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Abstract

:

The ever-increasing demand for higher-power dense electrical machines has resulted in different electrical, mechanical, and thermal stresses, which can eventually cause machine failure. For this reason, the management of stresses and losses must be thoughtfully investigated to have a highly reliable electrical machine. The literature agrees that winding losses are the dominant loss mechanism in many electrical machines. However, statements vary on how to mitigate these losses along with the aforementioned stresses. To avoid winding failure, a study of the various winding topologies would allow for a better consideration of the challenges and limitations in the performance of different electrical machines. To this aim, this paper introduces a comprehensive review for different winding topologies. Many reported cases in the literature are summarized and compared. Moreover, the utilization of additive manufacturing (AM) in the production of the machine windings is presented, showing a high level of maturity of this emerging technology. Finally, different challenges facing the design of machine windings are introduced including the AC high frequency losses, thermal management, mechanical and acoustic problems, insulation aging, automated production, and winding manufacturability.
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1. Introduction


Transition away from fossil-fueled vehicles is a key strategy in the fight against the harmful CO2 emissions and climate change. Therefore, transportation electrification is rapidly accelerating across the globe. Electric vehicles (EVs) are recognized as the future for a zero-carbon transportation sector. As the market of EVs is growing larger, more advanced electrical machine designs will be necessary.



Recently, one of the major research themes in the design of electrical machines is increasing the power density (or) power per volume [1]. The weight and size of the machine components play a vital role in the assembly of a higher power dense machine. In order to combine high performance with compact structure, material engineering for the active components (i.e., core or windings) as well as the passive components (i.e., insulation or heat exchangers) are necessary. Since the major part of the power losses is generated in the machine winding [2], it is important to limit these losses by the adoption of innovative winding topologies and improved thermal management [3].



The production technology of electrical machine windings always seeks for easily produced solutions with higher performance and lower cost. The manufacturing of machine windings basically depends on three main factors which are the electrical conductors, thermal and mechanical properties [4]. The selection of the electrical conductor usually is based on the electrical properties of the material such as the electrical conductivity. Also, the individual conductors or strands are usually coated with an insulating layer in order to provide the required electrical and thermal properties such as voltage rating and temperature class [5]. With this being said, appropriate material selection for the conducting material is important for high electromagnetic and thermal performances.



This paper provides a general overview about different multi-physic design aspects associated with the manufacturing of electrical machine windings. Such aspects include the electromagnetic performance, thermal management, and mechanical and noise troubleshooting. Many studies are compared and summarized more than any other previous work, offering a quick and comprehensive reference to the readers for a better selection of a suitable winding topology. The paper is divided to the following main sections. In Section 2, different conducting materials are introduced and compared. In Section 3, different magnet wire topologies are compared including round, rectangular, and litz wires. Section 4 shows different examples additively manufacturing coils. In Section 5, the common challenges facing the machine windings are presented, including AC high frequency losses, winding cooling, and insulation aging.




2. Conducting Materials


A magnet’s wire can be made from different materials depending on the required characteristics such as conductivity, mechanical performance, corrosion resistance, bending properties and temperature coefficient. In the following sub-sections, the standard winding materials are investigated along with other materials such as carbon nanotube, and the high-temperature superconducting windings.



2.1. Typical Materials of Magnet Wire


As a standard material, copper (Cu) has been widely used in many electromagnetic applications due to its high electrical conductivity (58 MS/m at 20 °C, 100% IACS–International Annealed Copper Standard). The combination of low resistivity and fair cost has led to a large yearly demand of the mined metal which is over 25 million tons with over 3% of annual increase rate [6].



Alternatively, wires made from aluminum may be used owing to their lower mass density as well as lower cost compared to copper. Compared to copper, one of the main disadvantages of aluminum is that it has a lower electrical and thermal conductivities, with 65% and 53% respectively, which make it a suitable choice for low-cost electrical machines and squirrel cage bars of the induction machines. However, in some high-speed applications, the disadvantage of low conductivity can be overlooked due to high frequency effects. Another disadvantage is that although the cost of the raw material of aluminum is dramatically lower than copper, the cost of the ready-to-wind aluminum magnet wire is very close or even similar to this in copper magnet wires. That is mainly due to the low demand and the relatively poor commercial availability. In [7], a comparison between both materials is conducted as shown in Figure 1. It is concluded that aluminum can be a better replacement for copper at high frequency domain.




2.2. Copper Alloys


In other occasions, an interesting combination between copper and aluminum metals can be used as in the copper clad aluminum (CCA) wire [8]. In these kind of wires, an aluminum rod is surrounded by a surface layer of copper with 5 to 15% of the overall cross section area [9]. Such compromise between copper and aluminum has many advantages. CCA wire has lower weight and cost than pure copper. Also, it is more conductive and reliable than pure aluminum. This conductor can be beneficial at high frequencies operation with the presence skin effect due to the copper cladding. Therefore, it is widely used in radio frequency (RF) antennas, cable television, and voice coils. Similarly, some other applications use special types of copper alloys such as silver-plated copper wire [10] or nickel-coated copper wires. The latter has been successfully used in extremely high-temperature electrical machines [11].




2.3. Carbon Nanotube


Recently, in some special applications, copper is replaced by other conducting non-metal material such as carbon nanotube (CNTs) and graphene [12]. These types of windings have the benefit of high conductivity with reduced mass density. Additionally, CNTs have low temperature coefficient, which means that their resistance will not increase remarkably when the temperature rises. Furthermore, there is no skin effect in CNTs, that is why they will have a better performance at high frequency application. In [13], for higher energy efficiency, a three phase 40 W, 15,000 RPM motor was designed using CNT concentrated windings, shown in Figure 2. In another application [14], a 5 hp coreless axial flux PM machine was designed using CNTs for lower windings losses.



Moreover, CNTs can be mixed with copper as shown in Figure 3. Compared to bulk copper windings, the mass density, when using 45% CNTs, is reduced by 40% [15]. Also, the electrical conductivity increased by over 25%. Thereby, these kinds of composites help in achieving high power density motors. In addition, unlike pure metals (Cu, Al, Ag, etc.) in which the electrical conductivity decreases significantly with temperature rise, the conductivity in CNTs–Cu composite deceases slightly with the same temperature rise as shown in Figure 4. Another important advantage of CNTs–Cu composite is the high current carrying capacity (Ampacity). For instance, a combination of 65% of CNTs and 35% of copper particles will not only reduce the conductor weight to half, but also it will increase the ampacity by over 100 times [15,16]. Figure 5 shows a comparison between the ampacity in metals with CNTs. The same figure shows that CNTs- Cu composite will merge between the high conductivity of metals and the high ampacity of CNTs.



Lately, there are some ongoing research development on CNTs such as Cu-Al-CNT composite [17] and nanometal interconnected carbon wires [18]. Finally, the electrical, thermal, and physical properties of CNTs and other conducting metals (Cu, Al, Ag) are listed in Table 1.




2.4. High-Temperature Superconducting (HTS) Windings


High temperature super conductors are considered one of the promising solutions for many electromagnetic devices and rotating machines such as those used in electric vehicles and ships [19,20]. The HTS conductor has the ability of carrying high current values with low amount of winding losses. Also, they are employed for achieving high efficiency and high-power density in many lightweight applications.



Many studies on HTS electrical machines have been reported in the literature [21,22,23,24,25]. An example to demonstrate, in [26], a 200 kW three-phase 6-pole synchronous motor was designed and tested. The rotor is assembled using 2G HTS field coils as shown in Figure 6. In these types of coils, the resistance transfer to zero state at the temperature near to 80 °K. Also, a cooling pipe with a rotating inlet is designed specially to transport the nitrogen liquid to the HTS coils.



One of the main applications of these superconductors are the HTS DC magnets. With a conductor current density of over 300 A/mm2, the HTS DC magnet can produce very high magnetic field up to 23 T [27].



The commercialization of HTS windings is still limited due to some technical issues such as the extreme mechanical stress which leads to a severe degradation in the performance of the conductors. Additionally, it is difficult to protect the magnets during unintended thermal runaway or at other worse heat scenarios.





3. Different Magnet Wire Topologies


3.1. Single Round and Stranded Wires


Single round wires are the standard choice for most electrical machines and applications [28]. Such conductors are typically placed randomly inside the stator slot [29]. Additionally, these conductors can be divided into multiple parallel strands for a better mitigation of AC high frequency losses caused by skin and proximity effects [30,31]. These windings have also high mechanical fixability, and consequently easier manufacturability and lower cost. However, such windings have a very low fill factor with a range of 35–45% [32]. Additionally, this topology has long end winding specially when using a distributed winding arrangement, resulting in a less efficient operation.



One of the common standards that defines the diameters of round and solid electrically conducting wires is the American wire gauge (AWG). The diameter of each gauge is an important factor for determining its current-carrying capacity. AWG can also be used in a stranded wire. In such case, the net area is the sum of the single strands areas without considering the intermediate airgaps. Thereby, for the same AWG, a solid wire will always have a slightly lower overall diameter. Unlike solid wires, stranded wires are identified by three numbers, the overall AWG size, strands number, and the strand AWG. For example, a 10 AWG 7/20 stranded wire is a 10 AWG wire made from seven strands of 20 AWG wire. Different conductor sizes of this wire gauge system are listed in [33].




3.2. Rectangular and Hairpin Wires


Rectangular conductors are a strong candidate for high performance electrical machines. Owning to its high filling factor and high thermal performance, this type of wire is considered as one of the most promising solutions for high-power density motors. Moreover, rectangular windings can be easily manufactured in an automatic mass production process, so it has a reduced cost. Currently, there are two common types of these windings which are hairpin winding and continuous multi-layer winding as shown in Figure 7 [34]. The hairpin wire has additional design advantages, such as the possibility of using fully close stator slots. This since the rectangular bar is inserted into the stator slot by pushing it from the stator side, not through the slot opening. Therefore, many manufacturers in the electric vehicle markets have already been using rectangular hairpin windings in many car models such as Chevrolet Bolt and Volt Hybrid. Also, the new generation of Prius cars in Toyota have been using the same high performance conductors. Two examples of electric vehicle motors applying rectangular hairpin are shown in Figure 8 [35,36].



Although the rectangular conductor looks promising, there are some challenges and limitations. For instance, with higher thickness compared to round or stranded wires, rectangular wires can be subjected to high eddy current losses especially at high frequencies. Moreover, in order to ensure that the hairpin winding is electrically continuous, there would be high number of bending and welding points required [37,38].




3.3. Litz Wire


Besides electrical machines, litz wire has been a vital component in the design of many electromagnetic devices such as inductors [39], transformers [40]. Litz wire is engineered so that it allows the current to be divided uniformly between strands. With twisted insulated strands, litz wire has been considered as a practical solution to mitigate the AC losses in the conductors of the electrical machines, especially at high frequency operation. Additionally, it has a relatively good mechanical flexibility compared to solid or rectangular conductors [41].



In terms of wire profile, as demonstrated in Figure 9, there are eight common constructions for litz wires starting from single twisted round strand (Type 1) [42]. Type 2 uses multiple bundles of type 1. Type 3 has three sub-levels of strands with bundles of type 2. Types 4-6 are similar to type 3 with an additional core and optional bundle textile. All of the previous six profiles have a round outer shape. Only types 7 and 8 have a rectangle shape with sub-conductors transposed equally along the axial length. Type 8 has a unique compact rectangular profile for high fill factor and better space utilization.



For the sake of low conduction losses and easy solderability, the insulation material used for litz wire is mostly Polyurethane (NEMA standard: MW 79—National Electrical Manufacturers Association). Sometimes, an additional nylon overcoat is used to increase the abrasion resistance and improve the winding space factor by applying an extra compaction on the strands. In this case the technical naming of the insulation type is Polyurethane Nylon-155 (MW 80) or Polyurethane Nylon-180 (MW 83) [43].



From small ballasts in fluorescent lighting to large generators in wind turbines, litz wire has been widely used in different applications as listed in details in as listed in details in Table 2 [44]. It is reported that types 2 and 8 are the most common wires for most kind of application. Both types are practically showcased in Figure 10 [45,46,47].




3.4. Orthocyclic Coils


An orthocyclically wound coil has the advantage of a high copper fill factor (often between 60–70%), resulting in a higher magnetic field with a regular distribution in the smallest possible slot area. These self-supporting coils can be designed in many different custom shapes, as shown in Figure 11, without a coil-former carrier. A transverse section of an orthocyclic coil have a honeycomb shape. So, these windings are manufactured with the densest possible stacking compared to their counterparts of random wound coils. Typically, Orthocyclic coils are wound with thermotank thermal bonding wire, where it is glued into a compact shape after heating [48]. These coils are also characterized by high quality factor, which means lower losses and better suitability under high frequency operation. Additionally, they have good heat conduction and high vibration resistivity.





4. Winding Insulation Systems


More than 30% of electrical machines can experience failure due to insulation problems [49,50]. Over the past two decades, the dielectric strength of insulation materials has been gradually enhanced. There have been plenty of efforts to reduce the insulation thickness for more efficient and compact design with lower manufacturing cost [51]. Despite the fact that the electrical insulation materials are passive components, they are considered as a very critical component in the design of electrical machines. The winding insulation is always used to prevent interconnection between the turns or between the winding and the core. Additionally, a farther protection can be provided to the body of the fully formed windings by impregnating or using suitable lining materials. That will help in the improvement of the physical properties including the mechanical ones such as mechanical stress resilience between conductors.



The insulating material is also the main criterium for the machine cooling and determining the maximum operating temperature of windings in the electrical machine. Accordingly, it defines the upper limit of the current that a wire can carry and hence the electrical loading and torque production. For instance, two identical wires with only different insulating material can withstand different levels of current density, despite having the same conducting material and cross section area. Any damage to the insulating material caused by overloading or hotspots can eventually cause machine failure. So, it necessary to select the insulation properly to provide the machine with the ultimate protection under worst heat scenarios including faults.



According to IEC standard 60085, the electrical insulations are classified based on their maximum temperature as shown in Figure 12. The upper temperature limit in each insulation type is determined by three main terms; the ambient temperature (usually 40 °C), the permissible temperature rise, and safety margin. If the machine operating temperature exceeds the maximum temperature of the insulation material, the lifetime of the insulation will substantially decrease. An example to demonstrate according to NEMA standard, a machine operating at 180 °C can run safely on a class H insulation for tens of thousands of hours. However, using class F will reduce the lifetime to 8500 h. Classes B or A will reduce the lifetime to 1800, 300 h, respectively.



It is very important to detect the weakness in the winding insulation in an early stage so that a scheduled maintenance or replacement can be performed before any expected severe failure. In this context, many in-depth studies has been reported in literature for testing and monitoring techniques. In [52,53,54,55], many surveys have been carried out on electrical insulation diagnostics associated with the ongoing research developments.



4.1. Insulation Materials


The winding insulation materials are classified and selected mainly based on their thermal class and withstand capacity. They can also be classified based on the type of the substances. The motor winding insulation can be either liquid-based such as (e.g., synthetic varnishes, risen, etc.) or solid material such as (e.g., glass, rubber, ceramics, etc.). Appendix A Table A1 shows different film insulation materials with their thermal class and advantages/disadvantages of each case. Similarly, Appendix A Table A2 provides the same classification for tapes and fibers [56].



In high rating electrical machines (50–500 kW), a more sophisticated insulation system will be necessary specially with rated voltages up to 3000 V. An example to demonstrate is shown in Figure 13a, which is a three-phase 350 kW asynchronous traction motor with a rated voltages of 1200 V [57]. A class 200 insulation system is designed and tested which consists of three main components. First, the winding wire insulation (turn insulation) consists of polyimide film combined with braided glass silk. Secondly, the main insulation on the coil sides and end windings are made of mica/glass silk tapes with aramid-fiber-reinforced mica. Finally, the overall installation is vacuum-pressure impregnated with silicone resin material to eliminate moisture and provide deeper penetration of insulation.



In lower rating electrical machines [58], traditional low-cost insulation paper is usually used between the phases and between the windings and the stator core as shown in Figure 13b. For a faster and more reliable insulation process, spray insulation can be used as shown in Figure 13c.




4.2. Failures of the Insulation System


There are three main reasons for failure in insulation material, which are thermal, electrical and mechanical stresses. The thermal stress is the root cause thermal ageing. For instance, a thermal overloading, caused by a small voltage unbalance of 3.5%, will increase the temperature by 25% in the phase carrying the highest current [59]. Subsequently, this will accelerate the aging process of the insulation material remarkably. In terms of electrical stress, the breakdown in dielectric materials can happen as a result of manufacturing defects, transient voltages and partial discharge including tracking & corona phenomena. However, these failures are most likely to occurs at an operating voltage above 600 V. As for the negative effect of transient voltage, it mostly appears at variable frequency drives, especially at the startup or stopping. Finally, the windings material can be exposed to mechanical stresses, particularly in the moving coils of the rotor. The mechanical force on the conductors is proportional to the square of the machine current, so it is expected that this force can be most damaging at the starting of a motor.




4.3. Testing Insulation


Before putting an electrical machine into action, or during a periodic maintenance and fault-finding process, insulation testing and measurements are necessary in order to verify its suitability. These kinds of tests are referred to as offline tests. Normally, the offline test is more accurate and direct without much experience needed compared to online monitoring. Several techniques of testing and maintenance have been discussed in details in many standards [60].



A commonly used test is the insulation resistance (IR) which can be measured using a megger device. This test is performed by applying a DC voltage between the windings and the machine frame/ground for a period of 10 min or more. The leakage current (usually in micro Ampere) is measured along with the test voltage and the insulation resistance can be calculated using ohm’s law. A temperature correction is also applied to the measured resistance if the test temperature is different from IEEE standard temperature (40 °C). Table 3 shows the standard DC test voltages for different rated voltages. The recommended values for the insulation resistance are also listed in Table 3 [59,61].



Additionally, the polarization index (PI) can also be calculated using this equation (PI = R10min /R1min), which is the ratio between the winding insulation resistance measured after applying the test voltage for 10 min to its value after 1 min. The PI is an important indicator to the dryness of the machine windings, especially if they are kept in a place with high humidity. A PI between 2–4 is considered a good value. Apart from IR and PI tests, other offline methods to test electrical insulation system are summarized in Table 4 [59,61,62].





5. Additive Manufacturing for Machine Windings


With the limited flexibility of the conventional techniques of winding manufacturing, standard shapes and standard materials are the only available options for the electrical machines. In this context, the interest in additive manufacturing (AM) of windings has been remarkably increasing recently [63]. Using AM has enabled new design solutions with unmatched geometrical flexibility, improved material utilization, and ease of manufacturability. The following examples are showing the latest advancements of AM in the design of machine windings, which are demonstrating different levels of maturity.



5.1. Shape-Profiled Coils


Only a few examples have been reported in literature of shape profiled windings. In [64], a coil is fabricated with different profiled turns using selective laser melting (SLM) as shown in Figure 14a. This coil is mainly designed for a low-loss filter inductor. A copper alloy powder is used to print the coil. However, the measured electrical conductivity was 51% IACS, which is very poor compared to commercial copper. In [65], shape profiled coils are introduced to minimize the AC high frequency loss in the electrical machine by reducing the interaction between the slot leakage flux and the cross section area of conductors. Using CuCr1Zr alloy, the electrical conductivity has increased significantly to 75% IACS. Further, the coil end windings are optimized as shown in Figure 14b for a better electromagnetic performance. Further, in [66], AM shape profiled windings with uneven layers are proposed for weight sensitive and high frequency applications as shown in Figure 15. With only 26% of the weight, this aluminum-based coil can limit high eddy current losses at high frequency.




5.2. Multi-Material Printing


All of the above examples are for coils printed using single material. Therefore, a post process is needed for adding coating for the coil turns. In order to avoid adding the electrical insulation in a post process, multi-material printing is introduced in [67]. Here, using 3D extrusion-based printing, the authors prototyped a copper coil simultaneously with ceramic insulation for a 32-kW switched reluctance machine as shown in Figure 16. Compared to conventional resin, the ceramic insulation of these coils managed to withstand a temperature of 300 °C, allowing for an increased current loading capability. Yet, thermal expansion of the multi-material parts is still quite challenging due to the introduced mechanical defects especially at high temperatures.




5.3. Integration with Cooling Channels


For a further thermal improvement, the printed coils can be integrated with cooling channels as shown in Figure 17. In Figure 17a, an aluminum alloy (Al-Si-Mg) is used as a feedstock for printing a concentrated coil with integrated cooling channels. With the proposed direct heat extraction, the coil reached a maximum current density of 100 A/mm2 [68]. Another example is shown in Figure 17b. Here, a liquid cooled copper coil is prototyped for induction heating [69]. Despite having no direct relation to AM machines, this example demonstrates the potential of 3D printing for commercial application. In Figure 17c, using SLM, coils with hollow conductors are printed two different materials of copper and aluminum alloys [70]. Targeting high power density electrical machines, the materials are compared in terms of chemical composition, electrical conductivity, and mechanical properties. It was found that Cu-Cr-Zr alloy will provide a high conductivity as well as good mechanical properties. However, building small details such as thin walls is still challenging. As for the Al-Si-Mg alloy, the electrical conductivity is about 50% of its value in the copper alloy. However, high electromagnetic performance is achieved at high frequency operation due to the higher resistivity provided by the aluminum-based coil against the high eddy currents.




5.4. Multi-Strand Windings


For high-speed electrical machines, the AC loss can be crucial specially at high frequencies. Therefore, using multistrands coils is a good strategy for the mitigation of skin and proximity effects. Using conventional stranded coils can reduces the fill factor remarkably to 30–40% specially if the strands are twisted. In the contrast, AM has better design solutions which combine multi-strand approach with high fill factor. An example is shown in Figure 18 for AM Roebel bar windings with twisted rectangular cross section strands [71]. Using SLM, copper powder is used with 99.95 % purity to guarantee the best possible electrical conductivity. Compared to the conventional Roebel bars, the time and cost required for machinery and bending steps of are no longer necessary. Using vacuum pressure die-casting, the individual strands are coated by pressing an impregnating material between the copper structures. As a result, the air is displaced to ensure an effective electrical insulation. Finally, the resistance at different frequencies is compared with conventional solid bars as shown in Figure 19. It is clear that the twisted Roebel bar has remarkably low AC losses specially at high frequencies.




5.5. Slotless, PCB Windings and Modular Electrical Machines:


Typically, slotless windings are used in small-size and very-high-speed electrical machines [72,73]. Unlike traditional windings, slotless windings can be easily arranged in the machine airgap. Also, with no slotting harmonics, the rotor experiences less eddy current losses as well as zero cogging torque. In [74], a six-coil winding was manufactured for PM brushless DC machine (BLDC) using a 1-mm sheet of copper as shown in Figure 20a. Although the initial prototype is manufactured using laser cutting, the authors declared that the optimized shape of these windings will only be possible to produce using AM due to the high degree of freedom. Besides, the fill factor of the AM windings will be much higher, and the machine torque can be improved by 24%. Another form of windings for the BLDC machine is using printed circuit board (PCB) as shown in Figure 20b [75]. Furthermore, integration of power electronics on the machines outer frame can be made as shown in the example shown in Figure 20c, which is referred to as modular electric machines [76]. In such machines, the stator core and the power electronic modules share the same cooling jacket to improve the machine power density.





6. Challenges and Design Solutions


To avoid the machine failure, the windings must have high qualifications in terms of electrical, mechanical, and thermal aspects. The following subsections investigate different challenges facing the design of machine winding from a multi-physic point of view.



6.1. AC Losses and Fill Factor


Commonly, the higher the slot fill factor, the better the winding thermal performance would be. However, in terms of electromagnetic performance, this is not applicable all of the time specially in many modern high-speed machines. The main reason is that, at high frequencies operation, the AC eddy current effects should be considered such as skin and proximity effects. That is why the winding design is more complicated, since there are different key factors should be accounted for, such as conductor shape, arrangement and allocation in the machine slots. Therefore, a tradeoff between the slot fill factor and the conductor AC losses is necessary to reach an optimum performance.



Many strategies have been reported in literature in order to tackle the AC high frequency conduction losses. The subdivision of the single conductor into smaller strands is the most common one. This method depends mainly on using less cross-sectional area for each sub conductor in order to provide a better distribution of the high frequency current between the conductor strands. However, it has been experimentally concluded that this technique is not good enough to mitigate the AC losses [77,78]. The main reason is the parasitic circulating currents between the strands which can reach high values despite the low cross section area of each one. Another technique, which can provide further loss minimization, is applying strands transposition such as in the cases of litz wire and Roebel bars. This way, the circulating currents can be effectively reduced, but with sacrificing the fill factor.



In [79], form-wound armature windings are developed for high-frequency 1-MW, 15,000 RPM PM synchronous machines (PMSM) as shown in Figure 21. By utilizing type-8 litz wire, the form-wound, concentrated windings have greatly reduced the AC loss. With a rectangular formed shape, a high copper fill factor is achieved, resulting in a minimized DC loss component. Also, for space requirement reasons, the wires are bent at the end-winding region.




6.2. Mechanical and Acoustic Considerations


Under high operating constraints, electrical machines can present mechanical and acoustic problems such as noise and vibration. That is why magneto-mechanical analysis is important to study the interactions between electromagnetism and mechanics [80]. In [81], multi-physic FEM for vibration and acoustic analysis of PM synchronous machine is reported including the electromagnetic forces acting on the stator windings. Additionally, the authors proposed mitigation techniques in order to damp these noises using active or passive noise control. In [82], the electromagnetic forces experienced by the end windings are calculated for a 900 kW, 4 poles induction machine during the transient current of a line starting circuit. The reliability of the winding insulation and support structure are both evaluated by the results from the electromagnetic force. In another study [83], a numerical approach for vibration analysis is introduced to study the winding influence on the mechanical response of electrical machines. This research highlighted the importance of accounting for the winding presence in the vibration analysis, which results in a reduction in the associated deformations and a shift in the frequencies of the deformation modes.




6.3. Thermal Management


Thermal management is an important aspect in design of an efficient electric machine [84]. Usually, the largest part of machine losses comes from the conductor losses. The thermal performance of the windings is one of the key limiting factors that define current carrying capacity, overloading capability, and operating range [85]. PM machines, in particular, requires a careful thermal analysis in order to avoid magnet demagnetization [86,87]. In [88], the authors investigated the effect of stator winding topology and the winding encapsulation material on the machine thermal performance. It was found that both factors have a strong influence on the thermal performance.



Conventional heat extraction methods, using shaft-mounted fans or housing fins, have a limited effect on the improvement of the machine thermal performance. For high-power density machines, advanced cooling methods are recently becoming more popular [89]. A common method is forced liquid cooling using water jackets or cooling channels, which can provide a more efficient heat dissipation.



In [90,91], the machine windings are directly cooled using 3D printed ceramic heat exchangers as shown in Figure 22. By occupying the unused space between the double layer concentrated windings, the power density of electric machines is increased without impacting the electromagnetic design. The microfeatures of inner channels are optimized using different shapes for a significantly improved cooling. Ceramics are selected due to their ability to withstand extremely high temperatures. As a result, the winding temperature rise is decreased by 44%. Also, a continuous current density of 35.7 A/mm2 is achieved while keeping the maximum winding temperature below 200 °C.



The above-mentioned direct cooling methods can provide excellent cooling capabilities within the active region of windings. Nonetheless, the heat dissipation at the end-winging part is not improved much.




6.4. End-Winding Cooling


End-windings are commonly identified as the main hot-spot of the electrical machines [89]. For a higher reliability of the cooling system, an improved cooling method is presented for stator end-windings of random wound electrical machines in [92,93]. As shown in Figure 23, using a dedicated liquid-carrying pipe, the proposed cooling method is very cost-effective and can be applied to different existing machines used in automotive traction.



In [94], a thermally conductive insert piece is proposed which encloses the stator end-windings, and provides more contact between the end-windings and the machine housing as shown in Figure 24. The thermal contact is further improved by making axial extensions that fill the triangular unused space between two adjacent coils. With these additional extensions inside the stator slots, the proposed indirect cooling concept is very effective compared to traditional cooling techniques such as forced air and water jacket. The current density is improved from 19.0 A/mm2 to 26.5 A/mm2 in 6/4 switched reluctance machine using this extended end-winding cooling inserts. Nevertheless, the introduced cooling system is only compatible with concentrated windings.




6.5. Insulation Aging and Partial Discharge


The lifespan of the electrical machine insulation system can be affected by different factors. For instance, thermal, electrical, mechanical and environmental stresses can cause an early failure of the insulation material [95]. By the way of example, a 10 °C increase in temperature halves the lifetime of the insulation system [59,96]. With this being said, having a reliable insulation system can save cost and time by avoiding unplanned maintenance.



Partial discharge (PD), in particular, has been identified as the most likely cause of failure [97]. With the increasing number of inverter-fed motors, new stresses have appeared concerning the high dV/dt switches (typically above 1 kV/μs). The associated over-voltage can reach twice the nominal voltage, which results in an acceleration in the insulation material degradation. These phenomena is usually accompanied by a glowing light (see Figure 25), which is mainly visible at the end winding, especially when the over-voltage is the largest and the turns insulation is the weakest. In order to decrease the risk of insulation breakdown, different studies have been reported to detect PD activity specially in random wound motors [98,99].




6.6. Automated Production and Manufacturability


In big scale production, automated coil forming is a highly recommended procedure for the manufacturing of the electrical machine windings. Unlike the manual-made coil, the machine-made one has a final neat shape and is more compatible with the slot area as showcased in Figure 26 [100]. This process differs from one machine to the other based on the type of the magnet wire and the shape of the slot. With the different flexibility of magnet wires, the coil can be formed with controlled turn positioning, others are placed randomly inside the slot, since it is hard to control the strand position inside the slot.



In terms of the slot shape, an example to demonstrate is the hairpin windings. Such coils can be easily used with a semi-closed or even closed slot design by axial insertion of conductors. However, a post-process of welding will be required to connect the hairpins. This type of process can be very time consuming specially with a high number of slots and conductors per slot. In order to avoid the welding process, a radially-inserted hairpin with a continuous conductor can be used. However, an open slot design will be necessary. The main disadvantage of hairpin conductors includes the less flexibility of winding configuration inside different slot shapes. That is due to the fact that the parallel sided slot shape is the only compatible shape, unlike stranded wires which can fill any slot shape such as a trapezoidal slot. All of the aforementioned challenges associated with the manufacturing of hairpin windings are explained in details in [101,102].



In [103], an alternative production process for windings of electrical machines is presented. Typically, the insertion of windings occurs in a slotted core structure of laminated soft magnetic material. Unlikely, the windings are assembled before the core is produced. However, this can be accomplished in powder core machines [104,105]. Interestingly, in such machines, the coils are firstly manufactured, then an iron powder core is added by molding compression. Therefore, certain specifications are required when a coil is produced. This includes low dimensional tolerances and high geometric accuracy. An example is demonstrated in Figure 27 of continuous wave-windings shaped in a ring of rectangular copper wires for a powder-core claw pole machine. The performance of these coils is compared with the conventional hoop coils for a claw pole machine with different pole-tip thickness as shown in Figure 28. It was found that the wave winding design has increased the flux linkage by nearly 50% compared to the claw pole with a hoop coil.





7. Conclusions


This paper provides a state-of-the-art review about different multi-physic design aspects associated with the manufacturing of electrical machine windings. Such aspects include the electromagnetic properties, thermal performance, and mechanical and noise problems. Many studies are compared and summarized more than any other previous work, offering a quick and comprehensive reference to the readers for a better selection of a suitable winding topology.



Material engineering of the different conducting materials have been overviewed. Moreover, this study provides new insights of the latest advancements in the field of additive manufacturing. Also, recent trends and progress of multi-material printing and integrated cooling channels are presented for better electrothermal performance.



Finally, different challenges are introduced that account for high frequency loss mitigation, mechanical and acoustic considerations, thermal management, partial discharge, insulation aging, and winding manufacturability. It is expected that new research studies will continue to push for more dense, reliable, and efficient electrical machines specially with the emergence of new manufacturing techniques such as 3D printing.
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Appendix A


Table A1 shows different materials for film insulation classified based on their thermal class [56]. Table A2 shows different materials for tap and fiber insulation classified based on their thermal class [56].
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Table A1. Classification of film insulation based on their thermal class [56].






Table A1. Classification of film insulation based on their thermal class [56].





	Film Insulation
	Thermal Class & NEMA Standard
	Pros and Cons





	Polyvinyl Formal
	Class 105 °C

MW15
	(+) Excellent abrasion resistance and compatibility with transformer oils (+) Good electrical properties • Used in Cryogenic applications

(−) Must be stripped before soldering (−) Should be annealed before application of varnish



	Polyurethane
	Class 155 °C

MW79

Class 180 °C

MW82
	(+) Excellent electrical properties for high “Q” coils. (+) Easily solderable at 390 °C/360 °C (+) Excellent film adhesion and flexibility (+) Good moisture and chemical resistance

(−) Not recommended for applications with the possibility of severe thermal overload



	Polyurethane-Nylon
	Class 155 °C

MW80

Class 180 °C

MW83
	(+) Good electrical properties (+) Easily solderable at 430 °C/390 °C (+) Excellent film adhesion and flexibility (+) Improved chemical and mechanical resistance from nylon overcoat

(+) Nylon overcoat provides low coefficient of friction

(−) Not recommended for applications with the possibility of severe thermal overload (−) Nylon overcoat is hygroscopic



	Solderable Polyester
	Class 180 °C

MW77
	(+) Solderable at 470 °C (+) Excellent thermal properties (+) Good electrical properties and moisture resistance (+) Good compatibility with varnishes and solvents (+) Improved thermal overload

(−) Low abrasion resistance compared to Nylon and Amide-Imide overcoat materials

(−) Preheat before varnishing is recommended



	Solderable Polyester Nylon
	Class 180 °C

MW78
	(+) Solderable at 470 °C (+) Excellent thermal properties (+) Good electrical properties and compatibility with varnishes and solvents (+) Improved thermal overload (+) Good moisture resistance (+) Nylon overcoat provides low coefficient of friction

(−) Nylon overcoat is hygroscopic (−) Preheat before varnishing is recommended



	Polyester Amide-Imide
	Class 200 °C

MW74
	(+) Excellent flexibility and abrasion resistance (+) Excellent thermal overload and moisture resistance (+) Superior dielectric strength (+) Good chemical resistance (−) Not recommended for use in oil-filled power and distribution transformers

(−) Must be stripped before soldering (−) Preheat before varnishing



	Polyester/Poly Amide-Imide Overcoat
	Class 200 °C

MW35
	(+) Excellent flexibility and abrasion resistance (+) Excellent thermal overload and moisture resistance (+) Superior dielectric strength (+) Good chemical resistance

(−) Must be stripped before soldering (−) Preheat before varnishing



	Polyimide Class
	Class 240 °C

MW16
	(+) Excellent flexibility (+) Excellent thermal overload and radiation resistance (+) Excellent chemical compatibility (+) High dielectric strength (+) Adequate abrasion resistance (+) Low outgas

(−) Must be stripped before soldering (−) Must be annealed before varnishing (−) Will solvent craze
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Table A2. Classification of tap and fiber insulation based on their thermal class [56].






Table A2. Classification of tap and fiber insulation based on their thermal class [56].





	Tape Insulation
	Max. Temperature
	Pros and Cons





	Polyester (PET) Mylar (Heat sealable grades available)
	135 °C
	(+) High dielectric strength (+) Good abrasion resistance (+) often used as binder or barrier under extruded jackets and textile serves or braids



	Nomex, (aromatic polyamide)
	200 °C (Up to 220 °C in special applications)
	(+) Excellent thermal properties (+) Excellent electrical properties (+) Excellent compatibility with varnishes, adhesives and transformer fluids (+) Thinner grades are flexible • Good resistance to tearing and abrasion



	Polyimide Kapton (Heat sealable & adhesive grades available)
	240 °C (Up to 400 °C in special applications)
	(+) Very high dielectric strength (+) Very good chemical resistance (+) Excellent mechanical properties



	Fiberglass Cloth
	determined by application and glass type
	(+) Excellent electrical properties at high temperatures (+) Conformable (+) Varnish compatible grades available (+) Excellent solvent resistance



	Mica
	determined by application and glass type
	(+) Excellent electrical properties at high temperatures (+) Flame resistant (+) Retains useful electrical properties during and after exposure to fire



	Fiber insulation
	Max. Temperature
	Pros and Cons



	Cotton
	135 °C
	(+) Low cost serving (+) Good resistance to abrasion (−) Poor space factor compared to Nylon or Polyester (−) Non-solderable



	Nylon
	155 °C
	(+) Good space factor (+) Excellent abrasion resistance (+) Solderable (−) Hygroscopic



	Dacron (Polyester)
	155 °C
	(+) Good abrasion resistance (+) Solderable (+) Slightly higher maximum operating temperature than Nylon (+) Better space factor than Cotton or Glass (−) poorer space factor than Nylon



	Nomex (High Temperature Nylon)
	250 °C
	(+) Good space factor (+) Good electrical properties at high temperatures (−) Non-solderable (−) Higher cost than other fibers



	Glass
	260 °C
	(+) Good electrical properties at high temperatures (−) Space factor equivalent to Cotton (−) Non-solderable
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Figure 1. Flat magnet wires [7]. (a) Copper; (b) aluminum. 
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Figure 2. Three phase 40 W, 15,000 RPM motor using CNT concentrated windings [13]. 
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Figure 3. Fabrication of CNT–Cu composite for high current density [15,16]. 
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Figure 4. Conductivity variation with temperature in CNT–Cu composite versus pure copper [15]. 
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Figure 5. Current carrying capacity as a function of the electrical conductivity of different conducting materials [15]. 
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Figure 6. Rotor design with HTS coils for 200 kW HTS synchronous machine [26]. 
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Figure 7. Types of rectangular windings (Left) hairpin winding; (Right) continuous multi-layer winding [34]. 
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Figure 8. Hairpin windings used in electric vehicle motors (Left) Chevrolet Bolt [35]; (Right) Toyota Prius 4th generation [36]. 






Figure 8. Hairpin windings used in electric vehicle motors (Left) Chevrolet Bolt [35]; (Right) Toyota Prius 4th generation [36].



[image: Machines 10 00563 g008]







[image: Machines 10 00563 g009 550] 





Figure 9. Different wire profiles for litz winding [42]. 
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Figure 10. Common types of litz wire (a) type 2: round profile [45]; (b) type 8: rectangle compacted profile [46,47]. 
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Figure 11. Orthocyclic coils with different custom shapes [48]. 
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Figure 12. Classification of the electrical insulation materials based on their upper temperature limit [IEC standard 60085]. 
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Figure 13. Different insulation methods. (a) A sophisticated insulation for high rating electrical machines [57]; (b) conventional interphase insulation paper [58]; (c) spray insulated winding [58]. 
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Figure 14. AM shape profiled windings. (a) Different thickness turns [64]; (b) optimized end windings [65]. 
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Figure 15. AM shape profiled windings with uneven layers for weight sensitive applications [66]. 
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Figure 16. Prototyping of a 6/4 switched reluctance machines (SRM) using AM multi-material coils of copper and ceramics [67]. 






Figure 16. Prototyping of a 6/4 switched reluctance machines (SRM) using AM multi-material coils of copper and ceramics [67].



[image: Machines 10 00563 g016]







[image: Machines 10 00563 g017 550] 





Figure 17. AM coils integrated with cooling channels. (a) Concentrated aluminum alloy coil [68]; (b) Induction heating coil [69]; (c) hollow conductors [70]. 
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Figure 18. AM Roebel bar copper conductors with rectangular cross section insulated strands (straight and bended shapes) [71]. 
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Figure 19. Comparison between the resistance of AM twisted Roebel bar and solid bar at different frequency levels [71]. 
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Figure 20. Brushless DC machines. (a) Six-coil slotless winding [74]; (b) PCB windings [75]; (c) modular axial flux electrical machine [76]. 






Figure 20. Brushless DC machines. (a) Six-coil slotless winding [74]; (b) PCB windings [75]; (c) modular axial flux electrical machine [76].



[image: Machines 10 00563 g020]







[image: Machines 10 00563 g021 550] 





Figure 21. Rectangular shape formed, concentrated litz-wire windings for high-frequency electric machines [79]. 
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Figure 22. Ceramic 3D-printed direct-winding heat exchangers for improved thermal performance [90,91]. 
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Figure 23. Split end-windings with cooling pipe passing through [92,93]. 
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Figure 24. Extended end-winding cooling inserts with inward heat extraction fins for switched reluctance machine [94]. 
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Figure 25. Typical partial discharge activity between adjacent turns in an inverter-fed motor [97]. 
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Figure 26. Automated coil forming versus manual coil forming [100]. 
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Figure 27. Wave-windings shaped in a ring of rectangular copper wires for a powder-core claw pole machine [103]. 
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Figure 28. Comparison between hoop coil (Transversal flux configuration) and wave windings (Radial-to-transversal flux configuration) for a claw-pole machine with different pole-tip thicknesses [105]. 
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Table 1. Conducting material electrical, thermal, and physical properties at 20 °C [15,16,17,18].
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	Property
	Unit
	Al
	Cu
	Ag
	CNTs





	Electrical Conductivity
	MS/m
	38
	58
	60.9
	10–100



	Thermal Conductivity
	W/(m.K)
	204
	387.7
	428
	450



	Specific Heat capacity
	J/(kg·°C)
	896
	393.5
	240
	717



	Mass Density
	Kg/m3
	2707
	8940
	10,500
	1500
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Table 2. Applications of different types of Litz wire [44].
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	Litz Application
	Examples
	Type





	Wireless Power Transfer
	• Vehicle Charging Systems
	2,8



	High Q Circuitry
	• Tuning Coils
	1,2,7,8



	Transformers & Torodial Transformers
	• Power Transformers
	1,2,8



	Inductors/Chokes
	• Motor Drive (Motor Controller) • Solar Inverters
	1,2,8



	Motors and Generators Linear

Induction Motors

Permanent Magnet Motors
	• Maglev Trains • Vehicle Propulsion

• Oil and Natural Gas Drilling

• Automatic Parts Movement • Wind Turbines
	2,8



	High Frequency Power Supplies
	• Drive the coils for many applications listed
	1,2,3,8



	Inverters
	• DC to AC
	1,2,7,8



	DC/DC Converters
	• Electric Vehicles • Automotive • Medical • Electronics
	2,7,8



	Low Impedance Grounding
	• Industrial Machinery
	2,7



	Tuning Circuitry in High Power Radio
	• VLF Radio Transmission
	5,6



	Induction Heating Coils
	• Induction Cooktops • Sealing Bottles (Adhesive Backed Aluminum)

• Mold Preheat Before Plastic Injection • Molten Metal Processing
	1,2,7,8



	Ballast
	• Fluorescent Lighting
	1,2



	Propagation of High Frequency

Power Litz Lead Wire
	• Leads to Thin Film Deposition Equipment

• Leads for Plasma Coating of Glass

• Leads to Induction Heating Blanket
	2,3,4,5



	Flywheel Energy Storage
	• Energy Storage
	2,7,8



	Plasma Containment Coils
	• Stellarator/Fusion Energy Experiments
	2



	Specialty Audio
	• High Fidelity Speaker Wire • Audio Interconnect
	All Types
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Table 3. Standard test voltages and recommended insulation resistance values [59,61].
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	Machine Rated Voltage (V)
	Dc Test Voltage (V)
	Insulation Resistance Value (MΩ)
	Insulation Level





	1000 or less
	500
	2 or less
	Bad



	1000–2500
	500–1000
	2–5
	Critical



	2501–5000
	1000–2500
	5–10
	Abnormal



	5001–12,000
	2500–5000
	10–50
	Good



	12,000 or more
	5000–10,000
	50–100
	Very good
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Table 4. Testing Electrical Insulation System using Different Offline Methods [59,61,62].
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	Test
	Main Purpose
	Pros and Cons





	Insulation Resistance (IR)
	finds contaminations and defects in phase-to-ground insulation
	(+) easy to perform, (+) applicable to all windings except for the rotor of a squirrel cage IM, (−) result is strongly temperature dependent



	Polarization Index (PI)
	finds contaminations and defects in phase-to-ground insulation
	(+) easy to perform, (+) less sensitive to in phase-to-ground insulation temperature than IR-test



	Winding Resistance/DC Conductivity Test
	detects shorted turns
	(+) easy to perform, (−) only detects faults



	DC High Potential Test (DC HighPot)
	finds contaminations and defects in phase-to-ground insulation
	(+) easy to perform, (+) if test does not fail, the insulation is likely to work flawlessly until the next maintenance period (+) more predictive character than IR and PI, (−) in case of failure repair required (destructive)



	AC High Potential Test (AC HighPot)
	finds contaminations and defects in phase-to-ground insulation
	(+) more effective than DC HighPot, (−) not as easy to perform as DC HighPot



	Signature Analysis of Terminal Voltage after Switch-Off
	detects turn-to-turn faults
	(+) signature analysis without influence of supply voltage unbalance, (−) test can only be conducted directly after switch-off



	Surge Test
	detects deterioration of the turn-to-turn insulation
	(+) only offline test that measures the integrity of the turn insulation, (−) test can be destructive



	Offline Partial Discharge
	detects deterioration of the phase-to-ground and turn-to-turn insulation
	(+) good practical results, (−) not applicable to low-voltage machines, (−) difficulty in interpretation of the data



	Dissipation-Factor
	detects deterioration of the phase-to-ground and phase-to-phase insulation
	(−) measurements on a regular basis required in order to trend the data over time, (+) able to determine the cause of deterioration



	Inductive Impedance
	detects shorted turns
	(−) undesired foreign influence on result, (−) not as easy to perform as the Winding Resistance test
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