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Abstract

:

Fault diagnosis techniques applied to synchronous motors such as Permanent Magnet Synchronous Machines (PMSMs) and Synchronous Reluctance Machines (SynRMs) are scarcely addressed in the literature, in strong contrast to the attention paid to asynchronous motors. In addition, the most widespread techniques are those based on steady-state condition analysis, and little attention is paid to detection during transient operation. The present paper aims to identify research gaps on the topic and to demonstrate the potential of transient analysis. First, the different diagnostic methodologies in literature are thoroughly analyzed. Then, two laboratory case studies are presented to demonstrate the potential of fault detection under non-stationary conditions for a PMSM and a SynRM. Stator current analysis is performed by building time–frequency maps to analyze the evolution of different fault indicators. The results show clear differences between healthy and faulty conditions during the transient regime.






Keywords:


synchronous motors; fault diagnosis; transient analysis; permanent magnet machines; synchronous reluctance machine; maintenance; misalignment; eccentricity; unbalance












1. Introduction


Rotating electrical machines are extensively utilized in key sectors such as transportation and industry. Moreover, the utilization of such technology for energy conversion represents an important fraction of worldwide energy consumption [1]. Nowadays, the trend towards a more electrified world accentuates the role of electrical generators and actuators [2]. High-power energy generation traditionally included large rotating machines, and only in recent times have electrical motors become the preferred choice for several low- and medium-power applications such as automotive traction. The usage of the induction motor in low- and medium-power applications prevails due to its robustness, universal availability, and the capacity to work without further regulation except the supply at grid frequency. However, this does not represent the best alternative in all motoring scenarios (e.g., high torque density necessities, increased accuracy for speed and torque control, etc.). The more common availability of variable-frequency drives and the need for motor alternatives gave rise to the usage of synchronous machines in low- and medium-power applications such as fluid pumping, forced convection, transportation traction, etc. In particular, Permanent Magnet Synchronous Machines (PMSMs) are commonly utilized for high power density applications [3]. These machines utilize rare earth magnets, which are allocated in the rotor and create a constant magnetic flux rotating in a synchronous mode with the stator field. The magnets represent the main drawback of such machines, since they are a strategic resource, and their associated cost is normally high. Alternatives such as Synchronous Reluctance Machines (SynRM) or Permanent Magnet Assisted Synchronous Reluctance Machines (PMASynRM) represent a feasible solution to the rare earth problem, and they have attracted research attention in recent years [4,5].



Rotating machines such as PMSMs, SynRMs and PMASynRMs are robust but not immune to wear and degradation of their different constructive elements. The proper maintenance of the motors is primordial when they constitute the core of critical applications, such as transportation and energy generation. A wide number of techniques are found for rotating machinery fault diagnosis and condition monitoring, where signals of various nature are analyzed offline or online [6]. The main drawback of offline methods is the need for the machine to be disconnected and disassembled to diagnose its status, which implies additional costs for the user due to the need for scheduled maintenance and production downtimes. Online methods offer the possibility of continuous motorization of the machine status, which enables the utilization of condition-based maintenance of the motor. This represents an advantage in terms of resources and costs across the machine lifecycle, since maintenance of the motor is required only when a faulty scenario occurs or is about to happen. Therefore, online monitoring and predictive maintenance for rotating electrical machines represent a broad area of study within the electrical machines and drives field.



The current trend for rotating machine condition monitoring and predictive maintenance is moving towards the development of smart systems where signals of different natures are synthetized and processed. Analyzed signals for online monitoring can be electrical (i.e., current and voltage), thermal, mechanical (i.e., vibrations), or magnetic (i.e., air-gap and stray magnetic flux). No method dependent on a single quantity is yet able to provide a fully reliable diagnostic of the machine, which makes the combination of different signals necessary to achieve proper diagnosis. In addition, well-established techniques such as the Motor Current Signature Analysis (MSCA) can provide false indicators under specific scenarios (e.g., load torque oscillations, machines with rotor axial cooling ducts, varying operating conditions, etc.) [7,8]. Thus, new techniques for reliable diagnosis such as sensor fusion [9] and transient signal analysis [10] arise to provide solutions to traditional detection issues.



The study of different signals during transient machine operation provides a valid solution to some of the traditional constraints. The main asset of these transient analysis techniques is the ability to detect faults through all the operational states of the machine (i.e., both steady-state and transient operation). Therefore, they are of capital importance in applications with repeated variation of the operating speed and torque profile, such as automotive traction, directly coupled wind generation, etc. In addition, they provide valuable information to discriminate between different types of faults, which are subjected to false diagnosis when studied during steady-state regimes [11]. The vast majority of works in the area of fault diagnosis under transient operation are applied to induction motors. Many works such as [8,9] study the current signature during the machine start-up. Moreover, vibration and stray flux signals are also utilized during the transient operation of induction machines, as observed in [12,13]. The major drawback of transient analysis tools is the need for more sophisticated signal processing tools working in the time–frequency domain. These are normally more computationally exigent than traditional steady-state focused applications such as the Fast Fourier Transform (FFT).



For novel motoring scenarios when the induction machine does not represent the best alternative, a lack of diagnostic methodologies in the literature is observed. In particularly, techniques focused on diagnosis during transient operation are scarce, representing a research gap in the field. The present work is oriented towards the review and discussion of diagnostic methodologies applied to PMSMs, PMASynRMs, and SynRMs. These motors are normally utilized in low- and medium-power applications when increased efficiency and power density are pursued. Section 2 presents a thorough literature review where different methods are described and classified for different synchronous motor faults. Moreover, Section 3 describes two original laboratory cases, where eccentricity and misalignment faults during a transient regime are discussed for a PMSM and a SynRM respectively. Section 4 shows the main conclusions of the study and future research directions in the field.




2. Fault Detection


2.1. Stator Winding Short Circuits


Electrical defects in the stator winding are among the main causes of AC machine faults, accounting for 36% of failures in low-voltage applications [14]. These faults start with an inter-turn short-circuit (ITSC) within a coil. The initial ITSC is caused by an insulation defect derived from mechanical or electrical stresses, overheating, abrasion, etc. ITSCs can quickly develop into critical types of short-circuit such as coil-to-coil, phase-to-phase, and coil-to-ground. Therefore, it is important to detect ITSCs early on their development phase to avoid further damage to the insulation and conductors. Stator winding short circuits are particularly dangerous for PMSMs since they can cause partial or global demagnetization of the rotor magnets [15].



The most widespread techniques for ITSC detection are frequency-domain methods such as FFT analysis. Short circuits generate negative sequence currents [16], so techniques based on steady-state current analysis are widely used. The application of this technique consists of monitoring stator current and subsequent FFT analysis to obtain the amplitude of characteristic frequencies of the failure. The characteristic components for ITSC are calculated as follows [17]:


   f  I T S C   =  f s    1 ±  k p       



(1)




where    f s    is the supply frequency,  k  is the positive integer, and  p  is the number of pole pairs.



According to [18,19,20,21], FFT analysis of the current shows an increase in the amplitude of the   3  f s    component. This is confirmed by other current-based techniques such as bi-spectrum (BS), power spectrum density (PSD), and MUSIC [22]. However, many of the studies reveal an increase in the   2  f s    component instead of the   3  f s    component when an ITSC exists [23]. In addition to steady-state FFT current analysis, the study of stator currents can be addressed by analyzing the current envelope [20,24] and the current negative sequence component [25]. Voltage signals are studied in [26] where FFT and PCA analysis are applied to extract fault indicators. The conclusion of this study is that the eigenvalues of the line-to-line voltage components are an indicator of ITSC faults. Furthermore, the first 14th harmonic of the voltage can be utilized as an ITSC fault indicator, according to [17]. The zero-sequence voltage component (ZSVC) and voltage in the dq reference frame are studied in [27,28], respectively. However, these techniques require access to a reference point. In [29] the speed is analyzed to detect short-circuit faults.



Transient analysis in PMSM for ITSC faults is quite widespread. The most commonly used diagnostic signal is the stator current. The Short-Time Fourier Transform (STFT) is utilized to detect ITSC faults in [30], where the Root Mean Square (RMS) value of the local maximum is used as a fault indicator. The advantage of this technique lies in its good performance when changes in speed or torque exist. The main drawback is the difficulty of compromise between frequency and time resolutions. The Hilbert–Huang Transform (HHT) is a fairly widely used technique in transient analysis [31,32]. Its main disadvantage lies in the difficulty of detecting the failure in the initial stages, which is a key necessity for ITSC diagnosis. The q-axis current is studied in [33,34], where the STFT is applied. This technique is also applied to the ZSVC in [27], where an increase in power frequency is utilized as an indicator of failure. Discrete signal processing techniques such as the Discrete Wavelet Transform (DWT) are applied to both the ZSVC [35,36] and q-axis voltage [37]. However, they present similar disadvantages when compared with continuous time–frequency transforms.



Despite the growing interest in synchronous reluctance motors, studies on ITSC detection for this type of motor are quite scarce. In [38], the authors propose a model of the machine where, the odd triple-order harmonics of the supply frequency are accentuated when a phase-to-phase short circuit is emulated. A recent work analyzes the steady-state current together with the Zero-Sequence Current Component (ZSCC) [39]. Winding taps allow the authors to create ITSCs with different fault severity levels. The results show an increase in the   3  f s    component in both current and ZSCC as the fault becomes more severe and torque increases. In [40], the negative sequence of the current in dq frame is considered to identify low levels of fault severity. The proposed method utilizes the   2  f s    component as a fault indicator. In addition to the current signal, the ZSVC is used to detect ITSCs in [41]. The results show that ITSC faults generate an increase in the 5th harmonic in the stator current and an increase in the odd triple harmonics in the ZSVC spectrum. However, these methods are valid only for steady-state operating conditions. No literature on stator winding fault detection under non-stationary conditions in synchronous reluctance motors (SynRM) is found. Table 1 summarizes and classifies the stator winding short-circuit faults that are discussed in the present subsection.




2.2. Demagnetization Faults


Magnetic faults are related to the demagnetization of the rotor magnets in PMSMs and PMASynRMs. The demagnetization is induced by phenomena of different natures. An increase in temperature above the Curie temperature of the magnet causes the degradation of its inherent magnetic properties. In addition, exposure to an opposed magnetic field resulting from stator faults or uncontrolled transients can also result in demagnetization. Further causes leading to demagnetization are linked to corrosion and mechanical degradation [14]. The consequences of these faults are critical since the magnets directly contribute to the machine performance. Some of the side effects of demagnetization are increased torque ripple, Unbalanced Magnetic Pull (UMP), and unwanted noise and vibrations. The demagnetization can be partial or global, depending on the degradation angular location and/or the degree of demagnetization of each pole. The early detection of demagnetizing events is of capital importance to avoid further degradation of the machine magnets. A common methodology to detect demagnetization faults is the analysis of the phase current under steady-state operation [48,49,50,51,52] (i.e., MCSA). The literature identifies common fault indicator frequencies when the FFT is applied to the current signal [53]:


   f  d e m   =  f s    1 ±  k p       



(2)




where    f s    is the supply frequency,  p  is the number of pole pairs, and   k = 1 ,   2 ,   3 …  .



Demagnetization is not the only fault that can cause an increase in the frequencies given by (2). Eccentricity, misalignment, and imbalance faults share the same indicators. Thus, analysis of stator current is not appropriate since it cannot distinguish between different faults. The ZSCC is used in [50,54]. However, the technique presents the same drawbacks as MCSA. The same behavior is observed when using the ZSVC, as observed in [49,55]. The analysis of magnetic flux emerged as a powerful tool to accurately diagnose the demagnetization effect and prevent false diagnosis [56]. Harmonics in the current spectrum show that the 0.25th and 0.75th harmonics depend on operating speed, whereas the leakage flux components do not vary [57]. In [58], air-gap flux is used to diagnose demagnetization. In spite of its invasive nature, it is immune to the harmonics that are induced by power electronic devices. Further benefits of air-gap flux monitoring are non-dependency on the load condition and the possibility of diagnosing both partial and uniform demagnetization. Since flux density distribution is altered by demagnetization, back EMF is used for fault detection. The amplitude of high order EMF harmonics increases as observed in [59]. However, these are also affected by different phenomena and the demagnetization fault cannot be diagnosed. The variation of 5th and 7th harmonics is used in [60] as a fault indicator, where the harmonic content of the back-EMF spectrum is utilized for magnet fault detection but not experimentally verified. The utilization of FFT-based methodologies is limited to steady-state operation. The analysis of the transient regime of the machine represents an assent for fault discrimination and allows the diagnosis under non-stationary operation.



Current analysis is the most extended diagnosis methodology during transient regime. The detection of demagnetization during transient operation is mainly focused on PMSMs. Time–frequency signal processing tools such as wavelets or Hilbert–Huang transforms are commonly utilized. In [61], the DWT is used to evaluate the fault under different speeds and torque conditions. It is also used together with Continuous Wavelet Transform (CWT) in [62], where authors propose a method to reduce the dimensionality of data in the case of pure CWT. The advantages of the HHT are the easy implementation and the possibility of detection under different operating conditions [63,64]. The Wigner-Ville Distribution (WVD) provides better frequency resolution, but it is computationally expensive in comparison with other methods. In addition, the WCD presents a drawback related to the cross-terms that are inherent to this transform [65]. Signals of different nature are also analyzed by using time–frequency transformations, such as back EMF [66] or torque [67]. However, there is no information on whether the study is limited to the steady-state regime or can be extended to the transient regime. Studies on demagnetization diagnosis in PMASynRMs cannot be found in the literature, even though increased research attention has recently been given to this machine topology. The methods used to detect demagnetization in PMSMs are summarized in Table 2.




2.3. Bearing Faults


Bearing damages represent around 41% of the machine faults in low voltage applications [14]. The most common bearing failure mechanisms are overloading, brinelling, assembly inaccuracies, lack of lubrication, partial discharge currents, contamination, etc. Vibration monitoring is the most common technique for bearing damage identification. However, frequency domain current analysis is a viable alternative for detecting faults in bearing elements, particularly in situations where vibration analysis is not feasible. Amplified components in the current spectrum are related to those obtained from vibration spectrum analysis. The different frequency components depend on the bearing geometry and on the location of the fault:


   f o  =  N b  ·    f r   2  ·   1 −    D b  cos θ    D p         



(3)






   f i  =  N b  ·    f r   2  ·   1 +    D b  cos θ    D p         



(4)






   f c  =    f r   2  ·   1 −    D b  cos θ    D p         



(5)






   f b  =    D p     D b    ·  f r  ·   1 −        D b  cos θ    D p       2         



(6)




where    N b    is the number of balls,    D b    is the rolling element diameter,    D p    is the bearing pitch diameter,  θ  is the bearing working angle,    f o    is the frequency of outer race failures,    f i    is the frequency of inner race failures,    f c    is the frequency of bearing cage failures, and    f b    is the frequency of ball defects.



The main fault indicators in the vibration frequency spectrum are given by the following equation:


   f  b e a ,   v   = m ·  f  i , o   ± k ·  f r   



(7)




where    f  i , o     is the corresponding frequency in the vibration spectrum according to the location of the fault (Equations (3)–(6)),   m = 1 ,   2 ,   3 …  ,   k = 0 ,   1 …  , and    f r    is the rotational frequency. The frequency components in the current spectrum can be derived from the vibration characteristic frequencies by using the following expression:


   f  b e a , c   =    f s  ± m ·  f  i , o        



(8)




where    f s    is the supply frequency and   m = 1 ,   2 ,   3 …   Fault harmonic indicators appear in the current spectrum with low amplitude, and threshold values are not yet specified to determine the fault severity.



Different works study bearing failures by using the FFT in vibration signals during steady-state operation [78,79,80,81]. In the case of transient analysis, the use of Order Analysis (OA) allows analysis during dynamic states [78,82]. The steady-state vibration spectrum envelope is utilized in different works, showing similar advantages and drawbacks as in the vibration spectrum case [78,81]. In addition, the transient analysis of the vibration envelope presents an added drawback, since it is capable of detecting only one type of bearing fault [83,84,85]. Several works utilize classic MSCA to detect different types of bearing damage. However, fault detection indicators are weaker than in the case of vibration signals, as shown in [79]. In [86,87], the proposed method shows poor sensitivity when the speed is reduced or torque variations occur. The DWT and CWT are applied to transient current signals in [87], where the results are experimentally verified. In the case of DTW, energy is utilized as fault indicator, while in the case of CWT, only the waveforms are analyzed in a qualitative diagnosis. In addition to current and vibration signals, stray flux is utilized to diagnose bearing faults. Gurusamy et al. [88] demonstrate that the stray flux frequency spectrum provides more interesting information about bearing faults than current or vibration spectra. No literature is found dealing with bearing fault diagnosis in SynRMs in either steady-state or transient operation. The presented works on bearing fault diagnosis in PMSMs are summarized in Table 3.




2.4. Eccentricity Faults


Eccentricity in rotating machines is commonly defined as the offset between the center of rotation and the axis of symmetry. As a consequence, the air-gap width of the machine loses uniformity across its angular extension. Eccentricity may have an inherent nature resulting from inaccuracies during motor manufacturing and assembly, but it also arises as a consequence of operational faults such as shaft bow or bearing wear. The existence of eccentricity leads to asymmetrical stresses on different components of the machine, which contribute to a reduction in service life. No clear international consensus is found on the level of eccentricity at which maintenance action should be taken. However, it is assumed that the maximum allowed level of eccentricity should be around 10% [100]. Eccentricity is generally classified into three types. Static eccentricity (Figure 1a) takes place when the position of the minimum air gap remains fixed in space and is caused by mounting inaccuracies or an oval stator, among other causes. Dynamic eccentricity (Figure 1b) is found when the position of the minimum air gap is not fixed in space but changes with the angular position of the rotor. Possible causes of dynamic eccentricity are the presence of an oval rotor, bearing defects, etc. The mixed type of eccentricity (Figure 1c) is the most common, since a certain level of static and dynamic eccentricity is found in every machine due to inherent manufacturing tolerances.



The most common signal for eccentricity diagnosis is the phase current, in which additional frequency components appear when an eccentricity is present. These frequency components are given by [14]:


     f  e c c   =  f s    1 ±   2 k − 1  p       



(9)




where   k = 0 ,   1 ,   2 ,   3 …  .



Eccentricity in PMSMs has attracted some research attention in recent years. The commonly utilized diagnostic signals are current [101,102,103,104], vibration [101,105], air-gap flux [101], torque [106], unbalance magnetic pull [107], and speed [106]. Analysis in the steady-state regime is performed using the FFT, where the study of the current spectrum shows an accentuation of frequencies around the rotation component. Air-gap flux is studied in [108] through FFT application, where an increase in 3rd- and 5th-order harmonics is observed.



The phase current is the only signal used thus far to detect eccentricity during transient operation. Time–frequency transforms such as CWT and DWT prove to be robust tools in the case of changes in speed and torque [109]. In addition, time-domain methods are widely used in eccentricity detection by using non-stationary signals. A widely used technique for monitoring changes in waveforms relies on observing changes in the different waveforms, with flux signals exhibiting significant potential [101,105]. Ahsanullah et al. [105] show how the study of the air-gap flux is more effective for the diagnosis of eccentricity than analysis of vibration during transient or asymmetric conditions. Moreover, different faults with similar indicators such as demagnetization or load unbalance are properly discriminated in [101].



Regarding pure synchronous reluctance motors, the literature on the detection of eccentricity faults is quite limited. The most widespread method to detect this fault is analysis of the stator current utilizing the FFT. In [110], the authors developed a mathematical model to detect static eccentricity, where a real machine was tested in the laboratory to validate the method. Static eccentricity revealed a higher amplitude in   3  f  s       and   − 9  f  s       current harmonics. Furthermore, this work shows how to distinguish between the different types of eccentricity. In [111], the same authors extended their work with the objective of diagnosing any type of eccentricity fault. It is demonstrated that dynamic eccentricity accentuates the amplitude of   5  f  s       and   7  f  s       harmonics, whereas mixed eccentricity produces sideband harmonics around the fundamental and higher-order odd harmonics. In addition to current signals, back EMF harmonics are studied as a fault indicator. It is proven that the presence of eccentricity increases the amplitude of the 1st and 3rd order harmonics [112]. However, the study is limited to a FEM model, and has not been supported with experimental data. In Table 4, the diagnostic methods applied to PMSMs and SynRM are summarized.




2.5. Unbalance Faults


The phenomenon of unbalance occurs when the mass distribution of a rotating element is not uniform in relation to its axis of rotation. The result is the appearance of unbalanced centrifugal forces and moments that may damage several machine components. The unbalance depends on the rotational speed and thus, the increase in the amplitude of rotational frequencies serves as an indicator of this fault. A higher amplitude of    f r    components is observed in the mechanical vibration spectrum, while the    f s  ±  f r    frequencies are a fault indicator in the current spectrum.



In [124], the authors present high order methods to detect unbalance in drive systems with PMSMs. The vibration signal is analyzed through three different methodologies during the steady-state regime. FFT, BS and Full Spectrum (FS) processing methods are applied to obtain the value of the amplitude of characteristic harmonics. The BS analysis increases the detectability of unbalances. However, it requires an increased computational effort compared to FFT analysis. The FS requires the usage of at least two vibration sensors and a shaft position indicator. This method allows the detection during transient operation. Current measurement is widely used to diagnose unbalance faults in PMSMs drives. Hang et al. [125] analyze the current signal in the rotating reference frame to detect unbalances even during transient operation. Current-based methods for unbalance detection applied to PMSMs can be found in [126,127]. The different techniques to detect unbalance faults in PMSMs are summarized in Table 5.




2.6. Misalignment Faults


Misalignment faults relate to the coupling between the motor and the load. They take place when the centerlines of the coupled shafts do not exactly coincide. Misalignment is divided into three types: parallel, angular, and a combination of both (Figure 2). The level of misalignment is hard to determine since there is no equipment to measure it.



The most widely used method to detect misalignment in PMSMs in the steady-state regime is current-based FFT analysis. It is demonstrated that changes in the rotational frequencies can be associated with misalignment faults. In [128,129], FFT analysis of the speed is used to detect misalignment. In addition, the amplitude of the   2  f r    component is used as a fault indicator. On the other hand, in [130], different methods of current analysis are compared: FFT, RMS, and DWT. Moreover, the stator current envelope and the space vector module are utilized for misalignment detection. The amplitude of the frequency component    f s  +  f r    increases its amplitude when misalignment exists, but it is strongly dependent on load torque. However, the    f r    component in the stator current envelope or stator current module shows a weaker dependency on the motor operating conditions and it is a better indicator for diagnosis. DWT analysis shows that RMS values are sensitive to misalignment, but it is not suitable for misalignment detection due to its negligible sensitivity to the fault. However, the envelope and space vector modulus have less sensitivity to changes in operating conditions. FFT analysis is also employed with rotational speed in [128,129].



Regarding transient analysis, some studies have explored the use of stray flux signals as a means of detecting misalignment in induction motors, yielding promising outcomes. However, this method is applicable only to induction motors [131]. For synchronous reluctance motors, there is no literature on misalignment detection in either the steady-state or transient regimen. The literature review regarding misalignment is summarized in Table 6.





3. Case Studies


The present section shows two different laboratory case studies to demonstrate the potential of transient regime analysis for a PMSM and a SynRM. In both cases the signal to be analyzed is the stator current, using a suitable time–frequency transform. STFT is a commonly utilized tool to obtain time–frequency maps at a limited computational cost. The present work discusses two different faults. Firstly, an eccentricity is studied during transient operation for a PMSM by manipulating the bearing configuration. Secondly, a misalignment fault is studied in a pure SynRM during the machine start-up.



3.1. Short-Time Fourier Transform (STFT)


The Short-Time Fourier Transform (STFT) is a linear transform that correlates a signal with a set of time–frequency atoms. A time–frequency atom consists of a function whose energy is concentrated at a point in the time–frequency map. Therefore, the energy distribution of the signal is obtained by correlating the studied signal with the different time–frequency atoms within the time–frequency map.



The STFT divides the signal into small segments, which can be assumed to be stationary. The segmentation of the signal is performed by utilizing a time window function. The length of the window coincides with the selected length for the different signal segments. Thus, the window function   w   t − τ     and the signal   x  t    are multiplied considering half period of the chosen signal. Finally, the FFT is performed on the result of the product. The STFT is described by the following expression:


  S T F T   x  t    ≡ X   τ , f   =   ∫   − ∞  ∞  x  t  · w   t − τ   ·  e  − j 2 π f t   d t    



(10)




where  τ  defines the location of the time window.



The main drawback of the STFT is that the exact time–frequency representation of a signal cannot be precisely known. The time interval is always discrete, covering only a part of the signal. The discrete nature of the transform sets a trade-off between time and frequency resolution, where increased resolution in the time frequency domain is obtained for larger time windows and vice versa. Therefore, it is necessary to find the most suitable window size for the considered application.




3.2. Eccentricity in PMSM


The first laboratory test deals with an eccentricity fault induced in a surface-mounted PMSM utilized in fluid pumping applications. Table 7 includes the characteristics of the studied machine. It is directly connected to a fluid load emulator, where the impeller of the pump is connected to a system consisting of five parallel vertical pipes with a diameter of DN100. To control the load, suitable pressure sensors are installed in the piping system. The motor is fed by using an embedded variable-frequency drive (VFD), which is user controlled by a custom interface. The phase current is precisely monitored by dedicated current sensors connected to an acquisition board with a sampling frequency of 10 kHz. In addition, a power analyzer is utilized to obtain machine operating parameters such as voltage, absorbed current, power factor, etc. Figure 3 shows the laboratory test bench highlighting the main elements of the setup.



The eccentricity fault is induced by modifying the bearing bushes. In this case, the motor is part of a wet-rotor pump, where the utilization of journal bearings is highly recommended. The bearings of the pump are accessed by removing the impeller and the VFD from the main housing and by separating the impeller from the shaft. The bushing of the two bearings is ground down by 0.2 mm by utilizing a lathe to induce the fault. Figure 4 shows the location of the bearings and the change in inner radius after manipulation.



The test is performed by changing the machine speed, which directly impacts the location of the fundamental frequency. Figure 5 shows the time–frequency maps obtained via STFT for the studied machine under healthy and faulty conditions during the period where the speed is varied. An immediate observation is that the components located in      f s  ±  f r    arise as a result of the fault. The component located at    f s  −  f r    is visible during the transient and steady-state regimes for both operational speeds. However, the component located at    f s  +  f r    is visible only during the second operational speed. Therefore, the frequencies around the fundamental frequency located at      f s  ±  f r    can be utilized as a fault indicator for eccentricity in PMSMs during transient operation. The present laboratory work further validates the results presented in [86,109]. In addition, it demonstrates the validity of bearing-bushing modification to induce eccentricity.




3.3. Misalignment in SynRM


Misalignment fault diagnosis tests are carried out in a two-pole pair, 1.1 kW pure SynRM. Table 8 shows the case-study machine characteristics. The motor is coupled to a DC generator acting as a load, where the field excitation is regulated to impose different levels of resistant torque. The motor is fed via a VFD programmed to maintain a fixed speed. Figure 6 shows the test bench in the laboratory. In the case of the healthy condition, the motor is aligned with the load by using a proper alignment tool that measures the relative position of the motor axis with respect to the load axis both vertically and horizontally. The tool shows the rotation axis position and estimates the offset between the motor and the load axes. To emulate the fault, the misalignment is forced by using two shims on the back motor mountings. Figure 7a shows the faulty mountings and Figure 7b shows the disassembled shims. Current signals are captured using suitable current clamps connected to a waveform recorder both during the motor startup (10 s) and in steady-state conditions using a sampling rate of 10 kHz. The characteristics of the SyRM are shown in Table 8.



Figure 8a shows the STFT results for the healthy condition of the motor both in the transient regime and at steady state, where the color map represents the energy density normalized to the fundamental component. Rotational frequencies given by    f s  ±  f r    appear with very low amplitude. The components start in 0 Hz and evolve following their expected trajectory across the startup duration. The existence of these frequencies in the healthy state of the motor is explained by inherent eccentricity due to manufacturing and assembly processes. Figure 8b shows the STFT results for the misaligned setup. An increase in the amplitude of the    f s  ±  f r    components with respect to the healthy state of the motor is observed, which is visible not only at steady state but also during the startup transient regime. The comparison between the two graphs highlights the amplitude accentuation of the    f s  ±  f r    components when misalignment is present. Moreover, analysis of the transient regime provides additional information about the fault indicators evolution, thus contributing to the reliability of misalignment fault detection and discrimination.



These case studies are intended to show, in a preliminary way, the potential of transient analysis to detect different faults, not only in PMSMs but also in SynRMs. The ability to identify fault components in time–frequency maps when a fault is present, and to observe an increase in their amplitude as the fault deteriorates, represents a promising approach for fault detection in SynRMs. The evaluation of energy distribution in strategic regions of the time–frequency maps is a promising tool for misalignment fault severity indication, as demonstrated previously for induction machines.





4. Conclusions


The present work discusses the potential of fault detection techniques under non-stationary conditions in low- and medium-power synchronous machines. The literature review highlights deficiencies in the field, especially in the application to synchronous reluctance machines. Stator winding short circuits and eccentricity faults are the most studied type of failures in SynRM and PMASynRM. In these cases, fault detection is based on signal current analysis through frequency domain transforms, in particular the FFT which is limited to steady-state conditions. Regarding PMSMs, the literature review shows that stator winding short circuits and eccentricity faults are the most studied. However, only few works deal with the detection of these faults in transient conditions.



Furthermore, two laboratory case studies are presented to further demonstrate the potential of transient analysis applied to the machines at hand. First, eccentricity in a surface-mounted PMSM is studied over a speed transition. The second example analyzes the startup current to detect certain level of misalignment in a SynRM. Both case studies prove the potential of transient regime analysis to detect different types of faults in PMSMs and SynRMs. The results show qualitative changes in the rotational frequency components when the fault is present.



Based on the analysis carried out in this work, several research lines can be immediately identified for the future:




	-

	
A significant number of faults can be studied in SynRMs since, as discussed above, studies on these machines regarding condition monitoring have been quite scarce. In particular, transient analysis suitability can be investigated, since it has shown an excellent performance for other machines (such as induction motors or even PMSMs). The results included in this work also prove the potential of transient analysis for determining the condition of SynRMs.




	-

	
There is a need to deepen the development of fault severity indicators that are suitable both for PMSMs and SynRMs; unlike what happens in induction motors, where reliable fault indicators have been well established for some faults, and are used in the field, there are no reliable indicators for determining fault severity in PMSMs or SynRMs, which is a drawback when trying to apply new methodologies in the field.




	-

	
Extension of the newly developed methods to PMASynRMs is an immediate step forward, after the development of new methods in PMSMs and SynRMs, since these machines combine the main features of both machine typologies.




	-

	
Combination of the application of transient analysis methods not only to currents but also to other quantities such as stray fluxes is essential. This combination has proven to be helpful in discriminating between different faults (e.g., eccentricities and misalignments) in other types of machines (e.g., induction machines) and it would be of great value to analyze its suitability for fault discrimination in PMSMs and SynRMs.
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	BS
	Bispectrum



	CWT
	Continuous Wavelet transform



	DWT
	Discrete Wavelet transform



	EPVA
	Extended Park vector analysis



	GST
	Grey system theory



	HHT
	Hilbert–Huang transform



	ITSC
	Inter-turn short-circuit



	FFT
	Fast Fourier transform



	FS
	Full spectrum



	MCSA
	Motor current signature analysis



	MUSIC
	Multiple signal classification



	OA
	Order analysis



	PCA
	Principal component analysis



	PMASynRM
	Permanent magnet assisted synchronous reluctance machine



	PMSM
	Permanent magnet synchronous machine



	PSD
	Power spectrum density



	RMS
	Root mean square



	STFT
	Short-time Fourier transform



	SynRM
	Synchronous reluctance machine



	TDE
	Time delay embedding



	UMB
	Unbalance magnetic pull



	VFD
	Variable-frequency drive



	VKT-OT
	Vold-Kalman filtering order tracking



	VPT
	Virtual phase torque



	WVD
	Wigner-Ville distribution



	ZCP
	Zero crossing point



	ZFFT
	Zoom FFT



	ZSCC
	Zero-sequence current component



	ZSMC
	Zero-sequence magnetic flux density component



	ZSVC
	Zero-sequence voltage component
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Figure 1. Eccentricity type description, (a) static, (b) dynamic, and (c) mixed. 
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Figure 2. Misalignment fault description, (a) horizontal plane and (b) vertical plane. 
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Figure 3. PMSM test bench for eccentricity fault emulation. (1) PMSM, machine under study, (2) piping system, (3) power analyzer, (4) waveform recorder, (5) acquisition board and (6) current sensors. 
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Figure 4. Pump diagram [134] and description of the utilized journal bearing including degradation description. 
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Figure 5. STFT analysis of PMSM, (a) Healthy motor and (b) motor with eccentricity. 
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Figure 6. SynRM test bench for misalignment fault emulation. (1) SynRM, machine under study, (2) DC generator, (3) VFD, (4) Waveform recorder, (5) Current clamp, (6) Field excitation regulator, (7) Dissipative load. 
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Figure 7. (a) Shim on the back SynRM mounting, (b) 2 mm shims used to force misalignment in the SynRM. 
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Figure 8. STFT analysis of SynRM, (a) Healthy motor and (b) motor with certain level of misalignment. 
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Table 1. Classification of detection methods for stator short-circuit faults in PMSMs and SynRMs.
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Type of Motor

	
Domain

Classification

	
Reference

	
Signal Analyzed

	
Methodology

	
Regime

	
Advantages

	
Disadvantages






	
SynRM

	
Frequency-domain method

	
[38,39,40]

	
Current

	
FFT

	
Steady-state

	
NINV, EV

	
SIM [38], SSC




	
[39]

	
ZSCC

	
NINV, EV

	
SSC




	
[40]

	
Current in q-axis

	
NINV, EV

	
SSC




	
SynRM (PMAssisted)

	
Frequency-domain method

	
[41]

	
ZSVC

	
FFT

	
Steady-state

	
NINV, EV

	
SSC




	
Current

	
NINV, EV

	
SSC




	
Time-domain method

	
[42]

	
Waveform

	
*

	
NINV

	
SIM




	
PMSM

	
Frequency-domain method

	
[18,19,20,21,24,29,43]

	
Current

	
FFT

	
Steady-state

	
EV

	
SSC




	
[23,43]

	
EPVA

	
EV

	
SSC




	
[20,24]

	
Current envelope

	
FFT

	
EV

	
SSC




	
[27,44]

	
ZSVC

	
EV

	
SSC




	
[25]

	
Current negative sequence component

	
EV

	
SSC




	
[28]

	
Voltage in dq frame

	
EV

	
SC




	
[22]

	
Current

	
BS

	
EV

	
SSC




	
PSD

	
EV

	
SSC




	
MUSIC

	
EV, HS

	
SSC




	
[29]

	
Speed

	
FFT

	

	




	
[26]

	
Voltage

	
FFT + PCA

	
EV

	
SSC




	
[17]

	
FFT

	
EV

	
SSC




	

	
[19]

	
Current

	
DWT

	
EV

	
SSC




	

	
[30]

	
STFT

	
Transient

	
EV, TA

	
Trade-off between t-f resolution




	

	
[31,32]

	
HHT

	
EV, TA

	




	
Time–frequency-domain method

	
[35,36]

	
ZSVC

	
DWT

	
EV, TA

	




	

	
[27]

	
HHT

	
EV, TA

	




	

	
[37]

	
Voltage in q-axis

	
DWT

	
EV, TA

	




	

	
[33,34]

	
Current in q-axis

	
STFT

	
EV, TA

	
Trade-off between t-f resolution




	
Time domain method

	
[45]

	
Current

	
Residual Analysis

	
EV, TA

	




	
[46]

	
Back EMF

	
EV, TA

	




	
[47]

	
Current

	
PCA

	
*

	

	
SIM




	

	
[24]

	
RMS

	
Steady-state

	
EV

	
SSC




	

	
[24]

	
Current envelope

	
Mean

	
EV

	
SSC








EV: experimentally verified; SSC: steady-state condition; INV/NINV: invasive/non-invasive technique; VM: vibration measurement; TA: transient condition available; HCC/LCC: high/low computational cost; SIM: simulation only; AC: additional coil or sensor required; HS/LS: high/low sensitivity. * Not specified.
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Table 2. Classification of detection methods for demagnetization faults in PMSMs.
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Type of Motor

	
Domain

Classification

	
Reference

	
Signal Analyzed

	
Methodology

	
Regime

	
Advantages

	
Disadvantages






	
PMSM

	
Frequency-domain method

	
[48,49,50,51,52]

	
Current

	
FFT

	
Steady-state

	
NINV, PD, EV

	
SSC, LS




	
[50,54]

	
ZSCC

	
PD, UD, HS, EV

	
INV, SSC




	
[49,55]

	
ZSVC

	
PD, HS, EV

	
INV, SSC




	
[57]

	
Leakage Flux

	
PD, UD, HS

	
INV, SSC




	
[58]

	
Air-gap Flux

	
PD, UD, HS

	
INV, SSC




	
[59,60,68]

	
Back EMF

	
NINV, UD [60], EV [59], PD [59]

	
SIM [60], SSC




	
[69]

	
Vibration

	
NINV, PD

	
SSC, VM




	
Time–frequency-domain method

	
[61,62,70]

	
Current

	
CWT/DWT

	
Transient

	
NINV, UD, EV

	




	
[65,67,71]

	
WVD

	
NINV, UD, EV

	




	
[72]

	
CWD

	
NINV, PD

	
HS




	
[63,64,73]

	
HHT

	
NINV, TA, PD, EV

	
HS




	
[66]

	
Back EMF

	
DWT

	
*

	
NINV, UD

	




	
[67]

	
Torque

	
CWT and GST

	
NINV, PD, EV

	




	
Time-domain method

	
[74]

	
Torque

	
TDE

	
NINV, PD, UD

	
LS




	
[75]

	
Back EMF

	
ZCP

	
NINV, PD, HS

	




	
[76]

	
ZSMC

	
Mean

Peak

	
Steady-state

	
NINV, UD, EV

	
LS




	
[77]

	
Current

	
VKF-OT

	
Transient

	
NINV, PD, HS, TA

	








EV: experimentally verified; SSC: steady-state condition; INV/NINV: invasive/non-invasive technique; PD/UD: partial/uniform demagnetization; TA: transient condition available; HCC/LCC: high/low computational cost; SIM: simulation only; HS/LS: high/low sensitivity; VM: vibration measurement. * Not specified.
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Table 3. Classification of detection methods for bearing faults in PMSMs.
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Type of Motor

	
Domain

Classification

	
Reference

	
Signal Analyzed

	
Methodology

	
Regime

	
Advantages

	
Disadvantages






	
PMSM

	
Frequency-domain method

	
[79,86,87,89,90]

	
Current

	
FFT

	
Steady-state

	
NINV

	
SSC




	
[88]

	
OA

	
*

	
NINV, EV

	
OB, LS




	
[91]

	
ZFFT

	
NINV

	
SIM




	
[82]

	
Current EPVA

	
FFT

	
Steady-state

	

	
SSC, SIM




	
OA

	
Transient

	
NINV, TA

	




	
[78,79,80,81,82]

	
Vibration

	
FFT

	
Steady-state

	
NINV

	
SSC, VM




	
[78,82]

	
OA

	
Transient

	
NINV

	
OB, VM




	
[78,80,81,92]

	
Vibration Envelope

	
FFT

	
Steady-state

	
NINV

	
VM




	
[83,84,85,93,94]

	
OA

	
Transient

	
NINV, TA

	
VM




	
[95]

	
Noise

	
OA

	
TA, SIM and EV

	
VM




	
[96]

	
FFT, OA




	
[88]

	
Stray Flux

	
OA

	
*

	
NINV, HS, EV

	
OB, AC




	
[97]

	
Speed Envelope

	
FFT

	
Steady-state

	
EV

	
SSC




	
[98]

	
Speed

Vibration

Current

	
FFT + Kurtosis Spectrum

	
*

	
Wide speed range

	
OB, VM




	
Time–frequency-domain method

	
[87]

	
Current

	
DWT

	
Transient

	
NINV, EV, TA

	




	
[87]

	
CWT




	
[99]

	
Noise

	
STFT

	
NINV, TA

	
VM




	

	
Time domain method

	
[89,90]

	
Current

	
Statistical Features

	
*

	
NINV

	








EV: experimentally verified; SSC: steady-state condition; INV/NINV: invasive/non-invasive technique; VM: vibration measurement; TA: transient condition available; HCC/LCC: high/low computational cost; SIM: simulation only; OB: one type of bearing fault; AC: additional coil or sensor required; HS/LS: high/low sensitivity. * Not specified.
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Table 4. Classification of detection methods for eccentricity faults in PMSMs and SynRMs.
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Type of Motor

	
Domain

Classification

	
Reference

	
Signal Analyzed

	
Methodology

	
Regime

	
Advantages

	
Disadvantages






	
SynRM

	
Frequency-domain method

	
[110,111]

	
Current

	
FFT

	
Steady-state

	
NINV, EV, SE, DE and ME [111]

	
SSC




	
Time-domain method

	
[113]

	
Torque

Air-gap flux

Radial Force

	
Waveform

	
*

	
NINV, SE and DE

	
SIM




	
SynRM (PMAssisted)

	
Frequency-domain method

	
[114]

	
Current

ZSVC

	
FFT

	
Steady-state

	
NINV, SE

	
SSC, SIM




	
[112]

	
Back EMF

	
NINV, SE, DE and ME

	
SSC, SIM




	
Time-domain method

	
[112]

	
Torque ripple

	
Waveform

	
*

	
NINV

	
SIM




	
PMSM

	
Frequency-domain method

	
[101,102,103,104,115]

	
Current

	
FFT

	
Steady-state

	
NINV, EV

	
SSC, SIM [115]




	
[116,117,118]

	
PSD

	
NINV, EV

	
SSC




	
[106]

	
*

	
NINV, EV

	
SE




	
[101,105]

	
Vibration

	
FFT

	
Steady-state

	
NINV

	
SSC, VM




	
[119]

	
FFT, OA

	
*

	
NINV, EV

	
VM, SIM (SE)




	
Noise

	
NINV, EV

	
VM, SIM (SE)




	
[106]

	
Voltage

Speed

Torque

	
PSD

	
*

	
EV

	
SE




	
[108]

	
Air-gap Flux

	
FFT

	
Steady-state

	
EV

	
NINV, DE




	
[120]

	
UMP

	
*

	
EV

	




	
Time–frequency-domain method

	
[109]

	
Current

	
CWT

	
Transient

	
NINV, EV, TA

	




	
[86,109]

	
DWT

	
NINV, TA, EV [109]

	




	
[118]

	
Steady-state

	
NINV, EV

	
SSC




	
Time-domain method

	
[105,101]

	
Air-gap Flux

	
Waveform

	
*

	

	
INV, AC




	
[107]

	
UMP

	
Peak

	
Steady-state

	
EV

	
SSC, INV, AC




	

	
[121,122]

	
Current in d-axis

	
Waveform

	
*

	
EV, HS

	
DE




	

	
[118]

	
Current

	
PCA

	
Steady-state

	
NINV, EV

	
SSC, SE, DE




	

	
[123]

	
Axial Flux

	
Waveform

	
EV

	
SSC, AC, INV








EV: experimentally verified; SSC: steady-state condition; INV/NINV: invasive/non-invasive technique; TA: transient condition available; HCC/LCC: high/low computational cost; SIM: simulation only; SE/DE/ME: static/dynamic/mixed eccentricity; HS/LS: high/low sensitivity; AC: additional coil or sensor required. * Not specified.
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Table 5. Classification of detection methods for rotor unbalance faults in drive systems with PMSMs.






Table 5. Classification of detection methods for rotor unbalance faults in drive systems with PMSMs.





	
Type of Motor

	
Domain

Classification

	
Reference

	
Signal Analyzed

	
Methodology

	
Regime

	
Advantages

	
Disadvantages






	
PMSM

	
Frequency-domain method

	
[124]

	
Vibration

	
FFT

	
Steady-state

	
NINV, EV, LCC

	
SSC, VM




	
BS

	
NINV, EV

	
SSC, VM




	
FS

	
NINV, EV, TA

	
SSC, VM, HCC




	
[125]

	
Current

Current EPVA

	
FFT

	
NINV, LCC

	
SSC, SIM




	
[126]

	
Vibration

	
NINV, EV

	
SSC, VM




	
Time–frequency-domain method

	
[125]

	
Current EPVA

	
DWT

	
Transient

	
NINV, TA

	
SIM




	
[127]

	
Current

	
CWT

	
NINV, TA

	
SIM








EV: experimentally verified; SSC: steady-state condition; INV/NINV: invasive/non-invasive technique; VM: vibration measurement; TA: transient condition available; HCC/LCC: high/low computational cost; SIM: simulation only.
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Table 6. Classification of detection methods for rotor misalignment faults in PMSMs.






Table 6. Classification of detection methods for rotor misalignment faults in PMSMs.





	
Type of Motor

	
Domain

Classification

	
Reference

	
Signal Analyzed

	
Methodology

	
Regime

	
Advantages

	
Disadvantages






	
PMSM

	
Frequency-domain method

	
[130]

	
Current

	
FFT

	
Steady-state

	
NINV

	
SSC, AM




	
Current EPVA




	
Current ENV




	
[128,129]

	
Speed

	
NINV, EV, AM and PM [129]

	
AM [128], SSC




	
Time–frequency-domain method

	
[130]

	
Current

	
DWT

	
NINV

	
SSC, AM




	
Current EPVA

	

	




	
Current ENV

	

	




	
Time-domain method

	
[132]

	
Torque

	
Waveform

	
EV

	
PM, SSC




	
[133]

	
Current in q-axis

	
VPT

	
EV

	
SSC, AM




	
[130]

	
Current

	
RMS

	
*

	
NINV

	
AM








EV: experimentally verified; SSC: steady-state condition; AM/PM: angular/parallel misalignment; INV/NINV: invasive/non-invasive technique. * Not specified.
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Table 7. Main characteristics of the pump.






Table 7. Main characteristics of the pump.





	Power
	0.8 kW



	Nominal head
	18 m



	Speed range
	1000–3400 rpm



	Number of impeller blades
	7



	Pole pairs
	4
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Table 8. Main characteristics of the SynRM.






Table 8. Main characteristics of the SynRM.





	Power
	1.1 kW



	Voltage
	360 V—star connection



	Nominal Current
	3 A



	Nominal torque
	7 Nm



	Base speed
	1500 rpm



	Pole pairs
	2
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
mmmmm reference axis
= = = = = angular misalingment

= = = = = parallel misalingment

(b)






nav.xhtml


  machines-11-00288


  
    		
      machines-11-00288
    


  




  





media/file16.png
Frequency (Hz)

120 |

100 |

(2]
o

o
o

NN
o

N
o

5

Healthy

10 15
Time (s)

(a)

20

25

Frequency (Hz)

Misalignment
120

100
80 | 5 B, 0
60
40 |

20

0 5 10 15 20 25
Time (s)

(b)

-100

-120

-140





media/file2.png
<+ center of the rotor (O center of the stator * center of rotation

(a) (b) (c)





media/file5.jpg





media/file3.jpg
=+ reference axis

=+ angular misalingment

= parallel misalingment

(@

(b)





media/file1.jpg





media/file7.jpg
bearing A

winding

bushing raterisl

bearins.
impeler
spacercan

hydraulc sesl

i bearing B





media/file10.png
Heahhy

P 'w »’:‘. f"‘

[/ '0!'"~ '..‘

g 4“' ""tf L)

ﬁ v ) ]

E g :". . . -‘- Ll B Qc
>|150 "".|“‘,.\l'??t .rl ".'rh ‘
Q ) Y

o WO By 'll’ V “h”&
g . '." A “‘ ‘.‘\‘ .Q ’\?‘i.';.‘
(o n 100 .'.0.\'“ A e ”(_.. ":;h'i';.:‘?: "
e .p\\ldr ' SN
(VIR

**\ )”V" N".\-:;M‘J\

\ e "wt
- , l."h\ ‘n\

k ‘m“ﬂ.‘\} “ d ,r .u"’ ’ ””

Time (s)

(a)

Eccentricity
) " k o " o f -h—' Y A R
U TR Y D o P L
I 0 R

\ U |
(e m i.!.: N
y A )
q .4 :1 -
150 P} "Wm '.., X
. \'

a0, ru

" 'Hx‘“‘\&‘ ,
100 »‘\‘, >ﬁ)'~. ' ] < D
tH\."‘» '8 }"“ ) s
{ ,*-ﬂ' kh YN N
NP W 1 :- 1Tged %
a\um tw}-r\!}( b «, \
"J"’b”‘l k“ l!\

Frequency (Hz)






media/file12.png





media/file9.jpg
Frequency (Hz)

Time (s)
@

Frequency (Hz)

o
Time (5)

®)

)

o





media/file0.png





media/file14.png





media/file8.png
/.///// ’////,,

bearing A
7777
q T
d o o/
Y Y —"\
¢ /
% 22 =
Q2L
/ 7
/ ¢Q///
g 7
0 /=)
/Y

e
f

LR
........

N\ winding
S
' "?Q::EE:.V‘ o A

rotor
N bushing material
=]
= ’
\F E\\\\\ ,’ . " i bearings
impeller =\ p=i= I-J ““““ k . | .......
' | 'iiiiiii "<& spacer can
2 A0 ARARNANRANAN O NRRRRRS Y
hydraulic seal )
¢
¢
(/
(/
¢,
¢ >
(/
" (/

I
/ /////////
[/
%, s

[

(L L)

[ fluid

bearing B





media/file11.jpg





media/file6.png





media/file15.jpg
Frequency (Hz)

w
@
=
o
o s w15 om o2
Timo (5)
@

Froquency (Hz)

100,

Misalignment

01
Time (s)

)

“





