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Abstract: Motor current signal analysis is a common method that can be applied to the monitoring
and diagnosis of electromechanical equipment. Three-phase unbalance will increase the line power
loss and affect the safe operation of power-using equipment. To quickly analyze motor current
three-phase unbalance, we propose a method to analyze three-phase unbalance by calculating the
coefficient of variation of the three-phase current’s instantaneous frequency and instantaneous
amplitude. Simulations were conducted to analyze the effects of amplitude deviation and phase
deviation on the coefficient of variation of instantaneous frequency and instantaneous amplitude.
The three-phase unbalance with continuous amplitude change was simulated and its instantaneous
performance was analyzed. Experiments were conducted to compare and analyze the instantaneous
information characteristics of the motor with the continuous changing of three-phase unbalance
under different speed conditions. Simulations and experiments show that the proposed method in
this paper can analyze three-phase unbalance.

Keywords: three-phase unbalance; motor current; park vector demodulation; instantaneous
frequency; instantaneous amplitude; coefficient of variation

1. Introduction

Motors are widely used in industry. Motors can be divided into DC motors and AC
motors according to the type of power supply. Three-phase induction motors are mainly
used in CNC machine tools, medical equipment, computer external equipment, and other
fields. Thousands of motors fail every year, and a motor failure may affect the operation of
a production line. To avoid unexpected motor failures and prevent the loss of production,
money, and time, it is reasonable and necessary to develop new technologies and diagnostic
systems [1].

Many scholars have already studied methods and techniques for fault detection
using vibration signal analysis [2,3], current signal analysis [4], and so on. Motor current
signal analysis (MCSA) is a non-invasive method to detect the presence of mechanical and
electrical anomalies in motors and driven equipment [5]. For MCSA, many researchers have
performed related studies, such as wavelet transform [6,7], neural network [8], singular
value decomposition (SVD) [9], etc.

Three-phase power is usually 50/60 Hz frequency with a 120° phase difference, and it
is a common source of power for large industrial equipment [10]. For power systems, three-
phase balance mainly refers to the equal magnitude of the voltage vectors of the three phases.
Three-phase unbalance refers to a power system in which the three-phase current/voltage
amplitudes are not consistent, the phase difference is not 120° from each other, and the
difference value exceeds the specified range. Three-phase unbalance is a common fault.
There are various causes of three-phase unbalance, such as disconnection fault, ground
fault, etc. The large imbalance may lead to the instability of electrical equipment operation,
resulting in abnormal speed, heat, and other failures. The study of three-phase unbalanced
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detection methods is of great significance to improve the operational reliability of industrial
equipment [11].

Many researchers have studied the voltage/current three-phase unbalance.
Bruzzese, C et al. [12] developed a model based on multiple symmetrical components
to detect the lower and upper sidebands of the current fundamental frequency to char-
acterize the broken bars and then analyze the forward and reverse rotational differential
frequency of multiple symmetrical components that lead to rotor current imbalance.
Sharifi, R et al. [13] used the standard deviation of rotor slot harmonic amplitudes in
three-phase currents as an indicator of voltage unbalances and applied it to resistive
minor short-circuit faults in the early stages of the fault. Ilamparithi, TC et al. [14]
developed a model based on a modified winding function and a finite element-based
model to simulate motors with different eccentricity conditions, and experiments
were conducted on a three-phase commercial reluctance synchronous motor with
medium-to-high eccentricity to reduce the effects of supply imbalance and internal
asymmetry and to detect eccentricity using residual cancellation techniques. Bacha,
K et al. [15] proposed the Hilbert modulus current space vector and Hilbert phase
current space vector as fault features, analyzed the magnitude of the fault-related
spectral components via fast Fourier transform (FFT) analysis, and used support vector
machine (SVM) for the classification of induction motors for applications, such as
voltage unbalance fault detection. Ngote, N et al. [16] proposed a method to apply
time-synchronous averaging (TSA) to the Park vector of the stator current to diag-
nose defects in three-phase wound-rotor induction motors. Elbouchikhi, E et al. [17]
proposed calculating the symmetrical components of the stator currents, estimating
the power supply fundamental frequency and the three-phase quantities based on the
maximum likelihood estimator, and then applying the generalized likelihood ratio
test for unbalance fault detection. Sabir, H et al. [18] proposed a monitoring method
based on Hilbert transform (HT), TSA, and MCSA, which can detect a small fraction of
short-circuit turns in the rotor winding of a wound rotor motor under low or no-load
conditions. Khaled Laadjal et al. [19] detected unbalanced supply voltage conditions
online by monitoring the relevant indicators calculated by the symmetrical compo-
nent of the voltage and experimentally verified it under several different operating
conditions. Dongare, UV et al. [20] proposed a technique based on the symmetrical
component positions of the three-phase rotor currents to form a “wing shape” and
investigated the effects of unbalanced stator voltages and structural imbalances, etc.
on rotor current measurements.

The existing methods, such as Fast Fourier Transform (FFT), the symmetrical com-
ponents method, etc. are widely used. FFT is suitable for processing steady-state and
periodic signals. For unsteady, aperiodic signals, FFT analysis can produce spectral aliasing
and leakage. The symmetrical components method is used to decompose the three-phase
voltage/current into positive-sequence, negative-sequence, and zero-sequence compo-
nents [21]. Moreover, the negative-sequence component and zero-sequence component is
obtained for the calculation of unbalance through a vector calculation. The symmetrical
components method is only suitable for circuits with linear parameters according to the
principle of superposition.

Although the methods mentioned above had been widely used, quick analysis can
be further investigated. In this study, to verify the effectiveness of the method, the three-
phase unbalanced state caused by amplitude deviation and phase deviation was analyzed
by analyzing the instantaneous information characteristics and compared with the sym-
metrical components method. To analyze the unbalance in the unsteady signal state, the
sliding window size is changed and the transient information characteristics performance
is analyzed.

This paper proposes a three-phase unbalance analysis method based on three-phase
current instantaneous information, by calculating the instantaneous amplitude and instan-
taneous frequency of three-phase currents and calculating their coefficients of variation
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to analyze three-phase unbalance. Then, the coefficient of variation of the instantaneous

amplitude and instantaneous frequency is calculated to evaluate the three-phase unbalance.
Key highlights:

(1) The method of the calculation of the instantaneous frequency coefficient of variation
and the instantaneous amplitude coefficient of variation to analyze the three-phase
unbalance is proposed.

(2) Simulations of the amplitude deviation and phase deviation are carried out, as well as
the continuous amplitude change, the effectiveness of the method is verified, and the
effects of switching noise and harmonics are analyzed.

(3) Experiment results verify the effectiveness of the method.

Advantages: The instantaneous information of the three-phase current is obtained
through Park vector demodulation, the calculation result is similar to the trend of the
symmetrical components method, the time complexity of this method is smaller than that
of the symmetrical components method, and a smaller sliding window size is required.

Novelty: The instantaneous state change of the measured system is analyzed from the
perspective of instantaneous information, and continuous unbalances can also be analyzed.
Compared with the symmetrical components method, the proposed method has lower
time complexity and a shorter calculation time. There is no requirement for the integer
period and its multiple for sliding window selection, and a smaller number of sampling
points can be used for analysis.

The remaining sections of this paper are organized as follows. Section 2 illustrates the
Park vector demodulation method and the calculation of the coefficient of variation. In
Section 3, the simulation verification analyzes the effect of amplitude deviation and phase
deviation on three-phase unbalance and its instantaneous information performance. The
unbalance of continuous change in amplitude is analyzed, the switching noise addition is
carried out, and the effect is analyzed. Simulation of three-phase unbalance using Simulink
is realized, and the harmonic effect is analyzed. The experimental verification is carried out
to compare and analyze the differences in current instantaneous information of three-phase
unbalanced motors at different speeds. The last section is the conclusion.

2. The Proposed Three-Phase Unbalance Analysis Method Based on the Three-Phase
Motor Current Instantaneous Information

2.1. General Idea of the Algorithm

To quickly analyze the motor current three-phase unbalance, this paper analyzes the
three-phase unbalance from the perspective of instantaneous information (instantaneous
amplitude and instantaneous frequency). The flow of the proposed algorithm in this paper
is shown in Figure 1.

—_—— ———

Standard | Three-phase |
- deviation unbalance
| Park vector demodulation | | analysis |
! Instantaneous | Mean | Coefficient |
| amplitude i value | of variation |
| Instantaneous N Instantaneous Standard | Coefficient |
| phase frequency | deviation | of variation |
. ] v
> . g . : ean
Sliding window size selection |
: value

. ]

Figure 1. Algorithm flow of the proposed method.
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After obtaining the three-phase motor current signal, the instantaneous amplitude
and instantaneous phase are calculated based on the park vector demodulation method,
and the instantaneous frequency is obtained from the instantaneous phase. The standard
deviation and mean value of the instantaneous amplitude and instantaneous frequency
are calculated, where the mean value of the instantaneous frequency can be used for the
reference of sliding window size selection. The coefficient of variation of the instantaneous
amplitude and instantaneous frequency from the standard deviation and mean value are
calculated, and the change in the three-phase unbalance is analyzed.

The following subsections introduce the relevant methods and explain them in detail.

2.2. Park Vector Demodulation

The speed of a three-phase asynchronous motor is calculated as shown in Equation (1).

=601 %

f )

where # is the rotational speed (r/min), s is the slip rate, p is the number of pole-pairs, and
f is the rotational frequency.

The three-phase current signal is a modulated signal with a 120° phase difference
between any two phases. By using the Park transform, a 90° phase shift signal can be
created as a way to complete the signal demodulation [22], as follows.

2L, — I, — Iy
Ly =—"——"
3 )
Ia — \/g(lv - Iw)
B 3

where I, and I p are the stator coordinate system currents, and I,,, I, and I, are the motor
U-phase, V-phase, and W-phase currents, respectively.
Then, the three-phase current can be expressed as follows:

I, = a-cos(27 fart)

2
Iy = a- cos (27TfMt - ;T) 3)
4
I, =a- cos(anMt — :)

where f) is the signal fundamental frequency and a is the amplitude of the signal.
Combining Equations (2) and (3) yields the following:

Iy = a-cos(2mft) @)
Ig = a-sin(27fut)
The analytic signal is constructed from I, and Ig, as shown in Equation (5).
L =1Iy+Igi ®)

where I, is the constructed complex signal.

The instantaneous amplitude and instantaneous phase are obtained by calculating the
mode and amplitude angle of the constructed analytic signal. The mode and amplitude
angles of I, are obtained as follows:

L| = \/L* + Ig* = a(t)

arg(I;) = tan™! <?j> =27 fmt = @(t)

where a(t) is the instantaneous amplitude and ¢(t) is the instantaneous phase.
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The instantaneous frequency is the reciprocal of the instantaneous phase, i.e.,

Flt) = 52000 @)

where f(t) is the instantaneous frequency.

The instantaneous amplitude and instantaneous frequency are the instantaneous infor-
mation of the multi-sensor information fusion of the three-phase current signal, reflecting
the comprehensive characteristics of the three-phase current.

2.3. Calculation of Coefficient of Variation

The coefficient of variation (C.V.) is the ratio of the standard deviation value to the
mean value, which reflects the degree of variation of each observation. The coefficient of
variation is a dimensionless statistic.

The mean value y is shown in the following equation.

_ Z?:l Xi
p==El ®)
where x; is the i-th data and 7 is the data length.

The sample standard deviation value ¢ is shown in the following equation.

Xt (xi - .“)2
o= p— 9)
From the definition of the coefficient of variation, the coefficient of variation ¢y is
obtained by associating Equations (8) and (9):

, =2 10
0= (10)

The coefficient of variation is defined only when the mean is not zero and is usually
used when the mean is greater than zero. The coefficient of variation measures the fluc-
tuation of the overall data. By calculating the coefficient of variation of the instantaneous
frequency and instantaneous amplitude, the fluctuation status can be analyzed.

Both instantaneous amplitude and instantaneous frequency are basic features of a
signal and can be used to analyze the characteristics and variation patterns of a signal.
The coefficient of variation of the instantaneous information (instantaneous frequency and
instantaneous amplitude) of the motor current, reflecting the instantaneous amplitude and
instantaneous frequency fluctuations, can reflect the symmetry of the three-phase current
signal during motor operation.

3. Simulation Analysis and Experimental Verification
3.1. Three-Phase Unbalance Simulation and Analysis under Amplitude Deviation and
Phase Deviation

In this section, simulation experiments are conducted to adjust the deviations of single-
phase amplitude and phase and to analyze and discuss the effects of different amplitude
and phase deviations on the three-phase unbalance. The simulated signal is shown in
Equation (11). When there is no deviation, the three-phase current amplitude is set to
0.5 A, the signal fundamental frequency is 100 Hz, and the U-phase, V-phase, and W-phase
phases are 27t/3, 0, —271/3, respectively. The sampling frequency is 20 kHz.

I, = a-cos(2m fprt + 60y)
I, = a-cos(2mfpt + 6y) (11)
Iy = a-cos(27 fpt + O)
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where 4 is the signal amplitude, f) is the signal fundamental frequency, 6 is the signal
phase, I, I,, and I, are the U-phase, V-phase, and W-phase current signals, respectively,
and 0,, 8, and 0, are the U-phase, V-phase, and W-phase current phases, respectively.

The following subsubsections analyze the amplitude deviation effect and phase devia-
tion effect, respectively.

3.1.1. Effect of Amplitude Deviation

For Equation (11), the U-phase current amplitude a is adjusted from 0.5 A to 1.5 A at
0.1 A intervals, where the U-phase amplitude is 0.9 times and 1.1 times the balanced three-
phase current signal, as shown in Figure 2. The instantaneous frequency and instantaneous
amplitude, when the U-phase amplitude is 1.1 times the balanced one, are shown in Figure 3.
Amplitude deviation affects the transient information performance, i.e., fluctuations in
instantaneous frequency and instantaneous amplitude.

a) b) |

05 v 05 v
— W

0 \X/
-0.5 -0.5]

K -1
0 10 20 30 40 50 0 10 20 30 40 50

t/ms t/ms

Current/A
o
%\
Current/A

Figure 2. Three-phase current signal with different single-phase amplitude deviation: (a) U-phase
amplitude is 0.9 times the balanced; (b) U-phase amplitude is 1.1 times the balanced.
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Figure 3. The U-phase amplitude at 1.1 times the balanced: (a) instantaneous frequency; and
(b) instantaneous amplitude.

The U-phase amplitude deviation corresponds to the variation of the instantaneous
frequency coefficient of variation and the instantaneous amplitude coefficient of variation of
the three-phase currents, as shown in Figure 4. The C.V. of the instantaneous frequency and
the C.V. of the instantaneous amplitude increase with an increasing amplitude deviation.

a) 0.3 b) 0.15]

G 02 g 0.1
] (]
© ©

8 04 8 0.05

0 0

-02 -0.1 0 0.1 0.2 -02 -041 0 0.1 0.2
Amplitude bias/A Amplitude bias/A

Figure 4. Different amplitude deviations correspond to the following: (a) Variation in instantaneous
frequency coefficient of variation; (b) variation in instantaneous amplitude coefficient of variation.
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3.1.2. Effect of Phase Deviation

For Equation (11), the deviation value of the U-phase phase 0, is adjusted from —7/3
to 77/3 with an interval of 77/15, where the three-phase current signal is shown in Figure 5
when the U-phase is 71/15 lagged and 71/15 ahead of the balanced. The instantaneous
frequency and instantaneous amplitude when the U-phase phase is 7r/15 ahead of the
relative balance are shown in Figure 6. Phase deviation affects the transient information
performance, i.e., fluctuations in instantaneous frequency and instantaneous amplitude.

a) b)

u
0.5 v 0.5 v
< — W < — W
C C
2 o 2 o
e} a
05 0.5
-1 -1
0 10 20 30 40 50 0 10 20 30 40 50
t/ms t/ms

Figure 5. Three-phase current signals with different single-phase phase deviations: (a) U-phase is
7t/15 lagged after the balanced; (b) U-phase is 71/15 ahead of the balanced.
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Figure 6. The phase of the U-phase current is 7t/15 ahead of the balanced: (a) instantaneous frequency;
and (b) instantaneous amplitude.

The U-phase phase variation corresponds to the variation in the instantaneous fre-
quency coefficient of variation and the instantaneous amplitude coefficient of variation of
the three-phase currents, as shown in Figure 7. The C.V. of the instantaneous frequency
and the C.V. of the instantaneous amplitude increase with an increasing phase deviation.

a) 0.6 b) 0.3

G 04 g 02
o (o)
5 k5
802 8 0.4
0 0
-1 05 0 0.5 1 -1 05 0 05 1
0 bias/rad 0 bias/rad

Figure 7. Different phase deviations correspond to the following: (a) variation in instantaneous

frequency coefficient of variation; (b) variation in instantaneous amplitude coefficient of variation.

The deviation of amplitude and phase in the three-phase current affects the instanta-
neous state. From Figures 4 and 7, it can be seen that for both amplitude deviation and
phase deviation, the coefficient of variation increases as the deviation increases. Comparing
Figures 4 and 7, it can be seen that both amplitude distortion and phase distortion lead to
changes in the instantaneous frequency variation coefficient and instantaneous amplitude
variation coefficient, i.e., the instantaneous information variation coefficient increases when
the deviation from the three-phase balance state increases. The unbalance of a phase current
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affects the time domain characteristics of the instantaneous amplitude and instantaneous
frequency extracted from the three-phase current. The proposed method converts the three-
phase signal to obtain the instantaneous information characteristics, which can analyze the
unbalance situation more comprehensively and intuitively.

The symmetrical components method is used to obtain the three-phase voltage/current
vector through FFT, transform the amplitude and phase, and analyze the amplitude of
its negative sequence component in the case of amplitude deviation and phase devia-
tion [23]. Since this paper examines the effects of current, the equation can be expressed as
Equation (12). For comparison, the coefficient is not multiplied by 100.

_ b

F=2
I

(12)
where [ and I, are the positive and negative vector components of the current, respectively.

The results are shown in Figure 8, and it can be seen that the symmetrical components
method has the same trend as the method proposed in this paper.

0 0.4
a) b)

= 03
0.2 S
3 0

b= £02
Q [}

8 0.1 3 o

0 0

-0.2 -0.1 0 0.1 0.2 -1 -0.5 0 0.5 1
Amplitude bias/A © bias/pi

Figure 8. Analysis of symmetrical components method coefficient changes: (a) symmetrical compo-
nents method coefficient changes corresponding to different amplitudes deviations; (b) symmetrical
components method coefficient changes corresponding to different phase deviations.

Analyzing the main part of the algorithm proposed in this paper, the time complexity
of the Park vector demodulation method is O(n), where n is the data length. For the
symmetrical components method, the phase and amplitude of the three-phase current
are mainly obtained by FFT. Ignoring the low-order components, the time complexity is
approximately O(nlogn), where n is the data length.

The simulation experiment uses Matlab R2020b, the CPU is Intel Core i5-2400
(3.1 GHz), and the memory is 8 GB (1333 MHz). The number of sampling points is
N = 1000, the single calculation time for Park vector demodulation calculation am-
plitude analysis is 0.344 + 0.096 ms, and the calculation time of the phase analysis
single is 0.235 £ 0.042 ms. The single calculation time of amplitude analysis us-
ing the symmetrical components method is 13.407 £ 0.607 ms, and the single cal-
culation time of phase analysis is 12.609 4+ 0.294 ms. The calculation time of the
main part of the method proposed in this paper is less than that of the symmetrical
components method.

3.2. Simulation and Analysis of Three-Phase Unbalance with Continuous Change in Amplitude

This subsection simulates the unbalance of the continuous change in amplitude,
and the simulation signal is shown in Equations (13) and (14). The three-phase current
amplitude is 0.5 A, the signal fundamental frequency is 50 Hz, the U-phase, V-phase, and
W-phase are 27t/3, 0, and —27t/3, respectively, A; changes with time linearly from 1.1 to
1.3, and the sampling frequency is 20 kHz.

I, = a-cos(27fyt + 0y)-As
I, = a-cos (27 fat + 65) (13)
Iy = a-cos(27 fpt + Ow)

Ar=g+ht (14)
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where 4 is the signal amplitude, f) is the signal fundamental frequency, 6 is the signal
phase, I, I,, and I, are the U-phase, V-phase, and W-phase current signals, respectively,
and 0,, 8, and 0, are the U-phase, V-phase, and W-phase current phases, respectively; A;
is the amplitude time-varying signal, g is constant, and / is the rate of change.

The three-phase unbalanced current signal with a continuous change in amplitude is
slid, and the sliding window sizes are 100 ms and 50 ms, respectively, as shown in Figure 9.

o
p—g

Current/A
o

(o3
Nt
N
c

Current/A
o

0 100 200 300 400 500
t/ms

Figure 9. Different sliding window sizes for three-phase unbalanced current signals with continuous
changes in amplitude: (a) the sliding window size is 100 ms; (b) the sliding window size is 50 ms.

The coefficient of variation results for instantaneous frequencies and instantaneous
amplitudes under different sliding window sizes are shown in Figures 10 and 11.

a) 0.15 0.1

o
~

& 0.05 °

Coefficient
°
Coefficient

0.1 02 03 04 05 0.1 02 03 04 05
t/ms t/ms

Figure 10. Analysis of three-phase unbalance with continuous amplitude variation using the method
of this paper when the sliding window size is 100 ms: (a) the C.V. of the instantaneous frequency;
and (b) the C.V. of the instantaneous amplitude.

a) 0.15 b) 0.1

0.1 L4

Coefficient
°
°
Coefficient
o
o
(9]
°

°
0.05re

0.1 02 03 04 05 0.1 02 03 04 05
t/ms t/ms

Figure 11. Analysis of three-phase unbalance with continuous amplitude variation using the method
of this paper when the sliding window size is 50 ms: (a) the C.V. of the instantaneous frequency; and
(b) the C.V. of the instantaneous amplitude.

As can be seen from Figures 10 and 11, for the unbalanced signal with a continuous
change in amplitude, the coefficient of variation value of the instantaneous information
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increases as the unbalance increases. When reducing the sliding window size, the proposed
method can still characterize the change in the unbalance. For the symmetrical components
method, three-phase unbalance is analyzed as shown in Figure 12a. The results are not
accurate when the sliding window size is smaller, as shown in Figure 12b. In addition, the
frequency resolution of FFT will be affected by the number of sampling points.

[S)
p—
o

b) 25
2

Coefficient
o
o
(6]
[ ]
Coefficient
~ b

o
3

01 02 03 04 05 01 02 03 04 05
t/ms t/ms

Figure 12. Analysis of three-phase unbalances with continuous amplitude variation using the
symmetrical components method when the sliding window size is as follows: (a) 100 ms; (b) 50 ms.

For a better test of the effect of the sliding window size (the number of sampling
points) on the analysis of three-phase unbalance and the analysis of the effect of integral
period sampling, the starting points of the U, V, and W phase current signals (¢ = 0) were
selected and fixed, with data of different lengths, and the FFT was calculated to obtain
the phase at the maximum amplitude (fundamental frequency), with the results shown
in Figure 13. Since the original simulated signal used in this section is in sine form and
the FFT calculation using Matlab gives the cosine form with a difference of 90°, the phase
calculated by the FFT is obtained by subtracting 90° from the phase of the original signal.

a) 150
100

l)) 50

0b—

c) 200 — T T T

100
50 -50

0

Phase/°
Phase/°
Phase/°

-100

-150 -100

T
|
| |
| |
| |
| |
| |
| |
| |

T T
! \
| I | |
! \ \ !
| | | I

\ ! | \ \ !
I | | I | I
\ ! ! ! \ !
J ‘ -200 ‘ J -200 J ‘
0 400 800 1200 1600 0 400 800 1200 1600 O 400 800 1200 1600
N N N

Figure 13. The phase corresponding to the fundamental frequency is obtained using FFT for different
data points: (a) U-phase, (b) V-phase, (c) W-phase.

The signal integral period T = 20 ms and its multiples Ty, (i.e., when the data point is
400 and its multiples), where n is the number of multipliers, as marked by the dashed line
in Figure 13. The results of the 20 ms sliding window are shown in Figure 14, where both
the proposed method and the symmetric component method can reflect the change in three-
phase unbalance. The results of the 10 ms sliding window are shown in Figure 15, where
the length of the sliding window is less than the integral period Ty, and the FFT calculation
results required by the symmetrical components method have spectral leakage, and the
amplitude and frequency obtained are inaccurate, making the results of the symmetrical
components method inaccurate. Similarly, as shown in Figure 12b, the 50 ms sliding
window (2.5 times T7) is not a multiple of the integral period of the signal, and there is a
difference between the calculated phase and the phase calculated at the integral period, so
the results of the symmetrical components method cannot truly reflect the change in the
three-phase unbalance. For the method proposed in this paper, the change in three-phase
unbalance can still be reflected under the sliding window of 10 ms.
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Figure 14. The sliding window is 0.02 s: (a) the C.V. of the instantaneous frequency; (b) the C.V. of
the instantaneous amplitude; (c) the symmetrical components method.
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Figure 15. The sliding window is 0.01 s: (a) the C.V. of the instantaneous frequency; (b) the C.V. of
the instantaneous amplitude; (c) the symmetrical components method.

For the choice of window width, it can be no less than the integral period, i.e., the
inverse of the instantaneous frequency of the signal. The method proposed in this paper
does not require the window length to be chosen as a multiple of the integral period
and has better window length adaptability. In summary, compared with the symmetrical
components method, the proposed method can still analyze the three-phase unbalance
with fewer data points (smaller sliding window size).

The switching frequency of the converter generates noise [24,25]. Based on
Equations (13) and (14), the analysis of the effect of switching noise is simplified by
using the switching frequency superimposed on random noise, as shown in the follow-
ing equation. The high-frequency signal amplitude is set to 0.02 times the fundamental
frequency signal amplitude, the switching frequency is 1 kHz, the initial phase is
0 rad, and the random noise amplitude is 0.01 times the fundamental frequency
signal amplitude.

I, = a-cos(2mfprt + 0,,)-Ar + b- cos(2m fyt + 0,n) + c-noisey,
I, = a-cos (27t fat + 0y) + b- cos(27t fnt + O,N) + c-noise, (15)
Iy = a-cos(27t fprt + Oy) + b- cos (27t + 0N ) + c-noiseq

where b is the high-frequency signal amplitude, fy is the switching frequency, 6,n, 6,n,
and 6, are the switching frequency phases, c is the random noise amplitude, and noise,,
noise,, and noisey, are the random noise.

The simulation signal is shown in Figure 16, with the sliding window set to 50 ms.

The FFT values and the total harmonic distortion (THD) of the U, V, and W phase
current signals are calculated separately, and the results are shown in Figure 17 (the fun-
damental frequency amplitude is 100%). For three-phase current signals, high-frequency
signals can be seen on the spectrum, as well as many noise frequencies. For U-phase cur-
rents, many side frequencies are present near the fundamental frequency on the spectrum.
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A

Figure 16. Three-phase unbalanced current signals with continuous changes in amplitude after
adding switching noise: (a) 0 to 500 ms signal, (b) 0 to 50 ms signal, (c) 450 ms to 500 ms signal.
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Figure 17. The FFT results and the THD of the current signals of phases U, V, and W: (a) U-phase;
(b) V-phase; (c) W-phase.

The analysis results of the proposed method are shown in the Figure 18.
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Figure 18. When adding switching noise: (a) the C.V. of the instantaneous frequency; (b) the C.V. of
the instantaneous amplitude.

From the analysis of the above results, and comparing the results without the addition
of switching noise, it can be seen that after the addition of switching noise, the instantaneous
frequency results are affected and the instantaneous frequency coefficient of variation
can hardly reflect the three-phase unbalance change, while the instantaneous amplitude
coefficient of variation can still reflect the unbalance change trend.

3.3. Simulink Simulation and Result Analysis

Using Simulink’s “sps_lib” library, a simulation model is constructed to simulate a
three-phase unbalance by adjusting the resistance of a varistor, as shown in Figure 19
(phases A, B, and C, equivalent to phases U, V, and W). The three-phase programmable
voltage source has an RMS value of 380 V, a phase of 0°, and a frequency of 60 Hz. The
three-phase asynchronous motor (squirrel cage) has an output power of 18.5 kW, an RMS
value of 380 V, a frequency of 60 Hz, and pole pairs of 2. The motor stator resistance and
inductance are 0.597 (2 and 0.001 H, respectively, the rotor resistance and inductance are
0.626 (2 and 0.005 H, respectively, and the mutual inductance is 0.035 H. Resistors R1 and R2
are 0.002 (), R3is 0.001 O, and R4 is 10-kQ). Breaker 1 and Breaker 2 have an interconnection
resistance of 0.001 Q). Breaker 1 is on from 0 s to 27t seconds and 47t seconds to the stop time
and off the rest of the time; breaker 2 is on from 27t seconds to 47 seconds and off the rest of
the time. A sinusoidal signal of amplitude 1, phase of 0 rad, and frequency of 0.5 rad /s
with an instantaneous negative amplitude is set as the value of the variable resistor. The
stop time (duration of the simulation) is 16 s.

<Rotor speed (wm)>
3
<Stator current is_a (A)>

<Stator current is_b (A)>

>

:WB—‘ EI») Tm

R1 A
E+ NN\ ———1

c R2 c

<Stator current is_c (A)>

dq Three-Phase

Programmable
Voltage Source Breaker1

o+ NN ———9 i
Asynchronous Machine
R3 Sl Units

e AN ———9

R4
ﬁ [ ~,i[:]
Discrete
Breaker2 \J M—ui 5e-05s.

Variable Resistor powergui

Figure 19. Simulation of three-phase unbalance by adjusting the resistance of the varistor.

Simulation result data, such as stator currents, were recorded and the three-phase
current signals between 3 and 15 s are shown in Figure 20. Using the method proposed in
this paper to calculate the three-phase current instantaneous information with a sliding
window of 0.5 s, the results are shown in Figure 21.
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Figure 20. Adjusting the variable resistor, the three-phase unbalance amplitude changes: (a) 3-15 s
signal; (b) 3-3.1 s signal; (c) 7-7.1 s signal; (d) 9-9.1 s signal.
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Figure 21. Results of instantaneous information with a sliding window of 0.5 s: (a) instantaneous
frequency; (b) instantaneous amplitude; (c) the C.V. of the instantaneous frequency; (d) the C.V. of
the instantaneous amplitude.

For three-phase unbalance cases with continuously varying amplitudes, the proposed
method can effectively represent the degree of three-phase unbalance variation.

Usually in practical application scenarios, disturbances, such as harmonics, may be
involved in the power supply. The 5th and 8th harmonics are added to the voltage source,
and the harmonics are superimposed on the fundamental signal from a 0.05 s duration to
the stop time. The 5th harmonic is set to a negative sequence with an amplitude of 0.03 of
the amplitude of the main positive sequence component (fundamental frequency voltage)
and a phase of 0°. The 8th harmonic is set to a negative sequence with an amplitude of
0.01 of the amplitude of the main positive sequence component (fundamental frequency
voltage) and a phase of 0°. The three-phase current signal is shown in Figure 22. As can
be seen in Figure 22b, after superimposing the harmonics, it can be seen by comparing
Figure 20b that the three-phase current signal is distorted.
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Figure 22. After superimposing harmonics, the variable resistor corresponding to the change in

amplitude of the three-phase unbalance is adjusted: (a) 3 s-15 s signal; (b) 3 s-3.1 s signal; (¢) 7s-7.1 s

signal; (d) 9 s-9.1 s signal.

The FFT values and the THD of the 34 s signals of phases A, B, and C were calculated
separately, and the results are shown in Figure 23 (the fundamental frequency amplitude is
100%). After superimposing the harmonics, the 5th and 8th harmonics can be seen in the
FFT spectrum, both with a THD of 4.0921%.
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Figure 23. The FFT results and the THD of the 3 s—4 s current signals of phases A, B, and C:

(a) A-phase; (b) B-phase; (c) C-phase.

After superimposing the harmonics, the three-phase current instantaneous information
was calculated using the method proposed in this paper with a sliding window of 0.5 s,
and the results are shown in Figure 24.
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Figure 24. Results of instantaneous information after superimposing harmonics with a sliding
window of 0.5 s: (a) instantaneous frequency; (b) instantaneous amplitude; (c) the C.V. of the
instantaneous frequency; (d) the C.V. of the instantaneous amplitude.

Comparing the instantaneous frequency and amplitude when the resistance of the
variable resistor is not adjusted shows that the calculated instantaneous frequency and
amplitude of the current signal fluctuate after the superimposition of harmonics and that
the coefficient of variation of the instantaneous frequency and the coefficient of variation of
the instantaneous amplitude increase compared to the results when there are no harmonics.
The coefficient of variation of the instantaneous frequency and amplitude varies with
the resistance value during the adjustment of the variable resistor. The superimposed
harmonics cause signal distortion, resulting in fluctuations in the instantaneous frequency
and instantaneous amplitude.

The total harmonic distortion can reflect the non-sinusoidal waveform state and
analyze the degree of harmonic pollution. The transient information changes caused by
harmonics can be considered for analysis as a power quality state. Even if harmonics are
superimposed, the proposed method can still reflect the change in the unbalance trend for
three-phase unbalance caused by changes in amplitude.

3.4. Experimental Validation and Analysis

The main components of this section of the test bench are shown in Figure 25, which
are mainly composed of an inverter, motor, phase controller, gearbox, magnetic powder
clutch, and other components, of which the motor is replaceable. The current sensor was
clamped to the motor power input, model Fluke i200 s, 100 mV /A range. The sensor data
were collected using a NI-USB 9234 data acquisition card. The sampling frequency was
3200 Hz. The speed (rotational frequency) settings were 5 Hz, 10 Hz, 15 Hz, and 20 Hz. The
fault motor is a motor with voltage unbalance and a single phase (abbreviated as MVUSP).

Adjustment of the motor current three-phase unbalance is achieved by rotating the
phase controller knob, gradually adjusting it up from small, then adjusting it down, and
then repeating it once. The motor runs at 5 Hz, 10 Hz, 15 Hz, and 20 Hz, and the three-phase
current signal obtained by adjusting the three-phase unbalance through the knob is shown
in Figure 26. When the knob is rotated clockwise, the W-phase current amplitude decreases
and the three-phase unbalance increases; when the knob is rotated counterclockwise, the
W-phase current amplitude increases and the three-phase unbalance decreases.
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Figure 25. Gearbox dynamics test bench: (a) composition of the experimental bench; (b) phase
controller; (c¢) current sensor clamping.
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Figure 26. Three-phase current signal to adjust the degree of three-phase unbalance at different
rotational frequencies: (a) 5 Hz; (b) 10 Hz; (c) 15 Hz; (d) 20 Hz.

The segmented signals in different periods (0-1's, 15-16 s, 21-22 s) at a 15 Hz rotational
frequency are shown in Figure 27.
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Figure 27. Three-phase current at 15 Hz rotational frequency of different periods: (a) 0-1's; (b) 15-16 s;
(c) 21-22s.

The sliding window size is 1 s. The instantaneous frequency and instantaneous
amplitude at 15 Hz are shown in Figure 28. The results of the C.V. of the instantaneous
information are shown in Figure 29. The results of the symmetrical components method
are shown in Figure 30. Comparing Figures 29 and 30, it can be seen that the C.V. of the
instantaneous frequency and the C.V. of the instantaneous amplitude have the same trend
as the three-phase unbalance results calculated using the symmetrical components method
as the 1 s sliding window.
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Figure 28. Instantaneous information at a 15 Hz rotational frequency: (a) instantaneous frequency;
(b) instantaneous amplitude.
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Figure 29. The results of the proposed method at a 15 Hz rotational frequency: (a) the C.V. of the
instantaneous frequency; (b) the C.V. of the instantaneous amplitude.

The C.V. of the instantaneous frequency and the C.V. of the instantaneous amplitude
were calculated for the three-phase unbalanced signals at 5 Hz, 10 Hz, and 20 Hz rotational
frequencies, respectively, with a sliding window size of 1 s. The results are shown in
Figure 31. Comparing the C.V. of the instantaneous frequency, the C.V. of the instantaneous
amplitude, and symmetrical components method coefficients at the same rotational fre-
quency, it can be seen that they have similar trends and are consistent with the results at a
15 Hz rotational frequency. The above results show that both the proposed method and the
symmetrical components method can reflect the change in the three-phase unbalance.



Appl. Sci. 2023,13, 6127

19 of 23

Coefficient

t/s

Figure 30. The results of the symmetrical components method at a 15 Hz rotational frequency.

0.7 03 05
a) b) c)
04
= z 028 '
G 06 k5 S
e S 02 S 03
= & =
© © © 02
805 8 0.15 8™
01
01
04 0
0 20 40 60 0 20 40 60 0 20 40 60
t/s tls t/s
07 0.3 05
d) e) f)
0.4
+—= 0.6 €z -
C o c
2 3 %7 503
& 0.5 £ =
|5} o} |53
8 8 01 8 0.2
04 0.1
0.3 0 0
0 20 40 60 0 20 40 60 0 20 40 60
t/s tis t/s
0.3] ~ 0.5
g) h) i)
. 08 ~ 04
C C C
o 0.2
505 8 S 03
= & &
|5} [} [7
04 02
8 8 0. 8
03 0.1
0 0 0
0 20 40 60 0 20 40 60 0 20 40 60

t/s t/s tls

Figure 31. Adjustment of three-phase unbalance at different rotational frequencies, with the results of
this paper’s method and symmetrical components method (the C.V. of the instantaneous frequency,
the C.V. of the instantaneous amplitude, and the symmetrical components method), while the sliding
window size is 1 s: (a—c) 5 Hz; (d-f); 10 Hz; (g-i) 20 Hz.

The effects of different sliding window lengths on the method proposed in this paper
and the symmetrical components method are analyzed as follows. For the three-phase
unbalanced signal at a 15 Hz rotational frequency, its single-phase signal period is 1/15 s
(about 0.067 s). Considering the sampling frequency at the same time, the sliding window
sizeis setto0.2s,0.1s,0.05s, and 0.02 s, respectively, and the results are shown in Figure 32.
By analyzing Figures 29, 30 and 32a—c, it can be seen that the results of the 0.2 s sliding
window are similar to those of the 1 s sliding window. As the sliding window size decreases,
the instantaneous frequency coefficient of variation and instantaneous amplitude coefficient
of variation can still reflect the three-phase unbalance change well when the sliding window
sizeis 0.1 s, but the symmetrical components method has been unable to correctly reflect the
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three-phase unbalance change. When the sliding window is 0.05 s and 0.02 s, although the
C.V. of the instantaneous frequency and the C.V. of the instantaneous amplitude fluctuate
more, the trend of three-phase unbalances can still be seen. The accuracy of the fast Fourier
(FFT) calculation results for single-phase currents in the symmetrical components method
is affected when the sliding window size is too small. That is, the solved amplitude and
phase have large errors, and the positive-sequence, negative-sequence, and zero-sequence
are inaccurate, thus affecting the final results. From the above analysis, it can be seen that
when the sliding window size is small, the proposed method in this paper can still reflect
the change in the three-phase unbalances better than the symmetrical components method.
However, when the sliding window size is too small, the deviation of the result of the C.V.
of the instantaneous information value increases and affects the analysis.
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Figure 32. Analysis of different sliding window sizes at a 15 Hz rotational frequency, the results of
this paper’s method and symmetrical components method (the C.V. of the instantaneous frequency,
the C.V. of the instantaneous amplitude, and the symmetrical components method): (a—c) 0.2 s sliding
window; (d-f) 0.1 s sliding window; (g—i) 0.05 s sliding window; (j-1) 0.02 s sliding window.

The mean value of the instantaneous frequency obtained using the proposed method
in this paper can be used as a reference for selecting the appropriate sliding window. When
the size of the sliding window is too small (less than the reciprocal of the mean value of the
instantaneous frequency), the degree of fluctuation of the obtained coefficients increases.

The single sliding window calculation times at different rotational frequencies are
analyzed for sliding window sizes of 1 s and 0.2 s, respectively. The calculation is carried
out using Matlab R2021b. The CPU used is an Intel Core i7 12700H (base speed 2.3 GHz),
and the memory is DDR5 16 GB (4800 MHz). The test was repeated five times, and the mean
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value of the test results was counted, as shown in Table 1. For a 1 s sliding window, the
calculation time of the proposed method in this paper is 0.022 & 0.004 times the symmetrical
components method, and for a 0.1 s sliding window, the calculation time of the proposed
method in this paper is 0.036 = 0.002 times the symmetrical components method. The
computation time of the proposed method in this paper is less than that of the symmetrical
components method, i.e., the computation is faster.

Table 1. The single sliding window calculation time at different rotational frequencies.

1 s Sliding Window 0.2 s Sliding Window
The Proposed Method The Symmetrical The Proposed Method The Symmetrical
in This Paper (s) Components Method (s) in This Paper (s) Components Method (s)
5Hz 0.000238 0.010089 0.000078 0.002203
10 Hz 0.000175 0.010281 0.000079 0.002151
15 Hz 0.000218 0.010082 0.000084 0.002157
20Hz 0.000276 0.010133 0.000072 0.002143

In summary, it can be seen that the three-phase unbalance analysis method based on
the instantaneous amplitude coefficient of variation and instantaneous frequency coefficient
of variation of three-phase currents requires a smaller sliding window size and faster
calculation speed compared to the symmetrical components method. If the sliding window
is too small, the results of the proposed method will fluctuate, resulting in an inaccurate
analysis, and the appropriate sliding window (greater than the reciprocal of the mean
value of the instantaneous frequency) can be selected based on the mean value of the
instantaneous frequency.

4. Conclusions

This paper proposes a three-phase unbalanced analysis method based on the instan-
taneous information of the motor current. The basic process is as follows: obtain the
three-phase current signal, construct the phase shift signal via vector demodulation to
obtain the instantaneous frequency and instantaneous amplitude of the current signal,
calculate its coefficient of variation, and compare and analyze the performance of instanta-
neous information characteristic coefficients under the three-phase unbalance condition.

Simulation experiments are conducted to analyze the effects of amplitude deviation
and phase deviation on the variation coefficients of the instantaneous frequency and
instantaneous amplitude, respectively. The continuous change in a three-phase unbalance
amplitude is simulated, and its instantaneous performance is analyzed. Compared with the
symmetrical components method, the proposed method can still analyze the three-phase
unbalance with a smaller sliding window size. Simulation results show that switching
noise will affect the C.V. of the instantaneous frequency, while the C.V. of the instantaneous
amplitude can still reflect the unbalance change trend. When harmonics are superimposed,
the proposed method can still reflect the change in the unbalance trend for three-phase
unbalance caused by changes in amplitude.

The experimental verification analyzes the instantaneous frequency and instantaneous
amplitude coefficient of variation characteristics when comparing and analyzing the contin-
uous change of the three-phase unbalance of the motor at different speeds. Simulations and
experiments show that the proposed method in this paper can analyze motor three-phase
unbalance faults.

Advantages: The instantaneous information of the three-phase current is obtained
through Park vector demodulation, the calculation result is similar to the trend of the
symmetrical components method, the time complexity of this method is smaller than that
of the symmetrical components method, and a smaller sliding window is required.
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