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This paper proposes a non-invasive negative sequence impedance-based technique
to detect stator turn-to-turn faults (STTFs) and dentify the related faulty phase at
early stages based on the tracking the magnitude and angle variations of the
negative sequence current component generated due to STTFs. To extract these
indicators, a simplified steady-state negative sequence equivalent circuit of the
induction motor is used. To neutralize the effect of various produced disturbances
by the inherent non-ideal construction of the machine and also unbalanced feed
voltage to the STTF diagnosis, they will be estimated and removed from the main
obtained component. It is shown experimentally that the introduced technique is
independent of mechanical loading level (load variations) and is applicable for
network or inverter-fed motors as well. Online fault detection and faulty phase
identification, as the most important goals of the protection plan, are accessible by
defining an appropriate threshold for the magnitude and allowable range of angle
variation of the introduced criterion, respectively.
The performance of the method is evaluated by simulation as well as multiple
experimental tests. The experimental results have shown that from the sensitivity
point of view, even weak faults are detectable by such a technique. Also, the
obtained tests showed that such technique is robust, reliable and secure in the face
of unbalanced voltage sources and load level variations. In addition, the
performance of this method for the inverter-fed mode showed that the related
sensitivity will be increased in such a condition.
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1. Introduction
More than 70% of the electricity required by industry is
used to operate electric drives. Among them, around 67%
are based on induction machines (IM) [1, 2]. IMs are
exposed to several thermal, electrical, ambient, and
mechanical (TEAM) stresses, depending on the
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industry's type of operation, driven load, and
environment. Statistics have shown that despite their
ruggedness and simplicity in construction, the motor
annual failure rate is conservatively estimated at 3-5%
per year. There are up to 12% in extreme cases, as in
cement, mining, pulp, and paper industries [3]. Motor
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introducing an additional negative sequence current
component. The separation of the effects of an STTF of
the impact of unbalanced supply voltages and inherent
motor asymmetries in the negative sequence current
component is thus a major challenge for a correct
decision in the fault detection process.
It was shown in [26] that as the negative sequence current
(𝐼2 ) is not significantly affected by load level variations,
it can be used as a more accurate and reliable indicator of
STTFs. In [27], by using a reduced negative sequence
model of the IM, the effective negative sequence
impedance is assumed unaffected by the load level for a
small number of shorted turns. Accordingly, the residual
negative sequence current was used to introduce a fault
criterion. Also, a self-tuning technique measured the
intrinsic motor asymmetries to obtain a lookup table (as
a function of 𝐼1 and 𝑉1 ) due to their sensitivity against
voltage and slip variations in the mentioned paper.
Although this method exhibits a high accuracy in
detecting STTFs, the effect of the unbalanced voltage
source (UVS) has not been investigated on the related
performance. In addition, an acceptable protection
threshold which is covering all non-ideal conditions was
not provided. Another drawback is the technique for
compensating the intrinsic IM asymmetries, which
requires the inspection of each IM individually and using
a learning stage to create a lookup table.
In [7], modified steady-state equivalent circuits were
proposed for the negative sequence current component
and short-circuit current when an IM has an STTF with a
fault severity factor 𝜇 (defined as the ratio between the
number of shorted turns and the number of turns per
phase), as shown in Fig. 1.
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failures cause unexpected outages and possibly disrupt
production and impose unforeseen costs such as repairs,
replacements, and installation on the plant. Thus, proper
protection is required to minimize the motor failure rate,
prevent further damage to the equipment and ensure
minimum outage time and productivity targets [4, 5].
Based on the results of IEEE and EPRI surveys on motor
reliability and significant causes of motor failures, on
average, about 33% of faults are related to the stator and
rotor windings [6]. In the case of STTFs, the induced
voltage in the shorted turns may lead to a circulating
current up to twice the locked-rotor current [7]. If the
protection system does not clear the fault, it can
propagate and lead to more severe faults, such as phase
to ground or phase-to-phase faults. In medium voltage
motors, due to the high short-circuit power of the network,
an uncleared earth fault can cause irreparable damage to
the machine stator core [8].
The existing methods to detect STTFs can be classified
into two main categories: invasive and non-invasive.
Invasive techniques mainly use pre-fabricated sensors to
monitor variations in the magnetic flux density, stray flux,
temperature, and frame vibrations [9, 10]. Non-invasive
or sensorless fault detection methods, which monitor the
motor condition using only the terminal current and
voltage signals, are preferred due to their reasonable cost
and independence from the use of special sensors that
may be difficult to fit into the motor. Although the
invasive techniques have some advantages from the
security, sensitivity, and reliability viewpoints, they
generally require changes to the machine's construction,
which sometimes has its own complexities in the field.
Some of the most common non-invasive techniques are:
 the motor current signature analysis (MCSA), based
on the spectrum analysis of the motor supply
current [11-13];
 the Park’s vector approach [14, 15];
 the instantaneous active and reactive power analysis
[16, 17];
 artificial intelligence-based (AI) techniques [18, 19],
using raw data obtained from the speed, torque or
negative sequence current signals;
 other techniques that use more sophisticated current
signal processing techniques, such as the Discrete
Wavelet Transform or the Hilbert Transform [2022].
However, since this work proposes a model-based
approach using the IM negative sequence equivalent
circuit and the related current components to detect
STTFs, previous methods closely associated with the
proposed one are analyzed in more detail.
As stated in several papers, some of the primary causes
of the negative sequence current component (𝐼̅2 ) ﬂowing
in the stator windings of the IM are the imbalance of the
supply voltages and the machine's inherent asymmetries
caused by its non-ideal construction. The degree of
imbalance of the supply voltages, measured as a
percentage by the unbalance voltage factor 𝑈𝑉𝐹 =
(𝑉2 ⁄𝑉1 ) × 100% has a significant impact on the motor
performance, and even if relatively low, it can impose a
lot of thermal stresses on the machine [23-25]. On the
other hand, one of the primary effects of an STTF is the
disruption of the symmetry of the stator currents by
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Fig. 1. Steady-state equivalent circuits in [7] for an IM
with STTFs: the negative sequence equivalent circuit
(left) and the fault current (right).
Since 𝐼̅2 depends on the fault current (𝐼̅𝑓 ) as well as the
negative sequence voltage (𝑉̅2 ), it is given by:
𝐼2̅ =

1

(1)
𝜇𝐼𝑓̅ + 𝑌̅2 𝑉̅2
3
where 𝑌̅2 is the negative-sequence admittance of an ideal
symmetrical IM. According to those equivalent circuits,
the fault current 𝐼𝑓̅ is given by:
𝐼𝑓̅ =

𝜇(𝑉̅1 + 𝑉̅2 )
𝜇 (1 −

2𝜇

⁄3) [𝑅1 + 𝑗𝑋1 ] + 𝑅𝑓

(2)

where 𝑅1 , 𝑋1 , and 𝑅𝑓 are respectively the stator winding
resistance, leakage reactance, and STTF contact
resistance. By applying some minor simplifications due
to the negligible value of 𝜇 and 𝑉2 in comparison with 𝑉1
(maximum 1.5% according to the grid codes of some
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(3)

Along with the innovations made and a specific glance at
the ∢𝐼̅2 behavior, it is explicitly concluded that ∢𝐼̅2 is
ineffective against slip and voltage variations, which is
not compatible with simulation and experimental results
in the same reference and [42]. This incompatibility
stems from inherent asymmetry and the combination of
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loading and UVS effects that were not addressed in that
paper. However, limited voltage variation in terms of
magnitude and angle and non-calibrated measuring
sensors effects are studied to some extent. Moreover, in
[39, 40], any acceptable and secure threshold for STTF
detection was not proposed.
There are other techniques based on neural networks [4345], zero sequence voltage monitoring [46], and effective
negative sequence impedance [47, 48]. A general
comparison of all relevant techniques is summarized in
Table I.
In this paper, a more comprehensive strategy is proposed
to detect the STTFs in IMs based on the relative
magnitude and angle of 𝐼2̅ for STTF detection and faulty
phase identification in an online condition by the
neutralization of the UVS related current component.
Indeed, this paper uses a model-based approach to detect
and locate STTFs in IMs. The method is based on
monitoring the magnitude, and angle of the negative
sequence current component caused by the circulation of
the short-circuit current in the shorted turns, thus
providing a reliable fault signature of STTFs.
The originality of this work can be explained by the
following items:
 Extraction of the negative sequence faulty current
component caused by the short-circuit current
flowing in the branch containing the shorted turns by
using the simplified model, which results from a
modification introduced in the model (Fig. 2).
 Presentation of an efficient and generalized
methodology to set the fault threshold level, leading
to accurate STTF detection without false alarms. This
threshold setting can be used with all types of IMs and
takes into account all non-ideal conditions of the
machine to diagnose STTFs with high reliability,
accuracy, and sensitivity.
 Identification of the faulty phase by using the angle
of the purified negative sequence current, while
whole the trigonometric circle is devided to three
symmetric regions for three phases to determine the
faulty phase, as well.

_

countries [28]), it can be concluded that the fault current
depends approximately on the positive sequence voltage
and stator winding impedance. Moreover, the fault
current should always lag the reference voltage by an
angle equal to the stator impedance angle (for a dead
short-circuit). Although this relation provides a sense of
perspective about the magnitude of the fault current, a
detailed analysis of machine behavior in the nonlinear
zone is very complicated due to the saturation of the
stator core during the fault, which will definitely have a
direct impact on the fault current angle or direction [29].
Moreover, the leakage reactance depends on the physical
location of the faulted turns along the stator winding. In
[7], and according to (1) and (2), 𝐼2̅ is a function of 𝑉̅1
̅1 and 𝐾
̅2 as
and 𝑉̅2 and load-dependent coefficients 𝐾
̅1 𝑉̅1 + 𝐾
̅2 𝑉̅2 . Using some datasets obtained at
𝐼̅2 = 𝐾
different loads, these coefficients can be estimated and a
lookup table built in order to neutralize the effects of the
inherent motor asymmetries and UVS, while such lookup
table cannot be generalized to other IMs. In addition, the
evaluation was done in perfectly linear conditions and
only considering one value of the UVF. Lastly, a reliable
method to determine the faulty phase was not provided.
Following a slightly different approach, in [30, 31], the
variations of the off-diagonal elements of the admittance
matrix for the IM's positive and negative sequence
components are used to detect STTFs. This technique
was applied to line-fed machines and inverter-fed ones
[32-35]. Some of the undeniable advantages of such a
diagnostic method are high accuracy, the study of the
loading effects, modifying the non-ideal machine
construction, and the limited unbalance voltage
consideration in estimating the initial conditions. In
contrast, complexity, the high computational burden, the
need to repeat the learning stage for each particular IM,
the lack of providing a reliable threshold value, and the
absence of an algorithm to identify the faulty phase are
the main drawbacks of this approach.
In [36-38], a semi-empirical formula based on theoretical
and experimental data is recommended to compensate
the inherent asymmetry of IMs, voltage variations, and
other non-ideal dependencies. Despite extensive research
and acceptable conclusions to provide a unique threshold
to detect STTFs, there is a need for further improvements.
In particular, other types of IMs, such as wound-rotor
induction machines (WRIMs), have to be considered, and
the variation of the effective negative sequence
impedance angle due to the contribution of STTF current
definitely has a great impact on the security and
reliability of the pre-formed database.
In [39-42], the negative sequence current tracking is also
used as the STTF detection criterion. In [39], it is
theoretically proved that the negative sequence current
angle (∢𝐼̅2 ) as the result of STTF location is as follows:
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Fig. 2. The proposed simplified negative sequence
equivalent circuit of IMs.
In continue, the proposed method is described in the Sec.
2. The simulation and experimental results are presented
in Sec. 3 and Sec. 4, respectively, anf finally, the paper is
concluded in Sec. 5.
2. Proposed method to diagnose STTFs
According to the negative sequence equivalent circuit of
Fig. 2, the equivalent rotor resistance referred to the
stator side is approximately equal to half the rotor
resistance (𝑅2′ ⁄2) since the slip “s” is very small (𝑠 ≤
5%). Thus, it can be considered that in the proposed
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simplified model of the healthy negative sequence
impedance is a constant impedance 𝑍̅2𝑐𝑜𝑛𝑠𝑡 , insensitive to
the motor load conditions. It should be noted that 𝑍2̅ 𝑐𝑜𝑛𝑠𝑡
can be easily calculated from the rated values in the
machine nameplate or from the general no-load and lockrotor tests specified in IEEE Std 112 [49].

2.1. STTF Detection Procedure
As illustrated in Fig. 2, the simplified negative sequence
equivalent circuit, supplied by the negative sequence
voltage 𝑉̅2 , is composed of two branches in parallel: the
negative sequence impedance 𝑍2̅ 𝑐𝑜𝑛𝑠𝑡 branch and the
̅
negative sequence faulty current ( 𝐼2𝑆𝑇𝑇𝐹
) one, which
represents the branch containing the effects of the STTF.

Table I. Summary of negative and zero sequence oriented techniques
Reference
No.

Fault Index

Fault
Type

Inherent Asymmetry
Compensation
Technique

Considering the Effect
of Unbalance Voltage
Source

[7]

|𝐼2|

STTF

Complex constant K
estimation (𝐼2 = 𝐾1𝑉1 +
𝐾2 𝑉2 ) & Look-up table

[27]

|𝐼2|

STTF

[32-35]

𝑍𝑛𝑝 (off-diagonal
element of
admittance matrix)

STTF

[36-38]

|𝐼2|

STTF

Complex constant K
estimation (𝐼2 =
𝐾1𝑉1 + 𝐾2𝑉2 ) & Lookup table


Look-up table
Estimation of 𝑍𝑛𝑝 in two
different stages of V2 &
slip
Z2 effective & thermal
effect minimization
𝑉 sin 𝜃2
(𝐼2 = 2
)

Estimation of 𝑍𝑛𝑝 in
two different stages of
V2 & slip

Considering
the Loading
Level

Threshold

Faulty Phase
Identification

Security
Investigation
Against Rotor
Faults
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The semi-empirical
quadratic function of
−1
healthy reactance (𝑋ℎ2
)
Considering limited test
points of injected
unbalance voltage
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of voltages
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[39]

Hence, the total negative sequence current 𝐼2̅ generated in
a faulty motor is the sum of the negative sequence current
̅ flowing in the negative sequence impedance 𝑍2̅ 𝑐𝑜𝑛𝑠𝑡
𝐼2𝑛
̅
(healthy part) and the negative sequence current 𝐼2𝑆𝑇𝑇𝐹
flowing in the faulty branch as given by:
̅
̅
𝐼2̅ = 𝐼2𝑆𝑇𝑇𝐹
+ 𝐼2𝑛

(4)

Using the three measured stator currents and voltages of
the motor, the total negative sequence current 𝐼2̅ and the
negative sequence voltage 𝑉̅2 are calculated at any
moment by applying the Fortescue transformation or any
other technique [50].
In healthy operating conditions, the current in the constant
̅
negative sequence impedance branch 𝐼2𝑛
can be
calculated by:
̅ = 𝑉̅2 ⁄𝑍2̅ 𝑐𝑜𝑛𝑠𝑡
𝐼2𝑛

(5)

This current is not expected to be null even when 𝑉̅2 = 0
because of the different non-idealities of the machine
mentioned in the introduction.
When the machine operates with an STTF, the STTF
̅
contribution branch's current 𝐼2𝑆𝑇𝑇𝐹
will be assessed
̅ from the total negative
simultaneously by subtracting 𝐼2𝑛
sequence current 𝐼2̅ circulating in the machine as follows:
̅
̅
𝐼2𝑆𝑇𝑇𝐹
= 𝐼2̅ − 𝐼2𝑛

(6)

̅
Hence, the variations in the amplitude and angle of 𝐼2𝑆𝑇𝑇𝐹
will be considered as the main criteria for STTF detection
and faulty phase identification.
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On the other hand, it is worth noting that industrial
protection relays commonly protect the motor using a
fault detection criterion (FDC) based on the ratio between
𝐼2𝑆𝑇𝑇𝐹 of and positive sequence current components
magnitude (𝐼1 ). By analogy, in this work, the FDC used is
defined as:
𝐹𝐷𝐶 = (𝐼2𝑆𝑇𝑇𝐹 ⁄𝐼1 ) × 100%

(7)

It should be noted that due to the maximum permissible
UVF of the grid (which can reach 1.5% in some countries
[28]), due to the inherent machine asymmetries and even
the minor effects of the load level variation on the actual
value of the negative sequence impedance of the machine,
̅
in practical conditions I2STTF
will never be zero. As such,
it is mandatory to choose an adequate and secure threshold
(ThSTTF) to ensure accurate fault detection. The proposed
threshold is defined based on several tests performed
under different load conditions and for different negative
sequence voltage component levels. The choice of the
threshold value is addressed in the simulation and
experimental sections.
Evaluating these experimental test results for adjusting
the threshold value has the advantages of (i) practically
eliminating any training process algorithm, (ii) the need
to build a look-up table to compensate for non-idealities,
(iii) the effects of unbalanced voltage sources, and (iv) the
minimization of thermal effect aspects that were used and
discussed in detail in previous references [36-38]. With
the selected fault threshold value (ThSTTF), the STTF
detection procedure is based on the monitoring and
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comparison of the FDC with ThSTTF. If the FDC is smaller
than ThSTTF, the machine is considered in healthy
condition. Otherwise, an STTF has occurred and the fault
location must be teraced for the second step of the
diagnosis process.
2.2. Faulty Phase Identification
Once an STTF is detected, the identification of the faulty
phase will be based on the monitoring of the angle
̅
∢𝐼2𝑆𝑇𝑇𝐹
of the negative sequence faulty current.
In the case of an STTF, a major portion of 𝐼2̅ flows in the
parallel STTF branch of the proposed simplified
̅
equivalent circuit of Fig. 2. Thus, ∢𝐼2𝑆𝑇𝑇𝐹
is close to ∢𝐼2̅
As mentioned in [41], for an STTF occurring in phases A,
B or C, ∢𝐼2̅ is predicted to be 0, 120°, and -120°,
respectively, and an identical behavior could be
̅
anticipated for ∢𝐼2𝑆𝑇𝑇𝐹
. However, in real conditions,
̅
∢𝐼2𝑆𝑇𝑇𝐹
is located around (not exactly on) the
corresponding phase axes (0°, 120°, and -120°). This
happens because the assumptions based on which the
results in [41] were obtained are only an approximation of
reality and do not reflect the exact electromagnetic
behavior of the machine under the presence of an STTF.
The neutral point of the stator windings, in a starconnected machine, will be shifted from its normal
position when an STTF appears, and the magnetic axis of
the shorted turns also does not coincide in many cases
with the magnetic axis of the healthy phase windings. In
addition, there is a reduction in the phase voltage of the
winding affected by the fault as a consequence of the
decrease in the effective number of turns of that winding.
The circulation of a reverse current in the shorted turns
reduces the linkage flux in a wide portion of the faulty
winding, thus moving the operating point downwards in
the B-H curve. Such variations in this region will also
change the operating points of the other phase windings
(healthy ones) in the common coil areas, as the coils of
different phases overlap partially and share some core
sections.
Accordingly, the negative sequence equivalent circuit can
only be considered approximately under the presence of
STTFs. It has an acceptable accuracy when the machine
̅
is in healthy conditions, i.e., when 𝐼2𝑆𝑇𝑇𝐹
= 0. In this
̅ and obtain
work, this circuit is used only to calculate 𝐼2𝑛
̅
̅ . If 𝐼2𝑆𝑇𝑇𝐹
̅
𝐼2𝑆𝑇𝑇𝐹
= 𝐼2̅ − 𝐼2𝑛
is higher than the threshold
value, an STTF has been confirmed. Afterward, when an
STTF is detected, the faulty phase can be identified
̅
according to the sector in which ∢𝐼2𝑆𝑇𝑇𝐹
is located:
̅
-60° < ∢𝐼2𝑆𝑇𝑇𝐹
< 60°  STTF is in phase A
̅
60° <∢𝐼2𝑆𝑇𝑇𝐹
<180°  STTF is in phase B
̅
180°<∢𝐼2𝑆𝑇𝑇𝐹
<300°  STTF is in phase C
2.3. Flowchart of the Proposed Method
According to the descriptions mentioned above, the entire
procedure for the diagnosis of STTF can be illustrated
with the aid of a logical flowchart depicted in Fig. 3.
Based on this flowchart, using an appropriate threshold
(ThSTTF) and an empirical range of angular changes
around the central axis of each phase (0°, 120°, and -120°),
an effective STTF detection is guaranteed, and the faulty
phase can be identified without any overlap.

IJRTEI., 2022, Vol.1, No. 1, pp. 105-113

The fault detection process and faulty phase identification
are summarized in the following steps:
̅ ;
 Data acquisition and calculation of 𝐼2̅ and 𝐼2𝑛
̅
 Extraction of 𝐼2𝑆𝑇𝑇𝐹 by using (6);
 Calculation of FDC and comparing it with ThSTTF;
 If FDC exceeds ThSTTF, an STTF is confirmed;
 In a faulty case, the identification of the defective
̅
phase depends on the value of ∢𝐼2𝑆𝑇𝑇𝐹
as mentioned
in the previous subsection.
Start
Calculation of
Phasors
V2(k), I1(k) and I2(k)

VA(k), VB(k),VC(k)
IA(k), IB(k),IC(k)

K=k+1
Healthy
Motor

ThSTTF

No

Calculation of
I2n(k)=V2(k)/Z2
I2STTF(k)=I2(k)-I2n(k)

|I2STTF(k)|/|I1(k)|>ThSTTF
STTF is
Detected

-60°  I2STTF(k) < 60°

No

Z2

Yes

60°  I2STTF(k) < 180°

Yes

Yes

Phase A
is Faulty

Phase B
is Faulty

No

Phase C
is Faulty

Fig. 3. Flowchart of the proposed diagnostic method.
3. Simulation results
To validate the proposed diagnostic method, a WRIM was
simulated in a finite element software package (Ansys
Maxwell ver.16). The simulated WRIM is similar,
although not precisely equal at the fundamental frequency
of 50 Hz.
The negative sequence impedance of the simulated
𝑐𝑜𝑛𝑠𝑡
WRIM
is
𝑍̅2,𝑛𝑜−𝑙𝑜𝑎𝑑
= 9.705∢82.30° Ω
and
𝑐𝑜𝑛𝑠𝑡
̅
𝑍2,𝑓𝑢𝑙𝑙−𝑙𝑜𝑎𝑑
= 8.534∢81.10° Ω and for no-load and fullload conditions, respectively.
To evaluate the weak points of previous studies and also
highlight the advantages of the proposed diagnostic
approach, the fault indices are studied with the machine
under STTF5 in each phase separately (STTF5A, STTF5B,
and STTF5C), both in balanced and unbalanced voltage
supply conditions (with a permissible UVF=1%). The
FDC is calculated considering a constant value for
̅ 𝑐𝑜𝑛𝑠𝑡
𝑍2̅ 𝑐𝑜𝑛𝑠𝑡 = 𝑍2,𝑓𝑢𝑙𝑙−𝑙𝑜𝑎𝑑
.
In Fig. 4, the FDC calculated by (7) (which represents the
̅
modulus) and the angle ∢𝐼2𝑆𝑇𝑇𝐹
are plotted in polar
coordinates for three different faulty cases (encompassing
faults in the three stator phases), for a balanced (blue
crosses) and an unbalanced (red circles) voltage supply
system, when the machine runs at no-load (left) and fullload (right). The results show that the FDC values are
higher for the no-load condition in comparison with the
full-load case, which is easily justifiable by the higher
positive sequence current component for higher motor
̅
load levels, while 𝐼2𝑆𝑇𝑇𝐹
is barely independent of the
motor load condition. It is also visible the dispersion of
the obtained points around the three colored areas being
this dispersion more when there is an unbalanced supply
voltage in addition to the STTF. In addition, it can be
concluded by looking at Fig. 4 that FDCs for all cases is
greater than 3.7%, while such a value can be chosen as an
appropriate threshold (ThSTTF). Moreover, as can be seen,
̅
the related fault index angles (∢𝐼2𝑆𝑇𝑇𝐹
) in both conditions
are fully compatible with the recommended faulty phase
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detection algorithm in the flowchart and go through all
non-ideal conditions. Although the results for the full load
are focused on the specific regions on the angles zero,
120 and -120 for STTF occurrence on phases A, B, and
C respectively (Fig. 4, right), such results for the no-load
condition are more distributed due to the lower 𝐼1 in
comparison to the 𝐼2𝑆𝑇𝑇𝐹 in the FDC relation. However,
the expected geometric location of these points for each
specific STTF did not interfere with the adjacent areas for
the healthy phases. Also, it can result that faulty phase
identification may be made with more reliability in the full
load than in the no-load conditions.
No-load

Full-load

180°

180°

STTFA

STTFA

No fault
Zone

UVF=1%

BLC

̅
Fig. 4. FDC and ∢𝐼2𝑆𝑇𝑇𝐹
in the face of balanced and
unbalanced (with UVF=1%) voltage sources in no-load
(left) and full-load conditions for three faulty cases in the
three phases (STTF5A, STTF5B, and STTF5C).

imbalance voltage deviation direction, as shown in Fig. 6
using polar coordinates. The voltage imbalance was
created by decreasing the voltage amplitude in each phase
separately. For an imbalance in phase A, ∢𝐼2̅ varies
somewhere along the axis of 180°. Similarly, if the
voltage asymmetry is created in phases B and C, ∢𝐼2̅ will
be located near or along the axes of -60° and 60°,
respectively. These central axes values are opposite
(phase-shifted by 180º) to the axes associated with the
faults in the corresponding phases, as shown before in Fig.
4. In fact, the axes of each UVS coincide with the phase
of the voltage vector of the negative sequence component
of the motor supply voltages.
To cover all non-ideal situations and inevitably
inaccuracies of the model used for STTF detection, the
healthy operation of the machine is characterized by a
negative sequence current vector. This vector lies in
regions symmetrically built around each of the previously
mentioned axes, with an opening of 120º so that they do
not overlap, as highlighted by the three colored areas in
Fig. 6.
The motor's unbalanced supply voltage is arbitrary in
actual operating conditions. In these circumstances, the
healthy motor operation can be characterized by a
negative sequence current vector that lies in an area of
120º built around the axis defined by the negative
sequence component of the supply voltages.
Pro

ces
so

r

STTF
Leads
CTs
Induction
Motor

Voltage Sorce

PTs

VR

VS

VT

Synch.
Data
Logger

IR

IS

Mechanical
Load

IT
ADC

IM
Gen.
(Load)

CTs
PTs

Inverter

180°

Fig. 5. Schematic diagram and picture of the experimental
setup.

|I2/I1|%
& I2

4. Experimental results
4.1. Experimental Setup
In the experimental validation of the proposed diagnostic
methodology, a three-phase WRIM with the
specifications in Table II is used. For higher flexibility,
three single-phase variacs (autotransformers) were used in
order to control the degree and type of the unbalanced
supply voltages applied to the machine in some
experiments. The applied voltages and machine supply
currents are sensed with three current transformers and
three potential transformers and measured using
synchronized analog to digital converters with a sampling
frequency of 5 kHz. A low voltage synchronous generator
that supplies a three-phase resistor bank is coupled to the
WRIM shaft in order to control its mechanical load by
adjusting its field current. Several taps are connected to
different points along the three stator windings of the
WRIM to allow the introduction of STTFs in an online
condition. A schematic diagram and a picture of the
experimental setup are shown in Fig. 5.
Table II. WRIM characteristics
Par.
R1
R’2
X1

Value
2.606
Ω
4.098
Ω
2.833
Ω

Par.

Value

X’2

2.833 Ω

Rat.
Pr

Xm

40.889 Ω

Vr

𝑍2𝑐𝑜𝑠𝑛𝑡

7.15∢51.21° Ω

P.F.

Value
2.2
kW
380 V
(L-L)
0.75

Rat.

Value

Poles

4

nr

1360
rpm

Turns

216

4.2. Unbalanced Voltage Source in a Healthy Machine
First, the effects of UVS applied to a healthy machine are
evaluated, namely the variations of ∢𝐼2̅ w.r.t the
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PhA UNB

PhB UNB

PhC UNB

Fig. 6. The variation of ∢𝐼2̅ respect to the imbalance
voltage deviation direction (UVF variations are in the
range of 0.5~1.7%).
4.3. Negative Sequence Current Components for STTFs
The impact of different STTFs (different numbers of
shorted turns) in the negative sequence current
components 𝐼2 and 𝐼2𝑆𝑇𝑇𝐹 for two values of the UVF are
illustrated in Fig. 7 for different time windows of 100 ms.
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All current components were normalized w.r.t 𝐼1 and
expressed as a percentage.
As shown, the percent values of 𝐼2 depend on the STTF
severity and the degree of imbalance of the supply
voltages. However, the calculated 𝐼2𝑆𝑇𝑇𝐹 depends only on
the STTF severity, and a linear relationship can
approximate such dependency. As seen, by removing the
unbalanced voltage source effect on the 𝐼2𝑆𝑇𝑇𝐹 , an
approximately linear relationship will be appeared
between the FDC value and the fault severity.
No-load

Full-load

STTF5B STTF10B STTF15B

HC

STTF5B STTF10B STTF15B

UVF

UVF

UVF<0.5%

UVF<0.5%

HC

STTF5B STTF10B STTF15B

HC

STTF5B STTF10B STTF15B
UVF<0.5%

UVF

UVF

No-load
Full-load

400

100

200

ms

300

400

Fig. 7. The percentage of 𝐼2 (top) and 𝐼2𝑆𝑇𝑇𝐹 (down)
respect to 𝐼1 at no-load (left) and full-load (right)
conditions for different categories of HC and STTFs in
almost balanced (UVF<0.5%, blue) and unbalanced
voltage sources (UVF about 1%, red).
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STTF5B

STTF10B

STTF15B

STTF10A

STTFA

4.5. Detection and Location of STTFs in Real Conditions
To evaluate the performance of the introduced method,
three faulty conditions, including STTF5B, STTF10B, and
STTF15B have been applied to the machine running at noload and rated load conditions. An UVF is also considered
and applied as weak (UVF<0.5%), medium (0.5% < UVF
< 1.1%), and severe (UVF>1.1~1.7%). In practice, it is
illogical to investigate the effects of unbalanced voltage
sources with a UVF>1.7%. In such cases, the motor

UVF

Fig. 8. FDC values with the healthy motor at no-load and
full-load conditions for different permissible UVF values.

STTFA

4.4. Fault Threshold Level Definition
Similar to other current-based diagnostic techniques,
there is the need to define a reliable and secure threshold
level to distinguish faulty cases from healthy ones. To
determine such threshold level for STTF detection
(ThSTTF), the motor FDC was evaluated for different
voltage unbalances, ranging from the most severe cases
(UVF>1%, up to 1.7%) to the lower ones (UVF<0.5%),
with the motor in healthy conditions. In these tests, the
inherent motor constructional asymmetries are taken into
consideration. Fig. 8 shows that for the tested motor, both
at no-load and full-load conditions, the FDC slightly
exceeds 3% for a UVF1.7%. Accordingly, in order to
provide a secure and reliable level for STTF detection,
ThSTTF is selected 20% more than the maximum value in
the healthy condition and is set as 3.7%. Choosing a lower
ThSTTF (3.2~3.7%) would increase the sensitivity,
decrease security, and vice-versa.

ThSTTF = 3.7%

FDC

300

180°

200

ms

No-load

100

180°

|I2STTF/I1|%

UVF<0.5%

Full-load

|I2/I1|%

HC

protection would be the responsibility of adequate relays
defined by the ANSI standard device numbers [51],
namely the 47 (phase balance voltage relay) and 27/59
(under and over-voltage relay). Fig. 9 shows the
experimental test results for such conditions. As can be
seen, the FDC values for STTF5B are slightly higher than
̅
5%, and the related ∢𝐼2𝑆𝑇𝑇𝐹
are located between 120° and
180°. FDCs for STTF10B is around 10%, and the related
̅
∢𝐼2𝑆𝑇𝑇𝐹
are located in the vicinity of the 120° axis. For
̅
STTF15B, FDCs are about 15% and the related ∢𝐼2𝑆𝑇𝑇𝐹
is
in the range 110~120°. Thus, all test points are
concentrated in the predicted areas. Moreover, it can be
concluded that the FDC values for the faulty cases depend
on the STTF severity factor (µ).
To evaluate the methodology's performance for
identifying the faulty phase, STTF10A was also applied to
the machine, and the results are shown in the 4 th column
of Fig. 9. As can be seen, similar to the STTF10B case, the
obtained FDCs for all test cases are around 10%, and the
angle ∢𝐼2𝑆𝑇𝑇𝐹 now varies around the 0° axis, which is the
axis of the faulty phase A. For the cases of faulty phase B,
the angle was around 120º, thus validating the phase
location procedure.

UVF<0.5%

0.5%<UVF<1.1%

UVF>1.1%

̅
Fig. 9. FDC and ∢𝐼2𝑆𝑇𝑇𝐹
for no-load (top) and full-load
(down) conditions, corresponding to STTF5B, STTF10B
and STTF15B (1st ~ 3rd col.), and STTF10A (4th col.), with
different UVFs up to 1.7%.
4.6. STTF Detection for Inverter-Fed Machines
To evaluate the proposed diagnostic methodology in
inverter-fed machines, the same WRIM was supplied by
an inverter and the obtained drive system was operated in
scalar control mode. In these conditions, the motor supply
voltages are roughly symmetrical, consequently, there is
̅ due to unbalanced
no need to calculate the component 𝐼2𝑛
voltage sources. However, the measured current 𝐼2̅ is not
null even when the machine is in healthy conditions, due
to its intrinsic constructional asymmetries. The obtained
results for different STTFs in phases A and B, at different
supply frequencies ranging from 20 up to 60 Hz, are
shown in Fig. 10 and Table III. The results show that with
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the machine in healthy conditions, the FDC value is lower
than 1.2%, then increasing with the number of shorted
turns. The STTFs are detectable with higher resolution at
higher frequencies, as expected, due to the higher shortcircuit current for higher frequencies (which leads to
higher induced voltages).
In comparison with the line-fed case, for the same number
of shorted turns, the method seems to have a higher
sensitivity for the inverter-fed machine. In terms of fault
̅
location, as shown in Table III, the angle ∢𝐼2𝑆𝑇𝑇𝐹
allows
a correct identification of the faulty phase, as
demonstrated before for the line-fed situation.
Full-Load

Frequency (Hz)

Frequency (Hz)

FDC

No-Load

Fig. 10. FDC versus the applied frequency for several
numbers of shorted turns at no-load (left) and full-load
(right) conditions.
Table III. Identification of the faulty phase through
̅
∢𝐼2𝑆𝑇𝑇𝐹
∢𝑰̅𝟐𝑺𝑻𝑻𝑭 (Deg.)
Load
Condition

No-load

Full-load

f (Hz)

STTF5A

STTF10A

STTF5B

STTF10B

20
30
40
50
60
20
30
40
50
60

9.7
7.7
6.6
7.3
6.3
8.5
6.0
5.0
3.2
8.4

3.0
-1.6
-2.5
1.7
-8.7
2.2
-2.4
-3.5
-2.8
-13.5

106.7
114.0
117.6
128.8
130.7
110.5
117.6
121.7
139.7
133.8

112.9
114.3
115.9
122.0
114.0
113.3
115.2
116.7
116.8
114.7

5. Conclusion
A comprehensive stator turn-to-turn fault diagnostic
algorithm based on the negative sequence equivalent
model is presented in this paper, which has the capability
of fault detection and faulty phase identification in online
conditions. With this reliable method, the effect of the
negative sequence voltage component is eliminated.
Moreover, the threshold level to detect STTF is obtained
based on the actual construction of the machine
(considering its inherent asymmetries), using a simple and
straightforward procedure.
The experimental results have shown that from the
sensitivity point of view, even weak faults with five
shorted turns (2.3% of the total number of turns per phase)
are detectable in the tested machine.
The robustness and security of this technique against
unbalanced voltage sources with a permissible unbalance
factor up to 1.7%, and load level variations from no-load
up to full-load conditions were also demonstrated, making
it a sensitive, reliable and secure non-invasive diagnostic
method. Also, the performance of this method for the
inverter-fed mode showed that the related sensitivity will
be increased in such a condition.
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