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Abstract: The distinction of inter-turn short-circuit faults (ITSCF) from abnormal conditions, such
as an unbalanced voltage supply condition, has been challenging over the last few years. The
asymmetries caused by both conditions are similar, therefore the detection of ITSCF becomes a
difficult task. An ITSCF diagnostic approach based on the analysis of the electrical potential of
the midpoint of the stator star, in a symmetrical six-phase induction motor (S6PIM) supplied by
unbalanced voltages, is addressed in this paper. Simulation results, covering different load torques,
unbalanced supply voltage levels, and fault severities, are presented in order to prove the effectiveness
of the proposed technique.

Keywords: multi-phase induction motor; fault diagnosis; stator faults; inter-turns short-circuit;
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1. Introduction

Six-phase induction motors are attracting attention due to their high reliability and
intrinsic fault tolerance, especially the ones with a symmetrical winding layout since this
layout provides enhanced fault tolerance [1-3].

Representing approximately 60 percent of the total faults that occur in mid-power electric
motors, ITSCF are the most challenging fault to diagnose in an electric motor [4,5], especially
when they occur simultaneously with unbalanced supply voltage or load variation conditions.
Whenever these conditions take place, the existing online fault diagnostic methods have
demonstrated difficulties in detecting short-circuit faults since the unbalanced supply voltage
condition shares the same symptom as the ITSCFE, and the load variations make the ITSCF
imperceptible during the transient periods [6,7].

One of the simplest and most robust techniques, which can be used to appropriately
diagnose an ITSCF, is the analysis of the midpoint electrical potential of the stator star,
which has already been proposed in the literature. Indeed, in [8], an inter-turn short-circuit
fault is detected in three-phase permanent magnet synchronous motors, under balanced
conditions. Discrimination between both ITSCF and demagnetizing faults is analyzed
in [9]. The detection of broken rotor bars and ITSCF in a three-phase induction motor
is carried out in [10]. In [11,12], the discrimination between both ITSCF and unbalanced
supply voltage conditions is made by combining the zero-sequence component with the
high-frequency injection method. The discrimination between ITSCF and high resistive
connections, performed in a nine-phase permanent magnetic synchronous machine, is
reported in [13]. All these works present effective results regarding the severity degree of
an ITSCE. However, the exploitation of the phase fault location is only approached in [14],
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and the ITSCF diagnostics based on the analysis of the midpoint electrical potential of the
stator star under unbalanced supply voltage conditions is not addressed.

This paper reports on the diagnostics of ITSCF under the presence of unbalanced
supply voltages through the analysis of the midpoint electrical potential of the stator star.
Both fault severity factor and faulty phase angle are analyzed from the measured data of
an S6PIM, operating under unbalanced supply voltage conditions, and at different load
torque levels. The presented simulation results confirm the effectiveness of the technique
for different severity levels and fault phases.

2. Symmetrical Six-Phase Induction Motor Model Featuring Inter-Turn
Short-Circuit Faults

The occurrence of an ITSCF in the phase A winding of the S6PIM is characterized in
Figure 1, where phase A winding is divided into a healthy part (N ;) and a faulty part
(Nasc), and a fault contact resistor (Ry) is connected, in parallel, between the faulty turns.

H-Ny  (1-H)"Ny
Na.c Nay,

Figure 1. Schematics of the S6PIM containing an ITSCF in phase A winding.

Considering the steady-state reference frame (abcdef) and the phase shift of 60 degrees
between phases, the equations of the S6PIM are described as [15]:

{uABCDEF(k)} = [Rs]- [iABCDEF(k)} + 4 [TABCDEP(k)}
0=[R/]: [iubcdef} + ,ii‘yubcdef}
Tem = p- [iABCDEF(k)} : (%st [LSR(k)D'[iabcdef}

dwy 1

of T(Tem - TLoad - Tav)

M

where the stator and rotor circuits are characterized in the first and the second equation,
respectively, and the dynamic mechanical balance in the shaft is described by the last two

equations. In (1), [uapcpEer), [iaBcpEF), and [iﬂbcde f} are the stator phase voltages and the
stator and rotor phase currents vectors, respectively, [Rs] and [R,] are the stator and rotor
resistance matrix, respectively, [¥ apcper] and [‘I’abcde f} are the flux linkage matrices of

the stator and rotor, respectively, p is the number of pole pairs, w;s is the synchronous
angular speed, wy, is the mechanical angular speed, ] is the moment of inertia, and T,
T1oaq and Ty, are the electromechanical torque, load torque, and torque for self-ventilation
and friction, respectively.

3. Analysis of the Midpoint Electrical Potential of the Stator Star for Fault Diagnostics

When a motor is star connected, each motor phase is supplied by the following voltages:

Up =70Vq—Ug; Up = VB —Vq; *+*; UF = UF — 7 )
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where, ideally, the midpoint electrical potential (vg) is null when the motor is operating
healthily. However, in the event of an ITSCF or an unbalanced supply voltage condition, vy
is no longer null due to the asymmetry generated by these conditions.

Considering the fault current (i), the short-circuit turns ratio (x) and the source
voltages (vy), the midpoint electrical potential of the stator star is deducted as follows [15]:

vA+ v +0c+vp+vp+vp | pRsig
w0 = 6 *%

®)

If the motor is fed by a balanced supply voltage and an inter-turn short-circuit fault
occurs, ideally, the first term of Equation (3) is null and vy is equal to the fault-related
term. On the other hand, the first term is only affected by the presence of an unbalanced
supply voltage condition. Thus, it is possible to isolate the fault-related term by the
following subtraction:

_ UA+UB+0c+Up +UE+UF uRsi
6 6

() (4)
and an ITSCF can be detected regardless of whether there is an unbalanced supply voltage
condition or not. A sinusoidal wave oscillating at the fundamental frequency results from (4),
whose amplitude and phase angle are both affected as a function of the fault severity.

The amplitude of the fault-related component at the fundamental frequency, as well as
its phase angle, can be determined through the application of the Fast Fourier Transform.
Therefore, the severity factor (SF) and the faulty phase angle (FPA) are defined as follows:

R — e sin(27f — 6y)
SF (f) = dsc ®)
FPA (f) = 6,

where 9. is the voltage peak value of the fault-related component; f is the fundamental
frequency (50 Hz); and 0, is the phase angle.

Therefore, the presence of an ITSCF increases the amplitude of 95, and the angle of 6,
is related to the faulty phase.

4. Results and Discussion

To validate the effectiveness of the fault diagnostic technique, the model and the fault
diagnostic technique were implemented in Matlab/Simulink environment, as shown in
Figure 2. The S6PIM is fed by a three-phase system, under balanced and unbalanced supply
voltage conditions. The detailed features and parameters of this machine, as well as the
validation of the model, including the ITSCEF, are presented in [15]. A resistor is connected
in series with the motor phase A winding to cause a resistive unbalanced supply voltage.
Its value is adjusted so as to decrease the voltage to 4% of the rated supply voltage (150 V).

Fault Diagnostic
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PhB -1

radls (elec)
1o rpm (mec)

Measurement System r Tem
Fed System [ Theta
S6PIM Model D Y

Lead Toraue. Dynamic Movement

Figure 2. Matlab/Simulink model of the S6PIM for the diagnostic of the ITSCF.
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The inter-turn short-circuit was performed considering four scenarios of severity
(6,12, 19, and 23 shorted turns of 138 turns per phase) with a fault contact resistance value
of 0.5 Q). The fault was also applied in different phase windings.

Figure 3 presents the simulation results for the SOPIM with ITSCF in phase A winding,
for two load levels (no load and 16 Nm load torque). Figure 3a,b depict the SF as a function
of the number of shorted turns, for the cases of balanced and unbalanced supply voltage
conditions, respectively. As expected, the SF increases as the fault becomes more severe
and the values are practically the same for both conditions and both load levels, proving
the immunity against both unbalanced supply voltage conditions and load variations.
Figure 3c,d display the FPA for the cases of balanced and unbalanced supply voltage
conditions, respectively. The FPA of both figures demonstrates slight differences between
the two different load torques since the increase in the load torque introduces a deviation in
the phase angle of the phase A current, which in turn affects the fault current. Nevertheless,
it is not problematic for the location of the faulty phase as the behavior of both curves is
identical. The presented decreasing behavior has to do with the way of the motor rotation.
Though, for a better understanding of the location of the faulty phase, it is important to
compare the behavior of the FPA when an ITSCF occurs in a different winding phase (phase
B, C, D, E or F). This comparison is presented in Figure 4a,b.
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Figure 3. SF and FPA as a function of the number of the shorted turns of the phase A winding for
the motor operation at no load and 16 Nm load torque: (a) SF for the case of the motor operating
under balanced supply voltage; (b) SF for the case of the motor operating under unbalanced supply
voltage of 4% of the rated voltage; (c) FPA for the case of the motor operating under balanced supply
voltage; (d) FPA for the case of the motor operating under unbalanced supply voltage of 4% of the

rated voltage.

Figure 4 shows the FPA for the case of the occurrence of an ITSCF in the different
motor phase windings, individually, for a fault resistor of 0.5 (. Moreover, Figure 4a,b
include data for the motor operation at no-load and 16 Nm load torque, respectively, under
unbalanced supply voltage conditions (4% of the rated voltage) introduced in phase A. As
can be seen, the FPAs are very distinctive for different faulty phases. Moreover, they also
decrease in the same proportion as the number of shorted turns increases. Despite this
behavior, the FPA remains very distinctive between both phases. In effect, the difference
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between the FPA of all phases is always nearly 60 degrees for the different fault severities,
which means that the phase shift is respected.
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Figure 4. FPA for the occurrence of ITSCF in each phase winding for the condition of unbalanced
supply voltage of 4% of the rated voltage and a fault resistor of 0.5 ): (a) case of the motor operating
at no load; (b) case of the motor operating at 16 Nm load torque.

5. Conclusions

This paper reports on the diagnostics of ITSCF under the presence of unbalanced
supply voltages through the analysis of the midpoint electrical potential of the stator star.
This technique cancels the effect caused by the unbalanced supply voltage condition by
subtracting the source voltages from the midpoint electrical potential, as is presented in (4).
Hence, the fault-related component can be easily determined. Although the necessity to
have access to the midpoint of the stator is taken as a drawback, the results show that the
reliability and robustness of the technique can be clearly seen as an advantage.

Possible future topics could be focused on the discrimination between other types of
faults, such as eccentricity, broken rotor bars, bearing faults, etc., and the immunity of the
technique under different abnormal conditions, such as load fluctuations.
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