Sensors and Materials, Vol. 34, No. 10 (2022) 3727-3738 3727
MYU Tokyo

S &M 3072

Adaptive-wavelet-filtering-based Stator Current Zero-crossing
Detection Method for High-speed Micromotor

Zhang Chengbo,! Cui Yuguo,'* Li Jin-bang,! Liu Xiaoming,' Liu Kai,? and Lou Zhiwei?

ISchool of Mechanical Engineering and Mechanics, Ningbo University,
No. 818, Fenghua Road, Jiangbei District, Ningbo, Zhejiang 315210, China
2Ningbo WTOO Machinery and Technology Co., Ltd.
Phase 12, No. 139, Zhishufang North Road, Zhenhai District, Ningbo, Zhejiang 315211, China

(Received July 6, 2022; accepted August 26, 2022)

Keywords:  high-speed micromotor, speed measurement, stator current method, adaptive wavelet

denoising, zero-crossing detection

The speed measurement of a high-speed micromotor often requires speed sensors, increasing
the complexity and cost of the system. To solve this problem, a high-speed micromotor
measurement method without a position sensor is proposed in this paper. A current probe is used
to obtain the current signal of the high-speed micromotor. The collected signal is processed by
adaptive wavelet filtering for noise reduction, and zero-crossing detection is used to calculate the
frequency of the signal after noise reduction, so as to calculate the motor speed in real time. A
photoelectric optical fiber sensor is used to verify the accuracy of motor speed measurement
results. The results show that the difference between the speed measured by proposed method
and the speed measured by the photoelectric optical fiber sensor is only 0.4%. This method is
expected to be widely applied in the fields of motor performance detection and motor fault
diagnosis.

1. Introduction

With the continuous progress and rapid development of science and technology, high-speed
micromotors are playing an increasingly important role in aerospace,! medical devices,*>
precision machining,®7) and other fields. The stability of motor speed has a significant impact
on system performance.

Motor speed is an important parameter of motor performance indicators, and changes in
motor load, current, voltage, efficiency, and so forth affect the actual speed of a motor. At
present, the commonly used motor speed measurement methods are mainly divided into
synchronous measurement, counting measurement, and analog measurement. The synchronous
measurement method uses the known frequency to measure the rotational speed synchronously
with the rotation of the rotating body.®) For example, a special power supply with an adjustable
pulse frequency is added to a flash, so that the flash illuminates the rotating part of the motor
fan. Then, the pulse frequency is adjusted so that the motor fan appears stationary. At this
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moment, the pulse frequency is synchronized with the rotation frequency of the motor. The
counting method calculates the rotational speed by counting pulses. Common pulse-generating
devices include photoelectric encoders® and giant magnetoresistance sensors,® and there are
different processing methods for pulse signals generated at different speeds. If the motor is
operating at a high speed, then the frequency measurement method (M method) is used, which
has a relatively low error at high speeds.(!? If the motor is operating at a low speed, the period
method (T method) can be used, although the measurement accuracy decreases with increasing
motor speed for the T method. If the motor speed is in a relatively wide range, a modified M/T
method can be used to reduce the error by synchronizing the speed pulses and high-frequency
counting pulses to the greatest extent possible.(!") The analog measurement method is an indirect
method of measuring the motor speed that involves measuring physical quantities that change
when the motor is rotating, for example, by analyzing the vibration signal, sound signal, and
stator current signal of the motor to extract the frequency components of the speed from them
and calculate the speed of the motor.(!2 Although vibration detection technology has been used
for a long time and the solution is mature, the disadvantages of the method are becoming
increasingly apparent, such as the inconvenience of installing vibration sensors and the fact that
the vibration signal is affected by mechanical resonance and machine noise during the
measurement process. The use of an acoustic signal is a non-contact method for measuring
motor speed, which also has the advantages of simple equipment, flexible sensor installation,
and easy access to the signal.(!3 However, the sound signal is easily affected by external
interference. The motor stator current method is also a non-contact measurement method, in
which the winding signal of the motor stator is collected by a current probe, and the collected
current signal is analyzed spectrally to determine the motor speed.(!*!13) This method can make
up for the shortcomings of the traditional vibration and acoustic signal detection methods and
can markedly reduce monitoring and detection costs.(1®)

In analog measurement, the intermediate-frequency component of the collected signal is
generally obtained to calculate the motor speed. Many methods are used for measuring the
frequency of signals, among which the fast Fourier transform (FFT) method is used to solve the
signal frequency; this method is not only stable and reliable but also accurate. However, if only
the frequency of the collected signals is measured, there is no need to use such a complex and
computationally expensive method as FFT. The zero-crossing detection method is a classical
modulation domain analysis method. It has a simple principle and a convenient calculation
process and is effective for modulation systems with a single carrier frequency and linear
frequency modulation signals. However, for this method to be effective, the collected signals
should not contain a large amount of noise interference.

To improve the frequency calculation accuracy of the zero-crossing detection method, it is
necessary to denoise the collected signal. The Fourier transform is an essential method of
analysis in the field of signal processing . However, it cannot effectively handle nonlinear
signals, and there is a tradeoff between suppressing noise and protecting effective signals, which
cannot meet the needs of noise reduction. With the progress of research, wavelet transform
theory has been replacing the Fourier transform in the field of signal processing. The wavelet
transform gives good time-frequency characteristics and can decompose signals of different
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frequencies in non-stationary signals into non-overlapping frequency bands. It also has the
advantages of local time-frequency characteristics, flexible selection of wavelet bases, and high
calculation speed. Wavelet denoising can effectively remove noise, preserve the original signal,
and improve the signal-to-noise ratio of the signal. In this paper, a motor speed measurement
scheme based on motor stator current is proposed. First, the current signal of the motor stator
winding is acquired by a current probe, then the adaptive wavelet transform is used to reduce the
noise of the acquired signal, and the zero-crossing detection method is used to calculate the
frequency of the noise-reduced signal. Finally, the motor speed is calculated using the frequency
of the signal. The zero-crossing detection method is used to calculate the frequency of the motor
stator winding signal, which is not only accurate, but also simplifies the calculation steps.

2. Measurement Principle
2.1 Stator current method of speed measurement

Motor stator current analysis (MCSA) can not only measure motor speed but also diagnose
motor faults.!17) In addition, it has two advantages. In addition, it has two advantages: 1) MCSA
is simple to perform, as shown in Fig. 1, and only the stator winding wire of the synchronous
motor must be placed in the current sensor during measurement. 2) MCSA has little effect on the
motor itself and is a non-immersion method.

Therefore, in this study, the motor speed is measured by analyzing the spectral characteristics
of the stator current signal. The motor speed in a synchronous motor is consistent with the
rotating magnetic field generated in the stator winding of the motor; thus, the motor speed » can
be obtained as follows by measuring the rotational speed of the rotating magnetic field:

nzﬂ. (1)
p
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Fig. 1. Schematic diagram of the current analysis method.
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Here, p is the number of poles of the motor and f'is the voltage frequency on the stator winding.
When the motor is running, the motor wire stator winding passes through the front of the current
probe and induces an electric potential inside the current probe. The current probe internally
outputs an inverted compensation current that depends on the generated electric potential to
make the magnetic field in the current probe zero. Therefore, the output compensation current
frequency is the same as the actual current frequency.

2.2 Zero-crossing method of frequency measurement

From Eq. (1), the rotational speed of the motor is closely related to the frequency of the motor
stator current signal. The frequency of the signal is usually calculated using FFT. However,
when a large amount of data is processed by FFT, there is a lag due to the non-real-time
treatment. Therefore, we need a method that can quickly and accurately detect the main
frequency of the stator-induced current. The motor stator current signal is sinusoidal. The signal
frequency can be derived by calculating the number of times the signal passes the zero point per
unit time or the time difference between two adjacent points where the signal passes the zero
point. Let two adjacent points be #; and n,,;, as shown in Fig. 2. If n; is positive and 7, is
negative, the number of lower crossing points in the signal is denoted down; conversely, the
number of upper crossing points in the signal is denoted up. In a stator current signal with
sampling time ¢, the frequency f of the stator current signal can be expressed as

Ngown +nup 1
- - 2
A S <) @
where the sampling time ¢ is expressed as
N
t=—. 3
Js

Here, f is the sampling frequency of the digital signal and # is the length of the collected signal.
We thus obtain

_ Rown T 1

f 2 up X%, (4)

Compared with FFT, the zero-crossing method reduces the computational effort and
improves the calculation speed of the signal frequency. However, the zero-crossing method
requires a high signal-to-noise ratio for the acquired signal. If the signal is mixed noise, it
directly affects the judgment of the zero-crossing method, resulting in differences between the
measured and actual signal frequencies. Therefore, noise reduction is needed to improve the
quality of the acquired signal frequencies.
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Fig. 2. (Color online) Schematic diagram of zero-crossing detection method.

3. Denoising of Stator Current Signal

In the actual measurement process, the accuracy of the zero-crossing method is decreased by
the motor vibration and current noise superimposed on the signal collected by the current probe.
Wavelet filtering has good time-frequency characteristics to focus signal details, and it can
effectively filter out the noise of other frequencies superimposed on the measured signal
frequency.!® To reduce the noise interference, we designed a wavelet denoising algorithm with
an adaptive threshold.

The hard threshold function is

~

Wik w22
Wik =

)

0, ‘Wj,k‘</1

and the soft threshold function is

Jo a2z

0, [wj ] <2

sen(w;)(|wyx =4 o

Wik =

where Wik denotes the original wavelet coefficients, 4 is the threshold, vAvj,k denotes the wavelet
coefficients obtained after intra-threshold function processing, and sgn( ) is a symbolic function
that returns the positive and negative arguments.

The hard threshold function is discontinuous in the interval [, /], and the reconstructed
signal exhibits ringing and the pseudo-Gibbs phenomenon. The soft threshold function is
continuous in the interval [, 1]. However, when the mode is larger than the threshold 4, w; ;, and
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ﬁ/j,k always have a constant deviation, causing a difference between the reconstructed signal and
the real signal. To choose the threshold function reasonably, we design a threshold function
between the hard and soft threshold functions in this study. The adaptive thresholding function
is

w; i —0.5sgn(w; ;) ‘ ‘ ‘ k‘>/1
NOv 42 ) = - o ™
O.Ssgn(wj,k)w, \ k‘<ﬂ,
Js

where m; is a variable exchange value.

m; can be a continuous real number greater than 1. When m; = 1, the adaptive threshold

J
function is very close to the soft threshold function. When m; > 10 the function is very close to
the hard threshold function. The adaptive threshold processing function obtains threshold
functions suitable for wavelet coefficients at different scales by adjusting m;, which is related to

the energy at the scale of the wavelet decomposition.

Z, ®)
lj
Here, m; € (L11]; when j = 1, m; = 11, and as j increases m; decreases. E,, Zdzl o
1 N- 1
E,~2E,, E, ~2—]En ~de 1o and Ey ;= Zd ks D is the energy component of a
k=0 k=0

high-frequency signal.

With increasing number of decomposition layers, the noise component of the wavelet
coefficients decreases and the threshold value should decrease gradually. The fixed stratification
threshold appears biased and cannot effectively handle wavelet coefficients on different
decomposition layers. Therefore, an improved threshold is derived on the basis of the fixed
threshold.

(=2 o)

In(j+1)

Here, j is the number of decomposition layers, but most of the noise is at the highest level, sub

-high level, so & is as follows:
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The processed wavelet coefficients are reconstructed by an inverse transform, and the filtered
signal s’(n) is obtained. White noise is superimposed on the sinusoidal signal to simulate the
signal collected by the current probe, and the general and adaptive threshold function are
separately used to denoise the analog signal. Figure 3 shows a comparison of the noise reduction
effects of the hard and adaptive threshold functions.

It can be seen from the above analysis that the signal processed by the wavelet universal
threshold denoising function has multiple transition points near the zero point, reducing the
accuracy of the zero-crossing method. However, the signal processed by the adaptive threshold
denoising function can effectively restore the original signal.

4. Experimental Verification
4.1 Experimental system composition

Figure 4 shows the experimental device we used for measuring and verifying the speed of a
high-speed micromotor. It consists of a miniature motor (LEXY F6), motor controller,
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Fig. 3.  Wavelet threshold denoising simulation. (a) Original signal with white noise, (b) signal denoised by
wavelet hard threshold function, and (c) signal denoised by adaptive threshold function.
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Fig. 4. (Color online) Speed measurement and speed verification device for ultrahigh-speed micromotor.

multifunctional data acquisition card (National Instruments, PCI-6221), current probe
(PT710-A), reflective laser sensor (lipoo NFRS-310), and computer. The experimental system
consists of two parts, one for motor speed measurement and the other for motor speed
verification measurement. The speed measurement process in the experiment is as follows. First,
the computer sends a control signal to the motor driver, which causes the motor to rotate. Then,
any wires in the motor stator winding pass through the induction loop of the current probe, and
then the collected current signal is input into the computer through the acquisition card. After
that, the signal noise is reduced by processing using adaptive wavelet filtering. Finally, the zero-
crossing method is used to find the signal frequency after noise reduction and calculate the
motor speed. To verify the method, the motor speed is measured by a reflective optical fiber
sensor (response time 5 ps, maximum measurement speed 200000 rpm). The principle of the
reflective laser sensor is that a laser emitted by a fiber probe is irradiated on the motor fan blade.
When the laser is irradiated on the black part, the beam is absorbed, the sensor does not receive
the reflected beam, and the sensor outputs a low level. Conversely, when the laser is irradiated
on the reflective part, the beam is reflected, the sensor receives the reflected beam, and the
sensor outputs a high level. The change between the high and low levels is transmitted to the
computer by the acquisition card.

In the speed test, the photoelectric method, zero-crossing detection method, and FFT were
used to measure the speed of the motor under the same working condition. The zero-crossing
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method and FFT obtained the signal frequency from the current signal, then the motor speed
was calculated using Eq. (1).

4.2 Measurement results

The signal acquired by the current probe contains various kinds of noise, and the signal
frequency cannot be accurately obtained using the zero-crossing method; thus, the acquired
signal must be processed for noise reduction. In this study, we design an adaptive wavelet
threshold denoising function to denoise the collected current signal. The signals are separately
processed using the hard and adaptive wavelet threshold denoising functions, and the results are
shown in Fig. 5.

By comparing the signal processing results of the two different wavelet threshold denoising
functions, it is found that the signal denoising using the adaptive wavelet threshold denoising
function method is more effective than that by wavelet threshold denoising.

We set up sampling data with different signal lengths and separately calculated the signal
frequencies using FFT and zero-crossing detection to compare the processing ability and
accuracy of the calculated frequencies of the two methods for different signal lengths.

= NIC
b
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Fig. 5. Signal measured by the current probe.- @) Origiz:(:ignal, (;) signal af;er hard wavelet threshold denoising,

and (c) signal after adaptive wavelet threshold denoising.



Computing Time (s)

0.6f

0.2r

3736 Sensors and Materials, Vol. 34, No. 10 (2022)

As can be seen from Fig. 6, regardless of whether zero-crossing detection or FFT is used to
calculate the frequency of the signal, there is a basic operation time. Taking a signal length of
0.05 s as an example, the algorithm using FFT to calculate the signal frequency takes about 0.72
s, whereas the algorithm using adaptive wavelet filtering and zero-crossing detection to calculate
the signal frequency takes about 0.3 s. With increasing signal length, the processing time of the
two methods also increases. When the signal length increases to 1 s, the time required for FFT to
calculate the frequency is 0.83 s, whereas the time required for adaptive wavelet filtering and
zero-crossing detection to calculate the frequency is only 0.41 s. These results show that for the
same signal length, zero-crossing detection requires markedly less time than FFT.

Since the sampling frequency of the signal is 20 kHz, a small signal length may affect the
accuracy of the frequency calculated by FFT. Figure 7 shows the calculated signal frequencies
for different signal lengths.

As can be seen from Fig. 7, the signal frequency calculated by FFT tends to become stable
with increasing signal length. However, the frequency calculated by the zero-crossing detection
method always tends to be stable and does not change with increasing signal length. This shows
that the zero-crossing detection method can accurately calculate the frequency of the signal even
with a small number of sampling data points, whereas the FFT method requires a sufficient
number of sampling points to accurately calculate the frequency of the signal.

In summary, calculating the signal frequency by the zero-crossing detection method has
obvious advantages over calculation by the FFT method. From Fig. 7, when the signal length is
0.5 s, the total time required for adaptive wavelet noise reduction and zero-crossing detection is
less than 0.5 s. Therefore, the speed refresh frequency is set to 2 Hz and the speed is set to 81200
r/min. Figure 8 shows a comparison of the motor speeds measured by the photoelectric method
and calculated by the zero-crossing detection method.

From Fig. 8, the motor speed measured by the photoelectric method is similar to the set motor
speed. Because the motor speed fluctuates within the allowable error range, the real-time speed
of the detected motor is not a fixed value and belongs to the normal error range. It is found that

‘ ; T 2900 :
— “—- FFT method FET
Ir A Zero-crossing detection method | | 28501 Zero-crossing detection method| 7
e e ¥ 2800F
TR S S %
bl *~*‘*’*/* = =k
- 2750+
e K P
N
T 2700
-
2
§ 2650¢
&
£ 2600f,
04 PN VDS SN N
i 2550
25001
2450
( : : ‘ ‘ ‘ ‘ ‘ ; it s ; ; ‘ ‘ ‘
01 02 03 04 05 06 07 08 09 1 001 002 003 004 005 006 007 008 009 01
Signal length (s) Signal length (s)
Fig. 6. (Color online) Comparison of signal Fig. 7. (Color online) Calculated signal frequencies
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Fig. 8. (Color online) Comparison of rotational speeds measured by different methods.

the rotation speed measured by the zero crossing detection method is similar to the rotation
speed measured by the photoelectric method. The maximum difference is 316 r/min, and the
relative error is less than 0.4% when the rotation speed is 81200 r/min.

5. Conclusion

In this study, the motor stator current method is used to measure the motor speed. The motor
stator current signal is first collected using a current probe and input to a computer through an
acquisition card. Then, an adaptive wavelet filter is used to process the signal to reduce the
noise. The frequency of the noise-reduced signal is measured using the zero-crossing detection
method, from which the motor speed is calculated. Finally, the speeds measured by the zero-
crossing detection, FFT, and photoelectric methods are compared, and experimental results
show that the speed measured by the zero-crossing detection method has an error of only 0.4%.
This method has promising applications for closed-loop motor control, motor performance
testing, and fault analysis.
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