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Abstract

:

Multiphase electric machines are increasingly used in various industries and for electromobility. Complex systems have been developed for the control and powering of multiphase machines, which require verification. The quality of control and the power supply of electric machines is usually evaluated by analyzing various electrical parameters. On the other hand, taking into account the fact that a motor is an electrical-mechanical object, its full diagnostics should also include the analysis of vibration signals to verify the operation of the motor as a mechanical device. In this paper, a sensorless control algorithm was studied and applied to a 5-phase induction motor. Various scenarios were considered; in particular, the operation of the studied motor in the absence of one or two phases and in the case of the introduction of the third harmonic to increase the torque was analyzed. In the scenarios considered, the motor was connected to another machine and operated with no load as well as with a preset load. The results obtained were analyzed in the time and frequency domain and were related to the standards used.
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1. Introduction


The importance of power electronic converters in various areas of the industry is not in doubt [1,2,3]. In particular, they are commonly used to power and control electric drives on land and sea. The cooperation quality of converters with electric drives is usually evaluated based on the selected parameters of electrical signals and the level of their distortion (e.g., based on the level of higher harmonics) [4,5]. Rarely, mechanical quantities are used in this evaluation. In a full assessment of the power supply quality and control of a given drive by a power electronic converter, it is important to comprehensively consider diagnostic information of an electrical and mechanical nature [6,7,8]. Only then will it be possible to fully assess the impact of the converter on the electrical machine from both the electrical and mechanical sides (e.g., the state of wear of mechanical components or their damage). The answer to this need is the combination of electrical measurements with measurements and diagnostics in the area of the registration of vibrations and noise of the operating machine [9,10]. By analyzing vibration and electrical characteristics in parallel, important diagnostic information can be obtained about both the operation of the electric machine itself and the converter that supplies and controls it [10,11].



Multi-phase motors are finding increasingly widespread use in industry, and perhaps even greater use in automotive applications. One of the most commonly used multi-phase motors is the 5-phase or 6-phase motor [12,13]. In this paper, the authors focused their attention on studying the control and power quality of a 5-phase motor. These drive systems are characterized by higher torque density (by injection of the third harmonic) and overall higher reliability compared to the three-phase counterparts. Higher reliability means that motor operation is maintained under single or even double open-phase faults. During such a failure, a five-phase induction motor has a starting torque of about 50% of the rated torque when two non-adjacent phases are supplied. It can be stated that increasing the number of phases leads to an increase of the drive system cost. However, by spreading power to a larger number of phases, it is possible to use transistors for lower rated currents. In addition, the amount of material (copper and iron) to produce a five-phase induction machine is comparable to that of its three-phase counterpart. Because of this, the cost of five-phase induction motors series production can be close to that of the three-phase equivalent. Nonetheless, the use of a more complex five-phase drive has benefits with additional degrees of freedom. The main advantage relates to reliability, which concerns possible continuous operation under open-phase faults [14,15].



Wilczyński et al. [15] presented the possibility of the load torque maintaining, when one or even two stator phases are opened, without significant changes in the control and estimation system. This advantage is particularly crucial in drives with high reliability requirements, such as for e-mobility, aircraft actuators and medical applications [16,17,18].



Another advantage of five-phase drives (applies to motors with concentrated windings) is that the torque can be increased by controlled injection of the third harmonic. To achieve this, the supply voltage contains a higher harmonic, which has an adverse impact in three-phase machines with further losses, but can be used in five-phase machines to increase the electromagnetic torque [15]. Controlled injection of the third harmonic should provide a quasi-trapezoidal rotor flux pattern, resulting in better utilization of the five-phase machine magnetic circuit [19].



This paper presents a multivariate analysis of the five-phase motor control quality at selected and characteristic operating points: (1) no-load tests, (2) tests with rated load, (3) tests under single open-phase fault (failure of phase A), (4) under double open-phase faults (failure of phases A and C). Measurements were made for steady states. The study also considered the mechanism of injecting a third harmonic. Dual-plane sensorless field-oriented control (FOC) was applied for the five-phase machine.




2. Selected Strategy for Sensorless Control of a 5-Phase Motor


Several control methods were implemented in connection with five-phase induction motors, i.e., Field-Oriented Control [15], Direct Torque Control [20], and multiscalar model-based control [21,22]. For controlled third harmonic injection, two independent control systems for every orthogonal plane have to be implemented. To achieve the desired quasi-trapezoidal flux distribution, the synchronization of two rotor flux vectors (1st and 3rd harmonics, respectively) was used in the control system. Figure 1 shows the used control structure, in which three main blocks can be distinguished: (1) 1st harmonic system, (2) 3rd harmonic system, and (3) synchronization unit. Control as well as estimation are synthesized on the basis of the machine model in two planes—Figure 1. Variables in two planes are obtained after performing a modified Clarke transformation for a five-phase system. These variables are independent of each other. Figure 1 presents vectors of voltage, current and rotor flux in two planes α(1,2)-β(1,2). The first block realizes the control of variables oriented in the first coordinate system d(1)-q(1). The control system associated with the fundamental harmonic includes a cascade of speed and torque controllers, as well as rotor flux and magnetization current. The second control system contains a controller of torque, flux, and magnetization current in the plane d(3)-q(3). The last main block provides synchronization of the two rotor flux vector positions. Based on the angle controller output, the reference torque in the second coordinate system is calculated. Finally, based on the outputs of the PI controllers and decoupling blocks, the reference voltage components for two coordinate systems d(1,3)-q(1,3) are determined. These quantities are delivered to the observer blocks and the Space Vector Pulse Width Modulation (PWM) block. The modulation algorithm allows for the independent generation of first and third harmonic waveforms [18].



This paper does not directly describe the control system, therefore a more detailed description is included in [15]. Figure 2 describes the configuration of the control system with rotor flux synchronization.




3. Laboratory Stand and Measurement Methods


Experimental tests were conducted using a drive unit consisting of a 5-phase induction motor, which acted as the driving motor (DM) in the tests, and a second motor, which acted as the load motor (LM). Figure 3 shows the 5-phase motor under study with the accelerometer location marked [15,21].



Table 1 shows the relevant parameters of the tested 5-phase induction motor drive.



A system from Brüel & Kjær (B&K) was used for vibration measurements. The measurement system included a four-channel data acquisition module (B&K type: 3676-B-040), a 3-axis accelerometer (B&K type: 4529-B, its parameters are: frequency band: 0.3–12,800 Hz, weight: 14.5 g, sensitivity: 10 mV/ms−2), a calibrator (B&K type: 4294), and a laptop computer that was equipped with B&K’s firm vibration measurement and analysis software called BK Connect. A vibrodiagnostic measurement system was used in the work of Refs. [8,23], which used a similar measurement methodology. The accelerometer was mounted to the motor housing using connectors that are included with the system by its supplier. A flow diagram of the measurement procedure is shown in Figure 4.



According to the vibration-diagnostic measurement procedure, the accelerometer was calibrated before each measurement and the experimental tests were carried out according to the rules defined in the standard [24,25]. It should be added that vibration measurements were performed simultaneously in three axes. For each measurement point, accelerometer readings were recorded three times. Statistical metrics such as variance or mean value were used to evaluate the recorded acceleration waveforms and select the most appropriate. The selected waveforms were then converted to vibration velocity. It is worth noting that the broadband velocity [25] is required by the standards [25,26] to assess vibration severity.



A prototype five-phase voltage-source inverter was used to supply the tested five-phase machine. The inverter contained IGBT transistors and its switching frequency was 3.3 kHz. The controller used in the prototype included a signal processor DSP ADSP21363 and FPGA CYCLONE II EP2C8F256. The measured quantities were two stator phase currents and the DC-link circuit voltage [15]. In order to carry out tests under load, the analyzed five-phase machine was coupled with a three-phase induction motor (5.5 kW), which was supplied by a bidirectional converter. During the tests, the five-phase machine was loaded to about 80% of its rated torque.




4. Analysis of Results from Electrical Measurements


Since the algorithm used to control the motor, as well as the motor itself, has already been presented in other scientific works [27,28,29], the authors decided to limit the presentation of the motor’s electrical signals and parameters to the necessary minimum. The paper [29] investigated the operating capabilities of a drive with a five-phase induction motor when operating correctly and when the phases were open. The study used mechanical torque and current characteristics analysis. In contrast, the paper [28] describes a sensorless fault detection procedure that was performed on a five-phase induction motor with a third harmonic injection. Estimated load moment analysis has been shown to provide sufficient results to identify disturbances.



Therefore, Figure 5 shows spectra for a properly running motor, as well as a motor running without one or two phases. Figure 6 also shows an example spectrum for a motor operating after the addition of the third harmonic as a result of control. The current spectra shown in Figure 5 and Figure 6 were recorded for a motor that was connected to a second, unloaded motor. Figure 5 and Figure 6 show the spectra and waveforms for the B-phase currents. Based on extensive testing, they were found to be representative of the considered operating scenarios for the drive train under study. They were recorded at two speeds, one at 150 rpm (2.5 Hz) and the other at 750 rpm (12.5 Hz).



The spectra labeled (a) and (d) in Figure 5 show the current spectra when all phases are properly connected. These spectra represent the first and, very limited in value, third harmonics. The remaining current spectra represent the case when phase A was switched off—these spectra are labeled (b) and (e)—and when two phases, i.e., A and C, were switched off simultaneously—these spectra are labeled (c) and (f). In the case when the motor was operated without one or two phases, the influence of the fifth harmonic can be seen. In addition to the apparent appearance of an additional harmonic in the current spectrum, a clear increase in the value of the fundamental harmonic can also be observed. The largest increase in the value of the first harmonic was noticed when both phases (A and C) were disconnected.



In turn, Figure 6 shows oscillograms, which present current waveforms with the third harmonic added as a result of control. These are the results recorded for a motor running with no load at 150 rpm. In addition to the current waveform, its spectrum is also shown. In the spectrum shown, the influence of the third harmonic, whose value exceeds that of the fundamental harmonic, can be clearly seen.



Comparing the spectrum in Figure 5 label (a) with the spectrum in Figure 5 label (b), it can be seen that the value of the third harmonic in Figure 5 labels (b) and (d) has changed. The change is noticeable for both speeds. The value of the third harmonic of the current has increased, while the other harmonics are imperceptible. Analysis of the current spectrum shows that none of the currents contain an increased THD (Total Harmonic Distortion) value.




5. Analysis of Results from Vibrodiagnostic Measurements


The work of [7,11,30] presented an analysis of the effect of vibration on the operation of an electric motor and focused on using this analysis to study the operation of multiphase motors [31,32,33].



Vibrations of electrical machines can be divided into three categories: mechanical vibrations, electromagnetic vibrations, and aerodynamic vibrations. Benefiting from continuous improvements in the level of design and production, the efficiency of electrical machines has been greatly improved and their volume has become very small. In common small and medium-sized electrical machines, the main type is electromagnetic vibration. Electromagnetic vibrations are usually generated by the distorted air gap field of an eccentric rotor in electrical machines [11,30]. Under ideal conditions, the air gap between the stator and rotor is homogeneous and the magnetic circuit is symmetrical. The rotor rotates in a homogeneous magnetic field and the total radial electromagnetic force is zero. If mechanical or electromagnetic factors cause the radial force around the rotor circumference to be unequal, an electromagnetic force, also known as an unbalanced magnetic force (UMF), will be generated. Uneven air gaps cause UMF [34] to act on the rotor, leading to mechanical stresses in some parts of the shaft and bearing. These factors, after prolonged operation, cause broken mechanical parts or even the stator to rub against the rotor, causing serious machine failures [35].



For the vibrodiagnostic studies presented in this article, vibration accelerations in the band up to 12.8 kHz were recorded. Such a bandwidth was deliberately chosen, as the intention of the authors was to capture the widest possible range of signals that could affect the control system and the resulting vibrations in the motor. Measurements were taken in three directions of vibration propagation, i.e., in the vertical (V), horizontal (H) and longitudinal (L) directions. The recorded vibration signals were then converted to velocities using dedicated functions available in the BK Connect software, which were then analyzed in depth in the time and frequency domains.



In the first stage of the analysis, RMS values for vibration velocities in the band up to 1 kHz were determined in accordance with the recommendations of the standard [25,26] and are presented as characteristics in Figure 7, Figure 8, Figure 9 and Figure 10.



For a better representation of the analyzed data, designations have been introduced:




	
MD—measurement of vibrations on the drive motor;



	
ML—measurement of vibrations on the load motor;



	
1 h—supply of the first harmonic;



	
1 h_3 h—1st and 3rd harmonic power supply;



	
Aoff—power supply without phase A;



	
ACoff—power supply without phases A and C.








The characteristics shown in Figure 7, Figure 8, Figure 9 and Figure 10 use the designations described above in various configurations. For example, the notation “1 h_Aoff_MD” means the vibrations RMS value calculated for the vibration velocity that was recorded for the drive motor when voltage supplied without the third harmonic and the A phase turned off, or the notation “1 h_3 h_ML” means the vibrations RMS value calculated for the vibration recorded for the load motor when voltage supplied with the third harmonic was added.



The experimental results presented in this paper are limited to the following machine working points:




	-

	
10% of nominal rotor speed—150 rpm;




	-

	
50% of nominal rotor speed—750 rpm;




	-

	
50% of nominal load torque;




	-

	
All machine phases are turned on (health condition);




	-

	
Phases A and/or C are turned off (fault condition).









Figure 7 shows the distribution of vibration RMS values for a 5-phase motor connected to a load motor. Vibrations were recorded for 150 rpm speed.



In the case of an unloaded motor operating at low speed (150 rpm), a pronounced increase in vibration can be observed for the case when phase A or both phases A and C are disconnected at the same time. On the other hand, feeding the motor with a fundamental harmonic or adding a third harmonic does not contribute to large vibrations (they fall within zones A or B, i.e., no more than 1.8 mm/s).



Figure 8 shows the distribution of vibration RMS values for the case of combining the tested 5-phase motor with a load motor. Vibrations were recorded for a rotational speed of 150 rpm.



For a motor operating under load (Figure 8) and at low speed (150 rpm), a significant increase in vibration was observed when one or two phases were switched off (vibration reaches a level contained in zone C, i.e., greater than 1.8 mm/s). The introduction of the third harmonic to the supply voltage does not cause major changes in the vibration level.



Figure 9 and Figure 10 show further distributions of vibration RMS values but this time for a rotational speed of 750 rpm.



For the motor operating without load (Figure 9) and at increased speed (750 rpm), a general increase in vibration can be observed, which remains at a similar level for all cases considered. These vibrations fall within zone B, that is, they do not exceed 1.8 mm/s. Significantly smaller vibrations were registered on the load motor than on the drive motor. In this case, it can also be seen that vibrations in the axis of the motor shaft (L direction) are at a similar level, while vibrations in the V and H directions change.



For the loaded motor (Figure 10) and at increased speed (750 rpm), similar vibration levels were observed as for the unloaded motor at the same speed. The vibrations fall within zone B, i.e., do not exceed 1.8 mm/s. A difference worth noting is that vibration levels in the V and H directions are at a similar level.



An important observation that emerges from the analysis of the RMS vibration distributions of the cases considered is that the vibrations are transmitted through the shaft to the load motor. The level of vibration recorded on both motors is similar. Therefore, this observation is all the more worrisome and should be taken into account when maintaining drive trains.



In the next step of vibrodiagnostic analysis, the spectral characteristics in different configurations are presented. Based on an analysis of the works [11,35], it appears that the base frequency of vibration is related to the speed of the motor. The other vibration frequencies, assuming that the motor is mechanically efficient, depend on the frequency of the phase voltage with which the motor is supplied and on the slip [35,36,37].



From the analysis of the literature and the research carried out, it appears that vibrations of electromagnetic origin are characterized by the greatest impact in the vertical (V) and horizontal (H) directions. Therefore, in the following analysis, vibration velocity spectra in the vertical (V) direction are presented as representative. All spectral characteristics shown in the following figures have been normalized to the vibration values resulting from the frequency corresponding to the motor speed when voltage was supplied containing only the fundamental harmonic (Table 2).



Figure 10, Figure 11, Figure 12 and Figure 13 show the spectral characteristics of vibrations for the cases when the motor operates with all phases, and then when phase A and then phase A and C were turned off.



For the characteristics recorded at low speed (Figure 11 and Figure 12), i.e., 150 rpm, it is possible to observe a general regularity in that switching off one or two phases causes a pronounced increase in vibration consistent with a multiple of the power phase frequency (f1) at a given motor speed. It is worth noting that the dominant 2f1 vibration frequency, which is revealed when the drive motor is loaded, shifts on the frequency axis by approximately 10%. Note that when the drive motor is loaded, the 2f1 vibration frequency begins to dominate, and the influence of the 3f1 vibration frequency decreases. Under the influence of the drive motor load, the rotational frequency increased by about 3%. When the A and C phases are turned off, the spectra show a clear increase in vibration values for frequencies that are four times the frequency f1.



For the characteristics recorded for a much higher speed (Figure 13 and Figure 14), i.e., 750 rpm, it was noted that switching off one or two phases results in only a slight increase in vibration for the frequency resulting from the motor’s operating speed, and a slight increase in vibration values for a frequency (2f1) that is twice the frequency f1. For a motor operating under load, an increase in frequency 2f1 of about 4% can be observed. Similarly, as for the lower motor speed (150 rpm), there was a change in the frequency of vibration fr of about 1%.



Figure 15, Figure 16, Figure 17 and Figure 18 show the spectral characteristics of vibrations for the cases when the motor was supplied with a voltage containing only the fundamental harmonic and a voltage to which the third harmonic was added.



At a low motor speed (150 rpm) (Figure 15 and Figure 16) operating without load as well as with load, a clear change in vibration frequency was observed. The addition of the third harmonic also results in the appearance of new vibration frequencies with frequencies other than those derived from the assumed power frequency and the frequency corresponding to the rotational speed. The load on the drive motor contributes to the frequency shift on the time axis.



At an increased motor speed (750 rpm) (Figure 16 and Figure 18), one can see the dominance of vibrations with frequencies corresponding to motor speed, and frequencies that are multiples of the power phase frequency f1 are noticeable. The vibration level when the third harmonic is added to the voltage is at practically the same level.




6. Conclusions


This paper presents vibration analysis using vibration spectral characteristics in a drive system with a five-phase machine powered from a voltage inverter. This approach is little known in the literature relating to polyphase machines. Typically, such analysis is based on electrical quantities such as voltages and currents in the drive system (THD coefficient measurements). As was visible in the presented waveforms, for chosen machine working points, there exists a direct correlation between THDs and vibration level. During simulated faults (one and two stator phases were off) in the presented vibration spectral characteristics, higher sub-harmonics occurred which are not visible in the electrical THDs analysis.



By analyzing the operation of the motor at low speed, it was noted that there was clearly a greater susceptibility to vibration when one or two phases were switched off. In contrast, the motor’s low-speed vibration operation was not much affected by supplying it with a phase-frequency voltage or a voltage with an additional third harmonic. In contrast, a different response can be observed when the motor is running at a higher speed. Then it is not very important to introduce the third harmonic to increase the motor torque or even to switch off one or two phases.



This study also showed that the vibrations induced in the drive motor are transmitted through the shaft to the motor acting as the load. It should also be noted that the recorded vibration levels for the drive motor and the motor acting as the load have very similar values, which, according to the authors, is very dangerous for the operation of the drive unit.



Vibration-diagnostic studies of drive units, especially those containing multiphase motors, are not well recognized, so further work in this area is advisable.
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Figure 1. Vectors of voltage, stator current and rotor flux in the double coordinate system α(1,2)-β(1,2). 
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Figure 2. The control system configuration with rotor flux synchronization. 
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Figure 3. The tested drive unit with a 5-phase motor (1) as a driving motor and a second motor (2) as a loading motor. The number (3) indicates the locations of the accelerometers. 
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Figure 4. Flowchart of the vibration measurement. 
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Figure 5. Current spectra recorded with an oscilloscope for phase B at no-load motor operation in the following cases: (a) motor operating with all phases at 150 rpm, (b) motor operating without phase A and at 150 rpm, (c) motor operating without phases A and C at 150 rpm, (d) motor operating with all phases at 750 rpm, (e) motor operating without phase A at 750 rpm, (f) motor operating without phase A and C at 750 rpm. 
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Figure 6. Current waveform for phase B ((a) rotational speed 150 rpm, (c) rotational speed 750 rpm) for a motor supplied with a voltage containing the third harmonic and its spectrum ((b) rotational speed 150 rpm, (d) rotational speed 750 rpm). 
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Figure 7. Vibration rms distribution characteristics for an unloaded motor and a rotational speed of 150 rpm. 
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Figure 8. Vibration RMS distribution characteristics for a loaded motor and a rotational speed of 150 rpm. 
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Figure 9. Vibration RMS distribution characteristics for an unloaded motor and a rotational speed of 750 rpm. 
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Figure 10. Vibration RMS distribution characteristics for a loaded motor and a rotational speed of 750 rpm. 
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Figure 11. Vibration spectral characteristics for a rotational speed of 150 rpm and no load, where (a)—supply 1 h, (b)—supply 1 h and Aoff, (c)—supply 1 h and ACoff. 
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Figure 12. Vibration spectral characteristics for a rotational speed of 150 rpm and under load, where (a)—supply 1 h, (b)—supply 1 h and Aoff, (c)—supply 1 h and ACoff. 
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Figure 13. Vibration spectral characteristics for a rotational speed of 750 rpm and no load, where (a)—supply 1 h, (b)—supply 1 h and Aoff, (c)—supply 1 h and ACoff. 
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Figure 14. Vibration spectral characteristics for a rotational speed of 750 rpm and under load, where (a)—supply 1 h, (b)—supply 1 h and Aoff, (c)—supply 1 h and ACoff. 
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Figure 15. Vibration spectral characteristics for a rotational speed of 150 rpm and no load, where: (a) characteristics—1 h supply, (b) characteristics—1 h and 3 h supply. 
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Figure 16. Vibration spectral characteristics for a rotational speed of 150 rpm and under load, where (a) characteristic—1 h supply, (b) characteristic—1 h and 3 h supply. 
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Figure 17. Vibration spectral characteristics for a rotational speed of 750 rpm and no load, where (a) characteristics—1 h supply, (b) characteristics—1 h and 3 h supply. 
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Figure 18. Vibration spectral characteristics for a rotational speed of 750 rpm and under load, where (a) characteristic—1 h supply, (b) characteristic—1 h and 3 h supply. 
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Table 1. Parameters of the five-phase drive system with load motor [15].
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	Parameters
	Fife-Phase Drive Motor
	Three-Phase Load Motor





	Rated output power
	5.5 kW
	5.5 kW



	Rated current
	8.8 A
	11 A



	Rated phase voltage
	173 V
	230 V



	Number of poles
	4
	2



	Rated torque
	36.5 Nm
	36.5 Nm



	Rated speed
	1440 rpm
	1440 rpm



	Transistor switching frequency
	3.3 kHz
	3.3 kHz
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Table 2. Theoretical vibration frequencies were calculated for considered rotational frequency (fr) and power phase frequencies (f1).
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	Motor Speed
	150 rpm
	750 rpm





	fr
	2.5 Hz
	12.5 Hz



	f1 = 2fr
	5.0 Hz
	25.0 Hz



	2f1 = 4fr
	10.0 Hz
	50.0 Hz



	3f1 = 6fr
	15.0 Hz
	75.0 Hz



	4f1 = 6fr
	20.0 Hz
	100.0 Hz



	…
	…
	…
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