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Abstract

:

A non-invasive technique for condition monitoring of brushless DC motor drives is proposed in this study for Hall-effect position sensor fault diagnosis. Position sensor faults affect rotor position feedback, resulting in faulty transitions, which in turn cause current fluctuations and mechanical oscillations, derating system performance and threatening life expectancy. The main concept of the proposed technique is to detect the faults using vibration signals, acquired by low-cost piezoelectric sensors. With this aim, the frequency spectrum of the piezoelectric sensor output signal is analyzed both under the healthy and faulty operating conditions to highlight the fault signature. Therefore, the second harmonic component of the vibration signal spectrum is evaluated as a reliable signature for the detection of misalignment faults, while the fourth harmonic component is investigated for the position sensor breakdown fault, considering both single and double sensor faults. As the fault signature is localized at these harmonic components, the Goertzel algorithm is promoted as an efficient tool for the harmonic analysis in a narrow frequency band. Simulation results of the system operation, under healthy and faulty conditions, are presented along with the experimental results, verifying the proposed technique performance in detecting the position sensor faults in a non-invasive manner.
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1. Introduction


Condition monitoring of electrical drive systems has been gaining attention in recent years as there is an increasing demand for proactive maintenance strategies. Research in this topic focuses on providing fast fault-detection methods to prevent catastrophic failures at a higher system level and minimize the financial losses under a possibly mandatory maintenance stop, caused by the fault. With this aim, Motor Current Signature Analysis (MCSA), speed, torque, noise, vibration signals, etc. are exploited under different condition-monitoring methods according to the investigated system and the specific fault [1].



Among them, the vibration signal analysis has long been proposed for condition-monitoring purposes on induction motors [2], offering an additional tool for an alternative non-invasive diagnostic approach. Thus, vibration monitoring has already been proposed for bearing, rotor, stator, and gear or axis fault diagnosis, mostly for induction motors and wind turbines [3,4,5,6,7,8,9,10]. Additional applications of piezoelectric sensors are recently reported in [11,12] for load estimation and undervoltage detection also in induction motor drives. Relative research has also been conducted for fault diagnosis of other electrical motor types, such as permanent magnet DC motors [13], while stator fault monitoring of brushless DC (BLDC) motors is presented in [14,15].



Brushless DC (BLDC) motor drives are preferred for applications, where the power density, efficiency, high starting torque, and noiseless operation are critical parameters for the system selection [16]. Thus, BLDC motors can be detected in industrial applications [17], electric vehicles [16], and aviation industry [18]. These drives can be classified into two main categories regarding the rotor position feedback and, consequently, sensored and sensorless setups can be distinguished. As the position sensors provide accurate information about the rotor angle, from zero to high speeds, they are mainly preferred in industrial applications compared to the sensorless drives [17]. With this aim, Hall-effect position sensors are usually selected for rotor position and speed feedback, as they combine a low cost and small volume with an acceptable resolution. Moreover, these sensors can be mounted either inside the stator slots or on a printed circuit board at the motor back, sensing a rotor magnet mirroring source.



A typical fault type, which is occurred in BLDC motors, is the well-known misalignment defect, caused by inaccurate positioning of the Hall-effect position sensors, resulting in unequal time intervals for the active phases. Thus, the sensor misalignment is a manufacturing defect, which affects the torque ripple due to asymmetrical current waveforms. On the other hand, a sensor breakdown fault may be caused by extreme operating conditions, such as increased temperature and vibrations, or broken wiring between the controller and the sensor. Either shorted or open circuited, in this case the sensor output signal retains its state, regardless of the rotor position, affecting both position and speed feedback.



Although the investigation of Hall-effect position sensor faults is a relatively new research topic, various methods for fault diagnosis and remedial strategies have been proposed both for the misalignment defect and the breakdown fault. Focusing on the latter fault type, single sensor fault diagnosis based on line-to-line voltages, Discrete Fourier Transform, and spectral energy density is proposed in [19]. Moreover, DC-link current and wavelet signal theory were used in [20], while motor phase current analysis with the Stockwell Transform is presented in [21]. However, the increased implementation cost due to the additional voltage and current sensors, especially for the cases of isolated power and control grounds, limit the applicability of these methods. Fault diagnosis based only on the position sensor signals is another option, as the sequence of the position sensor output signals is distorted under the sensor fault. Thus, fault detection by an unacceptable input with three sensors at the same high or low state is presented in [22,23], while the comparison of a direction-based predefined sensor sequence, stored in a lookup table, is proposed in [24,25]. In addition, a similar approach is considered in [26,27] for single and double sensor faults investigation in the α-β stationary reference frame, while diagnosis of multiple faults, based on the sensor state sequence, is also investigated in [28,29,30] under different procedures for rotor speed and position estimation. Recently, an approach based on binary functions is reported in [31] and a binary circuit is developed for the detection and identification of position sensor failures according to the various scenarios for different sensor failure under each different sector in the electrical cycle. Furthermore, a direct redundancy approach has been proposed in [32], using six Hall-effect position sensors. As previously mentioned, there are only a few studies using vibration analysis for fault detection in BLDC motor drives and only in [33] vibration signals are used for position sensor misalignment fault diagnosis under a multi-sensor scheme.



In this study, a novel approach for a non-invasive technique, based on vibration analysis for condition monitoring of brushless DC motor drives, is presented. BLDC motor drives are prone to position sensor misalignment and breakdown faults, which consequently cause torque and speed oscillations, affecting the drive system performance. If no action is taken, these oscillations may result in increased motor currents, threatening both the controller circuitry and the motor windings. As this fault situation threatens the system integrity, it cannot be tolerated when high reliability is required, such as in aerospace applications. Targeting towards these applications, a new diagnostic procedure, capable of detecting these oscillations through vibration monitoring, is proposed. As increased vibrations are expected under position sensor faults, piezoelectric sensors offer an inexpensive and non-invasive implementation compared to other published techniques. More precisely, the proposed method can be implemented as an external diagnostic tool, capable of detecting all the potential Hall-effect position sensor fault types, i.e., misalignment and single or double breakdown fault, without the need for hardware modification of the motor controller or additional external voltage or current sensors. In this way, a more generalized approach, independent of the drive system voltage and current ratings, can be achieved, as there is no need for doubling the required, application-based, current and voltage sensors. In addition, the proposed method is also independent of the Hall-effect position sensor signals. This feature minimizes the sensitive wiring of the sensors, eliminates the need for position sensor mapping according to the motor phases, and abolishes the requirement of doubling the position sensors or adding logic circuits for diagnostic purposes. Developing a smart sensor to acquire the required data and analyze the frequency spectra of the piezoelectric sensor signals, the system health state can be either locally or remotely monitored. Thus, the second harmonic component of the vibration frequency spectra is evaluated in this study for misalignment fault detection, while the fourth harmonic component is used to distinguish a position sensor breakdown fault from the misalignment fault. As the fault signature is localized at specific harmonic components of the system fundamental frequency, the Goertzel algorithm is proposed to limit the harmonic analysis in a narrow band, saving computational cost and memory demands, which is especially useful in the case of onsite implementation of the harmonic analysis. Moreover, system simulation has been implemented to demonstrate the impact of the position sensor faults to the motor currents and the electromagnetic torque. Finally, the experimental investigation of the system operation under the healthy and faulty conditions highlights the advantages of the piezoelectric transducers in detecting the faulty system operation.




2. System Overview


2.1. Brushless DC Motor Drive Operating Principles


The well-known state-space representation of the electric circuit of a BLDC motor with neutral point (s), is expressed by Equations (1) and (2):
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where  R ,    L s   ,  M ,    i x    (x = a, b, c),    e  x s    ,    K e   ,    ω m   , and   f  θ    denote the phase resistance, self-inductance, mutual inductance, phase current, back-EMF, back-EMF constant, mechanical angular rotor speed, and the trapezoidal function, respectively.



Moreover, the system mechanical dynamic model and the produced electromagnetic torque TE are presented in Equations (3) and (4).
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where    θ m   ,    T L   , B, and J are the rotor position, load torque, friction torque coefficient, and mechanical inertia, respectively.



Built-in Hall-effect position sensors are usually preferred for BLDC motors, as they offer an implementation of low-cost and volume for rotor position detection with 60° resolution and speed estimation, despite the low update rate of speed at low speeds. More precisely, the digital output of each sensor is high for 180° and low for the rest of the electrical cycle, while the most common configuration consists of three sensors located at 120 electrical degrees apart, dividing the electrical cycle into six sectors. Consequently, a typical BLDC motor drive system, with a voltage source inverter for the electronic motor phase current commutation according to the rotor position, is illustrated in Figure 1a.



Based on the position sensor outputs and the desired rotating direction, the power switches are activated according to a predefined sequence, implementing the standard 120° commutation logic with two active phases at each sector. Thus, each phase is positively energized for 120°, inactive for 60°, negatively energized for 120°, and inactive for the rest of the cycle, as presented in Figure 1b. It is worth noting that the waveforms in this figure are based on the assumptions of negligible turn-on and turn-off times of the power switches and a BLDC motor with ideal trapezoidal back-EMF and low phase inductance. Thus, the controller configuration with respect to the six sectors of one electrical cycle is summarized in Table 1.



However, in practice, the phase currents are characterized by a quasi-rectangular waveform, while in most cases they are not perfectly synchronized with the Back-EMFs, affecting the observed current waveforms. Considering the motor inductances and inevitable detection and processing errors on rotor position estimation, a torque ripple is expected under normal operation of a BLDC motor drive system.




2.2. Use of Piezoelectric Transducers for Position Sensor Faults Detection


According to the direct piezoelectric effect, the application of an external stress in certain crystals gives rise to surface charges producing a polarization, which can be expressed as a voltage difference between the terminals of the crystal. These types of dielectric materials also exhibit a converse effect (converse piezoelectric effect), as they deform and become strain due to the application of an electric potential [34]. More precisely, the direct and the converse piezoelectric effects are expressed by Equations (5) and (6), respectively [35]. As the output voltage polarity is defined by the crystal orientation with respect to the pressure direction, the piezoelectric effect is also graphically presented in Figure 2.
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where    D i    is the electric displacement component,    d  i k l     and    d  k i j     are the piezoelectric coefficients,    T  k l     is the traction vector component,    ε  i k  T    is the permittivity component at constant stress,    E k    is the electric field component,    S  i j     is the strain component,    s  i j k l  E    is the elastic compliance constant at constant electric field, and i, j, k, l represent the natural coordinate system of the piezoelectric crystal with values of 1, 2, and 3.



Reliable and durable piezoelectric materials, such as ceramic Zirconate Titanate and polymer Polyvinylidene Fluoride, are commercially available devices and they are favorable for different applications depending on their properties. Considering the Zirconate Titanate ceramics, they are coated with a thin metal film, acting as electrode, forming thin devises of different sizes, where the piezoelectric element is mounted on a circular brass plate (negative electrode) and is coated with a thin metal film (positive electrode). Among the simplest electrical simulators, the Butterworth-Van Dyke (BVD) model, illustrated in Figure 3, is the most popular choice [36]. More precisely, the electronic element Cm is related to the electrode mechanical elasticity, Lm is the inertial component of vibrating material, Rm is the mechanical energy loss due to oscillations, and Co represents the capacitance of a piezoelectric material when the sensor is connected to an electronic circuit. Moreover, a typical piezoelectric sensor sensitivity in sound pressure level (SPL), expressed in dBs in the frequency band of 20 to 20 kHz, is shown in Figure 4. Sensors of these characteristics have been exploited for the experimental investigation, but small differences in the frequency response, due to their low manufacturing cost, can be measured.



Generally, the piezoelectric transducers are based on materials that are able to generate power of nano-Watts to several micro-Watts, resulting in an external input, while the crystal frequency ranges from 0.01 Hz to 1 MHz with temperature range of −270 °C to 650 °C [37]. Thus, the piezoelectric transducers (PZTs) can be exploited in a wide range of applications, such as audible alarms “buzzers”, wireless sensors, nano and micro-electronics for energy harvesting purposes [38,39,40]. In our case, the piezoelectric sensors are placed at appropriate positions on the metal parts of the drive system to acquire vibration signals for fault diagnosis.




2.3. Harmonic Analysis Using the Goertzel Algorithm


Frequency-domain analysis and specifically Fast Fourier Transform (FFT) are well-established in the field of fault diagnosis [41,42]. However, the main FFT analysis drawbacks, such as the limited performance in terms of frequency resolution, spectrum leakage, and computational cost, pushed to the development of advanced signal processing techniques, specified to overcome some of the FFT limitations. The Goertzel algorithm is one of these techniques, considered to be an alternative method in the case of a relatively small number of frequency components of interest [43]. More precisely, the Goertzel algorithm outperforms the FFT by means of the required signal length and the low memory demands, as the computational complexity is independent of the signal length (not a power of two for maximum efficiency) and the computation may be initiated even at the arrival of the first sample. Thus, the Goertzel algorithm has been gaining attention in recent years and it is used in various applications from fault diagnosis and condition monitoring to system control [44,45,46,47,48,49].



The Goertzel algorithm computes the kth Discrete Fourier Transform (DFT) component of the signal   x  n   , which is characterized by a length  N  as expressed in Equation (7). In addition, the algorithm exploits the periodicity of the phase factor    e  j 2 π k     to reduce the computational complexity, where  k  is an integer. The resulting first-order difference equation for the desired values of    y k   n    is expressed by Equation (8), containing a complex and computationally expensive multiplication factor. Thus, the second order difference equation is expressed by Equation (9), while in Equation (10) the final system is described [50]. The flow graph of the second order Goertzel algorithm is shown in Figure 5.
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3. Investigation of Position Sensor Fault Impact on a BLDC Motor Drive through Simulation


3.1. Simulation Model Development and Healthy System Operation


A simulation model of the drive system was developed to investigate the impact of the position sensor faults on the BLDC motor drive system operation in terms of the DC-link and phase currents, as well as the produced electromagnetic torque. Moreover, the PWM switching frequency was selected at 16 kHz, while the FFT and the Hanning window were used for the harmonic analysis with a frequency resolution of 0.5 Hz. The parameters of a commercially available BLDC motor, which was used for the simulation model and the experimental validation, are summarized in Table 2.



The healthy system behavior is presented in this section for a reference point, which will be used thereafter for the comparison of the investigated signals under the different faulty configurations. Apart from the comparison of the signals between the healthy and the faulty configurations, these results will also be used in the next step with the investigation of the new piezoelectric sensor output signals, according to the vibration pattern under the fault. Thus, the system operation under nominal speed and torque is initially considered and presented in Figure 6. The phase currents are illustrated in Figure 6a, along with the corresponding Back-EMFs, to clearly present the cause of the expected torque ripple. More precisely, the quasi-rectangular phase currents, their non-ideal synchronization with the back-EMF flat top due the phase inductances, and the six-step operation of the motor controller result in an inevitable torque ripple, as it can be observed in Figure 6b, where the electromagnetic torque is presented along with the load torque for the system operation under nominal speed and torque.



On the other hand, these non-idealities can also be detected using frequency-domain analysis of the phase currents, Back-EMFs, DC-link current, or electromagnetic torque signals. The frequency spectra of the previously mentioned signals at rated speed and load are presented in Figure 7. Apart from the dominant fundamental phase current harmonic component, additional components of order n = 5, 7, 11, 13, … can also be observed, while only odd harmonic components are present in the frequency spectrum of the phase back-EMF signal [51,52]. Considering the six-step operation of the three-phase voltage source inverter, the sixth harmonic component is present at the frequency spectra of the DC-link current and electromagnetic torque along with the dominant DC component.




3.2. Brushless DC Motor Drive under Position Sensor Misalignment Fault


Due to manufacturing imperfections, the position sensors can be mounted either with a leading or a lagging position, resulting in a negative or positive commutation angle error, respectively. In the case of a position sensor misalignment, the motor currents and torque will be affected, generating additional vibration signals. Thus, the piezoelectric sensors can be used to diagnose a defective configuration of position sensors with either different or equally shifted non-ideal mounting angles. Nevertheless, the motor behavior under misaligned position sensors and the vibration-based diagnosis concept are not thoroughly investigated in this study, as they have been presented in [33], where the piezoelectric sensors have been successfully used to diagnose position sensor misplacement faults using the second harmonic component of the vibration signals as the fault signature.




3.3. Brushless DC Motor Drive under Position Sensor Breakdown Fault


In this section, the outcome of the single and double position sensor breakdown faults is investigated with respect to the erroneous commutation events, which will be triggered in each case study. Considering an open-loop speed control scenario, each faulty case is presented taking as a reference the system behavior of the healthy case.



3.3.1. Simulation Analysis of Single Position Sensor Breakdown Fault


As already mentioned, the position sensor breakdown fault can be identified by the permanent output signal of the faulty sensor at high or low level, regardless of the rotor position. This faulty condition affects the phase current commutations, as it results to extended sectors of 120° for the active phases, while the “forbidden” vectors of (0,0,0) and (1,1,1) are also observed in the case of a single sensor breakdown fault. It is worth noting that in this study the controller has been programmed to react to a forbidden vector, sending a zero-vector command at the PWM outputs, driving the motor windings to a three-phase floating condition. Therefore, the comparison of the healthy commutation sequence with the defective ones, caused by the two potential states of the defective sensor A, is illustrated in Table 3.



With the standard commutation logic always in mind, the above scenarios related to the defective sensor affect the phase current commutations in a different way for each case, as it can be observed in Figure 8, where the ideal current waveforms (IA, IB, and IC) under healthy operation are compared to the expected (IA’, IB’, and IC’) phase current waveforms, in the presence of a defective position sensor. Back-EMF waveforms (EA, EB, and EC) and position sensor signals (SA, SB, and SC) are also provided for reference and compared to the defective sensor (SA’).



Thus, a single position sensor breakdown fault imposes either additional zero-current sectors or extended conduction periods for active phases, depending on the defective position sensor and its fault state. Although the zero-current sectors derate the average torque output, the increased current values threaten the system, as they may cause a controller power switch failure or increased temperature of the motor windings. It is evident that as the back-EMF amplitude reduces from flat top value to a lower one, the phase current will increase due the input voltage and its voltage difference with the reducing back-EMF. Sequentially, due to the two-phase conduction mode, the other active phase is also affected, and an increased current value is expected for both phases. In addition, these phase currents are not in phase with the corresponding back-EMF and the produced torque ripple will increase, which should be an additional concern for system stability. In the case of a different position sensor breakdown fault, similar waveforms are expected according to the defective sensor and its state at the fault.



The impact of the single position sensor breakdown fault on system operation has been simulated and characteristic results are demonstrated. Thus, the DC-link and the phase currents can be observed in Figure 9 for the scenario of Hall A at a permanent high level and low level, Figure 9a,b respectively, where it is evident that the position sensor fault results in high distortion of the DC-link and the phase currents. This distortion sequentially affects the torque ripple, as it illustrated in Figure 10 for both cases.



Comparing the initially presented results of Figure 8 to the open-loop speed control simulation results, it is evident that the system inductances are highly affecting the waveforms of the phase currents. In addition, an increased value of the circulating current between the motor windings can also be observed for the defective configuration, furtherly affecting the observed current peaks. The erroneous rotor position feedback is responsible both for the negative and the high positive electromagnetic torque values, as the faulty rotor position feedback results to either an extended conduction period of the active phases, pulling the rotor backwards, or to an earlier commutation event, pulling the rotor forward by skipping a sector. It is also evident that position sensor faults of the other two Hall-effect sensors provide similar results.



Examining the frequency-domain analysis, the impact of the investigated position sensor A breakdown fault is presented in Figure 11, where a high distortion of the investigated signal frequency spectra can be observed. Although the second harmonic component can also be used to detect a position sensor breakdown fault, as in the case of the sensor misplacement fault, the fourth harmonic component is preferred here as the fault signature, to distinguish these fault types. Considering that the mechanical power produced by the motor can be expressed by Equation (11), it is obvious that the torque harmonic component is expected to contain the same frequencies as the DC-link current. Therefore, specific harmonic components of the vibration signals, highly related to the phase currents, the DC-link current, and the electromagnetic torque, will be investigated in the next section as the position sensor breakdown fault signatures.





   P m  =  T m  ·  ω m  =  P  i n   −  P  l o s s e s   =  V  D C   ·  I  D C   −  P  l o s s e s      
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where    P m    is the motor mechanical output power,    T m    is the motor output torque,    ω m    is the mechanical angular rotor speed,    P  i n     is the input source power,    P  l o s s e s     is the system total power losses,    V  D C     is the DC-link constant voltage, and    I  D C     is the DC-link current.




3.3.2. Simulation Analysis of Double Position Sensor Breakdown Fault


The double position sensor fault is an extremely rare condition, as there is no point of maintaining the drive system operation with one faulty position sensor detected. Nevertheless, the double position sensor fault is investigated by several studies in the literature to highlight their capability of detecting both types of the position sensor breakdown fault [26,27]. Thus, the double sensor fault is also considered in this study and a comparison of the healthy commutation sequence with the defective one for each case of a double breakdown fault of position sensors A and C is presented in Table 4 and Table 5.



These faulty configurations affect the phase currents, as extended zero-current sectors are now observed for the cases of the same faulty state of the defective position sensors, while extended conduction periods are also expected for the rest cases of faulty sensors with a different state. However, these erroneous extended conducting periods will result in enormous current and torque oscillations, which apart from the system stability may have devastating consequences for the system parts, triggering an avalanche phenomenon due to the high phase current values. Despite being a rare fault type, the double position sensor breakdown fault is investigated here as a simultaneous fault at a low speed and load system operating point, where the impacts of the double fault will not result in an immediate system failure, so fault diagnosis implementation is meaningful. In these low-profile failure modes, the condition monitoring aims to prevent catastrophic failures at a higher system level, when an increased output power will be requested to the defective, but still operating, drive system. Due to the expected system instability, only the cases of the same defective sensor outputs are considered thereafter, as they incorporate zero-current vectors and result in a more stable operation compared to the other two cases. The cases for both sensor output signals at high and low levels are also presented in Figure 12, respectively, where the simplified/ideal current waveforms (IA, IB, and IC) are compared to the resulting (IA’, IB’, and IC’) phase current waveforms, according to each defective configuration caused by the faulty sensors (SA’ and SB’). Back-EMF waveforms (EA, EB, and EC) and position sensor signals (SA, SB, and SC) are also provided for reference.



Due to the severity of the simultaneous double fault, a low speed and load operating point will be exploited for the simulation investigation. Although a no-load condition could be selected, an arbitrary load of 10% of the rated load was preferred to highlight the severity of the fault type by the observed high current values. Thus, a scenario of relatively low speed (900 rpm) and 10% of the rated load is considered for the following simulation analysis. Despite the differences, the currents in Figure 13 share a similar pattern of phase current switching only between two states. In addition, the circulating current through the freewheeling diodes can clearly be observed, as the controller phase C should be inactive under the double fault, as previously described in Figure 12.



Despite the different impact of the double fault on the electromagnetic torque waveform, observed in Figure 14, the frequency-domain analysis results to a similar frequency spectrum for the electromagnetic torque as in the previous case, which is also verified for the DC-link and the phase current frequency spectra in Figure 15. Consequently, a double position sensor fault is expected to generate vibration signals with specific harmonic components, related to the investigated phase currents, DC-link current, and electromagnetic torque frequency spectra.






4. Experimental Investigation of the Proposed Fault-Detection Methodology


4.1. Development of the Experimental Setup


A three-phase voltage source inverter (VSI) was developed to drive a series of low voltage BLDC motors and it is exploited here to drive the BLDC motor of Table 2. In addition, multiple piezoelectric transducers, noted here as PSx, where x = A, B, …, I, have been mounted on the experimental setup. As the performance of the piezoelectric transducers in detecting different fault types of BLDC motor drive systems is investigated, multiple sensors have been mounted on various positions on the experimental setup. However, this study is focused on Hall-effect position sensor faults and signals acquired only from one piezoelectric sensor, namely PSI, have been used and proven adequate for the fault diagnosis. Moreover, an Internet-of-Things (IoT) multi-sensory analog processing module has also been developed to acquire the signals of the piezoelectric sensors. Thus, the experimental setup of the BLDC drive system is presented in Figure 16, while several piezoelectric transducers can be observed in Figure 17a,b and the multi-sensory module is presented in Figure 17c.



This module includes a set of seven active first-order low pass filters at 5 kHz, implemented using two ICs of a single supply, low-cost, noise, and offset general purpose operational amplifier. The analog channels are sampled and digitized at 10 kHz and 12 bits accuracy, pre-processed, and wirelessly transferred to the base computing system using the UTP communication protocol. The complete system is implemented in the extremely low cost, low power, and high performance ESP32, Wi-Fi-and-Bluetooth chip. The ESP32 is designed for mobile, wearable electronics, and Internet-of-Things (IoT) applications containing two Analog-to-Digital Converters (ADC), two low-power Xtensa® 32-bit LX6 microprocessors, and a third very low power consumption Reduced Instruction Set Computer (RISC) processor. One Xtensa processor handles the sequence of analog channels acquisition process using the first ADC (the second ADC is used by the WiFi module), and the second Xtensa processor is used to control the WiFi module, to prepare the UTP packets and to transmit the multi-channel digital signals to the desired IP address through a Wi-Fi channel.



The proposed fault diagnosis method is summarized in the flowchart of Figure 18, where the detection of a second harmonic component triggers the fault diagnosis process to identify a potential misalignment defect or a breakdown fault, whereas the fourth harmonic component increment distinguishes between the two fault types.




4.2. Piezoelectric Sensor Investigation under Position Sensor Misalignment Defect


Τhe piezoelectric sensors can be exploited for the diagnosis of the position sensor misalignment, as previously proven in [33], where the piezoelectric sensors have been used to diagnose a defective configuration of position sensors with either different or equally shifted non-ideal mounting angles. Therefore, the second harmonic component of the piezoelectric sensor frequency spectra has already been used for the position sensor misalignment defect diagnosis and characteristic results of the piezoelectric sensor PSI output signal are illustrated in Figure 19 for the case of system operation at about 900 rpm (60 Hz fundamental frequency), 65% of the rated torque, and a single misaligned position sensor.




4.3. Piezoelectric Sensor Investigation under a Single Position Sensor Breakdown Fault


For the investigation of the single position sensor breakdown fault, a Hall-effect position sensor was considered to be faulty, continually reporting either a high or a low output signal. As the first step of the experimental investigation, the phase currents are presented in Figure 20, to compare the healthy case with the two defective configurations of Hall-effect position sensor A breakdown fault at high and low, respectively. Despite the system operation at low speed and power (900 rpm and no load), the observed phase current peak values highlight the severity of the fault and the need to be detected at an early state prior to motor loading. It is worth noting that the previously presented results, by the simulation model investigation for the single position sensor breakdown fault, are related to the system nominal power operation, as these simulation results were also compared to the initially presented healthy system operation. Despite the speed and load dependent differences, the phase current waveforms of the simulation at nominal power share a similar pattern with the phase current waveforms acquired during the experimental procedure.



Moreover, the piezoelectric sensor PSI output signals and the fault signatures in case of position sensor breakdown fault at permanent high and low state are presented Figure 21, respectively. As previously mentioned, both experiments were conducted with rotor speed at 900 rpm, fundamental frequency of 60 Hz, and no load. Comparing the frequency spectra of the healthy and defective configurations, the second harmonic component of the piezoelectric senor output can be used as a fault signature for both cases. However, it would be advantageous if another frequency was used to indicate the breakdown fault, enabling the distinction between misalignment defect and breakdown. More precisely, the breakdown fault signature can be detected at the even harmonic components and, consequently, the fourth harmonic component of the piezoelectric sensor output signal can be exploited for the breakdown fault diagnosis, compared to the single second harmonic component in case of misalignment fault. Therefore, the second harmonic component can be monitored for the position sensor generic fault presence and the fourth harmonic component to distinguish a potential breakdown fault.



In addition, the Goertzel algorithm can be exploited for the frequency-domain analysis using only a narrow frequency band around the harmonic component of interest, instead of the whole frequency spectrum as in case of the FFT analysis, making possible the online implementation of the methodology. It is worth noting that the results with the Goertzel algorithm are presented without being normalized, as there is no other harmonic component of high amplitude in the investigated frequency spectrum range, which can also be further narrowed for faster implementation.




4.4. Piezoelectric Sensor Investigation under a Double Position Sensor Breakdown Fault


For the double position sensor breakdown fault, the cases of both position sensors continuously reporting the same high or low signal were investigated. The same operating condition of 900 rpm at no load was used for the double position sensor fault. Therefore, the phase currents are presented in Figure 22 to compare the healthy case with the two defective configurations of double Hall-effect position sensor breakdown fault, both at high and low states, respectively. The experimental results of the phase current waveforms coincide with the initial simulation results, as the zero-current vectors, due to the double position sensor breakdown fault, impose a zero-current controlled conduction for one motor phase, affecting the motor stator vibrations and the corresponding piezoelectric sensor output signals and frequency spectra. As both simulation and experimental results have been acquired at the same system operating conditions, the small differences between the phase current waveforms are related to the nonideality of the motor back-EMF.



Finally, the piezoelectric sensor outputs and fault signatures are presented in Figure 23 for both defective position sensors at permanent high level and both position sensors at permanent low level, respectively. Although the frequency spectra are richer under double faults, the increment of the fourth harmonic component, compared to the healthy configuration, is also verified in all cases enabling the development of a generic approach, based on a specific harmonic component for position sensor breakdown fault diagnosis in BLDC motor drives. Furthermore, the Goertzel algorithm exploitation is still valid in this case, too.





5. Conclusions


In this study, an alternative, non-invasive, Hall-effect position sensor faults monitoring method for brushless DC motor drives is presented. The method is based on the analysis of motor vibration signals and the use of piezoelectric sensors is proposed as a low-cost implementation for the diagnosis or as a part of a smart sensor with the ability to analyze the acquired data, provide a fault alarm, and initiate an emergency system stop.



More precisely, the Hall-effect position sensor misalignment and breakdown faults are investigated, extending the previous study, where the piezoelectric sensors have been used for the diagnosis of the position sensor misalignment fault only. The system performance in the case of a position sensor breakdown fault was also considered, presenting the impact on the DC-link, the phase currents, and the electromagnetic torque, to highlight the differences to the healthy case. In addition, the torque and speed oscillations are also investigated, as they will be responsible for the stator vibrations.



The main advantage of the proposed method is its ability to distinguish between the two position sensor fault types, as different harmonic components are monitored for each case. As the fault signatures are localized in well-defined harmonic components, the Goertzel algorithm is also proposed for the harmonic analysis in a narrow band, saving computational costs and memory demands in the case of online implementation. From the analysis as well as the experimental results, it is concluded that the piezoelectric sensors could be used in the field of condition monitoring of electric motor drive systems, forming a smart IoT sensor for inexpensive fault diagnosis.
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Figure 1. (a) Block diagram of a typical brushless DC motor drive with built-in Hall-effect position sensors, (b) Ideal waveforms of the Back-EMFs (Ex) and the phase currents (Ix) according to the Hall-effect position sensor signals (Sx) and the rotor position, where x = A, B, and C. 
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Figure 2. Simplified diagram of the direct and converse piezoelectric effect outcome (blue) due to different mechanical or electrical causes (red). 
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Figure 3. Butterworth-Van Dyke electrical model of a piezoelectric sensor. 
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Figure 4. Typical piezoelectric sensor sensitivity in sound pressure level. 
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Figure 5. Block diagram of the second order Goertzel algorithm. 
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Figure 6. Healthy case: (a) Phase currents and back-EMF voltage waveforms at rated speed and load, (b) DC-link current, Electromagnetic (TE) and load torque (TL) at rated speed and load. 
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Figure 7. Healthy motor operation at rated speed and load: (a) Frequency spectrum of phase A current; (b) Frequency spectrum of phase A back-EMF; (c) Frequency spectrum of the DC-link current; (d) Frequency spectrum of electromagnetic torque. 
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Figure 8. Comparison of ideal and resulting phase current waveforms according to the defective position sensor state. (a) Defective sensor A at high state; (b) Defective sensor A at low state. 
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Figure 9. Phase currents and back-EMF voltages along with the DC-link current in case of rated speed and load under Hall-effect position sensor A failure. (a) Defective sensor A at high state; (b) Defective sensor A at low state. 
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Figure 10. Electromagnetic torque TE compared to the load torque TL in case of rated speed and load under Hall-effect position sensor A breakdown fault: (a) Defective sensor A at high state, (b) Defective sensor A at low state. 
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Figure 11. Comparison of phase current, DC-link current, and electromagnetic torque frequency spectra in case of rated speed and load operating point for the healthy and defective configuration of Hall-effect position sensor A breakdown fault. (a) Defective sensor A at high state; (b) Defective sensor A at low state. 
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Figure 12. Comparison of ideal and resulting phase current waveforms according to the defective configuration. (a) Defective sensors A and C at high state; (b) Defective sensors A and C at low state. 
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Figure 13. Phase currents and back-EMF voltages along with the DC-link current in case of 900 rpm and 10% of rated load under Hall-effect position sensors A and C double failure. (a) Defective sensors A and C at high state; (b) Defective sensors A and C at low state. 
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Figure 14. Electromagnetic torque TE compared to the load torque TL in case of 900 rpm and 10% of rated load under Hall-effect position sensors A and C breakdown fault. (a) Defective sensors A and C at high state; (b) Defective sensors A and C at low state. 
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Figure 15. Comparison of phase current, DC-link current, and electromagnetic torque frequency spectra in case of 900 rpm and 10% of rated load operating point for the healthy and defective configuration of Hall-effect position sensors A and C breakdown fault. (a) Defective sensors A and C at high state; (b) Defective sensors A and C at low state. 
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Figure 16. Experimental setup of the developed BLDC motor drive system. 
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Figure 17. Piezoelectric sensors mounted on the BLDC motor and mounting base. (a) Left view; (b) Front view; (c) Top (ESP32 module) and bottom side (filters) of the Internet-of-Things (IoT) multi-sensory analog processing module. 
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Figure 18. Flowchart of the proposed method for the position sensor fault diagnosis through vibration analysis. 
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Figure 19. Investigation of position sensor misalignment defect at 910 rpm, 65% of rated torque, and single defective position sensor. (a) Waveform of piezoelectric sensor PSI output, (b) Frequency spectrum of piezoelectric sensor PSI output, (c) Narrow frequency spectrum of piezoelectric sensor PSI with Goertzel analysis. 
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Figure 20. Experimental investigation of motor phase currents under single position sensor breakdown fault. System operation at 900 rpm and no load in case of healthy and defective configurations. (a) Waveform of phase currents at healthy configuration; (b) Waveform of phase currents at defective configuration of position sensor A at high state; (c) Waveform of phase currents at defective configuration of position sensor A at low state. 
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Figure 21. Experimental Investigation of position sensor A breakdown fault at permanent (a) high state and (b) low state for motor operation at 900 rpm and no-load operation using piezoelectric sensor. From top to bottom: Waveform of piezoelectric sensor PSI output, Frequency spectrum and Narrow frequency spectrum using Goertzel analysis. 
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Figure 22. Experimental investigation of motor phase currents under double position sensor breakdown fault. System operation at 900 rpm and no load in case of healthy and defective configurations. (a) Waveform of phase currents at healthy configuration; (b) Waveform of phase currents at defective configuration of position sensor A at high state; (c) Waveform of phase currents at defective configuration of position sensor A at low state. 
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Figure 23. Experimental Investigation of position sensors A and C breakdown fault at permanent (a) high state and (b) low state for motor operation at 900 rpm and no-load operation using piezoelectric sensor. From top to bottom: Waveform of piezoelectric sensor PSI output, Frequency spectrum and Narrow frequency spectrum using Goertzel analysis. 
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Table 1. The 120° commutation logic according to rotor position and the sensor signals.






Table 1. The 120° commutation logic according to rotor position and the sensor signals.





	Sector
	Sensor A
	Sensor B
	Sensor C
	Active Switches
	Active Windings





	a
	1
	0
	1
	Q1, Q4
	A+, B−



	b
	1
	0
	0
	Q1, Q6
	A+, C−



	c
	1
	1
	0
	Q3, Q6
	B+, C−



	d
	0
	1
	0
	Q3, Q2
	B+, A−



	e
	0
	1
	1
	Q5, Q2
	C+, A−



	f
	0
	0
	1
	Q5, Q4
	C+, B−
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Table 2. Simulation Parameters of the brushless DC Motor.






Table 2. Simulation Parameters of the brushless DC Motor.





	Parameter
	Value
	Parameter
	Value





	Nominal Power (W)
	660
	Stator phase resistance (Ω)
	0.08



	Nominal Voltage (V)
	48
	Stator phase Inductance (mH)
	0.15



	Pole Pairs
	4
	Torque constant (Nm/A)
	0.11



	Nominal Speed (rpm)
	3000
	Back-EMF constant (V/krpm)
	11.5



	Nominal Torque (Nm)
	2.1
	Rotor inertia (g cm2)
	2400
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Table 3. The healthy commutation sequence compared to the single breakdown fault of position sensor A at different states.






Table 3. The healthy commutation sequence compared to the single breakdown fault of position sensor A at different states.





	
Sector

	
Healthy Configuration

	
Defective Configuration Sensor A at High Level

	
Defective Configuration Sensor A at Low Level




	
Sensor A

	
Sensor B

	
Sensor C

	
Sensor A

	
Sensor B

	
Sensor C

	
Sensor A

	
Sensor B

	
Sensor C






	
b

	
1

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0




	
c

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
1

	
0




	
d

	
0

	
1

	
0

	
1

	
1

	
0

	
0

	
1

	
0




	
e

	
0

	
1

	
1

	
1

	
1

	
1

	
0

	
1

	
1




	
f

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
1




	
a

	
1

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
1
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Table 4. The healthy commutation sequence compared to a double breakdown fault of position sensor A at low state and sensor C at different states.






Table 4. The healthy commutation sequence compared to a double breakdown fault of position sensor A at low state and sensor C at different states.





	
Sector

	
Healthy Configuration

	
Defective Configuration I

	
Defective Configuration II




	
Sensor A

	
Sensor B

	
Sensor C

	
Sensor A

	
Sensor B

	
Sensor C

	
Sensor A

	
Sensor B

	
Sensor C






	
f

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
1




	
a

	
1

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
1




	
b

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1




	
c

	
1

	
1

	
0

	
0

	
1

	
0

	
0

	
1

	
1




	
d

	
0

	
1

	
0

	
0

	
1

	
0

	
0

	
1

	
1




	
e

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
1

	
1
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Table 5. The healthy commutation sequence compared to a double breakdown fault of position sensor A at high state and sensor C at different states.






Table 5. The healthy commutation sequence compared to a double breakdown fault of position sensor A at high state and sensor C at different states.





	
Sector

	
Healthy Configuration

	
Defective Configuration I

	
Defective Configuration II




	
Sensor A

	
Sensor B

	
Sensor C

	
Sensor A

	
Sensor B

	
Sensor C

	
Sensor A

	
Sensor B

	
Sensor C






	
c

	
1

	
1

	
0

	
1

	
1

	
0

	
1

	
1

	
1




	
d

	
0

	
1

	
0

	
1

	
1

	
0

	
1

	
1

	
1




	
e

	
0

	
1

	
1

	
1

	
1

	
0

	
1

	
1

	
1




	
f

	
0

	
0

	
1

	
1

	
0

	
0

	
1

	
0

	
1




	
a

	
1

	
0

	
1

	
1

	
0

	
0

	
1

	
0

	
1




	
b

	
1

	
0

	
0

	
1

	
0

	
0

	
1

	
0

	
1
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