents 
of the two ring segments is αp. Each bar comprises a single 
winding in a rotor phase, with the number of turns represented 
by Nr = 1/2. The current flowing through a bar corresponds to 
the rotor phase current. Referring to Fig. 1 (b), the RMS value 
of the induced current in one bar is denoted as Ibar .

Consequently, we derive the current in the ring as follows:
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The expressions for the rotor resistance and leakage induc-
tance of one rotor bar with the addition of the proportion 
of short-circuit rings are written as follows:
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Where: rr and lr : Resistance and leakage inductance of a 
one-bar (with the addition of the proportion of short-cir-
cuit rings), respectively; rring and Iring : Resistance and leak-
age inductance of short-circuit ring, respectively. Fig.  2 
illustrates the squirrel cage both before and after incorpo-
rating the ring proportions into the rotor bars. 

In this section, we present the mathematical model of 
the machine under study in the natural system of coordi-
nates (ABC), neglecting spatial harmonics.

(a)

(b)
Fig. 1 (a) Diagram for a cage winding and (b) a sector of a polygon 

of the phasors of the bar currents and a section of the current 
phasor diagram [23] 
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2.2 Mathematical model of the dual star induction machine
The double-star asynchronous machine under study con-
sists of two stars, each with three stator phases and 38 
rotor phases (rotor bars).

2.2.1 Electrical equations 
The electrical equations of the machine, expressed in the 
natural coordinate system (ABC), are as follows:
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2.2.2 Magnetic equations
The expressions of the stator and rotor flows are given by 
the following matrix form:
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Fig. 2 (a) Squirrel cage before adding the ring proportions to the rotor bars; (b) Squirrel cage after adding the ring proportions to the rotor bars
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Matrices of stator and rotor inductors respectively; lfs 
and lrr : Stator and rotor leakage inductors, respectively; 
lms and lmb : Maximum stator and rotor magnetization 
inductors, respectively.

With: m l lsr ms mb� � :  Maximum mutual inductance 
between stator phase and corresponding rotor phase; 

M Mr s s r
t

, ,1 1
�� �� � �� �� : Coupling inductance matrices between 
star1 and rotor and vice versa; M Mr s s r

t
, ,2 2

�� �� � �� �� : Coupling 
inductance matrices between star2 and rotor and vice versa.

After the development of the two Eqs  (5) and (6), we 
obtain the system of Eq (11).
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2.2.3 Electromagnetic torque equation
The expression of the electromagnetic torque is reduced to: 
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Where: p Number of pair poles.

2.2.4 Mechanical equation 
The general equation of the speed rotation of the machine 
is written:

J d
dt

T T Kr
em r f r

�
� � �� & .	 (13)
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With: J Total inertia; Kf : viscous friction; Ωr : Rotor 
mechanical speed.

2.3 Opening of stator phase
The electrical equation of the generator can be defined 
when there is stator phase opening as follows:

r diag r r r rs f as bs cs1 1 1 1 1� � � ��� ��� �� � � � � ,	 (14)

r diag r r r rs as bs f cs2 2 2 2 2� � � ��� ��� �� � � � � � .	 (15)

With: r rf f1 2

0
� �

�
�
�

Closed circuit

Very high value Open circuit
.

2.4 Short-circuit between turns in the 1st stator phase 
of star 1
The appearance of a stator short-circuit indicates the pres-
ence of a low-resistance connection or a direct short-circuit 
between two or more stator windings. This can occur when 
the electrical insulation between the windings breaks down, 
allowing excessive current to flow through the short circuit. 
To gain a better understanding of the possible malfunction-
ing of the machine, it is essential to develop a detailed math-
ematical model describing its behaviour in the event of a 
short-circuit. Then, the use of Matlab software [24] is of cru-
cial importance to solve the non-linear equations and collect 
the data essential to the analysis. Fig. 3 shows an example 
of a short- circuit in the winding of the first stator phase 01.

To design the appropriate system to be implemented, 
we have taken into account certain simplifying hypothe-
ses: The fault occurred at the stator level in the winding of 

the phase (as ) of the 1st star, the resistance (rf1 ) is consid-
ered as a fault resistance, we take rf1 = 0, the phase voltage 
(as ) of the 1st star is assumed to be equal to the sum of the 
two voltages, the coefficient µ represents the number of 
short-circuited turns relative to the total number of turns 
of the winding of phase as of the 1st star:

µ
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Where: Nas : Turns per phase number; Nas1 , Nasc : Number of 
turns of the two parts of the phase in short-circuit.

2.4.1 Electrical equations 
The electric equation of the generator can be defined in the 
case ofinter-turn short faulton phase as1 as:
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The resistance matrix rs1 can be defined as follows:

r

r r
r

r
r r

s

as f

bs

cs

f sc

1

1 1

1

1

1

0 0

0 0 0

0 0 0

0 0

� � �

�

�

�

�

�
�
�
�
�

�

�

�
�
�
�
�

.	 (18)

Where: ras1 = (1 – µ) · rs1 + rf  ; rsc = µrs1 + rf1 .
The stator inductance matrix of the first star with this 

type of stator fault is written as:
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The matrices of the coupling inductances between the two 
stator stars and the rotor and vice versa are written as:
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Fig. 3 Diagram illustrating the two stator windings of the studied 

MASDE with a short circuit occurring in its as1 phase 
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3 Simulation results 
3.1 Broken rotor bars in the cage of dual-star induction 
machine
In order to create a diagnostic procedure, a simulation 
is carried out in the MATLAB/Simulink environment. 
The aim of this simulation is to observe how the differen-
tial variables behave both under normal operating condi-
tions and in the event of a fault.

We then obtain a state system which governs the 
behaviour of the electrical part of the double star machine 
represented by the system of Eq. (25).

In this simulation, we considered several scenarios. Initially, 
we assumed that the machine was operating normally with-
out any problems. At time t = 1.5 s, we introduced a load 
torque of 100 N.m (nominal), simulating a disturbance in the 
system. At time t = 3 s, we modeled the breakage of a rotor 
bar, which had a significant impact on the machine's behav-
ior. Finally, at time t = 4.5 s, we simulated the breakage of a 
second rotor bar, which further altered the machine's operat-
ing conditions. These parameters and specific events enable 
us to analyze the machine's behavior in a variety of situa-
tions and to understand how it reacts to these disturbances. 
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From the results obtained, it is clear that the presence of two 
adjacent broken bars has a significant impact on various 
aspects of machine performance. Fig. 4 and 5 illustrate the 
evolution of speed and torque as a function of time.

The transition from no-load to loaded operation at time 
t = 1.5 s is almost instantaneous, with no significant oscilla-
tions and a slight overshoot. A slight fluctuation is observed 
when the first rotor bar breaks (at time t = 3 s). This fluc-
tuation, which intensifies when the second fault occurs (at 
time t = 4.5 s), oscillates at a frequency of 2 gfs. This speed 
variation is very small, as it depends mainly on the inertia 
of the machine-load assembly. The greater the inertia of this 
assembly, the less significant the speed variation. Analysis 
of the electromagnetic torque reveals a noticeable change 
in its shape when rotor faults occur. A slight modulation 
disturbs the evolution of torque when the first bar breaks. 

Moreover, this modulation becomes more pronounced with 
the appearance of the second fault. When analyzing stator 
current responses before and after bar breakage, stator cur-
rent modulation increases significantly with the number of 
broken bars (Fig. 6 and 7). Fig. 8 shows the rotor currents 
in the first three rotor bars. It can be seen that the current in 
the first bar cancels out at t = 3 s. Similarly, the second bar 
current cancels out at t = 4.5 s. Fig. 9 show the distribution 
of currents through the rotor bars at time t for the three oper-
ating modes studied: healthy rotor, one broken bar and two 
broken bars. We can see that breaking the first bar induces a 
very slight increase in the current flowing through it. At the 
moment of the first fault, the current flowing through the bro-
ken bar is shared by the adjacent rotor bars. When the sec-
ond bar is broken, the current in bar 3 increases significantly.
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Fig. 4 Machine speed

Fig. 5 Machine torque 

Fig. 6 Currents from the 1st star

Fig. 7 Currents from the 2nd star
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3.2 Analysis of simulation results in the presence of a 
stator phase opening fault
No major changes to the fundamental structure of the model 
are required to simulate a phase disconnection, with the 
exception of increasing the resistance of the phase affected 
by the disconnection to a very high value, thus simulating 
an open circuit. This will enable the machine's steady-state 
behavior to be predicted immediately after the fault.

The simulation results are presented as shown in 
Figs (10–13). At time t = 1.5 s, a load torque of 50 N.m was 
applied, representing 50% of the nominal torque. The aim 
of this measure is to prevent damage to the machine and 

Fig. 8 Rotor-bar currents 1, 2 and 3

(A)

(C)
Fig. 9 Currents repartition in the rotor bars at time t:

(A) Sound rotor; (B) First broken bar; (C) Second broken bar

(B)

Fig. 10 Speed machine

Fig. 12 Currents from the 1st star

Fig. 11 Torque machine
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ensure that it operates correctly in real-life conditions. 
To demonstrate the advantages of using the model in the 
natural reference frame, the first phase of star 1 opened at 
t = 3 s. This led to deterioration in the performance of the 
machine under study and always results in unbalanced sta-
tor currents projected onto the electromagnetic torque and 
mechanical speed. At t = 4.5 s, to remedy the opening of 
the stator phase, the third phase cs2 of star 2 was opened, 
this being adjacent to the first phase of star 1. 

This action generates sinusoidal currents with ampli-
tudes approximately equivalent to those in healthy opera-
tion. The rotor currents, electromagnetic torque and rotor 
speed oscillate for a given period. However, when the third 
phase of star 2 opens, the curves return to their usual sta-
ble configuration for torque and speed, synchronized with 
the mains frequency. In addition, the currents adopt sinu-
soidal shapes, similar to their normal behavior.

3.3 Simulation and interpretation of DSIM results in 
the presence of a short circuit between turns in the 
stator phase (as)
To examine inter-turn short fault with rates of 5%, 15%, and 
25% respectively, simulations were carried out by induc-
ing front-end short-circuits exclusively on the as phase 
winding, considering a fault resistance (rf1 = 0). The sim-
ulation was carried out during a no-load start-up, with the 
electromagnetic torque applied at time (t = 1.5 s). Fig. 14 
shows the speed, which is initially quasi-linear at the start 
of start-up, with a speed-up time of approximately 0.25 s. 
Fig. 15 illustrates the behaviour of the generator's electro-
magnetic torque, showing fluctuations around 50 N.m, as 
the machine is under load. Ripples in the torque show the 
harmful impact of the short- circuit on the machine's per-
formance. A noticeable increase in the amplitude of the cur-
rent in the faulty phase is observed, with an equally notice-
able increase in the currents in the other phases, although 

less significant than in the affected phase (Fig. 16). In addi-
tion, the rotor currents increase, as shown in Fig. 17.

3.4 Spectral analysis of all signals obtained under 
different operating conditions
In this study, the stator current, the torque and the rotat-
ing speed signals spectra obtained from three distinct 
motors running at a consistent speed and load are ana-
lyzed. As revealed in the Fig. 18 (A), the amplitude of the 
modulated frequencies (1 ± 2ks) fs in the current spectrum 
increases directly with the severity of the broken rotor bar 
fault. Concurrently, the amplitude of the frequency 2ks  fs 

Fig. 13 Currents from the 2nd star Fig. 14 Speed machine

Fig. 15 Torque machine

Fig. 16 Currents from the 1st star
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and its harmonics of both torque and speed spectra increases 
proportionally to the fault severity, see Fig. 18 (B).

When the opening stator phase fault (OPF) occurs, 
the different spectra are calculated and showed in Fig. 18 
(D-F). The amplitude of the 3rd harmonic in the current 
spectrum increases compared to the healthy current. 
A  similar trend  is noticed in torque and speed spectra, 
where components at the frequency (2fs ) and its harmonic 
appear. However, simultaneously opening the adjacent 

phase to the preceding one remained effective to eliminate 
all components resulting from the OP fault.

4 Conclusion
The research presented here represents a significant con-
tribution to the study of faults occurring in a double-star 
asynchronous machine. The study focused mainly on elec-
trical faults, including rotor bar breakage, stator phase 
opening and short circuits. The mathematical equations 
defining the machine's behavior were formulated in the 
natural reference frame of reference (ABC), meticulously 

adapted to the purpose of fault diagnosis. Note that in the 
abc reference frame, each term of the inductance matrix 
is adjusted as a function of the electrical angle, enabling 
precise modeling of the system. This model is particularly 
effective for studying machine behavior in the event of a 
fault, as it can be easily configured to describe different 
types of faults without the need for additional calculations. 
In addition, it enables the machine's performance to be 

Fig. 17 Rotor-bar currents 1, 2 and 3

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

Fig. 18 Fig. 18The spectra of the resulting signals: (A) the stator current under broken rotor bars fault, (B) the rotating speed under broken rotor 
bars fault, (C) the torque under broken rotor bars fault, (D) the stator current under open phase fault, (E) the rotating speed under open phase fault, 
(F) the torque under open phase fault, (G) the stator current under interturn short-circuit fault, (H) the rotating speed under interturn short-circuit 

fault, (I) the torque under interturn short-circuit fault
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analyzed both under normal conditions and in the event of a 
fault, simplifying the evaluation of its operation in different 
scenarios. Consequently, we generated plots elucidating the 
machine's characteristics under both fault-free conditions 
and instances where faults were present, there by accen-
tuating the discernible impact of these faults. Our findings 
unveiled that: Rotor bar breaks elicit oscillations in the 
machine's torque and speed, a slight elevation in the ampli-
tude of rotor bar currents, and the emergence of harmon-
ics in the stator currents. It is imperative to emphasize that 
detecting bar breaks under no-load conditions is intricate. 
The opening of a stator phase disrupts the machine's nor-
mal operation, inducing fluctuations in torque and speed. 

To address a potential phase loss and ensure continuous 
machine operation, a proposed solution entails opening a 
second phase of star 2, adjacent to the first phase (forming 
a 90° angle), thereby transforming the machine into a dual-
phase, double-star configuration. However, detecting short 
circuits proves to be equally challenging, either through 
direct measurement of stator current or by activating over-
load protection on the remaining phases. To mitigate this 
issue, one avenue explored involves spectral analysis of the 
stator current, which assumes a pivotal role as detailed in 
this study. It is noteworthy that the machine's mathematical 
model developed herein has demonstrated its efficacy when 
compared to similar research endeavors.
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