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Abstract

This paper presents the design and prototyping of an open-slot, 18-slot, 12-pole, Axial-Flux, Permanent-Magnet (AFPM) machine that meets the typical requirements of electric vehicles. A multiphysics design approach was used to consider mechanical and thermal constraints during the design stage. The electromagnetic design is based on a combination of 2D and 3D Finite Element Analysis (FEA) approaches. Segmenting the rotor and optimizing the rotor disc material reduces rotor losses. This provides a balanced compromise between eddy current losses and manufacturing costs. The designed machine was manufactured and tested on a test bench under both no-load and load conditions. Experimental results, such as Back Electromotive Force (Back EMF), torque as a function of current, magnet temperature, and torque and power versus speed curves, are compared with simulation results. The impact of the manufacturing process on performance, especially iron losses, is investigated. For this purpose, the iron losses are assessed using the stator yoke of the axial flux machine in both the torus configuration test and an Epstein frame. These specific iron losses are then used to evaluate iron losses via 3D FEA. Several configurations are tested to evaluate different no-load losses, such as mechanical losses, magnet losses, rotor holder losses, and stator iron losses, as well as AC losses due to the proximity effect caused by the external magnetic field generated by the rotation of the magnets, in order to compare the calculated iron losses obtained by 3D FEA with the measured ones. Rotor losses in the magnet and rotor holder are evaluated by measuring the rotor temperature using an infrared sensor.
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1 Introduction
Axial flux permanent magnet machines are well known for their high power and torque densities, making them an attractive competitor to conventional radial flux Permanent Magnet (PM) machines, especially for applications where axial length is limited [1–3]. There are different configurations of AFPM machines, such as: Single Stator-Single Rotor (SSSR), Double Stator-Single Rotor (DSSR), Single Stator-Double Rotor (SSDR), and Yokeless and Segmented Armature (YASA) [4]. This work focuses on the DSSR configuration with tooth coil windings and an open slot. Designing a DSSR for automotive traction is a challenge, particularly in terms of mechanical and thermal aspects. In fact, the tooth coil windings are an attractive solution for these types of machines, as they have a smaller end winding compared to traditional distributed windings and save on manufacturing costs [5]. In principle, such windings are only possible in machines where rotors have a very low conductivity. The disadvantage of tooth coils is that the stator current linkage produces various sub- and super- space-harmonic components in the air gap flux density. These harmonic components cause hysteresis and eddy-current losses. Also, the large open slot induces space harmonics harmonics, increasing rotor losses even in no-load conditions [6]. As a result, machine performance decreases due to high rotor losses, especially if the rotor is not laminated and the magnets are not segmented. Moreover, the temperature of the permanent magnet rises, which can lead to irreversible demagnetization. After the winding operation, motor slots are usually closed, for instance with some glass-fiber-based wedge material, to prevent the coils from falling or interference caused by the air gap or the rotor. Glass-fiber wedges have been used for several years, and they have several advantages: they are mechanically strong enough, their relative permeability is equal to 1, and they do not cause heat or other losses. To reduce rotor losses, other materials tested for closing the slot opening include Magnoval and Soft Magnetic Composite (SMC) materials [7, 8]. The permeability of Magnoval varies between 2 and 3, and it depends on the magnitude of flux density. Magnoval is made of glass cloth, iron powder, and a high-temperature-resistant epoxy resin. SMC materials have a permeability of up to 850. Hence, from the machine design perspective, these materials are helpful as they can provide a path for the main flux and reduce rotor losses [5]. Therefore, to enhance the thermal performance of the machine, these considerations must be taken into account in the design stage. On the other hand, axial rotor misalignment produces an axial force that deforms the rotor disc [9]. To take account of these mechanical and thermal constraints, a multiphysics design approach, considering electromagnetic, thermal, and mechanical aspects is advisable during the machine design phase. The aim of this article is to design and manufacture an AFPM machine with tooth coil windings and open slots. The design procedure is based on a multiphysics approach to take into account thermal and mechanical constraints.
During the design phase, reducing rotor losses is achieved through magnet segmentation and selecting the rotor disc material. This work also aims to demonstrate the impact of the manufacturing process on performance, particularly with regard to iron losses.
This paper is divided into five sections. The first section presents the electromagnetic design of a DSSR-AFPM machine with 18 slots and 12 poles that meets electric vehicle requirements. The design procedure combines 2D and 3D approaches. The second section minimizes rotor losses. This is achieved through magnet segmentation and selecting the rotor disc material. The third section discusses the mechanical and thermal design of the machine. It also analyzes the impact of axial rotor misalignment and thermal behavior. The fourth section is dedicated to prototyping and comparing experimental measurements with 3D FEA results. The final section examines the effect of the manufacturing process on iron losses.
2 Design of an AFPM machine using 2D and 3D FEA
In this part, the electromagnetic design of an 18-slot-12-pole DSSR-AFPM meeting the requirements of an electric vehicle is carried out. The design procedure is based on the combination of 2D and 3D approaches.
2.1 Specifications
The design specifications of the benchmark model described in [10]. have been used. The benchmark AFPM machine is a DSSR structure, and its main specifications are given in Table 1. The purpose is not to compare one to the other, but to have a set of requirements representative of an electric vehicle. The DSSR-AFPM is designed to meet these specifications.
Table 1 
Main specifications.


2.2 Electromagnetic design
The 2D approach is used during the first design stage. The design procedure is detailed in our previous work [11–14]. Figure 1 shows one-sixth of the 3D parts of the designed machine and its equivalent 2D parts.
	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 1/6 of the geometrical model and tooth coil winding distribution: a) 3D model and b) 2D model.




In the design strategy, different rotor/slot combinations of the DSSR-AFPM machine are compared. Several slot-pole configurations of the machine with the same number of total Ampere turns and the same amount of permanent magnet are designed. The main characteristics of these configurations are given in Table 2. Electrically, the maximum of the peak stator phase current is limited to 700 A line inverter peak current, and the DC bus voltage is fixed to 400 V. Designed machines will be thermally limited to a current density of 21 A/mm2 with a slot fill factor fixed to 51%.
Table 2 
Main characteristics of the designed machines.


The torque-speed curves of the designed machines are shown in Figure 2. As we can see, the 18-slot/16-pole combination has higher torque than the other combination. This is due to its higher winding factor. Despite its slightly lower winding factor, the 18-slot/12-pole combination has good torque-speed characteristics, especially in the flux weakening region. In addition, having a lower winding factor leads to a minimum rotor losses and a well-balanced high order mode with the lowest amplitude of mechanical deformation [15]. For this reason, this configuration was chosen to be investigated in depth with a 3D tool and manufactured. Figure 3 gives the torque and power characteristics as a function of the rotational speed calculated by 3D FEA.
	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Torque-speed curves of DSSR machines with different slot-pole configurations obtained by 2D FEA.




	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Torque and power characteristics as function of speed.




3 Rotor losses reduction
The impact of the number of PM segments in the radial direction (Nrs = 5, 10, and 15) on the eddy current losses is investigated using 3D FEA. For Nrs = 10, the impact of the number of PM segments in the tangential direction (Nts = 1, 2, and 4) on the eddy current losses is also calculated. An electrical insulation of 0.15 mm width is set around each magnet segment. The impact of the magnet segmentation on torque, stator iron losses, and efficiency for the designed machine is given Table 3. The magnet segmentation slightly reduces the electromagnetic torque (5% reduction with Nrs = 15) as well as the iron losses in the stator. This is due to the reduced magnet mass with segmentation. For Nrs = 15, the efficiency is increased by 0.66% compared to that calculated with Nrs = 5. This will have a considerable impact on the machine’s thermal performance, especially on the rotor temperature.
Table 3 
Impact of PM radial and tangential segmentation on machine losses and efficiency.


Figures 4a and 4b show the eddy-current distribution, respectively, in the PMs for a radial segmentation of Nrs = 15 and in the magnet rotor holder. As can be seen, the highest current densities are found on the arms of the magnet rotor holder, especially in front of the magnets. So, even if the rotor disc material is an electrical conductor, the eddy current losses can be reduced by optimizing the shape of the arms.
	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Current density distribution a) in the magnets b) rotor disc.




Table 4 shows the rotor losses and the efficiency calculated by 3D FEA at the rated operating point corresponding to a rotational speed of 6500 rpm, and a current phase of 250 A. The magnet segmentation slightly reduces the electromagnetic torque, with approximately a 5% reduction for Nrs = 15. Note that these losses were calculated for different materials used in the magnet rotor holder. As can be seen, the eddy current losses in the rotor increase with the electrical conductivity of the material, and these losses have a significant impact on the efficiency. So, to minimize the rotor losses, each magnet is segmented into 15 segments, and the magnet rotor holder is made of stainless steel.
Table 4 
Losses as function of the rotor disc materials.


4 Mechanical and thermal design
4.1 Analysis of axial force and axial deformation
At the operating point of 700 A of current phase and 4500 rpm (Fig. 3). The axial force due to rotor misalignment is evaluated by 3D FEA at each rotor position, for different air gap values (E1: airgap of the stator1, E2: airgap of the stator2). Figure 5 shows the z-component of the axial unbalanced force. As shown, the axial misalignment of the rotor has a significant effect on the axial unbalanced force. Note that, in the case where the stator air gap (E1) is equal to that of stator 2 (E2), the axial force is almost zero.
	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Axial force as a function of axial misalignment of the rotor.




A 3D mechanical analysis is carried out applying an axial force of 150 N to the rotor (equivalent force for a 20% axial misalignment of the rotor). The study is carried out considering the rotor disc made of stainless steel. The maximum axial deformation of the rotor in the axial direction is about 0.035 mm (Fig. 6). In this application, the magnets are glued in the rotor pockets. A 3D mechanical analysis considering the effects of centrifugal force is carried out, including the impact of the adhesive on shear forces. However, the results of this study are not reported here. In conclusion, the design of the rotor is both feasible and reliable.
	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Axial deformation of the rotor.




4.2 Thermal analysis
The temperature is critical for the functionality and performance of an electric machine, as the properties of both insulation and permanent magnet strongly depend on it. In this application, the cooling system uses water jacket cooling. From the CFD simulation, the Heat Transfer Coefficient (HTC) of the water jacket is calculated. For a water flow rate of 6 L/min, the HTC of the water jacket is 1700 W/m2/K at a water temperature of 30 °C. Since the frame is not shrink-fitted, a thermal contact resistance is considered between the stator yoke and the cooling jacket, and its value is set to 450 W/m2/K. The same value is applied to account for the thermal resistance between the magnets and their holder. Finally, the thermal resistance between the winding and the stator iron is set to 250 W/m2/K. The thermal analysis is carried out using 3D Ansys Mechanical. Temperature distribution is estimated using losses calculated from electromagnetic analysis.
The temperature distribution for the rated operating point corresponding to a rotational speed of 4500 and a torque of 140 N m is shown in Figure 7. This corresponds approximately to 40% of the maximum torque. The highest temperature, 132 °C, is reached by the magnets. Based on this analysis, we can conclude that continuous power is about 40% of the maximum power.
	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Temperature distribution at 140 N m and 4500 rpm a) rotor b) stator.




5 Comparison between simulation and experimental results
5.1 Prototype and construction
A DSSR-AFPM machine with 18 slots and 12 poles, previously designed, has been constructed to gain practical experience in the manufacturing of the tooth coil machine and to verify the computed losses. The pre-assembled prototype machine is shown in Figure 8. A 1.5 mm diameter round wire is used for winding the stator. The slot fill factor is about 42% compared to the 51% used during the design phase. The total number of turns per coil is therefore 48, compared to the 54 turns initially planned. To ensure a meaningful comparison between the measurements and the 3D FEA calculations, the same number of turns per coil –48– is used.
	[image: Thumbnail: Figure 8 Refer to the following caption and surrounding text.]	Figure 8 Prototype a) stator with tooth coils, b) rotor disc with magnets, (c) complete prototype machine.




5.2 Experimental setup
The performance of the designed motor is evaluated experimentally. Figure 9 illustrates a photograph of the designed prototype mounted on the test rig.
	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 Test bench.




5.2.1 No-load condition
Figure 10 shows the comparison between the back-EMF at 1000 rpm obtained by the measurement and that obtained by the 3D FEA. Both back-EMFs are nearly identical. The harmonic content of the measured and the calculated back EMF is also presented in Figure 11. The same harmonic contents are obtained by both simulation and experimental measurement. In this machine, the back-EMF spectrum has both even and odd harmonics. However, the odd harmonic content dominates.
	[image: Thumbnail: Figure 10 Refer to the following caption and surrounding text.]	Figure 10 Back-EMF waveforms at 1000 rpm.




	[image: Thumbnail: Figure 11 Refer to the following caption and surrounding text.]	Figure 11 Harmonic content at 1000 rpm.




5.2.2 Loaded condition
During the loading test, the prototype operates as a motor. The torque is measured at 1000 rpm for different phase current values ranging from 20 to 400 A. The cooling water temperature is set to 25 °C.
The variation in torque as a function of current is calculated by 3D FEA for a magnet temperature of 25 °C. The torque calculated is the electromagnetic torque. The mechanical torque on the shaft can be approximated by subtracting the no-load torque at 1000 rpm from the electromagnetic torque. At 1000 rpm, the no-load torque varies from 1.44 to 2.13 N m. As shown in Figure 12, the maximum deviation is approximately 3.5%. Figure 13 shows that magnet temperature has a significant impact on torque. An increase in magnet temperature by 75 °C results in a torque reduction of 7%. Figures 14 and 15 present a comparison between the measured and simulated torque-speed characteristics for two currents of 700 A and 250 A. As can be observed, the simulated torque-speed curves closely match the measured curves.
	[image: Thumbnail: Figure 12 Refer to the following caption and surrounding text.]	Figure 12 Measured torque at 1000 rpm.




	[image: Thumbnail: Figure 13 Refer to the following caption and surrounding text.]	Figure 13 Measured torque at 1000 rpm as function of the magnet temperature.




	[image: Thumbnail: Figure 14 Refer to the following caption and surrounding text.]	Figure 14 Torque and power characteristics as function of speed at 250 A.




	[image: Thumbnail: Figure 15 Refer to the following caption and surrounding text.]	Figure 15 Torque and power characteristics as function of speed at 700 A.




6 Investigation of the impact of the manufacturing process on iron losses
To demonstrate the effect of the manufacturing process on iron losses, DSSR-AFPM stators are manufactured both through punching and machining. These stators were subject to a torus test to measure specific losses, which were then used to evaluate stator-iron losses via 3D FEA. Additionally, stator iron losses were also measured using various test and measurement techniques.
6.1 Specific iron losses measurements
As shown in Figure 16, the stator yoke of the axial flux machine is used for a torus test. The primary and secondary Figure 13. Measured torque at 1000 rpm as function of the magnet temperature, Figure 14. Torque and power characteristics as function of speed at 250 A. windings are wound around the stator yoke. Specific losses as a function of frequency and flux density were measured on the stator of the DSSR-AFPM machine. The curves of specific losses versus frequency and flux density, shown in Figure 17, were obtained from this test. The specific losses obtained using the Epstein frame are also shown in Figure 17. As shown, the manufacturing process has a significant impact on iron losses, with the specific losses measured using the torus test up to twice as high as those measured using the Epstein frame.
	[image: Thumbnail: Figure 16 Refer to the following caption and surrounding text.]	Figure 16 The DSSR-AFPM machine stator used as a torus test.




	[image: Thumbnail: Figure 17 Refer to the following caption and surrounding text.]	Figure 17 The specific losses as function of the frequency.




6.2 Separation of the measured no load-losses
No-load losses are usually generated when a machine is running at open circuit; the losses include the following components: mechanical losses, consisting of bearing losses and aerodynamic losses; eddy current rotor disk losses; stator iron losses, and AC copper losses due to the proximity effect. Several experimental configurations have been realized and tested to separate the different losses. The different configurations used to separate the no-load losses are summarized in Table 5. To evaluate the friction torque and therefore, the no-load losses, all the configurations are driven as an electric generator. Note that some losses are measured directly, while others, such as the AC losses and iron losses, were deduced.
Table 5 
Different configurations to separate the No-Load Losses.


6.2.1 Measurement of rotor disc losses
Rotor disk losses are caused by eddy current losses in the magnets and rotor holder. The method used is based on [16] Magnet losses are determined by measuring the initial temperature rise rate of the magnets from a thermally uniform initial condition. When an element is subjected to a unit step function of heat generation under thermally uniform and stationary conditions, the temperature rise of the element is proportional to the heat generation rate, as given by equation (1).[image: Mathematical equation: $$ {P}_{\mathrm{mag}}={m}_{\mathrm{mag}}{C}_p{\left.\frac{\mathrm{d}T}{\mathrm{d}t}\right|}_{t=0} $$](1)where Pmag is the heat generation rate mmag (W), mmag is the mass (kg), Cp is the heat capacity (J kg−1 °C−1), and dT/dt is the initial rate of temperature rise of the element (°C/s). In this study, the magnets were weighed to determine their mass, and the heat capacity was taken from the manufacturer’s datasheet. The aim of the following method is therefore to determine dT/dt at t = 0.
Configuration 3 is used to measure the rotor temperature with an infrared sensor on the outer diameter of the rotor. For each speed, the rotor temperature is also estimated using the measured back-EMF. Both methods give the same trend for the rotor temperature. This indicates that the temperature of the magnets and the rotor holder follows the same trend. Therefore, the same curve can be used to estimate rotor holder losses. Magnet losses are estimated by measuring the initial temperature rise rate of the magnets from a thermally uniform initial condition. Figure 18 shows the normalized magnet temperature rise as a function of time for each rotation speed. The gradient increases with the rotation speed. The evolution of the rotor temperature gradient as a function of the rotation speed is shown in Figure 19. Using equation (1), the eddy current losses of the magnets and the rotor holder are measured (Fig. 20).
	[image: Thumbnail: Figure 18 Refer to the following caption and surrounding text.]	Figure 18 The normalized magnet temperature rise.




	[image: Thumbnail: Figure 19 Refer to the following caption and surrounding text.]	Figure 19 The evolution of the temperature gradient as a function of the speed.




	[image: Thumbnail: Figure 20 Refer to the following caption and surrounding text.]	Figure 20 Measured no-load rotor losses where: Mechanical_M: measured mechanical losses, PM_M: measured magnets losses, Holder_M: measured rotor holder losses.




Figure 20 shows the different rotor losses measured with Config. 1 and Config. 3. As can be seen, the eddy current losses in the magnets are close to those of the rotor holder. This is mainly because their masses are very close (2.10 kg for the magnets vs. 1.82 kg for the rotor holder). The mechanical losses, consisting of bearing losses and aerodynamic losses, are the lowest.
6.2.2 AC losses
At no-load, a configuration with a tooth winding and an open slot causes AC losses due to the proximity effect. The winding AC losses are measured by subtracting the no-load losses measured with Config. 2 from those measured with Config. 3.
Figure 21 shows the AC losses as a function of rotation speed. As can be seen, they exceed 1 kW at 8000 rpm (900 Hz), significantly affecting the efficiency and thermal performance of the machine.
	[image: Thumbnail: Figure 21 Refer to the following caption and surrounding text.]	Figure 21 The measured AC losses were: AC_M: measured AC losses.




6.2.3 Stator iron losses
At this stage, all losses except stator iron losses have been determined. These losses can be deducted by subtracting directly measured losses from total losses. Figure 22 shows the measured stator iron losses, comparing them to the losses calculated by 3D FEA. Stator iron losses (Core_Sim_torus) were calculated using 3D FEA (Fig. 22) and compared to those calculated using the specific losses obtained (Core_Sim_Epstein). Unlike the Epstein frame method, the torus test provided an accurate iron loss prediction. Rolling the electrical steel sheet significantly affects iron losses, emphasizing the need for accurate characterization of the stator to incorporate this effect into the model for better predictions of iron losses.
	[image: Thumbnail: Figure 22 Refer to the following caption and surrounding text.]	Figure 22 Stator iron losses measured by differentiation where: Core_M: measured stator iron losses, Core_Sim_torus and Core_Sim_Epstein are simulated stators iron losses.




7 Conclusion
In this paper, the design and prototyping of an 18 slot – 12 pole DSSR-AFPM machine that meets a set of automotive specifications are presented. Tooth coil windings with open slots induce space harmonics, increasing the rotor losses even under no-load conditions. To address this, rotor losses are reduced during the design stage through magnet segmentation and material selection:
	
The magnet is segmented into 15 segments.



	
For manufacturing reasons, a disc rotor with stainless steel is chosen, although a fibre-glass disc rotor would offer better performance.





In the design procedure, mechanical and thermal stresses are considered to ensure:
	
The mechanical integrity of the rotor structure, subjected to axial force due to both axial offset of the rotor and centrifugal forces at high speed.



	
Operation at continuous power equal to 40% of the maximum power.





The comparison of experimental and simulation results shows accurate predictions of Back-EMF, torque, and torque/ power versus speed characteristics.
The manufacturing process significantly impacts iron losses. Rolling the electrical steel sheet significantly increases iron losses, which can be twice as high as those measured using the Epstein frame.
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	Value





	Maximum speed (rpm)
	8000



	Maximum torque (N m)
	350



	Maximum power (kW)
	140



	Active outer diameter (mm)
	245



	Active inner diameter (mm)
	140
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      Table 2 

      Main characteristics of the designed machines.

      
        


	Configuration
	36-24
	24-16
	18-16
	18-12





	Outer diameter (mm)
	245
	245
	245
	245



	λ (Din/Dout)
	0.57
	0.57
	0.57
	0.57



	Number of slots
	36
	24
	18
	18



	Number of poles
	24
	16
	16
	12



	Air gap (mm)
	1
	1
	1
	1



	Magnet thickness (mm)
	10
	10
	10
	10



	Magnet fill factor (%)
	0.67
	0.67
	0.67
	0.67



	Number of parallel coils
	3
	2
	1
	3



	Number of turns per winding
	27
	13
	9
	27



	Slot fill factor (%)
	51
	51
	51
	51



	Current density (A/mm2)
	21
	21
	21
	21



	Maximum current (Arms)
	495
	495
	495
	495





      

    

  
    
      Figure 2 
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        Torque-speed curves of DSSR machines with different slot-pole configurations obtained by 2D FEA.

      

    

  
    
      Figure 3 
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        Torque and power characteristics as function of speed.

      

    

  
    
      Table 3 

      Impact of PM radial and tangential segmentation on machine losses and efficiency.

      
        


	Configuration Nrs-Nts
	5-1
	10-1
	15-1
	10-2
	10-4





	Magnets [kW]
	1.61
	0.68
	
0.29

	0.61
	0.41



	Stator iron [kW]
	0.73
	0.66
	
0.63

	0.62
	0.62



	Copper [kW]
	5.15
	5.15
	
5.15

	5.15
	5.15



	Torque [Nm]
	374
	363
	
361

	363
	363



	Power [kW]
	176
	171
	
170

	171
	171



	Efficiency (%)
	95.9
	96.3
	
96.6

	96.4
	96.5





      

    

  
    
      Figure 4 
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        Current density distribution a) in the magnets b) rotor disc.

      

    

  
    
      Table 4 

      Losses as function of the rotor disc materials.

      
        


	Rotor material/Losses
	Laminated steel
	Aluminium
	Stainless steel
	Titanium 





	Rotor losses [kW]
	0.48
	2.60
	
0.96

	1.228



	Stator iron losses [kW]
	0.80
	0.74
	
0.71

	0.71



	Copper [kW]
	0.66
	0.66
	
0.66

	0.66



	Torque [Nm]
	139
	137.84
	
138.77

	139.37



	Power [kW]
	94.61
	93.82
	
94.46

	94.86



	Efficiency 
	98.0%
	95.9%
	
97.6%

	97.3%





      

    

  
    
      Figure 5 
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        Axial force as a function of axial misalignment of the rotor.

      

    

  
    
      Figure 6 
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        Axial deformation of the rotor.

      

    

  
    
      Figure 7 
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        Temperature distribution at 140 N m and 4500 rpm a) rotor b) stator.

      

    

  
    
      Figure 8 
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        Prototype a) stator with tooth coils, b) rotor disc with magnets, (c) complete prototype machine.

      

    

  
    
      Figure 9 
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        Test bench.

      

    

  
    
      Figure 10 
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        Back-EMF waveforms at 1000 rpm.

      

    

  
    
      Figure 11 
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        Harmonic content at 1000 rpm.

      

    

  
    
      Figure 12 
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        Measured torque at 1000 rpm.

      

    

  
    
      Figure 13 
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        Measured torque at 1000 rpm as function of the magnet temperature.

      

    

  
    
      Figure 14 
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        Torque and power characteristics as function of speed at 250 A.

      

    

  
    
      Figure 15 
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        Torque and power characteristics as function of speed at 700 A.

      

    

  
    
      Figure 16 
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        The DSSR-AFPM machine stator used as a torus test.

      

    

  
    
      Figure 17 
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        The specific losses as function of the frequency.

      

    

  
    
      Table 5 

      Different configurations to separate the No-Load Losses.

      
        


	Configuration
	Motor assembly
	Goal





	Config. 1
	Complete motor with non-magnetized magnets
	Direct mechanical loss identification



	Config. 2
	Complete motor without the stator windings
	Identification of winding AC losses effects by deduction



	Config. 3
	Complete motor
	Direct identification of:
	
Total losses



	
Magnet losses



	
Rotor holder losses











      

    

  
    
      Figure 18 
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        The normalized magnet temperature rise.

      

    

  
    
      Figure 19 
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        The evolution of the temperature gradient as a function of the speed.

      

    

  
    
      Figure 20 
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        Measured no-load rotor losses where: Mechanical_M: measured mechanical losses, PM_M: measured magnets losses, Holder_M: measured rotor holder losses.

      

    

  
    
      Figure 21 
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        The measured AC losses were: AC_M: measured AC losses.

      

    

  
    
      Figure 22 
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        Stator iron losses measured by differentiation where: Core_M: measured stator iron losses, Core_Sim_torus and Core_Sim_Epstein are simulated stators iron losses.
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