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Abstract

:

Multiphase drives offer enhanced fault-tolerant capabilities compared with conventional three-phase ones. Their phase redundancy makes them able to continue running in the event of faults (e.g., open/short-circuits) in certain phases. Moreover, their greater number of degrees of freedom permits improving diagnosis and performance, not only under faults affecting individual phases, but also under those affecting the machine/drive as a whole. That is the case of failures in the dc link, resolver/encoder, control unit, cooling system, etc. Accordingly, multiphase drives are becoming remarkable contenders for applications where high reliability is required, such as electric vehicles and standalone/off-shore generation. Actually, the literature on the subject has grown exponentially in recent years. Various review papers have been published, but none of them currently cover the state-of-the-art in a comprehensive and up-to-date fashion. This two-part paper presents an overview concerning fault tolerance in multiphase drives. Hundreds of citations are classified and critically discussed. Although the emphasis is put on fault tolerance, fault detection/diagnosis is also considered to some extent, because of its importance in fault-tolerant drives. The most important recent advances, emerging trends and open challenges are also identified. Part 1 provides a comprehensive survey considering numerous kinds of faults, whereas Part 2 is focused on phase/switch open-circuit failures.
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1. Introduction


Electric machines with more than three stator phases, i.e., multiphase machines, offer several substantial advantages in comparison with conventional three-phase ones [1,2]. For instance, the fact that the total power is split among a greater number of phases allows decreasing the per-phase current rating without increasing the rated voltage [2]. Another characteristic that has traditionally been valued is the smaller amount of torque ripple [2]. Furthermore, using more phases makes it possible to reduce the dc-link capacitor volume [3]. Nonetheless, nowadays, the majority of the most appreciated benefits of multiphase machines stem from their extra degrees of freedom (DOFs) with respect to the three-phase alternatives [2,4]. The latter normally have just two current DOFs, used to set the flux/torque [2], whereas the higher number in the former enables other interesting possibilities [2,4]. This additional versatility can be exploited, among many other purposes, for increased torque density [5,6,7,8,9,10], machine parameter estimation [11], multimotor drives [2,10,12,13,14,15], integrated battery chargers [16,17,18,19,20,21,22], bearingless machines [23], or, most importantly, for enhanced fault tolerance. In fact, fault tolerance is one of the research topics regarding multiphase drives that has attracted the most attention in recent years. This is illustrated, e.g., by the large amount of literature that, as shown in the classification in Table 1, addresses the detection and tolerance of faults in multiphase drives.



Accordingly, multiphase machines are often employed in applications where high reliability is important, such as off-shore wind generation (where corrective maintenance may not be easy) [24], stand-alone wind/hydro-power generation [24], aerospace (especially because of safety) [25,26], electric automotive vehicles (e.g., for limp-home mode) [17,21,22,27,28], etc. Table 2 summarizes the main kinds of applications where fault-tolerant multiphase drives are considered in recent literature. From this table, aerospace and automotive vehicles gather the most significant proportion of these publications; in any case, Table 2 also confirms that these machines are of paramount importance for high-reliability scenarios of different types.



Given that the number of industry applications and research publications on this topic has not ceased to increase, it is not surprising that numerous survey papers about multiphase drives have been put forth, most notably during the last two decades [1,2,4,16,24,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54]. These review papers may be broadly classified as shown in Table 3. A few of them tackle the subject of multiphase drives with very ample scope [1,2,29,30,31,32,33], providing comprehensive summaries of a wide range of aspects related to these systems: advantages, applications, modeling, harmonic mapping, control methods, fault tolerance, space-vector (SV) pulsewidth modulation (PWM), multimotor drives, etc. On the other hand, some of the existing survey papers about multiphase drives are focused on specific aspects, such as six-phase induction machines (IMs) with asymmetrical winding spatial arrangement (WSA) [42], SV PWM for five and six phases [44], integrated on-board battery chargers for electric automotive vehicles [16], traction motor drives [3,48], aircraft applications [52,53], electrical transportation (in general) [49,50,51], drives based on multiple three-phase modules [43], advanced converter topologies (matrix, multilevel, open-end windings) [4,46,52], wind-energy [54], fault tolerance and wind/stand-alone generation [24], fault-tolerant multilevel drives [47], power sharing between multiple three-phase winding sets [37], exploitation of additional DOFs [4,35,36], machine design [34,55], healthy-drive control [34], direct torque control (DTC) [38], model predictive control (MPC) [39,40,41], or fault-tolerant control for five-phase machines using reduced-order transformation matrices [45].
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Table 1. Classification of references about fault tolerance in multiphase drives (and paper sections) according to the types of faults detected and tolerated (indicated by D and T, respectively). Survey papers and books are not included in this table.
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	References
	Control Unit
	Current Sensor
	Dc Capacitor
	Dc Volt. Sensor
	Dc Volt. Excess
	Dc Volt. Shortage
	High-res. Connects.
	Machine Cooling
	Magnet Demag.
	Mechanical
	Resolver/Encoder
	Stator SC
	Supply OC/SC
	Switch SC
	Switch/Phase OC





	[56]
	DT
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	[57]
	-
	D
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	D



	[58]
	-
	DT
	-
	DT
	-
	-
	-
	-
	-
	-
	DT
	-
	-
	-
	DT



	[59]
	-
	-
	-
	-
	-
	-
	D
	-
	-
	-
	-
	-
	-
	-
	-



	[60]
	-
	-
	-
	-
	-
	-
	D
	D
	-
	-
	-
	-
	-
	-
	-



	[61]
	-
	-
	-
	-
	-
	-
	D
	-
	-
	-
	-
	D
	-
	-
	-



	[62]
	-
	-
	-
	-
	-
	-
	D
	-
	-
	D
	-
	-
	-
	-
	D



	[63,64]
	-
	-
	-
	-
	-
	-
	D
	-
	-
	-
	-
	-
	-
	-
	D



	[65,66,67]
	-
	-
	-
	-
	-
	-
	DT
	-
	-
	-
	-
	-
	-
	-
	-



	[68]
	-
	-
	-
	-
	-
	-
	DT
	-
	DT
	-
	-
	-
	-
	-
	-



	[69]
	-
	-
	-
	-
	-
	-
	DT
	-
	-
	-
	-
	-
	-
	-
	DT



	[70,71,72,73]
	-
	-
	-
	-
	-
	-
	-
	D
	-
	-
	-
	-
	-
	-
	-



	[74,75,76,77,78]
	-
	-
	-
	-
	-
	-
	-
	-
	DT
	-
	-
	-
	-
	-
	-



	[79,80,81,82,83,84,85]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	D
	-
	-
	-
	-
	-



	[86,87]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	DT
	-
	-
	-
	-



	[88,89,90,91,92]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	D
	-
	-
	-



	[93,94,95,96,97,98]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	DT
	-
	-
	-



	[99]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	DT
	-
	DT
	-



	[100]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	DT
	-
	-
	DT



	[101]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	DT
	-
	-
	T



	[102]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	D
	DT



	[103]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	DT
	DT



	[14,104,105,106,107,108,109,110,111,112,113,114,115]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	D



	[116,117,118,119,120,121,122,123,124,125,126]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	DT



	[127]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	-
	DT



	[128]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	DT



	[129]
	-
	-
	T
	-
	-
	T
	-
	-
	T
	-
	-
	T
	-
	-
	-



	[130]
	-
	-
	T
	-
	-
	-
	-
	-
	-
	-
	T
	T
	-
	T
	T



	[27]
	-
	-
	T
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	T
	T



	[131]
	-
	-
	-
	-
	T
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	[132]
	-
	-
	-
	-
	T
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T



	[7,8,9,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,156,157,158,159,160]
	-
	-
	-
	-
	-
	T
	-
	-
	-
	-
	-
	-
	-
	-
	-



	[161]
	-
	-
	-
	-
	-
	T
	-
	-
	-
	-
	T
	-
	-
	-
	T



	[162,163,164,165,166,167]
	-
	-
	-
	-
	-
	T
	-
	-
	-
	-
	-
	T
	-
	-
	T



	[168]
	-
	-
	-
	-
	-
	T
	-
	-
	-
	-
	-
	-
	-
	T
	-



	[169,170,171,172,173,174]
	-
	-
	-
	-
	-
	T
	-
	-
	-
	-
	-
	-
	-
	-
	T



	[175]
	-
	-
	-
	-
	-
	-
	T
	-
	-
	-
	-
	-
	-
	-
	-



	[176,177]
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	T
	-
	-
	-



	[178]
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	T
	-
	-
	T



	[179,180]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	-
	-
	-



	[181,182,183,184,185,186,187,188,189,190,191,192,193,194,195,196,197,198,199,200,201,202,203,204,205,206,207,208]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	-
	-



	[209]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	T
	-
	-
	-



	[210,211,212]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	T
	-
	-
	T



	[213,214,215,216,217,218,219]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	-
	T



	[220,221,222,223,224,225,226,227,228,229,230,231,232,233,234,235,236,237,238]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	-



	[239]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	T
	T
	T



	[240,241,242,243]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	T
	-



	[244,245,246,247]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	T
	T



	[28,248,249,250,251,252,253,254,255,256,257,258,259,260,261,262,263,264,265,266,267,268,269,270,271,272]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-
	-
	T



	[273]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	-



	[13,274,275,276,277]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T
	T



	[15,22,278,279,280,281,282,283,284,285,286,287,288,289,290,291,292,293,294,295,296,297,298,299,300,301,302,303,304,305,306,307,308,309,310,311,312,313,314,315,316,317,318,319,320,321,322,323,324,325,326,327,328,329,330,331,332,333,334,335,336,337,338,339,340,341,342,343,344,345,346,347,348,349,350,351,352,353,354,355,356,357,358,359,360,361,362,363,364,365,366,367,368,369,370,371,372,373,374,375,376,377,378,379,380,381,382,383,384,385,386,387,388,389,390,391,392,393,394,395,396,397,398,399,400,401,402,403,404,405,406,407,408,409,410,411,412,413,414,415,416,417,418,419,420,421,422,423,424,425,426,427,428,429,430,431,432,433,434,435,436,437,438,439,440,441,442,443,444,445,446,447,448,449,450,451]
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	T



	Section
	Section 12.5
	Section 12.4
	Section 12.1
	Section 12.3
	Section 9
	Section 8
	Section 4
	Section 10
	Section 11
	Section 12.6
	Section 7
	Section 5
	Section 12.2
	Section 6
	Part 2
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Table 2. Classification of references about fault tolerance in multiphase drives according to specific applications.
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	Application
	References





	Aerospace
	[13,14,25,26,52,53,93,98,99,100,101,130,161,167,211,212,226,227,228,229,230,231,236,237,238,240,244,246,260,265,266,267,270,272,288,303,304,305,306,307,330,391,452]



	Automotive vehicles
	[3,16,22,27,28,48,56,91,92,94,117,119,178,181,182,209,217,219,220,221,243,248,249,250,264,282,358,361,363,364,365,366,367,368,386,453]



	Elevator
	[439]



	Marine energy
	[57,291,295,371]



	Metal industry
	[269,345]



	Ships
	[203,271,332,333,417,420,440,454]



	Wind energy
	[24,54,123,287,336,340,354,409,455]
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Table 3. Classification of survey papers focused on multiphase drives.
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	Main Topic
	References





	General
	[1,2,29,30,31,32,33]



	Control and PWM
	[4,34,35,36,37,38,39,40,41,42,43,44,45]



	Converter topologies
	[4,43,46,52]



	Fault tolerance
	[24,45,47]



	Machine design
	[34,55]



	Transportation
	[3,16,36,48,49,50,51,52,53]



	Wind energy
	[24,54]








There are also other review papers that, although not completely focused on multiphase drives, do include a significant part of survey about them; e.g., about fault-tolerant permanent-magnet synchronous machines (PMSMs) [456,457], more-electric aircraft [25,26,452], high-power wind-energy [455], medium-voltage supplies for ships [454], MPC [458], and integrated electric vehicle battery chargers [453,459].



In spite of the abundance of surveys about multiphase drives, and of the importance of fault tolerance in them, there is a noteworthy absence of recent review papers focusing on multiphase drives from the fault-tolerance standpoint. The publications providing an overview of this subject, although of excellent value, are at best already several years old [24,45,47]. Moreover, even though these ones address fault tolerance, the focus is specifically placed on certain subtopics: wind-energy [24], multilevel converters [47], and five-phase reduced-order transformation matrices [45]. It is also worth noting that just short-circuit (SC) and open-circuit (OC) faults in the switches or stator phases were taken into account [24,45,47], but many other kinds of failures may also arise in practical drives [58,129,460,461,462]. In this manner, the bibliographies in [24,45,47] do not bring together more than 110 references, and they do not reflect the substantial amount of work published on fault-tolerant multiphase drives during recent years.



This paper presents a comprehensive survey of the literature about fault tolerance in multiphase drives. Special attention is devoted to journal papers published in the last five years, although many older papers and conference papers are included as well for the sake of completeness. In this fashion, e.g., the new advances can be seen in perspective with respect to pre-existing publications. Although, in principle, any multiphase drive is inherently fault-tolerant because of the phase redundancy, the focus here is placed on those publications regarding multiphase drives that specifically address aspects related to fault tolerance or fault detection. Fault detection and diagnosis is here discussed to some extent because of its importance in fault-tolerant systems, but much more attention is given to fault-tolerance itself. Only voltage-source converters (VSCs), which are by far the most common, are taken into consideration. Numerous kinds of failures are discussed, including those of SC, OC, and speed-sensor types, as well as dc-link voltage excess or shortage, high-resistance connections and many others. Several hundred citations are covered with a critical point of view. The literature is classified according to the types of faults, applications, machines, topologies, methods, etc. The most relevant recent advances, emerging trends and open challenges in the state-of-the-art are highlighted, giving useful and comprehensive insight for practitioners and researchers either new or with vast experience in the field.



The paper is divided into two parts: Part 1 and Part 2. The first one presents a general overview of the fundamentals and of numerous types of faults that can occur in a multiphase drive. The second part is focused on phase and switch OC faults, which are by far the types of failure to which most publications have been devoted.



The remainder of Part 1 is organized as follows (Note that the table of contents of the paper is included in the pdf file as bookmarks). The types of faults are classified in Section 2, along with the literature on the subject. Some fundamental notions about multiphase drives are given in Section 3; in particular, the types of machines and converter topologies are reviewed, and the vector space decomposition (VSD) for machine modeling is explained. Then, faults regarding high-resistance connections (Section 4), stator SCs (Section 5), switch SCs (Section 6), resolvers/encoders (Section 7), dc-link voltage shortage (Section 8), dc-link voltage excess (Section 9), machine cooling (Section 10) and magnet demagnetization (Section 11) are addressed. Other types of faults are briefly surveyed in Section 12. The correspondence between sections and kinds of failures is also indicated in the last row of Table 1. The extension and degree of detail of each of these sections are related to the amount of existing associated literature, in accordance with this table. Section 13 compares the fault-tolerant capability of some of the most relevant multiphase drive topologies, in view of the surveyed literature and considering multiple kinds of failures. The conclusions of the paper are summarized in Section 14. Abbreviations are listed at the end.




2. Main Fault Types and Literature Classification according to Studied Topics


Since an ac drive is composed of a wide variety of complex elements, numerous types of faults can occur [24,58,460,461,462], as illustrated in the classification shown in Figure 1. For each of these faults, it is desirable to implement methods that enable effective detection/diagnosis and tolerance. The detection and identification of the type of failure is normally useful not only for fixing the defective element of the drive when possible, but also for adopting the adequate fault-tolerant measure (the main focus of this paper), or at least, to disable the drive if no tolerance is feasible or if continuing operation would lead to further damage. (Although in some cases the process of fault diagnosis may be divided into the steps of fault detection, identification (type) and isolation (location) [463], in most of the diagnosis methods available in the literature of multiphase drives the three goals are achieved simultaneously.)
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Figure 1. Types of faults in an ac drive. 
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Multiphase drives have a redundancy in terms of stator phases. This implies that they inherently have a greater degree of fault-tolerance than three-phase drives to certain faults; in particular, they are especially advantageous in the face of failures that mean hampering the normal functioning of some stator phases. This is the case, principally, of SC and OC faults (or equivalent) in the dc/ac converter switches, in the machine stator windings, or in the connections between converter and machine. Accordingly, as can be observed in Table 1, most of the literature about multiphase drives is focused on these OC and SC failures. This is presumably also the reason why the recent surveys about fault-tolerant multiphase drives [24,45,47] were centered on these fault types.



In addition, SC faults are much more potentially harmful than OC ones, because large currents tend to arise [270,448]. Consequently, when SC failures occur in a converter switch or leg, they are usually transformed into phase OC faults [102,119,171,276,373,377,385,448,464,465]. This is typically completed by opening a protective element in series (e.g., a fuse) either in the converter leg [119,276,343,464,465] or in the line between the machine and converter [102,119,276,385,464,465]. Nevertheless, additional devices would be necessary just for isolating switch SC faults, and, hence, this solution is sometimes discarded due to its extra complexity, cost, size, and weight. Moreover, opening a phase implies decreasing the achievable torque for a given VSC power rating [343]. In fact, it can be seen in Table 1 that the amount of research aimed at attaining tolerance to switch SC faults, by means other than simply handling them as OCs, should not be overlooked either. On the other hand, stator SC failures cannot be easily transformed into OC ones, and hence specific approaches were devised for scenarios where tolerance to them is also sought, especially by designing the machine so as to limit the resulting SC current and its impact [240,266].



There are also other particular fault types to which multiphase drives are clearly more tolerant than three-phase ones. For instance, although a three-phase machine may be driven by three independent single-phase VSCs, multiphase machines are particularly suitable for being fed by multiple independent dc/ac converters (e.g., single- or three-phase ones). Each of these VSCs can be associated with respective separate dc links, power supplies (e.g., through ac/dc and/or dc/dc converters), or even control platforms [24,26,56]. These separate and redundant systems are often called modules. Therefore, multiphase drives can also be tolerant to faults in the components (dc links, controllers, etc.) in each of these modules. Nevertheless, with such configurations it is frequently assumed that, in case of a fault within one of these modules, the entire module is deactivated and isolated [24]. This fact may explain why there are barely any publications dealing specifically with, e.g., faults in individual control units [56] or dc links [129,130] within a modular multiphase drive system. Instead, these situations (after isolation) are normally treated in most publications identically to OC faults that occur in the corresponding phases. Similarly, in case a current-sensor fault [58] or a high-resistance connection [66] is detected in a certain phase, a possible remedy (among others) is to open the corresponding line as for an SC (e.g., using a bidirectional switch), resulting in an OC as well. It may also be highlighted that, in a respectable part of the literature about fault tolerance (although not in all of it, as discussed later), no distinction is made between faults in switch gating, OC faults in free-wheeling diodes, switch OC faults, and stator OC faults, thus treating all of these as phase OC failures for generality. In fact, it can be argued that completely opening the line in any of these OC cases is also advisable to prevent unexpected behavior or overcurrent [373].



On the other hand, there are numerous faults that do not solely affect some of the stator phases, but all of them to similar extent. This occurs, e.g., in case of shortage [138,466,467], excess [131,132] or sensor failure [58] of dc-link voltage   v dc   (for single-dc-link drive), magnet demagnetization [75], as well as mechanical (e.g., eccentricity or damaged bearings/bars) [79,81,82,84,85], speed/position-sensor [182,199], or machine cooling-system failures (increasing temperature) [60,70,71,468], among others. The phase redundancy of multiphase machines, in principle, does not seem to offer inherent tolerance against these kinds of faults. In fact, in many cases the techniques to detect or tolerate such faults in conventional three-phase drives can be applied to multiphase ones without any or hardly any modifications. For instance, open-loop V/f control may be employed in IMs to tolerate speed-sensor faults [460], regardless of the phase number. In a similar fashion, many algorithms for sensorless speed/position estimation in three-phase drives, based on the fundamental (not harmonic) electromagnetic components, could be directly adopted in multiphase ones, since the machine model for such terms is (ideally) equivalent [1]. Nonetheless, existing research has revealed that, even though initially it may not seem obvious that multiphase drives provide better fault tolerance than three-phase ones to these kinds of faults not associated with particular phases, in an indirect manner the additional DOFs of the former do often allow for an advantage in this sense. For instance, these extra current DOFs can be exploited to tolerate speed/position-sensor faults [188,202], dc-link voltage shortage [138,142], dc-link voltage excess [131,132], or to monitor varying parameters related to faults such as temperature [70] or eccentricity [84], frequently with superior characteristics (e.g., without torque disturbance [70,142,188], with increased signal-to-noise ratio [84,202], etc.) in comparison with analogous techniques (if any) for three-phase machines. Accordingly, it is of great interest to survey here the research about these fault types as well, in the context of multiphase drives.



Since the classification of the methods for fault detection and tolerance depends to a great extent on the type of failure, it will be performed for each of them separately.




3. Types of Multiphase Drives and Vector Space Decomposition (VSD)


In this section, first the types of machines and stator phase configurations are reviewed in Section 3.1, and the literature about fault-tolerant multiphase drives is classified accordingly therein. Then, the main converter topologies are introduced in Section 3.2, where the literature is also classified in this regard. Finally, the general VSD is briefly explained in Section 3.3.



3.1. Types of Multiphase Machines and Stator Phase Configurations


The multiphase machines considered in this survey are mainly inner-rotor radial-flux rotary ones of the following kinds, depending on the rotor type: IMs, permanent-magnet synchronous machines (PMSMs), synchronous reluctance machines (SynRMs), and permanent-magnet-assisted SynRMs (PMaSynRMs). Switched reluctance and similar machines are excluded because of their very specific characteristics, as performed in other surveys about multiphase drives [2]. Some other particular machine types found in the existing literature about fault-tolerant multiphase drives are also included here, such as outer-rotor [27,102,117,119,229,250,257,264,361,363], dual-rotor [174,249,272,289,375], axial-flux [174,268,289,297,306,347,375], hybrid-excitation (hybrid of IM and PMSM) [94,178], and wound-field synchronous machines (WFSMs) [416].



In the following machine classification, the term “winding spatial arrangement” (WSA) is used to refer to the manner in which the different phase windings are spatially arranged in the stator, which is strongly related to the machine winding process. In contrast, the expression “stator phase connection” makes reference here to the way in which the stator phases (already wound in the stator slots) are externally connected to each other (star, pentagon, etc.) ignoring the VSC. In addition, “stator phase splitting” meant the number of phases, out of the total phase number n, that are continuously connected electrically (not by a converter high-frequency switching) to each other, e.g., through a neutral point; in this manner, the stator winding can be split into several unconnected sets. The last two concepts (stator phase connection and stator phase splitting) are related to each other, but they are not equivalent. The alternatives regarding stator phase splitting, WSA and stator phase connection are described next, in Section 3.1.1, Section 3.1.2 and Section 3.1.3, respectively.



3.1.1. Stator Phase Splitting


The stator winding may be electrically split into different groups of phases according to the following alternatives.



	
If “no phase splitting” is applied, there is electrical connection between all phases (e.g., one star with one neutral point), and the stator can be considered a single n-phase winding;



	
With “single-phase splitting”, there is no connection between any stator phases (e.g., open-end winding topologies), and the stator can be seen as n single-phase windings;



	
With “l-phase splitting”, a stator winding of composite phase number n is composed of   n / l   sets of l phases (  1 < l < n  ), electrically isolated from each other. For example,   n / l   stars with separate neutral points. It is common to select   l = 3  , given the widely spread knowledge and technology for three-phase systems [24,131,132,305,353]. Nevertheless, e.g.,   l = 5   is sometimes chosen [303,405,421,431,432,469].







3.1.2. Stator Winding Spatial Arrangements (WSAs)


Some of the main types of stator WSAs are not suitable for prime n, but all of them can be applied to composite n. Accordingly,   n = 6   is chosen for illustrating the various kinds of WSAs in Figure 2. For the sake of simplicity, concentrated full-pitch windings and minimum number of pole pairs are assumed. The letters are assigned to each phase by following the alphabet in counter-clockwise direction. Red and blue colors are used to distinguish two winding sets, assuming 3-phase splitting. These diagrams would also hold for other splitting options, by simply changing these colors (although for multisector WSA then the sectors would no longer match electrically connected sets). A single color could be used for no phase splitting, or   n = 6   different colors for single-phase splitting. It is worth noting that for certain machines the kind of WSA may be altered by just modifying the correspondence between phases and stator coils through the external connections, without rewinding the stator [469].



The phasor diagrams with respect to time of the electrical signals that correspond to each of the WSAs from Figure 2 are represented in Figure 3. These phasor representations in Figure 3 are also valid in terms of flux spatial coordinates except for the multisector WSA, as can by deduced by comparison with Figure 2. In the following, each of the WSAs illustrated in Figure 2 and Figure 3 are discussed (Section 3.1.2.1, Section 3.1.2.2, Section 3.1.2.3 and Section 3.1.2.4), as well as the difference between overlapping and non-overlapping windings (Section 3.1.2.5).
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Figure 2. Stator WSAs in a six-phase machine, using blue and red colors for each three-phase winding set (assuming three-phase splitting). Concentrated full-pitch windings are considered for simplicity. (a) Symmetrical WSA. (b) No-phase-shift WSA. (c) Asymmetrical WSA. (d) Multisector (two-sector) WSA. 
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Figure 3. Phasor representation of phase angles with respect to time corresponding to different stator WSAs in a six-phase machine (cf. Figure 2). These diagrams are also valid with respect to space for all WSAs except multisector WSA. (a) Symmetrical WSA. (b) No-phase-shift WSA. (c) Asymmetrical WSA. (d) Multisector (two-sector) WSA. 






Figure 3. Phasor representation of phase angles with respect to time corresponding to different stator WSAs in a six-phase machine (cf. Figure 2). These diagrams are also valid with respect to space for all WSAs except multisector WSA. (a) Symmetrical WSA. (b) No-phase-shift WSA. (c) Asymmetrical WSA. (d) Multisector (two-sector) WSA.



[image: Machines 10 00208 g003]





3.1.2.1. Symmetrical WSA


In the symmetrical WSA (see Figure 2a and Figure 3a), the stator windings are arranged symmetrically in space, i.e., with   φ = 2 π / n   electrical radians between consecutive phases [2]. This is valid for either prime or composite n. For instance, conventional three-phase machines typically have symmetrical WSA. This kind of WSA provides especially good performance under phase OC faults in terms of minimum torque derating [312], as discussed in Part 2.




3.1.2.2. No-Phase-Shift WSA


For composite n,   n / l   winding sets can be installed without any spatial phase shift between them (see Figure 2b and Figure 3b) [312], i.e., a no-phase-shift WSA. When identical electrical signals are applied to all winding sets, this type of WSA yields very similar behavior to an l-phase machine. Accordingly, it is less prone to current distortion than symmetrical and asymmetrical WSAs, its dc-link utilization is higher and its control is simpler [470,471]. However, the amount of torque derating under phase OC faults is worse [312].




3.1.2.3. Asymmetrical WSA


Another alternative for composite n, is to set the displacement between winding sets as   φ = π / n   (see Figure 2c and Figure 3c), producing an asymmetrical WSA [2]. Compared with other WSAs, this one is advantageous in order to increase torque density and reduce torque ripple, because odd time and space harmonics are distributed among more independent subspaces [1]. On the other hand, its control is often more complex and the current distortion [mainly producing stator copper loss (SCL)] tends to be more noticeable [470,471].




3.1.2.4. Multisector WSA


The winding sets for composite n may be instead placed in different stator sectors, yielding a multisector WSA [443]. In Figure 2d, there are   n / l = 2   sectors, one associated with each three-phase winding set: top (blue) and bottom (red). The electrical angles coincide for corresponding stator phases of all sectors (see Figure 3d), but not the mechanical ones (see Figure 2d) [346].



In Figure 3d there is one stator pole pair in each of the   n / l = 2   sectors. A multisector WSA with more stator poles can be wound so that there are still   n / l   sectors, by setting more pole pairs per sector [56,247,261,346,450]. For instance, in Figure 4a there are two pole pairs in each sector. Another alternative would be to distribute the pole pairs of each winding set among several sectors, i.e., so that more than   n / l   sectors are used in total [230,247,261,450]. For example, in Figure 4b there is still one pole per sector, but there are four sectors instead of two. In the latter case, the mechanical imbalance under faults affecting certain phases is less severe [230,450].
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Figure 4. Types of multisector WSAs for a six-phase machine with eight pole pairs. (a) Two pole pairs per sector. (b) One pole pair per sector. 






Figure 4. Types of multisector WSAs for a six-phase machine with eight pole pairs. (a) Two pole pairs per sector. (b) One pole pair per sector.



[image: Machines 10 00208 g004]





In a machine based on l-phase sectors, similarly to a no-phase-shift WSA with l-phase windings, it is possible to supply all of them by a single l-phase VSC for simplicity [374]. However, the reliability in the face of VSC faults is then reduced compared with multiple l-phase VSCs.



Multisector WSA is often employed for bearingless machines, because it allows adjusting the radial force by the extra DOFs [23]. If the objective is to exploit the DOFs for fault tolerance, the fact that a multisector WSA offers less coupling between phases (of different sectors) than the aforesaid WSAs is helpful in this regard. Notwithstanding, multisector WSA exhibit some shortcomings under faults, as pointed out concerning six-phase PMSMs and IMs in [258,259,261,436], respectively: additional flux distortion, greater unbalanced radial force and larger current for the same output power under phase OCs, as well as higher torque ripple for three-phase SC fault. These disadvantages were nonetheless shown to be less relevant for a six-phase SynRM in [247].




3.1.2.5. Overlapping and Non-Overlapping Windings


Any of the aforementioned types of WSA can be performed using overlapping or non-overlapping windings, by suitably changing the coil pitch. Figure 5 illustrates the difference between these two options, for   n = 6   with symmetrical WSA. In particular, note that the couple of coils explicitly drawn in Figure 5a overlap in space, but those in Figure 5b do not. The winding layouts depicted in the examples in Figure 2 are also overlapping.



The specific overlapping winding shown in Figure 5a is distributed, because it has several (two) slots per pole per phase, in contrast to that in Figure 2a, which has one (known as concentrated, or concentrated full-pitch) [2,472]. When double layer is adopted, as in Figure 5a, the selection of which phase is placed in the bottom or top layer for each slot affects the values of the inductances, e.g., the mutual inductance between three-phase winding sets [473,474].
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Figure 5. Difference between overlapping and non-overlapping windings, for a six-phase machine with symmetrical WSA. (a) Overlapping. (b) Non-overlapping (namely, FSCW). 






Figure 5. Difference between overlapping and non-overlapping windings, for a six-phase machine with symmetrical WSA. (a) Overlapping. (b) Non-overlapping (namely, FSCW).



[image: Machines 10 00208 g005]





Among non-overlapping windings, fractional-slot concentrated windings (FSCWs), where each coil is wound around a single tooth, are relatively common. The number of rotor poles is usually greater or lower than the stator-slot number by 1 or 2 units [178,264,453]. In particular, the example illustrated in Figure 5b represents a single-layer 12-slot/10-pole FSCW. In a multisector FSCW, the relation between the rotor-pole and stator-slot numbers should also be studied for each sector [27].



FSCWs, especially with single layer, offer large self-inductance and high electrical, magnetic, thermal, and mechanical isolation between phases [2,232,266,472]. Consequently, FSCWs are frequently employed without electrical connection between phases (single-phase splitting, without neutral) [26,89,91,96,128,162,240,241,248,263,266,267,365]. For these reasons, FSCWs are particularly convenient when tolerance to stator SCs is sought [240,266], as will be further discussed later. Other advantages of FSCWs are, e.g., short end windings, high torque density, low cogging torque and high slot fill factor [27,220,475]. Their main drawback is the greater magnetomotive-force distortion (possibly attenuated by Halbach array magnets [241]), which can lead to, e.g., torque ripple [233], increased eddy-current losses (which can be reduced by core lamination and magnet segmentation) and high risk of magnet demagnetization (due to the temperature rise caused by these losses) [229]. Because of the air-gap flux distortion, FSCWs are normally only used in PMSMs, never in IMs [2,34,259]. In addition, FSCWs typically offer lower reluctance torque [270,476].



The difference between single- and double-layer FSCWs can be observed in Figure 6 for the same number of slots. These alternatives are also referred to as alternate-teeth-wound or all-teeth-wound FSCWs, respectively. Double-layer FSCWs provide a lower degree of isolation between phases (slots are shared), but also less magnetomotive-force distortion [233,258,398].
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Figure 6. Difference between single- and double-layer FSCWs, for a six-phase machine with symmetrical WSA. (a) Single layer. (b) Double layer. 
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In any case, FSCWs that do not follow the basic patterns shown in Figure 6 are often employed as well. For instance, when there are two coils per phase as in Figure 6b, the polarity of the coils in one half of the machine may be inverted [220], or the two coils of each phase may be placed next to each other [221]. In contrast to FSCWs, which are non-overlapping, fractional-slot overlapping windings are also possible [425,477], although much less common.





3.1.3. Stator Phase Connections


In machines with no phase splitting or with l-phase splitting of the stator, the connections between stator-phase endings can be performed in different ways. The most usual stator phase connection is star [478] with either one or   n / l   neutral points. Regarding symmetrical WSA (see Figure 3a), it is possible to set   n / 2   different types of stator phase connections [344,389,390,478,479]. These alternatives are denoted by the variable  λ , which indicates the series connection (ignoring the converter) of each pair of phases with a spatial step between them equal to   λ φ   [344,408]. In this manner,  λ  may be defined as the stator phase interconnection step. For instance, for   n = 5  , there are   λ = 0   (star),   λ = 1   (pentagon), and   λ = 2   (pentacle) connections [141,344,389,390,408,410,411,412,428,478]. For   n = 6  , there are   λ = 0   (star),   λ = 1   (hexagon) and   λ = 2   (double-delta) connections, as shown in Figure 7 [344,408]. In general,   λ = 0   corresponds to no phase splitting when there is a single neutral point, and to l-phase splitting when n is composite and there are   n / l   isolated neutral points. If n is composite,   n / λ  -phase splitting is obtained for integer   n / λ   with   λ > 1   (e.g., in Figure 7c), and no phase splitting otherwise.
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Figure 7. Stator phase connections in a six-phase machine with symmetrical WSA [408]. (a)   λ = 0   (star). (b)   λ = 1   (hexagon). (c)   λ = 2   (double delta). 
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In a machine with WSA other than symmetrical, besides using single-phase splitting or star connection, it may also be possible to set connections analogous to   λ > 0  . For instance, double-delta connection could be set in a six-phase motor with asymmetrical WSA. Nonetheless, to the knowledge of the authors, these possibilities have barely been explored so far, with the exception of a multisector WSA based on three deltas [270].



Different types of stator phase connections may be combined in a single multiphase machine, as performed previously, e.g., with star/delta configurations in three-phase machines [480]. Several publications have studied the combination of star- and pentagon-connected five-phase windings in ten-phase machines [421,431,432,481]. This configuration permits obtaining a trade-off between the advantages and disadvantages of these two connection types [421] and reducing the harmonic content [421,481]. Similarly, hybrid pentacle-star five-phase connections can also yield less harmonic distortion [482]. Although these machines are intrinsically ten-phase ones, only five external terminals need to be connected [421], which means improving converter simplicity but reducing reliability concerning converter faults. Analogously, special connection types have also been devised so that other n-phase machines can be driven by converters with fewer legs than n (besides other advantages); e.g., a nine-phase six-terminal IM [355,422,430], twelve-phase six-terminal IM [426] and five-phase three-terminal PMSM [475]. Moreover, an n-phase machine with symmetrical WSA can be fully operated by an   n / 2  -leg converter if half of the stator phases are connected in anti-phase with the other half [229], or by just l legs in case of a no-phase-shift or multisector WSA (as aforesaid) with l-phase winding sets connected in parallel [374].




3.1.4. Literature Classification according to Machine Type and Stator Configuration


Table 4 and Table 5 classify many of the references about fault tolerance in multiphase drives depending on the studied machine types. The papers that present the theory in a general manner, for multiple n values or configurations, are, in most cases, sorted in the tables depending on the machines tested experimentally. In these tables, a dash indicates that it is unclear or does not apply. From Table 4 and Table 5, it can be stated that five- and six-phase machines have been the focus of a lot of research concerning fault tolerance. Although higher phase numbers, such as   n ≥ 12   provide further enhanced fault tolerance [344], presumably the increased complexity has prevented them from a significant rise in popularity for the moment. Concerning the rotor type, IMs and PMSMs are predominant in this context. Regarding the stator phase connections and splitting, it can be seen in Table 4 and Table 5 that stator windings connected in star (  λ = 0  ), either with three-phase or no splitting, as well as those independently driven (single-phase splitting), are particularly usual in fault-tolerant multiphase drives. Symmetrical and asymmetrical are the most widely-spread WSAs, followed by multisector WSA, whereas no-phase-shift WSA is barely taken into account. Machines either with FSCWs (mainly PMSMs) or without FSCWs are common. Although FSCWs are considered for asymmetrical WSAs in some cases, in the literature concerning fault tolerance FSCWs are used more often in multisector WSAs and, mostly, in symmetrical WSAs.
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Table 4. Classification of references about fault tolerance in multiphase drives according to the type of machine and stator configuration (Section 3.1), for   n ≤ 6  .
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	n
	WSA
	FSCW
	Splitting
	   λ   
	Rotor
	References





	4
	Sym.
	No
	No
	0
	IM
	[310]



	4
	Sym.
	Yes
	1-ph.
	−
	PMSM
	[163,165,228,239,266]



	4
	Sym.
	Yes
	No
	0
	PMSM
	[232]



	5
	Sym.
	No
	1-ph.
	−
	IM
	[193,194,362,406,451]



	5
	Sym.
	No
	1-ph.
	−
	PMSM
	[273,403]



	5
	Sym.
	No
	No
	0
	IM
	[9,41,69,114,115,116,138,142,150,151,152,153,189,190,202,218,253,310,317,318,319,320,321,322,323,324,325,326,327,328,329,410,411,427,428,429]



	5
	Sym.
	No
	No
	0
	PMaSynRM
	[84,104,309,404,483]



	5
	Sym.
	No
	No
	0
	WFSM
	[416]



	5
	Sym.
	No
	No
	1
	IM
	[410,411,412,428]



	5
	Sym.
	No
	No
	1
	WFSM
	[416]



	5
	Sym.
	No
	No
	−
	PMaSynRM
	[423]



	5
	Sym.
	No
	No
	0
	PMSM
	[8,68,76,77,78,86,105,106,136,141,200,201,208,216,217,249,250,251,252,333,383,384,385,386,387,388,389,390,391,392,393,394,395,396,400,402,414,440,448]



	5
	Sym.
	No
	No
	1
	PMSM
	[141,389,390]



	5
	Sym.
	No
	No
	2
	PMSM
	[141,390]



	5
	Sym.
	Yes
	1-ph.
	−
	PMSM
	[89,90,91,95,127,130,133,162,163,164,187,226,227,233,234,241,248,263,264,267,268,304,363,365,444,445]



	5
	Sym.
	Yes
	1-ph.
	−
	Hybrid excit.
	[94]



	5
	Sym.
	Yes
	No
	0
	PMSM
	[59,92,102,111,117,118,119,166,219,232,254,255,256,257,262,357,358,359,360,361,366,367,379,380,381,397,398,446,447]



	5
	Sym.
	Yes
	−
	−
	PMSM
	[209,297,442]



	5
	Sym.
	−
	No
	0
	PMSM
	[57,107,108,110,175,181,186,369,370,371]



	5
	Sym.
	−
	No
	0
	RL load
	[149,155,159]



	5
	Sym.
	−
	No
	0
	−
	[148]



	5
	Sym.
	−
	−
	−
	PMSM
	[182,291,295]



	6
	Asym.
	No
	1-ph.
	−
	IM
	[415]



	6
	Asym.
	No
	3-ph.
	0
	IM
	[80,81,82,83,112,113,126,131,132,143,144,145,146,156,157,158,161,173,202,203,204,205,206,207,261,310,311,312,334,335,336,337,338,339,340,341,342,343,433,434,435,436]



	6
	Asym.
	No
	3-ph.
	0
	PMSM
	[28,58,63,64,65,70,71,72,73,74,75,87,88,103,109,134,135,137,154,170,171,176,177,179,276,277,278,279,280,281,282,283,284,285,286,287,288]



	6
	Asym.
	No
	3-ph.
	0
	SynRM
	[247]



	6
	Asym.
	No
	3-ph.
	0
	WFSM
	[15,417,454]



	6
	Asym.
	No
	No
	0
	IM
	[144,213,214,310,311,312,334,341,342,343,382,433,434,435,437,438]



	6
	Asym.
	No
	No
	0
	PMSM
	[137,170,171,313,314,315,356]



	6
	Asym.
	No
	No
	Other
	PMSM
	[372]



	6
	Asym.
	No
	Other
	Other
	IM
	[413]



	6
	Asym.
	No
	−
	−
	PMSM
	[368]



	6
	Asym.
	Yes
	1-ph.
	−
	PMSM
	[220]



	6
	Asym.
	Yes
	3-ph.
	0
	PMSM
	[215,258,259,419]



	6
	Asym.
	Yes
	No
	0
	PMSM
	[351]



	6
	Asym.
	−
	3-ph.
	0
	PMSM
	[121,122,125,139,191,192,299,300]



	6
	Asym.
	−
	No
	0
	PMSM
	[347,348,349]



	6
	Multisec.
	No
	3-ph.
	0
	IM
	[261,418,436]



	6
	Multisec.
	No
	3-ph.
	0
	PMSM
	[179,230,305]



	6
	Multisec.
	No
	3-ph.
	0
	SynRM
	[247,450]



	6
	Multisec.
	No
	−
	−
	PMSM
	[425]



	6
	Multisec.
	Yes
	3-ph.
	0
	PMSM
	[56,215,246,258,259,346]



	6
	Multisec.
	Yes
	No
	0
	PMSM
	[346]



	6
	No-ph.
	No
	3-ph.
	0
	IM
	[312,424]



	6
	No-ph.
	No
	3-ph.
	0
	PMSM
	[169,316]



	6
	No-ph.
	No
	No
	0
	IM
	[312]



	6
	No-ph.
	−
	No
	0
	PMSM
	[302]



	6
	Sym.
	No
	1-ph.
	−
	IM
	[271]



	6
	Sym.
	No
	3-ph.
	0
	IM
	[62,79,82,202,312,344,377,407,408]



	6
	Sym.
	No
	3-ph.
	0
	SynRM
	[308]



	6
	Sym.
	No
	3-ph.
	2
	IM
	[344,408]



	6
	Sym.
	No
	No
	0
	IM
	[120,123,172,261,275,292,312,344,377,436]



	6
	Sym.
	No
	No
	0
	PMSM
	[331]



	6
	Sym.
	No
	No
	0
	SynRM
	[308]



	6
	Sym.
	No
	No
	1
	IM
	[344,408]



	6
	Sym.
	No
	Other
	Other
	PMSM
	[13,14,345]



	6
	Sym.
	No
	−
	0
	IM
	[293,294]



	6
	Sym.
	No
	−
	−
	PMSM
	[297]



	6
	Sym.
	Yes
	1-ph.
	−
	PMSM
	[93,96,99,128,163,210,211,212,223,240,265]



	6
	Sym.
	Yes
	3-ph.
	0
	PMSM
	[100,101,215,222,229,230,258,259,260,265,419]



	6
	Sym.
	Yes
	No
	0
	PMSM
	[101,232,330]



	6
	Sym.
	Yes
	−
	−
	Hybrid excit.
	[178]



	6
	Sym.
	Yes
	−
	−
	PMSM
	[221,225,231,441]



	6
	Sym.
	−
	1-ph.
	−
	PMSM
	[13]
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Table 5. Classification of references about fault tolerance in multiphase drives according to the type of machine and stator configuration (Section 3.1), for   n ≥ 7  .
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	n
	WSA
	FSCW
	Splitting
	   λ   
	Rotor
	References





	7
	Sym.
	No
	No
	0
	IM
	[66,67,160,183,184,185,197,296,310,350]



	7
	Sym.
	No
	No
	0
	PMSM
	[174,289,375,376]



	9
	Asym.
	No
	3-ph.
	0
	IM
	[353,354]



	9
	Asym.
	No
	3-ph.
	0
	PMSM
	[22,137]



	9
	Asym.
	No
	3-ph.
	0
	WFSM
	[454]



	9
	Asym.
	No
	No
	0
	PMSM
	[137,301]



	9
	Asym.
	No
	No
	Other
	IM
	[355,422,430]



	9
	Asym.
	No
	Other
	Other
	PMSM
	[301]



	9
	Multisec.
	No
	3-ph.
	0
	PMaSynRM
	[97,98,129,167,224,235,236,237,238,242,243,244,245,270]



	9
	Multisec.
	No
	3-ph.
	0
	PMSM
	[61,124,180,195,196,443]



	9
	Multisec.
	No
	3-ph.
	1
	PMaSynRM
	[270]



	9
	Multisec.
	No
	No
	0
	PMaSynRM
	[374]



	9
	Multisec.
	Yes
	3-ph.
	0
	PMSM
	[409]



	9
	Sym.
	No
	1-ph.
	−
	IM
	[274]



	9
	Sym.
	No
	3-ph.
	0
	IM
	[140,269,352]



	9
	Sym.
	No
	3-ph.
	0
	PMSM
	[439]



	9
	Sym.
	No
	No
	0
	IM
	[60,290,298,332,352,449]



	9
	Sym.
	No
	No
	0
	PMSM
	[198,199]



	9
	Sym.
	No
	−
	−
	PMSM
	[188]



	9
	Sym.
	Yes
	3-ph.
	0
	PMSM
	[147]



	10
	Asym.
	No
	No
	Other
	IM
	[421,431,432]



	10
	Sym.
	Yes
	1-ph.
	−
	PMSM
	[272]



	10
	−
	No
	5-ph.
	0
	IM
	[405]



	11
	Sym.
	No
	No
	0
	IM
	[399]



	12
	Asym.
	No
	3-ph.
	0
	IM
	[373,378,401]



	12
	Asym.
	No
	6-ph.
	0
	IM
	[373]



	12
	Asym.
	No
	No
	0
	IM
	[373]



	12
	Asym.
	Yes
	3-ph.
	0
	PMSM
	[420]



	12
	Multisec.
	Yes
	3-ph.
	0
	PMSM
	[168]



	12
	Multisec.
	Yes
	2-ph.
	Other
	PMSM
	[364]



	12
	Sym.
	No
	3-ph.
	0
	PMSM
	[143]



	12
	Sym.
	No
	3-ph.
	4
	PMSM
	[344]



	12
	Sym.
	No
	4-ph.
	3
	PMSM
	[344]



	12
	Sym.
	No
	6-ph.
	2
	PMSM
	[344,408]



	12
	Sym.
	No
	No
	0
	PMSM
	[344,408]



	12
	Sym.
	No
	No
	1
	PMSM
	[344,408]



	12
	Sym.
	No
	No
	5
	PMSM
	[344]



	12
	Sym.
	Yes
	3-ph.
	0
	PMSM
	[306]



	12
	−
	No
	6-ph.
	Other
	IM
	[426]



	12
	−
	No
	No
	Other
	IM
	[426]



	15
	Asym.
	Yes
	5-ph.
	0
	PMSM
	[303]



	18
	Multisec.
	No
	3-ph.
	0
	PMSM
	[307]



	24
	Multisec.
	Yes
	3-ph.
	0
	PMSM
	[27]










3.2. Types of Multiphase Voltage-Source-Converter (VSC) Topologies


Multiphase machines offer the advantage that they are able to work under faults (e.g., OCs) in certain phases with a conventional two-level n-phase half-bridge (HB) VSC topology (see Figure 8a), as for healthy drive. Nevertheless, sometimes they are driven by other types of VSCs, either to further increase the postfault performance or to obtain additional features for certain applications. Many of the VSC schemes found in fault-tolerant multiphase drives are illustrated in Figure 8 and Figure 9, which correspond to non-modular and modular VSCs, respectively. The literature on the subject is classified accordingly in Table 6. The ideal voltage sources shown in Figure 8 and Figure 9 could be replaced by loads or other elements, depending on the application. The possibility of reconfiguring the VSC topology after faults (e.g., by extra bidirectional switches) is ignored for the moment; it will be addressed later.
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Figure 8. VSC non-modular topologies in multiphase ac drives, ignoring postfault reconfiguration. (a) Single n-phase HB VSC. (b) Single (n+1)-phase HB VSC. (c) Single (n+  n / l  )-phase HB VSC. (d) Single n-phase FB VSC for open-end windings. (e) Series dc-side connection of l-phase HB VSCs. (f) Series dc-side connection of single-phase FB VSCs. (g) Parallel n-phase HB VSCs. (h) Series dc-side connection of parallel l-phase HB VSCs. (i) Single n-phase T-type three-level VSC. 
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Figure 9. VSC modular topologies in multiphase ac drives, ignoring postfault reconfiguration. (a) Multiple independent l-phase HB VSCs. (b) Multiple independent (l+1)-phase HB VSCs. (c) Multiple independent single-phase FB VSCs (H-bridges). (d) Dual n-phase HB VSC for open-end windings. (e) Multiple independent parallel l-phase HB VSCs. 
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A slight variant of the traditional configuration from Figure 8a is the HB VSC with one additional leg, which is connected to the stator neutral point, as shown in Figure 8b in order to obtain an extra (zero-sequence) current DOF [361]. Evidently, the single n-phase VSC from Figure 8a is also suitable for feeding machines with certain stator phase splitting, such as   n / l   stars of l phases, [312,343]. This implies fewer current DOFs, which, in turn, also means, e.g., simpler current control and better dc-link utilization [312]. If other VSC legs are included, for providing connections (current paths) to the   n / l   respective neutral points, a single HB VSC of n+  n / l   phases (legs) results [303], which is represented in Figure 8c.



As briefly mentioned in Section 2, some of the typical topologies in multiphase machines are the ones composed of multiple three-phase HB VSCs or multiple single-phase full-bridge (FB) VSC (i.e., H-bridges) using separate dc links, which are depicted in Figure 9a and Figure 9b, respectively. It can be seen in Table 6 that these topologies are in fact some of the most popular ones, other than using a single n-phase HB VSC. Note that, in Figure 9a, l is used instead of 3 for generality. Even though using two VSC legs per phase (as in FB VSCs) instead of one implies doubling the number of switches, in the former scenario each of them needs to withstand lower voltage [240]. Adopting an FB VSC also enables the circulation and control of zero-sequence current. Nonetheless, the scheme from Figure 9a can be slightly modified so that the VSC modules have   l + 1   legs, including connections (zero-sequence current paths) to the stator neutral points, as shown in Figure 9b [236,346].



When both terminals of each stator phase of the machine are available (open-end windings), besides the aforementioned possibility of using independent H-bridges, it is also common to employ an n-phase FB VSC with single dc link (see Figure 8d), or to supply each winding side by a separate n-phase HB VSC (see Figure 9d). The former allows a zero-sequence current DOF, whereas the latter makes it possible to synthesize the phase voltages by using more steps, thus reducing the current ripple and the dv/dt [413]. From Table 6, using a single FB VSC is a widely-spread solution for   n = 5  .
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Table 6. Classification of references about fault tolerance in multiphase drives according to the VSC topology (Section 3.2), ignoring postfault reconfiguration.
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	VSC Topology
	Figure
	n
	References





	Single n-phase HB diode rectifier
	8a *
	5
	[57,295,416]



	Single n-phase HB diode rectifier
	8a *
	6
	[454]



	Single n-phase HB VSC
	8a
	−
	Most of the others.



	Single (n+1)-phase HB VSC
	8b
	5
	[361]



	Single (n+  n / l  )-phase HB VSC
	8c
	15
	[303]



	Single n-phase FB VSC for open-end windings
	8d
	5
	[91,94,128,133,193,248,263,267,362,363,403,406]



	Single n-phase FB VSC for open-end windings
	8d
	6
	[13,28,234,364,451]



	Single n-phase FB VSC for open-end windings
	8d
	10
	[272]



	Series dc-side connection of 3-phase HB diode rectifiers
	8e *
	6
	[417]



	Series dc-side connection of 3-phase HB diode rectifiers
	8e *
	9
	[454]



	Series dc-side connection of 3-phase HB VSCs
	8e
	9
	[409]



	Series dc-side connection of 1-phase FB VSCs
	8f
	−
	[54]



	Parallel 6-phase HB VSCs
	8g
	6
	[341]



	Series dc-side connection of parallel 3-phase HB VSCs
	8h
	6
	[340]



	Single n-phase T-type three-level VSC
	8i
	6
	[103,276,277,279]



	Multiple independent 3-phase HB VSCs
	9a
	6
	[56,173,215,222,230,265,305,436]



	Multiple independent 3-phase HB VSCs
	9a
	9
	[61,97,98,167,180,224,235,238,242,243,244,245,353,439,443]



	Multiple independent 3-phase HB VSCs
	9a
	12
	[168]



	Multiple independent 3-phase HB VSCs
	9a
	18
	[307]



	Multiple independent 3-phase HB VSCs
	9a
	24
	[27]



	Multiple independent (l+1)-phase HB VSCs
	9b
	6
	[346]



	Multiple independent (l+1)-phase HB VSCs
	9b
	9
	[236]



	Multiple independent 1-phase FB VSCs (H-bridges)
	9c
	4
	[165,228,266]



	Multiple independent 1-phase FB VSCs (H-bridges)
	9c
	5
	[89,95,130,162,164,233,264,304]



	Multiple independent 1-phase FB VSCs (H-bridges)
	9c
	6
	[93,96,99,210,211,212,223,227,240,265,271]



	Dual n-phase HB VSC for open-end windings
	9d
	5
	[194,273]



	Dual n-phase HB VSC for open-end windings
	9d
	6
	[220]



	Multiple independent parallel 3-phase HB VSCs
	9e
	6
	[339,340]



	3-phase HB VSC + 3 phase FB VSC
	−
	6
	[413]



	5-phase HB VSC + 5-phase HB diode rectifier
	−
	10
	[405]







* In the case of diode rectifiers (for some generators), the switches in Figure 8 and Figure 9 would be replaced by diodes.











An interesting, although less usual, multiphase topology is that based on series connection of the dc links of several three-phase VSCs (see Figure 8e) [409,484]. This can be particularly attractive for off-shore wind farms using a high-voltage dc connection, allowing the use of generators and semiconductors with reduced voltage rating and avoiding bulky grid-side transformers [409,484]. Another application is generation for medium-voltage electrical distribution in ships [454]. A variant of this configuration is illustrated in Figure 8f, where each of the VSCs is a single-phase FB [54].



An n-phase machine may be supplied by two n-leg HB VSCs in parallel using interfacing inductors, as in Figure 8g. This is not only advantageous in terms of fault tolerance to converter faults (due to redundancy), but also regarding the required switch current rating, which is thereby reduced [340]. This feature can be very appropriate for high-power applications [340]. Furthermore, interleaving PWM can be implemented in the parallel VSCs to decrease current harmonics [485]. Although there are other topologies based on installing redundant legs connected in parallel [275,465], in those ones the extra legs are not used during normal operation (lacking the associated benefits), and postfault reconfiguration is applied by means of additional bidirectional switches.



Analogously, each of the l-phase VSCs in the topologies from Figure 8e and Figure 9a may be replaced by parallel l-phase VSCs (see Figure 8f and Figure 9e), as in [340].



In addition to the phase redundancy offered by multiphase drives, switch state redundancy can be achieved/increased by adopting a multilevel VSC [465]. (Switch state redundancy means that certain output voltage SVs can be obtained by more than one possible combination of switching states [465].) This is particularly convenient in the face of switch failures. The fault tolerance of T-type three-level VSCs (see Figure 8i) has been addressed in some publications [103,276,277,279], where this capability is exploited. However, to the authors’ knowledge, fault tolerance in other multiphase multilevel topologies has not been tackled in detail so far. Multiphase diode neutral-point-clamped VSCs are briefly considered for diagnosis of switch OCs in [115] and for tolerance of phase OCs in [47,288,371], but the switch state redundancy is not exploited for tolerating switch faults. Throughout this paper, the multiphase machines are assumed to be supplied by two-level VSCs, unless the opposite is explicitly mentioned. Nevertheless, the majority of the available methods for tolerating faults other than switch failures are equally valid regardless of the VSC number of levels.



Many of these VSC topologies are suitable for special drive configurations, such as multimotor drives, where several machines are controlled by a single VSC. In particular, Moraes et al., present a method for diagnosis of OC faults for a six-phase two-motor drive fed by a six-phase FB VSC [14]. Later, they compare, in [13], the fault tolerance of a drive comprising two six-phase machines depending on whether it is based on two six-phase FB VSCs sharing a dc link (no connection between phases of different machines) or a six-phase FB VSC (connecting the phases of both machines in series). Control strategies for tolerating phase OCs have also been proposed for drives composed of a six-leg HB VSC and two synchronous machines with their stator phases in series: a six-phase and a three-phase one in [345], and two six-phase ones in [15]. The tolerance to open-phase faults of a multisector nine-phase PMaSynRM fed by a single three-leg HB VSC is studied in [374]. The fault-tolerant topology devised in [364] may also be mentioned, where a six-phase FB VSC is employed for an integrated battery charger using a six-phase machine with open-end windings and an unconventional kind of connection among the stator phases.



There are also some other types of VSC setups without postfault reconfiguration in fault-tolerant multiphase drives that are not reflected in Figure 8 and Figure 9. For instance, for a machine with various winding sets, different kinds of VSCs can be employed for each of them; e.g., in [413] a three-phase HB VSC is used for one set and an FB VSC for the other one. In [415], for   n = 6   the HB VSC at one of the sides of Figure 9d is split into two three-phase ones, with separate dc links. The tolerance to phase OCs of an induction generator composed of two five-phase stars, with one star excited by an HB PWM inverter and another one feeding an HB diode rectifier, is addressed in [405]. On the other hand, other VSC topologies [101,171,239,274,275,316,343,346,372,408,411,413,465] rely to a great extent on postfault reconfiguration and they will hence be discussed later.



Concerning other aspects of VSC technology, it may be pointed out that some of the fault-tolerant multiphase drives in the literature consist of VSCs integrated in the machines [27,306] or are based on wide-bandgap devices [306].



Finally, it is worth mentioning that an interesting multiphase topology based on   n + 1   legs and series connection of the end windings has recently been proposed by Li et al., in [486]. Essentially, it is based on setting   λ = 1   but splitting one of the series phase connections so that two VSC legs instead of one are used for the corresponding pair of stator terminals. However, its fault tolerance is yet to be studied.




3.3. General Vector Space Decomposition (VSD) for Multiphase Drives


The VSD is commonly employed to transform the electrical variables of the machine and VSC to a set of subspaces with much clearer physical meaning and decoupling. A stator electrical variable u (voltage or current), expressed as an array of per-phase values, can be transformed to a VSD   α h  -  β h   subspace as [214,313]


       u  α h        u  β h       =  2 n       cos  ( h  ϕ a  )      cos  ( h  ϕ b  )     ⋯    cos  ( h  ϕ n  )        sin  ( h  ϕ a  )      sin  ( h  ϕ b  )     ⋯    sin  ( h  ϕ n  )             u a     u b    ⋯    u n      T   



(1)




where T means transpose and  ϕ  denotes the angle in electrical radians corresponding to each stator phase with respect to a common reference (see Figure 3). For instance, for   n = 6   with asymmetrical WSA (see Figure 3c):    ϕ a  = 0  ,    ϕ b  = φ  ,    ϕ c  = 4 φ  ,    ϕ d  = 5 φ  ,    ϕ e  = 8 φ  , and    ϕ f  = 9 φ  . The gain   2 / n   in (1) keeps the current and voltage amplitude after the transformation; it can be replaced by    2 / n    to maintain instead the power/torque values without readjusting the power/torque formulas as a function of n.



The machine model in the   α h  -  β h   subspace describes the behavior related to the space harmonic of order h, which can be positive or negative depending on the direction of rotation. In particular, the fundamental magnetomotive-force component is ideally given only by the stator current in the   α 1  -  β 1   plane. Moreover, if voltages/currents are balanced, each time harmonic order h is also mapped into a certain subspace in accordance with (1) [214,487,488]. (For a given multiphase machine, balanced means that the voltage/current waveform has the same shape in all stator phases, but in each phase being shifted in time by the time interval that corresponds to the fundamental component according to Figure 3.)



The complete VSD transform is obtained differently depending on the WSA. Let us consider first symmetrical and asymmetrical WSAs. Customarily, odd h values from 1 up to   2  n / 2  − 1   are used in (1) for asymmetrical WSA, and both odd and even h values from 0 to   n / 2   for symmetrical WSA [214]. For h higher than these, the same subspaces are obtained in (1) as for lower h, and, thus, they can be ignored when deriving the VSD transform. The rows resulting from (1) for said h values can be combined into an n x n VSD transform. The subspaces corresponding to   h = n / 2 ∈ N   and   h = 0   in symmetrical WSA, or to   h = n / 2 ∈ N   and   h = n   in asymmetrical WSA, represent the zero sequences. For all these zero sequences except   h = n / 2 ∈ N   for asymmetrical WSA, one of the two dimensions in (1) becomes null, and the two factors in the gain should be removed from (1) [214]. The zero sequence corresponding to the case of having the same signal in all phases is often denoted by   0 +   [1]. The VSD subspaces other than zero sequences and   α 1  -  β 1   plane are frequently called secondary [34,109,126,319,341,434,435,489], x-y [1,2,142,143,435] or no-torque [142,143,487] planes.



If non-linear effects, such as saturation [490] and rotor-slot harmonics [202], are neglected during healthy operation, the VSD subspaces from (1) are decoupled (orthogonal), except in one particular case: asymmetrical WSA with single neutral point, where certain cross-coupling is present between planes, such that   h / l ∈ N   [488]. Coupling between VSD subspaces due to faults is addressed later. In any case, even if there is VSD cross-coupling between current/voltages, the VSD mapping of space (not time) harmonics normally still obeys (1), unless there are, e.g., stator SC (not OC) faults that alter the spatial winding distribution.



In no-phase-shift and multisector WSAs, all odd and even harmonic orders are mapped into a reduced number of VSD subspaces, with dimensions lower than the actual number of DOFs (i.e., n). Hence, when deriving the complete VSD transform, other specific transformations different from (1) may be defined in those cases for DOFs not included in (1) that do not correspond to any balanced integer order harmonic. For instance, the sequence of the angles associated with some of the winding sets/sectors can be inverted in (1) for these other DOFs [312].



Alternatively, in machines with l-phase splitting, instead of (1) sometimes it is preferred to use the same VSD as for an l-phase machine for each l-phase set, regardless of the WSA. This is especially common [but not as much as (1)] for 3-phase splitting, because of the well-consolidated three-phase technology [353]. Decoupling terms may be added to achieve independent control of each l-phase winding [173,353], although this is not necessary when magnetic coupling between them can be disregarded (e.g., with FSCWs) [409]. Nonetheless, for the explanations through this paper it is assumed that the general VSD is employed instead, unless the opposite is explicitly mentioned.



For simplicity, it is often assumed that all winding space harmonics other than   h = 1   are negligible, i.e., that the windings are sinusoidally distributed [24]. In that case, only   α 1  -  β 1   involves electromechanical conversion. In practice, especially for single-layer windings and low slot-per-pole-per-phase values, there are certain non-negligible space harmonics. Thus, a more realistic assumption is to consider that there is one space harmonic per VSD subspace (at least where odd h exist) while using (1) [7,174,289,296,375,376,433], at the expense of less generality and extra complexity. However, in case torque ripple or other effects associated with higher-order space harmonics are to be studied, several space harmonics per subspace need to be considered [214,491]. Moreover, VSD can also be applied to the rotor of IMs to take into account the behavior of each harmonic in the rotor; in particular, for squirrel-cage rotors, each bar may be considered as a rotor phase [214,491,492].



The electromagnetic flux and torque are obtained by the interaction between the current (time) harmonics and space harmonics within the same VSD subspace [491]. In general, for a given subspace, current and space harmonics generate average torque if they are of the same order and sequence (positive/negative), and otherwise they cause torque ripple [2]. Nevertheless, even if a certain current component is mapped into a VSD subspace where no space harmonics exist, it produces SCL, decreasing the drive efficiency [487,493,494].



In subspaces where current can flow, other than   α 1  -  β 1  , the impedance is often much lower than in   α 1  -  β 1  . This is especially true if the windings are distributed very sinusoidally, because then the impedance in these secondary subspaces is only given by the stator resistance and stator leakage inductance. Although in presence of space harmonics in the secondary subspaces there is certain coupling with the rotor and hence higher impedance, it is still considerably lower than in the plane of the fundamental component. Hence, even small voltage components can produce undesired large currents that need to be taken into account and/or compensated [139,143,202,487,488,493,494].



It may also be remarked that the VSD matrix is closely related to the symmetrical components (or Fortescue) one, which additionally is able to separate the positive and negative sequences within each plane, provided complex inputs are employed [11].





4. High-Resistance Connections


This kind of problem means that there is an unusually large value of resistance in one or several phases. If no proper measures are taken, this condition may lead to torque ripple and more severe faults, such as phase OCs or even SCs between conductors or to the ground [66,67]. The main causes, detection methods and tolerance approaches regarding high-resistance connections are illustrated in Figure 10.
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Figure 10. Causes, detection methods, and tolerance approaches for high-resistance connections in multiphase drives. 
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4.1. Causes of High-Resistance Connections


Some of the reasons that can produce high-resistance connections are damage or contamination of the contact surfaces (e.g., oxidization), vibration, thermal cycling, and poor workmanship [61,66].




4.2. Detection of High-Resistance Connections


Detection of high-resistance connections is usually based on calculating the degree of stator electrical dissymmetry, either in terms of voltage or current imbalance, and checking whether a certain threshold is surpassed. Broadly speaking, in case there is closed-loop current control ensuring zero steady-state current error at the VSD components affected by the imbalance, the detection algorithms rely on the voltage references (current-control output) [65,66,67,68]. Otherwise, if there is no current control with said capability, they normally monitor the dissymmetry of the measured currents [59,62,63,69]. As an exception, the methods focused on the zero sequence/s are based on measuring the zero-sequence voltage, provided the corresponding current cannot flow (isolated neutral points) [61]. These statements are in agreement with the summary of detection techniques and their properties displayed in Table 7. It can also be distinguished between the detection approaches that employ a single fault index [65] or those that use several [59,61,63,66,67,68,69]. Computing various indices instead of one allows identifying the particular phase/s [59,63,66,67,68,69], or at least the specific winding set [61], that has extra resistance. In exchange, this implies some additional complexity. In the following, these strategies are explained in more detail, following roughly the order in Table 7.
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Table 7. Methods for detecting high-resistance connections (Section 4) in multiphase applications in the literature.
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References

	
Machine

	
Current Control

	
Monitored Signals

	
x-y Current Ref.

	
Finds Fault Location

	
Needs Extra * Sensors

	
Diagnoses Other Faults

	
Smooth Postfault Torque




	
n

	
WSA

	
Rotor






	
Rossi et al. [65]

	
6

	
Asym.

	
SPMSM

	
  α 1  -  β 1   & x-y rotating PI

	
x-y voltage

	
0

	
No

	
No

	
No

	
Yes




	
Zarri et al. [66,67]

	
Odd

	
Sym.

	
IM

	
  α 1  -  β 1   & x-y rotating PI

	
  α 1  -  β 1   & x-y voltage

	
0

	
Phase

	
No

	
No

	
Yes




	
Tani et al. [68]

	
5

	
Sym.

	
SPMSM

	
  α 1  -  β 1   & x-y rotating PI

	
x-y voltage

	
0

	
Phase

	
No

	
Demagn.

	
Yes




	
Salas-Biedma et al. [69]

	
5

	
Sym.

	
IM

	
  α 1  -  β 1   DTC

	
  α 1  -  β 1   & x-y current

	
−

	
Phase

	
No

	
Phase OC

	
Yes




	
Farag et al. [62]

	
6

	
Sym.

	
IM

	
  α 1  -  β 1   & x-y current

	
  α 1  -  β 1   & x-y current

	
−

	
Phase

	
No

	
Ph. OC, bars

	
−




	
Chen et al. [59]

	
5

	
Sym.

	
SPMSM

	
  α 1  -  β 1   rotating PI

	
  α 1  -  β 1   & x-y current

	
−

	
Phase

	
No

	
No

	
No




	
Gonçalves et al. [63,64]

	
6

	
Asym.

	
SPMSM

	
  α 1  -  β 1   & x-y predictive

	
x-y current

	
Any

	
Phase

	
No

	
Phase OC

	
No




	
Hu et al. [61]

	
9

	
3-sect.

	
PMaSynRM

	
Rotating PI per star

	
Zero-seq. voltage

	
0

	
Set

	
Voltage

	
Turn SC

	
No




	
Sun et al. [60]

	
Any

	
As./sym.

	
Any

	
  α 1  -  β 1   rot. PI & x-y PI

	
Phase dc voltage

	
dc

	
Phase

	
Voltage

	
Overheat.

	
No








* In addition to usual stator-current sensors.











Rossi et al., address in [65] the case of six-phase surface-mounted PMSMs (SPMSMs) with asymmetrical WSA in the presence of harmonic disturbances. Namely, it is proposed to monitor the amplitude of either the fundamental positive- or negative-sequence voltage-reference component in the   α 5  -  β 5   (x-y) plane to detect dissymmetry events. However, this technique cannot establish which phases offer greater resistance. Conversely, in [66,67], Zarri et al., suggest identifying the affected phase/s by computing certain combinations of the VSD unbalanced fundamental voltage references (PI outputs) in IMs with symmetrical WSA and any odd phase number. The main difference between [66,67] is that the extended method in the latter is able to identify the phases with imbalance also in case they are several. A similar approach is presented by Tani et al., in [68], but this one also detects magnet-demagnetization faults, by monitoring other frequency components of the control output at the same time.



However, since these techniques [65,66,67,68] rely on the voltage references imposed by closed-loop control to ensure zero current, they cannot be applied to most of the so-called reconfigurationless fault-tolerant controllers (discussed in Part 2), which do not include closed loops in the secondary VSD subspaces (to avoid postfault reconfiguration) [323,335,336,337,338]. Diagnosis of high-resistance connections can be effectively attained with said control strategies by monitoring certain relations (indices) between the VSD stator currents, as performed by Salas-Biedma et al., in [69]. When resistance imbalance arises, the x-y current increases, making it possible to identify the faulty phase/s. In such conditions, the uncompensated x-y current and associated SCL may decrease the efficiency, but the torque is still smooth, provided space harmonics are negligible. Analogous indices are employed in [62] for a symmetrical six-phase IM, where phase OCs and broken rotor bars are diagnosed as well, although no details about the type of control are given.



An alternative current-based solution is devised by Chen et al., in [59] for five-phase PMSMs, under the assumption that the balanced fundamental current component is the only one controlled (by PI blocks) with zero steady-state error. That is, not only the current in the secondary subspaces is actually left uncontrolled, but also the negative-sequence   α 1  -  β 1   fundamental current. Consequently, some torque pulsation due to this current has to be accepted with this technique when the fault occurs, even if space harmonics are disregarded. Nevertheless, concerning the advantages of this method in comparison with previous ones, the authors of [59] claim that the one from [67] is complex when detecting high resistance in multiple phases.



On the other hand, if current references different from zero are set for components other than the balanced fundamental one (so as to exploit the extra DOFs), most of the aforesaid detection approaches are no longer valid. A diagnosis method suitable for high-resistance connections and phase-OC faults in such a scenario for six-phase PMSMs with asymmetrical WSA is proposed by Gonçalves et al., in [63]. It is based on monitoring the amplitudes of the unbalanced fundamental current errors, while running predictive current finite-control-set MPC (FCS-MPC). As a shortcoming, these uncompensated currents are expected to cause torque oscillations. This approach is enhanced in [64] so that the increased resistance is estimated and smaller resistance imbalance may be detected. A variant based on monitoring the deviation from the currents predicted by the healthy machine model is also presented in [64].



An entirely different technique is presented by Hu et al. [61]. In said paper, attention is brought to the fact that stator SC faults (in particular, turn SCs) also cause resistance dissymmetry, and, hence, special care should be devoted to distinguish between turn SC and high-resistance connections. The method is tested in a multisector nine-phase PMaSynRM with three independent three-phase windings. It is proposed to measure the (zero-sequence) voltage between the neutral of each three-phase winding and the neutral of an additional star-connected three-phase resistor network of high impedance. When turn SC or high-resistance connections arise in a certain winding set, the zero-sequence fundamental voltage increases triggering the alarm, and the type of fault is identified by exploiting the fact that the zero-sequence high-frequency voltage only rises substantially for turn SC. As reflected in Table 7, the most important disadvantage of this method in comparison with the other ones is the fact that extra hardware (including one voltage sensor per star) is required. Moreover, torque ripple is also obtained in this case, unless the controller is reconfigured afterward. It may also be pointed out that, among the methods shown in Table 7, this is the one that could be most easily applied to a conventional three-phase machine.



Finally, concerning the procedure proposed by Sun et al. [60], it can be noted that, although it is mainly considered in the context of overheating prevention (later discussed in Section 10), such a method could also be applied for detecting high-resistance connections [60]. The per-phase resistance is estimated by injecting dc current into the x-y planes and sequentially measuring the voltage drop across each stator phase. Although the dc injection does not generate torque oscillations, the   α 1  -  β 1   current imbalance caused by resistance dissymmetry is not compensated. Further details about this technique are given in Section 10.2.




4.3. Tolerance to High-Resistance Connections


When this type of situation is detected, the maintenance personnel should be informed so that the connections are checked and fixed when feasible [66,67]. In the meantime, it is possible to continue driving the machine with undisturbed performance (avoiding torque ripple) by using a control technique able to compensate the current imbalance. This can be completed, e.g., by means of proportional-integral (PI) controllers rotating in both positive- and negative-sequence directions in each VSD subspace with fundamental frequency, as in [65,66,67,68], similarly to what is often applied under phase OC faults (discussed in Part 2) [296,311]. The DTC method adopted in [69], which was originally proposed in [323], also provides smooth torque in presence of resistance dissymmetry. This discussion is consistent with the last column of Table 7.



The high-resistance connections imply that some phase voltages have to be raised to impose the same current references. If this effect is very pronounced, it might result in overmodulation and, hence, in harmonics and torque ripple, unless special precautions are taken (see Section 8).



These control methods [65,66,67,68,69] (see Table 7) for preventing torque pulsation under resistance dissymmetry in principle do not need reconfiguration after high resistances arise: they can be implemented in such a manner also for healthy operation, and they work satisfactorily both in the presence and absence of resistance imbalance. This differs from the scenario of OCs, where the current references and the number of controlled DOFs are usually modified after the failure, except in the recent reconfigurationless techniques (such as [69], which avoids torque ripple without modifications under high resistances or phase OCs). Nonetheless, even though avoiding torque oscillations during high-resistance connections without identifying the affected phase/s is easier than for phase OC faults, it can still be of interest to alter the current references so as to maximize the efficiency, as proposed by Hang et al. [175] (using hysteresis control), analogously to the so-called minimum-loss strategy (MLS) for phase OCs [24,311,312].



In any case, since continued operation with high-resistance connections may lead to more serious failures, such as SCs [66,67], a more conservative decision is to set in OC the affected phase/s as for switch SC faults (e.g., by opening extra bidirectional switches), and then to apply tolerant strategies suitable for phase OC faults (surveyed in Part 2), until the deficient connections are fixed.




4.4. Concluding Remarks about High-Resistance Connections


From the preceding discussion, it can be concluded that most of the available methods for detecting high-resistance connections in multiphase drives are based, without extra hardware, on monitoring the current-measurement [59,62,63,64,69] or voltage-reference [65,66,67,68] imbalance. The latter is more suitable when closed-loop current control is included at the unbalanced components for ensuring smooth torque (tolerance). In any case, under the assumption that only the   α 1  -  β 1   plane contributes to the torque, it is possible to omit closed-loop control in the secondary subspaces and monitor the respective current, while avoiding torque ripple by proper   α 1  -  β 1   control [69]. On the other hand, if it is desired to minimize the losses under resistance dissymmetry, the phase currents may be reconfigured for this purpose, using suitable control of all the current DOFs [175].



Some of these techniques are able to detect and distinguish other faults as well, such as phase/switch OC [62,63,64,69], stator SC [61], overheating [60], magnet demagnetization [68], and broken rotor bars [62].



The possibility of having non-zero ac current references in several VSD subspaces is considered just in [63,64] so far, in spite of the interest of exploiting these extra DOFs for, e.g., increasing the average torque [5,6,7].



It would be desirable to continue performing research following and combining these new trends, by devising innovative methods for detecting and tolerating high-resistance connections together with many other fault types, even if there are non-zero ac references for current components other than the balanced fundamental. Avoiding torque ripple or overcurrent due to overmodulation when a phase voltage rises because of a high-resistance connection may also be addressed in the future. Further research can be performed in order to extrapolate the existing strategies for providing high performance under phase OC faults to the scenarios where the increased stator resistances are not infinite, as in high-resistance connections.





5. Stator SC Faults


SC faults in the stator windings can be of the following types (see Figure 1): phase-to-phase, phase-to-neutral, or turn-to-turn (also known as turn or interturn faults) [269]. If the stator does not include neutral points (e.g., for full-bridge VSCs), the term “phase-to-neutral SC” can be replaced by “phase SC” (more general), for which both terminals of a given phase are shorted [266]. Phase-to-phase faults can arise between terminals of two phases, between coils of different phases within a certain stator slot (mainly for windings with two or more layers) or between end windings (if overlapping) [129,262]; they may also occur through the stator core, but it is less likely [129]. A turn fault means that one or several turns of a certain phase are shorted. Turn fault is the most troublesome kind of stator SC, especially for PMSMs and when the SC involves a single turn of a certain phase [93,96,99,129,167,240]. Moreover, the severity of turn faults depends on the location of the shorted turns (unless vertical rectangular winding is adopted [223,495]), and it is particularly critical if such turns are close to a slot opening [95,129,223,227,495]. The most important causes, detection techniques and tolerant approaches concerning stator SCs are displayed in Figure 11 and are surveyed in the following.
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Figure 11. Causes, detection methods and tolerance approaches for stator SC faults in multiphase drives. 
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5.1. Causes of Stator SC Faults


Stator SC faults mainly occur due to breakdown of the insulation material, which, in turn, is typically caused by a combination of the following types of stress during the operating life of the machine [496]: thermal (aging, overload, and cycling), electrical (dielectric, tracking, corona, and transient voltage), mechanical (coil vibration and rotor striking the stator), and environmental (moisture, chemicals, and other foreign particles) stress. These stresses can be aggravated by manufacturing defects (e.g., in insulation) [497] and by phenomena, such as voltage surges, electrostatic discharge, high dv/dt, deficient cooling, and poor maintenance [223].




5.2. Detection of Stator SC Faults


Detection of any kind of stator SC is normally important, so that the most suitable measures are timely implemented. Nonetheless, detecting turn faults is particularly critical, because as aforesaid stator currents tend to be very large in such circumstances, rapidly causing significant temperature rise, which can lead to magnet demagnetization (for PMSM) and further damage of the machine insulation unless remedial actions are applied in time [97,98,225,237]. The methods proposed in the literature for detecting stator SC failures in multiphase drives are summarized in Table 8 and surveyed next. The techniques are roughly sorted in the table according to the type of signal/s being monitored, which is also the order that is followed in the subsequent discussion.
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Table 8. Methods for detecting stator SCs (Section 5.2) in multiphase applications in the literature.
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References

	
Machine

	
Types of Stator SCs

	
Identifies Location of SC

	
Monitored Signal/s

	
Extra Sensors *

	
Differs from    n = 3       †   

	
Robust to Other Faults     ‡   




	
n

	
WSA

	
Rotor

	
FSCW






	
Jiang et al. [100]

	
6

	
Sym.

	
SPMSM

	
Yes

	
Phase

	
Phase

	
Ph. current

	
No

	
No

	
Phase OC




	
Jiang et al. [101]

	
6

	
Sym

	
SPMSM

	
Yes

	
Phase

	
Phase

	
Ph. current & neutral-point volt.

	
1 volt. per star

	
No

	
No




	
Haylock et al. [93]

	
6

	
Sym.

	
SPMSM

	
Yes

	
Turn

	
Phase

	
Ph. current

	
No

	
No

	
No




	
Haylock et al. [99]

	
6

	
Sym.

	
SPMSM

	
Yes

	
Turn/ph.

	
Phase

	
Ph. current & on-state IGBT volt.

	
1 volt. per IGBT

	
No

	
IGBT




	
Gritli et al. [88]

	
6

	
Asym.

	
SPMSM

	
No

	
Turn

	
No

	
x-y volt./curr. 1st/3rd harmonics

	
No

	
Yes

	
No




	
Immovilli et al. [89]

	
5

	
Sym.

	
SPMSM

	
Yes

	
Turn

	
Phase

	
Product   α 1  -  β 1   & x-y volt./current

	
No

	
Yes

	
Ecc., demag.




	
Cui et al. [94]

	
5

	
Sym.

	
IPMSM

	
Yes

	
Turn

	
No

	
Torque estimation error

	
Torque

	
No

	
No




	
Wu et al. [96]

	
6

	
Sym.

	
SPMSM

	
Yes

	
1 turn

	
Ph., top/bot.

	
High-freq. ph. current (injected)

	
No

	
No

	
No




	
Sen et al. [90,92]

	
5

	
Sym.

	
SPMSM

	
Yes

	
Turn

	
Phase

	
PWM ripple ph. current

	
Analog circuit

	
No

	
No




	
Fan et al. [91]

	
5

	
Sym.

	
IPMSM

	
Yes

	
Turn

	
No

	
Zero-sequence current

	
No

	
Slightly

	
No




	
Wang et al. [97]

	
9

	
3-sect.

	
PMaSynRM

	
No

	
Turn

	
Sector

	
Instant. active/reactive power

	
Yes

	
Slightly

	
No




	
Hu et al. [61]

	
9

	
3-sect.

	
PMaSynRM

	
No

	
Turn

	
Phase

	
Zero-sequence voltage

	
1 volt. per star

	
No

	
High-resist.








* In addition to usual stator-current sensors. † Although several of these detection methods are identical for n = 3, most of them had not been proposed for n = 3 in the past, and many of these papers also have significant research contribution on other aspects. ‡ Only including those that have been proved.











In [100], Jiang et al., detect stator SC faults by simply checking if the phase current is several times greater than rated. However, assuming that the machine is properly designed for tolerating SC faults, only very severe ones (or none) could be detected in this manner. Later, this technique is improved to some extent in [101], for machines based on several star-connected winding sets, by adding the condition that under fault the measured voltage of the corresponding stator neutral point should deviate substantially from half the dc-link voltage value. To avoid false alarms due to noise, the current absolute value in each phase is averaged during several control samples [101], at the expense of some additional detection time.



Haylock et al. [93] propose to predict the stator current in a six-phase PMSM by means of a look-up table, with flux linkage and position as inputs. When the actual phase current deviates from the predicted one at the PWM frequency (which sees much lower reactance than the fundamental), a turn fault is diagnosed. Since this is checked in each PWM cycle, the detection is fast [93]. For detecting stator phase SCs (or switch SCs), the on-state switch voltage may also be monitored at the same time, because its value is related to the phase-current magnitude [99].



Gritli et al. [88] analyze the voltage and current spectrum in both the   α 1  -  β 1   and   α 5  -  β 5   (x-y) planes of an asymmetrical six-phase SPMSM with distributed windings. It is concluded that the magnitudes of the fundamental and third-order voltage/current harmonics in the   α 5  -  β 5   plane can be used as indicators of turn failures, although the fault location is not identified.



Immovilli et al. [89] present an index based on the product of the   α 1  -  β 1   and x-y vectors for detecting turn SCs in five-phase PMSMs. Voltage or current SVs can be used depending on whether the current is controlled or not. Turn faults imply an increase in this index at both dc and second-order components. The affected phase may be identified based on the direction of the SV in the x-y plane. The method is tested in a five-phase SPMSM with single-layer 20-slot 18-pole FSCW. It is also shown that other types of faults, such as eccentricity and magnet demagnetization lead to different behavior and, thus, do not cause fault alarms, at least for this particular machine.



Cui et al. [94] propose to detect turn faults by monitoring the average torque error (between estimated and measured torque) in a five-phase hybrid-excitation interior PMSM (IPMSM) fed by FB VSC. The main shortcomings of this method are the requirement of a torque sensor and the inability to identify the faulty phase.



It is shown by Wu et al. [96] that a single-turn fault can be detected online by injecting a high-frequency square-wave voltage in the   d 1   axis and measuring the associated high-frequency current. A change in the corresponding impedance would signify a turn SC, depending on its location (top/bottom of slot). However, the additional current produces undesired noise and vibrations [92].



Instead of injecting supplementary high-frequency signals, it is possible to detect turn SCs by monitoring the changes in high-frequency admittance through the rms value of the PWM current ripple, as performed by Sen et al., in [92]. Unless it is possible to acquire the current measurements with considerable accuracy and sampling frequency, special analog filters are required. The proposal is applied to a five-phase SPMSM with single-layer 10-slot 12-pole FSCW. This approach is later improved in [90], by means of a new fault indicator (ratio between adjacent phases), in terms of robustness to imbalance and different operating conditions, including transients.



However, many of these techniques are based on the assumption that the resistance between shorted turns is zero (worst case), and the severity is not quantified. A method for detecting the severity of turn faults in a five-phase IPMSM with single-layer open-end FSCW fed by a single FB VSC is presented by Fan et al., in [91]. The magnitude and phase angle of the zero-sequence current is monitored, while PWM with zero common-mode voltage is employed. The number of SC turns and the value of the associated fault resistance (insulation resistance) are obtained through an iterative calculation based on this current and a couple of two-dimensional look-up tables. Identification of the affected phase is not performed. It is important to establish beforehand the threshold value of the insulation resistance such that irreversible damage occurs, which is assessed in [98] for a nine-phase PMaSynRM by analyzing its electromagnetic and thermal behavior.



In [97], Wang et al., propose to monitor the second-harmonic magnitude of the instantaneous active (for generation mode) or reactive (for motoring mode) power of each sector of a three-sector nine-phase PMaSynRM. A turn SC is diagnosed in a given set if the value of this parameter for such set is much higher than in the healthy sets and in comparison with the values expected for healthy machine (according to a look-up table). However, the method is not suitable for low speeds, unlike, e.g., the one from [93,99] (based on PWM ripple).



Hu et al. [61] point out that it is also of interest to distinguish between turn SCs and high-resistance connections, because they both give rise to similar symptoms; namely, imbalance in the low-frequency components. Accordingly, they propose to check the zero-sequence voltage in a nine-phase PMaSynRM by using an extra sensor per winding set, and to diagnose these types of faults depending on whether the high-frequency zero-sequence voltage increases substantially (turn fault) or only the fundamental one does (high-resistance connections). The effectiveness of the turn-SC detection is also verified during transient conditions.



From the preceding survey and the summary reflected in Table 8, several conclusions can be drawn. Nearly all of these alternatives are able to identify the faulty phase [89,90,92,93,96,99,100,101] or at least its winding set [97]. Most of them are focused on turn SC [61,88,89,90,91,92,93,94,96,97,99], which is actually the most troublesome type of stator SC. Some of these procedures do not need extra sensors or circuits [88,89,91,93,96,97,100]. The capability of these methods to distinguish from other failures is limited, with just some exceptions [61,89,99,100]. All the ones shown in Table 8 are proposed for PMSMs. Only a few of the existing techniques exploit the particular characteristics (secondary subspaces) of multiphase drives in comparison with three-phase ones [88,89]. Thus, future research may attempt to take advantage of the extra DOFs of these drives so as to improve the features (e.g., discrimination from other faults) of many of the existing approaches, also in cases different from turn SCs in PMSMs. Further details about the detection methods for stator SCs in three-phase machines can be found, e.g., in [498,499].




5.3. Tolerance to Stator SC Faults


As shown in Figure 11, multiple approaches exist to tolerate stator SCs. They are rarely employed individually; on the contrary, in the literature several of them are usually combined in a certain application. In multiphase drives, enhancement of the tolerance to stator SCs is completed by special drive topologies or topology reconfigurations (surveyed in Section 5.3.1), by careful machine design (Section 5.3.2), by advanced current control (Section 5.3.3), and (on rare occasions) by including extra elements to physically shunt the rotor flux in slots affected by SC faults (Section 5.3.4).



5.3.1. Drive Topologies


The tolerance to stator SCs can be enhanced to a great extent by specific drive configurations, especially concerning the VSC topologies. The solutions found in the literature for this purpose are surveyed next, and they are summarized in Table 9 following roughly the same order as in the text.
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Table 9. Methods based on drive topology for tolerating stator SC faults (Section 5.3.1) in multiphase applications in the literature.
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	References
	Method Description
	n
	WSA
	Splitting
	VSC Topology
	Figure
	SC Types





	Mecrow et al. [93,99,240]
	1-phase SC
	6
	Sym.
	1-phase
	Independent H bridges
	9c
	Turn



	Arumugam et al. [223]
	1-phase SC & vertical winding
	6
	Sym.
	1-phase
	Independent H bridges
	9c
	Turn



	Wang et al. [97,98,129,243,245]
	3-phase SC
	9
	Multisec.
	3-phase
	Independent 3-phase HBs
	9a
	Turn



	Xu et al. [265]
	3-phase SC
	6
	Sym.
	3-phase
	Independent 3-phase HBs
	9a
	Phase



	Arumugam et al. [222]
	3-phase SC & vertical winding
	6
	Sym.
	3-phase
	Independent 3-phase HBs
	9a
	Turn



	Wang et al. [236]
	3-phase & neutral SC
	9
	Multisec.
	3-phase
	Independent (l+1)-phase HBs
	9b
	Turn



	Shi et al. [270]
	Delta connections
	9
	Multisec.
	3-phase
	Independent 3-phase HBs
	9a
	Turn



	Various [94,248,263,267]
	Zero-sequence control
	5
	Sym.
	1-phase
	Single n-phase FB
	8d
	Phase/turn



	Guo et al. [128]
	Zero-sequence control
	6
	Sym.
	1-phase
	Single n-phase FB
	8d
	Phase



	Many
	Zero-sequence control
	−
	−
	1-phase
	Independent H bridges
	9c
	Phase/turn



	Jiang et al. [101]
	Extra leg to neutrals & 0-seq. control
	6
	Sym.
	3-phase
	Single (n+1)-phase HB + 2 switches
	12
	Phase



	Si et al. [239]
	Zero-sequence control
	4
	Sym.
	1-phase
	Dual n-phase HB + 6 switches
	13
	Phase



	Mohammadpour and Parsa [252]
	Opening shorted phase
	5
	Sym.
	No
	Single n-phase HB
	8a
	Phase








5.3.1.1. Topology Reconfiguration for Applying Terminal SC


In some scenarios of stator SCs, applying an external SC by means of the VSC switches can alleviate the undesired effects of such faults, assuming that the machine is properly designed (addressed shortly, in Section 5.3.2) to yield acceptable SC current after this procedure. This strategy could be understood as a reconfiguration of the drive topology. Either single- or three-phase external SCs are often performed. For instance, in case of a turn failure in a PMSM supplied by FB VSC/s (e.g., independent H-bridges), it is common to deliberately SC the terminals of the corresponding phase by means of two top or two bottom switches. In this manner, the extremely high current that tends to arise in said case is prevented, and instead the current through the phase and faulted turns becomes more similar to a phase SC fault, which is much lower and easier to accommodate [93,99,240]. The fact that the SC current caused by turn fault is reduced by the external SC is because the resulting current naturally counteracts the flux linkage in the shorted turn/s [129]. This effect may also be understood as a balanced sharing of the flux linkage by all the turns of the respective phase winding [222,223]. In any case, even after such action, the current through the shorted turn/s can be, to some extent, higher than for phase SC failures, depending on the specific coil (if there is more than one coil per phase) and turn location (except for vertical winding [222,223,495]). Hence, it is advisable to consider the worst-case scenario in this regard during the machine design [167], to adopt FSCWs using vertical conductors [222,223,495] or to implement advanced turn-fault mitigation procedures based on current control (discussed later, in Section 5.3.3.2) instead of a simple terminal SC [224].



In PMSMs based on multiple (isolated) three-phase star-connected winding sets with a stator SC (of any type) in one or two phases, it can be an attractive option to impose SC, also, on the other phases of the same winding set (i.e., three top or three bottom switches on) [97,98,129,222,243,245,265]. On the one hand, the current induced in the shorted healthy phases tends to reduce the flux and current through the faulty turns/coils [129]; on the other hand, a balanced SC can be less harmful than an unbalanced one [230]. For example, even though the brake torque is normally higher for a three-phase SC than for a single-phase SC, in most cases the torque ripple is much lower for the former, due to the greater degree of symmetry in the stator excitation [27,247,258,265].



If each three-phase winding set is fed by a VSC with four legs (as in Figure 9b, for   l = 3  ), it is possible to not only turn on three switches of said VSC after the SC failure, but also one of the leg connected to the neutral point (i.e., four top or four bottom switches per VSC) [236]. This is particularly helpful for decreasing SC current under turn faults, as further discussed shortly.



Nevertheless, the excessive current peaks and the torque ripple produced by a stator SC can be compensated by using suitable postfault current techniques (explained in Section 5.3.3) without applying external SC to any phases, thus avoiding the associated drawbacks such as the increased braking torque or the loss of DOFs.




5.3.1.2. Topologies Allowing Reduction in Shorted-Turn Flux Linkage by Uncontrolled Zero-Sequence Current


In case HB VSCs are adopted, the tolerance to stator SC faults may be improved by the type of stator phase connection. It has been shown in [270], taking a nine-phase PMaSynRM driven by three-phase HB VSCs as an example, that using three deltas yields lower current under turn faults than three stars. This is explained by the fact that the zero-sequence current flowing within the loops in the former case contributes to reduce the flux linkage in the shorted turn/s, even though the circulating current cannot be actively controlled.



Another possibility to allow zero-sequence current flow, without resorting to phase connections different from star (e.g., delta) or to FB VSCs (increased complexity), is to install a four-leg VSC for each three-phase star-connected set (see Figure 9b, for   l = 3  ), as performed in [236] for the same nine-phase PMaSynRM used in [270]. The fourth leg is simply employed to suitably clamp the neutral point to the dc-link positive or negative rail after a turn fault arises, creating an external SC with the other three terminals of the same winding set [236]. Similarly to using delta stator connections [270], this alternative also results in reduced flux linkage through the shorted turns and hence smaller SC current (by about   40 %  ), in comparison with the absence of zero-sequence current (SC involving three terminals instead of four). Note that, for a nine-phase machine such as that in [236,270], a nine-phase FB VSC would mean six additional legs compared with using three four-leg VSCs. Furthermore, the fourth leg of each VSC in the latter option can be of lower current rating than the other legs [236].



Based on the aforementioned, it can be concluded that, although VSC topologies other than FB VSCs are usually simpler, it is advisable to also equip the former with paths for the zero-sequence current so as to reduce the turn-fault current.




5.3.1.3. Topologies Allowing Increase in DOFs by Controlled Zero-Sequence Current


On the other hand, the additional zero-sequence current path/s can be employed in a different manner. Instead of using them so that the SC current under turn faults is passively decreased, they may be exploited for increasing the number of actively controlled current DOFs under stator SC (or OC) fault; then, the SC current magnitude, torque capability, and maximum allowable number of phase failures can, thereby, be improved [101]. This approach is possible in FB VSCs without any modifications. FB VSCs are, in fact, relatively common in drives tolerant to stator SCs: e.g., using multiple H-bridges (which also offer high electrical isolation between phases for dc-link faults or switch SCs) [89,93,95,96,99,130,162,164,165,210,211,212,223,227,228,233,240,264,265,266,271] or a single FB VSC [94,128,248,263,267].



However, FB VSCs have shortcomings associated with the high number of extra devices and low dc-link utilization. Jiang et al. [101] proposed a particular alternative topology (see Figure 12) allowing zero-sequence current control for a symmetrical six-phase PMSM with two stars, using seven legs. One leg is saved in comparison with two four-leg VSCs, and five legs with respect to an FB VSC. Two bidirectional switches (S1 and S2) are included so that the seventh leg is connected to the neutral point of a three-phase winding set having a phase SC, or to both sets (if both have faults) at the same time. This connection is completed through an additional inductor L. The two insulated-gate bipolar transistors (IGBTs) of each leg corresponding to a faulty phase are turned off, because phase SC is considered instead of turn SC. The leg connected to the neutral point/s is not used for clamping; instead, it is actively switched at high-frequency. In any case, it may be noted that, provided the control is properly adapted, under phase SC the only difference between switching with the normal leg connected to the faulty phase or with the additional one is the inductor in series with the latter, which helps avoiding excessive currents. For a turn SC, although not discussed in [236], both legs connected to the ends of the faulty phase might be kept switching. Regarding the dc-link utilization, it is better for this topology than for FB VSCs, at least while the stator neutral points are not connected to each other. The fuses shown in Figure 12 are mainly helpful in the face of switch SCs, as later explained in Section 6.3.1.2.
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Figure 12. Fault-tolerant six-phase topology from [101]. 
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A different VSC topology is proposed in [239] (see Figure 13), considering a four-phase SPMSM with single-layer FSCW and open-end windings. This VSC has 8 legs with 2 IGBTs per leg (similarly to a four-phase FB VSC; see Figure 8d), 4 extra diodes (besides the 16 free-wheeling ones), and 8 additional switches for increasing the number of possible reconfigurations. Two SC or OC faults (in stator windings, switches, power supplies, etc.) can be simultaneously accommodated by appropriately reconfiguring the VSC by means of these extra switches. If there is just a stator SC, the zero-sequence current may be exploited as an extra DOF for enhanced postfault performance, as for a four-phase FB VSC. In case of a switch OC or SC fault, the VSC can be in effect modified from FB (eight operative legs) to HB (four operative legs), with a neutral point being created at one side of the open-end windings by the corresponding four VSC legs (further discussed later in Section 6.3.1.5). Then, a stator SC (or OC) fault can still be tolerated, as for a four-phase PMSM with star connection and four-leg HB VSC. Faults in one of the power supplies (or corresponding dc-link capacitors, if any) can also be tolerated (further discussed in Section 12.1 and Section 12.2), unlike for a single four-phase FB VSC or for the topology from Figure 12. Therefore, although this topology is actually more complex than an FB VSC, it provides even better degree of fault tolerance. It can also be remarked that it is advisable to include dc-link capacitors next to the VSC legs in Figure 13 or additional semiconductors in order to ensure paths for the dc-side current when it is instantaneously reversed. The fuses included in Figure 13 are relatively common in fault-tolerant multiphase drives, and their purpose will become clearer after the explanations given in Section 6.3.1.2 and Section 12.2 regarding switch and supply SC faults, respectively.
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Figure 13. Fault-tolerant four-phase topology from [239]. 






Figure 13. Fault-tolerant four-phase topology from [239].



[image: Machines 10 00208 g013]





Concerning the control methods for exploiting the additional current DOFs for tolerating stator SCs, they will be discussed in Section 5.3.3.




5.3.1.4. Topologies Allowing Opening of a Shorted Phase


When a turn fault is present, letting current flow through the affected phase contributes to mitigate its effect (discussed in Section 5.3.1.1 and Section 5.3.3.2). In contrast, when an SC arises between the terminals of a certain phase, it would be convenient to open the electrical path through the corresponding stator winding so as to avoid current through it, particularly in case the machine is not specifically designed for ensuring low SC current and small coupling between phases (explained later in Section 5.3.2). This functionality can be attained by including switches connected in series with all or some of the stator phases [252]. Nonetheless, it is not easy to install switches within the machine in this manner, and this procedure cannot overcome the most harmful types of stator SCs (turn faults). Accordingly, it is rarely used in practice.





5.3.2. Machine Design


On the subject of enhancing the tolerance to stator SCs by machine design, some general guidelines based on the literature are first summarized in Section 5.3.2.1. Then, the publications on the topic are individually surveyed in (roughly) chronological order in Section 5.3.2.2, highlighting the main particularities of each one.



5.3.2.1. General Guidelines


In order to tolerate stator SC faults, it is crucial to design the machine in a special manner with this objective in mind. Broadly speaking, high isolation (thermal, magnetic, electrical, and mechanical) between phases should be sought, and it should be ensured that the current and, hence, temperature are kept within reasonable margins after the failures [240,266]. Table 10 summarizes the kinds of multiphase machines that have been employed for tolerating stator SCs in the literature. Recall that the term splitting refers to the number of stator phases electrically connected to each other (see Section 3.1), and that switched reluctance and similar machines are not covered in this paper. Other than those machine types, it can be seen in this table that most of the SC-tolerant machines are by far PMSMs, which are often preferred because of their high power density [266]. In exchange, the magnet flux cannot be deactivated in case of SC fault in PMSMs [242], and, thus, special care should be put in the PMSM design to ensure acceptable currents in such conditions. Regarding the machine inductances, mainly the following two aspects should be taken into account in the PMSM design to comply with the aforementioned.



	
On the one hand, the self-inductance should be large, to limit the current in the affected phases so as to prevent excessive SCL and magnet demagnetization [225,230]. It can be designed so that the phase current is equal to rated in case of SC across the phase winding (1-p.u. self-inductance) [93,266,272], or even lower [258]. If the machine has saliency, this is especially important for the self-inductance in the   d 1   axis, aligned with the back-EMF [240]. Furthermore, for limiting the SC current it is also recommendable to take into account the worst-case scenario (highest current) of turn fault in the machine design, while assuming that at least external SC (see Section 5.3.1.1) is applied to the affected phase/s to reduce the effect [167];



	
On the other hand, the mutual inductance between phases should be very small, so that the voltage and current induced by the faulty phases in the healthy ones is minimized (magnetic decoupling).






To satisfy both conditions at the same time (high self-inductance and low mutual inductance), the leakage inductance should be very large, at the expense of greater machine size [240]. This is attained, e.g., by setting non-overlapping stator windings with a single phase winding per slot, as in single-layer (i.e., alternate-teeth-wound) FSCWs [see Figure 6a] [240,266]. Moreover, the geometry design can also help for these purposes; e.g., the phase inductance can be increased by shaping the stator tooth tips [27] and by using deep stator slots [264], the rotor can be designed for low mutual coupling through it (e.g., deep magnets with nonmagnetic retaining sleeves in case of PMSMs) [240,266], the stator and pole numbers for FSCWs can be chosen to optimize these inductances as well [226,232,233], etc. In addition, the stator resistance also plays an important part in limiting the current in SC faults involving few turns [93].



Single-layer FSCWs, besides yielding large self-inductance and low mutual inductance, are also attractive for tolerating stator SCs because of their high degree of mechanical, thermal and electrical isolation between phases [240,264,266]. Double-layer (i.e., all-teeth-wound) FSCWs [see Figure 6b] also offer these fault-tolerant characteristics, although to a lower extent, especially with regard to electrical isolation [258]. In any case, the tolerance in double-layer FSCWs can be enhanced by including coil separators in each slot [259]. Furthermore, double-layer FSCWs are more difficult to manufacture [475]. However, single-layer FSCW results in greater magnetomotive-force distortion (as mentioned earlier) [233,264,398], torque ripple [233,258,264], magnetic saturation [398], eddy-current loss [229,398] and Joule loss [475] compared with double-layer FSCW [258]. As shown in the summary displayed in Table 10, most of the multiphase machines used for tolerating stator SCs are based on FSCWs, using either single or double layer.
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Table 10. Types of multiphase machines employed for tolerating stator SC faults (Section 5.3) in the literature.
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	n
	WSA
	FSCW
	Layers
	Stator Slots
	Coils/Phase
	Rotor Poles
	Splitting
	Rotor Type
	References





	4
	Sym.
	Yes
	Single
	8
	1
	6
	1-phase
	SPMSM
	[228,266]



	4
	Sym.
	Yes
	Single
	8
	1
	10
	1-phase
	SPMSM
	[163,165]



	4
	Sym.
	Yes
	Single
	8
	1
	12
	1-phase
	SPMSM
	[239]



	5
	Sym.
	No
	Double
	15
	3
	4
	No
	IPMSM
	[251,252]



	5
	Sym.
	No
	Single
	40
	8
	4
	No
	IM
	[253]



	5
	Sym.
	Yes
	Double
	10
	2
	8
	No
	SPMSM
	[234]



	5
	Sym.
	Yes
	Double
	20
	4
	18
	No
	SPMSM
	[254]



	5
	Sym.
	Yes
	Hybrid
	10
	2
	12
	1-phase
	IPMSM
	[267]



	5
	Sym.
	Yes
	Hybrid
	40
	4
	44
	No
	Dual-rotor SPMSM
	[249]



	5
	Sym.
	Yes
	Single
	-
	-
	10
	1-phase
	SPMSM
	[268]



	5 *
	Sym.
	Yes
	Single
	10
	1
	8
	1-phase
	Dual-rotor SPMSM
	[272]



	5
	Sym.
	Yes
	Single
	10
	1
	8
	1-phase
	SPMSM
	[165,241]



	5
	Sym.
	Yes
	Single
	10
	1
	12
	1-phase
	SPMSM
	[95,162,163,164,165]



	5
	Sym.
	Yes
	Single
	10
	1
	12
	No
	SPMSM
	[166]



	5
	Sym.
	Yes
	Single
	20
	2
	18
	1-phase
	IPMSM
	[248,263]



	5
	Sym.
	Yes
	Single
	20
	2
	18
	1-phase
	SPMSM
	[130,233]



	5
	Sym.
	Yes
	Single
	20
	2
	18
	No
	Outer-rotor IPMSM
	[250]



	5
	Sym.
	Yes
	Single
	20
	2
	18
	−
	IPMSM
	[209]



	5
	Sym.
	Yes
	Single
	20
	2
	22
	No
	Outer-rotor IPMSM
	[250,255,256,257]



	5
	Sym.
	Yes
	Single
	40
	4
	28
	1-phase
	SPMSM
	[226,227]



	5
	Sym.
	Yes
	Single
	40
	4
	42
	1-phase
	Outer-rotor IPMSM
	[264]



	6
	2-sector
	No
	Double
	36
	6
	8
	3-phase
	SynRM
	[247]



	6
	2-sector
	No
	Double
	48
	2
	4
	3-phase
	IM
	[261]



	6
	2-sector
	Yes
	Double
	12
	2
	10
	3-phase
	IPMSM/SPMSM
	[258,259]



	6
	2-sector
	Yes
	Double
	18
	3
	12
	3-phase
	SPMSM
	[246]



	6
	2-sector
	Yes
	Single
	12
	1
	10
	3-phase
	IPMSM/SPMSM
	[258]



	6
	4-sector
	No
	Double
	36
	6
	8
	3-phase
	SynRM
	[247]



	6
	2-sector
	No
	Double
	48
	2
	4
	3-phase
	IM
	[261]



	6
	4-sector
	No
	Single
	24
	2
	8
	3-phase
	SPMSM
	[230]



	6
	Asym.
	No
	Double
	18
	3
	8
	3-phase
	IPMSM
	[28,176,177,477]



	6
	Asym.
	No
	Double
	36
	2
	8
	3-phase
	SynRM
	[247]



	6
	Asym.
	No
	Double
	48
	2
	4
	3-phase
	IM
	[261]



	6
	Asym.
	Yes
	Single
	24
	2
	22
	1-phase
	SPMSM
	[96,220]



	6
	Asym.
	Yes
	Single
	24
	2
	22
	−
	SPMSM
	[225]



	6
	Asym./sym.
	Yes
	Single
	12
	1
	10
	3-phase
	IPMSM/SPMSM
	[258]



	6
	Asym./sym.
	Yes
	Double
	12
	2
	10
	3-phase
	IPMSM/SPMSM
	[258,259]



	6
	Sym.
	No
	Double
	48
	2
	4
	1-phase
	IM
	[271]



	6
	Sym.
	No
	Double
	48
	2
	4
	3-phase
	IM
	[261]



	6
	Sym.
	Yes
	Double
	24
	4
	28
	3-phase
	Outer-rotor SPMSM
	[229]



	6
	Sym.
	Yes
	Single
	12
	1
	8
	1-phase
	SPMSM
	[93,99,212,240]



	6
	Sym.
	Yes
	Single
	12
	1
	10
	1-phase
	SPMSM
	[128,163,165,210,211,265]



	6
	Sym.
	Yes
	Single
	12
	1
	10
	3-phase
	SPMSM
	[100,101,260]



	6
	Sym.
	Yes
	Single
	12
	1
	10
	3-phase
	SPMSM
	[231]



	6
	Sym.
	Yes
	Single
	12
	1
	10
	−
	Hybrid-excit. PMSM
	[178]



	6
	Sym.
	Yes
	Single
	12
	1
	14
	1-phase
	SPMSM
	[165,223]



	6
	Sym.
	Yes
	Single
	12
	1
	14
	3-phase
	SPMSM
	[222]



	6
	Sym.
	Yes
	Single
	24
	2
	14
	−
	IPMSM
	[221]



	6
	Sym.
	Yes
	Single
	36
	3
	16
	3-phase
	SPMSM
	[230]



	9
	3-sector
	No
	Single
	36
	2
	6
	3-phase
	PMaSynRM
	[97,98,129,167,224,235,236,237,238,242,243,244,245,270]



	9
	Sym.
	No
	Single
	54
	1
	6
	3-phase
	IM
	[269]



	24
	8-sector
	Yes
	Double
	72
	3
	64
	3-phase
	Outer-rotor SPMSM
	[27]







* This machine is a ten-phase PMSM with the stator split into two five-phase winding sets. The data in this row are for each of them.











In multisector machines [see Figure 2d and Figure 4], since the stator windings of a given phase only occupy slots of a specific sector of the stator, a significant thermal, mechanical, magnetic and electrical isolation is achieved between phases of different sectors (even for overlapping windings). Moreover, thermal insulation material may be placed between the machine sectors to further enhance the decoupling between them and hence the fault tolerance [267]. It can be observed in Table 10 (second column) that various multiphase machines based on multisector WSA have been proposed in the literature for tolerating stator SC faults.



In general, to ensure tolerance to stator SCs it is important as well to design an effective cooling system, so that the heat produced by these faults is properly dissipated [240,244]. In this manner, the required thermal decoupling between phases is also attained more easily [240]. The braking torque due to SC faults should also be taken into consideration in the design process, not only due to the associated decrease in achievable torque, but also because of safety risk, e.g., for electric vehicles [27].




5.3.2.2. Chronological Overview


In an early publication [240], Mecrow et al., discuss general guidelines to design a multiphase PMSM tolerant to SC (and OC) faults. Although switched reluctance machines had previously been used to tolerate SC failures because of their natural fault tolerance, PMSMs offer higher power density. This paper [240] provides the basis for most of the general rules just given in Section 5.3.2.1 for designing fault-tolerant drives. By using FSCWs and H-bridges, high isolation between phases and large self-inductance is achieved. In particular, a symmetrical six-phase SPMSM with 12-slot 8-pole FSCW (see Table 10) is designed in this manner. It is advised to select the phase number n as a compromise between the increased VSC complexity and the required VSC overrating. It is assumed in [240] that the VSCs are overrated so as to be able to provide rated torque after single-phase SC, although it is also possible, as in many other publications, to avoid VSC overrating and instead accept postfault torque derating [24], or to define a trade-off between both options [130]. A similar PMSM design, but of higher power (  16  kW  ), is later presented in [99] for an an aircraft fuel pump. Further analysis of the machine parameters is given. The penalties (e.g., extra material) in comparison with an analogous three-phase PMSM are quantified.



The same research group designs and tests in [266] a 16-kW four-phase PMSM with single-layer FSCWs, fed by four H-bridges, also for an aircraft fuel pump. More attention is paid in this case to the stator and oil temperature under healthy and faulty operation. The machine is able to yield rated power under phase OC and SC faults, with just moderate increase in stator-winding temperature. Moreover, in this application the fuel acts as a coolant, permitting high loading. Based on this PMSM, a similar machine of even higher rated power (  100  kW   instead of   16  kW  ) is afterward designed [228], with special care to reduce losses and to improve efficiency.



Atallah et al. [165] provide insight about advisable slot-pole numbers in four-, five- and six-phase modular PMSMs with single-layer FSCW and a single coil per phase. Multiple possibilities are compared in terms of cogging torque, total harmonic distortion (THD) of back-EMF and magnitude of back-EMF fundamental. It is also emphasized that the amount of harmonic orders affecting the torque ripple decreases with increasing phase number. Based on this study, the selected options are five-phase 10-slot 8-pole/12-pole FSCW and six-phase FSCW with 12-slot 10-pole/14-pole FSCW. Analysis of the eddy-current loss in the permanent magnets is given in [163].



Mitcham et al., present in [226] a set of recommended slot-pole combinations for SC-tolerant single-layer FSCWs with n between 3 and 10. This set of values yields negligible magnetic coupling between phases, as well as reduced stray loss and torque ripple. Otherwise, unnecessarily deep magnets and deep slot openings would be required to yield sufficient magnetic decoupling. In contrast to [165], in [226] the possibility of one coil per phase is ignored. Adopting one of these preferred FSCW options (40-slot 28-pole FSCW; see Table 10), a five-phase PMSM is proposed as a generator for an aircraft gas turbine. Subsequently, it is shown in [227] that this 250-kW bar-wound PMSM, as opposed to the 16-kW wire-wound PMSM from [240], requires more advanced control measures to limit the turn-fault current to acceptable magnitude (Section 5.3.3).



Bianchi et al. [233] discuss design considerations for fractional-slot windings in three-phase and multiphase synchronous machines, including SynRMs, SPMSMs and IPMSMs. Special attention is paid to FSCWs. The study is based on the diagram of the star of slots. Many of the aforesaid conclusions from previous publications are confirmed, especially regarding the remarkable suitability of single-layer FSCWs for tolerating SCs. It is also shown that FSCWs are in principle reasonable for SPMSMs but not for machines with small air-gap (e.g., IPMSMs and SynRMs), because in the latter case the increased magnetomotive-force distorsion (peak value, high-order harmonics and subharmonics) is more likely to cause saturation and hence greater torque ripple and rotor losses. In addition, rules are given for transforming a double-layer FSCW into a single-layer one, and for selecting single- and double-layer FSCWs with null mutual inductance between phases (considering odd n); namely, it is advised to set   Q / t   even for double layer and   Q / ( 2 t )   even for single layer, with Q being the slot number, p being the number of pole pairs, and t being the greatest common divisor of Q and p.



Gerada et al., address in [253] the question of whether it is also possible to achieve stator-SC tolerance in a multiphase IM. A star-connected five-phase IM with distributed windings, including third space harmonic, is studied under faults by means of the so-called dynamic mesh reluctance model. It is shown that, for a turn failure in a certain phase, the magnetizing flux is reduced to a greater extent as the number of shorted turns increases; thus, if many turns are faulted, larger   i  q 1    current [using rotor-field-oriented control (RFOC)] is required to yield the same torque. On the other hand, the SC current is much greater when the shorted turns are few, as in PMSMs. In any case, even if the current control is adjusted after the turn failure (discussed later in Section 5.3.3.2), the IM is not able to work satisfactorily with significant load torque in this situation [253].



Barcaro et al. [258] compare for   n = 6   various single-layer and double-layer FSCW layouts (including symmetrical and two-sector WSAs) in healthy and faulty (stator SC/OC) conditions. Both SPMSMs and IPMSMs are considered, although more results are provided for the latter. The FSCWs are of 10-slot 12-pole type in all cases. Some of the results are summarized in Table 11. It is checked that, as it could be expected, the mutual inductance   L  m 1 , 2    between both star-connected three-phase winding sets is lower for two-sector than for symmetrical WSA. The tested faults are OC or SC in an entire three-phase winding set, and SC fault in one phase (with OCs in the other two phases of the same winding). It should be noted that the behavior of symmetrical WSA under three-phase OC fault is equivalent to that of an asymmetrical WSA under the same type of failure. One of the main conclusions drawn in [258] is that symmetrical WSA is able to achieve higher maximum torque than two-sector WSA when one three-phase winding is in OC. The magnitude of SC current is smaller for the two-sector WSA, although for both SWAs it is lower than rated. The torque ripple is similar in both WSAs under OC or single-phase SC, but under three-phase SC it is notably better for symmetrical WSA. Concerning the unbalanced radial force under OC, it is much larger for two-sector than for symmetrical WSA. Although some of these outcomes may seem to be related to OC faults and not to SC ones, it is worth highlighting that they are actually associated with SC failures in the sense that the winding layouts being tested (all of them FSCWs) are particularly conceived for tolerating SCs. Based on the results of the comparison (see Table 11), it was concluded that the symmetrical WSA is preferable, as long as the moderately higher mutual inductance and SC current is acceptable [258].
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Table 11. Comparison of stator configurations for six-phase 12-slot 10-pole PMSMs for tolerating stator SCs (using FSCWs) [258,259].
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WSA

	
   L  m 1 , 2     *

	
3-Phase OC

	
1-Phase SC, 2-Phase OC

	
3-Phase SC




	
Radial Force

	
Torque Ripple

	
Maximum Torque

	
Torque Ripple

	
SC Current

	
Torque Ripple

	
SC Current






	
Symmetrical

	
Low

	
Low

	
Low

	
High

	
High

	
Low

	
Low

	
Low




	
Two-sector

	
Very low

	
High

	
Low

	
Low

	
High

	
Very low

	
High

	
Very low








* Mutual inductance between three-phase winding sets.











The preceding study [258] is continued in [259], focusing on the case of the IPMSM with double-layer FSCW. The conclusions regarding OC and SC faults are further validated. It is explained that the larger postfault maximum torque provided by symmetrical WSA compared with two-sector WSA is due to the lower flux saturation in the former. Moreover, analysis of thermal overload is added. It is shown that the symmetrical WSA allows increasing the phase current (and hence torque) under OCs to a much greater extent than the two-sector WSA without exceeding the maximum temperature.



Vaseghi et al. [230] study different stator winding layouts for six-phase PMSMs based on two star-connected three-phase sets. On the one hand, four-sector WSA with distributed windings, with each set of three-phase currents supplied to two opposite stator sectors [analogously to Figure 4b], is considered. This four-sector WSA is more balanced under faults than two-sector WSA [cf. Figure 4a]. On the other hand, symmetrical WSA with a special FSCW (3 concentrated coils of a phase in 6 adjacent slots) is also evaluated. In the latter, the number of turns per slot is obtained by solving an optimization problem targeted at minimizing the back-EMF harmonics. It is concluded that the PMSM with FSCW and symmetrical WSA produces more balanced SC currents, due to the higher symmetry of its inductance matrix, as well better magnetic decoupling. It is also shown that, disregarding saliency and assuming mostly inductive stator impedance at high speed, in general the braking torque due to SC current can be neglected at high speed, because the SC current is then nearly orthogonal to the back-EMF.



Alberti et al. [261] compare four stator layouts with overlapping windings in a six-phase IM under three-phase stator SCs and OCs. Symmetrical and asymmetrical WSAs yield higher torque for OC failures than multisector WSA, but only in the latter the SC current is admissible. It is also concluded that the SC current is smaller for two-sector WSA than for four-sector WSA. Although satisfactory behavior under stator SCs is obtained, turn SC faults are not considered in this IM [261], in contrast to [253].



Villani et al. [130] propose a five-phase PMSM drive with single-layer 20-slot 18-pole FSCW and quasi-trapezoidal back-EMF for an aircraft flap actuator. Each phase is fed by an independent H-bridge. The SC current is limited to rated by the machine design. Tolerant methods for other types of faults are also incorporated.



Arumugam et al. [222,223] highlight that using vertical rectangular winding is very advisable in terms of turn fault tolerance. Namely, the dependency of the resulting current on the turn-fault position is thereby reduced. In this manner, the largest potential SC current is hence substantially decreased as well. Otherwise, with conventional windings, the machine self-inductance may have to be increased even further, resulting in poorer performance; or more advanced control methods should be implemented (subsequently discussed in Section 5.3.3.2) [223]. This advantage of vertical windings comes however at the expense of increased ac losses (especially at high frequencies), which may require more careful geometry design [222].



In the context of direct-drive outer-rotor in-wheel motors for electric vehicles, a PMSM based on eight three-phase star-connected sectors is proposed by Ifedi et al., in [27]. Each subunit includes an integrated three-phase VSC with the respective dc-bus capacitor and is overrated by one seventh so that rated torque can be provided if one of them fails. The braking torque under SC fault in one module is only about one eighth of rated torque. Similarly to previous works, it is observed that the torque ripple is smaller for three-phase SC than for single-phase SC, at the expense of greater average braking torque, but in this machine these figures are reasonably low in both cases. It is also shown that, however, the SC current in case of a single shorted turn is excessive (although with small drag torque) and likely to cause thermal overheating. Additionally in agreement with [230], it is concluded that the braking torque decreases with speed. The SC current increases with speed up to a certain (moderate) value, where it ceases to rise as the stator resistance becomes negligible with respect to the inductive reactance. Analytical expressions are given for the drag torque and the SC current. Thanks to the magnetic decoupling between phases, the back-EMF drops just by   3.3 %   in a phase adjacent to one with SC.



Cavagnino et al. [229] propose a six-phase outer-rotor PMSM with double-layer FSCWs for working as a generator inside an aeroengine. The study is focused on the thermal behavior and the cooling system, based on air flowing axially through the (relatively large) air-gap, forced by an air compressor. Six stator holes, necessary for the cooling, also permit magnet-temperature optical monitoring. The efficiency and the risk of magnet demagnetization under SC are evaluated as well.



Chen et al., [250] compare two five-phase outer-rotor PMSMs for electric vehicles: one with 20-slot 18-pole FSCW and spoke-type magnets, and another one with 20-slot 22-pole FSCW and V-shape magnets. The FSCWs are of single layer in both designs. It is concluded that, although both machines offer high fault tolerance, the former provides lower cost (for given air-gap flux density) and the latter results in smaller torque ripple, longer speed range and lower demagnetization risk.



Wu et al. [225] address the design of a six-phase PMSM with asymmetrical WSA and 24-slot 22-pole FSCW. The suitable machine dimensions to avoid magnet demagnetization under SC fault, in terms of magnet height and air-gap length, are assessed. Analytical expressions are given to predict the SC current and the associated torque, including transient and steady-state terms. In the event of a single-phase SC, the symmetry with another phase (two-phase symmetry) is exploited to reduce the torque pulsation. In [220], the study is extended, using the same machine, by taking into account the back-EMF third-order harmonic. It is pointed out that the peak of the SC current depends considerably on the phase shift between the back-EMF fundamental and third-order components, assuming that FB VSC is adopted. For example, designing the PMSM for flat-top back-EMF implies sharp-top SC current with large maximum value. On the other hand, even though the steady-state SC current barely varies with speed, its transient peak value decreases rapidly as the machine enters the field-weakening speed range. Nonetheless, when turn faults are considered instead of phase SCs, the steady-state SC current does increase substantially with speed (at least below the base speed) [96]. Given the significant third-order current harmonic under SC due to the back-EMF harmonic of the PMSM design, the torque oscillation is notable unless the current control is specifically conceived to alleviate it [96,220] (discussed later on).



Tong et al. [221] evaluate the option of using two consecutive coils for the same phase, wound in opposite directions, in single-layer FSCWs. It is concluded that this kind of layout results in less magnetic coupling between phases, especially when it is desired to obtain very high power density (which may lead to flux saturation for other winding types). However, the winding factors are lower, and it is proposed to employ unequal tooth widths to overcome this problem.



Zhang et al. [178] propose an SC-tolerant six-phase IPMSM with 12-slot 10-pole single-layer FSCWs. Excitation windings are inserted in the stator slots, yielding hybrid excitation. These extra windings are only fed in case a magnet demagnetization fault is detected. The magnetomotive-force harmonics due to the single-layer FSCWs, as well as the cogging torque, are attenuated by using asymmetrical (eccentric) air gap and unequal tooth width.



Prieto et al., present in [232] selection criteria for the phase, slot and pole numbers of multiphase PMSMs with FSCWs, so that negligible mutual inductance and high self-inductance are obtained. Both single- and double-layer windings are considered. Odd and even phase numbers between 3 and 7 are studied for double layer, whereas the even ones are ignored for single layer. Analytical expressions of the inductances are given. It is concluded that, for double layer, the odd phase numbers are preferred in this regard. On the other hand, single layer yields lower mutual inductance between phases, as aforementioned. In all these cases, certain relations between the number of stator slots Q and rotor pole pairs p are also advised; namely, it is recommended to set even   Q / ( 2 n t )   for single layer (consistent with [233]), and to set   2 p ≈ Q   for double layer with odd n.



A six-phase PMSM with 12-slot 10-pole single-layer FSCW is proposed by Jiang et al., in [100] for an aircraft fuel pump. Two three-phase VSCs are employed for driving the machine, instead of six H-bridges. The back-EMF harmonics and the cogging torque are reduced by modifying the permanent-magnet shape. Further information about the design procedure and the machine parameters are provided in [231].



In [477], although SC faults are not discussed, fractional-slot winding layouts with lower magnetomotive-force harmonic content than conventional FSCWs are devised, at the expense of some overlapping between different phase windings (but still much less than for distributed windings). Nonetheless, for these layouts it is relatively easy to insert coil separators in the end-windings. For the particular case of   n = 6  , the proposed 18-slot 8-pole winding involves three series-connected coils for each phase, with coil span of two slot pitches instead of one. An IPMSM with said winding is manufactured and tested. The spatial phase shift between the two three-phase winding sets is   20 ∘   instead of   30 ∘   as in conventional asymmetrical WSA, for optimizing the harmonic attenuation and the torque capability. Patel et al., present further analysis and details of this machine in [28] in the context of electric vehicles, including stator SC and OC faults. The low coupling between the two winding sets is exploited for performing independent control of each of them. If a stator SC of any type arises in a certain phase, SC is also applied to the other two phases of the same winding, as in other publications (see Section 5.3.1.1). This situation causes certain unbalanced magnetic pull that is not present in healthy drive, but it is claimed to be acceptable, given that this condition is only used during limp-home mode. The SC current is nearly identical to rated, with just   1 %   excess. The degree of magnet demagnetization in this IPMSM under terminal SCs affecting three or six phases is analyzed in [176,177]. It is concluded that it is much lower than for a six-phase IPMSM with distributed windings [176]. In addition, the loss of torque capability after the resulting demagnetization is of small relevance, whereas it is significant for other faults, such as voltage reversal (although improbable [176]) due to, e.g., certain position-sensor failures [177].



Zhang et al. [263] propose and compare two IPMSMs with single-layer FSCWs for electric vehicles: a 12-slot 10-pole FSCW for   n = 3   and a 20-slot 18-pole FSCW for   n = 5  . Numerous figures of merit are evaluated, including SC current, back-EMF distortion, torque ripple, efficiency, flux-weakening capability, complexity, etc. The supply is based on a single n-phase FB VSC, using open-end windings. As in the previous work [178] of the authors, unequal tooth width and rotor asymmetry are optimized to reduce back-EMF distortion and torque ripple. In addition, the dimensions are set so as to maximize efficiency and minimize mass, while complying with the SC current limit. For   n = 5  , the magnitude of the third-order back-EMF harmonic is also reduced by design. It is concluded that, although both machines offer good performance and fault-tolerance, the five-phase PMSM exhibits lower mutual-to-self-inductance ratio, smaller torque ripple under SC and OC faults, better power density, less permanent-magnet material, and wider flux-weakening speed range than the three-phase PMSM, although with higher VSC and control complexity and slightly lower efficiency. Later, the machine design is improved in [209] by increasing saliency, so that it becomes more suitable for sensorless operation while keeping the high-tolerance to SCs (even slightly enhanced). In particular, flux-intensifying (   L  d 1   >  L  q 1    ) behavior is obtained by adopting consequent-pole N–N permanent magnets, increasing eccentricity, adequately shaping the magnets, and adding a correctional tooth top. This also implies better torque-speed region and smaller risk of magnet demagnetization [209].



Special designs for tolerance to stator SC failures have also been proposed for dual-rotor PMSMs [249,272]. Guo et al. [272] consider a PMSM with two 8-pole rotors mounted on the same shaft, each of them with the corresponding five-phase single-layer 10-slot FSCW stator, supplied by 10 different phase currents. This results in more isolation and fault tolerance than a single ten-phase stator. Furthermore, a circumferential displacement is set between both segments so that cogging torque is reduced by   50 %   [272]. On the other hand, the PMSM developed by Chen et al. [249] has an inner rotor and an outer one, in addition to a common stator yoke with an inner and outer five-phase winding. Both windings are fed by the same five-phase currents, unlike in [272]. The combination of inner rotor with inner stator winding can be regarded as an inner motor, whereas the outer rotor and winding form an outer motor [249]. This is of interest for hybrid and electric vehicles, mainly because they allow power split without mechanical gears. For fault-tolerant applications, this machine has to be designed so that not only high decoupling is obtained between different phases of the same motor, but also between both motors. Initially, single-layer FSCWs are used for both inner and outer stator windings, with identical slot/pole numbers. Several possibilities of slot/pole combinations are evaluated, and 40-slot 44-pole FSCW is finally chosen because torque and self/mutual inductance ratio rises with the pole number. It is also shown that congruent magnetization of the magnets in both rotors is preferred over in-opposition magnetization, since the former reduces flux saturation and, hence, results in lower magnetic coupling between motors and greater torque. Similarly, increasing the stator yoke thickness also decreases flux saturation and motor coupling, but the power density is lowered. In addition, while keeping the same number of slots and poles, single-layer, double-layer and a hybrid between both FSCWs (using ten modules, with 3 coils of the same phase wound around 3 adjacent teeth) are also compared. The hybrid proposal yields better magnetic decoupling, but worse torque ripple.



Up to this point, most of the aforementioned multiphase SC-tolerant machines are PMSMs. However, an inherent problem of PMSMs, as stated above, is that the magnet field cannot be turned off when a fault occurs. As a consequence, the SC current tends to be particularly large [242] and uncontrolled rectification may occur, producing further damage (e.g., if the generated power is excessive, or if the sudden braking torque causes a mechanical accident) [244]. For this reason, Wang et al. [244] propose a nine-phase fault-tolerant drive in which most of the output torque is due not to permanent magnets but to reluctance, i.e., a PMaSynRM. On the other hand, to increase isolation between phases without resorting to FSCWs (with extra back-EMF distortion and rotor losses), the stator overlapping winding is based on three sectors, each of them driven by a three-phase HB VSC. For the machine design it is considered, similarly to other publications, that if an SC or OC fault occurs in a certain phase, the other phases of the same three-phase set are, respectively, shorted (see Section 5.3.1.1) or opened by means of the corresponding VSC switches. Despite installing overlapping windings instead of FSCWs, the SC current is still of small magnitude, thanks to the low permanent-magnet flux. Extensive experimental tests are performed in [244], including thermal results during SC faults, and even more experiments are discussed later in [242]. A modeling approach of this PMaSynRM using four-dimensional tables and taking into account the behavior under SC and OC faults is presented in [245], and extended in [235]. In [129], significant attention is paid to different types of stator SC faults, and other kinds of drive failures are also addressed. Further details about the design optimization (efficiency, turn-fault current and temperature, rotor dynamics, mechanical stress, etc.) are given in [167]. Comprehensive thermal modeling and evaluation of the PMaSynRM under stator SC faults can be found in [98,237,238], which is important not only for the machine design but also for assessing how fast turn faults should be detected and mitigated.



Chen et al. [267] propose a five-phase PMSM with open-end 10-slot 12-pole FSCWs fed by ten-leg FB VSC for the liquid-oxygen engine of a rocket, working at very low temperature (SCL becomes less important compared with iron loss). The stator teeth and yoke are set small to reduce iron losses. The stator winding differs from conventional single- or double-layer FSCWs; namely, each phase consists of two coils wound around consecutive teeth in opposite directions (to reduce mutual coupling, as in [221]), while coils of different phases are separated by another tooth, which has shorter width. The presence of this small tooth improves the isolation between phases, also in terms of magnetic coupling, because the mutual inductance is further reduced in this manner. In addition, thermal insulation is placed in both sides of each small tooth. It is also shown that IPMSMs are preferred over SPMSMs in the sense that the former result in much smaller SC current and hence lower risk of demagnetization.



Wang et al. [268] propose an axial-flux coreless PMSM with single-layer FSCW, fed by independent H-bridges. The machine structure consists of multiple stator and rotor discs alternated along the axial direction. Alternatives with four, five, and six phases are analyzed, and the five-phase one is selected because of its better characteristics. A multi-objective optimization procedure is presented as well. It is shown that under turn SC faults the air-gap flux is barely affected, not only due to the FSCW, but also because of the high magnetic resistance associated with the absence of core [268] (at the cost of greater magnet volume for given flux linkage [500]).



Li et al. [262] perform a reliability analysis based on Markov model of several kinds of multiphase windings, taking stator SC and OC faults into account. Phase numbers n of three, four, five, six, and nine are compared, as well as single-layer FSCW, double layer FSCW, single-layer distributed winding, and double-layer distributed winding. The mean time between failures is computed for each case, considering operation with torque below   30 %   of rated as a failure. SC faults are assumed to be converted into OC ones if they are severe, and otherwise they are neglected. It is concluded that, for a given n, the four studied configurations can be sorted from highest to lowest reliability in the same order as they have just been mentioned. This is consistent with the fact that SCs between end windings and between different coils within a slot normally only occur for overlapping and double-layer windings, respectively. Regarding the phase number, it is shown that reliability increases with n for FSCWs, but for overlapping windings it depends on the failure rate of each type of fault.



Wang et al. [246] compare numerous six-phase PMSM designs with FSCWs for a fault-tolerant aircraft starter generator. A multi-objective optimization process based on a genetic algorithm is employed for selecting the optimum design. The slot/pole combinations with low winding factor are discarded. The main figures of merit being considered are electrical, magnetic, and thermal isolation; efficiency; weight; and peak SC current. Among the various alternatives, a two-sector double-layer 18-slot 12-pole FSCW is chosen because of its high power density (7.9 kW/Kg) and postfault performance (limited SC current). The permanent magnets are installed as a Halbach array. Huang et al. [241] briefly point out (the paper is focused on current control) that Halbach array magnets can be adopted for reducing the back-EMF distortion of a five-phase SPMSM with single-layer 10-slot 8-pole FSCW.



Park et al. [247] compare three alternative overlapping winding layouts for a six-phase SynRM with 36 slots and 8 pole pairs (see Table 10): asymmetrical WSA, two-sector WSA [similarly to Figure 4a] and four-sector WSA [see Figure 4b]. Although the four-sector arrangement is the least common, it is analogous to, e.g., that studied in [230] for a PMSM, in [261,436] for an IM, and in [450] for another SynRM. In both two-sector and four-sector WSAs the mutual inductance between three-phase sets is very small. Under stator/switch OCs and SCs, the torque ripple is lower and average torque is much higher for multisector WSAs than for asymmetrical WSA. As an exception, torque ripple is lower for the latter under three-phase SC, and, in healthy conditions, the mean torque is moderately greater for the latter because of its larger winding factor. In summary, it is concluded that in general the multisector WSAs are preferred for the fault-tolerant six-phase SynRM [247] over the asymmetrical WSA. Interestingly, this differs to some extent from the conclusion drawn by the same research group in [258,259] regarding six-phase PMSMs (where symmetrical is preferred over multisector WSA), because of the different types of machines (SynRM versus PMSM).





5.3.3. Current Control


In addition to adopting suitable drive topologies, topology reconfigurations and machine designs, special current control strategies may also be implemented to further improve the performance in the event of stator SCs (see Figure 11). In particular, as surveyed next, current control can be used to reduce the SC current under phase (Section 5.3.3.1) or turn (Section 5.3.3.2) SCs, or to compensate the torque ripple caused by phase (Section 5.3.3.3) or turn (Section 5.3.3.4) SCs. The various techniques of each of these four kinds of approaches are summarized in Table 12, Table 13, Table 14, and Table 15, respectively, following the same order as in the text.
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Table 12. Current control method for reducing SC current under phase SCs (Section 5.3.3.1) in multiphase applications in the literature.






Table 12. Current control method for reducing SC current under phase SCs (Section 5.3.3.1) in multiphase applications in the literature.





	Reference
	Machine
	Special Current References
	Current Controller
	Salient Features





	Mohammadpour and Parsa [252]
	PMSM
	In healthy phases, for reducing SC current
	Hysteresis
	General; large current
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Table 13. Current control methods for reducing SC current under turn SCs (Section 5.3.3.2) in multiphase applications in the literature.






Table 13. Current control methods for reducing SC current under turn SCs (Section 5.3.3.2) in multiphase applications in the literature.





	References
	Machine
	VSC Leg/s of Faulty ph.
	Special Current References
	Current Controller
	Salient Features





	Mitcham/Arumugam et al. [223,227]
	PMSM
	Switching
	In faulty ph., 90   ∘   lagging back-EMF
	−
	Simple



	Wu et al. [96]
	Asym. 6-ph. SPMSM
	Switching
	   i  d 1   < 0   with 1st and 3rd harmonics
	−
	3rd harm.



	Wang et al. [224]
	3×3-ph. PMaSynRM
	Switching
	In faulty set, for reducing SC current
	−
	3-sector



	Gerada et al. [253]
	IM
	Switching
	Reduced   i  d 1   
	Hyst. or multiple PI
	IM; idle








5.3.3.1. Reduction in SC Current under Phase SC


An SC between the terminals of a certain phase does not require further action if the machine is properly designed (see Section 5.3.2) to ensure low SC current in such a case. Nonetheless, it is possible to set specific current references in the healthy phases so as to cancel the flux linkage (and hence current) through the entire shorted phase, as considered for PMSMs with   n = 3   (using FB VSC) in [501] and with any n in [252]. However, in many PMSM drives this option may require huge current amplitudes in the healthy phases, especially if the magnetic coupling between phases is low, and is thus deemed of limited practical interest [252].




5.3.3.2. Reduction in SC Current under Turn Fault


As discussed in Section 5.3.1.1, in case of turn fault in a PMSM, an SC can be applied to the affected phase/s by the VSC switches, so that the flux linkage through the shorted turn/s is naturally reduced and, hence, the SC current decreases as well [240]. However, often the resulting SC current is still higher than rated, especially with turn fault/s close to the slot opening in PMSMs using conventional conductors (e.g., stranded windings or horizontal rectangular bars) instead of vertical ones [223,227,495], or in machines with distributed (overlapping) windings [167,224]. Moreover, even if the fault current does not surpass the rated value, it is still of great interest to reduce it by means of the drive topology (already explained in Section 5.3.1) or control (as discussed next), so that the machine torque density and efficiency can be enhanced [236].



Mitcham et al. [227] propose a control method for turn-fault mitigation (see Table 13), considering a five-phase PMSM with FSCW and horizontal rectangular conductors. Instead of applying a terminal SC, the current of the phase affected by the turn failure is controlled (by the respective VSC leg) with a certain magnitude and with phase angle of   90 ∘   lagging the back-EMF, so as to decrease the flux linkage through the shorted turns. In this machine [227], injecting a phase current of about rated magnitude in this manner is enough to reduce the current through a shorted turn to nearly rated, in the worst-case scenario (one shorted turn close to air gap). In order to accommodate this additional current, the drive should be overrated or its output power substantially derated after fault [223]. To avoid imposing the requirement of detecting which specific turn/s suffer a fault, it is suggested [227] to set the amount of current injection such that the best result is obtained for most of the potential turn-fault scenarios.



Arumugam et al. [223], besides comparing different SC-tolerance methods, adapts the preceding turn-fault alleviation technique [227] to conventional (stranded) conductors instead of horizontal bars. It is, however, pointed out that, due to model uncertainties, it is difficult to achieve a significant reduction in the SC current in this manner. Theoretically, the ideal current to be supplied depends on the number of shorted turns and on the failure location. For this reason, the authors recommend in [223] to instead use vertical rectangular conductors and simply apply terminal SC to the faulty phase through the VSC without special current control, as in [222] (reviewed in Section 5.3.1.1).



Wu et al. [96] show that injecting negative   d 1  -axis current with both fundamental and third-order components can substantially reduce the peak SC current if the machine has non-negligible third-order back-EMF harmonic. A six-phase SPMSM with single-layer FSCW, asymmetrical WSA, fed by H-bridges and with a shorted turn is considered.



For a nine-phase three-sector PMaSynRM with overlapping windings and a turn fault in one of its three-phase winding sets, Wang et al., propose in [224] to inject adequate stator currents (computed by two linear equations) in the affected three-phase set, so that the flux linkage through the shorted turns is reduced. In this manner, the associated SC current decreases as well (compared with, e.g., applying a three-phase terminal SC; see Section 5.3.1.1), analogously to the aforementioned approaches for conventional (not multisector) PMSMs with FSCWs [223,227]. A remarkable characteristic of this method [224] is that it does not require knowledge of the specific fault location, just which of the winding sets is the affected one. The currents in the other two winding sets (healthy) are still controlled to yield the required torque, in contrast to similar approaches for   n = 3   [502], where torque capability was lost.



In the preceding cases, the SC current was due to magnet flux linked by the shorted turns, which cannot be deactivated. Synchronous machines without magnets (e.g., switched reluctance or SynRMs) do not have this drawback, but their power density is lower [240]. In IMs, as shown in [253] for   n = 3   and   n = 5  , the rotor flux is naturally reduced by the shorted turns to some extent, and it can be further decreased through   i  d 1   , so as to bring down the fault current to an acceptable magnitude. However, torque capability is then lost, with the IM being only able to operate in idle mode [253].




5.3.3.3. Reduction in Torque Ripple under Phase SC


Broadly speaking, under stator SC faults the air-gap magnetic field should be kept as close as possible to healthy operation, in order to avoid torque pulsation [101,239]. In particular, if space harmonics are neglected, this means that the stator current should describe a circle in the   α 1  -  β 1   plane. Moreover, the remaining current DOFs are often set so as to also minimize the drive losses (typically focusing on SCL) while obeying the voltage and current constraints; this is frequently referred to as MLS. In addition to the system restrictions present during healthy operation (maximum values, absence of zero-sequence current path, etc.), the event of OC or SC faults introduces extra constraints (coupling between variables) that should also be regarded. The current references, VSD transform, current control scheme and modulation method should satisfy all these conditions after a fault occurs. This is analogous to the scenario of phase OCs, which will be discussed in Part 2. Given that the literature about OC faults is far broader than about SC ones, the reader may acquire in Part 2 a much deeper understanding concerning the concepts about deriving optimum control for avoiding torque fluctuations under fault conditions. In fact, some of the control techniques surveyed here concerning torque ripple minimization during SC faults are also suitable for phase OCs, and they will be described in more detail in Part 2; in contrast, the following description mainly focuses on the particularities related to stator SCs.



Most publications about control for smooth torque with stator SCs are centered on the particular case of phase SCs. They are summarized in Table 14. One of the main features of these SCs, unlike turn faults [224,227], is that under phase SCs the current through the faulted phase cannot be directly controlled [257]. For a phase SC, even if the converter leg corresponding to a shorted phase is switching, it does not have influence on the SC current. That is, a current DOF is lost. This aspect is similar to the behavior under phase OC; nonetheless, the SC current causes additional torque pulsation, which further complicates achieving ripple-free torque compared with OC failures [257].
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Table 14. Current control methods for reducing torque ripple under phase SCs (Section 5.3.3.3) in multiphase applications in the literature.






Table 14. Current control methods for reducing torque ripple under phase SCs (Section 5.3.3.3) in multiphase applications in the literature.





	References
	Machine
	Special Current References
	Current Controller
	Salient Features





	Ede et al. [163]
	PMSM
	MLS
	−
	−



	Atallah/Wang et al. [164,165]
	PMSM
	MLS
	−
	Field-weakening



	Sun et al. [162]
	5-ph. SPMSM
	MLS
	Multiple PI
	Field-weakening



	Bianchi et al. [254]
	5-ph. SPMSM
	Cancel 2nd & 4th torque harms.
	−
	Simple; 3rd harm.



	Mohammadpour et al. [251]
	PMSM
	Iterative learning control
	Multiple PI
	Robust



	Xu et al. [265]
	Sym. 6-ph. SPMSM
	Robust speed control
	Multiple PI
	Robust; ripple



	Guo et al. [272]
	Dual 5-ph. SPMSM
	Robust speed control
	−
	Robust



	Mohammadpour & Parsa [252]
	PMSM
	MLS
	Hysteresis
	General; harms.



	Wu et al. [220]
	Asym. 6-ph. SPMSM
	MLS
	Hysteresis
	3rd harm.



	Sen et al. [166]
	PMSM
	MLS
	Per-ph. multi-resonant
	Field-weak.; harms.



	Zhou/Chen et al. [255,257]
	5-ph. IPMSM
	−
	Reduced VSD + PI + SC curr. FF
	Fast; sensors; not robust



	Zhou et al. [256]
	5-ph. IPMSM
	−
	DTC * + disturbance observer
	Robust



	Jiang et al. [101]
	Sym. 6-ph. SPMSM
	−
	RFOC + modified SV PWM
	Topology



	Si et al. [239]
	4-ph. SPMSM
	Constant torque (single solution)
	−
	Topology



	Huang et al. [241]
	5-ph. SPMSM
	Equal phase-current amplitudes
	−
	High torque; not MLS



	Yin et al. [234]
	5-ph. SPMSM
	No   d 1  -axis current constraint
	−
	High torque; not MLS







* Note that, strictly speaking, in DTC the current is not controlled directly.











Two decades ago, Ede et al. [163] presented an approach to generate the optimum current references for a multiphase PMSM under phase SC or OC faults. The method of Lagrange multipliers is used to minimize the SCL (it is an MLS) while providing ripple-free torque. Although the current limits are not included in the definition of the optimization problem, it is advised in [163] to repeat the process when it is observed that some of the solution per-phase values do not comply with them, limiting the respective variables. (The limitation of currents and voltages to their maximum values is effectively included in the optimization problem as inequality constraints in the so-called full-range MLS (FRMLS), explained in Part 2 with regard to generation of current references for phase OC faults). The field-weakening operation is taken into account in [165] by adding to the Lagrange function the magnitude of the ac voltages, weighted by a certain factor that depends on speed and torque; however, maximum torque-speed region and minimum SCL per point of operation is not completely guaranteed in this manner. The results are obtained for a four-phase PMSM with single-layer 8-slot 10-pole FSCW in [165], and for a five-phase PMSM with single-layer 10-slot 12-pole FSCW in [164]. No details are given about the current controller adopted to track these references.



The strategy from [164,165] is further enhanced by Sun et al., in [162]. More specifically, the torque-speed region is extended by adaptively adjusting the weight factor of the ac voltages in the Lagrange function of the optimization problem. This modification is applied in closed-form formulas for the current references that were priorly obtained offline by solving said minimization problem. In each sample, the variation introduced in the weight factor depends on the deviation between the reference and estimated torque. In any case, minimum SCL for each scenario is still not ensured. PI current control is implemented in each phase.



Instead of solving a complex optimization problem, Bianchi et al. [254] propose to compute the current of a phase affected by terminal SC (based on the machine model) and then to solve for the other phase currents so that the second- and fourth-order harmonics of the torque ripple are cancelled. For this purpose, the third-order current harmonic is taken into account. The most salient feature of this approach is its simplicity, although it may not be the optimum solution in terms of minimum torque ripple and losses. A five-phase PMSM with double-layer 20-slot 18-pole FSCW is considered. No attention is paid here, either, to the control scheme for tracking the current references.



Mohammadpour et al. [251] devise a technique to generate suitable current references for tolerating phase SC or OC failures while adaptively rejecting torque ripple. The references are obtained based on iterative learning control, using the measured/estimated torque error as input. This scheme is able to compensate torque oscillations due to uncertain causes, without information about the nature of the fault. In exchange, the SCL is not necessarily the lowest possible. Alternatively, this adaptive method can be combined in parallel with a non-adaptive one that does minimize the SCL, provided the fault is properly diagnosed. The proposal is tested in a five-phase PMSM with star connection and current control based on PI controllers and SV PWM.



Other methods for automatically adapting the current references under stator SCs/OCs without fault information are presented by Guo et al. [272] and Xu et al. [265]. The current references are provided by a speed controller based on robust control law, and the main goal is to ensure satisfying transient responses when the fault occurs, before it is detected. Namely, the settling time and the peak of the speed deviation after the fault are substantially reduced, in comparison with conventional linear control. Further research is expected in order to enhance the current and torque ripple, especially for the technique from [265].



A general procedure is proposed by Mohammadpour and Parsa in [252] to obtain the optimum current references under stator SCs or OCs. Torque ripple and SCL are effectively minimized by using Lagrangian multipliers. Thanks to the use of instantaneous values, harmonics are implicitly taken into consideration. A great variety of fault scenarios are evaluated for five-phase PMSMs: various stator phase connections (star, pentagon, and pentacle), simultaneous faults in adjacent or non-adjacent phases, etc. The optimum solutions for a given drive can be obtained offline for multiple fault conditions, and stored in look-up tables for online execution. However, the current and voltage maximum values are not taken into account in the optimization problem, unlike the so-called FRMLSs that would be later proposed for phase OCs (discussed in Part 2). Experimental evaluation is performed with a five-phase star-connected PMSM driven by hysteresis current control.



A control method is designed by Wu et al., in [220] for minimizing torque ripple in an asymmetrical six-phase PMSM with FSCW driven by dual VSC using open-end windings (not considered, e.g., in [252]) and with non-negligible space harmonics (mainly third-order) under a stator phase SC. Analytical expressions are derived, by using a Lagrange multiplier, for the optimum current references in the healthy phases, which are imposed by hysteresis control. The copper loss and torque pulsation are notably reduced when the back-EMF third-order harmonic is taken into account in the references rather than ignored.



Sen et al. [166] propose to use multi-resonant current control in per-phase coordinates to track the references (unbalanced and distorted), overcoming inability of conventional PI controllers [162] to follow this kind of reference, and avoiding the problems associated with the variable switching frequency of hysteresis control (electromagnetic interference, switching loss, etc.). Special attention is paid to the controller design. A five-phase PMSM with single-layer FSCW and star connection is considered. A third-order harmonic is taken into account in the back-EMF and stator current. The current references are set similarly to previously mentioned publications where the magnitude of the ac voltages were included in the Lagrange function [162,164,165], but in this case an additional current constraint (null zero-sequence current) is included because of the usage of star connection and HB VSC instead of FB VSC. Furthermore, the online adaptation of the weight factor for the ac voltages is performed based on the excess of VSC output voltage instead of the torque error.



Zhou et al. [257] develop a control method for providing smooth torque in a five-phase star-connected IPMSM with FSCW (the one from [250]) under phase SC. The phase SC failure is treated as a combination of a phase OC (the current of faulty phase cannot be controlled) and an SC one (torque ripple due to SC current). The VSD transform is replaced by a reduced-order one to tackle the former (based on [381]), and the latter is addressed by adding a feed-forward (FF) compensation to the control scheme. Synchronous PI current control is implemented in each subspace. The FF term is based on the measurement of the SC current through the shorted phase. In addition to preventing pulsating torque, this approach also provides fast dynamic performance. A few years later, the method from [257] was extended for double-phase faults in [255]. A difficulty for implementing these proposals is that measuring the current within the shorted phase windings is not straightforward [256]. Moreover, although these techniques [255,257] are effective and fast, the FF compensation may not completely cancel the disturbance in case of significant uncertainties, such as machine and converter non-idealities. For this purpose, it may be possible to simply combine the fast dynamic response of the proposed FF compensation with additional control poles in the   α 1  -  β 1   plane for ensuring complete steady-state disturbance cancellation. The latter part (extra poles) would be analogous to existing fault-tolerant control methods for   n = 3   [503] or   n > 3   [166], where both positive- and negative-sequence components are controlled with zero steady-state error by corresponding synchronous PI controllers. Another possibility, proposed in [256] for a five-phase PMSM controlled by DTC, is to add a torque disturbance observer, which is able to compensate disturbance uncertainties without measuring the SC current/s.



In [101] (Jiang et al.), the two three-phase star-connected winding sets of a six-phase PMSM with FSCW are controlled independently, using RFOC and a VSC including a redundant leg (see Figure 12). When a phase SC arises, the voltage vector table of the SV PWM is modified to provide the same   α 1  -  β 1   components as in healthy operation.



Current references for smooth torque in a four-phase PMSM under terminal SC are provided in [239] by Si et al., when the machine is star-connected and supplied by an HB VSC (obtained, e.g., after reconfiguration in Figure 13 due to certain device faults [239]). These references are the only possible solution for keeping the magnetomotive force as in healthy conditions, given that only two current DOFs remain.



Huang et al. [241] propose a technique for generating the current references, for a five-phase PMSM with single-layer FSCW under phase SC driven by FB VSC, so that the amplitudes of all healthy phase currents are identical. Similarly to the so-called maximum-torque strategy (MTS) for stator OCs [24], this means that the SCL and, hence, heat dissipation is distributed evenly among healthy phases, and that the achievable postfault torque (without VSC oversizing) is maximized [241]. In contrast to conventional MTS for phase OCs, the non-zero current of the faulty phase (which affects torque) is taken into account in the derivation, and the relative phase angles of the phase currents are adjusted with the torque reference as another DOF. However, the resulting SCL is not minimized, unlike for MLS. Back-EMF harmonics are disregarded, since they are reduced by using Halbach array magnets.



Another strategy for generating phase-current references with equal amplitude for a five-phase SPMSM is presented by Yin et al. [234]. The main contribution is that the   d 1  -axis current is set optimally for maximizing the torque, instead of setting it to zero.



Apart from the control methods reflected in Table 14, Wang et al. [243] present a detailed analysis of the behavior of the nine-phase three-sector PMaSynRM from [244] under phase OC/SC faults, emphasizing the need to include additional current control poles in order to compensate second-order torque oscillations. A control technique to tackle this goal may be addressed in the future.




5.3.3.4. Reduction in Torque Ripple under Turn Fault


All the aforementioned current-control techniques for torque ripple minimization under SC faults are focused on the particular case of phase SC (except a brief mention of turn faults in [252]), i.e., SC between both terminals of a stator phase. Nonetheless, there are also a few publications (see Table 15) where this control problem is addressed for turn faults instead of phase SCs.
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Table 15. Current control methods for reducing torque ripple under turn SCs (Section 5.3.3.4) in multiphase applications in the literature.
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	References
	Machine
	VSC Leg/s of Faulty ph.
	Special Current References
	Current Controller
	Salient Features





	Mohammadpour and Parsa [252]
	PMSM
	Switching
	MLS
	Hysteresis
	General; harms.



	Wu et al. [96]
	Asym. 6-ph. SPMSM
	Terminal SC
	MLS
	Hysteresis
	Low SC current



	Cui et al. [94]
	5-ph. IPMSM
	Switching
	−
	  α 1  -  β 1   PI + zero-seq. current FF
	Fast



	Fan et al. [248]
	5-ph. IPMSM
	Open
	−
	Reduced VSD + PI + voltage FF
	Fast; open leg








The general method proposed by Mohammadpour and Parsa in [252] for deriving current references for minimum copper loss and torque oscillations can be applied for shorted turns, since some recommendations are also given in this regard therein. However, the references are tracked by hysteresis control, whose variable switching frequency may increase electromagnetic interference and switching loss [166,257], as aforesaid. Moreover, minimization of the flux-linkage and current through specific shorted turns (e.g., as in [224,227]; see Section 5.3.3) is not studied. Similarly, current references derived by using Lagrange multipliers are imposed by Wu et al., in [96] by means of hysteresis control, although in this case terminal SC is simultaneously applied in the faulted phase to reduce the SC current.



A technique for compensating torque pulsation under turn faults is devised by Cui et al., in [94] for a five-phase hybrid-excitation IPMSM with open-end single-layer FSCWs fed by FB VSC using SV PWM. Namely, it is found that the torque ripple is due to an oscillating   d 1  -axis current disturbance introduced by the turn SC into the   α 1  -  β 1   plane, and accordingly it is proposed to cancel this component in the FF manner, based on the zero-sequence current. Conventional PI current controllers in positive-sequence rotating frame are included in the   α 1  -  β 1   plane. The main differences with [257], besides dealing with turn faults instead of phase SCs, are that the FF term is computed from the zero-sequence current instead of the SC current, and that the VSD complete transform is employed instead of a reduced one. However, active minimization of the current within the shorted turns [224,227] is not taken into account in [94] either.



The same authors provided further work on this subject in [248], for a similar type of ac drive. In this case, when the turn fault is detected, the connections between the VSC and the respective phase are opened, to avoid the current through the healthy part of the phase. In addition, a voltage sensor is then connected to the terminals of this phase. This voltage measurement is employed to obtain an estimate of the disturbance introduced by the fault into the   α 1  -  β 1   plane, so as to compensate it by means of an FF, analogously to their previous work [94]. A reduced-order VSD transform is adopted during fault operation, with PI controllers in each subspace. Although opening the phase affected by the fault was previously considered in [257], the latter paper addressed phase SC faults, where the SC current cannot be directly controlled by the converter. In contrast to phase SCs, for turn faults the faulted phase can be shorted [240] or its current can be controlled by the respective VSC leg/s [224,227] to mitigate the flux linkage in the shorted turns and, hence, avoid excessive current through them; thus, the fact that this possibility is not exploited in [248] can be considered a shortcoming of this strategy.



It is worth mentioning that, as pointed out regarding the FF technique from [255,257] for phase SCs, the steady-state behavior under uncertainties of these FF methods for turn faults [94,248] might be straightforwardly improved by adding extra control poles [166,503] or a disturbance observer [256] as well. In addition, it would be of interest to improve these control approaches, aimed at constant torque during SC faults, by combining them with control strategies to minimize the current through the shorted turns (see Section 5.3.3).





5.3.4. Flux Shunt


It is possible to install and opportunely activate a physical mechanism to decouple from the rotor flux certain stator slot/s affected by SCs, either mechanically or electrically [223]. The mechanical shunt is able to short a slot opening with magnetic wedges, by means of a spring. However, the spring may jam, reducing reliability. In addition, this approach results in smaller fill factor and increased copper loss [223]. On the other hand, an electrical shunt is based on placing magnetic wedges and an auxiliary control winding in the slot opening. During normal operation this winding is energized, so that the wedges are saturated and, hence, the rotor flux is linked by the slot winding turns. In case of fault, the auxiliary winding supply is disconnected and the rotor flux is thus shunt. In addition to reduced fill factor and additional copper loss, this technique also implies a reduction in the average torque for healthy operation [223]. Due to these drawbacks, barely any applications of these methods are reported in the literature.





5.4. Concluding Remarks about Stator SC Faults


Stator SCs are especially troublesome faults that require specific and elaborate measures to be tolerated, especially for PMSMs and for SCs involving just a few turns.



This kind of fault may be detected in multiphase drives by adopting methods analogous to some of those for three-phase drives [498,499], principally in those cases where each phase or three-phase set is treated independently. In fact, many of the detection techniques proposed for multiphase machines are presumably also valid for three-phase ones, such as those based on monitoring the torque [94] or either the low-frequency [100,101] or high-frequency [90,92,93,96,99] components of the phase (not VSD) currents. Some others, which rely on the instantaneous power [97], zero-sequence voltage [61], or zero-sequence current (for FB VSC) [91], could also be extrapolated to three-phase systems without significant modifications. On the other hand, there are some approaches that keep track of the asymmetries produced by the stator SC in the secondary VSD planes [88,89], thus exploiting the particular features of multiphase drives. In any case, most of the detection methods are designed specifically for turns SCs in PMSMs [88,89,90,91,92,93,94,96,99], and only some of them [61,89,99,100] have been proved to be able to distinguish from other (although few) faults.



Concerning tolerance, in the first place, it is critical to design the machine with stator SCs in mind, which has attracted much attention in scientific publications up to present days. Namely, a substantial degree of magnetic, electric, thermal, and mechanical isolation between phases is normally sought. Moreover, high self-inductance is desirable for limiting SC current in PMSMs. These properties are most notably provided by FSCWs [240,266]. Although FSCWs are in principle not suitable for IMs, they yield excellent performance in, e.g., PMSMs, SynRMs and PMaSynRMs. Using multisector WSA also exhibits better decoupling between phases (of different sectors) than conventional winding arrangements and is, thus, another possible solution for this kind of failures [27]. In addition, using vertical conductors within slots can also be helpful for preventing excessive SC current in case of turn faults close to a slot opening, at the expense of higher ac losses [223,227,495]. From Table 10, the most popular multiphase machines for tolerating stator SCs are arguably symmetrical six-phase SPMSMs with single-layer 12-slot 10-pole FSCW [100,101,128,163,165,210,211,231,265]. A lot of research has also been performed recently about a nine-phase three-sector PMaSynRM with overlapping windings [97,98,129,167,224,235,236,237,238,242,243,244,245,270], although this one has only been employed by a single research group in the literature so far. Based on the preceding survey, it can also be pointed out that innovative machine structures and winding layouts are still being designed nowadays for multiphase drives with tolerance to stator SCs with excellent unprecedented features (see, e.g., [209,244,249,267,268,272]).



Traditionally, a common procedure to reduce the SC current in the event of a turn failure is to externally apply an SC to the affected phase [93,99,240] or winding set [27,230,236,247,258,265] by means of the VSC switches. In any case, even lower fault current can be obtained by actively controlling the current in such phase/s for this purpose, as later proposed in various publications [96,223,224,227,253]. Current control for compensating torque ripple under SC faults has also been addressed in the literature, for both phase SCs [101,162,163,164,165,166,220,239,251,252,254,255,256,257,265,272] and turn SCs [94,96,248,252]. The investigation of current control techniques under stator SCs for either of these two objectives (reducing current in shorted turns or torque ripple) is emerging as a strong trend in the recent literature. However, devising control approaches for simultaneously achieving both goals at the same time has not (or scarcely) been considered so far and may be the subject of future work. It may also be interesting to combine the control techniques based on adding extra poles and those based on feed-forward terms in order to bring together their respective advantages in terms of robustness to uncertainties and fast response.



Allowing the flow of zero-sequence current often makes it possible to increase the tolerance to this kind of fault. For instance, in case of adopting three-phase HB VSCs, it is recommended to include zero-sequence current paths (e.g., using delta connections or legs for neutral-point clamping) [236,270], so that the zero-sequence flux-linkage through shorted turns (and thus SC current) is naturally reduced. Alternatively, it may be decided to employ a VSC that permits actively controlling the zero-sequence current for enhanced postfault performance at the expense of a higher number of devices, such as FB VSCs [89,93,94,95,96,99,128,130,162,164,165,210,211,212,223,227,228,233,240,248,263,264,265,266,267,271] or more advanced VSC topologies [101,239].



It can be noted that there are some accomplishments that have been achieved for stator OC faults (addressed in Part 2) and not (or barely) for SC faults, which may, therefore, also be tackled for the latter more exhaustively in the next few years. Some of these possibilities include, e.g., control techniques able to provide high postfault performance without fault detection and scheme reconfiguration (reconfiguration-less methods, proposed in [126,280,323,332,335,336,337,338] for stator OCs and just in [251,265,272] for SCs), or strategies for generating postfault current references with minimum losses at each possible operating point in the full speed-torque range taking the maximum current/voltage values into account in the optimization problem (i.e., FRMLSs, as in [22,170,214,300,308,313,314,315,319,326,343,344,352,355,356,408] for stator OCs).



Moreover, since IMs are regarded as poor candidates for tolerating stator SCs (especially turn SCs), it might also be desirable to perform further research (e.g., extending the work from [253,261]) with the goal of improving their characteristics in this regard.



Finally, it is worth pointing out that most of the literature is focused on SCs between both terminals of a stator phase or between turns of a given phase, but SCs between coils or terminals of different phases [129] have received almost no attention for the moment.





6. Switch SC Faults


Any switch of a VSC in a motor drive may suffer an SC fault. Similarly to other types of failures, this is expected to degrade the drive behavior substantially and lead to further damage if it is not properly handled. In fact, switch SCs can be considered more dangerous than, e.g., switch or stator OCs, since SCs can easily result in very high currents through the VSC and machine. Regardless of whether the SC arises in a transistor itself or in its corresponding free-wheeling diode, the effect of the SC failure is in general equivalent in both cases and can be treated in the same manner. Figure 14 summarizes the most relevant methods from the literature for detecting and tolerating switch SCs in multiphase drives, as well as the causes that give rise to these failures.
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Figure 14. Causes, detection methods, and tolerance approaches for switch SC faults in multiphase drives. 
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6.1. Causes of Switch SC Faults


SC faults in switches such as IGBTs are normally caused by either a wrong gate voltage (e.g., due to driver malfunction) or by an intrinsic failure produced by excessive voltage, current, or temperature [504].




6.2. Detection of Switch SC Faults


When a switch SC occurs, it is crucial to detect it soon and turn off the other switch of the leg to prevent dc-link SC [168,273]. In addition, other tolerant actions (surveyed shortly) may be applied after the failure is detected. Fortunately, modern switch drivers are usually able to detect SCs (e.g., by specific hardware circuits [504]) and they provide a signal to indicate these faults [119,168]. This may be the main reason why the recent literature about detection of switch SCs is scarce. Nevertheless, a few publications dealing with this topic can be found in the context of multiphase drives [99,103].



In [99], switch SCs are detected by simply monitoring the on-state voltage drop across each switch and comparing it with its expected value. The method is able to distinguish between switch SCs and other types of faults, such as stator SCs.



Salehifar et al. [102] propose to trigger the fault alarm when the cost function of a current FCS-MPC surpasses a predefined threshold. The faulty switch is located by a phase-current observer based on the machine model. SC and OC faults are distinguished depending on whether the respective phase current is null.



The case of an asymmetrical six-phase PMSM driven by a n-phase T-type three-level VSC [see Figure 8i] is studied by Wang et al., in [103]. In the first step, the faulty phase is identified by means of the current trajectory in the x-y plane. In this stage, a subset of possible phase OC, switch OC and switch SC possible faults are also selected. Then, in the second step, the current value in that particular phase is also used to identify the specific faulty switch and type of failure.




6.3. Tolerance to Switch SC Faults


In accordance with Figure 14, the strategies to tolerate switch SCs can be mainly divided into those related to the drive topology (Section 6.3.1), the machine design (Section 6.3.2), or to the control and modulation (Section 6.3.3).



6.3.1. Drive Topologies


Among the methods for tolerating switch SCs, those concerning the VSC topologies and their postfault reconfiguration have received special attention in the literature.



6.3.1.1. Increasing Isolation by VSC Modularity


Supplying the machine via separate VSC modules improves the electrical isolation, which is, in principle, helpful for tolerating switch SC (and other) faults [27]. This is especially important if it is decided to avoid extra devices for isolating the shorted switches from the rest of the VSC, although it is also helpful, e.g., in case these elements are actually included but they also fail. Otherwise, e.g., if the VSC is not modular and two shorted switches are not isolated, they can cause an SC of the dc link that would affect the entire drive instead of just a VSC module [27].



The highest degree of VSC modularity and hence of electrical isolation is obtained by using H-bridge modules to feed each phase [240]. For instance, multiple H-bridges are considered in [99,130,240] for tolerating switch SC faults in multiphase drives. This benefit in isolation comes at the expense, however, of increased complexity, cost, size, and losses [373]. Additionally, the conventional tolerant action for non-isolated switch SCs when using H-bridges, i.e., clamping both terminals of the affected phase to a dc-link rail, can lead to high uncontrolled zero-sequence currents (discussed in Section 6.3.1.4) [13]. Using three-phase HB VSCs or two n-leg HB VSCs, e.g., does not offer as much electrical isolation as single-phase ones; nevertheless, the isolation (modularity) is still higher than in an n-phase VSC with common dc link, it is simpler than installing n H-bridges [244,373], and it avoids the zero-sequence current associated with FB VSCs [13,273]. For multiphase drives that are tolerant to switch SCs, topologies based on three-phase HB VSCs are employed in [27,168,235,243], and dual HB VSCs in [273].



Nonetheless, obtaining electrical isolation between VSC modules may not be straightforward in some applications. Isolation transformers may be needed for this purpose, e.g., if the various dc links are supplied by rectifiers connected to the same grid. It is easier, e.g., if the power is provided by separate isolated buses in an aircraft [25] or isolated batteries in an electric vehicle [505]. Furthermore, in addition to electrical isolation, enough physical and thermal isolation should be set between power electronic devices to minimize fault propagation in case of an SC through one of them [99].



The design of a VSC with high modularity and isolation can be combined with reconfiguration of the VSC after the fault takes place, as in the methods displayed in Table 16. The main purpose of the reconfiguration is to convert the SC faults into phase OCs (first row of the table) or to allow more suitable phase currents through all phases (other rows). These reconfiguration strategies are explained in the following.
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Table 16. Methods based on drive topology reconfigurations for tolerating switch SC faults in multiphase applications in the literature.
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	References
	VSC Topology
	Reconfiguration
	Figure
	Valid for H-Bridges
	Special Machine
	Torque Derating
	Voltage * Derating





	Many
	Any + 1-4 fuses or 1 switch per line
	Convert into phase OC
	15b–e
	Yes
	No
	Yes
	No



	Kumar et al. [275]
	Any + 1, n,  2 n   legs &   2 n  ,  4 n   switches
	Replace faulty leg by redundant
	−
	Yes
	No
	No
	No



	Mecrow et al. [99,240]
	One or multiple FBs
	Clamp both terminals of stator ph.
	16
	Yes
	Yes
	Yes
	Yes



	Nguyen et al. [273]
	Dual HB
	Clamp both terminals of stator ph.
	17
	No
	No
	No
	Yes



	Nguyen et al. [273]
	Dual HB
	Create virtual neutral point
	18
	No
	No
	No
	Yes



	Si et al. [239]
	Dual HB + (2+3n) fuses & 6 switches
	Create virtual neutral point
	13
	No
	No
	No
	Yes



	Reddy et al. [274]
	HBs + 2 extra switches
	Create virtual neutral point
	−
	No
	No
	No
	Yes



	Wang et al. [243,245]
	  n / 3   HBs
	Impose 3-phase SC
	−
	No
	Yes
	Yes
	Yes



	Wang et al. [103,277]
	Any + 1,2 fuses & 1 switch per leg
	Clamp terminal to dc-bus midpt. O
	15g,h
	Yes
	No
	No
	Yes



	Yepes et al. [343]
	Any + 1,2 fuses & 1 switch per leg
	Alternate phase OC/clamping to O
	15g,h
	Yes
	No
	If ↑ volt.
	If ↑ torq.







* The voltage drop across the stator impedance is disregarded.












6.3.1.2. Conversion of Switch SC Fault into Phase OC


As mentioned in Section 2, in the literature it is commonly assumed that switch SC faults are transformed into phase OC ones [102,119,171,277,373,377,385,448,464,465], which are easier to handle and are discussed in Part 2. Considering for the sake of illustration a single leg of a conventional two-level VSC based on IGBTs as in Figure 15a, this conversion into phase OC can be easily completed by opening a bidirectional switch between the corresponding converter leg and stator terminal as depicted in Figure 15b [102,119,385,464,465,506]. This switch may be replaced by a fast fuse [see Figure 15c], which would also open the line in case of a fault, because of the resulting overcurrent [385].



Alternatively, the fuses can be placed in series with each of the IGBTs, as depicted in Figure 15d. Then, phase OC is obtained when these fuses are blown out, either as a consequence of the fault itself or by intentionally turning on the healthy IGBT of the same leg for this purpose [119,343,464,465,506]. This configuration [see Figure 15d] is robust to SCs in both switches of the same leg, unlike the previous ones [see Figure 15b,c]. Note that the topologies from Figure 15b,d could be combined [119]. On the other hand, one of the two fuses from Figure 15d might instead be located in the line, as shown in Figure 15e or in Figure 13.



A fuse may be placed next to just one of the IGBTs of each leg, as represented in Figure 15f. This is the case, e.g., of the VSC topology from Figure 12 [101]. This option is also valid for preventing dc-link SC in case of double switch SC in a certain leg [101]. If an SC fault occurs in the IGBT with the fuse, the latter is burnt and the other IGBT is turned off, then phase OC results. Otherwise, for SCs involving the opposite IGBT, phase OC is not obtained. Then, other fault-tolerant procedures can be applied afterward, such as those described later in Section 6.3.1.4, Section 6.3.1.5 and Section 6.3.1.6.



Another possibility for blowing the fuses from the aforesaid configurations is to close an additional bidirectional switch between the midpoints of the leg and dc link. For instance, the schemes from Figure 15c,d would then become as illustrated in Figure 15g,h [343,465,506]. A similar procedure may also be applied to other VSC topologies, such as T-type ones [103,277]. In the schemes from Figure 15g,h, if the bidirectional switch is kept closed afterward, the phase is not in OC; instead, it can conduct, thus avoiding torque derating, although at the expense of voltage derating. The latter approach is further discussed shortly, in Section 6.3.1.7.
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Figure 15. Schematic of two-level VSC dc link and an arbitrary leg [343]. (a) Without extra elements. (b) With a bidirectional switch per line. (c) With a fuse per line. (d) With a fuse per IGBT. (e) With a fuse per line and leg. (f) With a fuse per leg. (g) With a fuse per line and a bidirectional switch to connect to the dc-link midpoint O. (h) With a fuse per IGBT and a bidirectional switch to connect to the dc-link midpoint O. 
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6.3.1.3. Redundant VSC Legs


The same performance as in healthy drive, without derating, can be attained under a switch SC if the affected VSC leg is replaced by a redundant one. Drive topologies allowing this kind of reconfiguration are, e.g., those including one or n redundant legs and also a couple of extra bidirectional switches per line for the connection/disconnection of each leg [275,464,465]. This means   2 n   bidirectional switches for an n-leg HB VSC or   4 n   for an FB VSC. However, this option has barely been considered for multiphase machines, presumably because it implies a significant increase in complexity and cost, while the enhancement in performance compared with other alternatives is not as significant as in three-phase drives. Similarly, there are also three-phase topologies [465] based on parallel or series connections of individual switches, but to the knowledge of the authors they have not been used with multiphase drives, because of the same reasons.




6.3.1.4. Clamping Both Terminals of a Stator Phase through VSC


In principle, in case of open-end windings, an alternative to installing redundant legs (extra complexity) or converting a switch SC fault into a phase OC (extra elements and torque derating) would be to simply turn off the gating signals of the other three switches connected to the affected stator phase. It would also be possible to turn off the opposite switch of the same leg and keep switching the leg at the other side of the phase. However, the resulting phase current has relatively large dc (limited only by stator resistance) and peak values, as shown in [240,273] for topologies based on independent H-bridges (disabling three switches) and based on dual HB VSC (disabling one switch), respectively. In this regard, it is preferable, e.g., to apply SC through the VSC (two top or two bottom switches) across the terminals of the corresponding stator phase, provided FB VSCs (e.g., H-bridges) are used. This approach is depicted in Figure 16. In this manner, there is no current dc component and the current rms value is acceptable [99,240]. This improvement is related to the fact that current paths in both directions are thereby allowed through the stator phase, as opposed to the case of opening the other switches, where the phase current would only be able to circulate in one direction [240].





[image: Machines 10 00208 g016 550] 





Figure 16. Tolerance to a switch SC by clamping both terminals of a stator phase through an FB VSC (causing phase SC), as in [99,240]. 
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The scenario just described resembles that of a terminal SC (phase SC) fault, which has been discussed in Section 5 (with other types of stator SC faults). The main difference is that in this case the SC current does not only flow through the affected stator phase as in phase SC failures, but also through the VSC [240]. It is also similar to the case in which a terminal SC is externally applied by the VSC to a given phase with stator turn failure (explained in Section 5.3.1.1), where there is actually increased current also through the VSC; but then the turn SC gives rise to especially high current through the shorted turns, in contrast to switch SCs. However, applying an SC across a phase requires a special design of the machine, so that it is able to properly withstand this condition, as explained earlier with regard to stator SC faults. Otherwise, the uncontrolled zero-sequence path tends to make the resulting current especially high [13].



If the dc links at each side of the stator phase are not connected to each other, as in a dual HB VSC [see Figure 9d], then this same approach (two top or two bottom switches on; see Figure 17) can be applied without causing zero-sequence current and phase SC, thus avoiding the requirement of a special machine. Then, the current through this stator phase can be controlled by the remaining working legs (all phase currents are related by the condition that their sum is zero), making it possible to obtain the same phase currents as in a healthy drive [273]. In any case, the available voltage is reduced after the fault compared with healthy operation. Furthermore, for the topology based on two HB VSCs, which is used to apply this technique, there is less electrical isolation than for multiple H-bridges [99,240], and, hence, less tolerance to, e.g., DC-side faults.
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Figure 17. Tolerance to a switch SC by clamping both terminals of a stator phase through HB VSCs (no phase SC), as in [273]. 
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6.3.1.5. Creating Virtual Neutral Point through Dual HB VSCs


Another possibility to tolerate switch SCs is based on using a dual HB VSC and setting an artificial neutral point at the HB that contains the switch SC [273], as illustrated in Figure 18. Then, the machine can be controlled as a star-connected one driven by a single HB VSC. Unlike the preceding techniques, based on clamping certain stator terminals to the positive or negative poles of the dc link/s, this one cannot be easily applied to VSCs based on single-phase modules. In addition, the maximum achievable voltage across a stator phase is not as high as for those techniques.
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Figure 18. Tolerance to a switch SC by creating a virtual neutral point through an HB VSC in a drive based on open-end windings supplied by two HB VSCs. 
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The four-phase topology shown in Figure 13 [239] can be used to create a neutral point in an HB VSC with switch SC as aforesaid, but its extra elements allow for other potential reconfigurations. For example, in absence of SCs the additional bidirectional switches can be set so that the topology behaves as a single FB VSC (with an extra current DOF) and is, thus, able to tolerate two simultaneous phase OCs, which would not be possible with a dual four-phase HB VSC. This idea of conveniently changing between single-FB or dual-HB VSC could be straightforwardly extrapolated to higher phase numbers, as discussed in Part 2.



The approach based on creating an artificial neutral point can also be applied in pole-phase modulated machines based on open-end windings. This is performed in [274] for a nine-phase IM. A nine-leg HB VSC is used at one side of the windings, and three three-leg HB VSCs at the other side. In case of a switch fault in the nine-leg VSC, other eight switches of the same VSC are employed to set the virtual neutral point. Otherwise, if there is a switch failure in the three-leg VSCs, a virtual neutral point is set in each of them, and they are all connected by means of two bidirectional switches when three-phase instead of nine-phase operation is desired.




6.3.1.6. Applying Three-Phase SC through VSC


Similarly to the case of stator SCs (see Section 5.3.1.1), in the scenario of a switch SC in a machine with multiple three-phase star-connected winding sets it is possible to impose a three-phase SC by means of the VSC to the corresponding three-phase winding [168,243,245]. In principle, this procedure may produce a more balanced situation than having an SC in a single phase. In any case, although an SC in a stator phase is difficult to be removed, for a switch SC it is relatively easy to reconfigure the drive so as to keep the same currents through all phases as in healthy operation (e.g., by using dual HB VSCs and applying a suitable corrective action [273], as discussed earlier). Thus, the option of applying a three-phase SC is much less attractive for a switch SC than for a stator SC. Furthermore, even if the VSC is not reconfigured, the imbalance associated with an SC in a single phase can be compensated by suitable control techniques [168] without imposing SCs in other phases, as explained later in Section 6.3.3.




6.3.1.7. Allowing Current Flow through All Phases Avoiding Shorted Switches


Some of the aforesaid tolerant approaches allow current flow through all phases still after a switch SC, but by conducting significant current through the faulty switch. This is the case, e.g., for the methods just described in Section 6.3.1.4, Section 6.3.1.5 and Section 6.3.1.6. However, it might be preferred to avoid using the shorted switch to conduct current, since it may exhibit abnormal behavior and resistance [103,277]. For this purpose, it is possible to isolate the faulty switch e.g., blowing a fuse by briefly turning on the bidirectional switch in Figure 15h and then simply turn on the opposite switch/es of the same leg/s, in order to obtain analogous behavior.



Current flow through a phase affected by a switch SC may instead be obtained by, e.g., keeping on an extra bidirectional switch placed between the phase terminal and the dc-link midpoint [see Figure 15g,h]. This has been performed, e.g., for an asymmetrical six-phase drive driven by a two-level VSC in [343] and by a T-type three-level VSC in [103,277]. However, in this situation the maximum output ac voltage (and, hence, maximum speed) of the converter is roughly halved (assuming star connection), and special care should then be taken to avoid damage in the dc-link or excessive oscillations in the dc-link voltage [343,465]. It can also be noted that in the case of a T-type VSC the phase terminal could be clamped to the dc-link midpoint by means of the two switches (e.g., IGBTs) that are included between both points by default in this topology [see Figure 8i] [276]. Nevertheless, using instead an additional bidirectional switch (e.g., a TRIAC) for this purpose is suggested mainly for avoiding current flow through a switch with SC (if one of those two is faulty) [103,277].



It has recently been proposed in [343] to open or close such bidirectional switch between the dc-link and leg midpoints in a two-level VSC [see Figure 15g,h] depending on the operating conditions. In this manner, either the achievable torque (closed switch) or voltage (open switch) can be ideally as high as in healthy drive, as reflected in Table 16. Nonetheless, since the behavior is the same as for switch OC faults (switch SCs are assumed to be isolated), this will be reviewed in more detail in Part 2.





6.3.2. Machine Design


In case of applying a method to tolerate switch SCs that implies increasing the current through the machine phases (e.g., imposing single-phase [99,240] or three-phase [243,245] SCs; see Section 6.3.1.4 and Section 6.3.1.6), it is important to ensure that the machine is designed so that this condition is suitably tolerated. For this purpose, in general the recommendations given in Section 5.3.2 for phase SC faults can also be applied in this situation. In fact, most of the publications that address machine design under switch SCs also study the scenario of stator SCs [99,130,240,242,243,244,245,246,247], and they have, thus, already been reviewed in Section 5.3.2.




6.3.3. Control and Modulation


If the drive topology is modified for improving the tolerance to switch SCs, often the control or modulation method has to be adapted accordingly. For this reason, in some of the papers where specific topologies or topology reconfigurations are presented for switch SCs (see Section 6.3.1), the suitable control/modulation strategies are also discussed [13,243,273]. Moreover, due to the behavior similarity between stator and switch SCs in certain cases (e.g., after applying a terminal single- or three-phase SC), the comments provided about the control techniques under stator SCs of some of these papers (see Section 5.3.3) [241,243] are also adequate for switch SCs.



The necessary changes in the SV PWM algorithm under switch faults for a T-type three-level VSC driving an asymmetrical six-phase PMSM are discussed in [103], considering RFOC based on PI controllers. The voltage SVs that are missing as a consequence of switch SCs are taken into account so that they are suitably replaced by other SVs. The maximum speed is reduced according to the available voltage region. It is ensured that the voltage at the dc-link midpoint is balanced, which requires special attention in this topology. Similarly, the postfault selection of voltage SVs is addressed for the same type of drive in [277], but using deadbeat predictive current control.



The voltage SVs in a twelve-phase IPMSM fed by four three-phase HB VSCs are adapted in [168] for a switch SC fault. The machine has four three-phase stars, arranged in the stator as four sectors, and using double-layer 12-slot 8-pole FSCW. In addition, to avoid windup of the PI current controllers, the integration is disabled when the output voltage is limited. The voltage SVs of each three-phase module are treated independently. Even though the torque contribution by a three-phase VSC with a switch SC unavoidably contains ripple, such ripple is compensated by adding adequate ac terms in the torque references of the healthy VSCs. Flux saturation is taken into account in the controller. Compared with the conventional option of imposing a three-phase SC to the winding set with a switch SC (Section 6.3.1.6), this approach provides the same average output torque with lower phase-current peaks, and thus higher postfault maximum torque.





6.4. Concluding Remarks about Switch SC Faults


SC failures in switches have not received as much attention in the existing literature as other types of faults in multiphase drives such as stator SCs or phase OCs. On the one hand, the switch drivers are commonly able to detect switch SCs [119,168]. On the other hand, regarding tolerance, the main reason for the lack of specific publications about switch SCs is arguably that these faults may be easily converted into phase OCs by simply opening the corresponding current path, and then the tolerance methods for the latter can be directly applied [102,119,130,171,277,373,377,385,448,464,465]. However, in practice this implies reducing the achievable torque compared with healthy conditions [24,312,344], assuming that the VSC rating is not set higher than needed for normal operation. Furthermore, the devices for switch isolation may also fail.



Instead of opening the affected phase, in a conventional VSC topology it is possible to turn on certain VSC switches (among the ones used in healthy drive) so that there is still current through all phases after the fault. Actually, most of the research about tolerance to switch SCs in multiphase drives is devoted to this kind of procedure. As reflected in Table 16, this can be performed, e.g., by clamping both terminals of a stator phase through the VSC [99,240,273], by imposing a three-phase SC (if   n / 3 ∈ Z  ) [243,245], by creating an artificial neutral point in drives based on HB VSCs [239,273,274], or by connecting one phase terminal to the dc-link midpoint [103,277,343]. Among these strategies, the ones that permit individual control of all phase currents [103,239,273,274,277,343] are particularly convenient, since in principle they do not imply any postfault torque derating, although usually they do cause some decrease in the maximum voltage. In this respect, it has been recently proposed [343] during postfault conditions to alternate between phase OC and phase-terminal clamping depending on whether high voltage or high torque is required. Further research may be performed on this subject in order to seek, e.g., even better performance or simpler application of this idea.



Increasing the VSC modularity and isolation between VSC units, if possible, is in principle also advisable for improving the reliability in the phase of switch SCs. For example, topologies based on multiple H-bridges [130,240], dual HB VSCs [273], or multiple three-phase HB VSCs [27,168,235,243] are common in fault-tolerant drives.



In any case, the tolerant action that is typically applied for non-isolated switch SCs when using FB VSCs, such as H-bridges, is based on imposing an SC on a stator phase by means of the VSC, causing uncontrolled zero-sequence current. This implies that the machine should be specially designed for withstanding this demanding situation, similarly to stator SCs [99,130,240,242,243,244,245,246,247]. Moreover, even if the machine is such that overcurrent is then prevented, the resulting zero-sequence current gives rise to undesired effects, such as increased losses. Therefore, for non-isolated switch SCs it seems preferable to resort to topologies based on HBs and to tolerance procedures (devised for such VSCs) that do not force phase SCs [103,239,273,274,277,343]. This differs from the case of tolerance to stator SCs, for which special machine design is almost unavoidable, and the zero-sequence current is helpful for improving the postfault behavior (see Section 5).



Other special VSC topologies have also been presented, e.g., for replacing a faulty leg by a redundant one [275,465] or for enhancing the postfault performance under various simultaneous faults [239]. Since the latter [239] permits alternating between FB and dual-HB configurations, it can also be very convenient for overcoming the aforementioned incongruity that the zero-sequence current path is desirable for stator SCs but not for non-isolated switch SCs.



Concerning control and modulation, the respective techniques should be adapted to the postfault VSC configuration [13,103,168,241,243,273,277]. In particular, they can be modified so that the effects of missing voltage SVs are taken into account [103,168,277] and so that the resulting torque ripple is compensated [168]. Nevertheless, it may be desirable to, e.g., conduct future research so as to obtain high-performance drive control after switch SCs in a simpler manner and with minimum reconfiguration.





7. Speed/Position-Sensor Faults


A significant part of ac drives nowadays relies on the speed or position of the rotor, which is frequently measured by resolvers or encoders. Most often this fact is because of its requirement for closed-loop current (vector) or speed control [507], which yields better performance than open-loop (scalar) control. Moreover, although conventional open-loop V/f control works for IMs, it does not for synchronous machines. On the other hand, even in IMs driven by simple V/f control, the speed may be useful for monitoring purpose [508]. Failure of the speed/position sensor is not expected to be critical in the latter case (monitoring), but in a drive with closed-loop control such fault usually means that normal operation cannot continue. In fact, the abnormal behavior of the machine after said sensor fails may compromise the mechanical and electrical (e.g., back-EMF rise with speed) integrity of the system [58]. For these reasons, encoders and resolvers represent a possible source of faults that needs to be taken into account [58,87,127,130,182,197,199,208,213,215,216]. Although the reasons that produce these failures do not depend on n and the three-phase tolerance approaches in many cases are also valid for   n > 3  , the extra DOFs of multiphase machines offer valuable potential for obtaining enhanced performance in such conditions. Figure 19 illustrates the principal causes, detection methods and tolerant techniques for encoder/resolver faults.
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Figure 19. Causes, detection methods, and tolerance approaches for speed/position-sensor faults in multiphase drives. 
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7.1. Causes of Speed/Position-Sensor Faults


Some of the typical failures in incremental encoders are inconsistent number of pulses per turn (e.g., due to noise) and total/intermittent signal loss (e.g., supply/interface fault). Concerning resolvers and absolute encoders, faults usually consist in zero output, gain drop, offset, or high noise [87,509].




7.2. Detection of Speed/Position-Sensor Faults


The most common method for detection of encoder/resolver faults is based on comparing the speed measurement with a speed estimate, as indicated in Figure 19. When the difference between them exceeds a certain threshold, the alarm flag is set. Special care should be taken to select this threshold so that no false alarms occur. This approach can be applied for any phase number. Regarding multiphase drives, it has been performed for six-phase PMSMs with asymmetrical WSA, based on an extended sliding-mode observer [87] and on a voltage-model-based stator-flux observer [58]. It has also been performed by means of sliding-mode observer for a five-phase PMSM in [86].



It is worth noting that, in case a deviation is detected between the actual speed and its estimate, it is necessary to distinguish whether such difference arises due to an actual encoder/resolver failure or because of a different type of fault (e.g., phase OCs) that affects the inputs (and, hence, output) of the speed observer [58]. This distinction can be achieved, e.g., by running several speed observers based on different variables or by including additional algorithms to diagnose other faults [58,212].



The same speed/position observers employed for detecting resolver/encoder failure can be used afterward for tolerating this condition, as explained shortly.




7.3. Tolerance to Speed/Position-Sensor Faults


A simple solution for tolerating resolver/encoder failure is to replace the closed-loop control by V/f control [460], which does not require speed/position information. In any case, this comes at the expense of worsening the drive performance, and in addition it is not suitable for synchronous machines. Similarly, DTC (or similar schemes) is generally considered to be inherently encoderless (especially if low-speed operation is ignored), and, thus, it is in principle adequate for such fault; however, if the speed/position has to be controlled by an outer loop, an estimate/measurement of the actual speed/position is in fact needed nonetheless [200,204].



The most widely spread approach to control a drive when a resolver/encoder is not available consists in estimating the frequency/position (of rotor, rotor flux, stator flux, or back-EMF) by an observer as a function of other variables (stator current, stator voltage references, etc.), instead of based on the rotor speed/position-sensor measurements. These sensorless techniques are frequently implemented to be used at all times, avoiding the complexity and cost of buying, installing and maintaining the sensor [507]. Nevertheless, it is also reasonable to resort to these observers just in case of sensor fault [58,87,127,130,197,199,208,213,216], because usually they are not as accurate and robust to uncertainties (e.g., flux saturation) as sensors [510], or they have additional shortcomings, such as introducing torque ripple (e.g., those based on signal injection) [511].



The encoderless observers may be roughly classified into those based on low- or high-frequency components, in agreement with Figure 19. The former includes the fundamental and low-order harmonics, such as the third, fifth, and seventh, whereas greater harmonic orders are considered as high frequencies. In most cases, low-frequency observers rely, to a great extent, on the machine model and parameters, whereas high-frequency ones do not. Note that, for the sake of illustration, the classification of estimation algorithms displayed in this figure is not completely strict; e.g., some observers based on sliding mode or on model reference adaptive systems (MRASs) are also back-EMF/flux observers. On the other hand, Table 17 reflects many of the strategies found in the existing literature for multiphase applications that are tolerant to encoder/resolver faults, sorted by the types of methods. Low-frequency observers are surveyed first in Section 7.3.1, high-frequency observers next in Section 7.3.2, and resilient control is briefly discussed finally in Section 7.3.3.
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Table 17. Speed/position-sensorless methods (Section 7) in multiphase applications in the literature.
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References

	
Method Description

	
Machine

	
Differs from    n = 3    *

	
Proved to Work with Other Simult. Faults

	
Works at & Near 0 r/min

	
Extra Loss/Ripple




	
n

	
WSA

	
Rotor






	
Nguyen et al. [186]

	
Adaptive linear neural network

	
5

	
Sym.

	
PMSM

	
No

	
No

	
No

	
No




	
Olivieri et al. [130,187]

	
Back-EMF Luenberger observ.

	
5

	
Sym.

	
PMSM

	
No

	
No

	
No

	
No




	
Olivieri et al. [127]

	
Back-EMF Luenberger observ. (designed for ph. OC)

	
5

	
Sym.

	
PMSM

	
Yes

	
Phase OC

	
No

	
No




	
Xu et al. [210,211]

	
Back-EMF non-orthog. observ. (2 arbitrary phases)

	
6

	
Sym.

	
PMSM

	
Yes

	
Stator SC/OC

	
No

	
No




	
Imai et al. [196]

	
Back-EMF disturb. observ. (extended for saliency)

	
9

	
Multisec.

	
PMSM

	
Yes

	
No

	
No

	
No




	
Belie et al. [217]

	
Back-EMF 3rd-harm. observ. (PMSM with ph. OCs)

	
5

	
Sym.

	
PMSM

	
Yes

	
Phase OC

	
No

	
No




	
Stiscia et al. [198]

	
Back-EMF 3rd-harm. observ. (healthy PMSM)

	
9

	
Sym.

	
PMSM

	
Yes

	
No

	
No

	
No




	
Slunjski et al. [199]

	
Back-EMF 5th-harm. observ. (healthy PMSM)

	
9

	
Sym.

	
PMSM

	
Yes

	
No

	
No

	
No




	
Taheri et al. [206,207]

	
Extended Kalman filter

	
6

	
Asym.

	
IM

	
Yes

	
No

	
No

	
No




	
Tian et al. [216]

	
Free-wheeling current under IGBT fault

	
5

	
Sym.

	
PMSM

	
Yes

	
Switch OC

	
No

	
No




	
Zhang et al. [209]

	
High-freq. inject. (flux-intensifying PMSM)

	
5

	
Sym.

	
PMSM

	
No

	
No

	
Yes

	
Yes




	
Liu et al. [201]

	
High-freq. inject. (  d 3   square wave)

	
5

	
Sym.

	
PMSM

	
Yes

	
No

	
Yes

	
Yes




	
Tian et al. [208]

	
High-freq. inject. (system delay & stator resistance)

	
5

	
Sym.

	
PMSM

	
Yes

	
No

	
Yes

	
Yes




	
Barcaro et al. [215]

	
High-freq. inject. (various stator configs.)

	
6

	
As./sym./mul.

	
PMSM

	
No

	
Phase OC

	
Yes

	
Yes




	
Almarhoon et al. [191]

	
High-freq. inject. (stat. frame inject.; 0-seq. meas.)

	
6

	
Asym.

	
PMSM

	
Yes

	
No

	
Yes

	
Yes




	
Almarhoon et al. [192]

	
High-freq. inject. (synch. frame inject.; 0-seq. meas.)

	
6

	
Asym.

	
PMSM

	
Yes

	
No

	
Yes

	
Yes




	
Imai et al. [195]

	
High-freq. inject. (standstill; SPMSM)

	
9

	
Multisec.

	
PMSM

	
Yes

	
No

	
Yes

	
Yes




	
Ramezani et al. [188]

	
High-freq. inject. (  α 3  -  β 3   rotating sine wave)

	
9

	
Sym.

	
PMSM

	
Yes

	
No

	
Yes

	
Yes




	
Guzman et al. [181]

	
Minimization of torque error

	
5

	
Sym.

	
PMSM

	
No

	
No

	
No

	
No




	
Khadar et al. [193]

	
MRAS (flux-based; + parameter estimation)

	
5

	
Sym.

	
IM

	
No

	
No

	
No

	
No




	
Khadar et al. [194]

	
MRAS (sliding mode; + parameter estimation)

	
5

	
Sym.

	
IM

	
No

	
No

	
No

	
No




	
Holakooie et al. [204]

	
MRAS (sliding mode)

	
6

	
Asym.

	
IM

	
No

	
No

	
No

	
No




	
Holakooie et al. [205]

	
MRAS (sliding mode; + rotor-time-constant est.)

	
6

	
Asym.

	
IM

	
No

	
No

	
No

	
No




	
Listwan et al. [197]

	
MRAS (flux-based and current&current-based)

	
7

	
Sym.

	
IM

	
No

	
No

	
No

	
No




	
Hezzi et al. [182]

	
Resilient control based on active dist. rejection

	
5

	
Sym.

	
PMSM

	
Yes

	
No

	
No

	
No




	
Amin et al. [203]

	
Rotor-flux robust simplified dynamic observer

	
6

	
Asym.

	
IM

	
No

	
No

	
No

	
No




	
Mengoni et al. [183]

	
Rotor-flux 3rd-harm. observ. (healthy IM)

	
7

	
Sym.

	
IM

	
Yes

	
No

	
No

	
Yes




	
Mengoni et al. [184,185]

	
Rotor-flux 3rd-harm. observ. (healthy IM; ↓ speed)

	
7

	
Sym.

	
IM

	
Yes

	
No

	
Yes

	
Yes




	
Yepes et al. [202]

	
Rotor-slot harm. due to fund. current (healthy)

	
Any

	
Asym./sym.

	
IM

	
Yes

	
No

	
No

	
No    †   




	
Yepes et al. [214]

	
Rotor-slot harm. due to fund. current (phase OC)

	
Any

	
Asym./sym.

	
IM

	
Yes

	
Phase OC

	
No

	
No    †   




	
Kong et al. [218]

	
Sliding-mode observ. (+ stator-resist. estimation)

	
5

	
Sym.

	
IM

	
Yes

	
Phase OC

	
No

	
No




	
Mossa et al. [189]

	
Sliding-mode observ. (+ rotor-resist. estimation)

	
5

	
Sym.

	
IM

	
Yes

	
No

	
No

	
No




	
Zhang et al. [219]

	
Sliding-mode observ. (volt. FF; active resist.)

	
5

	
Sym.

	
PMSM

	
No

	
Phase OC

	
No

	
No




	
Bensalem et al. [86]

	
Sliding-mode observ. (including 3rd space harm.)

	
5

	
Sym.

	
PMSM

	
Yes

	
No

	
No

	
No




	
Geng et al. [213]

	
Sliding-mode observ. (reduced-order transf.)

	
6

	
Asym.

	
IM

	
Yes

	
Phase OC

	
No

	
No




	
Xiao et al. [87]

	
Sliding-mode observ. (load-torque est. & rejection)

	
6

	
Asym.

	
PMSM

	
No

	
No

	
No

	
No




	
Zheng et al. [190]

	
St.-flux variable-structure observ.

	
5

	
Asym.

	
IM

	
No

	
No

	
No

	
No




	
Parsa et al. [200]

	
St.-flux volt.-model observ. (load angle included)

	
5

	
Sym.

	
PMSM

	
No

	
No

	
No

	
No




	
Green et al. [212]

	
St.-flux volt.-model observ. (per phase)

	
6

	
Sym.

	
PMSM

	
Yes

	
Stator SC/OC

	
No

	
No




	
Wang et al. [58]

	
St.-flux volt.-model observ. (= st.-flux & rotor freqs.)

	
6

	
Asym.

	
PMSM

	
No

	
No

	
No

	
No




	
Bojoi et al. [161]

	
St.-flux Gopinath observ. (fault: ignore rotor model)

	
6

	
Asym.

	
IM

	
Yes

	
Phase OC

	
No

	
No








* It should be noted that, although several of these sensorless methods are identical for n = 3, some of them had not been proposed for n = 3 in the past, and many of these papers also have significant research contribution on aspects different from the sensorless algorithms. † For given machine, this sensorless method does not imply extra losses, but choosing a machine with larger rotor-slot current harmonics does yield higher losses than adopting other machines.











7.3.1. Encoderless Low-Frequency Observers


The survey of speed/position-sensorless observers based on low-frequency signals is organized in agreement with Figure 19. Among back-EMF/flux observers, which are widely spread (see Table 17), the following types are distinguished: stator-flux fundamental observers (Section 7.3.1.1), rotor-flux fundamental observers (Section 7.3.1.2), back-EMF fundamental observers (Section 7.3.1.3), rotor-flux harmonic observers (Section 7.3.1.4), and back-EMF harmonic observers (Section 7.3.1.5). Other common observers are those based on sliding-mode and MRAS, which are reviewed in Section 7.3.1.6 and Section 7.3.1.7, respectively. An interesting strategy specific for an IGBT OC is based on monitoring the corresponding free-wheeling current, as explained in Section 7.3.1.8. There are also other types of low-frequency observers for speed/position estimation that do not fit into these categories, which are addressed in Section 7.3.1.9.



7.3.1.1. Stator-Flux Fundamental Observers


Knowledge of the stator-flux vector (position and magnitude) is particularly useful for certain control strategies, such as DTC [58,200] and direct-flux vector control [512]. In three-phase machines (either asynchronous or synchronous), a classical method to obtain the stator flux is based on solving it from the equation of the stator equivalent circuit (voltage model), i.e., by integrating the difference between the stator voltage and the stator current times stator resistance, which represents the back-EMF [512,513,514,515,516]. To ensure stability, the integrator is typically replaced by a low-pass filter [515]. This open-loop estimation by the voltage model is prone to error at low speeds due to small back-EMF (proportional to speed) and to stator-resistance uncertainty [513]. Alternatively, the stator flux may instead be obtained by means of the stator current and the rotor magnetic model (current model) [515,516]. This open-loop observer works satisfactorily at low speeds, but it requires the rotor position/speed, and at high speeds it is more sensitive to machine parameters than the voltage model [514,517]. All the aforementioned also applies in case the voltage and current models are employed to observe rotor flux instead of stator flux, e.g., for direct (Recall that, in IMs, for indirect RFOC the position of the rotor flux is calculated with respect to the rotor position, whereas for direct RFOC the rotor flux position is either directly measured or (usually) directly calculated from the terminal measurements [516]. In synchronous machines, the rotor flux and the rotor itself are always aligned) RFOC, which acts in a reference frame aligned with the rotor field [513,514,515,516].



In an early paper [212], Green et al., proposed a method to estimate speed, position, and stator flux for a six-phase symmetrical PMSM with FSCWs, with each phase being fed by an independent H-bridge. The stator flux is calculated by means of the conventional open-loop   α 1  -  β 1   voltage model, based on the stator voltage references and the measured stator currents. Then, a stator current estimate is obtained by using a look-up table, depending on the estimated values of stator flux and position. In turn, the position is calculated by means of another look-up table, as a function of the stator flux and the error between the actual and estimated stator current. Since the machine has FSCWs (see Section 3.1.2), the mutual inductance between phases is neglected. Two alternatives are studied: either providing a position estimate for each individual phase, or a position estimate based on the information of all phases simultaneously (through a least-squares algorithm). In principle, the latter (all-phase estimation) is more accurate in the absence of OC/SC faults, but in presence of such failures the healthy phases are much less affected when using the former (per-phase estimation). In view of this outcome, it is then proposed to automatically discard, in the all-phase estimation, the position values provided by phases, such that the corresponding error in phase-current estimation exceeds a certain threshold [212]. Thus, a combination of the advantages of both approaches is thereby attained.



In [58], both of the aforesaid classical open-loop stator-flux observers (voltage and current models) from three-phase machines are simultaneously implemented in the   α 1  -  β 1   plane of a six-phase PMSM. In addition to calculating the stator-flux variables for performing DTC, these two observers are exploited in [58] for fault detection and tolerance. More specifically, in case of speed-sensor fault, the speed is assumed to be identical (it is a synchronous machine) to the frequency of stator flux that is estimated by the voltage model [58]. That is, the angle that exists between stator flux and rotor (load angle) during transients [200] is neglected. The speed value is fed back to the outer speed loop so that it is controlled in closed loop. Regarding the speed and flux behavior, in this case no particular characteristics stem from the fact that it is a machine with more than three phases; nevertheless, the other fault types (discussed in Part 2 and in Section 12.3 and Section 12.4) from which speed-sensor failure is distinguished in the diagnosis in [58] do depend on the phase number. Parsa and Toliyat [200] had also proposed to use the   α 1  -  β 1   voltage model to estimate the speed of a multiphase PMSM (in this case,   n = 5  ) controlled by DTC. Nevertheless, in [200] the expressions to estimate the load angle during abrupt torque transients (if any) were given.



Instead of the open-loop voltage and current models, it is common in three-phase machines to merge the two of them, so that the advantages of the former for high speeds and of the latter for low speeds are combined in the flux estimation [512,513,514,515,516]. The resulting scheme is often known as Gopinath [513] or reduced-order [515] observer. It is usually considered a closed-loop observer [514,516], as opposed to the conventional open-loop current and voltage models. Inspired by this solution, Bojoi et al. [161] treat a six-phase IM as a combination of two three-phase IMs, and for each of them a closed-loop stator-flux observer analogous to said Gopinath observer is implemented. The rotor part (current model), which needs the rotor position, is, in fact, shared by both three-phase observers of the six-phase drive, whereas the stator part (voltage model) is different for each of the two winding sets. The estimated stator flux for each three-phase set is employed to perform direct flux-vector control separately. Given that an IM is considered, the rotor speed cannot be simply assumed to match the stator-flux frequency, as performed in [58] for a PMSM. Instead, if the encoder fails, the rotor model is ignored in the stator-flux observers and the observer gain is reduced (giving priority to the voltage model over the current one) to avoid too large a phase error [161]. In this manner, satisfactory behavior is obtained in case of encoder fault, even if it is combined with phase OCs. However, the machine just works as a generator with torque reference; a speed estimate would have to be added if closed-loop speed control were desired. Moreover, since the current model in the flux observers is disabled, the control performance may not be as good as with working encoder, especially at low speeds.



A different type of model-based stator-flux observer is presented in [190], for a five-phase IM driven by DTC. Namely, it is a variable-structure observer, whose behavior is more non-linear than the previous ones. In fact, it is closely related to sliding-mode observers, which are discussed later on. The fundamental stator flux and the speed are estimated based on the   α 1  -  β 1   stator voltage and current [190]. Thus, it is also expected to work similarly for   n = 3  . No comparison is provided with other observers, because the focus of the paper [190] is on the DTC strategy.




7.3.1.2. Rotor-Flux Fundamental Observers


A six-phase asymmetrical IM driven by backstepping control is considered in [203]. Said control, besides the speed value, also requires rotor-flux estimation. Two estimates of the rotor-flux   α 1  -  β 1   vector are calculated, based on the conventional voltage and current models. The speed is obtained as a function  ϵ  of the cross product between both rotor-flux vectors, and is fed back to the aforesaid current model. From this description, it could be noted that this method resembles a flux-based model reference adaptive system (MRAS) [518], which will be further discussed later in Section 7.3.1.7. Nevertheless, in this case  ϵ  is substantially more elaborate [203] than in existing MRASs for this purpose. In fact, this novel observer, called robust simplified dynamic observer, is proved in [203] to yield better speed accuracy than state-of-the-art MRAS speed estimators.




7.3.1.3. Back-EMF Fundamental Observers


In synchronous machines the phase angle of the fundamental back-EMF is directly related to the rotor position, and, hence, the latter can easily be obtained from the former, if adequately estimated.



The conventional model-based observers [519] for the estimation of the flux or back-EMF (and from it, of speed/position) in synchronous machines are not able to take advantage of the additional position information contained in saliency (e.g., in IPMSMs). For the latter purpose, the concept of extended back-EMF was presented for three-phase synchronous machines in [520], and a closed-loop disturbance observer was also proposed to track this signal. Regarding multiphase drives, an extended back-EMF observer was developed for a three-sector nine-phase PMSM in [196], so that the individual parameters of each stator sector are taken into account in the observer. However, operation under other types of faults (e.g., OC or SC) was not considered.



A back-EMF Luenberger-like observer for a five-phase SPMSM is devised in [187]. This observer is also included in [130], and later extended for phase OCs in [127]. In the latter [127], depending on the affected phase, the VSD transform is replaced by a suitable reduced-order transform, so that the fundamental back-EMF and its phase angle (using a phase-locked loop) are properly extracted in spite of the fault.



Nguyen et al. [186] adopt the Luenberger-like observer from [127] for a healthy situation, but they replace the phase-locked loop by an algorithm for position estimation (from back-EMF) based on an adaptive linear neural network (Adaline). Adaline is a particularly simple type of neutral network that is not too computationally demanding. This modification is shown to yield faster response and lower ripple than the phase-locked loop, especially at low speed. In any case, comparison with more advanced phase-locked loops remains to be completed. Since just healthy operation and fundamental back-EMF are considered, the study is not expected to change substantially for other n.



More recently, in [210,211], the rotor position of a five-phase PMSM under stator OC/SC faults is estimated by an observer based on robust law that tracks the non-orthogonal back-EMF of two healthy phases. The high-frequency noise is attenuated by means of a second-order low-pass filter whose bandwidth is adjusted with the speed reference [211]. The rotor position is extracted from the two filtered back-EMF waveforms by a phase-locked loop designed to work with non-orthogonal input signals [210,211]. Finally, the phase delay introduced by the low-pass filter in the rotor estimation is compensated by a simple formula [211].




7.3.1.4. Rotor-Flux Harmonic Observers


The preceding observers are all based solely on the fundamental component of the electromagnetic variables. Nonetheless, in many multiphase machines, a significant third-order space harmonic interacts with a stator VSD plane different from   α 1  -  β 1   and with potential current flow. Thus, this component may also be excited and exploited for extracting a speed estimate. This possibility has been first tackled by Mengoni et al., in [183]. In said paper, a third-order current harmonic is injected in a secondary plane to excite the third-order flux harmonic in such a manner that the torque is not altered. In principle most kinds of observers could be applied to this third-order harmonic; a linear closed-loop rotor-flux estimator based on the voltage (stator) model is adopted in this case [183]. An observer of third-order rotor-flux harmonic provides, apart from the rotor speed, also the phase angle of this rotor-flux component. This angle is employed for the synchronization of the current controller in the secondary plane. In turn, the rotor speed estimated from the third harmonic is used in an observer of the fundamental rotor flux, from which the angle for the field-oriented fundamental current control is obtained. The reference magnitude of the third-order current harmonic should be selected as a trade-off between accuracy and performance degradation due to losses and iron saturation, while respecting the drive voltage and current constraints.



Later, in [184], the same authors improve this approach by making it suitable for low and zero speeds. This is an important property, because in these conditions the fundamental back-EMF (used in many methods) is zero or extremely small and, hence, very difficult to observe (see penultimate column of Table 17). It is attained in [184] by increasing (from zero) the phase shift between the third-harmonic stator and rotor flux, so that the third-harmonic slip also rises and thereby the stator frequency of the third-harmonic flux does not decrease below a certain predefined threshold. This is allowed by the fact that the electromagnetic components in the   α 1  -  β 1   and   α 3  -  β 3   planes do not need to obey any synchronization in phase or frequency with respect to each other. However, this technique introduces additional losses, and it only works for positive rotor speeds. Moreover, the dynamics may be worsened to some extent because at low/zero speed the third-order current harmonic introduces torque disturbances that need to be compensated by the closed-loop speed controller. Although only simulation results were given in [184], experimental results can be found in [185].




7.3.1.5. Back-EMF Harmonic Observers


Belie et al. [217] proposed to employ observers for the fundamental and third-order harmonics of the back-EMF, for a five-phase PMSM under single or double phase OC faults. The effective separation of both harmonics is achieved by applying appropriate reduced-order transformations depending on the phase-OC scenario. The rotor position and speed can then be estimated from any of these two frequency components of the back-EMF. The adopted back-EMF observer and phased-locked loop are based on those from [127] (see Section 7.3.1.3), but with the differences that in [217] they are adequately used also for the harmonic back-EMF and under double phase OCs, instead of just for fundamental back-EMF and single phase OC.



In [198], the rotor position is estimated from the back-EMF third harmonic in a nine-phase PMSM with symmetrical WSA, in absence of phase OCs. Given that in this case the VSD planes are decoupled (no phase OCs) and zero reference is set for the third-harmonic closed-loop current control, the corresponding back-EMF is simply assumed to be roughly identical to the respective components of the voltage references. In this manner, machine parameters, such as stator resistances and inductances are not needed for this purpose, in contrast to most low-frequency observers. In turn, the rotor position can be obtained from this back-EMF by using a phase-locked loop. Further work on this subject has been performed in [199], in the context of a drive where harmonic injection is performed for increasing the torque density. It is proposed therein to set to zero the reference of the fifth-order (not the third-order) current harmonic when an encoder fault occurs, so that the output of the corresponding current controller can be adopted as an estimation of the back-EMF fifth harmonic. A phase-locked loop is then applied to the latter in order to yield the rotor position.




7.3.1.6. Sliding-Mode Observers


Sliding-mode observers exhibit excellent performance in terms of accuracy, dynamic behavior, and robustness to parameter variations and plant non-linearity [521]. On the other hand, special care should be taken to prevent chattering [194,219].



A sliding-mode observer is proposed for a five-phase IM in [218]. It is based on the fundamental   α 1  -  β 1   machine model, taking into account the imbalance due to a phase OC. Apart from the speed, the stator resistance is considered as an unknown parameter, to be also estimated by the observer. The other parameters are assumed invariable. This method is unaffected by faults or third-order harmonic injection.



Another sliding-mode observer for five-phase IMs is presented in [189], but estimating the rotor resistance (besides speed) instead of the stator one (assumed constant). The voltages and currents in both VSD subspaces are used as inputs [189]. Both planes are taken into account in the observer for the estimation, under the hypothesis of sinusoidally distributed windings. The occurrence of other faults simultaneously with speed/position-sensor ones is not studied, unlike in [218]. Similarly to [189], an observer with four voltage and current inputs is devised in [86] for a five-phase drive. The main differences with respect to [189] are that a PMSM is studied instead of an IM, that a third-order space harmonic is included in the machine model of the secondary plane, and that no machine parameters other than speed are adapted with operation.



Zhang et al. [219] propose a sliding-mode observer for a five-phase IPMSM. It is based on a previous method for   n = 3   [522], which offers low chattering and reduced phase error thanks to the adoption of a sigmoid function and an inner back-EMF observer, respectively. In [219] the disturbance rejection of this solution is substantially enhanced by adding an FF of measured output voltage and an active resistance. This improvement in the robustness to disturbances makes this observer suitable for phase OC faults. The speed is computed from the back-EMF estimate provided by the observer. In contrast to, e.g., the sliding-mode observer from [218], which was also tolerant to phase OCs in a five-phase drive, the one from [219] does not need to alter the observer implementation depending on the specific phase that is faulty. This observer is based on the   α 1  -  β 1   machine model and can be easily applied to any phase number, including   n = 3  .



A sliding-mode speed estimator for six-phase asymmetrical IMs is devised in [213]. Chattering is prevented by using a piecewise saturation function. Under phase OCs, suitable reduced-order transformations are employed. Although this kind of postfault transformation is used in many publications, the resulting machine model in the fundamental plane depends on the specific faulty phase/s, unlike for the conventional full-order VSD transform. In this paper [213], the speed observer is adequately designed so that, in spite of this problem, the speed value is still accurate when OC faults occur.



Load-torque estimation is included in the sliding-mode speed observer of an asymmetrical six-phase PMSM without SC/OC faults in [87], so that improved rejection of torque disturbances is attained. The   q 1  -axis current is used as an input, and the values of inertia and amplitude of rotor flux (per unit of speed) are required. The observer is just based on the   α 1  -  β 1   plane and it could be applied to other n without modifications.




7.3.1.7. Model Reference Adaptive Systems (MRASs)


As illustrated in Figure 20, an MRAS estimator consists of two cooperating subsystems: the reference model and the adaptive model. The former does not depend on the sought variable (e.g.,  ω ), whereas the latter does. A function (error function)  ϵ  of the outputs (X and   X ^  ) of both models is used through an adaptation mechanism (e.g., a PI controller) to adjust an estimate   ω ^   of the sought signal, fed back to the adaptive model, until such error function  ϵ  is zero [518]. Usually the model outputs X and   X ¯   are vectors and  ϵ  is implemented as the cross product; when the X and   X ¯   vectors are aligned,   ϵ = 0  . One of the main advantages of MRAS-based speed estimators in comparison with other alternatives is their relatively low complexity and computational burden [204]. Numerous types of MRAS speed estimators have been proposed for ac drives in the past, especially for IMs. Their popularity has decreased in recent decades because of their sensitivity to model uncertainties (causing oscillations or instability) [515,523], but they still receive notable attention. A recent comprehensive review about them in (three-phase) IMs can be found in [518]. The MRAS speed estimators found in the literature about multiphase drives are summarized in Table 18, specifying how the general MRAS scheme from Figure 20 is particularized in each case.
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Figure 20. General illustration of a speed estimator based on MRAS. 






Figure 20. General illustration of a speed estimator based on MRAS.
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Table 18. Speed/position-sensorless methods based on MRAS (Section 7.3.1.7) in multiphase applications in the literature.
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References

	
Machine

	
Reference Model

	
Adaptive Model

	
Model Output    X ^   

	
Adapted Parameter    ω ^   




	
n

	
WSA

	
Rotor






	
Khadar et al. [193]

	
5

	
Sym.

	
IM

	
Conventional voltage model

	
Conventional current model

	
Rotor flux

	
Speed




	
Listwan and Pieńkowski [197]

	
7

	
Sym.

	
IM

	
Actual machine

	
Hybrid voltage-current model

	
Current

	
Speed




	
Holakooie et al. [204,205]

	
6

	
Asym.

	
IM

	
2nd-order sliding-mode observer

	
Conventional current model

	
Rotor flux

	
Speed




	
Khadar et al. [194]

	
5

	
Sym.

	
IM

	
Sigmoid-based sliding-mode observer

	
Conventional current model

	
Rotor flux

	
Speed









In conventional flux-based MRAS [518], the reference and adaptive models correspond with the machine voltage (stator) and current (rotor) models, respectively. The error function is based on the rotor-flux estimates provided by both models. The adaptation law is simply a PI controller, which modifies the speed of the current model. This kind of MRAS has been adopted for the   α 1  -  β 1   plane of a five-phase IM in [193] (see Table 18), and the MRAS parameters are also updated by values of stator resistance, rotor resistance, and magnetizing inductance estimated by additional observers.



Two kinds of MRAS estimators are compared in [197] for a seven-phase IM controlled by DTC using SV PWM (with two large voltage vectors) and operating under encoder failure. Namely, the ones compared are the aforesaid conventional flux-based MRAS and the advanced current&current-based MRAS from [524] (concerning   n = 3  ), which is known to have less sensitivity to parameter deviations and better suitability in a wide speed range. Although the SV PWM in [197] depends on the phase number, the MRAS estimators do not, because they are just based on the behavior of the fundamental component in the   α 1  -  β 1   plane. In current&current-based MRAS, the stator current measurements taken from the actual machine are used as the model reference, and the adaptive model provides stator currents estimated by means of a hybrid voltage-current model (see Table 18) [197,524]. For both types of MRASs under study in [197], the adaptive model is adjusted by means of the speed estimate, and the resulting speed value is employed to compute the speed error for the outer speed controller. In any case, the MRAS is not only used for estimating speed; since DTC needs the torque and stator flux as well, these values can also be obtained from the reference model in the MRAS. From the analysis in [197], it is concluded that in the seven-phase IM under encoder fault the current&current-based MRAS yields smaller ripple in speed, torque and current waveforms than the flux-based MRAS.



Inspired by the conventional   α 1  -  β 1   flux-based MRAS with reference model based on stator circuit and adaptive model based on rotor circuit, Holakooie et al. [204] have proposed to replace the linear expressions of said reference model by a second-order sliding-mode observer (see Table 18). This is addressed in the context of a six-phase IM with asymmetrical WSA, controlled by DTC based on virtual voltage vectors (minimum in x-y) and a sliding-mode speed controller. It is proved that the novel MRAS speed estimator offers much better robustness to dc offsets and resistance mismatches [204]. The fact that an MRAS can benefit from the inherent robustness of sliding mode is of special relevance, given that the sensitivity to uncertainties is as aforementioned the main shortcoming of conventional MRAS-based observers [515,523]. On the other hand, the typical chattering problem of sliding-mode observers is avoided by the second-order character (super-twisting algorithm) of the one proposed in this case [204]. Later, this MRAS speed estimator [204] has been combined in parallel with an additional MRAS for estimating the rotor time constant [205]. In order to allow the latter estimation, a low-frequency harmonic is also injected in the rotor flux [205].



A structure similar to the one from [204] is also devised in [194], for five-phase IMs. The chattering problem is prevented by using a sigmoid function without resorting to super-twisting algorithm. In addition, simple estimators based on the IM model are also proposed for the stator and rotor resistances. These parameter estimates are employed to adjust the models in the MRAS speed estimator so as to further improve its robustness and accuracy.



In accordance with Table 17, it can be noted that none of these MRAS-based speed estimators would differ substantially for   n = 3   or other n, since they are entirely based on the fundamental   α 1  -  β 1   machine model.




7.3.1.8. Free-Wheeling Current of OC IGBT


Tian et al. [216] proposed to extract the position information from the current that circulates through the free-wheeling diode of an IGBT with OC fault, for a five-phase PMSM. This is allowed by the fact that this free-wheeling current is affected by the back-EMF. Namely, a frequency-locked loop based on second-order generalized integrators (which work as a band-pass filter around the fundamental frequency) is applied to said current. This novel technique based on the free-wheeling current is shown to exhibit better dynamics than a conventional back-EMF/rotor-flux sliding-mode observer. Moreover, the implementation of the former requires specification of much fewer machine parameters. However, inaccuracy may arise in some cases (e.g., for relatively high   i  q 1    compared with permanent-magnet excitation current) due to the assumption that the free-wheeling current is in phase with the back-EMF. In addition, it is only suitable for single IGBT OC faults, and not for low speeds. Encoder/resolver faults in absence of IGBT OCs may be tolerated using this technique by deliberately opening one switch, but at the expense of power derating.




7.3.1.9. Other Low-Frequency Observers


There are other observers based on low-frequency components that are used for speed/position estimation in multiphase ac drives and do not fit in the preceding categories.



Taheri et al. [206] have proposed a control strategy (loss-model control) for improving the efficiency of asymmetrical six-phase IMs. Since conventional loss-model control is very sensitive to model uncertainties, they suggest adapting its parameters by means of an extended Kalman filter. Among many other variables, this filter also estimates the speed, and, thus, it could be used in the event of encoder/resolver failures. The machine model in both   α 1  -  β 1   and x-y planes is taken into account, thus differing from   n = 3  . Space harmonics are neglected in the model. This Kalmar filter was later simplified so as to reduce the computational burden [207].



Another option was devised in [181], for a five-phase SPMSM. The rotor position is found by iteratively reducing the error  ϵ  between the measured torque and the torque computed based on the position estimate. This technique also works in the absence of torque measurement, if the error  ϵ  is instead obtained as the difference between the torque estimates of the current and previous samples. Space harmonics are disregarded and only the   α 1  -  β 1   variables are employed for the estimation. The improvement of aspects, such as accuracy, robustness, and computational burden was left as future work.





7.3.2. Encoderless High-Frequency Observers


In accordance with Figure 19, mainly two types of high-frequency speed/position estimators can be found in the literature about multiphase drives: those based on rotor-slot harmonics produced by the fundamental current (Section 7.3.2.1), and those based on high-frequency injection (Section 7.3.2.2).



7.3.2.1. Based on Rotor-Slot Harmonics Due to Fundamental Current


One of the conventional methods to obtain the rotor speed in three-phase IMs is based on tracking the frequencies of the rotor-slot current harmonics produced by the stator fundamental current [525,526,527,528,529,530,531,532]. More specifically, the lowest-order ones (principal slot harmonics) are usually preferred, because of their relatively greater magnitude. However, in three-phase IMs these harmonics are typically very small, which makes it particularly difficult to obtain accurate speed values in this manner [533]. Furthermore, as previously established in [529], the combinations of rotor-slot and pole-pair numbers have to be carefully chosen to ensure that said harmonics are mapped into the   α 1  -  β 1   plane so as to produce corresponding current components; such combinations had been assessed for   n = 3  , but not for higher n. To address these obstacles, it was shown in [202] that multiphase machines offer an excellent opportunity to exploit the rotor-slot harmonics for speed estimation, because the resulting current components are relatively large when these harmonics are mapped into low-impedance x-y planes; furthermore, the combinations of rotor-slot, pole-pair and phase numbers for satisfying this condition for   n > 3   were given as well.



For the sake of illustration, Figure 21 and Figure 22 show the complex spectrum per VSD plane of stator current for a six-phase IM with symmetrical and asymmetrical WSA, respectively [202]. Both IMs have been obtained by rewinding with one pole pair identical three-phase IMs, with 18 rotor and 24 stator slots [202]. The results using two different loads are included for each machine: one for lower (red) and another one for higher (blue) value of slip gain   s g  . It can be seen that the symmetrical six-phase IM (see Figure 21) behaves similarly to a conventional three-phase machine with observable principal slot harmonics [529], i.e., the principal slot harmonics (of frequencies   f ps +   and   f ps −  ) are mapped into the   α 1  -  β 1   plane, yielding small current components that, besides producing torque ripple, are difficult to distinguish from noise and from other harmonics. Conversely, the six-phase IM with asymmetrical WSA (see Figure 22) exhibits principal slot harmonics in the   α 5  -  β 5   (i.e., x-y) plane that are relatively large and, hence, easy to measure and track. It can also be observed that the frequencies of these harmonics vary with the slip [see Figure 22b], as expected, thus allowing to estimate the speed [202]. The main drawback associated with this improvement is that the drive losses are increased, but the extra loss is not expected to be significant in most cases [202].
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Figure 21. Complex spectrum of stator current for six-phase IM with symmetrical SWA, one pole pair and 18 rotor slots [202]. In the label of the horizontal axis, f represents any frequency and   f 1   the fundamental frequency. (a)   α 1  -  β 1   plane. (b)   α 2  -  β 2   (i.e., x-y) plane. 






Figure 21. Complex spectrum of stator current for six-phase IM with symmetrical SWA, one pole pair and 18 rotor slots [202]. In the label of the horizontal axis, f represents any frequency and   f 1   the fundamental frequency. (a)   α 1  -  β 1   plane. (b)   α 2  -  β 2   (i.e., x-y) plane.
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Figure 22. Complex spectrum of stator current for six-phase IM with asymmetrical SWA, one pole pair and 18 rotor slots [202]. In the label of the horizontal axis, f represents any frequency and   f 1   the fundamental frequency. (a)   α 1  -  β 1   plane. (b)   α 5  -  β 5   (i.e., x-y) plane. 






Figure 22. Complex spectrum of stator current for six-phase IM with asymmetrical SWA, one pole pair and 18 rotor slots [202]. In the label of the horizontal axis, f represents any frequency and   f 1   the fundamental frequency. (a)   α 1  -  β 1   plane. (b)   α 5  -  β 5   (i.e., x-y) plane.
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In absence of OC and SC faults, the phase currents are practically balanced and a principal slot harmonic in a certain phase can be tracked with just one current sensor. Alternatively, if a sufficient number of phase currents are measured, a principal slot harmonic in an x-y plane [see Figure 22b] can be tracked, with less possibilities of interference with   α 1  -  β 1   harmonics.



However, under phase OC faults, the resulting current constraints make it necessary to impose fundamental current in secondary subspaces (further discussed in Part 2) and introduce very significant current imbalance. As a consequence, as shown later in [214], the principal slot harmonics are no longer located in just one subspace and with either positive or negative sequence; instead, although the frequency in absolute value is not altered, these harmonics are distributed among several subspaces and positive/negative sequences. This also means that their amplitude is different in each phase current. Accordingly, a novel scheme (see Figure 23) was proposed in [214] to estimate the speed based on the principal slot harmonics under phase OCs.



Broadly speaking, the strategy from [214], illustrated in Figure 23, is based on obtaining an estimate of a principal-slot-harmonic frequency from each phase current  ρ  (analogously to [526]), and then selecting the most accurate (lowest error covariance) one at each instant. A set of filters is applied to each phase current, consisting of a notch filter to remove the fundamental component at   ω 1  , a bandpass filter approximately centered at the principal slot harmonic, and an adaptive notch filter that automatically adjusts its center frequency   ω ρ anf   to said harmonic. The center frequency   ω bp   of the bandpass filter is calculated based on   ω 1   and the electromagnetic-torque reference   T em  . The outputs of the adaptive notch filter of phase  ρ  are the corresponding error covariance   C ρ   and the scalar   μ ρ  , related to the center frequency of this filter.  τ  is a binary signal that can be used to accelerate the response of the adaptive notch filter during transients. Note that in the   μ ρ   selection, it is imposed that   μ ρ   should be between two bounds,   μ ′   and   μ  ′ ′    [214]. Once the   μ ρ   value associated with the lowest error covariance is chosen, the corresponding frequency   ω ρ anf   is computed, and finally the rotor-speed estimate    ω ^  r   is obtained from   ω ρ anf   and   ω 1  .
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Figure 23. Speed estimation method based on rotor-slot harmonics due to fundamental current, suitable for phase OC faults [214]. (a) General view. (b) Set of filters in an arbitrary phase  ρ . 
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7.3.2.2. High-Frequency Signal Injection


As reflected in Table 17, most of the preceding methods are not suitable for operation at zero and very low speed (with the exception, e.g., of [184,185]; see Section 7.3.1.4), because the majority of them rely on the back-EMF, which usually is practically zero in such conditions. In synchronous machines, knowledge of the initial position is normally required for starting, unlike in IMs. In any case, in IMs, accurate information about the flux position at zero or very low speeds is often desirable as well, especially for high torque capability [534,535]. The initial position of synchronous machines could be obtained by specific low-cost Hall-effect sensors, damper windings, or by initially running the machine in open-loop manner or by external means [536,537]; however, these options are not advisable in many applications [537]. Alternatively, it is possible to inject a high-frequency signal that permits to estimate the rotor position without these shortcomings. Basically, these strategies are based on exploiting the high-frequency saliency that naturally arises, e.g., in three-phase PMSMs [510,538,539,540] or IMs [534,535,541,542,543], in many cases even in those machines that do not exhibit saliency at the fundamental frequency. This high-frequency saliency is due to deterministic rotor salient modulation or to flux saturation [541]. For   n = 3  , there are mainly two options for the high-frequency injection: rotating signal in stationary frame or pulsating signal (sine or square wave) in an axis (usually   d 1  ) of the synchronous frame [510], both within the   α 1  -  β 1   plane. In case of stationary-frame rotating injection, the main alternatives for obtaining the position information are based on demodulating and extracting (through filtering) the resulting high-frequency negative-sequence current or zero-sequence voltage [542]. The latter option is more accurate but needs extra hardware [542]. For   d 1  -axis pulsating injection, demodulation and filtering is most often performed in the   q 1  -axis current [510]. It is worth highlighting that using square wave instead of sinusoidal injection implies that the high-frequency and fundamental components can be farther from each other in the spectrum, thus becoming much easier to separate them and reducing the need to diminish the control bandwidth [543]; however, the higher injection frequency may mean worsening the audible noise, iron loss, measurement resolution, and dc-link utilization [208]. On the other hand, for non-salient PMSMs, pulsating injection in synchronous frame is more suitable than rotating stationary-frame injection [209]. Although these approaches have mostly been investigated for three phases, many of them have also been applied/extended to multiphase machines in some publications, as summarized in Table 19 and surveyed in the following.
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Table 19. Speed/position-sensorless methods based on high-frequency injection (Section 7.3.2.2) in multiphase applications in the literature.
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References

	
Machine

	
Injected Signal

	
Measurement




	
n

	
WSA

	
Rotor






	
Zhang et al. [209]

	
5

	
Sym.

	
IPMSM

	
Rotating sine wave in   α 1  -  β 1   stat. frame

	
Negative-seq.   α 1  -  β 1   current




	
Ramezani and Ojo [188]

	
9

	
Sym.

	
IPMSM

	
Rotating sine wave in   α 3  -  β 3   stat. frame

	
  α 3  -  β 3   current harmonic




	
Almarhoon et al. [191]

	
6

	
Asym.

	
IPMSM

	
Rotating sine waves in double  α - β  stat. frames

	
Zero-seq. voltage




	
Barcaro et al. [215]

	
6

	
Asym./sym./mult.

	
IPMSM

	
Pulsating sine wave in   d 1   axis

	
  q 1   current harmonic




	
Imai et al. [195]

	
9

	
Multisec.

	
SPMSM

	
Pulsating sine wave in q axis of one sector

	
d axis of same sector




	
Almarhoon et al. [192]

	
6

	
Asym.

	
IPMSM

	
Pulsating sine waves in double d axes

	
Zero-seq. voltage




	
Liu et al. [201]

	
5

	
Sym.

	
IPMSM

	
Pulsating square wave in   d 3   axis

	
  α 3  -  β 3   current harmonic




	
Tian et al. [208]

	
5

	
Sym.

	
IPMSM

	
Pulsating square/sine wave in   d 1   axis

	
  q 1   current harmonic









Barcaro et al., estimate the rotor position of a six-phase IPMSM with double-layer FSCWs in both healthy and open-phase conditions [215]. In a healthy situation, the two three-phase winding sets are connected in series and supplied by three-phase currents. Under OC fault, only half of the windings are employed, either as a two-sector machine [see Figure 3d] with one faulty sector or as an asymmetrical/symmetrical six-phase machine [see Figure 3a,c] with one faulty three-phase winding. In the latter case, two alternative winding connections are also studied. The low-frequency (apparent) and high-frequency (differential) saliencies are theoretically and experimentally assessed, yielding high values (suitable for the sensorless method) for all the configurations. The position and speed are obtained analogously to previous three-phase methods [539]: high-frequency voltage is added in the   d 1   axis within the   α 1  -  β 1   plane, and the estimated rotor position is adaptively adjusted (e.g., by a PI block) so that the high-frequency   q 1   current is nullified, which means that the position error is cancelled.



In the context of a five-phase IPMSM with trapezoidal back-EMF, Tian et al., propose an improved position estimator based on pulsating sinusoidal injection in   d 1   axis [208]. Zero average current references are assumed in the   d 1   and   d 3   axes. A detailed high-frequency model taking into account the system delays, the stator resistance and the influence of the injection frequency (unlike previous publications) is presented. Although the high-frequency signals are injected and measured in the   α 1  -  β 1   plane, the coupling with the   α 3  -  β 3   plane is also taken into consideration in the model. Based on this model, it is shown that, by simply injecting the high-frequency voltage in phase with the measured   d 1  -axis current (instead of the   d 1   axis corresponding to estimated position), more accurate position is attained in both transient and steady state.



A rotating high-frequency signal has also been added in the   α 3  -  β 3   plane (stationary frame) of a nine-phase symmetrical IPMSM with non-negligible space harmonics [188]. The fact that the extra signal is injected in a plane different from the fundamental (  α 1  -  β 1  ) allows reducing the generation of torque ripple (due to low third back-EMF harmonic) and also simplifying the filtering required for extracting the resulting high-frequency current. In any case, a low-pass filter is still necessary, in the   α 3  -  β 3   plane. A full-order machine model is presented, including harmonics and cross-coupling. For the position estimation, a Luenberger observer is applied to the filtered   α 3  -  β 3   harmonic current.



High-frequency injection with low torque ripple was achieved in [201] also by adding the signal in the   α 3  -  β 3   plane, in a five-phase IPMSM. In this case the injected voltage is a square wave, injected in the synchronous   d 3   axis. Consequently, in practice the main difference with respect to [188] is that low-pass filters are not necessary, hence avoiding the associated phase lag [201]. In this manner, the advantages of low-torque ripple (due to   α 3  -  β 3   injection) [188] and excellent dynamics (due to square-wave injection, as for   n = 3  ) [543] are simultaneously combined in a single drive [201].



The initial position of the rotor is estimated in [195] by high-frequency injection for a nine-phase PMSM including space harmonics. In contrast to [188] (also for nine-phase PMSM), it is an SPMSM instead of an IPMSM. Moreover, it is a three-sector WSA [195] instead of symmetrical WSA [188]. As a consequence of the multisector WSA, the mutual inductance is not the same for every pair of phases within a sector. The high-frequency voltage is added in the synchronous q axis of one of the three sectors, and the d-axis current corresponding to the same sector is extracted to calculate the position. However, this method is not suitable for speed different from zero.



The sensorless position estimation by high-frequency injection has also been addressed from the motor-design perspective [209]. A previous design of a five-phase PMSM [263], in which the back-EMF harmonics common for single-layer FSCWs are reduced by unequal tooth width and asymmetrical air-gap, is adopted as a starting point. In [209], flux barriers are adequately designed so that flux-intensifying behavior is attained (   L  d 1   >  L  q 1    ), increasing saliency over the original machine. Consequently, the accuracy of the high-frequency position estimation is improved, besides reducing the risk of demagnetization and extending the torque-speed range. Moreover, in the new design, flux saturation is less significant thanks to the air barriers, and hence the position estimation is less sensitive to load variations. In the new machine, sensorless position estimation is performed by the aforementioned three-phase method of rotating   α 1  -  β 1   injection and   α 1  -  β 1   negative-sequence current extraction [542], as indicated in Table 19.



As previously mentioned, a particular type of three-phase position estimation using high-frequency injection is based on setting the high-frequency signal as a rotating voltage in the   α 1  -  β 1   plane (stationary frame) and computing the rotor position from zero-sequence voltage measurements [540,542]. Compared with calculating the position from the resulting negative-sequence component, using the zero sequence provides faster and more accurate estimation [542]. However, this typically requires several voltage sensors or one voltage sensor with a resistor network; furthermore, relatively complex algorithms are required to cancel oscillations that tend to arise in the estimation [191]. Almarhoon et al., propose a technique to apply this kind of sensorless position estimation without these drawbacks in a six-phase asymmetrical PMSM with two stator neutral points [191]. Only a single voltage sensor is needed, between both neutrals, and without extra resistors. In addition, the sixth-order zero-sequence oscillations are cancelled by setting a   2 π / 3   phase shift between the waveforms injected in each three-phase set.



Later, the same authors as in [191] have proposed a similar method in [192], but based on   d 1  -axis pulsating injection instead of stationary-frame rotating injection (see Table 19). The position is also obtained from a voltage sensor placed between both stator neutral points. It is shown that, in this case, the phase shift between high-frequency signals in order to cancel the zero-sequence sixth-order oscillations should be   π / 2  .



In any case, although high-frequency injection makes it possible to accurately obtain the rotor position even at zero and very low speeds, this approach also exhibits some drawbacks [208,511]. Namely, it generates extra losses, torque ripple, and acoustic noise [208,511]. Furthermore, the maximum-voltage and maximum-speed capabilities might also be decreased [208,511], and the risk of magnet demagnetization in PMSMs may be increased [208]. For these reasons, it is often recommended to employ these methods at zero/low speed, but resort to other sensorless techniques at higher speed [511].





7.3.3. Encoderless Resilient Control


Instead of monitoring the difference between measured and estimated speed and changing the control scheme when a sensor failure is thereby detected, it is proposed in [182] to employ a resilient control method that is able to automatically compensate the effect of such fault as an external disturbance. In particular, it is completed by means of active disturbance-rejection control for a five-phase PMSM. The model of the machine in both planes is taken into account. In any case, adaptation of this approach for other n is expected to be relatively simple. Satisfactory rejection of torque disturbances is also provided. Nonetheless, it should be noted that the tested speed-sensor faults are just emulated by relatively small measurement disturbances (e.g.,   150  r / min  ).





7.4. Concluding Remarks about Speed/Position-Sensor Faults


From the preceding review and the summary in Table 17, several outcomes can be drawn concerning tolerance to encoder/resolver failures in multiphase drives.



The problems associated with faults in these sensors may be avoided by not installing them in the ac drives, and by using at all times a sensorless speed/position observer or a control method (e.g., V/f or DTC without speed control) that does not require this information. However, in many cases, for better performance (accuracy, dynamic response, absence of torque ripple, etc.), it is preferable to actually include the speed/position sensor and just resort to these tolerant techniques in case of encoder/resolver malfunction [58,87,127,197,199,208,213,216].



Most of the numerous encoderless methods available for three-phase drives may be directly applied to the   α 1  -  β 1   plane of a multiphase machine with barely any modification, given that the behavior of such a plane is usually identical as for   n = 3  , as long as space harmonics are disregarded. Similarly, many of the novel sensorless techniques proposed and tested with multiphase machines could easily be used in machines of other n, including   n = 3  . This is especially true regarding the existing MRAS observers, as indicated in Table 17. In any case, the existing publications have revealed that the extra DOFs of multiphase drives can be exploited to obtain additional advantages, with respect to   n = 3  , for tolerance of speed/position-sensor faults, such as the following.



	
The combination of rotor-slot, pole-pair, and phase numbers can be chosen so that the rotor-slot harmonics of IMs are mapped in a low-impedance subspace, thus yielding larger current components that are much easier to track (for speed estimation) than for   n = 3   [202,214];



	
By setting to zero the current reference of a secondary plane of a PMSM with certain back-EMF harmonics, a back-EMF harmonic and its phase angle (rotor position) can easily be obtained from the respective voltage references without the need of machine parameters, such as inductances and resistances [198,199], unlike for   n = 3  ;



	
Concerning position estimation from zero-sequence voltage during high-frequency injection, the DOFs of a six-phase machine can be set so that it is carried out with less extra hardware and with smaller measurement ripple than for   n = 3   [191,192];



	
High-frequency injection can be performed in a secondary plane, instead of in   α 1  -  β 1  , to reduce the associated torque ripple and the measurement filtering [188,201];



	
In a multiphase IM, the rotor position/speed can be estimated even at zero/low speed by exciting a low-order (e.g., third-order) space harmonic in a secondary subspace, without resorting to high-frequency injection and the associated problems (e.g., acoustic noise) [184,185].






It is also worth of notice that, in a modular drive, which is typical in fault-tolerant multiphase applications, position/speed estimates can be separately obtained for each module, even if each of them consists of a single phase [212].



Tolerance to OC and SC faults is, in fact, a property that is strongly associated with multiphase machines, in contrast to three-phase ones. For   n > 3  , it is hence of uttermost importance to ensure that the drive is able to work not only under encoder/resolver failures, but also when such faults are present in combination with OC or SC faults. Some of the sensorless methods proposed for multiphase drives are suitable for such conditions [127,161,210,211,213,214,215,216,217,218,219,544]. However, many of the most advanced sensorless strategies, such as [185,192,199,201], are not suitable for OC and SC faults, and, thus, their extension to such scenarios in the near future is of substantial interest.



In the particular case of MRAS-based speed estimators, there is a recognizable trend to improve their robustness to parameter uncertainties by using sliding-mode reference observers, while taking care to avoid chattering [194,204,205]. Nevertheless, this is not only specific of multiphase drives; it also affects three-phase ones.



Another interesting possibility to handle these faults, recently suggested [182], is to implement a resilient control method that automatically adapts to encoder/resolver failures without fault detection and switching between techniques, but this kind of approach has barely been studied for multiphase drives so far.



Finally, it should be noted that, in spite of the wide variety of strategies that are tolerant to speed/position-sensor faults in multiphase drives (see Table 17), the performance of most of them has not been compared in a quantitative manner. A comparison of many of these state-of-the-art techniques in a given multiphase application by means of specific figures of merit (e.g., accuracy, transient response, torque ripple, etc.) would also be of great interest for the research community and industry.





8. DC-Link Voltage Shortage


If the dc-link voltage   v dc   of an ac drive decreases, it may not be possible to provide large enough ac voltage in the VSC machine side. The same problem arises if the required ac voltage increases too much, even if   v dc   is constant. In both cases the requested modulation index m becomes excessive, with m being defined as the ratio of the amplitude of the   α 1  -  β 1   fundamental voltage reference over    v dc  / 2   [138,149,151,152,159]. Several undesired effects may be caused by these situations, such as the following ones.



	
Since the machine back-EMF tends to increase with speed, if   v dc   decreases then the maximum speed and power are reduced as well [141,171];



	
If the modulation index increases beyond the linear modulation range, overmodulation occurs. This means that low-order voltage harmonics are introduced, the VSD subspaces become coupled in terms of voltage, and the conventional PWM and control methods are no longer able to work properly [8,9,134,135,137,138,139,142,143,145,147,148,149,150,151,152,154,155,156,158,159,167];



	
If the VSC ac voltage is reduced, the difference between its magnitude and that of the machine back-EMF may become substantially greater. As a consequence, overcurrent may occur [129,545].






The main causes, detection methods and tolerant approaches for   v dc   shortage are summarized in Figure 24.
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Figure 24. Causes, detection methods and tolerance approaches for dc-link voltage shortage in multiphase drives. 
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8.1. Causes of DC-Link Voltage Shortage


One of the possible reasons for this type of problem is related to speed. If speed (and, hence, back-EMF) becomes higher than expected,   v dc   may not be enough for driving the machine without taking special measures [129,141,546]. This is especially critical for PMSMs, where the magnet flux (producing large back-EMF) cannot be deactivated [129]. Overspeed, in turn, can be due to, e.g., encoder damage [546], high torque/speed reference in the ac drive [7,141], excessive mechanical power from a different machine coupled to the same shaft, sudden decrease in external load torque, etc.



DC-link voltage shortage may also be caused by a large demand of active power, e.g., by fast accelerations [547] or by other loads connected to the dc-link or power supply (if any) [169]. Alternatively, if there is not an increment in the active-power demand,   v dc   shortage can be produced when a failure occurs in the power supply, assuming that the machine works as a motor [169,466,467,548,549]; e.g., a voltage sag in the grid [467,548,549].



Undesired variations (e.g., decrease) in   v dc   are especially likely when the dc-link capacitance is low, which is an attractive feature for reducing bulky capacitors and the associated cost [467].



Furthermore, even if the drive is working properly in a scenario with phase-to-phase back-EMF higher than   v dc   (e.g., in the so-called field-weakening speed range), excessive stator currents and active power may be obtained because of uncontrolled rectification if the switches are turned off, e.g., due to a control fault. This situation is particularly troublesome in the case of SPMSMs, whose back-EMF is high and it remains after disabling the switch control [129].



A shortage in the capability to produce sufficient ac voltage can also be caused by other faults in the drive, such as switch SCs [103,168,277]. This is addressed in the part of the paper corresponding to that type of failure (Section 6.3.3).




8.2. Detection of DC-Link Voltage Shortage


A   v dc   shortage can be straightforwardly detected by monitoring the value of   v dc   [169], the modulation index [133,138,143,147,148,149,150,151,152,153,154,155,156,157,158,159], or the speed [141]. The last option may be troublesome when relying on the hypothesis that   v dc   is constant, because it may not hold in practice.




8.3. Tolerance to DC-Link Voltage Shortage


In accordance with the classification shown in Figure 24, the survey of methods to tolerate   v dc   shortage faults is organized as follows. First, the possibility of isolating VSC modules is addressed in Section 8.3.1. Increasing the dc-link utilization by injecting one or multiple zero sequences is discussed in Section 8.3.2. Overmodulation methods based on square-wave switching or PWM are reviewed in Section 8.3.3. Reducing the ac voltage references to restore the PWM linear range or to respect voltage constraints with current FCS-MPC is explained in Section 8.3.4 and Section 8.3.5, respectively. Concerning topology reconfiguration, modification of the stator phase connections is described in Section 8.3.6. Finally, the convenience of adopting a machine with small back-EMF for tolerating uncontrolled rectification during   v dc   shortage is discussed in Section 8.3.7.



8.3.1. Isolation of VSC Module


One of the most disruptive procedures to handle a   v dc   drop is disabling the affected VSC module/s [169]. If there is a single machine-side VSC with one dc-link, this would normally interrupt the operation. Thus, in such case, this approach is not a fault-tolerant method; nevertheless, it can help preventing further damage, such as overcurrent, e.g., if   v dc   decreased due to a supply fault and the supply is suddenly restored [169].



If there are independent dc-links, it is enough to disable and isolate just the corresponding VSCs, so that the machine can still work, with OCs in the respective phases.



In the particular scenario where the dc-links of several machine-side VSCs are connected in series [see Figure 8e,f,h], disabling certain VSC module/s can help tolerating   v dc   shortage faults. This is because then the dc-link voltage in each of the active VSCs can be increased while keeping the same total   v dc   [409].




8.3.2. Zero-Sequence Voltage Injection: 1ZS and MZS


DC-link utilization is a concept very closely related to this type of fault. Higher dc-link utilization means that greater stator phase voltage can be provided with given   v dc   [2]. This feature is not only desirable for tolerating   v dc   shortage faults, but also for obtaining advantageous characteristics in healthy operation, such as extended speed range [141], lower   v dc   rating for given machine [138,142], or greater ability to track abrupt changes in the torque reference [550]. Nonetheless, even though many of the publications surveyed here about enhancing dc-link utilization are not specifically focused on   v dc   drops caused by faults, they are included because their methods and studies can be equally applied to such faulty situation. Moreover, in several of them the proposals are actually tested in the experiments by applying   v dc   reductions [137,138,142,143,154,157,158].



A popular and simple method to improve dc-link utilization is based on injecting zero-sequence voltage signals that reduce the amplitude of the phase-voltage references without causing extra current, because the corresponding impedance is ideally infinite [2]. In particular, the   0 +   zero sequence, equally distributed among all phases, can normally be added without producing current, except in FB topologies or if there is a current path, e.g., between the stator neutral point/s and the converter. When applied by carrier-based (CB) PWM, the most common technique for this purpose is often known as min–max method [172,448], based on setting the   0 +   zero sequence as [10]


   v zs  = − 0.5  min  {  v ¯  }  + max  {  v ¯  }    



(2)




where   v ¯   is the vector of n pole-voltage references for the VSC ac side. (The pole voltages are the voltages between the VSC ac-side terminals and the dc-link midpoint.) Regarding implementation, (2) can be added to all phases before performing CB PWM (see Figure 25), e.g., although it may also be equivalently applied by means of SV PWM [2,154,448]. In this manner, one zero sequence (1ZS),   0 +  , is injected.
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Figure 25. Block diagram of the CB PWM implementation of zero-sequence injection 1ZS or MZS, using (2) for computing   v zs   [343]. 
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If there are multiple l-phase winding sets with   λ = 0   (star connection) and isolated neutral points, or with   λ > 1   (see Section 3.1.3) and forming  λ  loops of   l = n / λ   phases (with   n / λ ∈ Z  ), i.e., l-phase splitting, then multiple zero sequences (MZSs) can be included without associated current, by applying (2) to the voltages corresponding to each winding set [137,143,154,551]. MZS yields even better dc-link utilization than 1ZS. This fact can be observed in Figure 26, which shows the improvement in dc-link utilization of several methods with respect to simple PWM without any injection or clipping (balanced sinusoidal modulating signals) [143]. Since the maximum modulation index with the latter is   1.0  p . u .   (normalized by    v dc  / 2  ), the percentage values shown in this figure could be understood as increments in hundredths of p.u. over   1.0  p . u .   In particular, it can be seen that the plots of MZS (black) in Figure 26 are always equal or higher than those of 1ZS (beige). When using MZS with   n / 3 ∈ Z   and three-phase splitting, the extra   v dc   exploitation is the same as for 1ZS with   n = 3  , i.e.,   15.5 %   [2]. This also holds for other WSAs with three-phase splitting other than symmetrical and asymmetrical, despite not being explicitly indicated in Figure 26. Regarding MZS and asymmetrical WSA, note that only three-phase winding sets (  l = 3  ) are considered in this figure, because it is by far the most common l option. The same dc-link utilization as for 1ZS with n phases and symmetrical WSA would be obtained for 1ZS with   k n   phases and k winding sets using either no-phase-shift WSA or multisector WSA. As reflected in Figure 26, in the cases where the zero sequence would only be composed of even-order harmonics (e.g., 1ZS for even n with symmetrical WSA), these harmonics are in practice of zero magnitude and, hence, no benefit in this regard is attained by its injection, at least if non-ideal imbalance is neglected. Figure 26 also illustrates that the voltage gain provided by 1ZS with respect to conventional PWM tends to become lower with increasing n, as known from preceding publications, such as [147,150].
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Figure 26. Improvement in dc-link utilization, by various switching techniques, with respect to conventional PWM without zero sequence (i.e., sinusoidal modulating signals) [143]. 
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8.3.3. Overmodulation


Let us neglect non-ideal effects of the converter switching such as dead time, device voltage drop and turn-on/off times. Then, the linear modulation range corresponds with modulation index values, such that the low-frequency current-producing components of the actual ac voltages match those of the voltage references (frequently, just   α 1  -  β 1   positive-sequence fundamental) [138,151,152,154]. For instance, in agreement with Figure 26, when using sinusoidal balanced voltage references in combination with MZS in machines with multiple three-phase winding sets, the linear modulation range spans up to a modulation index of   m = 1.155  p . u .   For   n = 5  , its limit is at   m = 1.052  p . u .   When the modulation index exceeds the linear modulation range (black/beige lines in Figure 26), overmodulation occurs, which means that current-producing voltages have to be included, thus affecting to certain extent the machine performance (at least its SCL, and often also the torque ripple) [138,151,152,154,159].



The literature about overmodulation is surveyed next, focusing consecutively on square-switching with passive x-y filters (Section 8.3.3.1), combination of PWM with x-y filters (Section 8.3.3.2), overmodulation by using PWM (Section 8.3.3.3), overmodulation PWM with automatic current limitation (Section 8.3.3.4), and, finally, overmodulation with closed-loop and multifrequency control (Section 8.3.3.5).



8.3.3.1. Square-Wave Switching and Passive x-y Filters


Considering an n-phase two-level HB VSC, the most extreme case of overmodulation happens when square waves are applied in each of the pole voltages. This is achieved by turning on the upper and lower switch of each leg during half the fundamental period, sequentially. In three-phase VSCs, it is known as six-step operation. In addition to the high dc-link utilization, this method is also advantageous in terms of simplicity and low switching frequency [145]. It provides a modulation index of as much as   1.273  p . u .   regardless of n and WSA, as shown in Figure 26 (blue). However, the resulting voltages contain significant low-frequency current-producing distortion. This is particularly troublesome in the secondary subspaces, where large undesired currents   i  x y    arise due to the extremely low impedance [145,150].



If the drive is only conceived for square-wave switching, the magnitude of the fundamental voltage can only be regulated by varying the dc-link voltage [150]. Thus, if   v dc   drops due to a fault, the machine operation is substantially altered. In any case, ac drives using solely square-wave switching, although popular many decades ago, they were mostly replaced by PWM gradually [2]. In a PWM-based VSC, switching with square waveforms can be used occasionally to tolerate   v dc   shortage faults, because under this condition the modulation index required to provide the same fundamental phase voltage increases, resulting in square-wave switching in the worst-case scenario.



A solution for attenuating the undesired currents considerably when using square voltage waveforms was devised in [140] for various phase numbers. Namely, special custom-made passive filters using multiple cores are inserted between the VSC and machine, so that large impedance is obtained in the secondary VSD subspaces, without affecting the   α 1  -  β 1   plane. Accordingly, they can be understood as x-y filters [143]. Examples of x-y filters based on [140] are depicted in Figure 27 [142,143], where   L I   and   L II   denote distinct self-inductances. A similar concept is applied to a six-phase IM with asymmetrical WSA in [145], but the filter is incorporated in a compact fashion in the machine stator by inserting magnetic rings in the coil ends. Additionally, for the same type of machine, in [474], although it is not focused on overmodulation or square voltages, it is proposed to increase the x-y impedance by using full coil pitch and special design of the stator slot shape, instead of additional filters. Later, in [144], which addresses square-wave switching for identical n and WSA, it is suggested to use an external passive x-y filter based on a single iron core, very small and easy to manufacture.
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Figure 27. Examples of passive x-y filters, based on [140]. (a) For   n = 5   symmetrical WSA [142]. (b) For   n = 6   asymmetrical WSA [143]. (c) For   n = 12   symmetrical WSA [143]. 
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8.3.3.2. Combination of Passive x-y Filters and PWM


When using these passive x-y filters (or equivalent designs) with square voltage waveforms, only the x-y harmonics due to the square waves are attenuated by the filters. This prevents excessive SCL, the associated requirement of increasing the current rating, and the torque ripple due to interaction between x-y space (if any) and time harmonics [145]. However, the low-order harmonics introduced by the square waveforms into the   α 1  -  β 1   plane are not filtered, despite producing torque ripple. To overcome this problem, it is proposed in [142] for   n = 5   to combine an x-y filter with a (novel) CB PWM method. The latter is designed so that no low-order   α 1  -  β 1   harmonics are produced, while the injected x-y harmonics are optimum so as to yield the highest dc-link utilization. Consequently, no torque ripple is introduced, the resulting maximum modulation index is nearly as high as for square wave (  1.231  p . u .   versus   1.273  p . u .  ), and the filtered x-y currents are almost negligible [142]. Moreover, this PWM method is very simple, e.g., in comparison with other PWM techniques (discussed shortly) able to achieve the same dc-link utilization, as shown in Figure 28 and Table 20. Online computation of square-root or trigonometric functions is not needed. In addition, this simplicity is also allowed by the fact that, since the performance is very satisfactory with x-y filter even for   m = 1.231  p . u .  , there is no need to reduce the x-y injection as a function of the phase angle or when m decreases. In this manner, this method is particularly suitable for drives where high dc-link utilization is desired in prolonged or frequent manner. This technique was extended to machines of other n, with either symmetrical or asymmetrical WSA, in [143]. The resulting dc-link utilization is represented also in Figure 26, using red color. It can be seen that the improvement in comparison with 1ZS and MZS is substantial in all cases except   n = 6   with symmetrical WSA, and it becomes closer to that of square-wave switching as n rises [143]. However, the addition of the passive x-y filters increases the cost, size and weight of the system, and hampers the potential of exploiting the current DOFs for other purposes such as fault tolerance [138].



Moreover, although [142,143] address specifically the optimum combination of x-y filters with PWM, numerous PWM methods able to work during overmodulation had already been proposed in the past (e.g., those included in Figure 28 and Table 20), some of them with some superior characteristics, as reviewed next.




8.3.3.3. Overmodulation by Using PWM


Concerning SV PWM, in general its basic principle, either in linear or overmodulation range, consists in selecting some of the voltage vectors corresponding to the VSC possible switching states and computing the respective times of application, depending on the angle and amplitude of the reference   α 1  -  β 1   voltage SV at each instant (sample).



One of the oldest and simplest SV PWM methods suitable for overmodulation is based on using only the two largest active voltage vectors that are the nearest to the reference voltage vector in the   α 1  -  β 1   plane [146,148]. (The term “active” excludes the so-called zero voltage vectors, which are null in the   α 1  -  β 1   plane). For instance, for   n = 5  , this permits achieving a maximum m of   1.231  p . u .   without   α 1  -  β 1   low-frequency distortion [148]. However, in absence of additional filtering, the resulting undesired x-y currents are very large [148]. The performance offered by this SV PWM method is equivalent to the aforementioned CB one proposed in [142] with x-y filter (see Section 8.3.3.2); nevertheless, the latter PWM is much simpler in terms of computations (see Figure 28), principally thanks to its lack of online trigonometric and square-root functions [143].
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Table 20. Multiphase overmodulation methods (Section 8.3.3), ignoring x-y passive filters.






Table 20. Multiphase overmodulation methods (Section 8.3.3), ignoring x-y passive filters.





	References
	Method Description
	n
	WSA
	VSC
	Unneeded    v  α  β 1      Dis-Tortion *
	Minimum    v xy   
	Autom. i Limitation
	Compu-Tational Complex.     †   





	Various [140,144,145]
	Square-wave switching
	Any
	Any
	HB
	Yes
	No
	No
	Very low



	Various [146,148]
	SV PWM with 2 large vectors
	Any
	Any
	HB
	No
	No
	No
	Medium



	Iqbal and Levi [148]
	SV PWM with 2 large and 2 med. vectors
	5
	Sym.
	HB
	No
	No
	No
	Medium



	Carrasco and Silva [149]
	SV PWM with min.   v  x y   
	5
	Sym.
	HB
	No
	Yes
	No
	Very high



	Duran et al. [151]
	SV PWM with min.   v  x y    and no common mode
	5
	Sym.
	HB
	No
	Yes
	No
	Very high



	Prieto et al. [152]
	SV PWM with low   v  x y    and no common mode
	Odd
	Sym.
	HB
	No
	No
	No
	Very high



	Bu et al. [159]
	SV PWM with linear   v  x y    injection
	5
	Sym.
	HB
	No
	No
	No
	Medium



	Priestley et al. [133]
	SV PWM for FB VSC
	5
	Sym.
	FB
	No
	No
	No
	Very high



	Yazdani et al. [156]
	SV PWM with double 3-phase VSD
	6
	Asym.
	HB
	Yes
	No
	No
	Very high



	Zhu et al. [139]
	SV PWM with double 3-phase VSD
	6
	Asym.
	HB
	Yes
	No
	No
	High



	Zhou et al. [154]
	SV PWM with 6-phase VSD
	6
	Asym.
	HB
	No
	Yes
	No
	Very high



	Paul and Basu [157]
	SV PWM with double 3-phase VSD (limited m)
	6
	Asym.
	HB
	No
	Yes
	No
	High



	Paul and Basu [158]
	SV PWM with double 3-phase VSD (extended m)
	6
	Asym.
	HB
	No
	Yes
	No
	High



	Yang et al. [160]
	SV PWM with sequential optimization scheme
	Any
	Sym.
	HB
	No
	No    ‡   
	No
	Very high



	Yepes et al. [137]
	CB PWM for multifrequency current control
	Any
	As./sym.
	FB/HB
	Yes
	No
	No
	Low



	Komrska et al. [155]
	CB PWM with high   v dc   utilization
	Any
	Sym.
	HB
	No
	No
	No
	Medium



	Yepes et al. [142,143]
	Simple CB PWM with high   v dc   utilization
	Any
	As./sym.
	HB
	No
	No
	No
	Low



	Vancini et al. [153]
	CB PWM extended from   n = 3  
	5
	Sym.
	HB
	No
	Yes
	No
	Low



	Yepes et al. [138]
	CB PWM with adaptive x-y current limitation
	5
	Sym.
	HB
	No
	No
	Yes
	Medium







* The methods with “No” in this column have α1-β1 distortion in conditions where it is unavoidable for any method: either due to very high modulation index m (e.g., m > 1.231 for n = 5) [151,153] or to excessive/rated SCL [138]; but with such methods there is no α1-β1 distortion in other conditions. † Complexity depends on the adopted platform and implementation; assumptions similar to those in [143] are considered here in this regard. ‡ Although this method is not based on finding the global minimum in terms of   v  x y    for each   v  α  β 1    , it has been shown in [160] that at least for a certain n = 7 machine it yields lower x-y distortion than the other existing methods.











Iqbal and Levi [148] propose an SV PWM method for   n = 5   using four active voltage vectors: two large and two medium ones. The computations are performed differently depending on whether m is within the linear (<1.052   p . u .  ) or overmodulation (>1.052   p . u .  ) regions. No   α 1  -  β 1   low-order harmonics are produced. The x-y low-frequency distortion with four vectors is lower than with the conventional overmodulation technique based on two large vectors, as long as the m is below its maximum   1.231  p . u .  , where both strategies are equivalent [148].



A more advanced SV PWM method for overmodulation in five-phase drives is presented by Carrasco and Silva in [149]. This technique also combines two medium and two large voltage vectors, avoiding   α 1  -  β 1   low-frequency voltage distortion. Nevertheless, although in [148] the four vectors were used for any m except   m = 1.231  p . u .  , in this case [149] some of these vectors are ignored depending on the   α 1  -  β 1   vector   v  α  β 1     of the voltage reference. More importantly, for each position of   v  α  β 1    , the solution adopted in [149] ensures that the x-y low-order voltage harmonics are minimum, unlike the preceding one from [148]. This solution is obtained by minimization based on Lagrange multipliers. As shown in [149], the method devised therein exhibits much smaller x-y components, even at the maximum m of   1.231  p . u .  
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Figure 28. Computational burden, in terms of number of floating-point operations (flops) and constants/variables in memory, among several overmodulation methods that avoid   α 1  -  β 1   low-frequency distortion [143]: two large neighboring voltage vectors [146,148,152] (green), SV PWM with minimum x-y distortion and no common mode for   n = 5   [151] (blue), SV PWM with minimum x-y distortion and no common mode for odd n [152] (beige), SV PWM with minimum x-y distortion for   n = 6   with asymmetrical WSA [158] (black), and simple CB PWM with high dc-link utilization [142,143] (red). 
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On the other hand, nearly at the same time as [149], Duran et al., proposed another overmodulation SV PWM method for   n = 5   in [151]. Two alternatives are presented: one based on (up to) two medium and two large voltage vectors, and another one based on (up to) four large voltage vectors. In contrast to previous approaches, here special care is taken to avoid zero voltage vectors, so that high-frequency common-mode voltage is notably reduced, especially in the latter option. Reducing high-frequency common-mode voltage in the machine decreases the risk of potential problems, such as parasitic currents in bearings and damage of winding insulation [151,552]. The low-frequency x-y voltage   v  x y    is effectively minimized (as mathematically proved), while satisfying the condition of small high-frequency common mode. In this manner, reduced x-y and no   α 1  -  β 1   low-frequency distortion is obtained up to   m = 1.231  p . u .  , with small high-frequency common-mode voltage. Operation with m beyond   1.231  p . u .   is also achieved (up to square-wave switching), in contrast to previous SV PWM approaches, although at the unavoidable cost of introducing   α 1  -  β 1   harmonics. The latter implies that torque ripple arises, and that the m requested at the PWM input and the actual one at the converter ac-side (output) may no longer match [138,153].



The same authors as in [151] have later developed a general SV PWM methodology [152] suitable for overmodulation in n-phase machines of any odd   n > 3   with symmetrical WSA. For this purpose,   n − 1   voltage vectors adjacent to the   α 1  -  β 1   voltage reference are exploited [152]. Similarly to [151], zero voltage vectors are avoided. On the other hand, differently from [151], all the   n − 1   voltage vectors are used in the entire overmodulation range, reducing their application proportionally (except of the largest ones) instead of ignoring some of them in the most demanding   v  α  β 1     regions. Operation with   α 1  -  β 1   harmonic injection up to square-wave switching is not considered. In addition to the generality of the new method, it is also claimed to be simpler [152] than those in [149,151] for   n = 5  . In this regard, it can be observed in Figure 28 [143] that, e.g., for   n = 5   this technique [152] involves fewer variables and constants than the one from [151]. It was also shown in [152] that for   n = 5   the low-frequency x-y distortion is smaller than with the methods from [148]. However, it is not ensured that the presented solution [152] corresponds with the actual   v  x y    global minimum of all possibilities for given   v  α  β 1     reference and n.



In [160], a universal overmodulation SV PWM technique is developed for any n, although the study is focused on   n = 7  . Up to   n − 1   active voltage vectors are employed. This strategy is based on sequentially disabling the usage of the voltage vectors of lower magnitude, as   v  α  β 1     increases. Thus, this approach resembles in this regard those proposed in [149,151] for   n = 5  , but in this case also for other n. Conversely to five-phase drives, for higher n there are several x-y planes instead of one. In the new method [160], the progressive loss of DOFs, when discarding the lower voltage vectors, imply injecting harmonics in the x-y planes corresponding to higher h in the VSD transform (see Section 3.3). The resulting x-y distortion is not mathematically demonstrated to be the minimum possible, but it is experimentally shown [160] to be substantially smaller for   n = 7   than preceding techniques, including the one from [152] (of similar complexity). Moreover, the switching frequency is lower as well.



Another SV PWM method for overmodulation in five-phase drives is presented in [159], also based on four active voltage vectors. Instead of minimizing low-order harmonics in the x-y plane, it injects a third-order x-y harmonic whose amplitude follows a linear relation with the excess of m with respect to   1.052  p . u .   Three different values are considered for the slope of this relation, distinguishing between three overmodulation regions depending on m. The main advantage with respect to preceding five-phase techniques, such as [151,152] is its simplicity. However, the x-y low-frequency distortion is larger, and it still relies on online computation of trigonometric functions (as most SV PWM methods), which are often considered very resource consuming [143,553]. In fact, SV PWM methods are usually much more computationally demanding than CB equivalents [554]. Furthermore, many control platforms include dedicated hardware modules for CB PWM, but not for SV PWM [142].



In [155], an overmodulation CB PWM method is proposed for any number of phases and DOFs. The signals to be compared with the carrier (modulating signals) are generated by minimizing the infinite norm of the vector of leg voltages, for given   α 1  -  β 1   voltage reference. When a single DOF is considered, the obtained solution is equivalent to 1ZS. For   n − 2   DOFs, it matches the conventional SV PWM based on two large voltage vectors. Thus, the performance in terms of current harmonics is inferior to advanced SV PWM methods with minimum distortion, such as those from [149,151,152]. In any case, it has the merit of being designed for CB instead of SV PWM, and also of its generality in terms of n and DOFs. However, the implementation is not straightforward, especially for cases other than the particular one detailed therein (  n = 5  ). In this regard, the aforementioned CB PWM techniques proposed in [142,143] with x-y filters (see Section 8.3.3.2), although also equivalent to using two large vectors, are advantageous in the sense that simple closed-form expressions for direct implementation are presented.



Overmodulation by CB PWM for   n = 5   is also studied in [153]. In said paper, well-consolidated overmodulation strategies for three-phase drives are extended to five phases; namely, the so-called minimum-distance, minimum-phase-error, SV (referring to 1ZS, but clipping the modulating signals to   ± 1  p . u .   when needed), and Bolognani’s PWM methods. Closed-form expressions of the modulating signals are included. Injection of   α 1  -  β 1   harmonics is avoided and x-y distortion is minimized in all of them (behaving equivalently) up to   m = 1.231  p . u .  , except for 1ZS with clipping, which in this range offers smaller current THD but with torque ripple and reduced actual m. For a higher value of the requested m (  m > 1.231  p . u .  ), the methods can be sorted from lowest to highest switching frequency, from highest to lowest current THD, and from greatest to lowest difference between requested and actual m, in the following order: Bolognani’s, minimum distance, minimum phase error, and 1ZS with clipping. It is also shown that the actual m obtained by minimum phase error does not surpass   1.252  p . u .  ; by minimum distance, it tends to   1.273  p . u .   when the requested one tends to infinite; by Bologani’s, it reaches   1.273  p . u .   (square-wave switching) as soon as the requested one does; and by 1ZS with clipping, it rises with the requested one much more slowly than for the other techniques. As reflected in Table 20, these overmodulation methods are simpler than most other in the literature, in agreement with the fact that they are CB.



Overmodulation PWM for six-phase machines with asymmetrical WSA and two stator neutral points (three-phase splitting) has also received considerable attention [146,154,156,157,158]. Gopakumar et al. [146] attain high dc-link utilization (up to   m = 1.244  p . u .  ) without torque ripple by using just two large voltage vectors. This is obtained, however, at the expense of significant current-producing x-y harmonics, similarly to the aforementioned analogous approach for   n = 5   [148]. Yazdani et al., propose in [156] an SV PWM method that avoids low-order current-producing voltage harmonics in the linear modulation range (up to   m = 1.155  p . u .  ), and includes both   α 1  -  β 1   and x-y distortion during overmodulation (between   m = 1.155  p . u .   and   m = 1.273  p . u .  ). It is based on combining three-phase PWM techniques for each of the two winding sets, using a vector classification algorithm. The main drawback of this technique [156] is that torque ripple is produced by the   α 1  -  β 1   injection even for low degree of overmodulation (  m > 1.155  p . u .  ) [154,157,158]. In [139], another overmodulation SV PWM technique considering the two winding sets separately is presented. For m between   1.155  p . u .   and   1.212  p . u .   only the angle of the SV is changed at each instant, whereas between   1.212  p . u .   and   1.273  p . u .   just its modulus is altered. Linear relation between the actual and requested m is achieved for any m. Similarly to [156],   α 1  -  β 1   harmonics are introduced as soon as   m > 1.155  p . u .   Zhou et al. [154] instead treat the machine as a whole (six-dimensional VSD transform) and up to four active voltage vectors are employed in the overmodulation range with minimum x-y and no   α 1  -  β 1   low-frequency voltage distortion, until   m = 1.244  p . u .   Two important shortcomings of this strategy [154] can be pointed out: it is relatively complex [157] and the x-y minimization is performed by considering just that two medium and two large active vectors are used [158]. The first problem is tackled in [157], which presents a PWM method based on double three-phase PWM, with similar performance but lower computational burden. In any case, the maximum m is limited to   1.195  p . u .   [157]. A further step is taken in [158] by the same authors, where   m = 1.244  p . u .   is reached and the optimization problem is not restricted to specific vector types, thus being more general. In fact, 16 possible PWM techniques with equivalent low-frequency behavior are derived in [158], out of which one matches the previous one from [154]. Another of these 16 PWM methods is selected and compared with that from [154], showing that the new one has smaller high-frequency current ripple [158]. This new technique distinguishes between two overmodulation regions: in one of them (from   m = 1.155  p . u .   to   m = 1.195  p . u .  ), it uses two large, one medium, and two small active vectors; in the other one (from   m = 1.195  p . u .   to   m = 1.244  p . u .  ), two large and two medium active vectors. Furthermore, it can also be implemented as a double three-phase PWM [158]. The comparison between all the other potential PWM solutions found in [158] was left for future research.



At this point, it is worth emphasizing that the maximum m provided by all these overmodulation SV and CB PWM methods based on avoiding injection of   α 1  -  β 1   low-order harmonics for HB VSCs [142,143,146,148,149,151,152,153,154,155,157,158,159] coincides with the red lines shown in Figure 26.



A minimum-phase-error overmodulation technique based on CB PWM is presented in [137] for any phase number and various drive topologies, although the paper is focused on closed-loop multifrequency current control. In contrast to [153], the minimum-phase-error saturation is applied to all subspaces as soon as m exceeds the 1ZS or MZS maximum, instead of resorting to it just when   α 1  -  β 1   saturation is unavoidable (i.e.,   m > 1.231  p . u .   for   n = 5   [153]). Thus, with this strategy [137] the   α 1  -  β 1   voltage vector is altered for smaller m (above those corresponding to the 1ZS or MZS maximum) than in [153]. In particular, the amount of useful active power (related to   α 1  -  β 1  ) is modified to a greater extent than with the minimum-phase-error method of [153]. Furthermore, the maximum actual m is lower than in [153]. Nevertheless, this CB-PWM strategy [137] admits non-zero x-y voltage references, so that it is able to partially compensate x-y voltage disturbances, unlike [153]. It should also be noted that, although the computational complexity of this PWM approach [137] is low (as displayed in Table 20), that of the associated multifrequency current control is much higher [137].



Overmodulation SV PWM is addressed in [133] in the context of a five-phase PMSM with open-end windings supplied by a single FB VSC [see Figure 8d]. In this scenario, the voltage reference provided by the closed-loop current control does not only contain an   α 1  -  β 1   component, but also x-y and   0 +   (zero sequence) voltages. This is performed with the aim of cancelling undesired x-y and   0 +   low-frequency currents that could produce torque ripple in presence of space harmonics in such subspaces. This means, however, that the fundamental voltage attainable during overmodulation is not as high as in PWM methods without said capability or in HB VSCs [133]. That is, this PWM is not able to reach the dc-link utilization represented by the red lines in Figure 26. Moreover, the high-frequency current ripple is larger than with conventional unipolar CB PWM [133].




8.3.3.4. Automatic x-y Current Limitation


From the preceding discussion (summarized in Table 20), it can be stated that most multiphase PWM methods for overmodulation, assuming just   α 1  -  β 1   voltage reference, are based on injecting only x-y current-producing harmonics and avoiding low-frequency   α 1  -  β 1   distortion, at least until m is so high that the latter is not possible (  m > 1.231  p . u .   for   n = 5  ) [142,143,146,148,149,151,152,153,154,155,157,158,159]. However, given the typically very low impedance in the machine secondary subspaces, this approach leads to large x-y currents that easily surpass the drive rating and compromise its integrity [138,142,150].



Although some multiphase PWM overmodulation strategies do add low-order   α 1  -  β 1   harmonics when m does not make it necessary (as discussed mostly in Section 8.3.3.3, and briefly in Section 8.3.3.5 and Section 8.3.4.2) [137,139,148,153,156,487], most of them are not able to select the proportion between   α 1  -  β 1   and x-y harmonics so as to optimally provide the least   α 1  -  β 1   (torque/flux) alteration while complying with the drive current rating.



Recently, a novel overmodulation method for   n = 5   (see Figure 29) is presented in [143] to address this aspect. Priority is given to avoiding   α 1  -  β 1   distortion as well, but when the phase current (equivalently, the total SCL) tends to surpass its rating, the x-y injection is automatically reduced and adequately (to the necessary extent) replaced by   α 1  -  β 1   harmonics. Hence, the generation of torque ripple is minimized, but without risk of overheating. Thus, adding passive x-y filters (or similar) [140,142,143,144,145] (see Section 8.3.3.2) is not required. In fact, as shown in the comparison of Table 20, this is so far the only available overmodulation method for   n > 3   that includes current limitation. The computation of the x-y voltage references    v ¯   x y    for maximum dc-link utilization is based on the simple CB PWM method from [142], but these references    v ¯   x y    are multiplied (yielding    v ¯   x y  ′  ) by a factor  γ , which is within   [ 0 ,  γ mx  ]  , with    γ mx  ≤ 1  . When these x-y components    v ¯   x y  ′   are not enough to avoid clipping of the modulating signals to   ± 1  p . u .  , the   α 1  -  β 1   voltage is saturated with an   α 1  -  β 1   minimum-phase-error criterion. The factor  γ  is adjusted by an integrator, whose input can be either the amount   δ v   of   α 1  -  β 1   voltage saturation or the excess   δ W   in the square root of the actual x-y SCL with respect to its maximum allowable value. Certain gains   K v   and   K W   are introduced to set the dynamics of the resulting closed loop. The former input   δ v   is selected unless there is excessive SCL (   δ W  < 0  ), with certain thresholds to avoid chattering [143]. In this manner, steady-state   α 1  -  β 1   distortion is only introduced when it is strictly necessary to prevent overcurrent, as intended. The maximum actual (output) modulation index that can be achieved is between   1.070  p . u .   and   1.249  p . u .  , depending on the allowable x-y current injection.
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Figure 29. Overmodulation method with adaptive x-y current limitation proposed in [143] for   n = 5   to provide minimum   α 1  -  β 1   distortion while preventing excessive x-y current.   T s   is sampling period,   W rated   is rated SCL,   W  α  β 1     is   α 1  -  β 1   SCL,   W  x y    is x-y SCL, and   W  x y  *   is the maximum allowable x-y SCL (depending on   W rated   and   W  α  β 1    ) [143]. 
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In any case, it should be noted that this method relies on the assumption that changing  γ  varies the SCL in the x-y plane to a much greater extent than in   α 1  -  β 1  . This only holds as long as the x-y impedance is actually much smaller than the   α 1  -  β 1   one. Thus, e.g., this strategy is expected to work much better for machines with distributed windings than for full-pitch or fractional-slot concentrated windings.




8.3.3.5. Closed-Loop and Multifrequency Control under Overmodulation


Most of the overmodulation methods just reviewed in the sections between Section 8.3.3.1 and Section 8.3.3.4 rely on the assumption of open-loop V/f control and that the voltage references (inputs of the overmodulation algorithms) are zero in all VSD subspaces but the   α 1  -  β 1   plane [138,139,140,142,143,144,145,146,148,149,151,152,153,154,156,157,158,159,160]. When these hypotheses do not hold, additional modifications are then necessary for ensuring proper functioning during overmodulation. In fact, although a few of the aforesaid overmodulation techniques (e.g., [137]) were actually employed with closed-loop or multifrequency control in the past, it was performed by adding extra operations. This additional difficulty is mainly due to the following problems.



	
Although open-loop control is reliable and simple [334], it is, in principle, only suitable for IMs, and its performance is usually inferior to closed-loop control in terms of efficiency, transient behavior, etc. Hence, closed-loop control is frequently preferred. However, during overmodulation, the actual low-frequency voltage components may differ to a great extent from the requested ones. That is, the plant seen by the current control (e.g., when using RFOC) becomes substantially non-linear. Consequently, in case of closed loop, the dynamics are likely to be worsened or even become unstable. In particular, saturating the output of a closed-loop linear controller with integral terms is known to cause unconstrained increase (wind-up) in the accumulated error in them [555,556]. In this manner, in a VSC with this type of control, the voltage reference tends to rise without limits when the actual ac voltage is saturated [557]. This increase aggravates the distortion associated with the output saturation, and it can also cause very long transient and large overshoot when the cause of saturation is eventually removed (e.g.,   v dc   recover) [556,557,558].



	
As previously mentioned, most overmodulation algorithms assume that there is only   α 1  -  β 1   voltage reference. Non-zero voltage references are highly advisable in secondary subspaces where current can flow. This is mainly because, as a consequence of the corresponding low impedance, even small uncompensated voltage disturbances (due to dead times, asymmetries, saturation, back-EMF harmonics, etc.) give rise to large undesired currents [134,135,137,139,487,488,493,494]. Alternative reasons for including multifrequency (multi-subspace) voltages are, e.g., enhancing the torque density by harmonic injection [5,6,7,8,9,10] or driving several machines by a single VSC [2,10,12]. In any of these cases, the output of the multifrequency current control consists of non-zero voltage references in multiple subspaces and frequencies, so as to cancel the effect of the voltage disturbances and/or impose required currents.






In the first place, note that problem 1 listed above, regarding the effect of voltage saturation on closed-loop current control, is not exclusive of multiphase drives. For understanding better the methods available for multiphase drives, it is convenient to survey, first, some of the three-phase ones, briefly. For   n = 3   typically only the   d 1  - and   q 1  -axis currents are controlled, by using PI controllers; hence, wind-up protection can be easily obtained by applying to them conventional anti-wind-up techniques of PI control [559,560]. One of the most common of such techniques is known as back-calculation, where the difference between the saturated and unsaturated output is fed back to the corresponding integrator input [555]. The gain of this feedback   K aw   can be chosen (   K aw  = 1 /  K p   , with   K p   being the proportional gain) so that the controller output becomes equal to the saturated output value almost instantaneously (ideally) [559,560]. Back-calculation anti-wind-up for PI current control in synchronous   d 1  -  q 1   frame is depicted in Figure 30. In this figure, bold typeface denotes complex vectors of the form    i  dq 1   =  i  d 1   + j  i  q 1    . A similar effect is obtained by simply disabling the integration when voltage saturation occurs [168,561]. It is worth noting that these kinds of wind-up protection often mean maintaining the magnitude of the output voltage reference and staying in overmodulation in practice, not decreasing the output so as to return to the linear modulation range. If instead reducing the ac voltage references for avoiding overmodulation (and associated distortion) is preferred, it would require other operations in the control scheme, which are discussed later, in Section 8.3.4.
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Figure 30. Anti-wind-up based on back-calculation for synchronous PI current control with output voltage saturation in   α 1  -  β 1   plane, as for   n = 3   [559,560]. 
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In addition, in many cases it is not sufficient to control in closed loop just the positive-sequence fundamental component, even in three-phase drives. Controlling multiple frequencies in the   α 1  -  β 1   plane of a three-phase ac drive is often performed in order to reduce torque/speed ripple [545,562,563,564], and hence including wind-up protection for such type of control is of interest as well. Anti-wind-up strategies have been applied/proposed for multifrequency (Controllers able to track both the positive and negative sequences of a certain frequency, such as resonant controllers [565,566], are here also considered as multifrequency) current controllers in three-phase VSCs, either roughly maintaining the magnitude of the control outputs during overmodulation [558,565,566,567,568,569,570] or reducing the requested modulation index in order to return to linear modulation (also explained later) [545,557,571,572]. Within the former group of anti-wind-up methods, some of them are based on simply using back-calculation [565,566,570], as for single-frequency control. However, applying back-calculation to multifrequency control without additional measures can lead to important output distortion under voltage saturation, including harmonic orders not present in the voltage references [557]. For   n = 3  , this problem is avoided in [545,557,568,571,572] by using various different solutions, which cannot be directly applied to drives with more than three phases.



Concerning multiphase drives, anti-wind-up methods have also been implemented in them, either reducing [7,135,137] or not [334,487] the requested modulation index so as to return to the linear range. The former will be reviewed in Section 8.3.4. Regarding [334,487], although the anti-wind-up protection is not the focus of these papers, it is briefly mentioned in them that it is completed by using back-calculation similarly to   n = 3  .



On the other hand, a simple solution for the aforesaid problems 1 and 2 is presented by Zhu et al., in [139] for a six-phase PMSM with asymmetrical WSA using RFOC. Three different operating regions are distinguished. In the first one, called sinusoidal current modulation area,   v dc   is sufficient for synthesizing the voltage references of the   α 1  -  β 1   and x-y planes (  v  α β 1    and   v  x y   ) with closed-loop current control enabled in both. In the second one, called sinusoidal voltage modulation area,   v dc   is enough for synthesizing   v  α β 1    (circular trajectory) and not    v  x y   ≠ 0  ; hence, the x-y current control is disabled and the   v  x y    reference is set to zero. In the last one, which is the overmodulation area, neither   v  α β 1    nor    v  x y   ≠ 0   can be synthesized, and one of the overmodulation PWM methods reviewed in Section 8.3.3 is employed [139]. In addition, although it is not discussed therein [139], to prevent wind-up of the   α 1  -  β 1   field-oriented current control during overmodulation, anti-windup methods as for three-phase drives [559,560] may be adopted. No wind-up protection is required for the x-y control, since it is turned off before output saturation occurs. It should be noted that transition may occur between the first and third operating regions without working in the second one, because setting    v  x y   = 0   may actually reduce the voltage available in the   α 1  -  β 1   plane with respect to    v  x y   ≠ 0   in some cases, instead of increasing it. It is also worth pointing out that, since the x-y closed-loop is completely deactivated for high modulation index, the resulting undesired currents may be too large. In applications where control simplicity is not a priority, it may be preferable to find a better compromise between dc-link utilization and current distortion when addressing problems 1 and 2. Steps in this direction, by suitably reducing the multifrequency voltage references, have been taken for multiphase drives in a few publications so far [134,135,137], which are discussed shortly.





8.3.4. Reducing AC Voltage References to Restore Linear Modulation in PWM-Based Control


Under   v dc   shortage, unless other actions (e.g., drive reconfiguration) are taken to remedy this failure, the switching (e.g., PWM) and control methods in the control platform should be adapted to tolerate it. Special measures for the generation of switching signals in this situation were surveyed in Section 8.3.2 and Section 8.3.3. Namely, the zero-sequence (1ZS and MZS) methods from Section 8.3.2 increase the dc-link utilization without altering (normally) the low-frequency stator current, while the overmodulation techniques from Section 8.3.3 introduce current-producing low-frequency voltage distortion in order to yield higher modulation indices. However, even if the overmodulation methods are designed optimally and controller wind-up is effectively prevented, current distortion is unavoidable when operating in the overmodulation range. There is an interesting three-phase voltage saturation technique [568] that avoids introducing frequency components not present in the voltage references under overmodulation, even during transients. Nonetheless, besides other limitations, such as potential overcurrent [545], this method [568] does produce distortion during overmodulation in the sense that the magnitudes of the frequency components in the actual voltages and currents differ from those that are in fact in the references. That is, as aforesaid, low-frequency current distortion is unavoidable in practice during overmodulation.



Consequently, instead of maintaining overmodulation, in practice a different approach is often preferred (see Figure 24): reducing the ac voltage references (inputs of the overmodulation methods) in order to return to the linear modulation range and, hence, decrease the amount of output distortion. In any case, it is worth emphasizing that, even if this option is chosen, when using closed-loop control a suitable overmodulation method such as those in Section 8.3.3 is usually still necessary. It is needed for driving the machine during the time interval consumed in restoring linear modulation. On the other hand, for open-loop control the voltage references may be instantaneously decreased to prevent overmodulation, avoiding the need of overmodulation algorithms.



This reduction in the voltage references is carried out differently depending on whether these references consist of a single frequency or of multiple frequencies, and also on whether open- or closed-loop control is employed. Accordingly, the following scenarios are next discussed separately: only fundamental voltage reference either in open or in closed loop (Section 8.3.4.1), multifrequency closed-loop current control for disturbance compensation (Section 8.3.4.2), for torque-density enhancement (Section 8.3.4.3) or for other applications such as multimotor drives, torque-ripple mitigation or speed-sensorless operation by x-y injection (Section 8.3.4.4).



8.3.4.1. Fundamental Frequency


When an IM is driven by simple open-loop V/f control with single fundamental frequency, under   v dc   shortage the modulus of   v  α β 1    can be directly decreased, while either keeping the fundamental frequency   f 1   (reducing flux) or lowering it as well (reducing speed). This is valid for both three-phase and multiphase drives.



Regarding closed-loop control based on conventional RFOC, if the distortion caused by voltage saturation is deemed unacceptable, it is common to reduce the   v  α  β 1     reference by decreasing the   d 1  -axis current (field weakening) [559,560]. In particular, for   n = 3  , the magnitude of   v  α  β 1     is often lowered until it matches the radius   v max   of the circle inscribed in the   α 1  -  β 1   hexagonal boundary, avoiding overmodulation [560]. This is especially suitable when only the   α 1  -  β 1   fundamental positive sequence is controlled. This type of field weakening is illustrated in Figure 31 for the   α 1  -  β 1   plane for any n, considering that current control is performed by just PI controllers in   d 1   and   q 1   axes. It can be combined with the anti-wind-up technique shown in Figure 30 [560]. Under phase OC faults, fundamental-frequency currents must be present in the secondary subspaces; accordingly, their effect on the dc-link utilization may also be taken into account for calculating (e.g., by offline numerical optimization) optimum current references for all VSD subspaces, such that overmodulation does not occur [170] (discussed in Part 2).
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Figure 31. Field weakening for RFOC synchronous PI current control in   α 1  -  β 1   plane, as for   n = 3   [560]. The maximum steady-state voltage-reference modulus   v max   usually matches the radius of a circumference inscribed in the   α 1  -  β 1   output-voltage boundary. Instead of squared voltage values before   K fw  , a square root may be applied [7], at the cost of more computations [560]. Anti-wind-up (not shown) may also be needed for the integrator in the field-weakening feedback [7]. 
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A different option, although less usual, is to implement a control scheme where the flux is directly controlled, instead of being indirectly regulated by the current as in field-oriented control. This happens, e.g., in DTC and direct flux vector control [512,573]. Thanks to the direct regulation of the stator flux, the field-weakening operation can be easily achieved by reducing the flux reference, depending on the dc-link voltage and synchronous speed, without adding extra loops such as the one shown in Figure 31. Moreover, since the   q 1  -axis current is also directly regulated in direct flux vector control, overcurrent can be straightforwardly prevented as well through the current references, unlike in DTC [512,573]. This kind of approach has been satisfactorily employed for multiphase IMs in [161,173], even under phase OCs (see Part 2).




8.3.4.2. Multifrequency Control for Disturbance Compensation


When the control scheme is designed so as to cancel/attenuate harmonic disturbances, the voltage references are composed of various frequency components. For three-phase multifrequency current control, it is proposed in [557] to dynamically readjust the current references under overmodulation until the trajectory of the   α 1  -  β 1   voltage reference does not exceed its hexagonal boundary (realizable references), returning to linear modulation. The scheme is illustrated in Figure 32. More specifically, in this process the magnitude of all voltage-reference frequency components are reduced by the same proportion, so that the shape of the voltage trajectory is kept, simply scaled down (see Figure 33). In this manner, no extra voltage harmonics, caused by clipping to the hexagon, are introduced in steady state. In this sense, this kind of approach is often referred to as distortion-free saturation [137,545,557,568,572]. Instead of full compensation of the drive harmonic disturbances as in normal operation, during the   v dc   shortage partial compensation of voltage disturbances is accomplished. Since the unconstrained rise of the output is prevented, this procedure also serves as anti-wind-up protection. The direction in which the current references are modified is calculated based on the voltage references and the plant model, so that the shape of the voltage trajectory is not altered, as intended. During the transient reduction in the modulation index, overmodulation is performed by instantaneously scaling down the magnitude of the voltage-reference SV (without phase error) so that it is constrained within the hexagon. In any case, other overmodulation techniques could be used during this transient. Later, in [572], it was proposed to add certain operations [included with yellow shade in Figure 32a] based on internal model control [555], so that the effect of the plant non-linearity    i ¯  imc   due to saturation is removed from the current feedback    i ¯  ct   during the transient current-reference readjustment, thus improving dynamics. It was also shown that the method provides good performance even under significant plant parameter variations [572].
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Figure 32. Simplified representation of the multifrequency distortion-free method used for three-phases in [137,557,572] and for n phases in [545]. Coordinate transformations are omitted. In this figure, a dash over a line indicates multiple harmonics h, not values for several phases; the latter is just denoted by overbar in the corresponding variable.   P ( z )   and    P ^   ( z )    denote the actual plant and its nominal model, respectively.   T 1   and   T s   are fundamental and sampling period, respectively.   δ inst   and  δ  are the instantaneous and per-  T 1  , respectively,    v ¯  ref   excess with respect to the output-voltage boundary.    i ¯  rr   represents the realizable references. d is voltage disturbance. ZOH stands for zero-order hold. (a) General view. (b) Content of gain-adjustment block. 
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Figure 33. Comparison for   n = 3   between the   α 1  -  β 1   output-voltage trajectories provided by conventional minimum-phase-error saturation (solid magenta) and by the multifrequency distortion-free method (solid blue) from [137,545,557,572] (see Figure 32), for original voltage references (dashed red) containing fifth- and seventh-order harmonics, as well as positive- and negative-sequence fundamental. Min–max zero-sequence injection based on (2) is considered in all cases. 
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This multifrequency approach [557,572] was extended from three-phase to multiphase drives in [137], where multiple topologies and any phase number are taken into account. Its features are summarized in Table 21, with other multiphase strategies. The fact that the closed-loop x-y current control is still operative during   v dc   shortage, partially compensating disturbances, permits obtaining better current THD than with the strategies that do not include (or disable) x-y control. Instead of a two-dimensional hexagon as in [137,557,572] (  n = 3  ), a multidimensional output-voltage boundary (  n ≥ 3  ) is considered and fully exploited in [137]. During the transient process of returning from overmodulation to linear modulation range, it is necessary to apply an overmodulation PWM method; the one used in [137] during this time interval can be understood as multiphase minimum-phase-error CB PWM, as mentioned in Section 8.3.3.3.
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Table 21. Multiphase methods for reducing multifrequency voltage references with partial disturbance compensation during   v dc   shortage (Section 8.3.4.2).
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	References
	n
	WSA
	Unneeded    v  α  β 1      Fundamental Reduction
	Depends on Relative Phase between Harmonics
	Periodically Disables Harmonic Control
	Needs    v dc    Measurement





	Yepes et al. [137]
	Any
	Asym./sym.
	Yes
	No
	No
	Yes



	Karttunen et al. [135]
	6
	Asym.
	No
	Yes
	Yes
	Yes



	Feng et al. [134]
	6
	Asym.
	No
	Yes
	Yes
	No








A different strategy for reducing multiphase ac voltage references with multiple frequencies under   v dc   shortage is proposed by Karttunen et al., in [135], focused on a six-phase PMSM with asymmetrical WSA. As in [137,557,572], the main purpose is to adapt the current references so that overmodulation and associated extra harmonic orders are avoided in steady state. Partial compensation of disturbances during   v dc   shortage is also attained. Conventional techniques are adopted in [135] for anti-wind-up and SV PWM. The principal advantage of this method [135] in comparison with [137], for certain applications, is that the magnitude of the fundamental component is not modified when it is sufficient to just alter the harmonics. On the other hand, this implies additional complexity, because in this case, depending on the relative phase between the vectors of each frequency, the voltage margin available for the fundamental may either increase or decrease as a certain harmonic is reduced. This holds even if the harmonic under consideration is in a different VSD plane from the fundamental, since all VSD subspaces are coupled in terms of voltage saturation [10], similarly to the fact that the zero-sequence third-order harmonic alters the   α 1  -  β 1   hexagonal boundary for   n = 3  . Moreover, this method [135] requires measuring and storing the current harmonics present when their control is disabled, for each operating point.



Feng et al., present a different technique [134] for performing closed-loop multifrequency current control under voltage constraints, also in a six-phase PMSM with asymmetrical WSA. The proposed strategy resembles the preceding two multiphase multifrequency methods [135,137] in the sense that the current references are modified so that the voltage references decrease. Priority is given to adjust the harmonics while maintaining the fundamental component, as in [135]. Additionally, similarly to [135], the harmonic control is initially disabled in order to obtain extra information about the current components in such condition. This information is then exploited to progressively change the harmonic amplitude using the optimum phase angle. Even though, in [135], the output voltage excess with respect to   v dc   needs to be continuously monitored while adjusting the harmonics, in [134]   v dc   is not needed, because the condition of voltage saturation is instead confirmed by checking whether harmonic current increases with the corresponding voltage. However, this method [134] relies on the assumption that reducing the harmonic compensation decreases the degree of voltage saturation, but in reality the opposite may also occur [135,570]. Furthermore, with this approach it may be necessary to periodically disable the harmonic control and restart the process to find the new optimum current references.




8.3.4.3. Multifrequency Control for Enhancement of Torque Density


In addition to harmonic disturbance compensation, the topic of reducing multifrequency voltage references to avoid   v dc   shortage (by either open- or closed-loop control) has also been tackled in the context of increasing torque density by harmonic injection. This is particularly common in multiphase machines with full-pitch concentrated windings.



It is worth remarking that, although the multifrequency methods proposed in [134,135] are suitable for harmonic disturbance compensation and not for non-zero current-harmonic tracking, the one from [137] can be employed for either application.



Levi et al., present an approach for assessing the output-voltage boundaries for any odd n in [10], which is extended for even n in [574]. The resulting volume for avoiding overmodulation in an   n = 7   machine is illustrated in Figure 34, where   m 1  ,   m 2   and   m 3   denote the modulation indices in the   α 1  -  β 1  ,   α 2  -  β 2  , and   α 3  -  β 3   planes, respectively. These limits could be directly applied to control a drive in open loop without entering overmodulation in this kind of application. However, the additional actions needed for closed-loop control are not discussed. Furthermore, since the boundaries are computed by disregarding the frequencies and phase shifts of the VSD voltages (assuming the worst-case scenario), the capability provided by the available dc-link voltage is actually underestimated (not fully exploited) for cases other than the most unfavorable one.
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Figure 34. Volume corresponding to linear PWM operation (no overmodulation) in a seven-phase machine, considering optimum zero-sequence (i.e., 1ZS) injection and the worst-case scenario in terms of phase shifts or frequencies of the voltages in each VSD subspace [10]. 
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Considering fundamental and third-order current and space harmonics, Mengoni et al. [7] divided the operation of a multiphase IM drive into four main regions as the modulation index m (or equivalently, speed) increases:




	(I)

	
Both fundamental and third-order current components are exploited;




	(II)

	
The third-order current harmonic is gradually reduced to avoid overmodulation;




	(III)

	
Said harmonic is completely avoided, and field-weakening is applied to the fundamental if necessary;




	(IV)

	
With available   v dc   and field-weakening, it is no longer possible to provide maximum current, and, hence, the output power is reduced.









Using closed-loop control, this reduction in the third- and first-order current references is performed analogously to Figure 31 in each corresponding plane, with priority given to the fundamental [7]. The constraints regarding current and air-gap flux density are also respected at all times, which were not considered in [137]. In absence of overmodulation, the current references are set following a maximum-torque-per-ampere trajectory taking into account both frequency components. A drawback of this method is that, for simplicity, the phase shifts of the voltage components are assumed to be those of the worst scenario for calculating the conditions of   v dc   shortage, similarly to [10] (the drive operates within the    m 2  = 0   plane from Figure 34 [7]); consequently, the dc-link voltage is not fully exploited [9].



A different method [9] for tolerating   v dc   shortage for drives with high torque density, based on multifrequency FCS-MPC, will be addressed in Section 8.3.5.




8.3.4.4. Multifrequency Control for other Applications


There are also other multiphase applications where conventional overmodulation methods are not suitable due to the need of multifrequency voltage references.



This is the case of multimotor drives, where various machines with sinusoidally distributed windings are driven by means of a single VSC [10,574]. The output-voltage boundaries established in [10,574] are also valid for this application, with the same assumptions as the aforementioned ones for enhanced torque density. These limits can be of great help, e.g., for selecting the necessary dc-link voltage in the design stage of a multimotor drive for any possible combination of operating conditions of certain machines. It would also be possible to employ these limitations for controlling a multimotor drive in open loop without overmodulation. However, decreasing the requested output with closed-loop control so as to restore linear modulation under   v dc   shortage has not been addressed so far in the specific context of a multimotor application. In any case, among the multifrequency techniques reviewed in Section 8.3.4.2 and Section 8.3.4.3, it can be inferred that the one from [137] is particularly suitable for allowing simultaneous operation of all the machines when   v dc   decreases. The other solutions [7,134,135], based on removing one frequency component while preserving other/s, would often mean stopping at least one of the machines.



Another example of multiphase multifrequency application is the injection of a third-order harmonic into an x-y plane for closed-loop speed-sensorless operation [183,184,185] (explained in Section 7.3.1.4). Mengoni et al., propose to give priority to the x-y harmonic when   v dc   shortage arises, so that the proper estimation of the rotor flux position is preserved [183,184,185]. That is, the   α 1  -  β 1   voltage reference is saturated to a circle of reduced radius in order to satisfy this condition. However, no details are given therein concerning how anti-wind-up is then performed and about whether the ac voltage and current references are decreased for avoiding overmodulation (the action of the saturator) in steady state or not. None of the aforementioned strategies based on reduction in ac references [7,134,135,137] would be adequate for this application, since none of them give priority to the x-y voltage over the   α 1  -  β 1   one.



Current harmonics may also be injected for mitigating torque ripple, which is particularly important for machines with non-sinusoidal back-EMF under phase OC or SC faults. The computation of optimum current references is a common task for tolerating phase OC/SC faults in drives based on RFOC, and the voltage constraints may be included in the optimization problem for allowing field-weakening operation in such conditions. This is addressed in [162,164,165,166] for both SC and OC failures, and in [174] for OC ones, all of them with PMSMs. Further details in this regard are given in Part 2. Among these publications, anti-windup protection for the current control (per-phase resonant controllers) is described in [166], based on [575].





8.3.5. Consideration of Voltage Constraints in Current FCS-MPC


Numerous methods have been surveyed in the preceding sections for operating in overmodulation (Section 8.3.3) and also for reducing the voltage references so as to return to linear modulation in PWM-based VSCs (Section 8.3.4) when   v dc   shortage occurs. However, all these techniques relied on either PWM (mostly) or applying square-wave switching. In other situations, alternative solutions should be applied.



Yu et al. [136] present a current FCS-MPC with improved dc-link utilization for a five-phase PMSM. A popular type of current FCS-MPC is that based on virtual voltage vectors, where several VSC voltage SVs are combined in each sampling period so as to cancel the average x-y components in such period. However, this approach has limited voltage capability. To overcome this problem, it is suggested in [136] to combine three large VSC voltage vectors so that the low-frequency x-y voltage is cancelled, but this condition is relieved as the m increases in order to extend the available range.



Bermúdez et al., have proposed a current FCS-MPC method for five-phase PMSMs [8] and IMs [9] with first- and third-order harmonic injection (for full-pitch concentrated windings) that is also able to respect the dc-link voltage constraint. Using the machine model, the current references are generated at each instant so that this limitation is not violated. Namely, this FCS-MPC strategy is based on two cascaded stages.



	
In the first one, the optimum current references are obtained by minimizing a cost function involving the SCL and torque error, under the drive constraints: mainly the voltage (peak phase-to-phase voltage below   v dc  ) and current (peak line current below switch maximum current) restrictions. Conversely to [7], which addresses a similar application with linear control (discussed in Section 8.3.4.3), the dc-link utilization is not unnecessarily reduced by simplifications in this regard. Furthermore, in this case the voltage constraint is taken into consideration in the optimization of the current references, unlike in [7];



	
In the second stage, the cost function related to the squared current errors is minimized to find the optimum switching vectors.






Since FCS-MPC does not need integral actions, anti-windup protections are not necessary in the current control [576]. Despite all these benefits and the inherently fast response of FCS-MPC, these solutions suffer from the same shortcomings as most FCS-MPC-based methods [576,577,578,579]: they are computationally demanding, exhibit variable switching frequency, they are prone to steady-state error and do not compensate unknown voltage disturbances. They are, nonetheless, the only existing multiphase multifrequency current FCS-MPC techniques so far, to the authors’ knowledge, that take into account the voltage constraints. With regard to the classification of tolerance methods shown in Figure 24 for   v dc   shortage, note that these approaches [8,9] can be included among those that reduce (limit) the ac voltage references.




8.3.6. Reconfiguration of Stator Phase Connection  λ 


It is known that, in three-phase drives, dc-link utilization (and, hence, maximum speed) can be increased by changing the type of stator phase connection from   λ = 0   (star) to   λ = 1   (delta). Analogously, it was proposed in [141] to progressively change from   λ = 0   (star) to   λ = 1   (pentagon) and to   λ = 2   (pentacle) in a five-phase PMSM drive as the speed rises. Obviously, the same procedure could be applied to tolerate a significant   v dc   reduction without reducing the speed. Following this  λ  sequence, the minimum   v dc   value required for ensuring linear modulation decreases from   95.1 %   of twice the back-EMF amplitude to   80.9 %  , and then to   50.0 %  , respectively [see Figure 35a]. In this manner, the dc-link utilization with respect to star is increased by   17.6 %   or   90.2 %   for   λ = 1   or   λ = 2  , respectively [see Figure 35b]. On the other hand, the maximum phase current is lowered by exactly the same proportion, assuming that the maximum line current withstood by the converter does not change. In Figure 35, negligible stator-impedance voltage drop, symmetrical SWA and zero-sequence injection 1ZS are assumed [344]. The main shortcomings of this technique are the need of additional switches for altering the stator phase connections, the associated time delays, the potential current peaks during changeover, and the required modifications in the control algorithm [141].



It may be inferred that, since more  λ  possibilities are available for higher n, this   n = 5   strategy [141] may be extended to greater n by incorporating other  λ  reconfiguration steps. For instance, it follows from Figure 35 that a machine with   n = 11   could be modified from   λ = 0   to   λ = 5   in up to four steps (  λ = 1   is avoided), if deemed convenient. Thus, small   v dc   drop could be tolerated without reducing the maximum torque as much. However, the system complexity increases with the number of steps.
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Figure 35. Comparison of dc-link utilization depending on the type of stator phase connection  λ  and the phase number n. (a) Expressed as minimum dc-link voltage required for ensuring operation in the linear modulation range, normalized by twice the magnitude of the back-EMF [344]. (b) Expressed as improvement with respect to star (  λ = 0  ). 
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8.3.7. Tolerance to Uncontrolled Rectification by Machines with Low Back-EMF


In case the   v dc   shortage is tolerated by suitable control or modulation techniques (Section 8.3.2, Section 8.3.3, Section 8.3.4 and Section 8.3.5), uncontrolled rectification is likely to occur if the switch gating is suddenly disabled because of a fault. Then, excessive current/power may arise. Wang et al., point out in [129] that this problem can be tolerated more easily by adopting a machine with low back-EMF (for given total torque), such as a PMaSynRM, as opposed to an SPMSM. Regarding IMs, they are also more suitable than SPMSMs in this context given that their back-EMF tends to decrease after the switches are turned off; however, the transient current is still expected to be higher than in PMaSynRMs, because of their relatively large back-EMF. Among the previous techniques to tolerate high modulation indices, those based on altering the stator phase connections (Section 8.3.6) can be appropriate for handling uncontrolled rectification as well.





8.4. Concluding Remarks about DC-Link Voltage Shortage


Operation under   v dc   shortage has been addressed in numerous publications in recent years. Several kinds of approaches have been studied for this purpose.



The tolerance to   v dc   drops has been increased by extensive research about switching methods suitable for overmodulation (see Table 20), which do not require altering the drive topology. Most of these publications were focused on five- and six-phase drives based on two-level HB VSCs using SV PWM. Nevertheless, new trends point toward the development of novel overmodulation techniques based on CB PWM [137,138,142,143,153,155], which is inherently much simpler. Overmodulation for other topologies and phase numbers are currently being studied as well, e.g.,   n = 7   [160] and FB VSCs [133]. The latest publications, such as [160], reveal that there is still considerable scope for reducing the resulting low- and high-frequency distortion in many types of multiphase drives. A significant part of the available techniques (e.g., the 16 ones found in [158]) have not been compared in detail yet. The necessity of automatically adjusting the proportion between   α 1  -  β 1   and x-y injection to avoid overcurrent has also been recently pointed out, although so far a solution has only been presented for   n = 5   [138]. Moreover, most of the existing overmodulation algorithms assume that there is only voltage reference in the   α 1  -  β 1   plane, which is often false in practical multiphase drives.



Some publications have proposed to reduce the ac voltage references for PWM so as to return to linear modulation when overmodulation occurs. This requires special attention when the voltage references contain various frequencies (distributed among more than one subspace), as shown in [7,134,135,137,183,184,185], mainly because multiple possibilities exist depending on which frequency components are considered of priority.



Concerning current FCS-MPC, the voltage constraints can also be taken into account in order to perform satisfactorily under this kind of faults, but this possibility has only been studied in three papers about multiphase machines for the moment [8,9,136].



Other existing methods to increase dc-link utilization in multiphase drives rely on reconfiguring the topology, by modifying the stator phase connections [141]. Although this is very effective, it requires special designs with higher complexity and cost. Nevertheless, since the extra   v dc   margin provided in this manner is quite large, it is still of interest to continue performing further research on this type of approaches. In addition, they are also effective in case the switch gating is no longer working (e.g., after controller faults), unlike those based on control or modulation.



Designing machines able to yield large torque with low back-EMF, such as PMaSynRMs, is also helpful for preventing uncontrolled rectification with high current when   v dc  -shortage and control failures occur simultaneously [129].



In summary, the literature on the subject of tolerance to situations with reduced dc-link voltage has increased substantially during the last few years, but numerous challenges remain open and this new research trend is expected to continue vigorously in the near future.





9. DC-Link Voltage Excess


If the dc-link voltage   v dc   surpasses its rating, elements of the power system, such as semiconductors and capacitors can be damaged [580]. The increase in dv/dt also aggravates the stress of the machine insulation, bearing currents, skin-effect losses and core losses [581]. Furthermore, in such case   v dc   may exceed the range of the respective voltage sensor, degrading the drive control performance. Thus, this kind of situation should be mended as soon as possible.



In a grid-connected back-to-back VSC, often dc-link overvoltage can be easily prevented or remedied by injecting sufficient active power to the grid. However, this procedure is not always possible. That is the case, e.g., in topologies where the dc-link is supplied by a grid-side diode rectifier, which is, in fact, common in motor drives because of its reliability and its lower cost and complexity [131,467]. Similarly, in motors fed by back-to-back topologies based on two VSCs, if some of the grid-side VSC switches are damaged, the free-wheeling diodes avoid   v dc   drop, but the direction of the active power flow cannot be reversed when needed. Other scenarios with unidirectional power flow are, e.g., those where the power source itself cannot absorb active power.



9.1. Causes of DC-Link Voltage Excess


As displayed in Figure 36, one of the main causes of dc-link overvoltage in motor drives is continued or intense motor braking [131,547]. Even in drives where braking is not expected to produce this effect, it could actually happen if the normal procedure to prevent it suffers a fault; this is the case, e.g., of switch failures in a grid-side PWM rectifier. Excessive   v dc   can also be the result of an abnormal behavior of the power source; e.g., in case of voltage swells in the grid when charging the dc-link through an uncontrolled grid-tied rectifier [580], or grid voltage dips when the machine operates as a generator (including motor braking) [131,582].
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Figure 36. Causes, detection methods and tolerance approaches for dc-link voltage excess in multiphase drives. 






Figure 36. Causes, detection methods and tolerance approaches for dc-link voltage excess in multiphase drives.
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9.2. Detection of DC-Link Voltage Excess


The detection of dc-link overvoltage is usually straightforward, since   v dc   is measured in most ac drives for adjusting the modulation index or for protection. Comparing the   v dc   value with a certain threshold should be sufficient to detect this kind of failure. If   v dc   excess is just expected to occur due to motor braking, this situation can be detected by checking whether the sign of the torque [132] or stator active power [131] is reversed (assuming no normal procedure is available to dissipate it).




9.3. Tolerance to DC-Link Voltage Excess


A traditional method to restore   v dc   is by dissipating the active power excess in a resistive load (braking resistor) in parallel with the dc-link, by means of an additional electronically controlled switch. However, this implies including extra hardware, which is not desirable in many cases because of the associated increase in size and cost [131]. Moreover, even if this approach is implemented, it is still convenient to include an alternative strategy for this purpose, in case the former fails (e.g., due to a fault in the corresponding switch).



There are also other methods for handling   v dc   excess in three-phase drives, not reflected in Figure 36. Most of them are based on increasing the losses of the machine, so as to decrease   v dc  . However, since these solutions were specifically designed for   n = 3   motors, in which current normally can only flow in the   α 1  -  β 1   plane, the flux and torque are hence disturbed, or otherwise the algorithm becomes complicated [131].



In contrast, Duran et al., suggested in [131] to mend the   v dc   increase by dissipating active power in the secondary subspaces of multiphase machines. Under the assumption of sinusoidally distributed windings, the impact of this technique on the flux and torque can be disregarded. Given the low impedance in said subspaces, the dc-link utilization is barely affected. However, this approach produces an increase in the machine temperature. Thus, the extra injection should be removed in case it is prolonged and the temperature rises too much.



This technique [131] is extended to drives under phase OCs in [132]. As explained therein, active power can be dissipated in the machine secondary subspaces to prevent dc-link overvoltage without disturbing the flux and torque, even with phase OC faults, as long as at least three current DOFs remain available.



As a last resort, if no other solution for a   v dc   excess remains possible, the affected VSC can be isolated. Then, the corresponding phases behave as OCs and   v dc   drops to zero, effectively avoiding further/any damage.




9.4. Concluding Remarks about DC-Link Voltage Excess


In summary, in a multiphase drive it is possible to tolerate dc-link overvoltage by dissipating active power in the machine stator with much less impact (ideally zero) on the torque than in a three-phase drive. The torque disturbance can normally be avoided even under phase OC faults. However, only the specific multiphase scenario of six-phase motors with asymmetrical WSA and a single dc-link [131,132] has been analyzed so far.





10. Machine-Cooling Faults


The temperature of a machine should be kept within acceptable ranges to avoid degradation of components, such as the isolation, wires, core, and bearings [468], or magnet demagnetization in PMSMs [72,583]. Normally, the rated current of a machine is established so that it can be maintained during long periods of time without causing overheating. Cooling systems are usually installed as well to avoid excessive temperature rise, typically based on either a simple fan or on ducts/vents using air or other fluids. If a failure occurs in the cooling system and the temperature becomes too high, it is critical to detect it and adopt suitable actions to avoid further damage [468].



10.1. Causes of Machine-Cooling Faults


When the heat dissipation from the machine is obstructed, it can be said that the cooling system behaves abnormally and there is a fault in it. As illustrated in Figure 37, this can be due to, e.g., breaking of a fan, dirt build-up in the windings, clogged or covered fins/casing, or obstruction of coolant flow in duct/vent [468]. Alternatively, even if strictly speaking there is no failure in the cooling system itself, overheating may be caused by too much heat dissipation within the machine (e.g., overcurrent or certain braking procedures [131]) or by excessively-high ambient temperature [584].
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Figure 37. Causes, detection methods, and tolerance approaches for machine-cooling fault in multiphase drives. 
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10.2. Detection of Machine-Cooling Faults


The literature about thermal monitoring in three-phase machines is broad. Thermal sensors can be installed, but they are not cost effective, especially in small machines [468]. In addition, such sensors are highly undesirable in some applications [584]. Furthermore, even if a temperature sensor is present, it is still convenient to implement an algorithm for the estimation of this variable in case there is a sensor failure.



Although temperature varies to some extent depending on the location within the machine, it is more frequently estimated at the stator windings [584]. There are principally two sensorless approaches for monitoring the stator-winding temperature [468,584]: employing a thermal model or estimating the stator resistance. The former is not sensitive to abnormal cooling, and, hence, the latter is clearly more suitable for detecting this situation [468,584]. The stator resistance may be obtained from the fundamental voltages and currents, but the magnitude of the stator-resistance voltage drop is often small compared with the reactances and back-EMF, and, hence, the resulting estimate is sensitive to uncertainties and prone to inaccuracy [585]. High-frequency currents due to PWM or deliberate injection may also be used, but they can be affected by uncertainties related to skin effect, eddy currents, winding capacitances and other parasitic phenomena [586]. Consequently, it is often preferred to calculate the resistance by injecting a dc signal in the machine stator, which is easier to distinguish from the ac components and less dependent on unknown or varying factors [585]. However, a well-known shortcoming of this DC-injection technique is that it causes torque ripple in three-phase machines, because the dc current can only be injected into the torque-producing   α 1  -  β 1   plane. Thus, it is necessary to seek a trade-off between magnitude of torque oscillations and estimation accuracy [468,584,585]. Some other   n = 3   variants have been proposed, where the injected signal is projected with a specific proportion between the   d 1   and   q 1   axes so that ideally no torque ripple is produced. This can be achieved by combining a certain second-order harmonic with the dc component in stationary frame [587,588]. In any case, with these techniques the torque oscillations are not completely removed, due to simplifications or uncertainties in the machine model, as well as imperfect decoupling between the   d 1   and   q 1   axes (especially in transients).



To overcome this problem of dc injection for three-phase drives, it is proposed by Baneira et al., in [70] (summarized in Table 22) to instead add the dc signal in the secondary x-y plane of a six-phase machine, so that the torque is not disturbed (see Figure 38). Namely, it is tested in a six-phase PMSM with asymmetrical WSA and two isolated neutral points. Positive and negative polarity can be applied consecutively in time to remove the influence of dc offsets. The resulting average voltage is extracted by means of a specific circuit between two phases of the same three-phase winding set, based on an analog low-pass filter and an isolation amplifier [70]. In any case, if such a physical device is undesired, the dc voltage could be computed from the VSC voltage references, analogously to other three-phase techniques [585]. More recently, Sun et al. [60] present a method able to individually estimate the resistance of each stator phase of a multiphase machine, instead of assuming a single stator-resistance value for the entire machine. Interestingly, this strategy is devised in a general manner, regardless of the phase number. The mean voltages are measured by physical second-order RC filters for each phase. The outputs of these filters are sequentially applied to a single amplifier and analog-to-digital converter by means of a multiplexer [60]. It is worth mentioning that, although this paper [60] is focused on temperature monitoring, said approach could also be used for detecting high-resistance connections (see Section 4).
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Table 22. Methods for detecting machine-cooling faults (Section 10.2) in multiphase applications in the literature.
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References

	
Machine

	
x-y Injected Frequency

	
Causes Torque Ripple

	
Assumes Uniform Temperature

	
Estimated Temperature

	
Uses Extra Hardware




	
n

	
WSA

	
Rotor






	
Baneira et al. [70]

	
6

	
Asym.

	
IPMSM

	
dc

	
No

	
Yes

	
Stator winding

	
Yes




	
Sun et al. [60]

	
Any

	
Asym./sym.

	
Any

	
dc

	
No

	
No

	
Stator winding

	
Yes




	
Li et al. [71]

	
6

	
Asym.

	
IPMSM

	
Fund.

	
No

	
Yes

	
Stator winding

	
No




	
Feng et al. [72]

	
6

	
Asym.

	
IPMSM

	
Fund.

	
No

	
Yes

	
Magnets

	
No




	
Li et al. [73]

	
6

	
Asym.

	
IPMSM

	
Fund.

	
No

	
Yes

	
Magnets and winding

	
No
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Figure 38. Effect of injecting dc current (for temperature estimation) on the electromagnetic torque   T em  , depending on whether it is added in the (a)   α 1  -  β 1   plane (as for   n = 3  ) or (b) x-y plane, for a six-phase PMSM with asymmetrical WSA [70]. 






Figure 38. Effect of injecting dc current (for temperature estimation) on the electromagnetic torque   T em  , depending on whether it is added in the (a)   α 1  -  β 1   plane (as for   n = 3  ) or (b) x-y plane, for a six-phase PMSM with asymmetrical WSA [70].
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In [71], Li et al., estimate the average winding temperature of an asymmetrical six-phase PMSM by means of dc injection not in the x-y stationary frame, but in a synchronous frame   d 2  -  q 2   rotating at the fundamental frequency within the x-y plane (see Table 22). That is, a fundamental component is added in x-y stationary frame. The phase angle of the x-y current is set to the same value as for the   α 1  -  β 1   current. Compared with stationary-frame dc injection, this alternative enables automatic cancellation of the disturbance introduced by the switch dead times [71], which is particularly convenient for avoiding voltage sensors and instead relying on the voltage references for the estimation without adding a dead-time compensation method. However, other converter non-linear effects, such as those due to device voltage drop and turn-on/off time [585] are not automatically compensated. Moreover, since the injected signal is ac, additional uncertain losses (e.g., stray load loss) may affect the estimation accuracy [70]. A Kalman filter is also included for improving (smoothing) the estimation of the temperature variation with time [71].



On the other hand, a method for monitoring the temperature of the magnets (instead of stator-winding temperature) in a six-phase PMSM with asymmetrical WSA is proposed by Feng et al., in [72]. Differently from the three-phase techniques existing for this purpose, this one exploits the extra DOFs provided by   n = 6   so as to cancel the impact of parameter uncertainties (those of resistances and inductances) on the estimation accuracy. Similarly to [71], the injected x-y current reference corresponds with dc components with respect to an x-y synchronous frame   d 2  -  q 2   rotating with fundamental frequency. In this case, the x-y current is selected appropriately as a function of the current in the main plane   i  d  q 1     (using a look-up table) to yield said cancellation of resistance/inductance uncertainties, as well as of dead-time effects. The magnitude of back-EMF is computed based on the average current and voltage in the four axes of the   d 1  -  q 1   and   d 2  -  q 2   frames. The permanent-magnet temperature is finally estimated by means of the relation between its value and the back-EMF [72]. Later, simultaneous estimation of stator-winding and magnet temperatures is attained in [73] for the same kind of PMSM, also by means of x-y fundamental injection. In contrast to [72], look-up tables are avoided and dead-time effect is cancelled in a simpler and more effective manner. Identical phase angle is used for the current references in both planes, as in [71].




10.3. Tolerance to Machine-Cooling Faults


When a failure of this type is detected, the drive may be turned off until it is repaired, to avoid more serious damage; nevertheless, certain degree of tolerance is preferable. In this regard, a possible fault-tolerant solution is to adaptively limit the magnitude of the stator current depending on the significance of the measured/estimated temperature increase, so that the thermal thresholds of the machine are not surpassed for excessive time during operation. For instance, this has been completed for three-phase PMSMs, actively managing the winding and end-winding temperature [589] or the rotor temperature [590]. Although currently no specific methods for this purpose have been reported for multiphase machines, it is reasonable to expect that it could be performed for them analogously, based, e.g., on temperature estimates obtained by the aforementioned multiphase monitoring techniques [60,70,71,72,73].




10.4. Concluding Remarks about Machine-Cooling Faults


Although the literature about temperature monitoring is very extensive in three-phase machines, this topic has barely been addressed yet for multiphase drives [60,70,71,72,73]. The initial attempts in this regard, based on dc or fundamental x-y injection, have revealed that the increase in DOFs of multiphase machines make it possible to provide substantial improvements. On the one hand, performing the injection in the secondary subspaces of these machines allows decreasing the undesired torque pulsation [60,70,71,72,73]. On the other hand, the extra DOFs can be exploited so as to enhance the robustness to parameter uncertainties and converter non-idealities, while avoiding the use of extra hardware and voltage measurements [71,72,73].



Given the relevance of the aforesaid advantages offered by multiphase machines for detection of machine-cooling faults, further research on this topic is expected in the near future. The existing methods may be extended to machines different from asymmetrical six-phase PMSMs, which so far have been the focus of most of these papers (see Table 22). It is also important to consider the coexistence with other drive faults and the scenario of non-uniform temperature distribution (completed just in [60]). The suitability for this purpose of the techniques discussed in Section 4, originally designed for detecting high-resistance connections, can be studied in detail. Novel strategies for tolerating cooling failures, based on the temperature estimates, may be developed as well.





11. Permanent-Magnet Demagnetization


Irreversible demagnetization in PMSMs may take place in various manners [74,583]. If it affects the entire volume of all the magnets equally, it is referred to as uniform demagnetization. If it affects to a greater extent some of the magnet parts (e.g., trailing edges), or just some of the magnets, it is called local demagnetization. The former (uniform) implies a reduction in the amplitude of the back-EMF waveform, and, hence, a decrease in the output torque for given stator current [74,129,177]. The latter (local) additionally leads to a distortion of the back-EMF waveform and to torque ripple [68,74,77]. The most relevant causes, detection methods and tolerance approaches for magnet demagnetization are illustrated in Figure 39.
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Figure 39. Causes, detection methods, and tolerance approaches for magnet demagnetization in multiphase drives. 






Figure 39. Causes, detection methods, and tolerance approaches for magnet demagnetization in multiphase drives.
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11.1. Causes of Permanent-Magnet Demagnetization


This problem can arise as a consequence of various reasons. For instance, it can be caused by manufacturing defects, corrosion or mechanical stress (e.g., cracked magnets) [74,75,78,583]. Nonetheless, one of the most common origins of demagnetization is excessive temperature [72,74,75,78,129,177,267,583], e.g., due to a failure of the machine cooling system or to large current. The latter may be produced, e.g., by stator SCs [75,78,129,176,177,267], converter SCs [75,78,583], heavy load [129], or position-sensor faults [176,177]. Magnet demagnetization is often alternatively produced by intense magnetic field induced by high-current along the negative   d 1  -axis direction [74,78,129,176,177,267,583]. Accordingly, recommendations, such as those given in Section 5 to prevent overcurrent under stator SCs, or those pointed out in Section 7 and Section 10 regarding position-sensor and cooling failures, respectively, are, hence, also helpful in avoiding demagnetization. For instance, it is shown in [176] that a six-phase IPMSM with FSCW is less affected by demagnetization than a similar IPMSM with distributed windings under identical SC faults, mainly as a consequence of the fact that in the former the stator SC current is smaller (see Section 5.3.2).




11.2. Detection of Permanent-Magnet Demagnetization


Detecting irreversible demagnetization and its severity is useful for, e.g., assessing the amount of performance degradation associated with it, the urgency for replacing the faulty machine, and the maximum torque that can be set without causing overcurrent (which would worsen the demagnetization) [591]. In addition, monitoring the status of the magnet field is also helpful for preventing that reversible demagnetization evolves into irreversible [75]. As depicted in Figure 39, the diagnosis of demagnetization may be performed differently depending on whether it occurs locally or uniformly.



Since local demagnetization can give rise to back-EMF harmonics, these may be used for diagnosis of this kind of fault. The specific components to be monitored depend to a great extent of the machine design [74,77,78]. The methods available in the literature for detection of local demagnetization in multiphase drives, based on this principle, are summarized in Table 23. If a certain space harmonic is not contained in the stator winding function, the respective back-EMF harmonic does not arise after demagnetization. Conversely, if a given back-EMF harmonic is minimized in healthy conditions by instead selecting adequately the magnet pole arc, this harmonic is expected to increase as a consequence of demagnetization, and it could, thus, be used for demagnetization detection [77,78]. Furthermore, even if a back-EMF harmonic is not reduced by design in any manner, demagnetization could be detected by checking potential changes in its magnitude and phase [77]. In any case, if it is decided to avoid minimizing a certain harmonic during the design of the winding function (for allowing demagnetization diagnosis), it is advisable to do it for a back-EMF harmonic in a secondary subspace where significant current reference is not expected, so that torque pulsation does not occur when demagnetization arises [78]. This recommendation is respected in all the approaches displayed in Table 23, where the monitored harmonics belong to the (only) x-y plane and the x-y current reference is set to zero.
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Table 23. Methods for detecting magnet demagnetization (Section 11.2) in multiphase applications in the literature.
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References

	
Machine

	
Current Control with Zero Error at Monitored Harmonic

	
Monitored Harmonics

	
x-y Current Reference

	
Needs Extra * Sensors

	
Diagnoses Other Faults

	
Smooth Postfault Torque




	
n

	
WSA

	
Rotor






	
Gritli et al. [77,78]

	
5

	
Sym.

	
SPMSM

	
No

	
  − 7  th x-y voltage/current

	
0

	
No

	
No

	
Yes




	
Casadei et al. [76]

	
5

	
Sym.

	
SPMSM

	
Yes

	
  − 7  th x-y voltage

	
0

	
No

	
No

	
Yes




	
Tani et al. [68]

	
5

	
Sym.

	
SPMSM

	
Yes

	
  − 7  th x-y voltage

	
0

	
No

	
High resist.

	
Yes




	
Mengoni et al. [74]

	
6

	
Asym.

	
SPMSM

	
Yes

	
5th x-y voltage

	
0

	
No

	
No

	
Yes




	
Gritli et al. [75]

	
6

	
Asym.

	
SPMSM

	
Yes

	
5th and   − 7  th x-y voltage

	
0

	
No

	
No

	
Yes








* In addition to usual stator-current sensors.











Similarly to other faults, such as high-resistance connections, it is shown in [77] by Gritli et al., that detection of local demagnetization should preferably be based on current-measurement or voltage-reference (control-output) harmonics depending on whether there is small or large impact of closed-loop current control on the corresponding frequencies, respectively. In agreement with this fact, it is proposed by Casadei et al., in [76] to detect local demagnetization of a five-phase SPMSM by monitoring the output of PI controllers rotating synchronously with the back-EMF seventh-order harmonic in the x-y plane. Furthermore, this technique is improved upon in [68] so that it is able to distinguish these faults from high-resistance connections, which mainly affect the fundamental component (see Section 4.2). Later, the same authors also monitor the seventh harmonic in [78] for detecting demagnetization, but argue that it is better to use the current spectrum instead of the voltage spectrum for this purpose, while using a current controller with low gain at this frequency. In particular, it is shown that the current harmonic is less influenced by the speed value than the voltage one, at least for the drive under study, with relatively small control bandwidth and for speeds in the range between   25 %   and   100 %   of rated speed [78].



Analogously to [68], Mengoni et al., manage to detect local demagnetization in [74] by also monitoring the amplitude of a back-EMF harmonic (control output) while employing a multifrequency current controller providing zero steady-state current error at the respective frequency. In this case, it is completed for a fifth-order harmonic, which is mapped into the x-y plane of an asymmetrical six-phase SPMSM. Furthermore, the fault severity is assessed by estimating the portion of magnet that is demagnetized. Further work is presented in [75], where a fault index is defined not only based on the fifth harmonic, but including information from the seventh-order one as well (also in x-y).



However, the preceding approaches are not suitable for uniform decrease in the magnet field. Regarding detection of uniform demagnetization, it should be noted that this type of fault is expected to be very similar regardless of the number of phases. Namely, it is principally reflected as a drop in the fundamental back-EMF component in the   α 1  -  β 1   plane. Therefore, it may be detected by applying identical methods to those employed in three-phase PMSMs, such as those described in [583]. For instance, the back-EMF reduction could be diagnosed by monitoring the magnitude of the back-EMF fundamental or by inserting search coils in the machine. These methods are sensitive to local demagnetization as well [583], but combining them with the aforementioned ones [68,74,75,76,77,78], specific for partial demagnetization, can be of interest for distinguishing between uniform or local kinds of demagnetization.




11.3. Tolerance to Permanent-Magnet Demagnetization


The techniques available in the literature for tolerating demagnetization faults in multiphase drives are summarized in Table 24. To prevent torque oscillations under local demagnetization, Gritli et al. [78] recommend to minimize the back-EMF harmonics of the healthy machine that are mapped into the   α 1  -  β 1   plane not by the geometry of the magnets and their field, but by nullifying the respective components of the winding function. For example, this is achieved in [75] by shortening the stator winding pitch by one slot so as to cancel the   α 1  -  β 1   eleventh-order space harmonic in an asymmetrical six-phase SPMSM. Moreover, as pointed out in several publications [68,74,76,77,78], the current references in the secondary subspaces where back-EMF components arise after demagnetization should be set to zero in order not to cause torque ripple. If a certain non-zero current reference is desired (e.g., for torque density enhancement [5,6,7,8,9,10]), it may be nullified just after a demagnetization fault is detected. In any case, smooth torque might be attained even in the presence of non-zero current and back-EMF harmonics in the same VSD subspace by setting suitable harmonic current references, analogously to similar approaches for three-phase PMSMs [563], at the expense of greater complexity and sensitiveness to uncertainties.
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Table 24. Methods for tolerating magnet demagnetization (Section 11.3) in multiphase applications in the literature.
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	References
	Method Description
	Reduces Torque Ripple Due to Local Demagnetization
	Reduces Impact of Flux Decrease





	Gritli et al. [74,75,78]
	Null winding-function   α 1  -  β 1   harmonics
	Yes
	No



	Gritli et al. [68,74,75,76,77,78]
	Zero x-y current reference
	Yes
	No



	Zhang et al. [178]
	Extra windings
	No
	Yes



	Wang et al. [129]
	Adopt PMaSynRM
	Yes
	Yes








The decrease in fundamental back-EMF due to magnet-demagnetization faults is tolerated in [178] by Zhang et al., by exciting extra windings that are inserted for this purpose in the stator slots of a six-phase symmetrical IPMSM.



Wang et al. [129] show that, in contrast to PMSMs, a PMaSynRM is particularly suitable for avoiding problems related to demagnetization, because in this kind of machine the torque provided by the magnets is only a small proportion of the total output torque. Similarly, it could be stated that an IPMSM is more tolerant to demagnetization than an SPMSM thanks to its reluctance torque. Moreover, embedding the magnets in the rotor makes them more protected both mechanically and magnetically [592].



Finally, it should be emphasized that it is highly advisable to limit the torque reference depending on the degree of demagnetization, to prevent worsening this condition because of the increased current requirement, as in three-phase drives [583].




11.4. Concluding Remarks about Permanent-Magnet Demagnetization


A relatively significant amount of research has been devoted to the detection of local demagnetization in multiphase PMSMs by monitoring the voltage or current harmonics that arise in the secondary subspaces when this problem occurs [68,74,75,76,77,78]. Compensating the x-y current harmonics in closed loop and monitoring the voltage ones (control output) [68,74,75,76] is preferred in terms of reduced losses, although the magnitudes of these components depend to a great extent on the speed [78]. On the other hand, uniform demagnetization might be diagnosed by keeping track of the magnitude of the fundamental   α 1  -  β 1   back-EMF or flux, analogously to three-phase drives [583]. As shown in Table 23, discrimination of faults different from demagnetization has only been addressed concerning high-resistance connections [68]. Further research should be performed for discerning other kinds of faults in the context of multiphase drives.



Concerning tolerance, a remarkable conclusion is that multiphase drives are inherently less prone to torque oscillations caused by local demagnetization. One of the reasons is that, as happens with harmonics generated by other causes [2], the back-EMF harmonics in the   α 1  -  β 1   plane are fewer and of higher order than in three-phase drives. Another argument in this regard is that in multiphase machines it is possible to nullify the winding-function   α 1  -  β 1   harmonics and not the x-y ones, so that demagnetization can be detected by means of the latter without occurrence of torque pulsation. For this purpose, however, the current-reference in the secondary subspace/s should be set to zero [68,74,76,77,78], at least when demagnetization takes place. Nevertheless, even if these conditions are not met in a given multiphase drive, torque ripple minimization under local demagnetization may be tackled by setting suitable harmonic current references, similarly to three-phase drives with back-EMF harmonics [563].



The impact of the decrease in output torque as a consequence of magnet demagnetization can be diminished by adopting other machine structures, such as those with extra windings [178] or with embedded magnets and significant reluctance torque [129]. In exchange, the torque density may be worsened in comparison with machines that rely mainly on the magnet flux [240]. Additionally, the maximum torque reference should be limited to avoid a vicious cycle that could keep worsening the problem [583].



In any case, the existing publications (see Table 24) about tolerating magnet demagnetization in multiphase PMSMs are scarce, and, hence, more research effort on this topic in the coming years should be sought.





12. Other Types of Faults


Finally, it is worth discussing briefly some other kinds of drive faults that, although still scarcely addressed in the literature about multiphase drives, are of relevance as well.



12.1. DC-Link Capacitor Faults


A fault in a dc-link capacitor can be of various types: aging, OC, or SC [27,129,593]. Capacitor aging implies that the capacitance decreases and (mainly) the equivalent series resistance increases [129,594], which, in turn, worsens the current ripple [129]. DC-link capacitor OC leads to poor filtering in the dc bus and even instability [129]. Capacitor SC fault causes, most notably, overcurrent [27].



The main causes of failures in dc-link capacitors are electrical, thermal and mechanical (vibration) stress, as well as humidity [129,593,594].



To the knowledge of the authors, the detection of dc-link capacitor faults has not been addressed in the specific context of multiphase drives. In the future, it may be attempted to extrapolate existing detection methods for three-phase drives (e.g., based on monitoring the capacitor equivalent series resistance [594]) to higher phase numbers, or otherwise design special techniques exploiting the additional DOFs of multiphase drives to this end. On the other hand, a few publications have addressed the tolerance to capacitor failures in drives with more than three phases, as discussed in the following.



If the drive is supplied by a single dc source, it is possible to use several VSC modules (e.g., H-bridges or l-phase FBs) with their dc-link capacitors connected in parallel, in order to increase the tolerance to capacitor faults. A fuse can be inserted between each dc-link and the common supply line (see Figure 40), to prevent that a failure in one of these capacitors could cause the source to trip [27,130]. Capacitor aging or OC may not necessarily lead to high dc current and blow the respective fuse, but then the effect of the healthy capacitors in parallel may attenuate to some extent the performance degradation of the faulty module. Notwithstanding, the defective capacitor may worsen the behavior of the other VSCs in parallel.
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Figure 40. Topologies for tolerating dc-link capacitor faults based on modular VSC with fuses and parallel capacitors. (a) For H-bridge modules, as in [130]. (b) For l-phase HB modules, as in [27]. 






Figure 40. Topologies for tolerating dc-link capacitor faults based on modular VSC with fuses and parallel capacitors. (a) For H-bridge modules, as in [130]. (b) For l-phase HB modules, as in [27].
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An alternative solution is to install independent capacitors and dc sources for each module [e.g., as in Figure 9a–c,e] and turn the respective VSC off when an OC or aging failure occurs in its capacitor [129], completely avoiding the associated ripple. The same action can be applied in the scenario of a supply fault. In fact, these topologies also allow for better tolerance to faults in the power supplies (as indicated in Table 25) than the preceding one, which had a single dc source. When the faulty VSC module is disabled, the drive can be operated as for phase OC faults. In any case, the improvement provided in dc-side fault tolerance by this option comes at the expense of drawbacks, such as greater physical complexity and inferior performance in terms of SCL and maximum torque (once a VSC is turned off). The latter is due to the loss of current DOFs, as discussed in Part 2 and in Section 13.



If the capacitor fault is of SC type, for either of these topologies from Table 25, it may not be sufficient to just turn off the corresponding VSC module. In such scenario, an SC is in effect present at the stator terminals, through the free-wheeling diodes. This problem can be solved by opening the affected lines by means of extra elements (e.g., bidirectional switches), similarly to the case of switch SCs (see Section 6.3.1.2). Otherwise, the stator current can be kept within reasonable margins in spite of the SC by adopting a suitable machine design [27], as explained regarding stator SCs in Section 5.3.2.
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Table 25. Methods for tolerating dc-link capacitor faults (Section 12.1) in multiphase applications in the literature.






Table 25. Methods for tolerating dc-link capacitor faults (Section 12.1) in multiphase applications in the literature.





	References
	Topology
	Figure
	Tolerates Capacitor SC
	Tolerates Capacitor OC
	Tolerates Capacitor Aging
	Tolerates Supply Fault





	Various [27,130]
	VSC modules with capacitors in parallel, using fuses
	40
	Yes
	Partially
	Partially
	No



	Wang et al. [129]
	Independent VSC modules
	9a–c,e
	Yes
	Yes
	Yes
	Yes









12.2. DC-Link Power-Supply Faults


There are a few publications about fault tolerance in multiphase drives that discuss the particular case of failures in the power supply, such as [239], or the survey paper [25]. Concerning supply OCs or SCs, they are normally very similar to the scenario where the same fault type occurs in the dc-link capacitor (just reviewed), since the latter is typically in parallel with the supply (see Figure 8 and Figure 9). Thus, as with capacitor faults, modularity (independent supplies) is also convenient for tolerating supply OCs and SCs [25,239], and analogous actions can be applied when these failures arise.



If the supply fault is not OC/SC, but means a lower or higher supply voltage than expected, it can be understood as a shortage or excess in the dc-link voltage (e.g., due to a grid-voltage sag/swell), as discussed in Section 8.1 and Section 9.1, respectively. Accordingly, these problems can be tackled similarly to those ones (see Section 8.3 and Section 9.3).



The topology proposed in [239] (see Figure 13) is especially advantageous for supply faults (see Table 26), at the cost of a few extra devices. With this VSC scheme, it is possible to obtain identical performance as for healthy drive when one of the supplies is no longer working properly, rather than having to disable the corresponding VSC legs. Namely, in such a case, the faulty supply is isolated by means of the fuse and bidirectional switches in series with it in this topology, while the two dc-links at both sides of the windings are connected to each other by the switches placed between them.
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Table 26. Methods for tolerating dc-link power-supply OC/SC faults (Section 12.2) in multiphase applications in the literature.






Table 26. Methods for tolerating dc-link power-supply OC/SC faults (Section 12.2) in multiphase applications in the literature.





	Topology
	Figure
	Performance Degradation
	Refs.





	Independent VSC modules
	9
	Torque derating
	[25]



	Dual HB + (2+3n) fuses and 6 switches
	13
	No
	[239]









12.3. DC-Link Voltage-Sensor Faults


Sensor failure is one of the most common problems in ac drives [595]. It is a consequence, e.g., of the aging of the sensor components, which can be accelerated by harsh external conditions in terms of humidity, temperature, etc. [596]. It can be of various types, including gain drop, offset, intermittent interruption or total outage [597].



Failure of the dc-link voltage sensor is addressed by Wang et al., in [58] in the context of a six-phase PMSM with asymmetrical WSA and two neutral points driven by DTC. In general, with this type of control,   v dc   is employed for estimating the stator flux. Hence, a significant deviation in these values caused by a   v dc   sensor fault can lead to drive breakdown if no actions are taken. It is proposed in [58] to check whether the variation of the   v dc   measurement with respect to the previous sample has changed over a certain threshold, in order to detect said situations rapidly. Just in case the sensor fault produces a relatively small   v dc   variation, a second check is performed: if the stator-flux values estimated by voltage- and current-based observers are too different from each other, and the x-y current magnitude does not increase notably after a fundamental period (for current-sensor fault, it would), then it is concluded that there is a   v dc   sensor fault.



Regarding tolerance to   v dc   sensor fault after being diagnosed, it can be performed by applying the difference between both stator-flux estimates to a PI controller, whose output then yields the error between the actual and measured   v dc   values [58].




12.4. Current-Sensor Faults


Current-sensor faults are also studied in [58] for the same scenario just described, i.e., a DTC-based asymmetrical six-phase PMSM drive. In presence of a fault of this kind, although the actual x-y currents do not increase (there is no x-y closed-loop control), the measured x-y values do. In particular, the trajectory described by the measured x-y current becomes a straight line, whose slope depends on the specific sensor that is faulty. Phase OC faults also produce linear x-y current trajectories, but with slopes different from the previous case. This behavior also differs from that of switch OC faults, where the linear current trajectory only is seen in one half of the x-y plane, instead of both halves. These characteristics are assessed and exploited for the diagnosis in [58], which takes one fundamental period.



The tolerance to a current-sensor fault is attained in [58] by estimating the current corresponding to the faulty sensor. Namely, it is calculated based on the assumption that the actual x-y current is nearly zero. Nonetheless, special care should be taken regarding the x-y current due to system non-ideal behavior (dead time, asymmetries, saturation, etc.), which is known to become typically very large in multiphase drives if left uncompensated [134,135,137,139,487,488,493,494]. Alternatively, to avoid implementing current estimation algorithms, as well as undesired effects (e.g., torque ripple) that could arise under estimation inaccuracies, the line corresponding to the faulty sensor could be opened and a method tolerant to phase OCs (see Part 2) could be then adopted, at the expense of requiring isolation devices and torque derating.



A different method for diagnosing current sensor faults is presented by Yao et al., in [57], for five-phase PMSMs. It is based on monitoring the   d 1   current an applying empirical mode decomposition, Hilbert transform, variable-parameter particle swarm optimization and support vector machine. This technique is able to distinguish from phase OCs. Although the effectiveness of this procedure is proved by simulation results, it is complex and relatively slow. Furthermore, the behavior under varying or uncertain conditions is left for further research.




12.5. Control-Unit Faults


The sources of control-units failures can be related to either hardware or software, such as chip defects, low/high supply voltage, memory problems, overflow or calculation errors [56]. The consequences can be of different types. The system can be easily designed so that, if a control platform is completely turned off spontaneously due to a fault, the generated gating signals open all the corresponding VSC switches. In this regard, it may also be helpful to employ a different controller, or even redundant ones, for each VSC module [25,56]. However, the aforesaid problems do not necessarily mean immediate and total disabling of the control unit. Torque and current deviations caused by calculation errors are particularly difficult to detect and handle [56].



In the 2012 survey paper [25], Bennett et al., recommend assigning a different microprocessor to each lane of a modular drive, so as to improve the tolerance to a controller fault. Communication between the various processors is used for proper diagnosis of different types of failures. The switches to turn off the modules are controlled by the other units as well, through a voting system.



Noh et al. [56] studied a two-sector six-phase PMSM with FSCWs driven by two independent three-phase modules in an electric vehicle. Each module comprised a separate battery, a three-phase VSC and a couple of microcontrollers (main and auxiliary). That is, there were four microcontrollers in total. The torque command was computed individually in each of the four microcontrollers, based on the same inputs. The two main microcontrollers included both torque and current controllers, but the only part that was redundant with the auxiliary ones was the calculation of torque commands. The various torque references were compared in the two auxiliary units. If it was observed that one of the four torque commands was substantially different from the others, the respective microcontroller was labeled as faulty. In case the microcontroller with the failure was a main (not auxiliary) one, the corresponding module was isolated and afterward just the other three-phase sector of the PMSM was supplied. If the torque commands were similar and yet there was certain current differences between the two three-phase modules (e.g., due to deviation in measurement gains), the current values were then readjusted so that they became identical for both modules again [56].




12.6. Mechanical Faults


Mechanical faults comprise rotor eccentricity, breakage of bars or end rings in IM cage rotors, damage in the bearings or gearbox, misaligned or bent shaft, etc. [598,599,600,601]. Defective magnets are occasionally also considered mechanical failures, but this problem has already been discussed, within the ambit of magnet demagnetization, in Section 11. The literature about eccentricity, broken bars, and bearing faults is surveyed next.



12.6.1. Eccentricity


Eccentricity faults can be classified into static or dynamic eccentricity. For static eccentricity, the rotor rotates around the axis at the geometrical center of the rotor, but the latter is fixed and displaced from the central axis of the stator. For dynamic eccentricity, the rotation axis matches the axis of symmetry of the stator, but not the one of the rotor. In the former kind, the angular position of the minimum air-gap length does not vary with time, whereas in the latter it does. Usually, both types occur at the same time, which is known as mixed eccentricity [79].



These problems are mainly caused by bearing defects and shaft misalignment [79], although some level of eccentricity due to manufacturing tolerances is unavoidable, which tends to be aggravated with continued operation [598].



Both static and dynamic eccentricity lead to a proliferation of space harmonics in the air-gap flux [602]. Each of these harmonics is actually seen or not as a voltage harmonic in the machine stator depending on the magnitude of the corresponding harmonic in the stator winding function [603]. Furthermore, even if a certain voltage harmonic is present, it does not produce a current component when it is mapped in a VSD subspace where current flow is not possible (e.g., zero sequence for isolated neutral points). Moreover, the frequencies of these voltage/current components may be modified by the dynamic eccentricity [602]. Monitoring these voltage or current symptoms is one of the most common approaches for eccentricity detection in three-phase machines [598]. As with other faults, the voltage harmonics (e.g., in the PWM references) should be monitored instead of the current ones if there is a closed-loop current controller with significant gain at them (which happens especially at low frequencies) [79]. Detection of mixed eccentricity based on the per-phase voltage/current symptoms for a symmetrical six-phase IM with two isolated neutral points is performed by Andriamalala et al., in [79] (see the summary in Table 27). In any case, for this machine the symptoms are analogous to those of conventional three-phase IMs. Later, Mouche et al. [80] propose to detect static eccentricity by measuring the voltage between the two neutral points of an asymmetrical six-phase IM with three-phase splitting, at the expense of an extra sensor. Choi et al. [84] show, supported by tests with a five-phase PMaSynRM, that the accuracy in the detection of mixed eccentricity by current monitoring increases by combining the information of a greater number of phase currents.



It is important to remark that the eccentricity symptoms in the voltage/current signals can be predicted for any phase number by combining the equations from [602], which describe the space harmonics due to eccentricity and the associated time frequencies, with the expression that defines in which stator VSD subspace is mapped each space harmonic order in general (regardless of its origin) [140,214]. Comprehensive analysis and tests in this regard are provided in [604]. From this study, it can also be inferred that, as the space harmonics are distributed among a greater variety of VSD subspaces as the phase number rises, it becomes increasingly easy to discriminate between faults (e.g., static/dynamic eccentricities).
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Table 27. Methods for detecting eccentricity faults (Section 12.6.1) in multiphase applications in the literature.
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References

	
Machine

	
Monitored Spectrum

	
Eccentricity

	
Needs Extra * Sensors

	
Differs from n = 3




	
n

	
WSA

	
Rotor






	
Andriamalala et al. [79]

	
6

	
Sym.

	
IM

	
Phase current/voltage

	
Mixed

	
No

	
No




	
Maouche et al. [80]

	
6

	
Sym.

	
IM

	
Voltage between neutrals

	
Static

	
1 volt.

	
Yes




	
Choi et al. [84]

	
5

	
Sym.

	
PMaSynRM

	
Combined phase currents

	
Mixed

	
No

	
Yes




	
Malvar [604]

	
5

	
Sym.

	
IM

	
VSD current/voltage

	
Mixed

	
No

	
Yes








* In addition to usual stator-current sensors.











When it is detected that eccentricity exceeds an acceptable threshold, it is advisable to fix it as soon as possible, in order to prevent vibrations, unbalanced magnetic pull, shaft currents and further damage, such as bearing wear and rotor-stator rub [79,598]. In any case, if it is decided to continue operating during a certain time before correcting the eccentricity, in some cases it is possible to apply tolerant measures to attenuate the undesired effects. For instance, Keller et al. [179], after showing for a six-phase IPMSM that an asymmetrical WSA is much less prone to performance degradation due to static eccentricity than a two-sector WSA, present a control method to mitigate such effects in the latter. Yang et al. [180] reduce the vibration and radial force due to dynamic eccentricity in a nine-phase three-sector IPMSM by injecting suitable compensation currents. These actions [179,180] resemble to some extent the deliberate generation of radial force in multisector machines for a different purpose: bearingless operation [23]. On the other hand, it may be possible to extrapolate to multiphase drives the approach from [605], where the impact of eccentricity is substantially attenuated in a three-phase IPMSM by setting parallel connections of the stator coils.




12.6.2. Broken Rotor Bars


One or several bars of an IM cage rotor may crack or break due to phenomena, such as thermal (e.g., hot spots), mechanical (e.g., vibration), and environmental (e.g., humidity) stress [85,462,601]. Similarly to eccentricity faults, bar breakage also generates space harmonics (hence, voltage/current distortion), but with particular frequency characteristics that may be used to distinguish them [462,492,601]. The harmonics caused by broken bars also give rise to undesired torque and speed ripple [82,85].



As indicated in Table 28, the harmonic spectrum of the current and torque signals of six-phase IMs with either symmetrical or asymmetrical WSA under one broken bar are analyzed by Maouche et al. [82] so that it can be used for diagnosis. The current signature for the asymmetrical WSA is further studied in [83], where it is concluded that special care should be taken to avoid misdiagnosis because of the non-ideal converter/machine asymmetries and the effect of the closed-loop current control. Abdel-Mageed et al. [85] show that an asymmetrical six-phase IM exhibits larger stator-current symptoms with one or two broken bars than a similar three-phase IM (analogously to, e.g., rotor slot harmonics; see Section 7.3.2.1); in addition, they propose to use neural networks for the fault detection. On the other hand, Farag et al. [62] show that the indices used for detecting phase OCs or high-resistance connections (based on x-y current) are robust to bar breakage in a symmetrical six-phase IM, while the broken bars could be detected from the   α 1  -  β 1   or phase current spectrum as in a three-phase IM.
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Table 28. Methods for detecting broken bars (Section 12.6.2) in multiphase applications in the literature.
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References

	
Machine

	
Monitored Spectrum

	
Broken Bars

	
Needs Extra * Sensors

	
Differs from n = 3




	
n

	
WSA

	
Rotor






	
Maouche et al. [82]

	
6

	
Asym./sym.

	
IM

	
Phase current or torque

	
1

	
No

	
Yes




	
Maouche et al. [83]

	
6

	
Asym.

	
IM

	
Phase current

	
1

	
No

	
Yes




	
Abdel-Mageed et al. [85]

	
6

	
Asym.

	
IM

	
Phase current (neural network)

	
1, 2

	
No

	
Yes




	
Farag et al. [62]

	
6

	
Sym.

	
IM

	
  α 1  -  β 1   or phase current

	
1, 2, 3

	
No

	
No








* In addition to usual stator-current sensors.












12.6.3. Bearing Faults


Damage in the bearings can happen because of causes including vibration, rotor eccentricity, corrosion, bearing currents, improper lubrication or installation, contamination of external particles, etc. [462]. In turn, this failure leads to an increase in machine problems, such as eccentricity and vibration [462]. In fact, vibration monitoring is one of the most common approaches for the detection of bearing faults [81,462]. Nonetheless, it is preferable to avoid the use of additional transducers and instead rely on the current measurements, which nowadays are typically found in available ac drives.



Bearings consist of an inner and an outer ring, with balls or rollers between them [462]. The possibility of monitoring the stator phase-current harmonics for detection of damage in the outer ring is analyzed in [81] for an asymmetrical six-phase IM. Namely, it is shown that side-band harmonics around the fundamental and rotor-slot harmonics can be employed for this purpose. To the knowledge of the authors, the diagnosis (or tolerance) of bearing faults in multiphase drives has not been tackled yet by any other publications, and it is thus a topic of special interest for future research.





12.7. Concluding Remarks about Other Types of Faults


There are certain kinds of faults that have barely been studied yet in the context of multiphase drives. That is the case of failures in the sensors of dc-link voltage or stator current, in the power supplies, dc capacitors and control units, as well as mechanical faults, such as eccentricity, broken bars, and bearing damage. The detection and tolerance of these problems can be expected to increase the lifetime, reduce the necessary maintenance and improve the performance of these drives. Therefore, further research on this topic is of paramount importance. The possibility of future work addressing the exploitation of the extra DOFs of multiphase machines to this end is particularly promising. In fact, the initial attempts that are available reveal that multiphase drives offer excellent features in this regard, such as enhanced tolerance to controller faults by using different control units for multiple modules [25,56], monitoring with reduced signal-to-noise ratio for eccentricity [84] or bar-breakage [85] detection, easier discrimination between fault symptoms thanks to the distribution of harmonics among a greater number of VSD subspaces [604], or the capability to compensate the effects of eccentricity [179,180]. Furthermore, even though the handling of some faults does not seem in principle easier than for three phases, it does anyway require specific analysis for higher phase numbers, because of the considerable differences; e.g., the current trajectories in VSD subspaces under current-sensor faults, which has only been addressed for asymmetrical six-phase machines so far [58].





13. Comparison of Drive Topologies Considering Multiple Fault Types


In view of the survey carried out in this paper for each class of fault, it is of interest to compare, at this point, in a general manner, the fault-tolerant capability depending on the drive topology for multiple kinds of failures. The number of current DOFs available for the drive control is an important figure of merit that can be used for this purpose. In the first place, recall that smooth torque can be achieved as long as at least two current DOFs remain [2]. In addition, broadly speaking, a higher number of stator current DOFs under faults has the following beneficial implications for a certain machine, assuming that the controller is suitably designed.



	
Greater achievable ripple-free torque, i.e., smaller derating, if any (see Part 2) [311,312,343,356];



	
Lower SCL (see Part 2) [343,356];



	
Better attenuation of the high current and torque ripple due to stator SCs (see Section 5) [101,252];



	
Better signal-to-noise ratio [84] and discrimination between faults [604] for diagnosis based on stator current (see, e.g., Section 12.6.1);



	
Enhanced possibilities for exploiting these DOFs for special purposes (in combination with fault tolerance), such as high-torque-density control [5,6,7,8,9,10], tolerance to encoder faults [86,185,188,199,214], or parameter estimation [11].






Accordingly, it can be stated that, usually, the higher the number of current control DOFs of an ac drive under a certain fault, the greater the degree of tolerance of the drive to such fault. On the other hand, an increased number of current DOFs for given machine has the following shortcomings, that should also be taken into account.



	
Worse dc-link utilization (fewer voltage components can be added without causing current) [24,143,311,312,606], which means poorer tolerance to dc-link voltage shortage (see Section 8);



	
Some current DOFs may give rise to significant uncontrolled current if, after a switch SC, current can still flow through the corresponding path but it is not controllable (no longer a DOF), e.g., the zero-sequence current in FB VSCs (see Section 6.3.1.4) [273];



	
Drive non-idealities, such as undesired asymmetries and harmonics can cause troublesome current components through these DOFs, either at low or high frequencies, worsening torque pulsation and efficiency even in healthy operation unless special measures are taken (e.g., specific control, extra inductors, etc.) [101,488];



	
More complex control and modulation techniques [311,312,606].






Table 29 shows the stator current DOFs for the main VSC topologies considered in the literature about fault-tolerant multiphase drives (cf. Section 3.2), where the integer variable   ξ ≥ 0   denotes the number of faults (for each column). For some of the VSC schemes several types of stator phase splitting (cf. Section 3.1.1) are studied, one per row. The categories of faults that are explicitly indicated in the table are those that normally alter the number of current DOFs: stator phase OCs, OC legs (i.e., legs with all switches kept open, either due to switch OCs or to isolation, e.g., after switch SCs), SCs between any stator phase terminals (terminal SCs), dc-link power-supply faults, and dc-link capacitor faults. The expressions given for phase OCs are also suitable for the cases where other types of faults (control units, current sensors, etc.) are converted into this kind of situation, in agreement with Figure 1. Other faults, such as SCs between internal points (not terminals) of the stator windings, or the other failures reviewed in this paper, do not alter the current DOF number and, thus, are not reflected in the table. Note that a single switch OC in a certain leg is normally converted into OC leg, except for multilevel VSCs, such as T-type ones, where the affected leg can still be employed without losing a DOF [103,276,277]. For each scenario in Table 29, the DOF expressions are obtained based on the discussion given in the corresponding sections of this paper (also including Part 2, concerning phase/switch OC faults).
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Table 29. Number of stator current DOFs of different combinations of VSC topologies and stator phase splitting for an n-phase machine depending on the fault scenario, for failures that alter the current DOFs, other than non-isolated switch SCs.






Table 29. Number of stator current DOFs of different combinations of VSC topologies and stator phase splitting for an n-phase machine depending on the fault scenario, for failures that alter the current DOFs, other than non-isolated switch SCs.





	
VSC Topology

	
Stator Splitting

	
Figure

	
Stator Current DOFs




	
Healthy Drive

	
 ξ  Phase OCs or  ξ  Terminal SCs

	
 ξ  OC legs (  ξ ′   Parallel Pairwise)

	
 ξ  Supply Faults

	
 ξ  Capacitor Faults






	
Single n-phase HB VSC

	
No

	
8a

	
   n − 1   

	
   n − 1 − ξ   

	
   n − 1 − ξ   

	
0

	
0




	
Single n-phase HB VSC

	
l-phase

	
−

	
   n − n / l   

	
   n − n / l − ξ   

	
   n − n / l − ξ   

	
0

	
0




	
Single (n+1)-phase HB VSC

	
No

	
8b

	
n

	
   n − ξ   

	
   n − ξ   

	
0

	
0




	
Single (n+  n / l  )-phase HB VSC

	
l-phase

	
8c

	
n

	
   n − ξ   

	
   n − ξ   

	
0

	
0




	
Single n-phase FB VSC

	
Single-ph.

	
8d

	
n

	
   n − ξ   

	
   n − ξ   

	
0

	
0




	
Series dc-side connect. of l-phase HBs

	
l-phase

	
8e

	
   n − n / l   

	
   n − n / l − ξ   

	
   n − n / l − ξ   

	
0

	
   n − n / l − ξ ( l − 1 )   




	
Series dc-side connect. of H-bridges

	
Single-ph.

	
8f

	
n

	
   n − ξ   

	
   n − ξ   

	
0

	
   n − ξ   




	
Parallel n-phase HB VSCs

	
No

	
8g

	
   n − 1   

	
   n − 1 − ξ   

	
   n − 1 −  ξ ′  / 2   

	
0

	
0




	
Parallel n-phase HB VSCs

	
l-phase

	
−

	
   n − n / l   

	
   n − n / l − ξ   

	
   n − n / l −  ξ ′  / 2   

	
0

	
0




	
Series dc-side connect. of parallel l-ph. HBs

	
l-phase

	
8h

	
   n − n / l   

	
   n − n / l − ξ   

	
   n − n / l −  ξ ′  / 2   

	
0

	
   n − n / l − ξ ( l − 1 )   




	
Single n-phase T-type three-level VSC

	
No

	
8i

	
   n − 1   

	
   n − 1 − ξ   

	
   n − 1 − ξ   

	
0

	
0




	
Single n-phase T-type three-level VSC

	
l-phase

	
−

	
   n − n / l   

	
   n − n / l − ξ   

	
   n − n / l − ξ   

	
0

	
0




	
Multiple independent l-phase HBs

	
l-phase

	
9a

	
   n − n / l   

	
   n − n / l − ξ   

	
   n − n / l − ξ   

	
   n − n / l − ξ ( l − 1 )   

	
   n − n / l − ξ ( l − 1 )   




	
Multiple independent (l+1)-phase HBs

	
l-phase

	
9b

	
n

	
   n − ξ   

	
   n − ξ   

	
   n − ξ l   

	
   n − ξ l   




	
Multiple independent H-bridges

	
Single-ph.

	
9c

	
n

	
   n − ξ   

	
   n − ξ   

	
   n − ξ   

	
   n − ξ   




	
Dual n-phase HB VSC

	
Single-ph.

	
9d

	
   n − 1   

	
   n − 1 − ξ   

	
   n − 1 − ξ   

	
  n − 1  ;0 if   ξ = 2  

	
  n − 1  ;0 if   ξ = 2  




	
Multiple independent parallel l-ph. HBs

	
l-phase

	
9e

	
   n − n / l   

	
   n − n / l − ξ   

	
   n − n / l −  ξ ′  / 2   

	
   n − n / l − ξ ( l − 1 )   

	
   n − n / l − ξ ( l − 1 )   









From Table 29, for phase OCs or terminal SCs the number of faults   ξ ≥ 0   matches the number of current DOFs lost with respect to healthy conditions. In the case of OC legs in VSC topologies consisting of VSCs connected in parallel pairwise [see, e.g., Figure 8g], the even number    ξ ′  ≤ ξ   is defined to represent how many of the  ξ  OC legs are in parallel. As shown in Table 29, in said configurations the DOFs are only reduced by    ξ ′  / 2  , because a line supplied by an OC leg can still conduct current as long as the leg in parallel with it is still operative. For instance, for a topology based on two parallel n-phase HB VSCs as in Figure 8g,    ξ ′  = 2   means that just one current DOF is lost, even if, e.g.,   ξ = 5  . It can also be observed in Table 29 that the DOF reduction under  ξ  supply or capacitor faults is  ξ  times the DOF number of each VSC module, when these failures are tolerated by deactivating the corresponding  ξ  modules. For topologies based on series dc-side connection of VSCs, faulty dc-link capacitors are assumed to be transformed into SCs (bypassed), at the cost of reducing the total dc-link voltage or increasing the voltage rating of each module beforehand [409,454].



It has been occasionally assumed in the past that an independent three-phase HB VSC [see Figure 9a] should be completely deactivated when it is affected by a single-phase OC. Presumably, this misconception may be due to the common approach of studying a multi-three-phase drive as a set of independent three-phase modules. From this perspective, a two-phase HB VSC yields significant torque ripple (assuming dc-link voltage ripple is prevented), which is undesired and should be avoided. In reality, when the multiphase drive is conceived as a whole, it is possible to suitably adjust the currents in the other VSC modules so as to compensate said torque ripple. In this manner, all VSCs can still work, with only one current DOF less (as reflected in Table 29), instead of three. This reasoning is applied, e.g., in [169] to a six-phase drive based on a pair of isolated three-phase HB VSCs under a phase OC, or in [168] to a twelve-phase machine fed by four HB VSCs under one switch SC. It is also similar to the operation of a machine fed by independent single-phase H-bridges, where the active power of a VSC unit would also be oscillating if considered individually, while the overall active power is smooth.



If there are switch SCs and they are not isolated (OC legs), other approaches are possible, as discussed in Section 6.3.1. Redundant legs [275,464,465] or additional bidirectional switches for dc-link-midpoint clamping [103,277,343] may be employed for avoiding the loss of any DOFs. Alternatively, other solutions can be applied in certain topologies without using extra hardware, not even for isolating the shorted switches. Namely, in configurations based on open-end windings, both terminals of a phase affected by a switch SC can be clamped to the positive/negative rail of the dc-link/s (see Section 6.3.1.4) [99,240,273], and in dual HB VSCs it is possible to set a virtual neutral point in the respective module [273]. The current DOFs for these possibilities are displayed in Table 30. It is assumed that the  ξ  switch SCs arise in different legs and phases. This table also shows that in this situation  ξ  uncontrolled current paths are present in FB VSCs, producing larger undesired current than in dual-HB ones [13,273]



For the sake of illustration, the values obtained from Table 29 and Table 30 are shown in Table 31 and Table 32, respectively, for the particular scenario of   n = 6   with   ξ = 1   (   ξ ′  = 0  ), which is arguably one of the most common in the literature.
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Table 30. Number of stator current DOFs and uncontrolled current paths of different VSC topologies and reconfigurations for an n-phase machine under non-isolated switch SCs (in different legs and phases).






Table 30. Number of stator current DOFs and uncontrolled current paths of different VSC topologies and reconfigurations for an n-phase machine under non-isolated switch SCs (in different legs and phases).





	
VSC Topology

	
Stator Splitting

	
Figure

	
Stator Current DOFs for Healthy Drive

	
  ξ   Switch SCs (Different Legs and Phases)




	
Reconfiguration (cf. Section 6.3.1

	
Stator Current DOFs

	
Uncontrolled Current Paths






	
Single n-phase FB VSC

	
Single-ph.

	
8d

	
n

	
Clamp both ph. terminals

	
   n − ξ   

	
  ξ  




	
Multiple independent H-bridges

	
Single-ph.

	
9c

	
n

	
Clamp both ph. terminals

	
   n − ξ   

	
  ξ  




	
Dual n-phase HB VSC

	
Single-ph.

	
9d

	
   n − 1   

	
Clamp both ph. terminals

	
  n − 1  ;  n − ξ   if   ξ ≥ 2  

	
0;  ξ − 1   if   ξ ≥ 2  




	
Dual n-phase HB VSC

	
Single-ph.

	
9d

	
   n − 1   

	
Virtual neutral *

	
   n − 1   

	
0








* Only valid if all switch SCs occur in the same HB VSC.
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Table 31. Values obtained from Table 29 for the particular case of   n = 6   with   ξ = 1   (   ξ ′  = 0  ).






Table 31. Values obtained from Table 29 for the particular case of   n = 6   with   ξ = 1   (   ξ ′  = 0  ).





	
VSC Topology

	
Stator Splitting

	
Figure

	
Stator Current DOFs




	
Healthy Drive

	
1 OC Phase/leg or Terminal SC

	
1 Supply Fault

	
1 Capacitor Fault






	
Single n-phase HB VSC

	
No

	
8a

	
5

	
3

	
0

	
0




	
Single n-phase HB VSC

	
3-phase

	
−

	
3

	
2

	
0

	
0




	
Single (n+1)-phase HB VSC

	
No

	
8b

	
6

	
5

	
0

	
0




	
Single (n+  n / l  )-phase HB VSC

	
3-phase

	
8c

	
6

	
5

	
0

	
0




	
Single n-phase FB VSC

	
Single-ph.

	
8d

	
6

	
5

	
0

	
0




	
Series dc-side connect. of l-phase HBs

	
3-phase

	
8e

	
4

	
4

	
0

	
2




	
Series dc-side connect. of H-bridges

	
Single-ph.

	
8f

	
6

	
5

	
0

	
5




	
Parallel n-phase HB VSCs

	
No

	
8g

	
5

	
5

	
0

	
0




	
Parallel n-phase HB VSCs

	
3-phase

	
−

	
4

	
4

	
0

	
0




	
Series dc-side connect. of parallel l-ph. HBs

	
3-phase

	
8h

	
4

	
4

	
0

	
2




	
Single n-phase T-type three-level VSC

	
No

	
8i

	
5

	
4

	
0

	
0




	
Single n-phase T-type three-level VSC

	
3-phase

	
−

	
4

	
3

	
0

	
0




	
Multiple independent l-phase HBs

	
3-phase

	
9a

	
4

	
3

	
2

	
2




	
Multiple independent (l+1)-phase HBs

	
3-phase

	
9b

	
6

	
5

	
3

	
3




	
Multiple independent H-bridges

	
Single-ph.

	
9c

	
6

	
5

	
5

	
5




	
Dual n-phase HB VSC

	
Single-ph.

	
9d

	
5

	
4

	
5

	
5




	
Multiple independent parallel l-ph. HBs

	
3-phase

	
9e

	
4

	
4

	
2

	
2
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Table 32. Values obtained from Table 30 for the particular case of   n = 6   with   ξ = 1  .






Table 32. Values obtained from Table 30 for the particular case of   n = 6   with   ξ = 1  .





	
VSC Topology

	
Stator Splitting

	
Figure

	
Stator Current DOFs for Healthy Drive

	
1 Switch SC




	
Reconfiguration (cf. Section 6.3.1

	
Stator Current DOFs

	
Uncontrolled Current Paths






	
Single n-phase FB VSC

	
Single-ph.

	
8d

	
n

	
Clamp both ph. terminals

	
   n − 1   

	
1




	
Multiple independent H-bridges

	
Single-ph.

	
9c

	
n

	
Clamp both ph. terminals

	
   n − 1   

	
1




	
Dual n-phase HB VSC

	
Single-ph.

	
9d

	
   n − 1   

	
Clamp both ph. terminals

	
   n − 1   

	
0




	
Dual n-phase HB VSC

	
Single-ph.

	
9d

	
   n − 1   

	
Virtual neutral

	
   n − 1   

	
0









This analysis also holds if stator phase connections  λ  different from star (see Section 3.1.3) are adopted, for VSC topologies where it is possible. Nonetheless, the uncontrolled current paths (loops) that exist within the stator windings for some  λ  (e.g., delta connections) can be helpful for naturally mitigating the SC current through shorted turns in case of turn SC faults (see Section 5.3.1.2) [270]. Furthermore, unlike the uncontrolled current paths of FB VSCs (see Table 30), the ones associated with stator phase connections are not excited by switch SCs.



From Table 29, Table 30, Table 31 and Table 32, it can be seen that in general VSC modularity is convenient for increasing the postfault current DOFs and, thus, the tolerance to many of the common drive faults. Setting single-phase splitting, which is the highest degree of modularity in the stator windings, is also advantageous in this regard, and it is normally associated with highly modular VSC topologies, such as FB and dual-HB ones. These benefits of drive modularity in terms of fault tolerance are usually acknowledged in the literature [2,24,27,240]. Nevertheless, they come at the expense of greater complexity and cost [373], not only because of the extra devices, but often also due to the requirement (if sought) of ensuring isolation between modules. Moreover, there are some important shortcomings of VSC and machine modularity, concerning fault tolerance, that are often overlooked and should be emphasized, as follows.



	
In topologies not based on open-end windings, increasing the modularity and isolation of the machine stator by splitting the windings into sets of fewer phases (e.g., 3-phase sets) results in reduced current DOFs and hence worse tolerance to the aforesaid fault types;



	
Adopting FB VSCs such as independent H-bridges in order to attain high modularity can be counterproductive for non-isolated switch SC failures, where the uncontrolled zero-sequence paths are excited leading to increased SC current;



	
The extra current DOFs provided by H-bridges tend to exhibit undesired currents due to non-idealities, even for healthy drive;



	
H-bridges imply inferior dc-link utilization, and, thus, lower tolerance to faults that mean reduced dc-bus voltage/s.






As a consequence, if a considerable degree of tolerance to multiple kinds of faults and performance is sought in a multiphase drive, an attractive option is to install a reconfigurable topology, so that it is possible to adequately alternate between the benefits of modular and non-modular schemes for each scenario during the machine operation. Advances in this direction have been presented during the last few years, e.g., based on alternating between FB and dual-HB VSCs for open-end windings [239], or on modification of the stator phase splitting [101,170,343].



In any case, for a given number of current DOFs, there are also other aspects of a drive topology that can make it preferable for fault tolerance. For instance, as discussed in Part 2, the performance under phase OCs depends to a great extent on the stator phase connections  λ  (as well as the dc-link utilization) [344,408] and on the specific phases that are affected [312,356,408]. Accordingly, topology reconfiguration in these terms has also been recently proposed for enhancing the postfault capability [408].



Developing new multiphase topologies or reconfiguration strategies with superior tolerance to multiple faults is a promising field of research for future work, particularly if performed in combination with smooth transitions (if any) and simplicity.




14. Conclusions


In this two-part paper, a comprehensive survey is presented on the topic of fault tolerance in multiphase drives. In Part 1, multiple types of faults have been considered, including high-resistance connections, switch and stator SCs, speed/position-sensor faults, dc-link voltage shortage and excess, machine-cooling faults, magnet demagnetization, capacitor, and supply faults, current- and voltage-sensor faults, control-unit failures, mechanical faults, etc. Phase and switch OCs are discussed in depth in Part 2. Since fault detection/diagnosis is crucial in a fault-tolerant drive, this aspect is also discussed for each kind of failure, in addition to the tolerant actions.



The literature on the subject has been classified according to different criteria, such as studied faults, types of machines and converters, fault-diagnosis and -tolerant methods, etc. These categorizations are helpful for researchers and practitioners, where they may immediately identify the papers dealing with the specific aspects of their interest, as well as the pros and cons of each of the existing detection/tolerance strategies.



From this division of the literature, it can be concluded that, although most of the available publications are focused on stator OC and (secondly) stator SC failures, an especially significant amount of research has been presented recently regarding encoder faults (e.g., speed/position estimation) and dc-link voltage shortage (e.g., overmodulation). The many other aforementioned kinds of faults have also been studied in some papers in the context of multiphase drives, particularly during the last few years, although to a smaller extent. In any case, there is still scope for much further research for all classes of failures. Based on the existing papers, remarkable emerging trends and open challenges have been identified in this review for each of these faults.



New literature has brought special attention to the fact that the extra DOFs of multiphase machines can be exploited not only for increasing the tolerance to faults that affect certain phases, but also for improving the detection and tolerance of most possible types of failures (even those affecting all phases), in comparison with three-phase drives. For instance, easier discrimination between fault symptoms can thereby be attained in the diagnosis of multiphase drives, as well as better signal-to-noise ratio in the current monitoring (e.g., for fault detection, speed estimation, etc.). Another example in this respect is the fact that less torque pulsation may be obtained when injecting signals for detection (e.g., of overheating) or tolerance (e.g., to encoder faults, dc-link overvoltage, etc.) purpose, or when harmonics arise due to faults (e.g., demagnetization, overmodulation, etc.). This advantageous behavior is a consequence of the various orthogonal subspaces where the electromagnetic variables are distributed.



Even though it has traditionally been assumed that increasing modularity leads to better fault tolerance, an overview taking into account numerous scenarios makes it possible to put this statement into perspective and to realize that it is not entirely true. Several exceptions, based on the existing literature, have been pointed out. Splitting electrically the stator windings into sets of lower phase numbers imply decreasing the current DOFs and, hence, the tolerance to many of the possible faults, except when setting single-phase stator splitting by means of open-end windings. Nevertheless, adopting open-end winding topologies and FB VSCs, such as individual H-bridges, often gives rise to undesired zero-sequence currents, which become especially troublesome when excited by switch SCs. Furthermore, the schemes based on FB VSCs provide lower dc-link utilization, and, therefore, worse tolerance to failures that mean reduced dc-bus voltage. In view of these aspects, it becomes understandable that new trends have emerged to improve the overall performance and tolerance by reconfiguring the drive depending on the kind of fault and operating conditions, e.g., by altering the degree of converter and machine modularity as appropriate.



Converting switch SCs into phase OCs by isolating the faulty legs has also been a popular approach. Presumably this may be one of the main reasons why the specific case of switch SCs has not been studied profusely in multiphase drives yet. Notwithstanding, this solution means reducing (derating) the achievable torque or increasing the converter rating a priori. Consequently, further investigation of novel techniques for tolerating switch SCs without opening the corresponding phases should be pursued.



Concerning stator SCs, the most common tolerance approach used to be applying an external SC to one or several phases, so that the flux linkage through the shorted turn/coils is passively decreased and the machine imbalance is mitigated. In contrast, recent papers have shown that it is preferable to keep switching as many converter legs as possible, and employ the respective current DOFs to actively reduce the resulting SC current or torque ripple by suitable current control strategies. However, both control goals have not been considered together yet. Moreover, it would be highly desirable to attempt attaining for stator SCs analogous advances to those that have recently been carried out for phase OCs, such as reconfiguration-less or FRMLS tolerant control. Obtaining IMs with satisfactory performance under stator SCs (especially turn SCs) is an important pending task as well.



It has also been noted that there are barely any publications about fault diagnosis and tolerance in multiphase multilevel topologies. A few recent works have been put forth regarding faults in some specific three-level converters such as T-type ones, but most multilevel configurations are yet to be studied under failures. This is particularly important for switch OCs/SCs, where these alternatives behave differently from two-level converters and offer promising prospects thanks to the switch state redundancy.



One of the main subjects to be dealt with in the future is the simultaneous consideration of numerous faults in a certain drive. The majority of the research efforts address one specific kind of failure, or a few of them at best, and, hence, in most cases there is no assurance that the proposed techniques would be able to work properly under different failures. Taking into account all (or nearly all) the potential faults, occurring either simultaneously or not, is thus expected to be of great interest for improving both the diagnosis and the tolerance of multiphase drives.



Given that the secondary DOFs of multiphase machines are frequently exploited for purposes other than fault tolerance, such as torque density enhancement, multimotor drives, integrated battery chargers, bearingless machines or parameter estimation, it is also of paramount relevance to perform further research on the adequate combination of these applications and fault diagnosis/tolerance, which have received little attention in conjunction yet. Actually, several current research efforts point in this direction.



In summary, the excellent fault-tolerant potential offered by multiphase machines has sparked considerable research that has not ceased to proliferate at an ever-increasing rate. Although some decades ago these drives were only considered more tolerant to faults that affected specific phases, the recent evidence that they are in fact preferable for many other failures as well have contributed to this renewed interest. Nonetheless, the latest publications also make evident that only the top of the iceberg has been addressed for the moment, and there are many open challenges that are still to be tackled in the years to come.
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Abbreviations


The following abbreviations are used in this manuscript:



	1ZS
	One zero sequence



	CB
	Carrier-based



	DOF
	Degree of freedom



	DTC
	Direct torque control



	EMF
	Electromotive force



	FB
	Full-bridge



	FCS-MPC
	Finite-control-set model predictive control



	FF
	Feed forward



	flop
	Floating-point operation



	FRMLS
	Full-range minimum-loss strategy



	FSCW
	Fractional-slot concentrated winding



	HB
	Half-bridge



	IGBT
	Insulated-gate bipolar transistor



	IM
	Induction machine



	IPMSM
	Interior permanent-magnet synchronous machine



	MLS
	Minimum-loss strategy



	MPC
	Model predictive control



	MRAS
	Model Reference Adaptive System



	MTS
	Maximum-torque strategy



	MZS
	Multiple zero sequence



	OC
	Open circuit



	PI
	Proportional-integral



	PMaSynRM
	Permanent-magnet-assisted synchronous reluctance machine



	PMSM
	Permanent-magnet synchronous machine



	PWM
	Pulsewidth modulation



	RFOC
	Rotor-field-oriented control



	SC
	Short circuit



	SCL
	Stator copper loss



	SPMSM
	Surface-mounted permanent-magnet synchronous machine



	SV
	Space vector



	SynRM
	Synchronous reluctance machine



	THD
	Total harmonic distortion



	VSC
	Voltage-source converter



	VSD
	Vector space decomposition



	WFSM
	Wound-field synchronous machine



	WSA
	Winding spatial arrangement



	ZOH
	Zero-order hold
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