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Abstract

:

This paper offers a novel dual-mode double stator wound rotor synchronous machine for variable speed applications. The proposed motor integrates the benefits of both the traditional wound rotor synchronous machine (WRSM) and brushless wound rotor synchronous machine (BL-WRSM). A constant torque can be attained in the maximum torque per ampere region by operating the proposed machine as a traditional WRSM in Mode I, and a constant power can be attained in the field-weakening region by operating it as a BL-WRSM in Mode II. Moreover, due to the dual-stator structure, the proposed machine exhibits improved performance in terms of high torque density as compared to the existing single stator BL-WRSM. By using a special stator winding arrangement to achieve the sub-harmonic component of the stator magnetomotive force, the brushless operation of the proposed machine is achieved. The additional sub-harmonic component induces a voltage in the harmonic winding placed on the rotor, which is then rectified and provided a DC current to field winding for brushless excitation. In order to validate the effectiveness of the proposed machine, a two-dimensional finite element analysis (FEA) is carried out.
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1. Introduction


Electric vehicles (EV) and hybrid electric vehicles (HEV) have been established to mitigate environmental apprehensions. For such operations, permanent-magnet (PM) synchronous machines (PMSM) are used as a result of their robust structure, high torque density, and high power density, and they are not bound to an external excitation system [1,2,3,4]. However, the problem with these vehicles using PM machines lies in their expensive price, which is primarily attributed to the scarcity and rising price of permanent magnet materials. [5]. Consequently, the demand for alternative solutions, such as wound rotor synchronous machines (WRSM), has increased to overcome the high cost issue with permanent magnet synchronous machines [6]. For EV and HEV application, various machine topologies, such as PM synchronous machines, wound rotor synchronous machines (WRSM), and the induction machine (IM), have been studied in [7]. Moreover, magnet-less electrical motors, such as IM and WRSM, are presented as practical alternatives to the motors containing the rare earth-magnet. Nonetheless, there are some issues related to the conventional WRSM, including sparking across the brush and slip-rings assembly, losses, as well as maintenance cost issues, which are mainly due to the existence of slip-ring and brushes assembly.



Thus, for single stator WRSMs, numerous brushless topologies have been proposed in recent years. In [8], a brushless topology for WRSM that used the sub-harmonic part of stator magneto-motive force (MMF) was introduced. This brushless topology utilized two inverters in order to energize the stator winding for the brushless functioning of WRSM. The utilization of two inverters makes the aforementioned brushless topology less appropriate for the applications requiring a practical approach. Moreover, this machine exhibits low torque in the constant torque area. To overcome this disadvantage of low torque, a permanent magnet-assisted brushless WRSM was presented in [9].



Several brushless topologies for WRSM were presented in [10,11,12,13,14] by using the third-harmonic parts of the stator magneto-motive force (MMF) in order to produce the voltage required to energize the harmonic winding placed on the rotor along with the field winding. In order to create the rotor flux, the induced voltage had been rectified and provided a direct current (DC) to the field winding to run WRSM as a brushless machine.



A brushless topology for WRSM that utilizes the third-harmonic contribution of the stator MMF was introduced in [10]. This brushless topology employs a three-phase stator winding, which is connected in parallel with thyristor switches. The thyristor switches were turned on and off during positive and negative half cycles to create an additional third-harmonic current pulsating in the stator winding. This additional current is further utilized for the brushless operation. This brushless machine exhibits a high torque ripple due to the switching of the thyristor switches and irregular structure of the rotor, which was a requirement for the validation of this brushless topology.



A harmonic current field excitation technique was proposed in [11] for a wound rotor synchronous machine by controlling the time-harmonic magneto-motive force. Two inverters connected to the stator winding induce a third-harmonic current component, creating a varying magnetic field that generates a rotor field. In [12], a novel single inverter brushless topology is presented that generates an additional third-harmonic component to achieve brushless operation in a wound field synchronous machine. Using a single inverter with modified third-harmonic injection, it optimizes the usage of the third-harmonic component for improved performance.



In [13,14], the researcher introduces an electrically excited brushless synchronous machine with additional harmonic field windings in its rotor structure. By utilizing stator harmonic windings to create spatially distributed third-harmonic magnetic fields, the machine achieves brushless electrical excitation. The study analyzes harmonic windings, magnetic fields, and mutual interference using finite element methods, and experimental results validate its effectiveness.



A single inverter brushless topology was presented for the WRSM in [15], where the sub-harmonic component had been produced by means of a specialized stator winding. The schematic diagram of this brushless topology is shown in Figure 1. This additional harmonic component was used to induce a voltage in the harmonic winding located on the rotor for the brushless excitation of the WRSM. However, the asymmetrical number of turns in the stator windings results in a low slot fill factor in stator slots with a lower number of turns. Therefore, this machine exhibits the issues relating to the lower utilization of the machine’s material. Moreover, due to the brushless operation, the starting torque of the machine is very low.



To overcome the issue of asymmetrical stator winding and the low slot fill factor, in half of the stator slots winding in [15], a novel brushless topology utilizing a sub-harmonic component for rotor field winding excitation was proposed in [16]. In this brushless topology, stator winding was divided into four coils, each of which carries an equal number of turns. Among these four coils, two coils were connected in parallel, due to which the current was divided in each phase of stator winding. This brushless topology utilizes a single three-phase inverter to supply the stator winding. The special winding arrangement makes it possible to create an additional harmonic component in the airgap to induce the voltages on the harmonic winding placed on the rotor, which is further utilized for the brushless operation of the wound field synchronous machine.



To overcome the issue of a high torque ripple, the single inverter BL-WRSM presented in [15] was optimized and experimentally validated in [17]. Moreover, wide speed range analysis was also performed to check the validity of such brushless machines for high-speed applications. In [18], a permanent assisted hybrid BL-WRSM was presented. Because of the presence of permanent magnets, the issue of a low starting torque was resolved in this research. Although this hybrid brushless topology could not achieve a constant torque under base speed, the starting torque was improved. To reduce permanent magnet utilization, the consequent-pole structure was utilized.



The conventional WRSM was presented as an alternative to the permanent magnet synchronous machine for traction applications in [19]. In this research, a traditional WRSM was designed and its performance was analyzed in comparison to the interior permanent magnet synchronous machine utilized in Toyota Prius 2010. In [20], a novel dual-mode wound rotor synchronous machine (DWRSM) combined the advantages of CWRSM and BWRSM. Mode I achieves a constant torque, operating as a CWRSM, while Mode II achieves constant power in the field-weakening region as a BWRSM. Validation through FEA and a prototype experiment confirms the effectiveness of this approach, including transients during mode changes.



In the aforementioned designs that eliminate the need for brushes, the stator current is the lone cause for the process of supplying necessary electrical energy to generate the magnetic field, and the current flowing through the field winding is produced by the harmonic constituent of the MMF. During the operation of brushless WRSM (BL-WRSM) in the persistent-torque area, the voltage induced in the harmonic winding varies as the speed of the machine varies, resulting in the steady increase in the field current along with the increasing speed of the machine. Thus, the torque within a constant torque region cannot be kept constant by the operating WRSMs in the brushless mode. Nevertheless, these machines operate well at or above the rated speed. This indicates that while these BL-WRSMs are appropriate exclusive to their rated speed or beyond, they cannot be applied to variable-speed applications.



This paper presents a dual-mode dual-stator wound rotor synchronous machine (DMDS-WRSM) as a potential solution for variable speed applications, which overcomes low torque issues in the aforementioned brushless machines. Constant power and a constant torque have been attained in the constant torque and constant power regions, respectively, through the dual-mode machine operation. Moreover, the dual-stator design of the proposed DMDS-WRSM results in an improved torque density. In order to certify the effectiveness of the anticipated DMDS-WRSM, the process of conducting a two-dimensional finite element analysis (FEA) is performed using Electromagnetic transient solver ANSYS Maxwell. Ultimately, the performance of the suggested machine has been compared and correlated with that of a single-stator BL-WRSM.




2. Proposed Dual-Mode Dual-Stator Brushless Topology and Operating Principle


2.1. Proposed Dual-Mode Dual-Stator Brushless Topology


Based upon the currently used brushless topology illustrated in Figure 1 [12], the proposed DMDS-WRSM is designed to overcome the issue of a low starting torque below base speed. Moreover, due to the dual-stator structure, the proposed DMDS-WRSM exhibits high torque density compared to the currently used single-inverter brushless topology. The proposed DMDS-WRSM presents a WRSM, which can generate a constant torque that lies below the base speed by operating as a conventional brushed WRSM, and exhibits constant power beyond the base speed by working as BL-WRSM. The suggested dual-mode dual-stator topology is displayed in Figure 2.



The dual-stator design is utilized to enhance the torque density, as considered in [13]. The three-phase winding of each stator is distributed in two sets of windings: winding ABC and a centrally tapped winding XYZ, where “O” symbolizes the outer stator and “I” symbolizes the inner stator. Both windings are interconnected in series and possess an identical number of turns. The inner and outer stator windings are series-connected, and a three-phase current is provided to the stator winding through a single inverter. To enable the dual-mode operation of the suggested machine, switches are used to tap the center point of winding XYZ in each stator.



The rotor of the proposed machine involves two distinct windings: the harmonic winding and the field winding. These windings are interconnected, and the connection involves the utilization of a bridge rectifier, which is positioned on the outer edge of the rotor. The harmonic winding is responsible for inducing the voltage needed to excite the rotor field winding during the brushless mode of operation. As for the field winding, the harmonic winding is linked in parallel with the field winding using a bridge rectifier placed on the rotor periphery. Additionally, the brushes are connected to the field winding along with slip-ring assembly through external switches for the Mode II operation of the proposed machine.




2.2. Operating Principle


As discussed earlier, the proposed brushless DMDS-WRSM operates in two operational modes. The schematic diagrams of Mode I and Mode II are shown in Figure 3a and Figure 3b, respectively.



2.2.1. Mode I: Constant Torque Operation


The suggested topology offers two distinct modes of operation, with Mode I being one of them, as shown in Figure 3a. Switches S1–S7 are kept opened in this mode, and the proposed topology enables the supply of a three-phase sinusoidal current to the stator winding by employing the inverter. The supplied three-phase balanced sinusoidal currents are given in Equations (1)–(3). Switch S8 is closed to connect the field winding to the exterior DC supply. During this mode, the proposed topology functions as a conventional brushed wound rotor synchronous machine (WRSM). In this mode, the proposed machine achieves a constant torque in the constant torque region as in a conventional WRSM drive.


   i a   t  =  I 0  sin ω t  



(1)






   i b   t  =  I 0  sin   ω t −   2 π  3     



(2)






   i c   t  =  I 0  sin   ω t +   2 π  3     



(3)




where    I 0    is the maximum current supplied to the stator winding,  ω  represents the angular frequency, and  t  is the time.



Due to the full pitched distributed winding configuration and the equal number of turns for both windings in Mode I of the proposed machine, the winding functions can be exhibited as a rectangular wave, as shown in Figure 4.



Equations (4)–(6) represent the Fourier series of odd harmonics of rectangular wave winding functions.


           N a   ϕ  =   2 N  π    sin ϕ +  1 3  sin 3 ϕ    



(4)






           N b   ϕ  =   2 N  π    sin   ϕ −   2 π  3    +  1 3  sin 3 ϕ    



(5)






           N c   ϕ  =   2 N  π    sin   ϕ +   2 π  3    +  1 3  sin 3 ϕ    



(6)







Using the expressions for currents and winding functions, the resultant magnetomotive force (MMF) for Mode I can be written as Equation (7):


      F  a b c     ϕ ,   i   =   4 N  π     I 0  [ sin ϕ   sin ω t      + sin   ϕ −   2 π  3    sin   ω t −   2 π  3    + sin   ϕ +   2 π  3    sin   ω t +   2 π  3    ]      +   4 N  π   I 0     1 3    sin 3 ϕ + sin   ω t −   2 π  3    + sin   ω t +   2 π  3          



(7)







As the resultant of three balanced sine waves becomes zero, therefore, the second term of Equation (7) becomes zero. Thus, the final form of MMF is given as Equation (8).


      F  a b c     ϕ ,   i   =   4 N  π     I 0  [ sin ϕ   sin ω t      + sin   ϕ −   2 π  3    sin   ω t −   2 π  3    + sin   ϕ +   2 π  3    sin   ω t +   2 π  3    ]     



(8)







As shown in (8), the fundamental MMF component will be dominant, if the higher order harmonics are ignored. Therefore, in Mode I, the proposed machine operates as conventional WRSM.




2.2.2. Mode II: Constant Power Operation


Figure 3b illustrates Mode II of the suggested topology. The proposed topology functions in this mode as a BL-WRSM to accomplish constant power in the field-weakening area. Switches S1–S6 are activated, connecting the central point of the stator windings XYZ to tap into them. This results in winding XYZ having half the number of turns compared to winding ABC. The winding function for the winding configuration of Mode II is shown in Figure 5. In contrast, the closure of switch S7 establishes a parallel connection between the field winding and harmonic winding via a bridge rectifier. Meanwhile, switch S8 is opened to disconnect the field winding from both the slip-ring and brushes assembly as well as the external DC supply.



Because of the different winding turns of both stator windings, the winding functions for Mode II are given in Equations (9)–(11). Moreover, the resultant MMF by ignoring the higher order harmonics is represented in (12).


           N a   ϕ  =   2 N  π    sin ϕ +  1 3  sin 3 ϕ   +  N π    cos    ϕ 2    + sin ϕ    



(9)






           N b   ϕ  =   2 N  π    sin   ϕ −   2 π  3    +  1 3  sin 3 ϕ   +  N π    cos     ϕ −   2 π  3   2    + sin   ϕ −   2 π  3       



(10)






           N c   ϕ  =   2 N  π    sin   ϕ +   2 π  3    +  1 3  sin 3 ϕ   +  N π    cos     ϕ +   2 π  3   2    + sin   ϕ +   2 π  3       



(11)






      F  a b c     ϕ ,   i   =   3 N  π     I 0  [ sin ϕ   sin ω t      + sin   ϕ −   2 π  3    sin   ω t −   2 π  3    + sin   ϕ +   2 π  3    sin   ω t +   2 π  3    ]      +  N π   I 0  [ cos    ϕ 2      sin ω t      + cos     ϕ −   2 π  3   2    sin   ω t −   2 π  3    + cos     ϕ +   2 π  3   2    sin   ω t +   2 π  3    ]     



(12)







The second term of Equation (12) represents the sub-harmonic (SH) component of the airgap MMF. This SH component of stator MMF (SH-MMF) is generated along with the fundamental component of stator MMF. This extra SH-MMF produces the voltage across the harmonic winding, which is then rectified to feed the DC current, as required by the field winding of the machine. The schematic diagram of the rotor harmonic and field winding used in the circuit editor is shown in Figure 6. This special arrangement of stator winding makes the proposed DMDS-WRSM to operate, which is BL-WRSM. In Mode II of the proposed machine, a state of constant power is attained within the field-weakening region [21].






3. Design Consideration of Proposed Machine


3.1. Existing Single-Stator BL-WRSM


Figure 7a shows the machine structure of the existing single-stator BL-WRSM, which is an outer-stator topology. The stator of the machine consists of a double-layer distributed winding with 48 slots. The stator winding comprises two sets of windings connected in series, namely winding ABC and winding XYZ. There are two distinct windings: the field winding and the harmonic winding in the rotor. With the pole pitch of the field winding being half that of the harmonic winding, it leads to a configuration of four poles for the harmonic winding and eight poles for the field winding.




3.2. Proposed Dual-Mode Dual-Stator BL-WRSM


3.2.1. Machine Layout


The proposed dual-mode dual-stator WRSM topology is validated by designing a machine with 8 poles and 48 slots. It has two stators, which are aligned with each other, and a sandwiched rotor. An 8-pole, double-layer distributed winding is configured on both stators. Both stators have two sets of three-phase windings, the winding AoBoCo/AiBiCi and winding XoYoZo/XiYiZi, and these windings are joined in series. The machine model and winding configuration are illustrated in Figure 7b. Two distinct windings, namely the field winding and harmonic winding, are positioned on the rotor. The harmonic winding is configured with four poles, whereas the field winding is designed with eight poles.




3.2.2. Design Consideration


Apart from selecting the pole-slot combination, similar to the existing model of BL-WRSM, the total electric and magnetic loading, machine volume, and stator and rotor current density were also considered in the design of the proposed DMDS-WRSM for a fair comparison. While designing the proposed machine, the electrical loading for each of the two stators remained half in comparison to the electrical loading of the existing single-stator BL-WRSM. However, the magnetic loading was kept the same because both the existing and proposed machines have a single rotor. The volume of the proposed machine and the current densities for both stators and the rotor were considered similar to the existing BL-WRSM. The slot depth of the inner stator was increased compared to that of the outer stator to maintain a similar slot-fill factor for both stators.





3.3. Analysis Conditions for Comparison


Table 1 lists the design constraints for the validation of the proposed machine’s contribution in comparison to the existing BL-WRSM. The analysis conditions for comparison were as follows:




	(a)

	
Both the existing and proposed machines had the same iron material.




	(b)

	
For a fair comparison, the number of turns per coil of the stator and field winding were kept equal for both machines. The copper wire diameter was also selected to be the same for the stator and field-winding coil.




	(c)

	
The stator current density for both the machines was 4.33      A  r m s     m  m 2     .




	(d)

	
The machine volume was almost kept the same for a fair comparison of the current used BL-WRSM and the proposed DMDS-WRSM.




	(e)

	
Airgap length was kept the same for both machines.











4. Performance Analysis by 2-D FEA


To validate the operational principle and compare the operational capabilities of the proposed machine with the existing BL-WRSM (brushless wound rotor synchronous machine), a 2D FEA has been conducted.



4.1. Flux Density Distribution Comparison


Figure 8 illustrates the comparison of the flux density distribution (B) of the existing and proposed DMDS-WRSM. The flux density of the existing BL-WRSM is presented in Figure 8a. The flux density in the segment of the machine with winding ABC is higher related to winding XYZ. This difference in the amount of flux density is a result of the winding ABC having twice the number of turns relative to the winding XYZ. Figure 8b depicts the distribution of the flux density in the proposed DMDS-WRSM operating in Mode I at its rated speed. Flux density is equally distributed in this mode because the proposed machine worked as a conventional WRSM in this mode of operation. Figure 8c displays the flux density distribution of the proposed DMDS-WRSM operating in Mode II at its rated speed. As the quantity of turns in winding ABC is maintained twice as compared to winding XYZ in both stators of the proposed machine, consequently, the flux density in the specific area of the proposed machine using winding ABC is elevated as associated to the portion having the winding XYZ. The maximum flux density in both modes of the proposed machine is about 1.96 T on one of the edges of each rotor pole.



The flux line distribution of the standing BL-WRSM and the proposed machine is compared in Figure 9. It was observed that the flux leakage in the existing BL-WRSM is higher compared to the proposed DMDS-WRSM, and as a result, the proposed machine demonstrates superior performance in comparison to the existing BL-WRSM.




4.2. Field-Current at Rated Speed


A current of 4.5 Arms at 60 Hz was supplied to the stator winding of both machines, and the rated speed was set to 900 rpm. A rated DC field current of 13.01 A was applied to activate the proposed DMDS-WRSM in Mode I, as depicted in Figure 10a. However, in the existing BL-WRSM and in Mode II of the proposed machine, the voltage induced in the harmonic winding by the SH-MMF is subsequently rectified to provide the field current to the field winding. The brushless operation of the proposed DMDS-WRSM, as depicted in Figure 10b,c, exhibits an induced field current of 9.9 A, which is lower than the 13.01 A observed in the standing BL-WRSM due to the increased flux leakage. The overall comparison of the field current in existing BL-WRSM and both modes of the proposed DMDS-WRSM at a steady state is illustrated in Figure 10d.




4.3. Torque at the Rated Speed


At the rated speed, Figure 8 displays the torque characteristics of both the existing BL-WRSM and the proposed machine in Mode I and Mode II operation. The average torque of the existing BL-WRSM is 7.8 N.m., as depicted in Figure 11a. As depicted in Figure 11b, the proposed machine with its dual-stator structure shows an average torque of 8.5 N.m., which is 7.52% higher in comparison to the existing BL-WRSM. In Mode I, the proposed machine uses the full number of turns of both of the series-connected stator windings; therefore, the average torque in Mode I of the proposed machine is 11.3 N.m., as shown in Figure 11c. Figure 11d exhibits the overall comparison of the output torque at a steady state.




4.4. Torque-Speed Characteristics of Existing BL-WRSM


Figure 12 shows the torque-speed characteristics of the existing BL-WRSM. The machine’s speed was adjusted to operate in the range from 800 rpm to 100 rpm within the constant torque region. With the decrease in speed, the voltage induced in harmonic winding decreased, leading to a subsequent reduction in the field current of the machine. As a result, the machine’s output torque also decreased. Hence, the existing BL-WRSM cannot achieve steady torque output at speeds below the rated value. However, in the field-weakening area, the RMS value of the stator current decreased from 4.5 A to 2.3 A. The reduction in the stator current led to a corresponding reduction in the induced field current, enabling the machine’s speed to increase.




4.5. Torque-Speed Characteristics of Proposed DMDS-WRSM


Figure 13 shows the torque-speed characteristics of the proposed DMDS-WRSM in the constant power and constant torque for the field-weakening region. In Mode I, the proposed machine is operated as a conventional WRSM. Therefore, due to the constant field current that acts as a constant cause of rotor flux, the proposed machine achieves a constant torque. In Mode II, the DMDS-WRSM is operated as BL-WRSM. The stator current is controlled to achieve a constant power in the field-weakening region.




4.6. Performance Comparison


Table 2 summarizes the performance comparison between the proposed DMDS-WRSM and the present BL-WRSM. Owing to the dual-mode operation, DMDS-WRSM achieved a constant torque in the constant region. During Mode I operation, the torque density of the proposed machine at the rated speed was 31.12% higher compared to that of the present BL-WRSM. The increased torque density in the proposed machine during Mode I operation can be attributed to the utilization of twice the quantity of turns in winding XYZ compared with the number of turns of winding XYZ in the existing BL-WRSM. Moreover, the torque density was 8.5% higher during the Mode II operational performance of the proposed machine because of its dual-stator structure. Moreover, the efficiency of the proposed machine is 3.4% higher in Mode I and 1.2% higher in Mode II compared to the existing BL-WRSM. The overall performance of the proposed DMDS-WRSM exhibits that because of the dual-mode and dual-rotor structure, the proposed machine performs better in terms of the starting torque, torque density, and output efficiency. Moreover, the wide speed range analysis of the proposed machine shows that this machine can be utilized for variable speed applications.





5. Conclusions


This paper introduces a novel dual-mode dual-stator WRSM for variable speed applications, which overcomes the disadvantages of a low torque in a constant torque region in the case of single stator brushless WRSM. Because of the dual-mode operation, the proposed dual-mode topology makes the proposed machine suitable for applications that operate at varying speed. Moreover, due to the dual-stator structure, the proposed DMDS-WRSM exhibits an 8.5% higher torque compared to the currently used BL-WRSM. The performance of the proposed machine is analyzed using 2D FEA. The proposed DMDS-WRSM has higher torque density in both of its modes of operation, in comparison to the current BL-WRSM.
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Figure 1. Existing brushless WRSM topology [15]. 
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Figure 2. Proposed dual-mode dual-stator topology. 
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Figure 3. The proposed topology’s modes of operation: (a) Mode I: constant torque operation; (b) Mode II: constant power operation. 
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Figure 4. Mode I winding function for phase A. 
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Figure 5. Mode II winding function for phase A. 
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Figure 6. Schematic diagram of rotor harmonic and field winding. 
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Figure 7. Machine structure and winding configuration: (a) existing BL-WRSM; (b) proposed DMDS-WRSM. 






Figure 7. Machine structure and winding configuration: (a) existing BL-WRSM; (b) proposed DMDS-WRSM.



[image: Wevj 14 00217 g007]







[image: Wevj 14 00217 g008 550] 





Figure 8. Flux density distribution comparison at rated speed: (a) existing BL-WRSM; (b) Mode I of proposed DMDS-WRSM; (c) Mode II of proposed DMDS-WRSM. 
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Figure 9. Flux line distribution comparison at rated speed: (a) existing BL-WRSM; (b) Mode I of proposed DMDS-WRSM; (c) Mode II of proposed DMDS-WRSM. 
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Figure 10. Field current comparison at rated speed: (a) existing BL-WRSM; (b) Mode I of proposed DMDS-WRSM; (c) Mode II of proposed DMDS-WRSM; (d) overall comparison of field current. 
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Figure 11. Torque comparison at rated speed: (a) existing BL-WRSM; (b) Mode I of proposed DMDS-WRSM; (c) Mode II of proposed DMDS-WRSM; (d) overall comparison of field current. 
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Figure 12. Torque-speed characteristics of existing BL-WRSM. 
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Figure 13. Torque-speed characteristics of DMDS-WRSM. 
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Table 1. Machine design parameters.
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Parameter

	
Units

	
Existing

BL-WRSM

	
Proposed DMDS-WRSM




	
Mode I

	
Mode II






	
Rated speed

	
rpm

	
900

	
900




	
Number of stators

	
-

	
1

	
2




	
Outer stator outer/inner diameter

	
mm

	
177/95

	
164.5/127.5




	
Inner stator outer/inner diameter

	
mm

	
-

	
101/50




	
Airgap length

	
mm

	
0.5

	
0.5




	
Stack length

	
mm

	
80

	
108




	
Winding ABC/XYZ turns per phase

	
-

	
160/80

	
160/160

	
160/80




	
Field/harmonic winding turns

	
-

	
200/44

	
200/-

	
200/32




	
Machine volume

	
L

	
3.03

	
3.01




	
Core material

	
-

	
50H1300
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Table 2. Performance comparison at rated speed.
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Parameter

	
Units

	
Existing

BL-WRSM

	
Proposed DMDS-WRSM




	
Mode I

	
Mode II






	
Power

	
W

	
741.7

	
1066

	
802




	
Torque

	
Nm

	
7.8

	
11.3

	
8.5




	
Torque ripple

	
%

	
19.8

	
15.7

	
15.18




	
Torque density

	
Nm/kg

	
2.59

	
3.76

	
2.83




	
Efficiency

	
%

	
79.1

	
82.5

	
80.3

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
ase BmPhase C = Field Winding
Phase Y Phase Z 5 Harmonic Winding

- o |
< “ ~ J
\‘N
"\ stator

\)
Al
Winding






media/file4.png
Stator

Inverter

s

1l 0o

_

_

_

_

_

_

|0\ _
_

Rectifier | |
_

_

_

_

_

_

sbury
diis
Buipuip
p1ald

[ |

Bulpuim

oluowley |

Rotor





media/file18.png
A [Wbim]
0.0097

0.0082
0.0068
0.0053
0.0038
0.0023
0.0009
-0.0006
-0.0021
-0.0035
-0.0050
-0.0065
-0.0080
-0.0094
-0.0109
-0.0124

A [Wb/m]
0.0063

0.0055
0.0046
0.0038
0.0030
0.0021

0.0013 | |

0.0004 || =
00004 || =24 =
00013] |

-0.0021
-0.0030
-0.0038
-0.0047
-0.0055
-0.0063

A [Wb/m]
0.0025

0.0016
0.0007
-0.0002
-0.0011

0.0020| [ >
0.0029 |/ =

-0.0038
-0.0047

0.0056 | |\

-0.0065
-0.0074
-0.0083
-0.0092
-0.0101
-0.0110






media/file21.jpg
“Torque(Nm)

“Torque(Nm)

—— Exising BLARSM|

Torque(hm)

——DMOS WRsMMove |

Time me] Time ms]
@ ®)
o
3. | .
B e b e
: — g sLRSM
— owoSRSMMode )
—— DMDS WRSMiMode 5 —— DMDS WRS(Mode 1)
R S e A I I I
Time ) Time )
© @





media/file26.png
Torque (Nm)

o

E=N

Speed (rpm)

e 1200
\ R [ 49
Constant \ \ i
torque = Field weakening region | ggq
region \\ !
- 600
/ N .
y T~ 400
\\._—.
] -200
=) L
/ 0
1000 2000 3000 4000

Power (W)





media/file3.jpg
Stator

Rotor





media/file22.png
Torque(Nm)

S
1

12 4

10 +

Existing BL-WRSM

T
100

I = I B 1
200 300 400 500

Time [ms]
(2)

12 4

10 -

(o
1

(o))
1

N
1

—— DMDS-WRSM(Mode Il)

T
100

I * 1 - 1
200 300 400 500
Time [ms]

(¢)

Torque(Nm)

Torque(Nm)

8 -
6_
4 -
2 -
07 —— DMDS-WRSM(Mode |)
0 1(l)0 260 ' 3(l)0 ' 4(I)O ' 500
Time [ms]

(b)
12‘r\(\/\/\n)\/\/\r\p/\/\r¢/\/\r\/\/\/\r\{\/\/\/
10 -

8 -
Jo ]
av= 7.8 Nm T,,=8.5Nm T,,~=11.3 Nm
4 -
& Existing BL-WRSM

—— DMDS-WRSM(Mode 1)

0+ —— DMDS-WRSM(Mode Il
48l4 | 48|6 ' 4é8 ' 4é0 | 452 | 49I4 | 4916 | 468 | 500

Time [ms]

(d)





media/file19.jpg
ks

Field Current(A)

g
[0
3
3
——Exising BLARSM —— DMDS WRSH{Mode )|
Time fms] Time (ms]
@

Field Current(A)

gn ‘
g e W e Bora
2
= Exising BLWRSM
2 —— DDS-WRSMi(Mode 1)
—— DMDS WRSHMMode I —— DMDSWRSM(Mode |
v m m W W s e % G e 6w %
Time ] Time ()
() (@





media/file7.jpg
Angle ($)

('n"d suin1) N






media/file10.png
360

o~
VA

180

Angle (¢)

=

(‘n*d suanyp) N





media/file14.png
B Phase A BMPhase Bl Phase C
B Phase X WM Phase Y  Phase Z

— e,
—

—

Stator
Winding

B Field Winding
" Harmonic Winding
7 _ = _ >Quter Stator
L B : N
ARy N
. - \( .4-.’ \






media/file11.jpg
Harmonic Winding

m

Diode ! I Diode
_{m’\_

Field Winding

Diode t ! Diode






media/file6.png
— — — — — — —
|||||||
llll

I sbBury
| D dis

.|_m=_u=_>>
plald
S
ol
Rectifier

|II

Rotor

(b)

Buipuim
_ dluowuey ,

.fmm:_m_

Inverter






media/file15.jpg





nav.xhtml


  wevj-14-00217


  
    		
      wevj-14-00217
    


  




  





media/file16.png
1.8667
1.7333
1.6000
1.4667
1.3333
1.2000
1.0667
0.9333
0.8000
0.6667
0.5333
0.4000
0.2667
0.1333
0.0000

B [tesla]
2.0000
1.8667
17333
1.6000
1.4667
1.3333| /
1.2000

0.9333
0.8000
0.6667
0.5333
0.4000
0.2667
0.1333
0.0000

1.0667| &






media/file2.png
Rotor

Stator

]

Harmonic Windin

3

m x > N
I ® Ok
m < o) @) m
m ) o o .m
& 2 <1
J9}19AU|

Stator Winding

e





media/file20.png
Field Current(A)

Field Current(A)

14 -
12 -
< 10-
.
2 5-
=
O g
T 6
QL
L
4
2 -
Existing BL-WRSM 1 — DMDS-WRSM(Mode I)
, : , . , : , 0 ' : . . . s a . .
100 200 300 400 500 0 100 200 300 400 500
Time [ms] Time [ms]
(a) (b)
14 -
| == == — VSV PPPO VPPN . — — —= A
12 -
2 10 + — -
=3
£ 8-
O l,,=9.9A lay=13.01A lge = 13.01 A
T 6-
Q@
(4
4 -
—=— Existing BL-WRSM
2 - —e— DMDS-WRSM(Mode [)
— DMDS-WRSM(Mode II) 1 —a&— DMDS-WRSM(Mode II)
T T T : T ¥ T v 0 T ! T T T T T T T T T T T T T T
100 200 300 400 500 484 486 488 490 492 494 496 498 500
Time [ms] Time [ms]

(c) (d)





media/file23.jpg
Torque (Nm)

8 | 800
VRS S S I Sy

6 / / 1600 __

B

4 400 $

/ 5

o

2 :/ e 1200

0 r T T 0
0 1000 2000 3000 4000

Speed (rpm)





media/file5.jpg
Inverter

T =





media/file24.png
8 e i | - 800
/. A X : y e ry ; —h— 4
- 6- / -- : ------- AN -~} 600
A : : —
= / \. s E 3
"g’_ 4- \. 400 £
- : ! O
: ! o
2 e T 200
0 . ’. : 0
0 1000 2000 3000 4000

Speed (rpm)





media/file1.jpg
Inverter

Harmonic Winding

P
Rectifier

Stator Winding






media/file25.jpg
12 1200
[+
\ A — "1 1000
Constant /
E g{torque Field weakening region | ggg
£ *eson/ |
g o I-600
e
S4 | 1 I-400
L |
! T
i 200
0 Ly T T 0
0 1000 2000 3000 4000

Speed (rpm)

Power (W)





media/file12.png
Harmonic Winding

{10}

Diode !

Diode

Diode x

1l

Field Winding

! Diode






media/file9.jpg
270

Anle (¢)

3

(‘ndswny) N





media/file0.png





media/file8.png
360

270
&Z7T9

QN
v

Angle ()

S

(‘n'd suinp) N





media/file17.jpg





