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Abstract: In this paper, a direct-quadrature (D-Q) synchronous min-max coordinate system is
proposed (as a new method) for diagnosing the occurrence of inter-turn short circuits (ITSC) of
three-phase induction motors, and it was found that this method can linearly diagnose such short
circuits using only the maximum value of the d-axis current component from the heavy load to the full
load. In the diagnosis of ITSC, a method to perform linear discriminant analysis (LDA) efficiently was
applied owing to the difficulty of linear separation under light load conditions. In the aforementioned
method, time burden is generated because operations are performed for the entire data and between
classes. However, the proposed method is useful even when it is applied to the entire load with only
the LDA eigenvector of the minimum light load. This is proved by the graphical evaluation of the
interaction between the false acceptance rate (FAR) and false recognition rate (FRR), and the results
demonstrate that the proposed method is more efficient than existing LDA application methods.

Keywords: 3-phase induction motor; fault diagnosis; inter-turn short circuit (ITSC); linear discriminant
analysis (LDA); D-Q synchronous min-max coordinate

1. Introduction

Induction motors are used in many industrial sites because of their simple structure, good durability,
and low cost. However, when the induction motor breaks down owing to certain reasons, it causes
extensive damage to the industry. Therefore, a system for managing the induction motor is needed.
The main causes of induction motor failure can be classified into mechanical and electrical failures.
Electrical failures include stator failure and mechanical failures include rotor and bearing failures [1].

In [2], the incidence of failures of induction motors was analyzed, and it was revealed that
stator failure, rotor failure, and bearing failure account for 46%, 26%, and 11%, respectively. Among
these types of failures, stator failure can lead to critical failures, which are the focus of diagnosis [3].
In particular, quick detection of inter-turn short circuit (ITSC) is the main research objective [4-7].

The diagnosing methods are classified into a sensor-based method and a motor electrical signature
analysis (MESA) method.

The sensor-based method is divided into wired and wireless methods, according to the development
of information and communications technology (ICT).

Although the wired method involves direct coupling, recent developments in wireless
communication technology have enabled diagnosis without direct coupling. Furthermore, many
research studies have been conducted based on the aforementioned developments [8-10]. Typically,
amplitudes of frequencies ratio 50 s frequency coefficient (MSAF-RATIO-50-SFC), MSAF-RATIO-
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50-SFC-EXPANDED, MSAF-RATIO-24-MULTIEXPANDED-FILTER-8, and the shortened method of
frequencies selection (SMoFS-15) are normally used, but the analysis is somewhat complicated [11,12].

Since 1989, FFT has been used for the diagnosis of a stator using MESA [13]. Later, Park’s vector
approach (PVA) was studied to diagnose in a rotating state [14-16]. PVA transformed three phases into
two-phase orthogonal equations to diagnose failures in a rotating state in a circular pattern. However,
due to the power factor problem of the induction motor, there is no difference between the degree
of distortion of the normal state and the degree of distortion of the ITSC, which makes it difficult to
detect the ITSC. To visualize the PVA, EPVA was studied to analyze the PVA in the form of an ellipse
by applying the square root; however, it is difficult to detect the ITSC perfectly [17-19].

As the previous studies of MESA only considered the size, simplified methods such as the method
using the change of phase angle [20], the one representing the distortion index of the circle by the
distortion rate [21], and the half-period frequency analysis method were proposed [22]. However,
there is difficulty in the direct diagnosis of ITSC.

In addition, the three-phase source of voltage and current of the MESA is used for voltage total
harmonic distortion (VTHD) of IEEE Std. 519, current unbalance factor (CUF) of IEC60034-1, voltage
total harmonic distortion (VTHD), each voltage harmonic distortion (EVHD), current total harmonic
distortion (CTHD), and each current harmonic distortion (ECHD) of IEEE Std. 519 [23-26].

While such various characteristic diagnostic methods exist, complete diagnosis is difficult even if
the diagnosis is performed using the MESA and the sensors. Particularly at light loads, it is difficult to
diagnose using these methods. To solve this problem, Al technology can be used.

It was proven that Neural Network (NN) classifier is a good approach in terms of classification
speed, accuracy, and suitability for hardware implementation. In the application of this technology,
the approach using the motor current signature analysis(MCSA), the sensor, and the complex method
was used, and it depends on the sampling and fast fourier transform(FFT) methods, according to the
current of each phase and the measured values of the sensors [27].

The PVA method, which was described above, is inefficient because it is difficult to apply;
furthermore, it is inefficient owing to the influence of noise, according to [28]. For the direct sampling
method, it is difficult to extract samples for a time variation; therefore, samples are artificially extracted.
Although the FFT method uses kurtosis, skewness, crest factor, clearance, and shape factor as feature
values, steady-state induction motors also exhibit three harmonic characteristics, which add some time
burden to the NN [29].

Many papers on artificial intelligence (Al) technology have been reported to classify stator failures,
rotor failures, and bearing failures, and studies on changes in speed or load should be conducted.

Meanwhile, in order to minimize the time burden of Al learning and recognition, feature extraction
methods such as LDA and PCA have been studied. [30] showed that the LDA method is superior to the
stator failure diagnosis method and proved its usefulness. In [29], LDA is used for FFT as a diagnostic
method according to the speed change, but in the method of LDA calculation, the LDA should be
recalculated for each speed in the entire LDA operation. Furthermore, it causes a time burden on the
application and recognition of Al’s learning data. In addition, as many papers depend on FFT to apply
LDA, a new method is needed.

In this paper, a new method using the direct-quadrature (D-Q) synchronous min-max coordinate
system is proposed for ITSC diagnosis, through which the effective LDA application method is explained.
To demonstrate the performance of this method, the interaction between false acceptance rate (FAR)
and false recognition rate (FRR) was verified graphically. This is a method for determining whether
linear separation is well performed through the relational analysis of FAR and FRR; the effectiveness of
this method can be proved when it is applied to future Al diagnosis technologies [31,32].

The organization of this paper is as follows. The turn short, D-Q transformation, and min-max
coordinate system are defined in Section 2, LDA is described in Section 3, and the FAR-FRR interaction
graph is described in Section 4 to demonstrate the efficiency. Finally, experiments and results are
discussed in Section 5.
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2. Turn Short and D-Q Transformation

2.1. Stator Failure

In Figure 1, the short circuit in phase A indicates an event where a short circuit occurs in a turn
that is distant from the first turn, and in the case of phase B, the short circuit between coils is shown.
In the case of phase C, a minute short circuit in which the adjacent turns (first and second turns) are
shorted is shown.

VYV - Y AYY A

Phase A

YYYYAL Y LYY N

Phase B

— YYYY O - YY)

Phase C

Figure 1. Short circuit in slots.

As such, a short circuit that may occur in the stator can cause a short circuit between coils and a
short circuit between turns. When this fault occurs, induction motors are subject to severe vibrations
and heat generation.

However, it is difficult to diagnose a fine turn short circuit because no significant difference is
observed between the steady state and the pulsation due to losses such as iron loss and copper loss
of the induction motor. Nevertheless, when ITSC occurs, it is necessary to detect ITSC because local
heating and breakdown conduction cause a serious failure.

On the other hand, although a three-phase induction motor should be able to diagnose in
the on-line state of rotation, the analysis is difficult in the time-varying state. Therefore, the D-Q
transformation method is converted from three-phase to two-phase for easier analysis.

2.2. D-Q Transformaion

Computation is complex for direct control of three-phase voltage currents, and it is difficult to
apply control algorithms. Therefore, the D-Q transformation technique is commonly used for accessing
three-phase voltage and current as a direct current voltage. Although in this D-Q transformation,
when the ideal three-phase power is supplied, the peak value of the phase voltage and zero are
produced as outputs, actual phase power includes noise and harmonics, and phase unbalance exists.
The D-Q transformation is divided into a static coordinate system, which converts three-phase current
or voltage into two-phase current or voltage as shown in Figure 2a and a synchronous coordinate
system, which rotates the stationary coordinate system according to angular speed to produce a DC
output as shown in Figure 2b.

These can be expressed in equations as follows.

1 _l l I
B1_2 . 4 6|
1 1 1 1 I

where I, is the current in phase a, I}, is the current in phase b, I, is the current in phase c, I; is the d-axis
current by D-Q transformation, and I} is the current in phase g, which is called the static coordinate
system. If the three phases are in parallel, I}, = I,.



Appl. Sci. 2020, 10, 1996 40f18

At this time, to find the position of the rotor, or the reference magnetic flux 6 and match the
magnetic flux component to it, it must be rotated about the origin by 6, and this can be calculated using

Equation (2).
Iy | | cosO sin® I; )
I || —sin® cos6 || I

I3 and I;, which are obtained by Equation (2), are called d-q synchronous coordinate systems.
Ideally, I; will show a DC component, and I; will always produce zero.

I
s .
d-axis
(a) D-Q Stationary Reference Frame (b) D-Q Synchronous Reference Frame

Figure 2. Direct-quadrature (D-Q) transformation process: (a) D-Q stationary reference frame (b) D-Q
synchronous reference frame.

The output waveforms obtained through this process are shown in Figure 3.

OO 000000 00000
(a) (b) (o)

Figure 3. Current change due to D-Q transformation (a) 3-phase input current, (b) D-Q stationary

coordinate system, (c) D-Q synchronous coordinate system.

Figure 3 shows the change in the current owing to D-Q transformation. Figure 3a shows a
three-phase input current, Figure 3b shows a D-Q stationary coordinate system from three-phase
to two-phase, and Figure 3c shows a D-Q synchronous coordinate system. As shown in Figure 3c,
the synchronous coordinate system can be expressed by DC components when it is ideal.

However, the actual waveforms are irregular and have periodic pulses instead of producing
outputs with DC components due to noise and harmonics.

2.3. D-Q Transformation Analysis According to Turn Short

When turn short circuits occurs in one phase as shown in Figure 4a, an independent closed circuit
is created through Rs, and as shown in Figure 4b, the independent closed loop is also created during
D-Q transformation. If the number of turns with the short circuit is Ng, the number of turns with no
short circuit is Ny, the total number of turns is Ny, Ny = Ny + N.
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Figure 4. (a) Turn short in phase A, (b) D-Q Transformation equivalent model by turn short circuit.

Shorted and unshorted windings have the same inductance, resulting in direct interference.

This interference generates an induced electromotive force in the shorted windings when it is
present in inductances with the same magnetic flux, and this induced electromotive force generates a
short circuit current, Is. When a turn short occurs, N is large; therefore, the induced electromotive
force becomes large. As the short-circuit resistance Rg becomes small, the short-circuit current Ig
becomes large.

As shown in Figure 5a, two inductances exist in the inductance on one phase due to the occurrence
of Ng, as shown in Figure 5b. Between two inductances, the magnetic flux is interlinked with each other.

R,
R, E‘:ﬁ
Ly *
NS N]' | Id

(a) (b)

Figure 5. (a) Definition of inductance and number of turns by turn short circuit and (b) two inductances
due to turn short circuit.

In this case, if the inductance on one phase according to the number of turns is Ly and the
inductance by a short circuit is Lg, the interlinked magnetic flux can be defined as Equations (3) and (4).

L1l Lgl
Ms = Nr(@ns = as) = Ni( 54 = =22 ) = Ll - L ®)
T T
Lglg LTId) Ng
Arg = N — =Ng| —=—=-—=|=Lr—Is—LgI 4
25 = Ns(os — P1s) s( Ny~ Ny TN, s~ Lsla 4)

where Ayg is the interlinked magnetic flux in one phase, A;s is the interlinked magnetic flux of a fault
inductance generated at the turn short circuit, ®; is the flux in one phase, ®,s is the magnetic flux of a
fault inductance, and I, is the steady current in one phase.

When a turn short occurs, the two magnetic fluxes behave like a transformer, and the two
interlinked magnetic fluxes generate leakage flux. Accordingly, the sum of the magnetic flux leakage
by a short circuit, Agy = A1s + Az, is given by Equation (5).

N N
Ast = (Lt = Ls)I; - (Ls - Ls—s)ls = (Lt —Lg)I; - Ls(l - _S)IS )
Nt Nt
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In Equation (5), the total flux decreases as a result of (Lt — Lg)I;. The generated short circuit
current becomes Ls(1 — Ng/Nr)Ig, and the total magnetic flux is further reduced. If (Lt — Lg)I,; is term
A, Lg(1-Ns/Nr)Is is term B, (1 — Ng/N7) ; is the case when the first short circuit occurs, and I is
negligible because it is small for a negligibie turn short circuit, then the variation of current can be
confirmed by the relational analysis of Ls. In this case, it can be found that Lg in term B is reduced by
(1-Ns/Nr) 4 compared to Lg in term A. Furthermore, it can be found that the total magnetic flux
becomes smaller when the first short circuit occurs.

On the other hand, if the case where the short circuit becomes significantis (1 — Ns’/Nrt) ,. As Ng
increases, the value of (1~ Ng’/Nr) , becomes smaller than that of (1-Ngs/Nt) ;. In other words,
when the short circuit becomes significant, term B becomes smaller, and the change in the magnetic
flux increases than when the first short circuit occurs.

It can also be found from the cyclic solenoid equation in Equation (6) that the relationship between
the inductance L and the number of turns N is not linear.

_Nor _ HSNFrec

L I l

(6)

where 1 is the conductor dielectric constant, S is the cross-sectional area of the stator core, and / is the
average length of the coil. From a cyclic solenoid’s perspective, it has a relationship of L o« N2, and thus
when Ng occurs, Lg changes as Lé/ 2, The difference in the decrease in term A from B is insignificant.

In other words, it can be found that when the short circuit occurs, the total magnetic flux decreases,
but as the short circuit becomes significant, the magnetic flux increases again.

However, ITSC shows a different case.

In Equation (5), Ng is very small; thus, the value of 1 — (Ns/Nr) can be assumed to be 1. In the
case of I, it can also be ignored by insulation resistance; thus, the result of the steady-state interlinked
magnetic flux At = Ltl; is obtained and only the inductance component is changed by a minute short
circuit. Therefore, LT > Lirsc and I < IjTgc can be obtained from Equation (7).

b YV
M=%~ 2nfLitsc

@)

The schematic is shown in Figure 6.

8tum  12tum
short | short
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No. of Turn Short

Figure 6. Magnitude change of I; current with increasing turn short circuits.
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In Figure 6, the x-axis and y-axis represent the increasing turn short circuits and magnitude of the
current, respectively. The ITSC is a minute turn short circuit, which implies that only two windings are
shorted for the total number of turns, and the four-turn, six-turn, eight-turn, and twelve-turn short
circuits are the cases when four, six, eight, and 12 windings are shorted, respectively. It is classified
into classes as shown in Figure 6.

However, in general, the I; current of the DC component pulsates due to the efficiency of the
motor, and the amplitude becomes larger when the turn short is increased. In this study, the D-Q
min-max coordinate system was applied to the diagnosis of ITSC by considering the maximum and
minimum values of the amplitude in order to apply the D-Q synchronous coordinate system.

3. LDA

Although the method presented in Section 2 can be applied to heavy and maximum loads, it is
difficult to apply it directly to light loads with a small change. Therefore, it is necessary to apply Al to
linearly separate it and to align feature patterns so that Al technology can be efficiently applied.

In general, the reason why LDA shows excellent performance by feature extraction is that the
patterns in normal and fault condition are similar, and therefore, those can be applied to Al technology.
LDA maps the dimension based on the main axis that maximizes class separation in the feature space
to keep the classification information between classes in a maximum way by maximizing the ratio
between between-class scatter (BCS) and within-class scatter (WCS).

First, the measured data are converted into column vectors, and then Sy, which is a BCS matrix,
and Sy, which is a WCS matrix, are obtained by Equations (8) and (9).

[

Sp = Z”i(mi_m)(mi_m)T ®)

i=1

Su =), ) (i m)(x=m)" ©)

where n; represents the number of data in the i-th class, C;, and m; represents the average value in the
i-th class, C;. In Equation (8), m is an average value of all classes.

r=2t (10)

Equations (8) and (9) are used to calculate the I' values in Equation (10) in the i-th frequency
component, and then the frequency components are selected in the order of the higher ratio values.
In other words, the value of I' indicates that the BCS value is large and the WCS value is small.
Therefore, it is a method of extracting the difference in the order of the fault by using I value.

On the other hand, many papers have obtained the data of normal operation and failure for each
type of failure (stator failure, rotor failure, and bearing failure), and even if LDA is applied to the entire
data, excellent results were obtained for Al technology.

However, the BCS of the total LDA, the WCS for each speed, and the BCS and WCS for the total
change must also be considered to meet Equation (9). Therefore, the timing burden occurs to overall
computation time.

The objective of this paper is to reduce the time burden on learning and diagnosis of Al diagnosis
technology in the same failure. The failure characteristics of the D-Q synchronous coordinate system
from light loads to full loads were analyzed by applying LDA, and an efficient LDA application method
was proposed.
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4. FAR-FRR Interaction Graph

FAR, which is generally used in biometrics, refers to a case where a fault state is recognized as a
normal state, and FRR indicates a case where a false state is recognized as a fault state.
Figure 7 illustrates the FAR-FRR interaction graph.

False Acceptance Rates and False Rejection Rates

1.0 =i
"
£ 100 —]
o ProductA
& less accurate
8 / ( )
T 107—|
(-4
8
= ERR (Equal Error Rates)
x 10° —
&
10 =
ProductB
(more accurate)
I | I | I
10% 10°? 107 10% 10

FAR (False Acceptance Rates)

Figure 7. FAR-FRR interaction graph.

In Figure 7, it can be found that FAR and FRR are independent and inversely proportional to each
other. The lower the FAR, the higher the corresponding FRR. Conversely, the lower the FAR, the higher
the FAR. In other words, FAR and FRR are inversely related, not interdependent. Higher FAR implies
that the normal state is recognized as a failure state because the FRR is reduced, while higher FRR
implies that the FAR is lowered to recognize the failure as normal, and this should be close to 0 for high
performance. In this regard, the point where FAR and FRR become identical is used as a threshold,
and this is called an equal error rate (ERR).

The reason for evaluating based on this recognition method is that Al technology can improve
the performance and reduce computation time depending on how well the normal and fault data are
separated. Furthermore, the separation between the two data can be confirmed without applying Al

5. Experiment and Discussion

5.1. Experimental Conditions

In this experiment, a 3-phase induction motor with the specifications as in Table 1 was used.

Table 1. Motor specifications.

Description Value
Power (kW) 0.75
Input Voltage (V) 220/380
Full Load Current (A) 3.8/2.2
Supply Frequency (Hz) 60
Number of Pole 4
Number of Rotor Slot 44
Number of Rotor Slot 36
Full Load Torque (kg-m) 0.43

Rated Speed (rpm) 1690
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In addition, the experiment was performed under the following conditions to consider changes in
the load conditions.

e  Operation of an induction motor by using inverter;

e  Adjustment of the motor operation speed by using dynamometer;
e  The initial speed—the rated speed 1690 (rpm);
e  Operating time—turn short per 30 (s);
e  Sampling rate and the number of samplings: 10,000 (S/s), 10,000 (s).

The current was measured using an i5s AC current clamp by Fluke, and data were collected using a
USB-DAQ 9215A with BNC by National Instruments.

Figure 8 shows the structure of the total system.

Inverter

AC clamp
{
o~ [ m
DAQ-Board Dynamometer
(Load)
Notebook

. Notebook

-

DAQ-board & Ac clamp
O\

Figure 8. Experimental device configuration.

The measurement result of the input stage showed that the input power contained noise, as shown
in Figure 9a. Thus, the cut-off frequency was set at 100 Hz by Butterworth third-order IIR filtering,
and the filtering was processed as shown in Figure 9b.

Amplitude[A]

A-Phase
B-Phase
C-Phase

0 0.0025 0.005 0.0075 0.01 0.0125 0.015 0.0175 0.02

Time[s]

(a)

Amplitude[A]

1.75

1.25
075 -
0.25 4
-0.25 ~
-0.5 4
-0.75 +
-1.25 -

15 |
175 4

0 00025 0.005 0.0075 0.01 0.0125 0.015 0.0175 0.02
Time[s]

(b)

Figure 9. Filtering process for noise in the input power: (a) before filtering and (b) after filtering.

Furthermore, the short of the stator winding was configured artificially as shown in Figure 10a,
and the winding was connected to an external tab as shown in Figure 10b.
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e

(a) (b)

Figure 10. Method for configuring artificial turn short circuits: (a) short circuit of stator winding,
(b) external tab of the turn short circuit motor.

Table 2 shows a turn-to-turn short circuit according to the tab connection. It shows the ITSC when
turns no. 1-3 were connected. When turn no. 5 was connected, the turn-to-turn short circuit increased
to a 4-turn short.

Table 2. Turn short fault.

No. 1-3 3-5 5-7 7-9 9-11
Turn short 2(ITSC) 4 6 8 12

5.2. D-Q Synchronous Min-Max Coordinate System

The reason why the diagnosis of ITSC using the PVA method is difficult is that the maximum
and minimum values based on the vector scalar sum of the d-axis and the g-axis are expressed as
ratios. This is based on the pulsation of the current based on the interlinked magnetic flux analysis
described above.

In this paper, a change in the magnitude of the short-circuit current is generated for linear diagnosis
of ITSC. To apply it to the experiment, the D-Q synchronous min—-max coordinate system over time
was proposed.

Figure 11 shows the results of monitoring the steady-state (black line), ITSC (red line), 4-turn
short circuit (green line) and 6-turn short circuit (blue line) under full load using the proposed D-Q
synchronous coordinate system. As shown in Figure 11, the induction motor in steady state contains
irregular AC component pulsating due to a loss. It can be found that the amplitude in the ITSC state is
not significantly different from that in the steady state. However, it can be found that the overall value
of the current increases, and from the 4-turn short circuit, the amplitude becomes larger.

2.04
2
1.9
< !
: f
1.8
: Id_Steady state
i 1d_ITSC
| 1d_4-turn short
116;; | Id_6-turn short
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time [sec]

Figure 11. D-Q synchronous coordinate system during the full short turn.
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Figure 12 shows the results of monitoring the no-load condition using the D-Q synchronous
coordinate system. As shown in Figure 12, a short circuit over 4-turn can be diagnosed as the
characteristic point as the amplitude becomes larger. In the case of ITSC, however, the pulse width is
similar to that in the normal state, making diagnosis difficult.

1.32
1.3
1.28 -

1.26 -
1.24
1.22 -

1.2

<

= 1.18 - |

E |
1.16
1.14
1.12

1.1 Id_Steady state
1.08 - 1d_ITSC
1.06 Id_4-turn short
1.04 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ . . ‘ . . ‘ . Id_6-turn short

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [sec]

Figure 12. D-Q synchronous coordinate system according to turn short circuit at no load.

Figure 13 shows the maximum and minimum values of AC components pulsating from no load
to full load by extracting 90 samples per second in the min—max coordinate system.

1.7

16

E

5 15

>

£

S 14

EI
1.3
12 - Steady State

| ITSC L o

11 4turn-short
1.05 6turn-short

1.1 1.2 13 1.4 1.5 1.6 1.7 1.8 1.9 2 241
Id_Max Value [A]

Figure 13. D-Q min—-max coordinate system according to the speed change.

In the 1690 rpm region in Figure 13, the results described in Figure 6 can be observed. Through
this, it can be found that linear separation is possible through the max value of id and the min-max
coordinate system in the region up to heavy load or full load and that the ITSC can also be linearly
separated. However, under no-load and light load conditions, more than 6-turn short circuits may be
linearly separated, but it is difficult to separate ITSC and 4-turn short circuits. Therefore, they will
need diagnostic techniques combined with Al technology.

5.3. Efficient LDA Application Method

In the existing papers, the method of applying LDA is used to obtain the entire data and to
project it with the eigenvector through LDA and to align it with Al technology. Even in the general
short-circuit situation of the stator, excellent performance can be observed.
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If LDA is applied to D-Q synchronous min-max coordinate system, which was proposed in
this paper, as shown in Figure 13, eigenvector w = [-0.704105, 0.710096] can be obtained as shown
in Figure 14, and an optimal rotation direction of LDA was —45.243° to obtain optimal direction
information. In this case, since the general turn short was assumed, the ITSC was excluded.

In Figure 14, the red dotted line shows the eigenvector w line obtained by LDA, and the red solid
line shows the optimal critical line when the rotation angle is transformed according to the eigenvector.
As shown in Figure 14, a general turn short circuit enables stable diagnosis even at a light load.

However, if LDA is used to diagnose ITSC, it can be found from Figure 15 that diagnosis is difficult
not only at light load but also at full load.

In Figure 15, the blue solid line indicates the critical line when only the max value of I; is used at
full load, the blue box on the upper right indicates the class of full load at 1690 rpm, black dots indicate
the steady state, the red dots in the blue box on the upper right indicate the ITSC, and the red dots
overlapping the class of the black dots indicates the ITSC class at 1700 rpm. As shown in Figure 15,
it can be effectively applied to LDA at light load. Under full load, however, it can be found that the
separation is not efficient compared to the method using the max value of Id, and the existing LDA
application method is not efficient.

E \‘\m = [-0.704105,0.710096]

< 167
E‘ ]
= 1.5
s

£
S 144
= -
1.3
1.2+

1 Steady State

11 4turn-short

i 6turn-short
1.05

11 12 13 14 15 16 17 18 19 2 21
Id_Max Value [A]

Figure 14. Linear discriminant analysis (LDA) application and critical line according to general
turn short.

Threshold line
1.9

~

| "\ @ = [~0.704105, 0.710096]

1.8 N
A Full load Region

1.7+

[A]
>

Id_Min Value

. Steady State
N ITSC

1.1 1.2 1.3 1.4 1.5 16 1.7 1.8 1.9 2
Id_Max Value [A]

Figure 15. LDA application and critical line according to inter-turn short circuits (ITSC).
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5.4. Light Load LDA Application Methods

The definition of the light load condition is required for efficient analysis at light loads. Generally,
light loads are defined as light loads, but it is difficult to define exact numerical situations.

However, in this paper, the light load condition is defined based on the difference of BCS change.
The result of analyzing the BCS difference between each class in the steady state and the ITSC state is
shown in Figure 16.

In other words, a range between 1790 rpm and 1750 rpm can be defined as a light load, beyond
which loads can be defined as heavy load and full load.

On the other hand, under light load conditions, the BCS is very smooth and shows no
significant difference.

In general, for heavy LDA application, it is time-consuming to calculate LDA for the entire load
and then LDA for each class. However, the BCS analysis shows that there is no significant change at
light load. We believe that this can be effectively applied to all light loads with only one condition
of light loads without having to calculate each class. For example, even if the LDA eigenvector for
1790 rpm is applied to calculate LDA for 1760 rpm, an accurate diagnosis is possible and thus it is not
necessary to perform a class analysis for 1760 rpm.

In order to prove this, the interaction graph of false acceptance rate (FAR) and false rejection rate
(FRR), which are used as the identification tool of bio-recognition, is shown.

1.85
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—_ 1.6 -
% 1790rpm
.—?, 1.5 4 1780rpm
= 1770rpm  [75d]
'é 14- 1760rpm
o 1750rpm
1740rpm \:|
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1.2 1710rpm
1700rpm  []
11 1690rpm

17 12 13 14 15 16 17 18 19 2
Id_Max Value [A]

Figure 16. Between-class scatter (BCS) in the steady-state and the ITSC state according to speed change.

To demonstrate the efficient method at light load, eigenvector w = [-0.704105, 0.710096] for
1790 rpm can be obtained. —15.022° of rotation direction by LDA is obtained as optimal direction
information. Table 3 shows the LDA direction information for each speed.

Table 3. LDA direction information for each speed.

Speed (rpm) 1790 1780 1770 1760 1750 1740 1730 1720 1710 1700 1690
Angle (Degree) —15.02 -1840 -16.88 -1545 -14.51 7.421 6.341 5.765 8.652 13.66 13.2

Figure 17 is a FAR-FRR graph that compares the normal class and the ITSC class that were
measured at 1790 rpm.
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Figure 17. False acceptance rate (FAR)—false rejection rate (FRR) graph at 1790 rpm.

In Figure 17, the black line is the result of analyzing FAR-FRR without changing the angle, the red
line is the result of applying an angle of —15.022°, and the green line is the result of applying an angle of
—45.243°, which is the angle from 1790 rpm to 1690 rpm, to the class for 1790 rpm. This shows that when
the LDA was calculated from the entire data to be applied to a specific class (green), the performance
was lower than when each class was analyzed (red).

The FAR-FRR interaction graph is shown in Figure 18.
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Figure 18. FAR-FRR interaction graph at 1790 rpm.

In Figure 18, the black line indicates the result without an angle conversion, the red line indicates
the result when only the LDA of 1790 rpm class was applied, and the green line indicates the result
when the LDA of 1790-1690 rpm was applied to the angle at 1790 rpm.

As shown in Figure 18, it is better to apply to one class than to the class in the whole data, and the
performance is slightly better compared to the case without the angle conversion.
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Figure 19a shows the result of applying the LDA degree value obtained at 1790 rpm to the class of
1780 rpm, and Figure 19j shows the result of applying the class to 1690 rpm. Here, the black line is the
result of applying LDA degree by each class (e.g., in Figure 19a, black line is FAR-FRR interaction
graph by LDA degree of 1780 rpm), the red line is the result of applying LDA degree of 1790 rpm,
and the green line is the result of applying the LDA degree value of 1790-1690 rpm to the class of the
corresponding speed.

As shown in Figure 19, even if the LDA is not recalculated for each class, the LDA value of the
minimum light load speed shows good performance or similar performance at all speeds. In general,
the separation performance is better than the applied method (green line).

Furthermore, starting from 1730 rpm, it can be found that the black line and the red line are
approaching zero, which means that they are linearly separated.

Therefore, in order to apply Al technology for ITSC diagnosis using the DQ synchronous min-max
coordinate system, if only LDA of minimum light load speed is obtained and applied to each speed,
instead of the conventional LDA technique, it is expected to reduce the burden.

Figure 19 shows the result of the FAR-FRR interaction graph when only —15.022° at the minimum
light load speed of 1790 rpm was applied to each speed class.

:z- ) S S [ ™ S S S S— —E— — — ——f—— 1 L i I L L I I L I I L s T T T |
N -18.403[degree] [ ™| | B -16.887[degree] || |1
o -15.022[degree] 2 -15.022[degree] |
L 5 5 s H
R -45243 [degree] [7~] | ol 1] -45.243 (degree] [7~] [
MLE o H
o - o -
o et o '5 I-'L -
L - [ Lyn L 1 -
3 Pt -
3 LA 1% L
: iy ! -
- =ty | “' peserl - i
Ll ] ] SRS 5
L e = : ﬁﬁlk‘:? .
0 5 10 15 2 25 B0 85 40 45 50 o T 5w g ot z 35 40 45 S0 €5 To TS 8 90
FAR FAR
(a) Result of applying the LDA value obtained (b) Result of applying the LDA value obtained
at 1790 rpm to the class of 1780 rpm at 1790 rpm to the class of 1770 rpm
W=7 R I S S S S S S — — L | S S S S S S S S S —
. -15.457(degree] [™w] |1 " -14516[degree] |[y"w] [l
. -15.022[degree] IR -15.022[degree] i
“ -45.243 [degree] [~ | -45.243 [degree] ["~] |
55 55
[ 0 ”
2w &%
R B 13
3 o~ 3
28 =,
o !G'! \.‘,‘
e s
z- - LN - 5 it W oo
J Wk s i e i S |
5 10 95 20 5 M M 40 45 50 55 60 65 TOOTS M0 85 W © 5 W 15 20 25 30 35 &0 45 50 (] OTS M0 85 W
FAR FAR
(c) Result of applying the LDA value obtained (d) Result of applying the LDA value obtained
at 1790 rpm to the class of 1760 rpm at 1790 rpm to the class of 1750 rpm

Figure 19. Cont.
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Figure 19. FAR-FRR interaction graph when minimum light load LDA degree was applied to
each speed.

6. Conclusions

In this paper, a new D-Q synchronous min-max coordinate system and an efficient LDA application
method for stator ITSC diagnosis were proposed. Using the proposed D-Q min-max coordinate system,
it was found that linear separation can be conducted in ITSC diagnosis up to heavy load and full load.

The existing LDA application methods are classified into two methods: a method using the
eigenvectors of the entire class and a method obtaining the eigenvectors of the entire class by computing
each class.
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When operating the first LDA application method, the eigenvector shows that the D-Q min-max
coordinate transformation is —45.243°, which is efficient not only at light load but also at full load.
This is because ITSC only considering the change of self-inductance as the interlinked magnetic flux is
insignificant. As a result, although the variance of the whole class has the eigenvector directionality
of LDA, the efficiency is low due to dispersion characteristics that are different from typical turn
short circuits.

If the second LDA method is used, the best LDA eigenvectors can be obtained for each class
but it causes operation time burden since each class must be operated. Therefore, in order to reduce
the computation time for LDA, when the LDA of the minimum light load was applied to the entire
speed change (or load change), it was found that the results are similar to those of the existing method.
Therefore, providing initial LDA data can be an efficient LDA method for the entire diagnosis.

Recently, a method of pursuing safety with Al diagnostic technology has been proposed, and the
proposed method will enable an efficient operation of Al technology.
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