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 In this paper we propose a strategy for real-time detection of interturn short-

circuit faults (ISCF) on three-phase induction motor (IM) by using a Vold-

Kalman filter (VKF) algorithm. ISCF produce a thermal stress into the stator 

winding due to large current that flows through the short-circuited turns. 

Therefore, incipient fault detection is required in order to avoid catastrophic 

failures such as phase to phase, or phase to ground faults. The strategy is based 

on an analytical IM model that includes a ISCF fault in any of the phase 

windings and considering the h-th harmonic in the voltage supply. Based on 

equivalent electrical circuits with harmonics in sequence components, we 

propose a strategy for detection of an ISCF on IM by tracking the 5th harmonic 

current component using a VKF algorithm. The proposed model is 

experimentally validated using a three-phase IM with modified stator 

windings to generate ISCF. Also, the IM is feeded by a programmable voltage 

source to synthesize distorted voltage supply with the 5th harmonic. The 

results demonstrated that the positive-sequence magnitude for the 5th 

harmonic current component is a good indicator of the fault severity once it 

exceeds a threshold limit value, even under load variations and unbalanced 

voltages. 
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1. INTRODUCTION  

In a balanced three-phase electrical system, each of harmonic components can be classified as 

positive, negative or zero sequence [1]. However, several disturbances cause the unbalance of the voltages or 

currents that originate components in different sequences for the same harmonic order. These disturbances can 

be attributed to several phenomena such as electrical faults in rotary electric machines or due to external 

problems arising from the low quality of electrical energy systems, among others. In faulty conditions, the 

impedances symmetrical become asymmetrical and, consequently, the harmonic components can be used for 

the detection of the faults [2], [3]. In this context, different methods have been proposed for detection of faults 

based on signals through the analysis of the components in frequency [4]–[6]. In some industrialized processes, 

the voltage and current harmonics are generated naturally when the induction machine (IM) is controlled by 

electric drives such as inverter or soft starters. Based on these characteristics, in [7], the 5th and 7th harmonic 
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components present different behaviors under high-resistance electrical connections and interturn short-circuit 

fault (ISCF). However, the effects of external disturbances have not been considered for the robustness analysis 

of the proposed strategy. It should be noted that the fault detection methods based on the evaluation of the 

frequency components may present low sensitivity because the effects of a particular fault could be combined 

with other disturbances such as the unbalance of the voltage supply [8], [9], the high-resistance connections 

[10], [11] or mechanical faults [12], among others. 

In order to attenuates the fault detection errors due to external disturbances, some proposals are based 

on artificial intelligence (AI) systems such as vector support machines [13], neural networks [14], [15] or rule-

based classifier [16]. These methods require an exhaustive training of the learning algorithms for the 

recognition of fault patterns through tests under different fault severities and operating conditions. In [15] was 

proposed a faults diagnosis method to detect a instantaneous slip frequency control (ISFC) in stator winding 

of three-phase high-speed solid rotor IMs. The method is based on the negative sequence of the fundamental 

current and a fuzzy neural network algorithm. In order to obtain the amplitude and phase angle of negative 

sequence current a sequence analyzer is used. The performance of the proposed method is evaluated by 

simulation results for healthy and faulty cases. A study based on short-time Fourier transform for fault 

classification and identification in voltage source inverter (VSI) switches was proposed in [16]. The method 

aims to detect the switch faults in VSI based on a rule-based classifier. The performance is validated by 

categorizing 60 signals for each switch fault. These methods have the advantage of detecting different types of 

faults. However, the fault diagnosis precision decreases against of limited input data or fault condition not 

considered in the training stage. In [17], is proposed a frequency response analysis (FRA) technique to detect 

phase-to-phase faults in three-phase IMs. This same technique is used in [18] to detect ISCF in the stator 

windings. It should be noted that the FRA response is an offline technique. In other words, FRA technique can 

be applied during a scheduled maintenance shutdown when the IM is turned off. 

To analyze and characterize the faults against the operating conditions variations there are methods 

based on process model [1]. An accurate analytical model allows solving the problem of generalization of fault 

classes, reducing errors in fault detection. Most of the analytical models are formulated by means of differential 

equations of parameters concentrated in qd0 reference frame [19]. In this context, the first dynamic models 

considering a ISCF in the stator windings of the IM were proposed in [20], [21]. The early detection of ISCF 

is very important to avoid deterioration of the winding insulation that can lead to the most catastrophic faults 

such as phase-phase or single-phase short circuits or core fault [22]. Due to the fact that ISCF produces slight 

unbalance in the current, the conventional protections, usually, do not have the necessary capacity for their 

early detection. However, the fault current flowing between the faulty turns can reach magnitudes several times 

greater than the nominal current. In [21] was proposed a faulty model for three-phase IM that includes ISCF in 

any of the phase windings based on [20]. From these reference faulty IM models, various others were proposed 

in the literature [9], [23]–[26]. A proposed and still current method is based on the analysis of the sequence 

impedance matrix obtained from the faulty analytical model [27], [28]. In these cases, the detection is carried 

out by following the terms outside the diagonal of the impedance matrix. It is important to mention that the 

methods based on the IM model have been proposed considering the effects of faults on the sinusoidally 

distributed windings, without including harmonics in sequence components. 

Different techniques are used to real-time fault diagnosis such as the state observer [21], [29], analysis 

of the internal signals from the direct field-oriented control [30], monitoring of common-mode impedance [31], 

Vold-Kalman filter (VKF) algorithm [32]. In previous works, the VKF is used for the estimation of the 

fundamental component based on an IM fault model [33], [34]. A residual signal is calculated from subtraction 

between the estimated fundamental component and original signal for ISCF detection. However, the resulting 

residual signal may also contain the information of other IM faults or the power quality problems. In these 

previous works, the effects of a ISCF on the harmonic components have not been included. 

In this paper we present an online strategy for detection of a ISCF in the windings of the three-phase 

IM with squirrel cage rotor based on harmonic sequence components analysis of the stator currents. An 

analytical IM model with ISCF considering the h harmonic in the voltage supply is presented. This extended 

faulty IM model was proposed in [35] to demonstrate the effects of stator faults on harmonic components. In 

addition, the IM model allows analyzing the performance of the machine with ISCF under variable operating 

conditions from the equivalent electrical circuits in sequence components for the steady state. The real-time 

detection of a ISCF is based on the monitoring and evaluation of the 5 th harmonic components in the stator 

currents. Unlike the technique proposed in [35] that uses a classic filter to separate the harmonic components, 

in this work we propose the tracking of the harmonic components by using a VKF algorithm. The 

implementation of VKF feature the advantage of eliminating the inherent phase delays introduced by classic 

filters also minimizes the Gaussian noise and measurement-noise disturbance. The experimental validation of 

the proposed ISCF detection strategy was carried out using a programmable three-phase voltage source that 

allows synthesizing different voltage waveforms at the terminals of an IM with modified windings. Finally, 
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the simulation results and those obtained through experimental tests considering non-sinusoidal voltage 

waveforms and different load conditions are presented. 

The work is organized as follows: the IM dynamic model with ISCF in qd reference frame is presented 

in section 2. This section also presents the extended faulty IM model for steady state and the highlights feature 

that can be derived from the proposed extended faulty IM model. The strategy for ISCF detection is developed 

in section 3. Section 4 presents the simulation results for the IM with ISCF and different load conditions. 

Finally, section 5 shows the experimental results obtained. 

 

 

2. IM MODEL WITH ISCF 

The faulty IM model presented in this section is based on dynamic models proposed in [20], [21]. So, 

the following simplifying hypotheses were considered for the analytical formulation: IM presents an 

electromagnetic system with sinusoidal distributions and geometric symmetry; the effects of magnetic 

saturation are negligible; the iron permeability is considered infinite; losses due to Eddy currents are neglected; 

zero sequence components are not included due to the no-connect between the center point of the stator 

windings and the neutral point of the voltage supply; last, the parameters are constant and invariant. 

From the previous hypotheses, the IM dynamic model with ISCF in the stationary qd reference frame 

is given by [21]: 

 

v𝑞𝑑𝑠 = 𝑟𝑠i𝑞𝑑𝑠 + 𝑝λ𝑞𝑑𝑠 −
2

3
 μ𝑞𝑑𝑟𝑠𝑖𝑓 (1) 

 

v𝑞𝑑𝑟 = 𝑟𝑟i𝑞𝑑𝑟 + 𝑝λ𝑞𝑑𝑟 − 𝜔𝑟Jλ𝑞𝑑𝑟  (2) 

 

and the fluxes are defined as (3), (4), 

 

λ𝑞𝑑𝑠 = 𝐿𝑠i𝑞𝑑𝑠 + 𝐿𝑚i𝑞𝑑𝑟 −
2

3
 μ𝑞𝑑𝐿𝑠𝑖𝑓 (3) 

 

λ𝑞𝑑𝑟 = 𝐿𝑟i𝑞𝑑𝑟 + 𝐿𝑚i𝑞𝑑𝑠 −
2

3
 μ𝑞𝑑𝐿𝑚𝑖𝑓 (4) 

 

where the subscripts s and r indicate the magnitudes referred to the stator and the rotor, respectively. 𝑣𝑞𝑑 =

[𝑣𝑞 𝑣𝑑]
𝑇
, 𝑖𝑞𝑑 = [𝑖𝑞 𝑖𝑑]

𝑇
 and 𝜆𝑞𝑑 = [𝜆𝑞 𝜆𝑑]

𝑇
 are the voltage, current and magnetic flux vectors, respectively. 

𝐿𝑠 = 𝐿𝑙𝑠 + 𝐿𝑚 and 𝐿𝑟 = 𝐿𝑙𝑟 + 𝐿𝑚, are the inductances of the stator and rotor, respectively. Lm=3/2 Lms is the 

magnetizing inductance and Ll corresponds to the leakage inductance. The fault current is, if, and ωr is the 

angular rotor speed. p represents the derivative operator and J = [
0 −1
1 0

].  

The model for the fault loop formed by the short-circuited turns in the stator winding is expressed as [21], 

 

v𝑞𝑑
𝑇 μ𝑞𝑑 = [(1 −

2

3
‖μ𝑞𝑑‖) ‖μ𝑞𝑑‖] (𝑟𝑠 + 𝐿𝑙𝑠𝑝)𝑖𝑓 + 𝑟𝑓𝑖𝑓 (5) 

 

where µqd =µ [nq nd]T ‖μ𝑞𝑑‖ is the ratio between the faulty and total turns of the phase winding and ∠µqd is the 

ISCF location into stator windings. Thus, according to the faulty phase windings, the nq and nd real values can 

be set as [1 0]T for a-phase winding, [− 1/2 −√3
2

⁄ ]T or [− 1/2 √3
2

⁄ ]T for b- or c-phase winding, respectively. 

For healthy IM condition ‖μ𝑞𝑑‖ = 0 and the resulting model is the conventional qd dynamic IM model [19]. 

 

2.1.  Extended IM model with ISCF for steady state 

The extended faulty IM model is an evolution of the previous dynamic models proposed in [20], [21]. 

Unlike the others models, the propose faulty model includes harmonics in the voltage supply [35]. Then, by 

applying non-sinusoidal and unbalanced voltages in sequence components, the arbitrary voltages can be 

expressed as (6) [19]. 

 

𝑣𝑞𝑑ℎ = �̃�𝑠𝑝ℎ𝑒
𝑗ℎ𝜔𝑒𝑡 + �̃�𝑠𝑛ℎ𝑒

−𝑗ℎ𝜔𝑒𝑡 (6) 

 

Knowing that the electrical angular speed, ωe, is constant for steady state, the analytical solutions of the currents 

can be defined according to, 

 

𝑖𝑞𝑑ℎ = 𝐼𝑠𝑝ℎ𝑒𝑗ℎ𝜔𝑒𝑡 + 𝐼𝑠𝑛ℎ𝑒−𝑗ℎ𝜔𝑒𝑡 (7) 
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where, �̃� and 𝐼 represent the voltage and current phasors of variable amplitude, the subscripts sp and sn are the 

positive- and negative-sequence components, respectively.  

The harmonic order is defined by h = 1, 2, 3, ...n. Then, from (6) and (7), the extended faulty IM model 

for the steady state can be expressed as (8)-(11): 

 

�̃�𝑠𝑝ℎ = (𝑟𝑠 + 𝑗ℎ𝜔𝑒𝐿𝑠) (𝐼𝑠𝑝ℎ −
1

3
 μ𝑞𝑑𝐼𝑓) + 𝑗ℎ𝜔𝑒𝐿𝑚𝐼𝑟𝑝ℎ (8) 

 

�̃�𝑠𝑛ℎ = (𝑟𝑠 + 𝑗ℎ𝜔𝑒𝐿𝑠) (𝐼𝑠𝑛ℎ −
1

3
 μ𝑞𝑑

∗ 𝐼𝑓) + 𝑗ℎ𝜔𝑒𝐿𝑚𝐼𝑟𝑛ℎ (9) 

 

0 = (𝑟𝑟𝐴 + 𝑗ℎ𝜔𝑒𝐿𝑟)𝐼𝑟𝑝ℎ + 𝑗ℎ𝜔𝑒𝐿𝑚 (𝐼𝑠𝑝ℎ −
1

3
 μ𝑞𝑑𝐼𝑓) (10) 

 

0 = (𝑟𝑟𝐵 + 𝑗ℎ𝜔𝑒𝐿𝑟)𝐼𝑟𝑛ℎ + 𝑗ℎ𝜔𝑒𝐿𝑚 (𝐼𝑠𝑛ℎ −
1

3
 μ𝑞𝑑

∗ 𝐼𝑓) (11) 

 

where, 𝐴 =
ℎ

ℎ−1+𝑆
 , and 𝐵 =

ℎ

ℎ+1−𝑆
, with the slip defined by 𝑆 =

𝜔𝑒−𝜔𝑟

𝜔𝑒
. 

Finally, the model for the fault circuit is given by, 

 

μ𝑞𝑑
∗ �̃�𝑠𝑝ℎ + μ𝑞𝑑�̃�𝑠𝑛ℎ = 𝐾(𝑟𝑠 + 𝑗ℎ𝜔𝑒𝐿𝑙𝑠)𝐼𝑓 + 𝑟𝑓𝐼𝑓 (12) 

 

where 𝐾 = (1 −
2

3
‖μ𝑞𝑑‖) ‖μ𝑞𝑑‖, 𝐼𝑓 is the phasor of the fault current and rf is the fault resistance. 

 

2.2.  IM model with ISCF for the 5th harmonic 

The proposed extended faulty IM model allows evaluating the effects of a ISCF considering any 

harmonic sequence components. Particularly, the 5th harmonic features only the negative-sequence component 

in balanced voltage supply systems. Therefore, from (8) to (12) the IM model with ISCF for h=5 can be 

expressed as: 

 

�̃�𝑠𝑛5 = (𝑟𝑠 + 𝑗5𝜔𝑒𝐿𝑠) (𝐼𝑠𝑛5 −
1

3
 μ𝑞𝑑

∗ 𝐼𝑓) + 𝑗5𝜔𝑒𝐿𝑚𝐼𝑟𝑛5 (13) 

 

0 = (𝑟𝑟
5

6−𝑆
+ 𝑗5𝜔𝑒𝐿𝑟) 𝐼𝑟𝑛5 + 𝑗5𝜔𝑒𝐿𝑚 (𝐼𝑠𝑛5 −

1

3
 μ𝑞𝑑

∗ 𝐼𝑓) (14) 

 

μ𝑞𝑑�̃�𝑠𝑛5 = 𝐾(𝑟𝑠 + 𝑗5𝜔𝑒𝐿𝑙𝑠)𝐼𝑓 + 𝑟𝑓𝐼𝑓 (15) 

 

The representation of the equivalent circuit for the 5th negative-sequence component it is shown in 

Figure 1(a). The fault equivalent circuit is shown in Figure 1(b). So, based on the analytical development carried 

out so far, the following highlights can be derived from the proposed faulty IM model: 

− In balanced voltages supply, the 5th harmonic contains only the negative-sequence component, see 

Figure 1(a). For these conditions, the positive-sequence component is null (�̃�𝑠𝑝ℎ = 0). 

− From (11), the rotor terms, rr B, as a function of slip to h=5, show the following characteristics, 

 

𝑟𝑟𝐵 = 𝑟𝑟
5

6 − 𝑆
→ {

𝑟𝑟 𝑖𝑓 𝑆 = 1

 
5

6
𝑟𝑟 𝑖𝑓 𝑆 → 0

 (16) 

 

It can be seen that the equivalent rotor resistance, between locked-rotor (S=1) and no-load conditions 

(S→0) presents a limited range of parametric variation for the full IM operating conditions. Thus, based on this 

highlighted feature, the load variations are attenuated for 5th harmonic. 

− Considering the above features, an ISCF in the stator windings originates positive-sequence components 

and, consequently, the resulting current is a signal proportional to the fault severity whose magnitude is 

defined as (17), 

 

𝐼𝑠𝑝5 −
1

3
 μ𝑞𝑑𝐼𝑓 (17) 

 

− Once a ISCF is triggered, from (10), the rotor terms, rr A, as a function of slip to h= 5, show the following 

characteristics, 
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𝑟𝑟𝐴 = 𝑟𝑟
5

4 + 𝑆
→ {

𝑟𝑟 𝑖𝑓 𝑆 = 1

 
5

4
𝑟𝑟 𝑖𝑓 𝑆 → 0

 (18) 

 

Similar to (16), the equivalent rotor resistance presents a limited range for any IM operating condition. 

− In faulty IM condition, the amplitude of fault current, 𝐼𝑓, is limited only by 𝑟𝑠, 𝐿𝑙𝑠, 𝑟𝑓, and the fault severity, 

‖μ𝑞𝑑‖. 

It should be noted that the total harmonic distortion (THD) is usually least in conventional power 

electrical systems. However, the harmonic components are generated when IM is controlled by electrical drives [7]. 

 

 

  
(a) (b) 

 

Figure 1. Steady-state IM equivalent electric circuits with an ISCF (a) 5th negative-sequence component and 

(b) fault equivalent electric circuit 

 

 

3. STRATEGY FOR ISCF DETECTION 

The ISCF detection is performed by tracking the amplitudes of the positive-sequence current 

components. The real-time detection strategy is based on two main steps: 

− Real-time VKF implementation for 5th harmonic tracking. 

− Calculation of the sequence current component for ISCF detection. 

 

3.1.  VKF implementation 

The VKF can be characterized in two stages, the prediction and the correction stage. In the first stage, 

the stochastic variables are calculated based on an analytical model that describes the performance of the stator 

current components. In this work, the faulty IM model presented in section 2 is used in the prediction stage. In 

the second stage, the real measured signal is processed for the stochastic variables correction. The VKF 

algorithm is described in detail in [36]. The discrete state-space model is exposed below: 

 

[
 
 
 
 
𝑥1

0°

𝑥1
90°

𝑥5
0°

𝑥5
90°]

 
 
 
 

𝑘+1

= A𝑑

[
 
 
 
 
𝑥1

0°

𝑥1
90°

𝑥5
0°

𝑥5
90°]

 
 
 
 

𝑘

+ [

𝛾1

𝛾2
𝛾3

𝛾4

]

𝑘

 (19) 

 

𝑦𝑘 = C𝑑

[
 
 
 
 
𝑥1

0°

𝑥1
90°

𝑥5
0°

𝑥5
90°]

 
 
 
 

𝑘

+ 𝑣𝑘 (20) 

 

where, 𝑥1
0°

, 𝑥5
0°  and 𝑥1

90°
, 𝑥5

90°
, are the discrete-time signals of fundamental component and 5th harmonic, 

respectively, in qd stationary reference frame. The γ parameter matrix model the Gaussian noise. The output of 

the model yk contains the random noise νk due to measurement noise and the high switching frequency 

disturbance from electrical motor drivers. Finally, Ad and Cd, are defined as, 

 

A𝑑 = [

𝑐𝑜𝑠(𝜔1𝑇𝑠)

−𝑠𝑖𝑛(𝜔1𝑇𝑠)

0
0

  𝑠𝑖𝑛(𝜔1𝑇𝑠)

𝑐𝑜𝑠(𝜔1𝑇𝑠)

0
0

  0
0

𝑐𝑜𝑠(𝜔5𝑇𝑠)

−𝑠𝑖𝑛(𝜔5𝑇𝑠)

  0
0

  𝑠𝑖𝑛(𝜔5𝑇𝑠)

  𝑐𝑜𝑠(𝜔5𝑇𝑠)

]     and     C𝑑 = [1    0    1    0], 

 

where, ω1 = 2πf1, with fundamental frequency f1 = 50 Hz and ω5 = 2π5f1.  
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The VKF algorithm is reduced to the following three main steps: 

1) Calculation of Kk gain: 
 

𝐾𝑘 = A𝑑P𝑘C𝑑
𝑇(C𝑑P𝑘C𝑑

𝑇 + 𝑅)−1 (21) 
 

where, Pk is the covariance matrix of the prediction stage, R is a scalar number of the covariance of the 

measurement signal. 

2) Calculation of estimated states, �̂�𝑘+1, given by �̂�𝑘: 
 

x̂𝑘+1 = A𝑑x̂𝑘 + 𝐾𝑘(𝑆𝑘 − C𝑑x̂𝑘) (22) 
 

where, Sk is the discrete-time signal defined only at discrete-time instants, k. 

3) Calculation of the covariance matrix for the next iteration: 
 

P𝑘+1 = A𝑑P𝑘A𝑑
𝑇 − 𝐾𝑘C𝑑P𝑘A𝑑

𝑇 + Q (23) 
 

where, Q is the covariance matrix of the prediction stage. 

The Figure 2 shows the results of VKF implementation. Figure 2(a) shows a non-sinusoidal voltage 

waveform to contain the fundamental frequency component, the 5th harmonic and also the high frequency noise. 

Once the VKF is applied, the Figure 2(b) shows in detail the correct estimation of the voltage waveform (dashed 

line) and the elimination of Gaussian noise from the measured signal. 
 
 

 
(a) (b) 

 

Figure 2. VKF application (a) tracking of the a-phase voltage and (b) detail of the filtered signal 
 

 

3.2.  Sequence decomposition and magnitude calculation 

The sequence decomposition of a voltage or current arbitrary signal can be obtained by (24). 
 

[

𝜉0

𝜉𝑠𝑝

𝜉𝑠𝑛

] = T1 [

𝜉𝑎

𝜉𝑏

𝜉𝑐

] (24) 

 

Where, ξ0, ξsp and ξsn are the homopolar, positive- and negative-sequence components signals, respectively.  

T1 =
1

3
[
1 1 1
1 𝜎 𝜎2

1 𝜎2 𝜎
], ξa, ξb and ξc are the voltage or current signals of each phase and σ = e j120° is a rotation operator.  

Using trigonometric identities, (24) can be expressed by the sum of two signals as (25). 
 

[

𝜉0

𝜉𝑠𝑝

𝜉𝑠𝑛

] = T𝛼 [

𝜉𝛼𝑎

𝜉𝛼𝑏

𝜉𝛼𝑐

] + T𝛽 [

𝜉𝛽𝑎

𝜉𝛽𝑏

𝜉𝛽𝑐

] (25) 

 

Where ξα and ξβ are the estimate signals in αβ reference frame calculated from (22) and T𝛼 , T𝛽 are defined as, 
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In order to detect an ISCF without errors, a threshold value defined for the healthy IM is required. In 

this work, the magnitudes of each sequence component are again processed by the VKF in order to calculate 

the Euclidean norm as (26): 

 

𝜉𝐶𝑆 = √𝜉𝐶𝑆𝛼

2 + 𝜉𝐶𝑆𝛽

2  (26) 

 

where ξCS is the norm of the homopolar, sp or sn components. 

 

 

4. PERFORMANCE OF THE PROPOSED STRATEGY IN SIMULATION 

In order to evaluate the performance of the proposed ISCF detection strategy, this section shows the 

simulation results obtained for the faulty IM operating with non-sinusoidal voltage waveforms and different 

load conditions. The voltage waveforms contain the fundamental frequency and the 5th harmonic. Figure 3 

shows the components estimation and the sequence decomposition of the voltage and current signals.  

The Figures 3(a) and (b) shows the a-phase voltage and the rated current waveform, respectively. 

Once the VKF is applied, the fundamental frequency, (va1, ia1), and the 5th harmonic, (va5, ia5), are calculated. 

Figures 3(c) and (d) shows the sequence decomposition of the fundamental frequency and, Figures 3(e) and (f) 

for the 5th harmonic. Note the Euclidean norm calculated from (26) that indicates the magnitude of each 

component. Since the IM is operating at healthy condition and the voltages supply is balanced, the fundamental 

frequency present only the positive-sequence component, vasp1 and iasp1. Besides, the 5th harmonic present only 

the negative-sequence components, vasn5 and iasn5. 

 

 

 
 

Figure 3. Component estimation and sequence decomposition, (a) a-phase voltage, (b) rated current. Positive-

sequence component of fundamental frequency (c) voltage and (d) current. Negative-sequence component of 

5th harmonic (e) voltage and (f) current 

 

 

Figure 4 shows the performance of the stator current for the faulty IM. Figure 4(a) shows the resulting 

current of a-phase winding with ISCF triggered at t=1.3 s. Figure 4(b) shows the rated three-phase stator currents. 

Note that the currents are unbalanced after the ISCF is activated. Figures 4(c) and (d) shows the positive- and 

negative-sequence component of the fundamental frequency (iasp1, iasn1), respectively. Figures 4(e) and (f) shows 

the positive- and negative-sequence component of the 5th harmonic (iasp5, iasn5), respectively. It is clear that the 

amplitude of the iasp5 component increases and remains at a constant value at the time the ISCF is triggered. 

The Figure 5(a) shows the faulty IM operating with different load conditions. Before t=1.3 s the IM 

is at no-load, between 1.3 s and 1.6 s at 50% of full-load, then 1.6 s at full-load condition. In the same way as 

the previous case, the ISCF is triggered at t=1.3 s. Figure 5(a) shows the a-phase current and Figure 5(b) shows 
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the performance of three-phase currents for the three load conditions mentioned above. Figures 5(c) and (d) 

shows the iasp1 and iasn1, respectively. Note that both components having notable variations against the load 

changes. On the other hand, Figures 5(e) and (f) shows the iasp5 and iasn5, respectively. Similar to Figure 4(e), 

the iasp5 component increases at the time the ISCF is triggered. In this case, the load variations cause a minimal 

transient magnitude change on the component but hold on its value at full operating range. In the last  

Figure 5(f), the negative-sequence component no indicates significant magnitude changes. 

 

 

 
 

Figure 4. Faulty IM operating at full-load, (a) a-phase current with ISCF, (b) three-phase current. 

Fundamental frequency (c) positive-sequence, and (d) negative-sequence component. 5th harmonic, 

(e) positive-sequence, and (f) negative-sequence component 

 

 

 
 

Figure 5. Faulty IM operating under different load conditions, (a) a-phase current with ISCF, (b) three-phase 

current. Fundamental frequency (c) positive-sequence, and (d) negative-sequence component. 5th harmonic 

(e) positive-sequence, and (f) negative-sequence component 
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5. EXPERIMENTAL VALIDATION 

The experimental laboratory tests were carried out with a programmable voltage source and a three- 

phase IM with modified stator windings. The voltage source used allows us to synthesize different waveforms 

of variable amplitude and frequency to generate harmonic distortion controllable. The source consists of an 

autotransformer that allows adjusting the input voltage level, then a three-phase rectifier and an inverter 

controlled through a digital signal processor (DSP). The fundamental component and the order of the harmonics 

to feed the motor are selected by the user from a personal computer (PC). To carry out the tests under load, the 

shaft of the three-phase IM under test is mechanically coupled to the shaft of a secondary machine driven by 

means of a commercial drive with torque control. The modified stator windings of the IM present additional 

outputs to access the 3rd, 5th and 10th turns which makes it possible to generate ISCF of variable severity, 

between 2% and 7% of total turns of the one-phase winding. Besides, an external resistance of rf =149 mΩ was 

inserted between the faulty turns in order to protect the stator winding against high fault currents, similarity to 

other proposals [21], [35]. Finally, the electrical variables were acquired by using a four-channel oscillographic 

recorder with a fixed sampling frequency of 40 kS/s. The acquired data was processed on a PC. Table 1 shows 

the parameters of the prototype IM. 

 

 

Table 1. Three-phase IM parameters 
Characteristic Magnitude  Units 

Rated voltage 380 V 
Rated current 11.7 A 

Rated speed 1470 rpm 

Number of Pole Pairs 2 − 
rs 0.9 Ω 

rr 0.4 Ω 

Lls 4.0 mH 
Llr 4.0 mH 

Lm 125 mH 

 

 

The Figures 6(a) and (b) shows the three-phase voltage supply and the rated current waveforms 

measured, respectively. The programmable voltage source was configured to introduce a THD=15%. 

Figure 6(c) shows the a-phase voltage and the estimated components, va1 and va5. Similarly, Figure 6(d) shows 

the a-phase current waveform and the estimated components, ia1 and ia5. 

 

 

 
(a) (b) 

  

 
 1.5 1.52 1.54 1.56 1.5 1.52 1.54 1.56 

 Time [s] Time [s] 

(c) (d) 

 

Figure 6. Experimental signals measured on healthy IM operation, (a) voltage supply with THD=15%, 

(b) three-phase stator current, (c) a-phase voltage, and (d) current components estimation 

 

 

In the practice, the power supply is not fully balanced and the healthy IM may have inherent 

asymmetries. Because of these disturbances, the current signals may have positive- and negative-sequence 

components for the same harmonic order, as shown in Figure 7. Figures 7(a) and (b) shows the positive- and 

negative-sequence component for the fundamental frequency, respectively. On the other hand, Figures 7(c) and 
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(b) shows the positive- and negative-sequence component for 5th harmonic, respectively. Both, iasn1 and iasp5 

components, are generated due to the aforementioned disturbances. In this case, a threshold limit value must 

be defined to indicate the healthy operating condition of the IM, as shown in Figure 7(d). In another case, stator 

fault condition occurs when the magnitude exceeds the preset threshold limit.  

 

 

 
(a) (b) 

 
(c) (d) 

 

Figure 7. Experimental current measured for healthy IM operation, (a) positive-sequence and (b) negative-

sequence of fundamental frequency, (c) positive-sequence, and (d) negative-sequence of 5th harmonic 

 

 

Finally, the experimental results for the faulty IM under different loading conditions is shown in 

Figure 8. Both, Figures 8(a) and (b) shows the positive-sequence component performance for 5th harmonic, 

respectively. Figure 8(a) shows the iasp5 magnitudes for IM with 5 (3.5%) and 10 (7%) shorted turns in the  

a-phase winding at 50% of full-load. Note that the magnitude exceeds the threshold limit value only for a fault 

severity of 7%. On the other hand, in the Figure 8(b) it can be seen that both magnitudes increase at the full-

load condition. Unlike the previous load condition, notice that the component magnitude for a 3.5% fault severity 

is equal to the threshold limit. Therefore, the IM operating at full-load improves the sensitivity in ISCF detection. 

 

 

 
(a) (b) 

 

Figure 8. Evolution of positive-sequence component of 5th harmonic for different ISCF severities, 

(a) 50% of full-load and (b) full-load condition 

 

 

6. CONCLUSION 

In this paper, a strategy for detection of ISCF on three-phase IM with squirrel cage rotor was 

presented. An analytical IM model with ISCF was proposed considering the h-th harmonic in the voltage supply. 

The developed model allowed us to analyze the effects of an ISCF on the IM windings from the equivalent 

electrical circuits in sequence components for the steady state. The proposed strategy showed that an ISCF can 

be detected by tracking the positive-sequence current component for 5th harmonic. To achieve this goal, a VKF 

algorithm is used to, first, estimate the fundamental frequency and the 5th harmonic in the voltage and current 

signals and, second, calculate the Euclidean norm for each sequence component. The simulation results 

demonstrated that the magnitude of the positive sequence current component for 5th harmonic increases at the 

time the ISCF is triggered. Also, its showed that the load variations cause changes of transient amplitude on 
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the component but the magnitude hold on its value for the same fault severity. In order to synthesize non-

sinusoidal voltages waveforms, a programmable voltage source was used for carry out laboratory tests. In the 

practice, the inherent asymmetries of IM or external disturbances may produce nonzero positive-sequence 

components and, therefore, a threshold limit value was established for the healthy IM in order to avoid false 

alarms. The experimental results demonstrated that the positive-sequence current magnitude for the 5th 

harmonic is a good indicator of the fault severity, even under different load conditions. However, for IM at 

50% of full-load make it difficult to detect low fault severity due to the magnitude of the positive-sequence 

current does not exceed the threshold limit value. In summary, the proposed strategy demonstrated that a 

progressive increase of the positive-sequence current component for the 5th harmonic allows the detection of 

an ISCF on the IM stator windings. 
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