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Abstract

Dual-star induction machines (DSIMs) are widely used in automated production systems that require uninterrupted service. As they
mostly operate under dynamic real-time conditions, faults can significantly accelerate the degradation of critical components in
variable-speed and load regimes. Therefore, robust monitoring algorithms are essential to assess damage levels and failure modes
as faults evolve. For this purpose, a proposed approach leverages the Hilbert envelope spectrum to extract fault-related frequency
components from stator current signals, providing a basis for identifying both broken rotor bar (BRB) and inter-turn short circuit
(ITSC) faults. A key feature of this methodology is the use of a health indicator, derived from the current envelope spectrum to
address challenges associated with damage level and load conditions from a signal processing perspective. Crucially, the relationship
between the health indicator, fault severity, and load variations is statistically modeled using surface fitting. The stator current signals
required for evaluating the approach are gathered from different simulations of the DSIM, subjected to various levels of damage
and load conditions. The results obtained suggest that the third-order polynomial could be sufficient to model the relationship.

These comprehensive analyses conclusively demonstrate the efficacy and practical applicability of the proposed fault detection

approach, thus contributing significantly to the understanding of electrical machine reliability and fault mitigation.
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1 Introduction

Multiphase machines, particularly dual-star induction
machines (DSIM), have seen widespread adoption in
industrial applications due to their intrinsic robustness and
reliability. They have been recommended for various high-
power sectors, such as hybrid electric vehicles, marine and
locomotive propulsion, aerospace engineering, and off-
shore wind energy systems, especially in contexts where
environmental safety is a priority [1, 2]. These machines
are frequently used in automated production systems that
require continuous operation. However, their functioning
in dynamic, real-time environments makes them vulner-
able to various faults that can hasten the wear of critical
components [3]. Effective fault management helps mini-
mize downtime and prolong equipment lifespan, resulting
in substantial cost savings. Although thermal and vibra-
tion monitoring have been standard practices for decades,
recent research has predominantly focused on electrical
motor monitoring, with a particular emphasis on stator

current analysis [4—6]. Furthermore, while techniques like
Motor Current Signature Analysis (MCSA) and wavelet
transforms are widely employed for fault detection, they
show limitations in adapting to different motor types and
operating conditions [7, §].

Among electrical failures, the broken rotor bar (BRB)
fault has been widely studied, with causes ranging
from manufacturing defects to overload conditions and
mechanical fractures. When a BRB fault occurs, it can
cause substantial current surges and increased stress
on neighboring rotor bars. This issue is one of the most
common in induction motors, representing around 8% of
reported cases [9]. Razik et al. [10] developed a DSIM
model with rotor faults using MCSA to evaluate fault
severity. While MCSA is widely used, focusing solely on
rotor faults may restrict the model's ability to detect other
issues, especially in high-power applications where mul-
tiple or complex faults may arise.
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A more comprehensive approach that includes stator
faults and other anomalies would enable more thorough
diagnostics. Open-phase faults and inter-turn short cir-
cuits are two common issues in electrical machines that
have been extensively researched [11, 12]. In the case of
an open-phase fault, a winding connection is lost, leading
to reduced power and current imbalances in the remain-
ing phases. This results in diminished torque and exces-
sive vibrations. On the other hand, inter-turn short cir-
cuits cause abnormal current flow due to contact between
windings, which can lead to overheating. Both types of
faults can have serious consequences, such as reduced
torque, current imbalance, and irreversible winding dam-
age [13, 14]. A novel diagnostic algorithm, based on the
amplitude and phase angle of the interturn short fault
descriptor (ITSF-FD), offers a robust solution for detect-
ing and assessing the severity of faults in electrical
machines without requiring harmonic analysis [15]. All of
these faults can lead to decreased energy efficiency and
increased operating costs. Understanding and address-
ing these issues are crucial for maintaining the reliabil-
ity and longevity of electrical machines. To categorize
and gauge the gravity of various electrical faults, a new
squirrel cage model of the DSIM is developed in [16].
Then, a two-phase biphasic configuration was proposed
to address open-phase faults. A fault-tolerant control
strategy for DSIMs in marine propulsion was proposed
in [17]. While promising, experimental validation would
strengthen the conclusions. Other studies [4, 18] explored
fault diagnosis using fast Fourier transform (FFT) and
wavelet transform. Despite being effective for frequency
analysis, FFT faces challenges with non-stationary sig-
nals. Wavelet transform, better for time-varying signals,
requires computational resources.

Thus, non-invasive fault diagnosis has emerged as a
preferred approach due to its reliance on stator voltage or
current waveforms, effectively eliminating the need for
additional sensors. This method is particularly advanta-
geous for detecting internal faults, which are primarily
identified through indices extracted from stator line cur-
rents. Despite these developments, there remains a sig-
nificant gap in research concerning multi-phase induc-
tion motors. Few studies have examined the applicability
of existing techniques and indices to multi-phase motors,
highlighting the need for further investigation. By using
spectral analysis of the stator current a diagnosis tech-
nique is proposed in [19] but requires long sampling dura-
tions and lacks specific fault signatures. A statistical

method for stator interturn fault detection is developed
in [20], and an adaptive neuro-fuzzy inference systems
(ANFIS) approach for stator winding incipient fault detec-
tion is investigated in [21], but require accurate training
of the ANFIS. A winding function method incorporating
magnetic saturation and spectral analysis was introduced
in [22] but also faces similar limitations. In [23], a quan-
titative index known as the current trajectory mass cen-
ter has been extracted and used to detect the stator inter-
turn fault. Nonetheless, the impact of load level changes
on fault detection and the sensitivity of these methods to
fault severity has not been explored in [19-23].

This paper presents a comprehensive diagnostic evalu-
ation of DSIM, widely employed in high-power and crit-
ical applications. The study examines the effects of two
common fault conditions: broken rotor bars (BRB) and
inter-turn short circuits (ITSC). A detailed mathematical
model was developed to simulate DSIM behavior under
these faults, analyzing their impact on motor performance
parameters. Stator current signals were obtained from
simulations under varying fault severities and operational
loads. A fault detection methodology is proposed, utilizing
signal processing techniques such as the Hilbert envelope
spectrum to extract fault-related frequency components.
The study also employs a surface fitting model to analyze
the relationship between fault severity, load variations,
and a health indicator derived from stator current outputs.

2 Theoretical analyses
2.1 Dynamic modelling of the DSIM
In modelling the DSIM, the following assumptions
were adopted:
1. uniform air gap,
. negligible saturation,
. sinusoidal distribution of stator windings,
. naturally isolated stator windings and,
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. negligible inter-bar current.

The squirrel cage rotor is modeled using an equivalent
circuit composed of (N, + 1) meshes, as depicted in Fig. 1.

Each mesh is represented by an equivalent circuit com-
prising a rotor bar and an end-ring segment, characterized by
resistive and inductive properties (R,, R , L,, L,). Here, R,
and L, denote the resistance and inductance of the rotor bar,
respectively, while R and L, represent the resistance and
inductance of the end-ring segment. The rotor voltage equa-
tions for the N loops can be expressed as follows:



Fig. 1 The equivalent circuit of the rotor squirrel-cage
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where, y , is the rotor flux crossing the rotor loop k.
The voltage equations of DSIM can be expressed in
the form:
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where the stator and rotor flux are defined as:

[l/’sl] = [Lxl,sl :| []Sl ] + |:LS1,52 :| [Isz ] + |:Ls1,r :| [Ir]
[l//sz] = |:Ls2,52:|[1s2 ] + |:Ls2,:l :| [1:1 ] + [LSZ,r :| [Ir]7 3
[l//r ] = |:Lr,r:|[l] + |:Lr,sl:|[lsl ] + |:Lr,52:|[132 ]

with:
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and vice versa are given by: [L_ 1=[L .
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Similarly, the coupling inductance matrices between
2nd star and rotor, and vice versa, are [L, ] =[L,, -

cos[@r + lj cos[@r + 3—77)
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The mathematical expressions of the electromagnetic
torque 7, and the rotor velocity € are represented by the
Egs. (7) and (8) as follows:

nm=p([fﬂ]’digr[al,][a]+[zﬂ]fdigr[az,r}[a]} )

Q
JL:TW -T.-K,Q,,
dt

where: p is the pair poles number, J is the total inertia, K fis

@®

the viscous friction and Q is the rotor velocity.

2.1.1 The DSIM under BRB fault
In order to simulate the DSIM under BRB fault, the k& bro-
ken bar resistance is strongly increased by an additional
resistance R,, called the defect resistance. Consequently,
the resistance matrix R_of the rotor squirrel cage is
changed taking into account the additional defect resis-
tance matrix R . So, the faulty resistance matrix R is
then defined by: [R 1= [R ]+ [R,,].

The additional defect resistance matrix R, is

expressed by:
o ... 0 0 e 0]
0 0 0 0
[RdF]: 0 0 R, -R, - 0f ©)

T 2n 3 2rm
cos| . +———| cos|O +———| cos
N, 3 N, 3
T 27 3 2rm
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The details of the submatrices [L ] =

nr

are given in the Egs. (4), (5) and (6).
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The curves for speed, electromagnetic torque, stator and
rotor currents versus time are plotted with a constant
nominal load of 100 Nm applied at 1.5 s. Subsequently,
a bar failure is considered to occur at t = 3 s, followed
by a second bar failure at t = 4 s, and a third bar failure
also at t = 4 s, as illustrated in Fig. 2. Analyzing these
parameters and events assesses how the machine responds
to disturbances.
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Fig. 2 The DSIM performances under BRB fault (a) rotating speed,

(b) electromagnetic torque, (c) stator currents of the 1st star, and

(d) Rotor currents



The results demonstrate the significant impact of three
adjacent broken bars on machine performance. A single
broken bar initially causes a minor modulation in the sta-
tor current, but this modulation becomes more pronounced
as the number of broken bars increases. Additionally,
both torque and rotational speed exhibit slight fluctua-
tions when the first rotor bar breaks, and these fluctuations
intensify with subsequent faults.

2.1.2 The DSIM under ITSC fault

An ITSC fault is characterized by the existence of an addi-
tional circuit branch between the turns of as -phase in the
stator winding configuration as shown in Fig. 3. The dg
model offers a simplified representation of balanced AC
machines. However, the asymmetries inherent in ITSF
render it inadequate. Despite its increased complexity, the
natural frame model is thus required.

To design a suitable system, we've made several simpli-
fying assumptions: a fault occurred in the stator winding
of phase (a,) in the first star connection, the resistance (r ﬂ)
is treated as a fault resistance (”ﬂ =0), the phase voltage
(a,) of the first star connection is considered to be the sum
of the two voltages.

Assuming N as the total number of turns at healthy
state which is the same for all phases and N the num-
ber of the short-circuited turns for the i-phase, then
N =N, =N_, where N is the number of useful turns
for after the short-circuit. Therefore, the ratio between the
number of short-circuited turns and the total number of
turns is given by:

bsI

Fig. 3 Diagram illustrating the two stator windings of the studied DSIM

with a short circuit occurring in its @, phase
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= e (10)

Consequently, the inductance and resistance matrices are
modified to incorporate the coefficients of the short-cir-
cuited turns. As a result, the faulty matrices for [R ],
(L, ] [L, ,]and [L ]are represented by Egs. (11-14).
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To investigate ITSC faults at rates of 5%, 15% and 25%,
simulations were conducted by intentionally inducing
short circuits on the first phase winding only, assuming
a fault resistance of zero. Initially, we assumed a healthy
machine operating under normal conditions.

At t = 1.5 s, a half-nominal load torque of 50 Nm was
applied. ITSC fault was then introduced at t = 3 s and
its severity increased incrementally every second. Fig. 4
depicts the electromechanical behavior of the DSIM as
reflected in its rotational speed, electromagnetic torque,
stator and rotor currents.

As expected, the faulted phase exhibits a substan-
tial increase in current amplitude, while the other phases
also experience a noticeable rise in current ampli-
tude (Fig. 4 (c)). In parallel, the electromagnetic torque,
the speed and the rotor currents reveal ripples upon the
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Fig. 4 The DSIM performances under ITSC fault (a) rotating speed,
(b) electromagnetic torque, (c) stator currents of the 1st star, and
(d) Rotor currents

occurrence of the ITSC fault. These ripples become more
pronounced as the fault severity grows.

2.2 Proposed diagnosis methodology

Predictive maintenance (PM) is a prominent strategy for
detecting DSIM faults. It involves utilizing equipment
assessment techniques, like electrical signature analysis, to
proactively schedule maintenance tasks. By continuously

monitoring key machine condition parameters, PM enables
early detection of performance degradation or incipient
failures. So, this work consists in developing a fault detec-
tion technique based on monitoring an appropriate health
indicator. It is defined from measurable output currents,
which reflect the fault behavior in the machine.

2.2.1 Signal envelope spectrum

Motor current signature analysis (MCSA) is widely
employed to detect rotor and stator faults in induction
machines. It is well-established that rotor asymmetry
yields a current component at (1 + 2s)f,, while electrical or
magnetic stator asymmetry produces a component at —f;
(i.e., a negative sequence component) [24]. These compo-
nents induce torque ripples at frequencies of 25/ and 2f,
respectively, resulting in speed ripples of varying ampli-
tudes that are differentially filtered by the machine's load
inertia. The envelope of the defective motor current, mod-
ulated by the supply voltage frequency, contains fault-re-
lated frequencies. The Hilbert transform is used to extract
the envelope spectrum. For a real-time signal x(f), the
Hilbert transform is defined as:

+00

ne)=— |

—0

Ma’ﬂt.
-7

(15)

For a modulated signal x(7), it is often appropriate to use
the analytical signal defined by:



z(t)=x(r)+ jh(t)=|4(2)]e"". (16)

Then, its amplitude can be expressed as:

|4(1)| = x> (2)+ 1 (1) a7

To evaluate the effectiveness of the Hilbert Envelope, sta-
tor current spectra of the considered machine were ana-
lyzed under three conditions: healthy, BRB fault, and
ITSC fault. As illustrated in Fig. 5 (a), the amplitude of
the modulated sidebands (1 + 2ks)f; in the current spec-
trum increases directly with the severity of the BRB fault.
Conversely, Fig. 5 (b) demonstrates that the amplitude of
the frequency 3/ in the current spectrum is directly cor-
related with the severity of the ITSC fault.

As expected, the amplitude at the frequency 2ksf, of
the demodulated stator current signal using Hilbert trans-
form increases proportionally to the BRB fault severity,
(Fig. 5 (c)). Moreover, the demodulated stator current sig-
nal of the machine with an ITSC fault in Fig. 5 (d) reveals
an increase in the amplitude of the frequency 3f.

2.2.2 Principle underlying the proposed method
Obviously, the application of MCSA to DSIM fault detec-
tion presents unique challenges. Each fault induces spe-
cific frequency components, known as fault patterns.
These include the characteristics of speed variations
and cases where several fault patterns coincide at the
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Fig. 5 Spectral analysis of the DSIM stator current under fault
conditions (a) current spectrum under BRB fault, (b) current spectrum
under ITSC fault, (c) current envelope spectrum under BRB fault, and

(d) current envelope spectrum under ITSC fault
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same frequency, requiring further analysis to differenti-
ate fault effects. For this purpose, a health indicator is pro-
posed, based on the fault signatures detected by the current
envelope spectrum.

The application of MCSA to DSIM fault detection pres-
ents unique challenges. Each fault induces specific fre-
quency components, or fault signatures. These include
speed variations and instances where multiple fault signa-
tures coincide at the same frequency, necessitating further
analysis to differentiate between fault effects. To address
this, a healthy indicator is proposed, based on the fault
signatures detected in the current envelope spectrum.
The procedure of the proposed diagnosis approach is
shown in Fig. 6.

The proposed methodology is straightforward and
accessible, since it does not require detailed prior knowl-
edge of the motor's structure. Furthermore, its algorithm is
lightweight, and the results are easily interpretable.

3 Evaluation of the proposed diagnosis method

3.1 Description of the used data

The DSIM model is used to generate data for a range
of scenarios involving combinations of BRB and ITSC
faults of varying severity, and diverse loading conditions.
The specific combinations of these parameters are detailed
in Table 1. For each load level of the DSIM, different faults

[ Mathematical Modelling J

v

Simulation results
(Under different operation conditions)

v

IsIabl: & IsZabc

Currents envelope spectrum
using HT & FFT

v

Construction of the Healthy Indicator

Y
Healthy ITSC fault BRB fault
machine detected detected

Fig. 6 Flowchart for the proposed diagnosis approach
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Table 1 Stator and rotor faults and loading percentage

in various scenarios
Headline
0, 1, 2 or 3 broken bars (38 total bars)
10 %, 25 %, 40 %, 60 %, 100 % (full load)
5 %, 10 %, 15 %, 20 %, 25 %, 30 %
10 %, 20 %, 30 %, 40 %, 50 % (half load)

Headline
BRB fault severity (%)

Loading condition (%)
ITSC fault severity (%)
Loading condition (%)

severities are applied and the phase currents are gathered
to achieve the detection procedure. These cases provide
(4 x 5) + (6 x 5) = 50 different scenarios, which can fully
describe the real operating conditions of the DSIM.

3.2 Results and discussions

Table 2 presents the normalized values of the proposed HI
computed for the stator current outputs of the DSIM under
BRB fault conditions. The proposed HI is calculated as
described in subsection 3.2.1. Additionally, Table 3 shows
the normalized values of the proposed HI computed for
the stator current outputs of the DSIM under ITSC fault
conditions. From these results, two bar graphics are drown
to illustrate the behavior of the proposed HI against the
occurrence of the BRB and ITSC faults, as exposed in
Figs. 7 and 8, respectively.

At first glance, these results show an increasing trend
in the values of the proposed HI from the healthy case to
maximums of the two faults severities, in all of the load-
ing cases, and the proposed HI for every faulty condition
is higher than in healthy ones. Moreover, the proposed

Table 2 Obtained results of normalized HI as function of BRB fault

level under varying load

BRB Fault Load (Nm)

ratio 10 25 40 60 100
0/38 0.00025  0.00062  0.00031  0.00029  0.00081
1/38 010643  0.19965  0.26193 031843  0.40777
2/38 0.18956  0.32800  0.44043  0.65053  0.91393
3/38 020770  0.36776 047550  0.77100 1

Table 3 Obtained results of normalized HI as function of ITSC fault
level under varying load

ITSC fault Load (Nm)

ratio 10 20 30 40 50

5 0.33341 032575  0.31568  0.30683  0.29777
10 0.60121  0.58838  0.57425  0.55524  0.53795
15 079995 078033  0.76241  0.73859  0.71327
20 0.93325 0.90826  0.88465  0.85970  0.82681
25 1 0.97151 094381 091581  0.87847
30 0.99538  0.96479  0.93502  0.90288  0.86336

T T
[ 10Nm [ 25Nm [ 40Nm [ 60Nm [ 100Nm

—

Normalized HI
o o o o

o NV r o »

0 1 2 3

Broken bar number

Fig. 7 Obtained results of normalized HI as function of BRB fault level
under varying load
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Fig. 8 Obtained results of normalized HI as function of ITSC fault level
under varying load

HI values are observed to increase with varying loads for
each severity of the BRB fault. However, they exhibit a
decreasing trend when dealing with ITSC faults.

3.3 Surface fitting illustrating the effect of fault level
and load on the proposed health indicator

At this stage, our methodology involves analyzing pairs
of defect level and load data points corresponding to the
proposed HI parameter. The objective is to derive a math-
ematical model of the form f (defect level, load) that can
accurately reproduce the HI values. Polynomial regression
is utilized as a surface fitting technique to determine the
functional form of this relationship. A polynomial surface
model, specifically the "polyij" function in MATLAB [25],
was used to fit the proposed HI surface. The model incor-
porates polynomial terms of load and defect level, with
degrees i and j respectively. Within MATLAB's con-
straints, the maximum degree for both i and j was limited
to five. The overall polynomial degree of the fitted surface
is determined by the higher of i and ;.

Three metrics were employed to assess the quality of
the surface fit: the coefficient of determination (R?), the
adjusted R?, and the root mean squared error (RMSE).
The R-squared (R?) measures the model's ability to explain
the variation of the data and is calculated as the ratio of the
sum of squares of the regression (SSR) and the total sum
of squares (SST) [26].



2

SSR=3w,(7-F) . ()
i=1

SST =Y, (-7, (19)
im1
SSR

RZ =2 20

SST @0)

Here y, is the observed data value, y is the predicted value
from the fitting curve, y'is the mean of the observed data
and w, is the weighting applied to each data point, usu-
ally w, = 1. R-squared can range from 0 to 1, where values
closer to 1 suggest that the model explains a larger propor-
tion of the variation in the data.

The adjusted R-squared (R’ ) corrects R* based on the
residual degrees of freedom v, that is defined as the dif-
ference between n the number of response values and m
the number of fitted coefficients. The R’ . can take on any
value less than or equal to 1, with a value closer to 1 indi-
cating a better fit. Assuming that SSE (Sum of squares
due to error) is the difference between the SST and SSR
(SST = SSR + SSE), so the Rjdj is calculated as follows:
=1 SSE(-1) @1

SST(v)
RMSE (Root Mean Squared Error) is the standard error
of the regression and an estimate of the standard devi-
ation of the random component in the data (Eq. (22)).
A RMSE value closer to 0 indicates a fit that is more use-
ful for prediction.

RMSE =+/MSE, (22)

where MSE is the mean square error or the residual
mean square (MSE = SSE/v).

To obtain the optimal surface fitting for the construc-
tion of the proposed HI surface, all combinations of i and
j values in the polynomial surface model 'polyij' were
tested. The performance of each polynomial surface model
was then evaluated using the three evaluation parameters
including R?, R., and RMSE.

A polynomial surface fit was applied to model the pro-
posed HI as a function of BRB fault and load levels, as
depicted in Fig. 9. As it can be seen from the graphical rep-
resentation of the investigated data in Table 2, the best poly-
nomial surface fitting is obtained for third order of polyno-
mial model (Fig. 9). Also, second-order polynomial surface
fit was employed to model the proposed HI as a function
of ITSC fault and load levels. As illustrated in Fig. 10,
this model effectively captures the relationship between
these variables based on the investigated data in Table 3.
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Furthermore, the optimal polynomial model in BRB fault
study is "poly33", i.e., i = 3 and j = 3, while "poly22", i.e.,
i=2and; =2 is sufficient in ITSC fault study. Thus, R%, R,
and RMSE of the optimal surface fitting models are given in
the Table 4. Based on the considered polynomial orders, the
model showed remarkable robustness in fitting the proposed
HI values, providing an accurate representation of the data.

Fig. 11 presents the residuals plot for the developed
polynomial models. These visual representations allow for
an evaluation of the models fit to the data, the distribution
of residuals, and the identification of potential outliers.
Residuals were calculated as the difference between the
observed HI values and their corresponding fitted values
from the polynomial surface model. As shown in Fig. 11,
the residuals appear to be randomly scattered around zero,
indicating that the polynomial models are unbiased and
provides a good fit to the data.

Table 4 Values of the performance metrics evaluating the polynomial
surface models

R? R, RMSE
BRB fault case
(polly33) 0.9917 0.9842 0.03843
ITSC fault case
(polly22) 0.9999 0.9999 0.00259
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