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Abstract: In this paper, the PMSM flux linkages are examined when inter turn short circuit fault or
demagnetization fault occurs, and each of these faults is detected by comparing and analyzing the flux
linkages in the three phases. The effect of winding distribution and the number of poles being greater than
one is considered for the analysis of the motor model during inter turn short circuit fault. Simulation using
finite element method software and experimental results are used to verify the validity of the proposed
method.

1. Introduction

One of the most common faults in electric machines is the stator short circuit fault. Approximately 25%
of electrical machine faults are caused by stator winding failures, as reported in [1]. This fault is caused by
mechanical, thermal and electrical stresses. Other factors, such as high dv/dt and chemicals, can accelerate
insulation materials' aging and result in inter-turn short circuit (ITSC) faults [2, 3]. When the ITSC fault
occurs and the faulty coil is not replaced, the current generated in the short circuit turns will produce heat.
The heat will cause the coil insulation to deteriorate and damage, resulting in more turns being short-
circuited, and more heat being lost. High circulating currents in short circuit paths may also cause
irreversible demagnetization [4].

Because many mechanical and electrical faults produce signals whose frequency can be determined by
knowing the motor parameters such as the number of poles, frequency analysis using Fast Fourier Transform
(FFT) is the most common signal processing method used for online condition monitoring [5]. Researchers
have already focused on motor current signature analysis (MCSA) as the main method for diagnosing
electric motor faults. In methods that utilize current harmonics, several key harmonics associated with a
particular fault type are identified. The results obtained by MCSA are not straightforward to use due to the
dependence on the motor model, operating point, and winding configuration [6-7]. In addition, MCSA
results are affected by speed and current control coefficients. In spite of considerable experimentation, it is
difficult to implement the FFT technique in a commercial real-time DSP for diagnostic purposes due to its
inherent computational complexity. The Hilbert-Huang transform [8] and the Wigner-Weil distribution [9]
can be used in MCSA, but they are time consuming and computationally intensive.

Search coils or flux sensors are very reliable methods for detecting ITSC faults. As described in [10], the
search coil is used to analyze the electromagnetic signals of various faults, such as the ITSC. As described
in [11], the voltage induced in the search coil is measured and its frequency spectrum is examined in order
to determine the ITSC fault. The search coil method, however, requires a special installation process and
makes machine design more challenging.

When ITSC or demagnetization occurs, electrical parameters such as back electromotive force change.
Changes in parameters indicate the severity and presence of the fault. A variable phase model for a
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permanent magnet synchronous motor machine is presented in [11] to analyze the machine parameters based
on the fault position and the number of short circuit turns. In practice, finite element methods are difficult
to implement due to their high computational burden. A model for induction machines with ITSC faults is
developed in [12]. For obtaining machine parameters such as resistances, inductances, and shorted turns, a
recursive least squares method is used. The equivalent circuit in [12] is approximate, so it can only be applied
to large industrial electric motors.

One of the detection methods based on parameter estimation is the Kalman filter. Firstly, in [13], flux and
voltage equations are considered for short circuit turns and the main windings, and then the equivalent circuit
is derived. Then, some of the currents of this equivalent circuit and the number of short circuit turns have
been considered as the system states in the Kalman filter equations. The obtained equivalent circuit has
reasonable approximation only in industrial machines with high power, but cannot be used in smaller
machines. In [14] an algorithm for ITSC detection was presented so that its algorithm used Kalman filter to
extract motor current signatures (MCS) and motor voltage signatures (MVS). [15] also used the Kalman
filter in part of its diagnostic algorithm.,

In this paper, first, the flux linkages resulting from the circulating current in the short circuit turns are
extracted. Then phase components of the flux linkages are compared for fault detection. The fault location
is also determined by comparison of the phase components of these flux linkages. Then, severity of the fault
is obtained. Demagnetization fault is detected by analyzing motor flux linkages then its severity is
determined. Simulation is used for both ITSC and demagnetization but experiment is only used for ITSC
fault.

The proposed method has following advantages over other methods:

1. The magnetic state of the motor can be evaluated after ITSC or demagnetization fault occurs.

2. Simplicity and low calculational burden

The paper is organized as follows: In section II, all section of flux linkages is presented. Inter-turn

short circuit fault detection and location is discussed in section III. Demagnetization fault detection is
discussed in section IV. The simulation results are analysed in section V. Experimental results are analysed

in section VI, and the conclusion is presented in section VII.

2. Calculation of Flux linkages
When the ITSC fault occurs, a new electrical circuit with current i, is created in the machine. This

can be seen in fig. (1).

Fig. 1. Stator winding with inter-turn fault in the phase a [16]



To obtain the flux linkages of the windings of the phases and the short circuit section, the following
equation that is obtained from (1) in [16] is useful.
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Aom-ar Aoy, @nd A, are the permanent magnet flux linkages of each phase winding which their

time derivatives are equal back emfs e, , e, and e_ . Therefore, when the ITSC fault occurs, the total flux

linkages in the phase windings are as:
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2.1. Fault flux linkage
In accordance (2) that part of the flux linkages of the motor phases that are created due to the presence

of i, isshown as:

A’af _LaZ - M ala?
Ay |= L\ i 3
A -M

cf a2c

If the windings of each phase are made up of the p bobbin, which is the number of pole pairs of the

motor, with notice to fig.1. self-inductance of part a, of phase Awindingis L_,, mutual inductance between
part a, and other parts are M .., ,M,,,, M_,. . Total inductance of one phase winding is L. They are

obtained as following equations [16].
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L, 1S ratio of short-circuited turns number to one bobbin turns number. By substituting (4) in (3),

we conclude that flux linkages produced by i, can be shown as:
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M is mutual inductance between phases in healthy motor.

The model of motor that is used in [16] is not distributed. The winding distribution causes the coil
which has ITSC fault to be adjacent of one of two healthy phases but not to be adjacent the other one. For
example, Fig. 2 shows a motor with a distributed winding structure. Phase A conductors are shown in yellow,
phase B in green, and phase C in blue. The shorted turns shown in red are adjacent to one of the C phase
coils, and there is a magnetic flux path through the slot between them, shown by the dashed line.

Fig 2. A distributed winding surfacemounted PMSM with ITSC fault

If the stator is not magnetically saturated and its permeability is much greater than the permeability of
air, it can be assumed that there is no path through the slots between the shorted turns and phase-B winding.



Therefore, the mutual inductances between the short-circuited turns and phases B and C are different so that

M., <M., . Therefore, equations (4) and (5) no longer holds. Today, a simple way to determine the

inductances L_,, M M M

a2’ ala2 >

azb > is to use a finite element-based software such as Ansys Electronics.
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Given that all inductances between short-circuit turns and motor phases are multiples of ratio of faulted turns

to all turns (), the following equation can be written:
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The left side of (6) is obtained from the finite element software and 4 is known, so the other parts of

the right side of (6) are easily obtained.

2.2. Healthy and residual flux linkages
That part of the flux linkages of the motor phases that are obtained due to the presence of phase

currents and permanent magnets are named healthy flux linkages here and are defined as:
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The residual flux linkages are defined as:
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Residual flux linkages are appeared when certain faults are occurred but kind of fault is not known.
With considering (2), (3), (7) and (8) it is obvious that if ITSC fault is occurred, residual flux linkages are

equal to flux linkages produced by i, .
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But if demagnetization fault is occurred residual flux linkages are difference between healthy
permanent magnet flux linkages and real permanent magnet flux linkages.

2.3. Calculation of residual flux linkage
Total flux linkages 4,, 4, , and A, can be obtained as:

A =W, —ri,)dt (10)



That x can be A or B or C. V  is a voltage phase that is measured. The residual flux linkages can also

be obtained as:

ﬂ“rx = ﬂx _ﬂhx (11)
A 18 healthy flux linkage obtained at (7).

3. Inter turn short circuit fault detection and location

The presence of residual flux linkages of different amounts is a sign of ITSC fault. The location of the
fault can also be determined by comparing their amounts. The residual flux of the faulty phase is the largest.
If the winding structure is concentrated, based on (5), the flux linkage of the non-faulty phases is equal to
each other. If a winding is distributed, the flux linkages of the non-faulty phases are different. Of the two
phases with lower flux linkages, the phase with the higher flux linkage has an adjacent coil with shorted
turns.

Because it is customary to keep d axes flux linkages constant in drives in the torque constant region,

the ratio of 4, to A, can be an index to determine the intensity of the fault in terms of magnetism when

ITSC fault occurs. D axis is on the rotor and rotate with it. D axis component is image of ABC components.
A, B, and C axis components are transferred to d axis component as follows:
a=§wﬁm@)+agma—2%)
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F can be any variable.
4. Demagnetization Fault Detection and Severity Investigation

If a uniform demagnetization fault has occurred, the residual fluxes of all phases have equal effective
values. Since the probability of both demagnetization and ITSC fault occurring suddenly at the same time
is usually rare, both faults can be detected with the method proposed in this paper without either of these
faults interfering with the detection of the other.

The ratio of RMS value of residual flux linkage to rms value of permanent magnet flux linkage is a
criterion for demagnetization fault severity.

Summary of the proposed method and its procedure is represented by the flowchart in Fig.2.



TABLE 1

motor parameters

Number of poles 10
Number of strands 250
per slot
Rating speed 1444 rpm
Rating voltage 145 v
frequency 120 Hz

Moment of inertia

5. Simulation Results
The simulation of the proposed method was done in Ansys Electronics software on a PMSM motor

with features shown in table I. Design of the motor in the software is shown in fig.3.

=] = .
Fig 3. Design of the PMSM in Ansys Electronics software

For resistance r¢, 0.2 Ohm was considered. Then the information was taken from this software and

given to MATLAB software to perform calculations.

5.1. ITSC fault simulation results
The number of turns of each bobbin was 125, and the simulation was done for short circuit of 3, 6, 9,

and 12 turns which equal to 0.6%, 1.2%, 1.8% and 2.4% respectively. The total simulation time is 2 seconds,
until 1.1 second the motor is healthy, and from this time onward the fault is formed. Fig. (4) shows the fault
current and residual fluxes in the faulty phase A and the healthy phases B and C. These figures correspond

to the time when the speed is nominal and the rated load is on the rotor.
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Fig. 4. Fault current and residual flux linkages and fault flux linkages

By comparing the amplitude of the residual fluxes in all three phases in Fig. (6), it is concluded that
phase A has the highest amplitude and therefore the phase A winding has the ITSC fault. Given that M ; is
less than M it is concluded from the comparison of the residual fluxes in Fig. (6) that a coil of phase A
that was next to the phase C winding has ITSC fault. Fig. 5 shows the fault currents for different number of
turns. This figure illustrates the fault current increased as the number of shorted turns increased and the

phases of fault currents are not changed significantly.
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Fig. 5. Fault currents at ITSC faults with 0.6%, 1.2%, % and 2.4% turns faulted

Fig. (6) shows the phase A and C residual flux linkages for faults with different number of turns.
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Fig.6. Residual flux linkages and fault index at ITSC faults with 0.6%, 1.2%, % and 2.4% turns faulted

Fig. (7) shows the fault severity criterion, which is the flux linkage ratio of 4, to A, , for faults with

different turns. The more turns are connected, the greater the disturbance in the motor flux.
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Fig. 7. ITSC fault severity at different faulted turns number
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5.2. Demagnetization fault simulation results
Fig. (8) shows the residual flux linkages resulting from a 20% uniform demagnetization fault. By

comparing their values in the three phases, it is seen that all three phases have an equal amount of this flux

linkages.
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Fig. 8. Residual flux linkages caused by uniform demagnetization fault

Because the amount of permanent magnet flux linkage decreased to 80% of main value in this
simulation it is expected that demagnetization fault intensity will be obtained 20%. The rms value of residual

flux linkages is 13.1 mWhb and the rms value of permanent magnet flux linkage is 65.6 mWhb. Therefor:

1
x100 = 20%
.6

. .13
Demagnetization fault severity = o

6. Experimental Results
A PMSM motor with a rated power of 550 W with the specifications of Table 1 was used. A 0.1-ohm

resistor was used as the fault resistor. 1.8% of phase B turns were shorted by the fault resistor. Fig. 9. shows
the set including the PMSM drive motor and other equipment. Digital oscilloscopes were used to

simultaneously measure voltage and current.
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Fig. 9. Permanent magnet synchronous motor drive Experimental set

The residual flux linkage of phase B before and after the occurrence of the ITSC fault with shorted

turns ratio of 1.8% is shown in fig 10. The fault occurred at approximately 0.038 seconds.
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Fig. 10. Faulty phase B residual flux linkage

To better determine the fundamental frequency component of the motor before and after the fault, FFT
was taken from the flux linkages signals and the result is shown in fig. 11.
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Fig. 11. Fundamental frequency component of residual flux linkages

According to the information mentioned in the previous sections, it can be concluded from fig 11 that

a coil of phase B adjacent to phase A has an ITSC fault.
7. Conclusion

A new method was proposed to detect and locate the ITSC fault and uniform demagnetization fault
and determine their severity. The flux linkages caused by the fault current were separated from those caused
by the currents of the motor phases and permanent magnets. The difference between total flux linkages and
flux linkages by phase currents and permanent magnets was named residual flux. The ITSC fault and its
location and uniform demagnetization were identified by analyzing the residual flux linkages. When ITSC
fault is detected the ratio of the d-axis residual flux linkage to d axis flux linkage resulting from the motor
input currents and permanent magnets were used to determine the ITSC fault severity in terms of imbalance
in the magnetic environment. When demagnetization fault is detected the ratio of the residual flux linkage
to healthy permanent magnet flux linkages were used to determine the demagnetization fault severity.
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