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Abstract

:

The trend towards electrification in mobility has led to the increased use of silicon carbide (SiC) semiconductors. These semiconductors are more efficient but also present challenges related to electromagnetic interference (EMI) due to their higher voltage derivatives. This paper introduces a new high-frequency impedance model for electrical machines. The proposed model distinguishes itself from existing approaches by being entirely derived from Finite Element Method (FEM) simulations, which include capacitances in the magnetic simulation. This approach achieves a balance between computational efficiency and high accuracy across the entire frequency spectrum, ranging from 100 Hz to 50 MHz. The model provides valuable insights during the design phase and was rigorously validated using data from 28 samples of an industrial machine.
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1. Introduction


In the context of electrifying mobility, improving the efficiency of electrical drives to reduce pollution and decrease energy consumption is essential. The analysis in [1] showed that silicon carbide (SiC) devices can contribute to this objective by improving power density, dynamic response, and energy efficiency. Their high working frequency and low switching losses enable more compact inverter and motor designs with higher efficiency.



However, working with Wide-Band-Gap (WBG) switches at higher frequencies may cause serious electromagnetic interference (EMI) problems due to their high voltage derivatives, which could also affect the robustness of electrical machines. Converters supply electrical machines with frequency- and amplitude-modulated voltages, which can generate large voltage derivatives. As the frequency increases, these derivatives also increase, resulting in higher overvoltages at the motor terminals. This can deteriorate the insulation of the winding and even cause protection failures in the event of a short circuit or contact defects [2,3].



Additionally, modulated voltages can generate a common-mode voltage (CMV). The CMV is converted into a current that flows to the ground, which could damage the drive’s components. For example, the voltage induced in the shaft can cause bearing currents, leading to their deterioration. Additionally, it can affect other elements connected to the same network, such as sensors and safety systems in electric vehicles [4]. This phenomenon is referred to as conducted EMI and is usually analysed in the range of 150 kHz to 30 MHz.



Several solutions have been proposed to reduce the effects of undesired CMV in the shaft and bearings. These include using insulated or ceramic bearings; applying different conductive greases; and adding Faraday shielding, brushes, or shaft grounding rings [5,6]. However, these solutions only address the CMV effects on the bearings.



To reduce electromagnetic interference (EMI) throughout the entire electrical machine, shielded cables are recommended, along with grounding, to provide a low-impedance path for the CMV. Various inverters and modulation techniques have been proposed to reduce the generation of CMV from the source [5,7,8]. However, the most commonly used technique to prevent electromagnetic interference (EMI) from entering the grid is to add a filter to the drive [9].



Most solutions involve adding components to the drive, which increases its cost, volume, and weight, as well as the complexity of the system. Furthermore, add-ons are typically included only after EMC tests have failed and corrective action is required to comply with regulations and bring the product to market.



Therefore, an EMI strategy-based design should be implemented early in the development cycle to decrease product development costs, enhance reliability, and achieve the optimal solution. As a result, comprehending and predicting EMI noise using high-frequency models during the design stage is crucial to effectively manage this noise on the device level.



Most models proposed in the literature are empirical, with parameters calculated using analytical approximations from measurements or fitting procedures [10,11,12,13,14,15,16]. These models are generally more accurate and quicker to develop but require experimental prototypes for calibration. However, the design of electrical machines from the EMC perspective must be considered in the early stages of the design process, when prototyping is usually still not an option. Therefore, developing such a model using other means, such as Finite Element Method (FEM) simulations, before manufacturing is essential.



FEM machine models have previously been proposed for the design stage [17,18,19,20,21,22,23,24,25,26]. These models are mainly based on 2D FEM simulations, which model all the strands of the coils but require high computational capabilities and long simulation durations. Regarding the frequency range, most machine models do not exceed 10 MHz, or, even if they do (e.g., [17,27]), they may not provide accurate results throughout the entire range. Furthermore, the damping effect at the resonance point, caused by the behaviour of the ferromagnetic core at high frequencies, is frequently underestimated. For more details, refer to the comprehensive review of high-frequency analysis and modelling tools for electrical machines conducted in [28].



Two simulations are generally conducted: an electrostatic simulation to obtain the capacitance values in the equivalent model and a magnetic simulation to determine the inductance and resistance values. The resulting RLC values are then introduced into a circuit simulation tool, and the impedances are calculated. However, this approach causes the current that would flow through the capacitors to instead flow through the resistance and inductance in the magnetic simulations, resulting in different RL values. The inductance values may change at high frequencies as a result of capacitive couplings that cause the current paths to change.



In this paper, these capacitive couplings are considered during magnetodynamic FEM simulations to accurately compute the inductance values.



This paper presents a high-accuracy and low-computational-load simulation approach for calculating the high-frequency (100 Hz to 50 MHz) impedance of electrical machines. The novelty compared with other models is that the impedances, including the capacitances in the magnetic simulation, are calculated entirely via FEM simulations with a fast and accurate model.



In addition, while the models in the literature were mostly validated by measuring the impedance of one or two machines, in this study, the impedance of 28 industrial machines was used for validation. Thus, we could consider the influence of manufacturing tolerances on the impedance value.



This is a continuation of previous work in which high-frequency phenomena were analysed in detail using small and controlled coil models [29].



The structure of the paper is as follows. The methodology for modelling a high-frequency electrical machine is described in Section 2. Both electrostatic and magnetodynamic simulations are described in this section, with full and simplified definitions.



Then, a step-by-step validation of the model is presented in Section 3, starting with one coil of the machine and proceeding to two coils, one phase, and finally the whole machine. The difference between the full definition and the simplified model is also analysed in Section 3. Section 4 discusses the results in detail. Finally, in section Section 5, the main conclusions are outlined, and the future challenges for an effective EMC-oriented design are highlighted.




2. Methodology


This section presents a methodology that improves upon the methodology presented in [29]. As the parasitic capacitances change the current distribution in the windings, they are calculated initially with an electrostatic FEM simulation. Then, these capacitances are included in the magnetodynamic FEM model to obtain complete and accurate values for the desired common-mode or differential-mode impedances. Altair Flux™ 2023 (Altair Engineering, Troy, MI, USA) is used for this task. The process is summarised in Figure 1. The properties of the magnetic core must be defined properly in the magnetodynamic simulation to obtain accurate results.



2.1. Electrostatic Simulation


The capacitances between the conductors as well as the conductor to stator capacitances are calculated in the electrostatic simulation. Only one slot of the machine needs to be considered, and all the conductors in the slot are described with their insulating and impregnation materials.



The Gauss law method is used for this purpose, performing one simulation per conductor. In each simulation, all conductors are set to 0 V except one, the   j  t h    conductor, which is set to   V j   V. Then, the expression (1) is applied after solving the electric field distribution, where   Q  i j    is the charge of each conductor due to the voltage excitation:


   C  i j   = 2   Q  i j    V j    



(1)







Then, the stator is set to   V j   V, and the capacitances from the conductors to the stator are obtained.



As explained in [29], an   n × n   matrix of capacitances is obtained from the simulation, where n is the number of conductors per slot. Another   n × 1   matrix that contains the conductor-to-stator capacitances is also obtained from the simulation. These capacitances are required in the magnetodynamic simulation.



As mentioned in the introduction, a full conductor-based model is presented initially that individually simulates each defined conductor of the machine. Then, by using bulk coils instead of individual conductors, a simplified model is presented. A bulk coil is a group of x conductors that behave as a single unit. This simple model reduces the complexity and computation time of the simulation. The difference between the definitions of the two models is shown in Figure 2.



Taking into account the definition shown in Figure 2a, where 50 conductors per coil are defined, a capacitance matrix of   100 × 100   and 100 capacitive couplings to the stator are computed for the full definition model.



As Figure 2b shows, the simplified model is geometrically identical, but the conductors on either side of the slot are grouped and set to the same voltage. Thus, three objects are included in the simulation: two coil sides and the stator core. The individual conductors are still drawn to maintain as much geometrical detail as possible, even though only three nodes are defined and three capacitances are obtained: the coil side to the stator (  C  w s   ), the coil capacitance (  C w  ), and the coupling between the coil sides in the same slot (  C  w w   ).



Once the capacitive couplings are extracted in either of the definition models, a magnetodynamic simulation is conducted to obtain the common-mode (CM) and differential-mode (DM) impedances.




2.2. Magnetodynamic Simulation


The magnetic FEM model is geometrically identical to the electrostatic model. However, the former requires the correct definition of a fine mesh within the perimeter of the conductors to take into account the skin and proximity effects. Another key factor in this magnetic model is the correct definition of the magnetic core, which is explained in detail in core modelling section.



A single coil of the machine is shown in Figure 3 to compare the definitions of the detailed and simplified models.



For the detailed model (Figure 3a), all the conductors are drawn, and the mesh is adapted to the perimeter of individual conductors depending on the frequency. However, simulating the full machine (our main objective) would mean simulating 100 conductors per slot, in a machine of 36 slots. Even applying symmetries and periodicities, the full model would require an excessive computational load due to the many capacitive couplings and the fine mesh in individual conductors.



The simulation time and computational load can be significantly reduced if the coil is simplified to a bulk coil, as shown in Figure 3b. Defining the turn number and conductor diameter and only drawing the slot perimeter, as in low-frequency models, the skin and proximity effects are taken into account by the simulation software. This avoids drawing all the conductors with a fine mesh.



Once the geometry is defined, the circuit and its connections must be linked. The equivalent circuit of one phase is shown in Figure 4.



Figure 4a shows the full definition circuit, where n is the number of conductors in one phase. Each conductor is coupled to all other conductors from the same slot via capacitances. A capacitance also exists between each conductor in the slot and the stator.



For the simplified definition circuit in Figure 4b, m is the number of coils, and capacitive couplings only exist between the coil sides (  C 1  ), between the coils in the same slot (  C 12  ), and between the coils and the stator (  C  1 g   ); thus, the number of couplings is considerably reduced.



The validation and comparison of the models is presented in Section 3.1, considering the impedance of one coil of the machine.



Core Modelling


Normally, when modelling an electrical machine with the FEM, the core material is defined by a constant permeability or, if more accuracy is required, by its BH curve. The iron core losses can then be post-processed using different methods [30]. The ferromagnetic cores in the machines are laminated to limit the eddy current losses in the working frequency.



However, at a high frequency, the skin depth is less than the lamination width, and the eddy currents are enhanced in the core surface. This increases the losses and creates a shielding effect that prevents the magnetic flux from penetrating the core, reducing the inductance of the coils. To model this effect in detail, a 3D FEM model would be needed to simulate a magnetic core with individual sheets [31]; however, this would require considerable computational effort.



According to the literature, a suitable method for investigating the eddy currents induced in a laminated magnetic core without considering each laminated sheet is to determine the frequency-dependent effective complex relative permeability [18,21]. This method also includes hysteresis losses.



In Figure 5, the impedance of one coil of a machine is shown. On the one hand, the BH curve simulation overestimates the impedance around the resonance point, as the shielding effect and the core eddy current losses are not taken into account. On the other hand, with the complex permeability, the impedance matches the measurement, and the resonance point is damped.



The complex permeability model is derived from simplifying Maxwell’s equations inside the laminated sheet to a one-dimensional problem. The complete development of the equations is shown in [32,33] but will be reviewed here for clarity.



Taking into account a single rectangular laminated sheet, as in Figure 6, and assuming that the current is in the y direction, the magnetic field is


     ∂ 2   H z   ( x , t )    ∂  x 2    =   ∂  H z   ( x , t )    ∂ t    



(2)







Solving Equation (2) results in two waves in the opposite direction, with the propagation constant defined as   γ =   1 + j   2 δ   =   j ω μ σ    , where  δ  is the skin depth. Assuming symmetric boundary conditions for each side of the sheet, the magnetic field inside of the sheet is


   H z   ( x , t )  =   H 0   1 +  e  − γ w      (  e  j ω t − γ ( x + w )   +  e  j ω t − γ ( x − w )   )   



(3)







The magnetic flux can be calculated as


   〈  B z  〉  =  1  A  c r o s s     ∫  − w  w  μ  H z   ( x , t )  Δ y  d x =    H 0   e  j ω t   μ  γ   tan h   ( γ w )   



(4)




where   A  c r o s s    is the cross-sectional area of the sheet. Then, the effective permeability   μ  e f f    in the z direction of the laminated sheet can be calculated as follows:


   μ  e f f   =   〈  B z  〉    μ 0   H z  e x t     =  μ  l o c a l     μ ′   ( f )  − j  μ  ″    ( f )    



(5)




where   H z  e x t    is the external field, and   μ 0   is the permeability of free space. The local permeability (  μ  l o c a l   ) can be measured or estimated using an optimisation algorithm [33]. When measuring the impedance of the electrical machine, the injected current is low, at around 0.1 A, so the core is operating in a low-magnetisation zone.



Finally, in (6),   μ ′   is the real part of the complex relative permeability, representing the energy storage in the core, while the imaginary part (  μ  ″   ) represents the losses of the component:


       μ ′   ( f )      =  μ  l o c a l    δ w     sinh ( w / δ ) + sin ( w / δ )   cosh ( w / δ ) + cos ( w / δ )           μ  ″    ( f )      =  μ  l o c a l    δ w     sinh ( w / δ ) − sin ( w / δ )   cosh ( w / δ ) + cos ( w / δ )         



(6)







As the magnetic core of the analysed machine comprises M800-65A electrical sheets, the local permeability and resistivity of this material is defined using a wound toroid of M800-65A magnetic sheet, as shown in Figure 7.



The resistance and inductance of the toroidal coil are measured. From these, the complex permeability observed in Figure 8 is obtained, which agrees with the proposed complex permeability model (6).



  μ  ″    is zero at a low frequency, as no losses occur in the component, and it increases with the frequency. The initial value of   μ ′   is equal to the local permeability. A low value of around 105 confirms that the core is operating at a low-magnetisation working point during the measurement. When the shielding effect appears, both permeability values decrease.






3. Modelling of an Electrical Machine—Validation


In this section, the high-frequency FEM simulation of an electrical machine is validated with experimental measurements. The main parameters of the machine are shown in Table 1.



First, the two models were validated and compared with the impedance of a coil. Then, as the simplified definition model was found to be valid, a step-by-step validation was carried out using this model. We started by validating the impedance of two coils in series, followed by a full phase of the machine and, finally, the three phases of the full winding of the motor. The simulation results were compared with experimental measurements obtained using a Bode100 Impedance Analyser from Omicron (Austria).



3.1. One Coil


Common-mode (CM) and differential-mode (DM) impedance measurements of one coil were obtained as shown in Figure 9.



Both the full and simplified models agreed with the measurements throughout the frequency range, though their accuracies differed, as shown in Figure 10. The simplified model demonstrated greater attenuation at the resonance point.



Additionally, the detailed model exhibited more resonances within the 10–30 MHz range, which were not observed in the simplified model. This discrepancy arose from the fact that the simplified model disregarded the capacitances between conductors and instead incorporated them as coil-to-coil capacitances. As a result, the intricate capacitive couplings responsible for generating these resonances were not accounted for in the simplified model. The primary resonance at 10 MHz in the common mode was attributed to the initial turns of the coils.



The simplified model displayed considerable benefits in terms of its simplicity, reduced number of parameters, and shorter simulation duration, allowing for future optimisation processes, as demonstrated by Table 2.



To obtain the matrix capacitance for a coil of 50 turns with the full definition model, 51 electrostatic simulations were needed, with a consequent increment in the number of nodes in the magnetodynamic circuit. The simple definition model reduced the simulation time by 66%.



The primary aim of this study was to create a comprehensive model of a machine. Initially, sacrificing a degree of accuracy and simulation speed by using a simplified version of the model is acceptable, as achieving a detailed definition of the full machine may not be feasible within a reasonable time frame. Additionally, as the model is scaled up to encompass the entire machine, the impact of conductor-to-conductor capacitance in the higher frequency range will diminish, leading to improved agreement between the simulation and measurement results.




3.2. Two Coils


The next step in the validation was to measure the impedance of two coils, as shown in Figure 11, and compare it with the simulation results obtained with the simple definition model, as in Figure 12.



The simulation results matched the measurements up to 10 MHz. In the frequency range above 10 MHz, inter-conductor capacitive couplings occurred, as with the single coil, though the number of resonances and their amplitude were lower than in the previous case. However, the overall agreement was satisfactory.



In the common-mode impedance, a resonance appeared at around 300 kHz in both the measurements and the simulation, though it was sightly under-damped in the latter case. Again, the first turns of the coils and the connection between them played a significant role in the common-mode impedance at around 10 MHz.




3.3. The Overall Phase


Once two consecutive coils were validated with close agreement up to 10 MHz, the overall phase was modelled and compared with the measurements, as shown in Figure 13.



Figure 14 shows that very close agreement between the simulation results and experimental data was achieved.



Conversely, the common-mode impedance produced a more accurate result for the resonance point than in the two-coil model; the capacitive couplings between the coils in different slots may have caused disagreement about the differential-mode resonance point.




3.4. Full Machine


For the validation of the full machine model, the impedances of 28 electrical machines, including the rotor, were measured in a factory manufacturing line, as shown in Figure 15.



All the motors were of the same model, and so we assessed 28 different motors to consider the effect of the manufacturing tolerance on the measured impedance. The impedances are shown in Figure 16 and Figure 17, where the manufacturing tolerance is indicated by the green area between the maximum and minimum measured impedances. The tolerance was very low, suggesting that the impedance of all the machines was almost equal, regardless of the manufacturing tolerance.



The measurements were carried out during the last step of the mounting line in the factory, so the rotor was included. The influence of the rotor on the high-frequency impedance is analysed later on.



Figure 16 shows that the common-mode impedance calculated via the FEM agreed closely with the experimental data across the whole frequency range.



As in all previous impedance measurements, an inductive effect was observed around 10–20 MHz that depended on not only the measured device but also the measuring connections. Thus, an approximate measurement was conducted with different calibrations of the impedance meter, revealing that the measuring connections introduced an inductance of approximately 3.75  μ H to the measured impedance. Consequently, an inductance of this value was added in series to the circuit of Figure 4.



In the differential mode, two phase connection configurations,   u v − w   and   u w − v  , were tested in the 28 machines, and the same tolerance area was generated from the 56 measurements, as shown in Figure 17.



As with the common-mode impedance, the differential-mode impedance calculated via the FEM matched the experimental data (see Figure 17). As explained in the core modelling section, the complex permeability is a simplification of the core behaviour at a high frequency, and so it suffers some limitations that may have caused discrepancies in the impedance value for the resonance at 200 kHz.



Moreover, the applied model was simplified for a faster and more efficient simulation, and so the capacitive couplings between conductors were included within the coil-to-coil couplings, reducing the agreement at small resonances from 10 to 50 MHz. However, the overall accuracy obtained in this range was sufficient for the primary objective of the model, which was to predict EMI noise using high-frequency models of the drive elements (in this case, the machine).




3.5. Rotor Influence


Rotors are known to affect the impedance of electrical machines. Figure 18 shows that the presence of the rotor dampened the resonance point in the common-mode impedance.



The rotor also damped the main resonance in the impedance of the differential mode, as shown in Figure 19.



Moreover, rotor position also influences the impedance at a low frequency due to the direct and quadrature axes, but this effect does not occur in the EMC range of 150 kHz to 30 MHz, so it was disregarded by our model.





4. Discussion


This section provides a summary of the results, highlighting the most significant findings.



Firstly, we validated the modelling of the magnetic core via the complex permeability and measurements of an M800-65A laminated toroid.



Then, we compared two definition models, a detailed (or full) model and a simplified model. The impedances obtained were compared and validated with measurements. Both models showed close overall agreement. However, the simplified model did not exhibit any resonance in the 10 to 30 MHz range. This discrepancy was due to the simplified model neglecting capacitances between conductors and instead incorporating them into the coil-to-coil capacitances. However, evaluating the trade-off between accuracy and simulation time is important. In most cases, a 66% reduction in simulation time with the simplified model may be sufficient.



As the model was scaled up to the full machine, the accuracy improved due to the decreased impact of conductor-to-conductor capacitance, resulting in closer agreement between the simulation and measurement results.



Finally, we analysed the influence of the rotor by comparing the impedances in its absence and presence. We also analysed the impact of different rotor positions. The simulations and measurements showed that the presence of the rotor dampened the main resonance in the common-mode impedance. We also observed that the presence and position of the rotor affected the differential-mode impedance in the low-frequency range.



The proposed model adheres to the conventional academic structure and could be useful for future research in the EMC area. An important step will be to analyse the design and manufacturing variables that affect the high-frequency impedances of machines. This will help improve machines in terms of EMC issues, as well as enhancing their reliability.




5. Conclusions


Modelling electrical machines at a high frequency is a complex task due to the convergence of various physical phenomena. To accurately consider all these phenomena, multi-physics simulations are required, which generally lead to a significant computational load. In this study, we proposed and validated a detailed conductor model. However, to reduce the computational load, a simpler model was developed for analysing the high-frequency behaviour of the machine. The validated model for the full machine was simpler and required a lower computational load. It was based on coils instead of conductors and was tested in terms of manufacturing tolerances. The impedances of 28 industrial machines in the range of 100 Hz to 50 MHz were measured to cover all the spectra required by the EMC standards. Both the DM and CM simulations showed high accuracy at principal resonances.



The calculation duration of the analysed machine was 66% shorter due to the simplified coil definition, which considered the capacitive coupling between coils in the same slot.



This model could be used to evaluate the design and manufacturing variables that affect the high-frequency impedances of machines. This could improve machines in terms of EMC issues and increase their reliability.
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Figure 1. Simulation methodology. 






Figure 1. Simulation methodology.
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Figure 2. Electrostatic models: (a) full; (b) simplified to two bulk coils rounded in blue and red. 
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Figure 3. Magnetodynamic models: (a) full; (b) simplified. 
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Figure 4. Per-phase equivalent circuit of an electrical machine: (a) full (conductor-based, each color one conductor); (b) simplified (coil-based). 
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Figure 5. Influence of core modelling on the impedance of a coil. 
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Figure 6. Single laminated sheet. 






Figure 6. Single laminated sheet.



[image: Electronics 13 00787 g006]







[image: Electronics 13 00787 g007] 





Figure 7. M800-65A toroid. 
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Figure 8. Complex permeability. 
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Figure 9. Experimental measurements of one coil: (a) DM; (b) CM. 
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Figure 10. One coil: (a) differential mode; (b) common mode. 
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Figure 11. Experimental measurements of two coils: (a) DM; (b) CM. 
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Figure 12. Two coils: (a) differential mode; (b) common mode. 
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Figure 13. Overall phase: (a) DM; (b) CM. 
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Figure 14. Overall phase validation: (a) DM; (b) CM. 
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Figure 15. Experimental measurements of the machine: (a) DM; (b) CM; (c) experimental setup. 
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Figure 16. Simplified CM model of the machine, considering the rotor. 
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Figure 17. Machine DM simplified model, considering the rotor. 
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Figure 18. Rotor influence on CM impedance. 
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Figure 19. Rotor influence in DM; simulation results. 
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Table 1. Parameters of analysed machine.






Table 1. Parameters of analysed machine.





	Stator Slots
	Poles
	Coils per Phase
	Turns per Coil
	Conductor Diameter
	Core Material





	36
	15
	12
	50
	1.6 mm
	M800-65A










 





Table 2. Full definition vs. simplified model of a coil.
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	Electrostatic FEM Simulations
	Electrostatic Simulation Duration
	Magnetodynamic FEM Circuit Components
	Total Time for 100 Points





	Full Model
	51
	82 min
	2700
	11.4 h



	Simple Model
	3
	5 min
	4
	3.8 h
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