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Detection of Inter-Turn Short-Circuit on a Doubly Fed Induction
Machine with D-Q Axis Representation —

Application to Different Power Levels
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Abstract—This paper presents a method based on the elliptical representation of D-Q currents to
detect and quantify an Inter-Turn Short-Circuit (ITSC) fault in windings of a Doubly Fed Induction
Machine (DFIM). ITSC is said to be an evolving fault, so it is essential to detect it at an early stage to
avoid damage on the machine. Therefore, the method should be able, on the first hand, to detect the
defect and, on the second hand, to quantify its severity. Moreover, this study requires less computation
time than classical methods such as harmonic analysis. In this paper, current data are acquired at a
sampling frequency of 1 kHz. This method is successful with this low data sampling rate. In order to
validate this study, a theoretical analysis with two models of different DFIM powers (0.3 kW, 0.25 kW
and 11 kW) is carried out (healthy case and faulty case: presence of ITSC), and these results are
confirmed by using platforms including Doubly Fed Induction Machines (DFIMs) and Data Acquisition
(DAQ) system.

1. INTRODUCTION

In electrical power production systems and industrial processes, DFIMs have a very important role. To
avoid costly downtime and breakdowns, early detection of faults is vital. Stator, rotor, and bearings are
the three main components of an induction machine affected more by the various anomalies. According
to the studies [1,2], in squirrel cage induction motors, bearing and stator winding related failures account
for the largest percentage of total failures. More recent studies dealing with the distribution of faults
in induction machines show that the shaft or coupling (3%), rotor (7%), stator windings (21%), and
bearings (69%) are the most failed components [3, 4].

Inter-Turn Short-Circuit (ITSC) fault is a common electrical fault in induction machines, and
generally, they are caused by insulation failures, mechanical stresses, thermal stresses, and partial
discharges [5, 6]. If these defects are unresolved, they lead to increased operating costs due to machine
downtime, hence the need for effective reliability monitoring and noninvasive fault diagnosis methods to
reduce unplanned downtime and associated high costs [5]. Therefore, it is essential to propose methods
to detect ITSC anomalies at early stage when machine is running. Many works on detecting this type
of fault can be found in [7–12]. In [7], the authors propose a Luenberger observer to detect the inter
turn short-circuit and locate the phase where it appears. Abdelmadjid et al. present a Fault Tolerant
Control (FTC) in the presence of a fault on a stator (25 short-circuited turns), but the inter short
circuit is not quantified [8]. In [9], Kato et al. describe a method to detect fault in stator winding of an
induction motor by the direct detection of its negative sequence current as the works proposed by Im and
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Gu [10]. In their works, Roshanfekr and Jalilian present a Magnetic Equivalent Circuit model (MEC)
to simulate short-circuited turn [11]. An analytical and experimental study to detect short-circuited
turns through a frequency analysis is proposed by Razafimahefa et al. [12], and these authors propose
Park Vector Approach (AVP) [13]. Wang et al. [14] describe a short-circuit model with a resistor and
a quantification of ITSC by an analysis of specific harmonics of short-circuit current. The most crucial
disadvantage of the proposed method is the measurement of this current in real conditions because it is
impossible to access it, excepted on an experimental platform. In work [15], Pires et al. use unbalance
of stator voltage and stator current. So, they construct Volterra series to detect ITSC. The results
presented seem interesting but need heavy calculation. In other works [16], Foito et al. focus on Park
transform technique of mass center of the stator current. Then in the D-Q basis, they manage to obtain
a specific model of the engine subjected to ITSC by selecting the center of mass and the radius of the
circumference which depends on ITSC severity. On the other hand, this technique does not specify the
phase where ITSC is localized.

In this paper, a noninvasive method by using the Park transform is proposed. The currents on the
three phases can be reduced to D-Q basis of two dimensions. From this representation, it is possible
to detect and quantify ITSC. The first part of this article describes DFIM models in healthy operation
and faulty operation (in presence of ITSC). Two models are compared with experimental platform
measurements. The second part is devoted to ITSC detection and quantification. The last part consists
of detecting and quantifying the ITSC under different conditions (2.5%, 5%, 10%, 20%, 30%, and 40%
of ITSC). Theoretical (DFIM powers of 0.3 kW, 0.25 kW, and 11 kW) and practical (DFIM powers of
0.3 kW and 0.25 kW) results are presented through these different stages.

2. THEORETICAL STUDIES

2.1. Healthy Condition

The differential system in Eqs. (1) to (4), modeling the induction machine, can be written in a vector-
matrix form such as [12]:

[V ] = [R][I] + [I]ω
d[L]

dθ
+ [L]

d[I]

dt
(1)

[V ] is the vector of the stator and rotor voltages; [I ] is the vector of the stator and rotor currents; [R]
is the matrix of stator and rotor resistances; [L] is the matrix of the stator and the rotor inductances
and ω the shaft rotational speed. The equation of motion is as follows:

J
dω

dt
+ fvω = Te − Tl (2)

ω =
dθ

dt
(3)

Te =
1

2
[I]T

d[L]

dθ
[I] (4)

J is the moment of total inertia of the rotor, fv the viscous friction torque, Te the electromagnetic
torque, Tl the load torque, and θ the angular position.

2.2. DFIM Analytical Model with ITSC

In this paper, the ITSC fault model, which will be used, is based on the one proposed by the works of [7].
This model can quantitatively describe ITSC fault at any level and in any single phase. It introduces
fx model parameter to describe the fault position in the DFIM stator [7]. The advantage by using this
model is to simulate healthy and faulty conditions. In this paper, the fault position parameter fx is
defined as follows: the fault occurs in the A phase of the DFIM stator. In the following equations, the
capital letters (A, B, and C) indicate that the component is located on the stator phase. The small
letters (a, b, and c) show that the constituent is situated on the rotor phase. The model of the machine
takes into account the classical assumptions [12, 13]. The default position parameter fx is defined by:
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fx = fA = [1 0 0]T . The indices s and r designate stator and rotor. The variables containing f are
associated with the short-circuited turns.

nf =
Nf

Ns
(5)

Nf is the number of turns short-circuit. Ns is the number of turns in a phase.
The voltage and flux model equations in the two DFIM windings are given as follows:[

VABC

Vabc

Vf

]
=

 Rs 03×3 −nfRsfx
03×3 Rr 03×1

nfRsf
T
x 01×3 −∥nfRsfx∥

[
IABC

Iabc
If

]
+

d

dt

[
λABC

λabc

λf

]
(6)

[
λABC

λabc

λf

]
=

 Lss Lsr −nfLssfx
Lrs Lrr −nfLrsfx

nfLssf
T
x nfLsrf

T
x −nfLf

[
IABC

Iabc
If

]
(7)

The resistances and self inductances matrices are given as follows:

Rs =

[
rs 0 0
0 rs 0
0 0 rs

]
, Rr =

[
rr 0 0
0 rr 0
0 0 rr

]

Lss =

[
Ls Ms Ms

Ms Ls Ms

Ms Ms Ls

]
, Lrr =

[
Lr Mr Mr

Mr Lr Mr

Mr Mr Lr

]
The stator-rotor (Lsr) and rotor-stator (Lrs) mutual inductances are given by:

Lsr = Msr
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Lrs = LT

sr

The self inductances of the stator and rotor windings including the inter-turn short circuit can be
expressed by:

Ls = lsp + lls, Lr = lrp + llr, Lf = nf lsp + lls

The stator-stator and rotor-rotor mutual inductances are equal to:

Ms = −1

2
lsp, Mr = −1

2
lrp

The electromagnetic torque frame is defined as follows:

Te = p

(
IABC

T ∂Lsr

∂θr
Iabc + nff

T
x If

∂Lsr

∂θr
Iabc

)
(8)

VABC and Vabc are the voltages on the stator and rotor windings, respectively, and Vf is the voltage
due to ITSC. IABC and Iabc are the currents on the stator and rotor windings, respectively, and If is
the current due to ITSC. λABC and λabc are the fluxes on the stator and rotor, respectively, and λf is
the flux due to ITSC. Rs and Rr are the resistances on the stator and rotor windings. Lss and Lrr are
the self inductances on the stator and rotor windings. Lsr is the stator-rotor mutual inductances, and
Lrs is the rotor-stator mutual inductances. Ls and Lr are the self inductances of the stator and rotor.
lsp and lrp are the own inductances of the stator and the rotor. lls and llr are the leakage inductances
of the stator and rotor. Lf is the inductance due to ITSC. Ms is the stator-stator mutual inductances,
and Mr is the rotor-rotor mutual inductances. Te is the electromagnetic torque, and p is the number of
pole pairs.



26 Bilal et al.

3. EXPERIMENTAL SETUP

3.1. Default Setting

Figure 1 represents a coil of an elementary winding whose input and output are respectively noted as
A and X. On this coil there is a short circuit between turns at a1 and a2 contact points.

Figure 1. ITSC schema.

3.2. Materials and Methods

The proposed model was used to simulate a DFIM with standard specifications which are presented in
Table 1. Each stator phase contains 6 coils in series. Moreover, each coil is made up of 133 turns or
798 series turns. Simulations were performed for the nominal load in healthy and faulty cases. In the
faulty case, the different rates of short circuit are presented in Table 2.

Table 1. Characteristics of DFIM1.

Specifications Values Units

Rated frequency, f 50 Hz

Rated voltage 230/400 V

Rated power, Pn 0.3 kW

Nominal speed 1488 r/min

Rated current 1.5/0.87 A

Self inductances, lsp, lrp 0.79/0.79 H

Moment of inertia 0.008 kg·m2

Resistances, rs, rr 33/16.5 Ω

Number of pole pairs, p 2

Simulations were performed for the nominal load in healthy and faulty cases. In the faulty case,
there are the different rates of short circuit (Table 2). In this study, the short-circuit fault is located
on phase A of the stator winding. In order to validate the model, experimental measurements were
carried out from the DFIM1 (see Figure 2) in both cases: healthy and faulty. The sampling frequency
of experimental data is fs = 1kHz.

Figure 2 shows the experimental equipment. It consists of an induction machine (DFIM1), current
sensors, a data acquisition system (DAQ), and a computer.

The ITSC fault is characterized by a high amplitude of short-circuit current, and it is an
evolutionary fault. In theoretical and experimental studies, the hypothesis that the evolution of the
defect depends on the resistance Rf is retained. For example, this current is quite high since it is equal
to 10A when the machine is absorbing 1A. Note that the short circuit current is inversely proportional
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Table 2. The different short-circuited turns on phase A of the DFIM1.

Number of short circuit turns ITSC rate (%)

Nsc nsc

20 2.5

40 5

80 10

160 20

240 30

320 40

Figure 2. Experimental setup for the winding fault in induction machine.

to the value of short circuit resistance. We propose a stator current analysis with the Park transform
to have more precision on the evolution of the ITSC defect.

4. PARK TRANSFORMATION

One way to detect certain anomalies, such as the short circuit fault between turns, is to analyze the
harmonics contained in the stator current. This technique is called “Motor Current Signature Analysis
(MCSA)”, and it is developed in [9,11,17] on an induction motor and a doubly fed induction generator
(DFIG). In our study, we focus on the geometrical properties of currents and the Park transform [18–21].

isd =

√
2

3
IA − 1√

6
IB − 1√

6
IC

isq =
1√
2
IB − 1√

2
IC

(9)

The Park transform is a proven dimensionally reduced technique for balanced three-phase systems. In
fact, it allows to project a three-dimensional space (IA, IB, and IC) to two-dimensional space (isd and
isq) without any loss of information. The projection of a sinusoidal and symmetrical signal, describes a
circle in 2D space. However, when the DFIM1 is subject to a defect, the geometric shape of the current
changes to an ellipse with a specific orientation.

The currents are presented in the D-Q basis when the DFIM1 has a ITSC fault (10% and 20%).
Figure 3 highlights the methodology. Figure 3 shows the similarity between the theoretical and practical
data representations.
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Figure 3. Stator currents in squaring (10% and 20%): measurement and simulation.

4.1. Presentation of Ellipse Coefficients in ITSC Case

As soon as a defect appears, the space (E) of Figure 4 is deformed, and the circle in the healthy case
becomes an ellipse characterized by two axes (major axis and minor axis). The size of (E) is quantified
by parameters A for the major axis and B for the minor axis which are the direct and quadrature axis
currents under the effect of the defect. At the same time, if a defect occurs, both axes rotate, so that
the major axis is no longer aligned with D, and the minor axis is no longer confused with Q. This
rotation is characterized by the angle Phi.

Figure 4. Ellipse parameters A, B and Phi.

Before presenting ellipse coefficients obtained from the model and measurement of DFIM1 currents,
it is useful to specify the network harmonic pollution. For that, Table 3 specifies the total harmonic
distortion (THDi) (10) of the two currents in direct quadrature isd and isq.

THDi(%) = 100×

√√√√ ∞∑
h=2

I2h

I1
(10)
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with Ih being the Root Mean Square (RMS) value of the harmonic magnitude corresponding to the hth

harmonic order and I1 the harmonic of rank 1 [22].
Looking at Table 3 above, the THD of isd reveals a harmonic pollution for 10% and 20% of ITSC

in the DFIM1 stator winding. Similarly, the THD of isq increases according to the ITSC but less
significantly than THD of isd.

Table 3. THDi of the two currents isd and isq.

Park currents Healthy 10% ITSC 20% ITSC

isd 4.35 9.82 14.08

isq 2.50 5.83 7.85

Now the values of the three coefficients (A, B, Phi) obtained from the ellipses of Figure 3 are
presented in Table 4 to Table 6. A is the major axis, B the minor axis, and Phi the orientation of the
ellipse. With these coefficients, as shown in Table 4 to Table 6, it is possible to easily detect the fault
and to quantify the ITSC rate in the windings.

Table 4. Coefficient model A: Theoretical and experimental studies.

ITSC rate (%) AExperimental ATheoretical

nsc

2.5 1.20 1.19

20 2.57 2.52

30 3.48 3.43

40 4.74 4.66

A, B, and Phi are short circuit rate functions whose coefficients are identified by least squares
technique as explain in the paper [22]. The columns 2 and 3 of Table 4 show similar results and indicate
the relevance of the approach on both the theoretical and experimental aspects. The representation of
data from columns 1 and 2 (respectively 3) forms a straight line in the affine plane and can be modeled
by Eq. (11). According to the values given by Table 4, the major axis A can be expressed as:

A = p1nsc + p2 (11)

with nsc being the inter-turn short-circuit rate (%).
p1 = 0.13 for the experimental and 0.12 for the theoretical studies.
p2 = 0.9 for the experimental and 0.84 for the theoretical studies.
The columns 2 and 3 of Table 5 show similar results and indicate the relevance of the approach. The

representation of data from columns 1 and 2 (respectively 3) forms a straight line in the affine plane
too and can be modeled by Eq. (12).

Table 5. Coefficient model B: Theoretical and experimental studies.

ITSC rate (%) BExperimental BTheoretical

nsc

2.5 0.83 0.97

20 0.96 1.04

30 1.01 1.11

40 1.06 1.19
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According to the values given by Table 5, the minor axis B can be expressed as:

B = p3nsc + p4 (12)

p3 = 0.006 for the experimental and 0.006 for the theoretical studies.
p4 = 0.82 for the experimental and 0.94 for the theoretical studies.
The columns 2 and 3 of Table 6 show quite similar results and indicate the relevance of the approach.

But these results are less good than the previous tables. Nevertheless, the representation of data from
columns 1 and 2 (respectively 3) forms a rational function in the affine plane and can be modeled by
Eq. (13).

Table 6. Coefficient model Phi: Theoretical and experimental studies.

ITSC rate (%) PhiExperimental PhiTheoretical

nsc (rad) (rad)

2.5 0.50 0.59

20 0.24 0.35

30 0.21 0.25

40 0.19 0.17

According to the values given by Table 6, the orientation Phi can be expressed as:

Phi =
p5

(nsc + p6)
(13)

p5 = 9.67 for the experimental and 11.86 for the theoretical studies.
p6 = 16.99 for the experimental and 17.43 for the theoretical studies.
In order to validate the three models presented by above Eqs. (11) to (13), Table 7 shows the three

parameters ATh1, BTh1, and PhiTh1 for 5% and 10% calculated from Eqs. (11) to (13) and the DFIM1
theoretical data. Next, these values are compared to the results AEx1, BEx1, and PhiEx1 obtained from
these relationships and DFIM1 experimental data.

Table 7. A, B and Phi obtained from calculations.

ITSC rate (%) AEx1 ATh1

nsc Experimental for DFIM1 Theoretical for DFIM1

5 1.55 1.44

10 2.22 2.04

ITSC rate (%) BEx1 BTh1

nsc Experimental for DFIM1 Theoretical for DFIM1

5 0.85 0.97

10 0.88 1

ITSC rate (%) PhiEx1 PhiTh1

nsc Experimental for DFIM1 Theoretical for DFIM1

5 0.44 rad 0.53 rad

10 0.36 rad 0.43 rad

On the other hand, Table 8 shows the three parameters ATh1, BTh1, and PhiTh1 for 5% and
10% obtained directly from the ellipses and the DFIM1 theoretical data and AEx1, BEx1, and PhiEx1

obtained directly from the ellipses and DFIM1 experimental data. The calculations give convincing
results and are close to the results obtained in Table 7.
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Table 8. A, B and Phi obtained from ellipses.

ITSC rate (%) AEx1 ATh1

nsc Experimental for DFIM1 Theoretical for DFIM1

5 1.47 1.42

10 1.89 1.84

ITSC rate (%) BEx1 BTh1

nsc Experimental for DFIM1 Theoretical for DFIM1

5 0.84 0.99

10 0.89 1.02

ITSC rate (%) PhiEx1 PhiTh1

nsc Experimental for DFIM1 Theoretical for DFIM1

5 0.44 rad 0.57 rad

10 0.33 rad 0.49 rad

The presented method shows that the number of short-circuited turns can be deduced with accuracy,
and calculations are easy.

In the second part of this work, using the same methodology as previously described, the results
of fault detection on another machine (named DFIM2) of the same power level (0.25 kW) as the first
machine (DFIM1) are presented. The interest is to ensure that the described method can be easily used
on other machines.

5. DFIM2 STUDY

5.1. DFIM2 Experimental Setup

The stator of DFIM2 has 36 slots, and the rotor has 18 slots. Each phase has 6 windings in series, and
each winding has 68 turns. On this machine, ITSC fault simulations can be done on two levels: 2.5%
(equivalent to 10.2 turns) and 5% (equivalent to 20.4 turns). The DFIM2 characteristics are given in
Table 9. Figure 6 to Figure 8 present theoretical and experimental results.

Experimental setup is shown in Figure 5 and includes DFIM2 machine, current sensors, data
acquisition system (DAQ), and computer. The sampling frequency of experimental data is fs = 1kHz.

Figure 5. Experimental setup DFIM2.
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Table 9. Characteristics of DFIM2.

Specifications Values Units

Rated frequency, f 50 Hz

Rated voltage 230/400 V

Rated power, Pn 0.25 kW

Nominal speed 1480 r/min

Rated current 1.8/1 A

Self inductances, lsp, lrp 0.65/0.65 H

Moment of inertia 0.024 kg·m2

Resistances, rs, rr 14.84/8.8 Ω

Number of pole pairs, p 2

5.2. Experimental Results of DFIM2

In order to illustrate the following comparisons of currents in direct quadrature, the currents will be
presented on two cases: theoretical and experimental ones (Figures 6, 7, and 8).

-5 -4 -3 -2 -1 0 1 2 3 4 5

i
sd

 [A]

-2

-1

0

1

2

i s
q
 [

A
]

Theoretical studies case without ITSC

DFIM2 : 0.25kW

DFIM1 : 0.3kW

-5 -4 -3 -2 -1 0 1 2 3 4 5

i
sd

 [A]

-2

-1

0

1

2

i s
q
 [

A
]

Experimental studies case without ITSC

DFIM2 : 0.25kW

DFIM1 : 0.3kW

Figure 6. Stator currents in squaring without fault.

In healthy case (Figure 6), it can be seen that Park current representation is very similar on
simulations and measurements. The same observation can be made in cases of the 2.5% and 5% ITSC
rates (see Figure 7 and Figure 8). On the curves obtained from measurements, those corresponding
to DFIM2 are clearly more noised than those of DFIM1: this is because DFIM2 is older than DFIM1
which is new. Nevertheless, the different curves are very similar and show the relevance of the method
which focuses only on the detection of ITSC.

As the case of DFIM1 (Table 10), the calculation of the THDi of isd and isq for DFIM1 and
DFIM2 is given in Table 3. The THDi on the two currents isd and isq are quite different for the
two machines because on the one hand, the measurements were carried out on two different electrical
networks (Madagascar for DFIM2 and Corsica for DFIM1), and on the other hand, the DFIM2 is older
than the DFIM1.
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Figure 7. Stator currents in squaring: estimated at 2.5% ITSC.
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Figure 8. Stator currents in squaring: estimated at 5% ITSC.

After presenting Table 10 and Figure 6 to Figure 8, Table 11 presents the three ellipse parameters:
AEx2, ATh2, AEs, AEx1, BEx2, BTh2, BEs, BEx1, and PhiEx2, PhiTh2, PhiEs, PhiEx1. These
parameters are obtained from experimental values, theoretical values, and estimated values given by
Eqs. (11) to (13). The last column recalls the experimental results obtained for the DFIM1.

5.3. Discussion

The detection of ITSC is not sensitive to the noises coming from bearings, machine age, and electrical
network as shown in Table 11. In this table, the ITSC rate can be deduced from major axis A with a
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Table 10. THDi of the two currents isd and isq of the DFIM2.

Park currents Healthy 2.5% ITSC 5% ITSC

isd (DFIM2) 4.50% 4.73% 6.85%

isq (DFIM2) 2.68% 2.82% 4.43%

isd (DFIM1) 4.35% 4.56% 6.78%

isq (DFIM1) 2.50% 2.70% 4.32%

Table 11. A, B and Phi obtained for the DFIM2.

ITSC rate (%) AEx2 ATh2 AEs AEx1

nsc Experimental for DFIM2 Theoretical for DFIM2 Estimation Experimental for DFIM1

2.5 1.22 1.21 1.23 1.20

5 1.53 1.51 1.55 1.47

ITSC rate (%) BEx2 BTh2 BEs BEx1

nsc Experimental for DFIM2 Theoretical for DFIM2 Estimation Experimental for DFIM1

2.5 1.11 1.12 0.84 0.83

5 1.16 1.15 0.85 0.84

ITSC rate (%) PhiEx2 PhiTh2 PhiEs PhiEx1

nsc Experimental for DFIM2 Theoretical for DFIM2 Estimation Experimental for DFIM1

2.5 0.55 rad 0.52 rad 0.50 rad 0.50 rad

5 0.47 rad 0.45 rad 0.44 rad 0.44 rad

good accuracy. However, the minor axis B and the Phi orientation give lower accuracy. One of the most
significant results is the possibility to use the identification obtained from DFIM1 (see Equation (11))
for the second machine with the A parameter corresponding to the major axis. It is very important
because,it is now possible to identify ITSC rate using Equation (11) because this one is independent of
the studied machine.

This part details the results obtained for each of the three ellipse parameters on the second and
third columns of Table 11. These parameters permit to detect and quantify ITSC rate (Table 12), with
the three relations given previously in Eqs. (11) to (13). However, the fourth and fifth columns of Table
11 represent A, B, and Phi values obtained from (11) to (13) for DFIM2 and DFIM1, respectively. The
total number of DFIM2 turns without ITSC on one phase of the stator winding is 408. Therefore, to
facilitate the study, the numbers of shorted turns are presented in Table 13 to compare the accuracy of
the different approaches.

Thus, Table 12 illustrates the detection of ITSC rates of DFIM2 from Eqs. (11) to (13) in
experimental case, column 2, and theoretical case, column 3. According to experimental major axis
A curve obtained with DFIM1, ITSC rate of DFIM1 (columns 2 and 3 of Table 12) can be deduced
with good accuracy. However, the two parameters B and Phi cannot be exploited because the obtained
results (column 2 and 3 of Table 12) are too far from the ITSC rate taken into account. Table 13 shows
the accuracy of the ITSC rate and the corresponding number of shorted turns.

Table 13 contains four distinct columns. The first shows the number of turns without short circuit
for DFIM2. Then, the second represents the number of shorted turns and the corresponding ITSC
rates. As shown in Table 13: 2.5% of short circuited turns corresponds to 10.2 turns in short circuit.
Similarly for the case of 5%, the number of turns in short circuit is equal to 20.4. The third column
represents the values of the number of shorted turns and the rates of shorted turns obtained from the
three coefficients of the DFIM2 ellipse (AEx2, BEx2, and PhiEx2). Thus, on the two cases: 2.46% and
4.87% of short-circuited turns, there is 2% of error with respect to the representation of the second
column of Table 13. An error of 2% corresponds to about 0.2 turns. Finally, the fourth column presents
calculations of errors for each approach used in the detection and quantification of ITSC rate. Thus,



Progress In Electromagnetics Research B, Vol. 95, 2022 35

Table 12. Detection of the ITSC rate from the ellipses of the DFIM2.

p1 and p2 p1 and p2
A experimental data theoretical data

AEx2=1.22 nsc=2.46% nsc=3.17%

AEs=1.23 nsc=2.5% nsc=3.25%

AEx2=1.53 nsc=4.87% nsc=5.75%

AEs=1.55 nsc=5% nsc=5.92%

p3 and p4 p3 and p4
B experimental data theoretical data

BEx2=1.11 nsc=48.33% nsc=28.33%

BEs=0.84 nsc=2.5% nsc= 0%

BEx2=1.16 nsc=56.67% nsc= 36.67%

BEs=0.85 nsc=5% nsc= 0%

p5 and p6 p5 and p6
Phi [rad] experimental data theoretical data

PhiEx2=0.55 nsc=0.59% nsc=3.74%

PhiEs=0.50 nsc=2.5% nsc=6.29%

PhiEx2=0.47 nsc=3.58% nsc=7.80%

PhiEs=0.44 nsc=5% nsc=9.52%

Table 13. Quantification of the number of turns and associated accuracy.

Ns NscEs NscEx Accuracy

nsc from AEs nsc from AEx2

2.5%⇔ 10.2 2.46%⇔ 10.0 2%

5%⇔ 20.4 4.87%⇔ 20.0 2%

408 nsc from BEs nsc from BEx2

turns 2.5%⇔ 10.2 48.33%⇔ 197.2 1800%

5%⇔ 20.4 56.67%⇔ 231.2 1000%

nsc from PhiEs nsc from PhiEx2

2.5%⇔ 10.2 0.59%⇔ 2.4 76%

5%⇔ 20.4 3.58%⇔ 14.6 28%

the last column shows the interest of A parameter approach because the error made is lower than 2%.
Now that the proposed approach shows its effectiveness with the same power level machines, the

next section relates its application to a higher power level machine.

6. DFIM3 STUDY

6.1. DFIM3 Presentation

The DFIM3 has a power range about 30 times higher than DFIM1. The stator of the machine has 48
stator slots, 32 rotor slots, and the number of turns is equal to 252. Nominal values are summarized in
Table 14. As in DFIM2 case, the deal is to detect ITSC rate on DFIM3 from the elliptical parameter
A (major axis) of the DFIM1.
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Table 14. Characteristics of DFIM3.

Specifications Values Units

Rated frequency, f 50 Hz

Rated voltage 230/400 V

Rated power, Pn 11 kW

Nominal speed 1425 r/min

Rated current 23/11.32 A

Self inductances, lsp, lrp 0.16/0.16 H

Moment of inertia 0.1 kg·m2

Resistances, rs, rr 1.2/0.8 Ω

Number of pole pairs, p 2

6.2. Theoretical Results of DFIM3 Study

DFIM3 currents are simulated by Eqs. (1) to (3), and the direct quadrature currents are calculated using
Eq. (9). Figure 9 represents the ellipses for ITSC rates of 2.5% and 5%. Figure 10 corresponds to ITSC
rates of 10% and 20%. As our laboratory does not have a test bench for higher power level machines,
and consider the performance of the theoretical approach compared to the experimental measurements,
a purely theoretical study of an 11 kW machine is proposed to observe the robustness of the proposed
approach.
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Figure 9. Stator currents in squaring without defect and with defect (estimated at 2.5% and 5% ITSC).

The ellipses from the two machines DFIM1 and DFIM3 are quite similar when the ITSC is less
than 5% but quite different when it is greater than 10%. The ellipses in Figure 9 and Figure 10 show
that it is possible to consider ITSC detection as well as calculation of the ITSC rate of DFIM3 from
DFIM1 data. Table 15 and Table 16 summarize the obtained results for ITSC rates.
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Figure 10. Stator currents in squaring with defect: estimated at 10% and 20% ITSC.

Table 15. A obtained for DFIM3.

ITSC rate (%) ATh3 AEs AEx1

nsc Theoretical for DFIM3 Estimate Experimental for DFIM1

2.5 1.22 1.23 1.20

5 1.55 1.55 1.47

10 2.13 2.22 1.84

20 3.48 3.5 2.57

Table 16. B and Phi obtained for DFIM3.

ITSC rate (%) BTh3 BEs BEx1

nsc Theoretical for DFIM3 Estimate Experimental for DFIM1

2.5 1.07 0.84 0.83

5 1.09 0.85 0.84

10 1.18 0.88 0.89

20 1.47 0.94 0.96

ITSC rate (%) PhiTh3 PhiEs PhiEx1

nsc Theoretical for DFIM3 Estimate Experimental for DFIM1

2.5 0.5 rad 0.50 rad 0.50 rad

5 0.50 rad 0.44 rad 0.44 rad

10 0.40 rad 0.36 rad 0.33 rad

20 0.26 rad 0.26 rad 0.24 rad
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6.3. Discussion

After Figure 9 and Figure 10 are presented, Table 15 presents the three ellipse parameters: ATh3, AEs,
AEx1, BTh3, BEs, BEx1 and PhiTh3, PhiEs, PhiEx1. These parameters are obtained from theoretical
and estimated values given by Eqs. (11) to (13). As mentioned in the previous paragraph, the results
obtained from parameter A are better than those obtained from parameters B and Phi. This is why
the results are published in two separate Tables 15 and 16.

The last column recalls DFIM1 experimental results. The values of the coefficient ATh3 presented
in Table 15 is close to the parameter AEx1 of the DFIM1 ellipses and the one estimated AEs from
Eq. (11). Therefore, the parameter A will allow to quantify the short circuit with accuracy (Tables 17
and 18).

The last column recalls DFIM1 experimental results. The values of the two coefficients B and Phi
presented in Table 16 are close to the parameters BEx1 and PhiEx1 of the DFIM1 ellipses and those
estimated BEs and PhiEs from Eqs. (12) to (13).

Nevertheless, the results of previous studies (DFM1 and DFM2) have shown that the parameters B
and Phi did not permit to deduce short-circuit rate with good accuracy. That is why in the following,
only the study of the parameter A will be discussed.

Table 17 summarizes ITSC rates from this parameter A. Table 17 gives ITSC rate obtained from
Eq. (11) and DFIM1 data. The results are similar in experimental and theoretical cases.

Table 17. Detection of ITSC rate from A and DFIM1 data.

p1 and p2 p1 and p2

A experimental data theoretical data

ATh3=1.22 nsc=2.46% nsc=3.17%

AEs=1.23 nsc=2.5% nsc=3.25%

ATh3=1.55 nsc=5% nsc=5.92%

AEs=1.55 nsc=5% nsc=5.92%

ATh3=2.13 nsc=9.46% nsc=10.75%

AEs=2.22 nsc=10% nsc=11.5%

ATh3=3.48 nsc=19.47% nsc=22%

AEs=3.5 nsc=20% nsc=22.17%

Table 18 specifies the number of shorted turns and the associated accuracy. The number of shorted
turns is calculated according to total number of turns. Table 18 shows that detection of the number
of turns in short circuit is done with an accuracy lower than 5%, which corresponds to one turn. The
result is therefore conclusive.

Table 18. Number of turns short circuited and associated accuracy.

Ns NscEs NscTh3 Accuracy

nsc from AEs nsc from ATh3

252 2.5%⇔ 6.3 2.46%⇔ 6.2 2%

turns 5%⇔ 12.6 4.96%⇔ 12.5 1%

10%⇔ 25.2 9.46%⇔ 24 5%

20%⇔ 50.4 19.47%⇔ 49.1 3%
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7. CONCLUSION

This article presents a study to detect short-circuit faults between turns, based on the Park transform.
The diagnosis makes full use of the geometric shape of the currents in the D-Q basis. Indeed, these
currents take the shape of an ellipse which changes according to the severity of the fault. When the
number of short-circuited turns increases (2% to 40%), the value of the significant axis grows, and
its orientation shifts. This observation permits to develop a methodology to detect this defect. It is
therefore possible to quantify the number of short-circuited turns in DFIM windings with excellent
accuracy. This approach has been validated with several machines of different power levels. Due to
its performance, the developed approach could find a major contribution to short circuit detection.
Similarly, it can be useful for ITSC detection on generators installed in wind farms.
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