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Abstract: Induction motors (IMs) are one of the most widely used motor types in the industry due
to their low cost, high reliability, and efficiency. Nevertheless, like other types of AC motors, they
are prone to various faults. In this article, a low-cost embedded system based on a microcontroller
with the ARM Cortex-M4 core is proposed for the extraction of stator winding faults (interturn
short circuits) and an unbalanced supply voltage of the induction motor drive. The voltage induced
in the measurement coil by the axial flux was used as a source of diagnostic information. The
process of signal measurement, acquisition, and processing using a cost-optimized embedded system
(NUCLEO-L476RG), with the potential for industrial deployment, is described in detail. In addition,
the analysis of the possibility of distinguishing between interturn short circuits and unbalanced
supply voltage was carried out. The effect of motor operating conditions and fault severity on the
symptom extraction process was also studied. The results of the experimental research conducted on
a 1.5 kW IM confirmed the effectiveness of the developed embedded system in the extraction of these
types of faults.

Keywords: induction motor drive; fault diagnosis; stator winding fault; supply voltage unbalance;
ARM Cortex; embedded system

1. Introduction

Induction motors (IMs) are widely used in drive systems due to their low production
costs, high reliability, and optimal efficiency. In today’s industrial landscape, three-phase
IMs dominate and account for over 85% of all electric motor utilization [1]. However,
despite the high reliability and durability of IMs, they are prone to various types of
faults [2]. The most common faults of IMs include bearings, rotor cages, and stator winding
faults. Stator winding faults are highly destructive and account for 36% of the total machine
failures for low-voltage machines and 66% for high-voltage machines [3].

Stator winding faults are mainly short circuits caused by damage to the winding
insulation due to excessive mechanical, thermal, or electrical stresses. There are different
types of short circuits: interturn short circuits (ITSCs), short circuits between the coils in
one phase, phase-to-phase short circuits, and phase-to-ground short circuits. Most often,
a stator winding fault begins with ITSCs and successively spreads from a single turn to
subsequent turns and coils in a very short time, leading to a phase-to-phase or phase-to-
ground fault. The rapid propagation of ITSC is caused by the very high current flowing
in the shorted circuit. For this reason, early and effective detection of this type of fault is
crucial and is still a very important research problem [4].

The efficiency and service life of IMs can also be significantly reduced when operating
under unbalanced supply voltage conditions, which is quite common in the industrial
field [1]. Such conditions can result from a variety of factors, such as unevenly distributed
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single-phase loads, malfunctioning power factor correction equipment in the same power
system, and open circuits in the primary distribution system. An unbalanced supply
voltage causes the increased heating of the stator winding, higher losses, vibration, and
reduced torque output. Most of these negative effects contribute to the shortened lifespan
of IMs [5]. Moreover, supply voltage asymmetry can complicate the process of diagnosing
stator winding faults, since even a small supply voltage unbalance results in a large current
asymmetry, which also occurs due to short circuits [6]. Therefore, detecting and distin-
guishing between stator winding faults and an unbalanced supply voltage is extremely
important to prevent serious failures and increase the reliability and safety of drive systems.
It will also contribute to avoiding motor operation with reduced efficiency, which is crucial
to reduce energy consumption and care for the environment.

The requirements for the safety and reliability of modern drive systems are increasing
every year. This is due in part to the increasing electrification in many industries and
the drive to maximize the lifetime of the equipment. Early detection of a fault can also
make it possible to plan motor overhauls accordingly, which will translate into lower
repair costs, shorter delays, and reduced potential production losses. For this reason, new
diagnostic methods are sought that can be used to diagnose faults at a very early stage of
their propagation.

Over the years, several methods for diagnosing IM stator failure have been devel-
oped [7-11]. These methods are based on various types of diagnostic signals, such as input
voltage [12], stator phase current [13], temperature [14], active and reactive power [15],
vibration [16], and axial flux [17]. To extract the fault symptoms from these signals, signal
processing methods can be used. Among the most popular and highly effective is the spec-
tral analysis of the signal using the Fast Fourier Transform (FFT). Methods that perform the
time-frequency analysis, such as the Short-Time Fourier Transform (STFT) or Continuous
Wavelet Transform (CWT) [18], are also attractive in the AC motors stator winding fault
diagnosis field. Automation of the AC motors stator winding fault detection and classifica-
tion process in recent years has most often been implemented using a variety of artificial
intelligence techniques [19], such as machine learning algorithms [20,21] and deep learning
(DL) [22]. When it comes to computerized diagnostic systems, the fastest growing area
in recent years is the application of DL, especially convolutional neural networks (CNN).
They are not only applied for fault detection and classification [23] but also for predictive
maintenance and remaining useful time estimation [24].

Detection of an unbalanced supply voltage is dominated by methods based on voltage
and current signals. The combination of the wavelet transform and principal component
analysis of the mains current signal for the detection of unbalanced supply voltage, au-
tomated with a support vector machine model, is presented in [25]. The diagnosis and
discrimination of the ITSC and unbalanced supply voltage fault method, based on the
analysis of the ratio of the third harmonic to the fundamental FFT magnitude component of
the three-phase stator line current and voltage, is presented in [26]. An effective approach
for the detection of the supply voltage unbalance condition in IM drives, based on a data
mining process using the amplitude of the second harmonic of the stator current zero
crossing instants as a supply voltage unbalance indicator, is presented in [27]. The online
detection method of the unbalanced supply voltage condition, by monitoring a pertinent
indicator calculated using the voltage symmetrical components, is shown in [28].

Nevertheless, most of the methods proposed in the literature for stator winding and
unbalanced supply voltage diagnosis have been described based on the results obtained
using high-end data acquisition (DAQ) equipment and software, such as LabVIEW or
MATLAB & SIMULINK [12,27,28], the price of which often exceeds the cost of the machine
being monitored. For this reason, the real potential of their industrial deployment is
diminishing, as there is no detailed description of the possibilities of low-cost hardware
implementation. In this article, special attention is paid to analyzing the possibilities and
describing how to apply an embedded system based on a low-budget microcontroller
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with an ARM Cortex-M core to extract the symptoms of the SI stator winding faults and
unbalanced supply voltage.

Embedded systems are used in most modern electronic devices and are a key compo-
nent of them. An embedded system is a type of system that is designed to perform specific
functions, usually in real-time. In recent years, embedded systems that utilize microcon-
trollers have been the most common. This allows the achievement of a high degree of
compactness, responding to increasing demands for the greatest possible miniaturization of
devices. The range of applications of embedded systems is very wide, from special-purpose
on-board systems, and inverters powering electric motors, to household appliances, HVAC,
and many other technical objects [29].

Microcontrollers are small single-chip microcomputers. They are equipped with
a variety of peripherals, which include analog-to-digital converters (ADCs), digital-to-
analog converters (DACs), comparators, counters, communication interfaces, as well as
RAM and Flash memory. In recent years, microcontrollers with the ARM Cortex-M core
have been particularly popular. ARM Cortex-M processors are currently one of the best
choices for a wide range of applications. In the fourth quarter of 2020, ARM reported
a record 4.4 billion chips shipped with Cortex-M processors, confirming their very high
popularity [30]. The Cortex M family is a subset of the Cortex family cores, which in turn
is a subset of the ARM architecture. Semiconductor manufacturers implement selected
versions of the cores, equipping them with peripherals and memory to produce a ready-
to-use microcontroller. ARM Cortex-M-based microcontrollers are characterized by high
reliability, high performance, and affordability [31]

Currently, there is a noticeable lack of research in the literature that deals with embed-
ded, low-cost implementation of AC motor fault diagnosis methods. In [32], the Arduino
board-based system is developed to monitor parameters such as speed, temperature, cur-
rent, and voltage of the one-phase IM. Authors believe that using these parameters, faults
such as over-voltage, over-current, overload, and excessive heating can be detected. In [33],
the 8-bit PIC16F877A microcontroller-based system is developed and programmed in C++
language for the detection of under-voltage, over-voltage, over-current, and line-to-ground
faults of one-phase IMs. The STM32F4V11VET microcontroller-based fault diagnosis sys-
tem is proposed in [34] for the detection of the faults of three-phase IMs. This method
is based on the stator phase current signals measured using MCR1101-20-5 (ACEINNA,
Phoenix, USA) current sensors. It is a promising Al-driven method but requires the current
measurement in each of the three phases and it is not strictly defined; the kind of faults the
system can detect (broken bearings and misalignment) are mentioned. There are also com-
mercial condition monitoring solutions available on the market that are characterized by a
relatively low cost, such as the VB300 G-Force datalogger by EXTECH Instruments, which
records a 3-axis shock and vibration and allows the detection of mechanical damage to IMs
based on the vibration signal. Nevertheless, it also requires additional PC software. No
work has been found that describes a low-cost embedded implementation of an IM stator
winding fault and unbalanced supply voltage diagnosis method based on the measurement
of the voltage induced by the axial flux.

In this paper, the feasibility of using a low-cost ARM Cortex-M4 core microcontroller
(STM32L476RG) to extract the symptoms of ITSCs in IM stator winding and supply voltage
unbalance, based on the voltage signal induced in the measuring coil by the axial flux,
is discussed. A NUCLEO-L476RG module with a 32-bit STM32L476RG microcontroller
(STMicroelectronics, Plan-les-Ouates, Geneva, Switzerland) is used to measure and acquire
the diagnostic signal. The method of measuring the diagnostic signal, its acquisitions, the
components of the prepared system, and the necessary configuration are presented in detail.
Experimental tests were carried out, the results of which confirmed the feasibility of using
an embedded system based on a microcontroller with an ARM Cortex-M4 core to extract
symptoms of SI stator winding faults and supply voltage unbalance.

The main theoretical and practical contributions of this research are as follows:
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(1) An analysis of the possibility of using and the proposal of the concept of an embedded
fault diagnosis system based on a low-cost ARM Cortex-M4 core microcontroller to
extract the symptoms of IM stator winding faults and unbalanced supply voltage,
including the comparison of the results with a high-end solution;

(2) A detailed description of the process of setting up diagnostic signal measurement and
acquisition using low-cost microcontrollers, which may serve as a guide for various
embedded system applications;

(3) A detailed analysis of the effect of an ITSC in the stator winding and an unbalanced
supply voltage of the IM drive on the waveform of the voltage induced in the measur-
ing coil by the axial flux;

(4) A detailed analysis of the effect of an ITSC in the stator winding and an unbalanced
supply voltage of the IM drive on the FFT spectrum of the voltage induced in the
measuring coil by the axial flux;

(5) An analysis of the possibility of distinguishing between ITSC in the stator winding
and an unbalanced supply voltage of the IM drive based on symptoms characteristic
of these abnormal conditions;

(6) A proposal for future research and plans to improve and develop the embedded
diagnostic system, including reference to current trends related to the Industry 4.0
paradigm.

The rest of the article is organized as follows: Section 2 describes the key parameters
of the NUCLEO-L476RG evaluation board, STM32L.476RG microcontroller, and motor
test bench; Section 3 presents the configuration of the data acquisition system; Then, the
results of the ITSC and unbalanced supply voltage symptom extraction based on the
voltage inducted by axial flux are presented and discussed. This section also outlines key
discoveries and plans for future research; and finally, Section 5 concludes the paper.

2. Experimental Setup
2.1. Characteristics of the Development Board and Microcontroller Used

The development board used in the scope of this research was the NUCLEO-L476RG
evaluation board (Figure 1a). It is one of the most popular evaluation boards by STMicro-
electronics. The STM32 NUCLEO-L476RG (STMicroelectronics, Plan-les-Ouates, Geneva,
Switzerland) is a low-cost and easy-to-use development platform used in flexible prototyp-
ing to quickly develop projects based on STM32 microcontrollers. The NUCLEO-L476RG is
designed around the 32-bit STM32L476RG microcontroller in a 64-pin LQFP package.

STM32L476RG ST-LINK part

Embedded
ST-LINK/V2-1

Bl
USER
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S 5
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@ i
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Figure 1. (a) Real view and (b) simplified hardware block diagram of the NUCLEO-L476RG evalua-
tion board.
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The STM32L476RG microcontroller is based on the ARM Cortex-M4 core that operates
at a frequency of up to 80 MHz. This microcontroller embeds 1 MB of Flash memory and
128 kB of SRAM memory. The ARM Cortex-M4 core features a single precision Floating
Point Unit (FPU) and a Memory Protection Unit (MPU). Its design also features 3 ADC mod-
ules and 2 DAC modules with 12-bit resolution. The key parameters of this microcontroller
are grouped in Table 1.

Table 1. Key parameters of the STM32L476RG microcontroller.

Parameter Value
Core ARM Cortex-M4 (32-bit)
Operating clock frequency Up to 80 MHz
Flash memory 1 MB
SRAM memory 128 kB
DMA 14-channel
Key communication interfaces USB OTG, 3x 12C, 5x USART, 3x SPI, CAN
ADC 3 x 12-bit
DAC 2 x 12-bit
Comparators 2x ultra-low power

The NUCLEO-L476RG evaluation board is equipped with ST-Link/V2, which allows
flash programming and microcontroller debugging. The power supply of the module is
flexible, being possible both via USB and from an external voltage source (3.3 V,5V, and
7-12 V). There are also three built-in LEDs on the PCB, which indicate USB communication
(LD1), can be programmed by the user (LD2), and indicate the module’s power supply
(LD3). The ST morpho extension pin headers and ARDUINO connectors are also available
on the board for full access to all STM32 inputs and outputs. The simplified hardware
block diagram of the board is presented in Figure 1b. A detailed specification of the
NUCLEO-L476RG is available on the manufacturer’s website [35].

2.2. Motor Test Bench

Experimental tests were carried out on a specially prepared test bench consisting
of an IM with a rated power of 1.5 kW (by Indukta) and a DC motor that provided the
load torque. The real view of the motor test bench is presented in Figure 2a. The rated
parameters of the IM under test are grouped in Table 2. The IM was powered directly from
the three-phase grid. The stator winding of the IM under test was wound in such a way
that its design allowed for the physical modeling of ITSCs with a certain number of turns.
Each phase of the IM under analysis consisted of a coil with 312 turns. During the tests, a
maximum of 8 turns were short-circuited, representing 2.6% of all turns in one phase. The
schematic diagram of the phase terminals led out to the board of this winding is shown in
Figure 2b. The numbers above each piece of winding, visible in Figure 2, are the number of
turns that correspond to the taps derived from the winding. The ITSCs were carried out
without additional current limiting resistance in the shorted circuit.

The diagnostic signal, the induced voltage in the measurement coil, was measured
not only by the NUCLEO-L476RG module described in the previous section but also in
parallel for comparison purposes by a high-end DAQ card by National Instruments (DAQ
NI PXIe-4492). The DAQ card was placed in an NI PXI 1082 industrial computer. The price
of the PXIe-4492 DAQ card was, at the time of article publication, more than 300 times
higher (=USD 8240) compared to the price of the NUCLEO-L476RG board (~=USD 25).
Moreover, the PXIe-4492 has an ADC module with a significantly higher resolution (24-bit)
compared to the NUCLEO's 12-bit ADC.
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Figure 2. (a) Real view of the motor test bench: A—SI under test, B—DC motor (load), C—measurement
coil, and D—terminal board; and (b) diagram of the derived stator winding terminals.

Table 2. Rated parameters of the tested IM.

Name of the Parameter Symbol Units
Power Py 1500 [W]
Torque TN 10.16 [Nm]
Speed nN 1410 [rpm]
Stator phase voltage Usn 230 \%
Stator current LN 3.5 [A]
Frequency foN 50 [Hz]
Pole pairs number Py 2 [-]
Number of stator turns Ngt 312 [-]

As presented in Figure 2a, the measurement coil was mounted coaxially with the shaft.
Proper mounting of the measurement coil is necessary to apply the proposed method in
practice. The design of the used coil and its location coaxially with the shaft does not allow
the installation of the cooling fan. Nevertheless, if a fan is necessary, the measurement
coil can also be placed on the top or the side of the motor housing. In this experiment, a
measurement coil with 300 turns and a DNE copper winding wire cross-section equal to
0.35 mm? was used.

2.3. Details of the Developed Microcontroller-Based Fault Diagnosis System

Since preliminary tests have shown that the value of the voltage induced in the coil by
the axial flux as a result of the ITSC in the IM stator winding is in the order of mV, to obtain
the best possible resolution of the measurement, the signal of this voltage was amplified
using an ultra-precise INA241A2 amplifier from Texas Instruments (Dallas, TX, USA). This
amplifier has a gain of 20 V/V, a maximum gain error of +0.01%, a maximum voltage offset
error of £10 uV, and a CMRR (Common Mode Rejection Ratio) of 166 dB (typically). The
amplifier was powered directly from the NUCLEO-L476RG module with a voltage of 3.3 V.

The input and output pins of the INA241A2 amplifier, a diagram of its internal
connections, and the manufacturer’s (Texas Instruments) recommended configuration, as
well as a simplified schematic diagram and a photo of the whole prepared system, are
shown in Figure 3.
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Figure 3. (a) Input and output pins of the INA241A2 amplifier, (b) a diagram of its internal connections
and the manufacturer’s recommended configuration, (c) a simplified schematic, and (d) a photo of
the whole system.
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The INA241A amplifier, as shown in Figure 3, is located between the STM32L476RG
microcontroller and the measurement coil. The IN— and IN+ inputs to which the mea-
surement coil is connected are characterized by a differential mode operation. The REF1
and REF?2 pins are reference pins connected to the amplifier supply voltage and GND. The
OUT pin is the output voltage, which is connected to the PC3 pin of the microcontroller,
which is programmed to operate in ADC mode; it recognizes the conversion of the analog
voltage signal induced in the measuring coil into a digital signal. In future research, it is
planned to design a customized PCB, which will contain both the microcontroller and the
amplifier on a single board. The laptop shown in the lower right corner was needed only
for data visualization purposes. In the final system implementation, all functions could be
performed by an embedded system that would indicate the information about the stator
winding and supply voltage symmetry condition.

The application responsible for the data acquisition and processing was written us-
ing the C programming language. Programming and debugging were performed in
the STM32CubelDE environment. Visualization of the values of variables from the mi-
crocontroller’s memory during real-time operation was carried out using STMStudio
(v3.6.0) software.

3. Configuration and Verification of the Data Acquisition Process
3.1. Configuration of the Measurement and Data Acquisition Process

To enable the effective extraction of the IM stator winding fault symptoms from
the diagnostic signal, it is necessary to properly configure the measurement and signal
acquisition process that is performed by the microcontroller. The microcontroller’s pin
configuration was done using the Integrated Development Environment (IDE) developed
by STMicroelectronics (STM32CubelDE). STM32CubelDE is an advanced programming
platform for C/C++ languages with the ability to recognize peripheral configuration, code
generation, compilation, and debugging for STM32 microcontrollers.

The key task at the stage of preparing the measurement and acquisition of the diag-
nostic signal is to correctly configure the microcontroller pin that will be associated with
the ADC module, which converts the analog voltage signal induced in the measurement
coil into a digital signal. Pin two of port C (PC2) was configured as the input of the ADC1
module (channel 3), operated in a single-ended operation mode.

To set the sampling frequency, f,, when using the microcontroller-based embedded
system, it is necessary to configure the timer accordingly so that it generates a cyclic
interrupt every specified time, during which the voltage measurement (sampling) will be
performed. Cyclic interruptions are used to trigger actions that need to be called at the
appropriate frequency. To determine at what frequency the interrupt-generating timer
will count, it is necessary to check the microcontroller’s specification to verify which bus
provides the clocking to the timer and the clocking frequency. In this project, a 16-bit TIM6
timer was used. It was located on the APB1 bus and clocked at 80 MHz. Obtaining this
information allows the TIM6 to be appropriately configured for measurement and signal
acquisition.

The TIM6 counts from 0 to the value defined in the AutoReload Register (ARR), then
generates an interrupt, and resets the counter register to 0 (after the defined time). The
frequency of the interrupt triggering (that is the sampling frequency) f, can be calculated
according to the following equation:

fCLK CNT
= —-— 1
fr TIM_ARR+1’ M

where fcr x_cnt is the clock frequency of the bus on which the timer is located, and TIM_ARR
is the value written in the ARR register.
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The fcrx ont equals 80 MHz, while 4000 Hz was taken as the desired value of the
interrupt trigger frequency (corresponding to the sampling frequency). Hence, the value
written in the ARR register is as follows:

fCLK_CNT 1= 80 - 106 Hz

TIM_ARR = U
- fr 4000 Hz

—1=19,99. )

3.2. Verification of the Measurement and Data Acquisition Process

After configuring the peripherals required for the project, it is necessary to verify the
correctness of the measurement and signal acquisition before proceeding with the tests. In
the first step, it was verified if the TIM6 settings were configured correctly. In the timer
interrupt handler function (HAL_TIM_PeriodElapsedCallback()), an additional function was
added to negate the state of one of the test pins, which was configured as a general-purpose
output (GPIO Output). Figure 4 shows the voltage waveform at the output of the test pin
recorded using a GW INSTEK MDO-2102A (Montclair, CA, USA) digital oscilloscope. As
can be seen, the state change at the output of this pin (state 0 corresponded to ground
level, while state 1 corresponded to 3.3 V) occurred every 250 ps. This confirms the correct
configuration of TIM6 and corresponds to a frequency of 4 kHz. The interrupt service
function will be called to measure (sample) the value measured by the ADC module.

GYINSTEK 18k pts 1MSass

115us 88.8nV
365us 3.32v
A 258us A3.29V
dusdt 12.9kVss i

a

) 5eBus @ 115.6us )| @ |

Figure 4. The voltage waveform at the output of the test pin was recorded using a GW INSTEK
MDO-2102A digital oscilloscope.

The INA241A2 amplifier (Dallas, TX, USA), which is used in the measurement circuit,
not only amplifies the input voltage 20 times but also adds an offset (offset) equal to half
the value of its supply voltage. In the case of the supply voltage Vs = 3.3 V, this offset
equals 1.65 V. This offset allows the ADC module to measure negative voltages. The output
voltage of the INA241A2 amplifier in the absence of input voltage and supply voltage
Vs = 3.3 Vis shown in Figure 5.

As expected, the value at the output of the amplifier, when there was no input signal
connected, was close to 1.65 V. In the next step, the results of signal acquisition recognized
by the internal ADC module of the STM32L476RG microcontroller were verified. The wave-
form of the read-out digital signal after converting the analog voltage signal at the amplifier
output by the ADC module (variable #i16RawADCResult) is shown in Figure 6a. To convert
the raw ADC value to voltage, it is necessary to perform the following calculations [36]:

_ VREF+

Vape = girrscare  APC-PATA, ®)
where Vpc is the actual voltage measured by the ADC module, Vrgr, is the reference
voltage value of the ADC module equal to 3.3 V, ADC_DATA is the digital value converted
by the ADC module, and FULL_SCALE is the maximum digital value of the ADC output
equal to FULL_SCALE 54 = (22 — 1) = 4095 for an ADC with 12-bit resolution.



Energies 2024, 17, 387

10 of 22

GYINSTEK 18k pts 2kSass Roll 22 Sep

[g)Hean 1.64U

Figure 5. The output voltage of the INA241A2 amplifier in the absence of input voltage (amplifier
supply voltage Vs =3.3 V).
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Figure 6. The waveform of (a) the measured digital signal after converting the analog voltage signal
at the amplifier output by the ADC module (ui16RawADCResult), (b) the voltage after converting the
raw ADC value (fAmplifierOutput), and (c) the actual amplifier output voltage after offset and gain
compensation (fActualVoltage).

Figure 6b shows the waveform of the fAmplifierOut variable carrying the information
about the voltage after converting the raw ADC value according to Equation (3). This value
coincides with the waveform recorded using a digital oscilloscope (Figure 5). After taking
into account the offset compensation and gain introduced by the amplifier, the waveform
of the actual voltage at the output of the amplifier (variable fActualVoltage) is shown in
Figure 6¢c. The value was close to 0, confirming that the measurement and acquisition
configuration were correct in the absence of input voltage.

The final step in verifying the correct configuration of the ADC module was to measure
a sinusoidal voltage signal with an amplitude of 50 mV and a frequency of 50 Hz, generated
using the NI myDAQ card and the NI ELVISmx Function Generator environment. The
waveform of this signal, recorded using a digital oscilloscope, is shown in Figure 7a, while
the measurement at the output of the amplifier by the ADC module of the STM32L476RG
microcontroller, after offset and gain compensation (x20), is shown in Figure 7b. The FFT
amplitude spectrum is shown in Figure 8. The frequency range of the spectrum includes
frequencies from 0 to 2000 Hz, which is due to the adopted sampling frequency of 4000 Hz.
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Figure 7. (a) The waveform of a sinusoidal voltage signal with an amplitude of 50 mV and a frequency
of 50 Hz generated using the NI myDAQ card and the NI ELVISmx Function Generator environment
(recorded using a digital oscilloscope), and (b) the waveform of the generated signal after conversion
and offset compensation measured by the ADC module of the STM32L476RG microcontroller.
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Figure 8. The FFT spectrum of a sinusoidal voltage signal with an amplitude of 50 mV and a frequency
of 50 Hz measured by the ADC module of the STM32L476RG microcontroller.

Based on the analysis of the results of the conducted verification of the reliability of the
measurement and signal acquisition, it was concluded that the configuration was carried
out correctly and the noise level was at a satisfactorily low level of about —125 dB.
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4. ITSC and Unbalanced Supply Voltage Symptom Extraction Based on the Voltage
Inducted by Axial Flux

Due to the limited accuracy of the technological processing of machine components,
IMs are characterized by the presence of certain asymmetries in electrical or magnetic
circuits. The effect of these imperfections is the occurrence of leakage fluxes, the value of
which will depend on the level of asymmetry of the motor. Since the axial flux finds its
source in the currents flowing through the motor windings, faults to the electrical circuits
will also be reflected in this signal. In the case of an undamaged motor, the axial flux
will have a very low value, close to zero [37]. In the following subsections, the effect of
the stator winding faults and unbalanced supply voltage on the waveform of the voltage
inducted by the axial flux, as well as on its FFT spectrum, will be analyzed. This will
allow the assessment of the possibility of extracting the symptoms of these abnormal motor
conditions using a low-cost system.

4.1. Stator Winding Faults (ITSCs)

To verify the validity of the measurement performed with the NUCLEO-L476RG
evaluation board, the initial results were compared with those obtained with a high-end NI
data acquisition board (DAQ), which has a built-in ADC module with a resolution as high
as 24 bits. Figure 9a shows a comparison of the waveform of the induced voltage in the
measurement coil by axial flux, uy,, for an unloaded IM with undamaged stator winding
(Nsp = 0, Ngy—number of shorted turns), measured using the NUCLEO-L476RG module
and the DAQ NI PXI-4492 card. As expected, based on the analysis of these waveforms,
the value of the induced voltage in the absence of a stator winding fault was very low;
the signal amplitude was about 4 mV. The results obtained for the DAQ NI PXI-4492
measurement card and the STM32L476RG microcontroller were similar. Figure 9b shows a
comparison of the u,,c waveform for the same drive system operating conditions but with
8 shorted turns (Ng, = 8) in the IM stator winding. As a result of the damage to the stator
winding, the value of the amplitude of the voltage induced by the axial flux increased by
about 10 times. Again, both the measurement and data acquisition methods yielded similar
results, confirming the correctness of the measurement and signal acquisition performed
by the developed low-lost system.

60 STM32L476RG
[—DAQ NI PXI-4492|

Time [s]
@)
60 STM32L476RG
—DAQ NI PXI-4492|
40
20
>
E o
20
-40
60
[} 0.05 0.1 0.15 0.2 0.25
Time [s]

(b)

Figure 9. The waveform of the u;,c measured using the NUCLEO-L476RG module and DAQ NI
PXI-4492 measurement card for an unloaded motor and (a) Ny, =0, (b) Ny, = 8.
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The effect of the stator winding fault can also be seen in the FFT spectrum of the
induced voltage signal as an increase of the selected characteristic frequency components.
These harmonics are described by the following equation [37]:

1_
fop =kfokn pbs

= kf. £ nf, 4)

where:

fs—fundamental frequency of the supply voltage;
fr—rotational frequency;

pp—number of pole pairs;

s—slip;

n—1,3,5,...,2pp — 1;

k—consecutive positive integers (1,2,3 .. .).

Figure 10 shows the FFT spectra of the 1, measured using the NUCLEO-L476RG mod-
ule and the DAQ NI PXI-4492 measurement card for an unloaded motor and
Ng, = 0 (Figure 10a) and Ny, = 8 (Figure 10b). Based on the analysis of these figures,
it was concluded that the amplitudes of the harmonics seen in these spectra were similar
for both methods of measurement and signal acquisition. The spectrum when the signal
was measured with the DAQ NI PXI-4492 card had a lower noise level (by about 30 dB).
The higher noise level for the NUCLEO-L476RG did not adversely affect the analysis of the
harmonic values. The spectra also show selected stator winding fault-specific frequency
components, calculated according to Equation (4). By comparing the spectra shown in
Figure 10a,b, it is possible to find the largest increase in the harmonic corresponding to
the frequency of the supply voltage (f; = 50 Hz) as a result of the damage. The results
confirmed the correctness of the measurement carried out using the NUCLEO-L476RG.
Therefore, further detailed analysis will be performed only for the proposed solution based
on the embedded system.

-30

-50

£
s 3 s DAQ NI PXI-4492]
fof | Ff (

70 l l fs+5f
=
S -90
<
= -110
B
=
[
130
g
<
150
70
190
0 25 50 75 100 125 150 175 200
Frequency [Hz]
fe @
-30 1 STM32L476RG
fefr 3
-50 1
fof | st
70
—_
g l
A
U
1
é -110
=
o
g 130
<
150
70
190
0 25 50 75 100 125 150 175 200
Frequency [Hz]

(b)

Figure 10. The FFT spectrum of the u,,, measured using the NUCLEO-L476RG module and DAQ NI
PXI-4492 card for an unloaded motor and (a) Ng, =0, (b) N, = 8 (fs = f;ny = 50 Hz, f, = 24.9 Hz).
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Figure 11a shows the waveform of the u,,. for the measurement using the NUCLEO-
L476RG module, the motor loaded with the rated torque (T}, = Ty, T—load torque.), and
different severities of the stator winding fault (Ng, = 0, Ny, = 2, Ny, = 4, and Ny, = 8).
Based on the analysis of these waveforms, it can be seen that there was a clear trend of
increasing u,, amplitude values as the fault deepened. The FFT spectrum for the same
operating conditions and degrees of stator winding fault is shown in Figure 11b. Based on
the analysis of the amplitudes of characteristic frequencies, it can be concluded that the
largest increase in amplitude due to ITSCs was seen for the f; component. An increase in
other harmonics calculated according to Equation (4) can also be observed, especially the

fs — fr. fs + fr, fs + 5fs, and 3f; components.
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Figure 11. (a) The waveform and (b) the FFT spectrum of the u,,c measured using the NUCLEO-
L476RG module, for a motor loaded with rated torque and different severities of the stator
winding fault.

The effect of Ny, in the IM stator winding and the T} level on the increase in the
amplitudes of the characteristic fault frequencies (firsc), fs — fr, fs + fr, fs + 5fs, and 3f;,
in the FFT spectrum of the u;,, is shown in Figure 12. The increase in the value of the
Agi (firsc) amplitudes is calculated as the difference between the amplitude value for the
undamaged winding and a given number of shorted turns. Based on the analysis of the
results shown in Figure 12, it can be concluded that the value of the amplitude of the f;
component increased significantly already with 1 shorted turn in the stator winding. In
addition, only a very small effect of the load torque was visible. A similar trend was seen
for the f; + f, (Figure 12c) and 3f; (Figure 12e) components. Nevertheless, the increases in
the amplitudes of these components due to ITSCs were lower compared to the amplitudes
of fs. For the f; — f, and f; + 5f; frequency components, the increase in amplitudes due to
the ITSC did not occur for the entire range of analyzed stator winding conditions and Ty
levels. Thus, it can be concluded that monitoring the amplitude of the f; and optionally
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fs + fr components can allow the detection of the IM stator winding fault at an early stage
of its propagation (Ng, = 1).

N w
o =3

Auifr (fe+f) [dBI]

(© (d
c 3.

30

20

Auai (3fs) [dB]

06 !

1 0 0.3

(e Te [p.u]

Figure 12. The effect of Ny, in the IM stator winding and T}, level on the increase in the amplitude
of the selected frequency components: (a) fs, (b) fs — fr, (¢) fs + fr, (d) fs + 5f; and (e) 3f; in the FFT
spectrum of the 1.

4.2. Unbalanced Supply Voltage

To introduce a condition of power supply voltage unbalance, each of the phases of the
IM under study was supplied by a single-phase autotransformer allowing stepless voltage
regulation. The supply voltage value in one of the phases (phase A) was reduced from
230 V to 210 V. The analyzed levels of the supply voltage unbalance are grouped in Table 3.
The supply voltage unbalance coefficient, a,, was calculated as the ratio of the negative
sequence supply voltage component to the positive sequence supply voltage component.
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Table 3. Analyzed levels of the supply voltage unbalance.

The RMS Value of the Supply Voltage of the Supply Voltage Unbalance Coefficient oy

Phase C
230V 0.08%
228 V 0.32%
225V 0.57%
220V 1.39%
215V 2.23%
210V 2.84%

The waveforms of the voltage induced in the measuring coil by the axial flux for
different levels of power supply unbalance are shown in Figure 13. Based on the analysis of
these waveforms it can be concluded that the effect of the power supply unbalance on the
amplitude of the u,,. was significantly less visible compared to the effect of ITSCs. For the
analyzed range of supply voltage unbalance levels, the u,,c amplitude was close to 5 mV.
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Figure 13. The waveforms of the voltage induced in the measuring coil by the axial flux for different
levels of power supply unbalance.

The FFT spectrum of the u,,c measured using the NUCLEO-L476RG module for an
unloaded motor (Figure 14a), a motor loaded with the rated load torque (Figure 14b), and
different power supply unbalance levels is presented in Figure 14. Based on the analysis of
these spectra, it can be concluded that there was an increase in the amplitude of the f; + 2f;
and 3f; — 2f, frequency components as a result of the supply voltage unbalance.

One of the most important observations is that the frequency components that in-
creased as a result of the ITSC did not change their value due to the unbalanced supply
voltage, and the other frequency components (f; + 2f, and 3f; — 2f,) appeared. This may
allow the distinguishing between these two abnormal conditions (stator winding fault and
unbalanced supply voltage). Nevertheless, a more detailed analysis is needed.

The effect of the supply voltage unbalance level and T, on the increase in the am-
plitudes of the frequency components that increased the most significantly in the case of
the ITSC (f; and f; + f;), and the characteristics for supply voltage unbalance (according to
Figure 14) (fs + 2f,, and 3f; — 2f;) are presented in Figure 15. Based on the analysis of these
results, it can be concluded that the values of the amplitude of the f; and f; + f, did not
increase as a result of the unbalanced supply voltage. The amplitude increase of the f; + 2f;
component was visible already with an o, value of 1.39% (the phase voltage RMS value
reduced to 220 V). In the case of the 3f; — 2f, frequency component, the increase as a result
of the unbalanced supply voltage was more irregular for different levels of load torque but
still visible. Thus, it can be concluded that monitoring the amplitude of the f; + 2f,, and
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optionally 3f; — 2f, components can allow the detection of the unbalanced supply voltage

of the IM drive.
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Figure 14. The FFT spectrum of the u,;, measured using the NUCLEO-L476RG module, for
(a) an unloaded motor, and (b) a motor loaded with rated load torque, and different power supply
unbalance levels.
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Figure 15. The effect of unbalanced supply voltage level and T}, on the increase in the amplitude of
the selected frequency components: (a) fs, (b) fs + f;, (¢) fs + 2f;, and (d) 3fs — 2f; in the FFT spectrum
of the .
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4.3. Influence of the Power Supply Method on the Amplitude Increase of the Selected Harmonics

In the present work, special attention was paid to the IM powered directly from the
grid. Nevertheless, the effectiveness of the ITSC symptom extraction was also verified for
the IM powered by a Danfoss VLT AutomationDrive FC-302 inverter. The FFT spectra of the
e measured using the NUCLEO-L476RG module for a motor loaded with rated torque,
the different severity of the stator winding fault, and the IM supplied by a Danfoss VLT
AutomationDrive FC-302 inverter, for three different values of f;, are shown in Figure 16.
Based on the analysis of the results, it can be concluded that both in the case of the IM
powered directly from the grid and a voltage source inverter, there was an increase in the
amplitude value of the f; component as a result of the ITSCs. It confirms the versatility of

the proposed solution in terms of the power supply method.
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4.4. Discussion of the Key Results and Plans for Future Research and Development

Experimental tests made it possible to evaluate the performance of the developed
embedded system, analyze the effect of the IM stator winding fault and an unbalanced
supply voltage on the voltage induced in the measurement coil by the axial flux, and extract
the symptoms that appear in the FFT spectrum of this voltage as a result of these abnormal
conditions. The key discoveries are as follows:

e  The results of the measurement and signal acquisition process performed using the
developed embedded system based on the STM32L476RG microcontroller did not
differ from the results obtained using the high-end PXIe-4492 DAQ measurement card
by NI;

o  TheITSC in the IM stator winding resulted in a significant increase in the amplitude of
the u,;,c regardless of the level of the load torque. The greater the severity of the fault,
the greater the increase in amplitude;

e  The unbalanced supply voltage of the IM drive did not lead to an increase in the
amplitude of the u,;

e  The value of the amplitude of the f; component in the u,,c FFT spectrum increased
the most as a result of the ITSC already with one shorted turn in the stator winding.
The amplitudes of the f; + fr and 3f; components also increased, but the increase was
smaller compared to fs;

e  The value of the amplitudes of the f; + 2f and 3f; — 2f; (particularly) components in
the uy,c FFT spectrum increased the most due to the unbalanced supply voltage;

e  The distinguishing between the two abnormal conditions analyzed (stator winding
fault and unbalanced supply voltage) were recognized based on the monitoring of
the amplitudes of the f; (characteristic for stator winding fault) and the 3f; — 2f,
(characteristic for unbalanced supply voltage) components;

e  The developed method of monitoring the condition of the IM stator winding proved
to be effective not only in the case of an IM supplied from the grid but also by
the inverter.

Even though the developed system, despite its low cost, already at this stage al-
lows monitoring of the condition of the IM stator winding and the symmetry of the
supply voltage, it will be developed in the future and improved with important functions
to meet the requirements for modern drive systems that are associated with the Indus-
try 4.0 paradigm. There are many specific areas for future research and development
(R&D), including:

e  Theimprovement of the proposed system with the addition of a module that, based on
the input vector consisting of statistical information about the voltage signal induced
in the measuring coil by the axial flux and the values of harmonic amplitudes, will
automatically indicate the state of the stator winding and the symmetry of the supply
voltage;

e  The integration of the amplifier and microcontroller on a single, specially designed
compact PCB that can be mounted at the installer’s convenience;

e  An extension of the functionality of the developed system to measure other diagnostic
signals, such as stator phase currents, and the ability to detect other types of faults,
such as broken rotor cage bars, bearing faults, and others;

e An extension of the functionality of the developed system with other mathematical
apparatuses that can be used for diagnostic signal processing to extract the symptoms
of ITSC and unbalanced supply voltage, such as STFT;

e Adding the function of predicting the possibility of a given failure of the analyzed
machine; an extension with the functionality called predictive maintenance;

e The analysis of application possibilities and industry areas where the developed
system could be also applied.

From the above points, the first step will be to fully automate the process of monitoring
IM stator winding conditions and supply voltage symmetry using Al (machine learning
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and deep learning) techniques. A simplified block diagram of the flow of diagnostic
information processing from the measurement of the signal on the monitored object to the
automation of the process of inferring its condition (including the parts that have already
been implemented and future R&D plans) is shown in Figure 17.

Feature
vector
.

—>
Measurement and Calculation of the umc waveform
acuqisiton of the ume statistical information Automation of the IM fault diagnosis
(e.g. RMS), FFT analysis (Artificial Intelligence-based)

Already implemented

»

I

Figure 17. Simplified block diagram of the flow of diagnostic information including the parts that
have already been implemented and future R&D plans.

5. Conclusions

The experimental results presented in this paper confirmed the feasibility of using a
module based on a low-cost ARM Cortex-M4 core microcontroller to monitor the condition
of the IM stator winding based on the voltage induced in the measuring coil by the axial
flux. The experimental results also proved that FFT analysis of this signal made it possible
to extract symptoms of an incipient ITSC, even with a single shorted turn in the stator
winding of IM. The results also showed that it was possible to detect and distinguish from
a short circuit an asymmetrical IM supply voltage based on analysis of the amplitudes of
selected harmonics in the induced voltage spectrum. This study was carried out over a
wide range of operating conditions of the drive system, including the verification of the
effect of the power supply method on the increase of individual amplitudes in the analyzed
spectrum of the voltage inducted by the axial flux.

The use of the proposed hardware implementation poses several challenges, including
those related to the correct configuration of the measurement and acquisition of the diag-
nostic signal, which is explained in detail and can be helpful in the process of preparing
an embedded system for diagnostic purposes for various types of applications. Since
the evaluation board used in this work (NUCLEO-L476RG with low-cost STM32L476RG
microcontroller) is much cheaper compared to the high-end data acquisition boards used,
such as DAQ NI PX1-4492, it has great potential for industrial applications.

Future research will focus on the development and hardware implementation (on a
low-cost microcontroller) of an algorithm that will fully automate the process of detect-
ing and classifying an ITSC in the stator winding of an IM, which will use the statisti-
cal information of the induced voltage waveform or the amplitude of selected harmon-
ics in the FFT spectrum of this signal. For this purpose, it is planned to use machine
learning algorithms whose computational complexity will allow implementation in an
embedded system.
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