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Abstract:

 This paper presents the design of a new axial-flux switched-reluctance motor (AFSRM) topology for in-wheel drive vehicle applications. The features of the topology include a short flux path and an outer-rotor configuration. The proposed topology also uses a sintered-lamellar soft magnetic composite core material, and permits displacement of the rotor along the suspension axis, which reduces damage to the stator caused by impacts and vibrations. The combination of these features makes this new topology competitive with other in-wheel motors in regard to torque density, durability, and cost. To describe the behaviour of the topology, a model of the topology is developed using a new integral inductance function. That model is used to select the design parameters of an 8/6 AFSRM, for which a fuzzy controller is also developed to control the phase current. Several simulations of the 8/6 AFSRM are performed to calculate its energy conversion efficiency, thermal performance, and torque density, and results indicate that the new AFSRM has a higher energy conversion efficiency, and can produce more torque/kg than other switched-reluctance motors used for in-wheel drive vehicle applications.
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1. Introduction

Electric drive systems are gaining importance in the automotive industry due to their high efficiency, low weight, and simple construction. Many electric drive systems have been developed for automotive applications [1], including centralized systems with motors in the front of the vehicle, and in-wheel systems with motors on each wheel hub [2]. In-wheel direct-drive motors represent the simplest and lightest method for propelling wheeled vehicles, but due to the reduced suspension performance of vehicles with increased wheel mass, the mass of in-wheel motors is a major concern [1]. Motors with low mass which mitigate this concern must also have high torque density in order to provide the high torque required by direct-drive applications. To reduce the motor mass, permanent magnets can be added to the rotors of in-wheel drives to increase the flux density without increasing the size of the windings, but high-performance permanent magnets which include rare-earth metals are expensive and easily damaged [3]. For these reasons, and because of their inher simplicity and reliability, in-wheel switched-reluctance motors (SRMs) are good alternatives.

To use an SRM for an in-wheel motor application, the torque density must be improved [1]. Several new SRM designs have been proposed which improve torque density, including motors with optimal radial-flux stator poles [4], axial-flux stator poles [5], dual stators [6], and higher numbers of rotor poles [7]. In [4,5], optimal designs are produced, but they are based on existing topologies. The new double-stator topology proposed in [6] forces magnetic flux to pass through the rotor in a direction which creates high torque, and also high energy conversion efficiency, but it would be difficult to apply to in-wheel motors due to its interior rotor configuration. In [7], it is indicated that a higher number of rotor poles would be beneficial for in-wheel applications, but the extra rotor poles are also shown to reduce the peak motor torque. Thus, although many works have produced SRMs with high torque density, to the best of our knowledge, no SRMs exist which can compete with the torque density of permanent magnet motors [8].

There are several factors which cause the torque density of an SRM to be lower than that of a permanent magnet motor, including hysteresis losses [9], magnetic saturation [10], and higher winding inductance [1]. Hysteresis losses can be reduced using new phase configurations, as shown in [11], but existing designs which reduce hysteresis losses by avoiding flux reversal also occupy larger volumes than machines which do have flux reversal. The effect of magnetic saturation can be mitigated by choosing a high performance core material, such as an amorphous metal [12], but these materials can be expensive. Furthermore, the magnitude of the winding inductance can be minimized by using fewer winding turns and higher current density [13], or, the effect of the winding inductance on the phase current can be reduced by implementing a controller which includes dynamic switching angles [14]. In view of the factors mentioned above, a comprehensive model of electromagnetic phenomena is needed to identify SRM design features which can increase the torque density.

SRM models can be developed using several techniques including magnetic equivalent circuits (MECs), Maxwell’s stress tensor [15], and finite-element analysis (FEA) [16], but to facilitate the design process, a model should be applicable to a wide range of motors. MEC models can be easily modified to apply to a variety of motors, but they require prior knowledge of flux distributions and machine parameters [17]. Maxwell’s stress tensor does not require knowledge of exact flux distributions, and can be used for models which require high accuracy, but its calculation can be difficult in motors with complex geometries [15]. FEA can be used for complex geometries, but the duration of the FEA process can be very long [16]. Thus, each of these techniques is useful for analysis of SRM performance, but no single technique provides all of the information needed to produce a design with maximum torque density. In addition, very few existing works incorporate physics-based information that can be obtained from these techniques [18]. To the best of our knowledge, there is also no consolidated set of design considerations which utilizes this physics-based information.

In this paper, we develop a new type (a new topology) of axial-flux SRM (AFSRM) with a high torque density using physics-based insights from electromagnetic motor models. The new type of SRM has low hysteresis losses because it has unique phase configuration; it also has a long constant power range because it uses a simple fuzzy control technique to improve the average torque by calculating optimal switching angles at each motor speed. In contrast to existing topologies which were designed and optimized using a single modelling technique [5,13], this topology was designed using a hybrid technique which combines the advantages of MECs, Maxwell’s stress tensor, and FEA. Our design process has three parts: in the first part, Maxwell’s stress tensor is used to select the AFSRM configuration. In the second part, a MEC is used to examine the dynamic behaviour of the AFSRM, and finally, FEA is used to investigate precise measures of motor performance, which are used later to produce the dynamic simulation. In addition, the proposed topology allows the rotor to move vertically in relation to the stator, resulting in variations in the inductance of each phase. This design feature was first proposed in [19], along with methods to control such variations, but design techniques which reduce these variations directly have never been addressed. In summary, the contributions of this paper are as follows:


	▪

	Design of a novel AFSRM topology with no flux reversal and higher torque density than other topologies in the literature.



	▪

	Development of a new modelling technique using an integral inductance function which is easier to calculate and more suited to numerical integration than existing functions.



	▪

	Production of a new fuzzy in-phase current-shaping controller.





The rest of the paper is organized as follows: Section 2 provides the background and fundamentals of motor design, and Section 3 presents the selection of in-wheel motor geometry. Section 4 describes the modelling and optimization of that geometry, and Section 5 provides a thermal analysis method that is suitable for AFSRMs. Section 6 presents an optimal phase current control algorithm, Section 7 presents simulation results from the numerical model of the motor, and Section 8 describes the assembly process for AFSRMs. Finally, Section 9 states the conclusions.



2. Background

This section provides a review of the important concepts and tools that are used to select and design in-wheel motors. In general, the optimal SRM geometry for a specific application can be identified using a qualitative treatment [18] of Maxwell’s stress tensor, or by examining the reluctance and total flux linkage of a MEC model, but Maxwell’s stress tensor is more accurate and inherently calculates forces in three-dimensions. The stress tensor in a purely magnetic system is equivalent to
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(1)




where [image: there is no content] is the stress tensor, x, y, and z refer to the coordinate axes, μ0 is the permeability of free space, B is the magnetic flux density, and B2 = Bx2+By2+Bz2. The components of the normal force, as shown on the diagonal of Equation (1), depend on the component of the magnetic field that is perpendicular to the surface, while the components of the tangential force depend on at least one factor of the field that is parallel to the surface. Since the backiron does not carry a significant surface current, the continuity relation requires that the tangential field is continuous across the backiron interface, but it also requires that the parallel field is discontinuous due to the higher relative permeability of the backiron, μr. The condition on the parallel-field components occurs due to the continuity of the applied field, or field intensity, H:
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(2)




where || refers to the parallel component. The highest torque produced in an SRM is therefore developed along the component of the pole tip which is normal to the direction of rotation. This declaration is equivalent to the statement that a given magnetic flux density produces the highest attractive force when it flows between two parallel surfaces. The highest attractive force will also produce the highest energy conversion efficiency (ECE), defined by [6] as the ratio of the tangential and normal forces:
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(3)




where Ftangent is the tangential force which creates motion, Fnormal is the combined normal component of the radial and axial forces, θ is the rotation angle, and I is the phase current. The stress tensor is used to calculate the tangential and normal forces using the formula
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(4)




where [image: there is no content] is the normal vector to the backiron-air interface, and dA is a unit of area on the integration surface. The ECE can thus be used to describe the torque density and efficiency of the design. Although two parallel surfaces would produce the highest ECE, the principle of rotary motion precludes the possibility of two parallel surfaces existing in an electric machine. The best alternative is shown in Figure 1, two surfaces with a large parallel depth and a sufficient offset to permit motion of both poles.


The motion of poles in an SRM is also affected by magnetic saturation. Saturation has two effects on motor performance. Saturated motors produce a smaller quantity of magnetic flux for a given phase current, but they also produce a larger quantity of torque because saturation increases the fringing flux, as in Figure 2. There is a specific winding current which will produce the highest ECE at each rotation angle for a given nonlinear backiron material, but this current can only be calculated during the quantitative design process. In summary, the qualitative design process harnesses physical motivations to make important design decisions, but cannot be used to define the values of design parameters without the quantitative design process.

Figure 2. Effect of saturation on flux density.
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Figure 1. Best physical alternative pole configuration.
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3. Design of the Motor Topology

This section presents a novel method to select SRM geometry, and defines the specific geometric parameters of SRM designs which affect the modelling process. Geometric design parameters can be described qualitatively using either empirical or physical [18] equations. Empirical design equations are available for several standardized motors, but they are not sensitive to small design modifications, though they may include the stack length, number of poles, outer radius, and backiron saturation point. The physical approach to motor design responds to all design modifications, including pole shape, gap shape, winding geometry, driving current, and phase activation strategy, and can be used to select the design itself. We design a novel split rotor-stator in-wheel motor using the physical approach for this reason. The features of the motor are shown at the end of this section. The considerations involved in a qualitative physical design process for such a motor are as follows:


	▪

	Maximum Torque: the unaligned position should have a minimum inductance, and the aligned position should have a maximum inductance. Since inductance is dependent primarily on geometry, the unaligned position should have no overlap between rotor and stator poles, and the aligned position should correspond to complete overlap.



	▪

	Torque Shape: the shape of the torque curve can be altered by changing the pole tip shape without affecting the total quantity of torque that is produced by the motor, as long as the shape does not change the saturation behaviour of the backiron.



	▪

	Backiron Material: saturation may improve performance in machines with low ECE, but it also represents a limit on the inductance of the aligned position. The backiron should be able to carry the total flux without reaching saturation, but should saturate near the pole tip to so as to increase the fringing flux.



	▪

	Pole Size: the maximum pole size in a specific motor volume is optimal. This consideration is reinforced by a simple calculation of copper loss. The resistance of a winding is given by
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(5)









	where ρc is the resistivity of copper, lw is the length of the winding, aw is the cross-section of the winding, and Apole is the cross-sectional area of the pole face. The average torque for two motors with identical unaligned inductances will be a function of the magnitude of the aligned inductance. It will also be a function of the aligned field-energy (1/2)φ2ℜ, where φ is flux and ℜ is reluctance. Given pole areas A2 = 2A1, with A2 as the area of pole 2 and A1 as the area of pole 1, equal aligned field-energies suggest that [image: there is no content] The magneto-motive force (MMF) is given as F = φℜ = NI, where N is the number of turns in a coil and I is the current in that coil. Solving for current results in
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(6)




where lflux is the path length and μ is the permeability of the material. We see that [image: there is no content] The resulting power requirement is
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(7)







Therefore [image: there is no content] As the area increases, power losses decrease.


	▪

	Pole Tip Shape: pole tip shaping along the tangential direction typically reduces the average torque produced by a motor, suggesting that shaping should only occur if motivated by a design requirement. Shaping along the radial and axial directions [20] has not been investigated thoroughly to the best of our knowledge, yet it is important to consider.



	▪

	Pole Configuration: the motion of an activated pole produces the back-EMF, shapes the backiron’s magnetic hysteresis cycle, and prescribes the optimal shape of the phase current. Reducing the frequency and magnitude of hysteresis will thus increase the efficiency of the motor.



	▪

	Phase Length: a longer backiron segment per phase will both reduce the inductance of the aligned position and increase hysteresis losses. The minimum backiron length is therefore desired.



	▪

	Phase Number: a larger number of poles and phases will result in a larger average torque if the controller can achieve single-pulse control, since the ECE for the energy contained in the magnetic field is higher near the unaligned position, when there is only a small overlap between the rotor and stator poles. The size of the overlap can be reduced by increasing the number of poles. A larger number of poles will thus increase the amount of time that the active phase spends near the overlap point, producing more torque.



	▪

	Phase Alignment: a rotating machine can be either radial or axial. Machines can also be designed in the inner- and outer-rotor configurations. Displacement of the rotor and stator beyond the length of the airgap is only possible in an axial configuration, and an outer-rotor arrangement will maximize the available winding space.





Further evidence in support of the axial-flux configuration can be found in the motor geometry. The rotor-stator interface surface in a radial machine can be defined by
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(8)




The rotor-stator interface surface in an axial machine can be defined by
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(9)




Thus the axial configuration contains a larger interface surface for rvolume > 0.5lvolume , assuming a radial rotor-stator interface radius of 0.5rvolume.

The design considerations above can be used to develop a set of motors with different numbers of rotor and stator poles. The set of motors includes five unique features:


	(1)

	The first feature, a short flux path, is implemented using a simple phase configuration, shown in Figure 3. Flux passes sequentially through each pole, where a machine with a long flux path has flux that passes through poles on opposite sides of the stator.

Figure 3. An example of a flux pattern in a single phase of an AFSRM.
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	(2)

	The second feature, an axial-flux motor configuration, is implemented by arranging the rotor and stator in an axial sequence, where a radial-flux machine is arranged such that the rotor is co-radial with the stator.



	(3)

	The third feature, an outer-rotor topology, is implemented by placing sets of rotor poles on either side of the set of stator poles. This produces an inner-stator, outer-rotor topology.



	(4)

	The fourth feature, a split rotor-stator coupling, is implemented by permitting the rotor to move vertically with respect to the stator, as shown in Figure 4. The motion is restricted such that at least some overlap between a rotor pole and a stator pole is maintained in the aligned position.

Figure 4. An example of the phase configuration and pole numbering in an 8/3 AFSRM, prior to optimization.
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	(5)

	The fifth feature, wherein no flux reversal occurs in the stator, is implemented using a new phase activation strategy, described in Table 1. This strategy avoids flux reversal in the stator during sequential pole activation cycles, but it does not completely avoid flux reversal in the rotor. The first rotor activation cycle causes flux to flow in one direction through the first set of rotor poles, where the second activation cycle causes flux to flow in that same direction through the alternate set of rotor poles. The flux which flows through first set of rotor poles is then reversed the next time that the first set of rotor poles is activated. Given that the first set of rotor poles is inactive during the second activation cycle, some degree of magnetization will dissipate, but some amount of hysteresis will occur nonetheless.

Table 1. Stator pole activation strategy in an 8/3 AFSRM.













	Rotor Angle
	1
	2
	3
	4
	5
	6
	7
	8





	0°–15°
	x
	x
	
	
	
	x
	x
	



	15°–30°
	x
	x
	
	x
	x
	
	
	



	30°–45°
	
	
	
	x
	x
	
	x
	x



	45°–60°
	
	x
	x
	
	
	
	x
	x



	60°–75°
	
	x
	x
	
	x
	x
	
	



	75°–90°
	x
	
	
	
	x
	x
	
	x



	90°–105°
	x
	
	x
	x
	
	
	
	x



	105°–120°
	
	
	x
	x
	
	x
	x
	


















These features, as listed above, differentiate the machines in Figure 5 from motors which are available in the literature. The new machines do not appear fundamentally different from simple AFSRMs, but modifications to their sizing permit unique utilization of the backiron with a new activation strategy. Traditional motors in the literature do not permit vertical motion between the rotor and stator, though there are some works which discuss control of such machines [19]. Traditional motors also utilize a ‘yoke’ which connects the rotor poles, and permits flux to flow from one pole to the next. Finally, machines with no flux reversal do exist in the radial configuration [11], but these devices occupy larger volumes than their counterparts which do have flux reversal. A machine with the features listed above occupies a smaller volume than a comparable axial-flux device, due to the lack of a yoke, and does not have flux reversal in the stator. Thus, a novel split rotor-stator in-wheel motor is selected from the set of machines with these features. The parameters of the machine proposed in this section will be determined in the next section, using a motor model and an optimization process.

Figure 5. A set of examples of the AFSRM motor topology.
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4. Modelling of an Axial-Flux SRM in 3D

This section presents a model that accurately describes the geometric and electromagnetic characteristics of the AFSRM topology, highlighting the effect of motor geometry on the energy conversion process through direct computation of the airgap reluctance. Verification of model accuracy is achieved using FEA [21], though a full electrical model and control system is needed to evaluate dynamic behaviour [22].

We propose a closed-form linear model that is dependent on important motor parameters, including the shape of the rotor-stator interface surface. The linear model is valid for the purpose of optimization so long as single-parameter variations yield monotonic changes in the performance index. Nonlinearities that arise due to magnetic saturation are assumed to be monotonic. The linear model is based on an integral inductance function, similar to the integral permeance function [23]. The inductance function is in turn based on the reluctance:
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(10)




where l is the length of the flux path, μ is the permeability of that path, and A is its effective cross-sectional area. The inductance of the same path can be calculated by
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(11)




where N is the number of turns in the winding producing the MMF. Then the inductance of one small flux path traced from source to sink can be given by
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(12)




where dx and dy represent infinitely-small orthogonal vectors on the pole tip surface. The inductance is therefore represented by
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(13)




The geometry of the flux path is conveniently lumped into the path length l, such that this technique can be applied in 2D or 3D. Maxwell’s equations provide convenient boundary conditions for the integral which produce elliptic flux paths that traverse material surfaces at 90° angles. Ramanujan [24] developed a good approximation of the path length along the ellipse:
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(14)




where ai is the semi-major axis, bi is the semi-minor axis, and i indicates the region on the pole surface, where the semi-major and semi-minor axes may vary between regions. The path length in the airgap between two surfaces can be calculated as a fraction of the total elliptic path,
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(15)




where φ is the angle between both surfaces. The inductance function may then be integrated numerically.
The inductance calculations are divided into aligned and unaligned configurations, and the unaligned configuration is further divided into four integrable path groups. Both configurations are broken into backiron and airgap segments. Finally, region division is achieved using a ratio of the leakage and backiron reluctances, and integration is performed over the stator pole surface.

The inductance is the sum of the regular and leakage inductances:
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(16)




with the regular inductance given by
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(17)




and the leakage aligned inductance given by
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(18)




The average torque is then


[image: there is no content]



(19)




Where Ns and Nr are the number of poles on the stator and rotor, while ΔW = Waligned - Wunaligned. The energy differential ΔW is directly dependent on the number of windings in each pole, and on the reluctance of the motor as it moves from the minimum to maximum position. This model is therefore static, and does not account for the rotational speed of the motor. A transient model which does account for the rotational speed of the motor is the subject of the following subsection.

4.1. Discretization of Motor Geometry for Transient Simulation using Analytic Circuit Models

A dynamic model of transient AFSRM behaviour is derived from the time-invariant equivalent circuit by applying a rule-based filter to a discretized version of the motor geometry.

The equivalent circuit is produced using the integral inductance function, but it ignores the backiron due to the much larger permeability of the airgap. Such simplification permits the model to emphasize the effect of vertical rotor displacement on reluctance during simultaneous rotation and displacement. The dynamic model is implemented using a MATLAB code which evaluates the geometry of the motor, breaking the model into a discrete grid, based on the overlap between rotor and stator poles.

As subdivided by the grid lines, each unit of area will be termed a grid unit. One flux path from each grid unit is traced from the surface of each active stator pole, through the airgap, the rotor pole, the next stator pole, and back to the original stator pole. When the reluctance of the flux paths, the total quantity of flux, and the torque have been calculated, the rotor is rotated through the arc of one grid unit, and the process is restarted. When the rotor has been rotated through one complete revolution, the vertical location of the rotor is incremented along an upward radial vector. To establish the effect of vertical displacement on reluctance, flux, and torque, the vertical location is incremented, and the rotor is rotated, until every viable configuration has been investigated. The differential inductance is then calculated using the reluctance and flux from the dynamic model. An example of the differential inductance for an 8/6 machine is shown in Figure 6. Note that the profile shown has not been normalized by the winding number, or any other motor parameter, so it is many times higher than the standard value of the inductance. The normalized differential inductance will be dependent on the value of the magnetomotive force and the permeability of the core material.

Figure 6. Differential inductance calculated using the dynamic AFSRM model.
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4.2. Determination of the Model Parameters

The other parts of the modelling process, including the magnetic saturation behaviour shown in Figure 7, the hysteresis loss calculation developed by [9], the lamination implementation in Figure 8, and the AC loss calculation developed by [25], have also been completed. The optimization process has been performed using a modified Taguchi method which produces the profile shown in Figure 9. The modified Taguchi method uses the principles of sensitivity and orthogonal arrays to reduce the number of motor parameters that are considered in the optimization, which would otherwise be too numerous for most computational approaches [26]. Apart from the independent parameters shown in Figure 9 all other motor dimensions have either been formulated as dependent parameters, eliminated from the optimization by the modified Taguchi method, or have been determined by the geometric constraints of an in-wheel application. The resulting optimized parameters are shown in Table 2.

Figure 7. Magnetic saturation behavior of the flux density with different core materials [10]. The sintered lamellar soft magnetic composite (SLSMC) can carry a high flux density, but at low applied field an SLSMC component will have worse performance than a comparable laminated component.
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Figure 8. Lamellar particle orientation in an SLSMC. Segmented lamellar metal chips are used instead of rolled steel sheets, permitting a pressing operation in place of traditional machining.
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Figure 9. Motor torque optimization surface as a function of winding dimensions. Smaller wires permit more turns per pole, increasing the MMF and the torque. As the winding thickness increases, more copper can be added to the motor, but less backiron is available to conduct magnetic flux.
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Table 2. Optimized AFSRM parameters.


	Parameter
	Value





	Peak Torque, below 15 [rad/s]
	2500 [Nm]



	Peak Torque, below 15 [rad/s]
	500 [Nm]



	Continuous Torque
	200 [Nm]



	Peak Torque/Phase
	1194.8 [Nm]



	Voltage
	500 [V]



	Current Density
	32 [A/mm2]



	Fill Factor
	0.8



	Weight
	40 [kg]



	Outer Radius
	203.2 [mm]



	Inner Radius
	66 [mm]



	Length of Airgap
	1 [mm]



	Winding Thickness
	15 [mm]



	Stator Width
	50 [mm]



	Rotor Width
	21.4 [mm]
















It is important to note that the hysteresis loss model and the copper loss model used in the optimization process will not be used to calculate the efficiency of the motor because the consistency of the assumptions between efficiency calculations in this paper and in the literature is unknown. The BH curve in Figure 7 is sufficient to indicate the increased torque density which is possible in a machine using an SLSMC instead of a powder metal backiron.

This section has finalized the geometric component of the motor design process, but in order to establish the suitability of the AFSRM topology for in-wheel applications, the cooling requirement should be investigated. Therefore, a thermal analysis method is proposed in the following section.




5. Thermal Analysis of the AFSRM

This section investigates the cooling requirements of the new AFSRM topology using a combination of thermal equivalent circuits and FEA. To aid in the design process, a normalized heat input to the thermal model is developed.

The heat input to the thermal model of an axial-flux motor can be normalized using the magnetomotive force (MMF). This normalization will permit the results of further computational analyses to apply to a range of designs with fixed MMFs (F). Several motors with the same MMF can then be considered identical for purposes of thermal analysis. Thus, normalization permits the design process to focus on the flux density, rather than on specific design parameters. Since several designs with identical MMFs can now be considered identical, fewer iterations of numerical calculations are now required during the design process. Solving for the current required to produce a specific MMF,
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(20)




where N is the number of wires in the winding. The input heat density is then
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(21)




Where P is the thermal power, I is the current in the wire, ρ is the resistivity of the wire, A is the cross-sectional area of the wire, d is the diameter of the wire, R is the resistance of the winding, lw is the depth of the winding, υ is the volume of the winding, rw is the radial thickness of the winding, and Aw is the total cross-sectional area of the winding. The heat generation per unit of volume as a function of winding cross-sectional area and MMF is then given by Figure 10.
A thermal model which uses the normalized heat input may be developed using linear equivalent circuits. The parameters of the thermal model are shown in Table 3. A nodal structure is established which describes the location of each subcomponent of the motor. Nodes are connected by thermal resistances which represent conduction. Each node also contains a capacitive element which represents the heat capacity of that subcomponent. Additional elements may be added to account for convection or radiation. The AFSRM model is symmetric about two axes, permitting a subsection of the full motor to represent the complete machine. A half-segment of one phase, shown in Figure 11, with structural material, is therefore modelled. The resulting thermal circuit is depicted in Figure 12, and the transient thermal behaviour of the motor during continuous operation is shown in Figure 13.

Figure 11. Geometry of th AFSRM used for the transient thermal model.
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Figure 12. Thermal circuit of the AFSRM.



[image: Machines 03 00027 g012 1024]





Figure 13. Transient temperature of the AFSRM winding calculated using a thermal equivalent circuit.
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Table 3. Parameters of the thermal model.



	

	
Density

	
Specific Heat Capacity

	
Thermal Conductivity




	

	
ρ [kg/m3]

	
cp [J/kg°C]

	
k [W/m°C]






	
Backiron

	
7700

	
490

	
25




	
Casing

	
7850

	
450

	
52




	
Windings

	
8950

	
380

	
360




	
Epoxy Resin

	
1400

	
1700

	
0.5




	
Separators

	
(7850 + 1400)/2

	
(450 + 1700)/2

	
(52 + 0.5)/2




	
Air

	
1.177

	
1005

	
0.0267















Using the normalized model inputs, we can also produce a set of standardized data for a variety of designs using FEA. This FEA process can be performed in either two dimensions (2D) or three dimensions (3D). Although many works [27] have used 2D FEA in the past, it is problematic to use 2D FEA for axial-flux motors because they rotate in a plane which is normal to the direction of flux flow. Linearized representations of axial-flux motors have been proposed in some cases [27] to circumvent this problem, but linearization can affect the location of the hotspots in the motor. For this reason, we will use 3D FEA in this paper. 3D FEA will provide precise knowledge of both average temperature and hotspot temperature [28], and will be used to identify the locations in which cooling systems are needed.





Here, we implement a 3D FEA model of the motor within a cylindrical region, which is designated to be ‘air’. Boundary conditions are applied on each surface of the region, or on the internal volume of the region, depending on the formulation of the condition. The winding elements are represented by segmented regions, and within each region, an appropriate current density is applied. Finally, a tetrahedral FEA mesh is specified which has a minimum resolution equal to or smaller than the size of the smallest air gap. The resulting thermal distribution is shown in Figure 14. The predicted temperature is lower than the operating temperature of many permanent-magnet machines, which can have coil temperatures above 100 °C [29].

Figure 14. Maximum temperature in the AFSRM.
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This section has documented a thermal analysis method for the new AFSRM topology, but before the performance of the AFSRM can be investigated, a control method must be implemented. Since the AFSRM includes the new design features developed in Section 3, methods in the literature [19] would be difficult to adapt without extensive modifications. Thus, a new AFSRM control method will be the subject of the following section.



Figure 10. Normalized heat generation in an axial-flux motor.
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6. Control of the AFSRM Phase Current

This section discusses the design and optimization of control techniques for the AFSRM. These techniques are divided into two categories, the first of which contains methods for switching angle [7] identification to define the beginning and end of each phase current pulse, and the second of which contains techniques for in-phase current shaping [30] to define each pulse profile. A method to achieve identification of switching angles is developed to improve motor efficiency, and that method is applied alongside a new optimal fuzzy current-shaping controller. Finally, a robust inverter design is chosen which can implement the control strategy.


6.1. Switching Angle Control

This subsection discusses the method used to identify the AFSRM switching angles. The switching angles are analytically determined using the governing equation for the phase current, which is a function of six variables: the motor speed (ω), inductance (L), resistance (R), vertically-induced back-EMF (dL/dx), rotationally-induced back-EMF (dL/dθ), and control voltage (V). These variables are directly apparent in the electrical phase equation:
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(22)




Re-arranging Equation (22) to solve for the rate of the phase current
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(23)




Setting up the integral for the time interval needed to reduce the current to zero
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(24)




Integrating Equation (24), and using the fact that Δθ = Δt ⋅ ω we find
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(25)




It should be noted that the inductance is a nonlinear parameter, so care should be exercised in using this equation. The desired switch-off angle is therefore given by
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(26)




where θf is the angle at which the current is desired to reach zero. While Equation (26) is useful to determine a dynamic switch-off angle, it does not address the issue of optimization. The optimal value of θf for maximum torque will differ from the optimal value of θf for minimum ripple. The assumption is also made in Equation (26) that the motor should operate under single-pulse control. The value of θf will therefore be optimized in the same way that the optimal static switching angle will be determined. A dynamic switch-on angle has yet to be defined, and will therefore also be calculated using a tuning procedure in the following section.


6.2. Switching Angle Optimization

An iterative method is used to optimize the static switching angles. In the method, the performance of the AFSRM is evaluated with each combination of switching angles, and the angles which produce the highest performance are selected. The optimal static switch-off angle is then chosen to be -22.5°, and the switch-on angle is chosen to be 22.5°, as in Figure 15, corresponding to continuous-current control. The optimal value for θf is also found to be 22.5°.

Figure 15. Switching-angle tuning procedure.
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6.3. Current Shaping

This subsection discusses the method used to shape the AFSRM phase current. Current shaping is achieved using a fuzzy controller with the back-EMF and vertical displacement of the rotor as inputs, and the voltage offset as an output. The back-EMF input is used to stabilize the effects of AC induction due to both rotational and translational vibrations. The vertical displacement is used to adjust the voltage output set-point to a value which provides optimal torque, and reduces ripple due to large rotor displacements. The voltage offset output from the controller is used to modify the driver throttle input voltage, and to restore peak torque in the case that the rotor is displaced. The fuzzy controller operates in conjunction with a bang-bang controller that minimizes the phase current between the switching angles. Current chopping is necessary at low speed in single pulse mode in order to mitigate ripple. This is consistent with other direct drive applications that have a wide speed range and a high torque requirement [5]. The specifications and the controller output are shown in Appendix A.



6.4. Inverter Implementation

To control the motor an inverter is used. An inverter implementation is chosen in this paper which uses a similar design to the distributed inverter proposed by [22]. There are several benefits of the distributed configuration, including simpler end-windings, more robust components, and easier cooling. The inverter uses a standard asymmetrical half-bridge inverter with two insulated-gate bipolar transistors for each pole winding, which reduces the voltage applied, and increases redundancy. The inverter configuration is shown in Figure 16, along with a simplified schematic of the AFSRM which will be simulated in the following section.

Figure 16. Specifications and wiring of the AFSRM.
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7. Performance of the Optimal In-Wheel Drive System

This section demonstrates the responses and numerical outputs of the AFSRM drive system. Each output is derived from a transient numerical model developed in Simulink, using lookup table data from FEA [31].


7.1. Motor Characteristics from Numerical Simulations

The motor is described by the profiles of the dynamic torque in Figure 17, current in Figure 18, and ECE in Figure 19. The high ripple in Figure 17 shows that the primary goal of the optimization process, which was average torque, did not reduce torque ripple. The mass of the wheel and rotor will, however, damp the high frequency component of the vibration. The current used in Figure 18 is lower than in most motors that produce high torque, but it corresponds to a current density of 32 (A/mm2), which is within reasonable limits. The ECE is calculated using Equation (3) and Maxwell’s stress tensor, considering all of the surfaces of the rotor. The tangential force is calculated using the vector sum of the components of the tensor along the direction of motion, divided by the sum of all of the components of the tensor. The AFSRM ECE in Figure 19 is higher than that of the double-stator SRM [6] because the surface of the rotor which faces the direction of motion is larger. The shape of the ECE profile for the AFSRM is different than the shape of the profile for the double-stator SRM, and for the standard SRM [6], because the AFSRM profile uses a square-wave winding current with maximum current density and the other profiles use voltage-dependent winding currents. Thus, the square-wave current causes the AFSRM ECE at small rotation angles to be higher than the actual ECE with a realistic winding current. This approach is used because the shape of the AFSRM current profile changes during dynamic operation, and the ECE is calculated using static FEA.

Figure 17. The optimal dynamic torque provided by the in-wheel AFSRM.
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Figure 18. The optimal current delivered to the in-wheel AFSRM.
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Figure 19. The ECE of th AFSRM compared to that of a double-stator SRM and a standard SRM [6].



[image: Machines 03 00027 g019 1024]













7.2. Comparison of the In-Wheel AFSRM to Other Drive Systems

The relative performance of the AFSRM drive system developed in this paper can be measured against the performance of other in-wheel drives. A comparison of several similar electric drive technologies is summarized in Table 4. Not all of the parameters are available for each of the technologies included in the table, but the available information shows that the AFSRM produces comparable torque to the Protean Drive, and operates at a similar voltage to the motor used by [32]. Although the AFSRM uses a high current density and has a high fill factor, it also has the largest airgap of the motors shown. In addition, while the average torque of the AFSRM is lower at high speed, this is largely due to torque ripple that could be reduced with a more advanced control technique.

Table 4. Comparison of electric drive systems.


	Parameter
	New AFSRM
	Protean [8]
	SRM[32]
	AFSRM[13]
	Claw-Pole[33]





	Peak Torque, [Nm]
	2500
	800
	-
	-
	-



	Cont. Torque, [Nm]
	500
	475
	403
	301.8
	250



	Voltage, [V]
	500
	380
	500
	48
	-



	Current Density, [A/mm2]
	32
	-
	21.7
	22.6
	20



	Torque Density, [Nm/kg]
	12.5
	15.3
	10.3
	-
	4.2



	Torque Density, [Nm/L]
	41.5
	29.8
	45.4
	41.8
	17.5



	Fill Factor
	0.8
	-
	0.54
	0.7
	0.8



	Maximum Efficiency
	95%
	-
	86%
	-
	95.2%



	Maximum ECE
	10%
	-
	2%
	9%
	6%



	Outer Diameter, [mm]
	406.4
	420
	269
	266
	328.6



	Axial Length, [mm]
	92.8
	115
	156
	130
	168



	Airgap, [mm]
	1
	-
	0.5
	0.3
	0.5



	Volume, [L]
	12.04
	15.93
	8.87
	7.22
	14.25



	Weight, [kg]
	40
	31
	39
	-
	62.15










Since the high current density that produces the stated torque density is only reached for a short duration, further thermal analysis will be needed to investigate the continuous operation limits on this device. FEA calculations are also needed to establish flux linkage curves for different winding currents. These can be compared to test results from a prototype, when the real fill factor can be established and losses can be precisely measured. Although simulations of losses are often performed by themselves, such calculations are not sufficiently accurate for topology comparisons without experimental calibration. AC losses due to the proximity effect and hysteresis are expected to be low in comparison to the DC conductive losses because of the slow operating speed of the motor and the lamellar backiron.

Flux linkage curves are not used to compare these machines due to the dependence of such curves on the backiron material. The ECE shown in Figure 19 provides a clearer method to compare motor topologies because it includes the effect of the geometry of the flux path.




8. Axial-Flux Motor Assembly

The construction and assembly of axial-flux motors involves a larger number of parts than that of a comparable radial-flux machine, but permits a simpler winding process. Each pole can be wound directly on the core, in a modular arrangement connected by a casing interface, as shown in Figure 20, which attaches to keys on the axial surfaces of the stator. The keys can be extended such that the casing interface is as wide as the surface of the pole, if an offset is maintained between the edge of the coil and the edge of the stator core. The comparable process in a radial-flux machines requires insertion of each turn along a stator spoke, requiring either a complex robotic assembly mechanism, or a manual winding approach.

Figure 20. AFSRM assembly components and structure. The stator key insets attach to a non-permeable disc which connects to the axle. The rotor attaches directly to the casing.



[image: Machines 03 00027 g020 1024]









9. Conclusions

In this paper, we developed a new AFSRM topology using physics-based insights from electromagnetic motor models. The features of the topology include a short flux path, an axial-flux, outer-rotor configuration, a split rotor-stator coupling, and no flux reversal in the stator. The fundamental improvement over a standard AFSRM is a larger backiron flux path with a lower reluctance per turn in the winding. A comprehensive model of the new topology was created using a hybrid modelling technique which involved MECs, Maxwell’s stress tensor, and FEA. The new modelling technique is different from existing techniques in two important ways; first, an integral inductance calculation is used instead of a traditional inductance calculation or a permeance calculation [23], and second, the transient motor behaviours are modelled using a numerical code based on the integral inductance function, instead of FEA [33]. These differences make the new modelling technique more accurate, and easier to apply to different configurations of this motor topology. An 8/6 AFSRM was chosen as an example of the new topology, using a fuzzy controller to calculate optimal switching angles, an SLSMC backiron, and a distributed inverter. The torque density, ECE, and efficiency of the 8/6 AFSRM were calculated using a simulation model with lookup tables from FEA implemented in Simulink.

In comparison to other SRM topologies intended for in-wheel applications [13,32], simulations indicate that the new AFSRM has a higher torque density by mass, and a comparable torque density by volume, although the thermal performance in continuous operation has yet to be evaluated. Furthermore, FEA calculations show that the new topology has a higher ECE than other comparable motors [6], and a similar efficiency [33], even with a larger airgap. This indicates that the topology is suited for low speed, high torque applications. Thus, the new AFSRM topology could be used in an in-wheel direct-drive electric vehicle, or in another application that requires a combination of high torque and high durability. Future work can be focused on improved optimization processes including transient analysis, a nonlinear adaptation of the integral inductance function, and a better control design.
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	Nomenclature
	Subscripts



	A : area, m2
	x, y, z : cartesian axes



	B : magnetic flux density, T
	w : motor winding



	H : applied field, A
	pole : pole surface



	F : force, N
	s : stator



	l : length, m
	r : rotor



	L : inductance, H
	reg : flux in regular paths



	I : current, A
	leak : flux in leakage paths



	R : resistance, Ω
	



	P : power, W
	



	Φ : flux, Wb
	



	θ : angle, rad
	



	ℜ: reluctance, A/Wb
	



	µ : permeability, H/m
	



	ρ : resistivity, Ω∙m
	



	ω : angular velocity, rad/s
	



	v : velocity, m/s
	



	V : voltage, V
	



	υ : volume, m3
	








Appendix A

This appendix presents the specifications of the fuzzy current controller introduced in Section 6. The rule structure and membership functions are presented along with the rule base for the fuzzy controller. More information regarding the general structure of fuzzy controllers for control of switched reluctance motors can be found in [34].


A.1. Rule Structure

The rule structure of the fuzzy controller is as follows:


	RI: If X1 is (NOT) C1J

   and (or) X2 is (NOT) C2J,


	Then YI is (NOT) DI, I = 1,…,M, J = 1,…,N




where RI is the ith rule, M is the number of rules (M = 6 in our design), x1 and x2 are the inputs, C1J and C2J are fuzzy sets (membership functions), N is the number of membership functions (N = 3 in our design), the Ith output is yI, and DI is the Ith consequent membership. Note that the ‘NOT’ operator on a MF is described as negation.



A.2. Membership Functions

The membership functions (MFs) of the fuzzy controller are shown in Figure A1, where each MF is Gaussian. Each of the inputs and the output have three membership functions (negative, positive, zero).

Figure A1. Fuzzy membership functions for the in-phase voltage controller.
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A.3. Rule Base

The rule base used in this paper consists of the set of rules shown below:


	R1: If Displacement is Neg then VOutput is Pos


	R2: If Displacement is Zero then VOutput is Zero


	R3: If Displacement is Pos then VOutput is Pos


	R4: If BEMF is Neg then VOutput is Pos


	R5: If BEMF is Zero then VOutput is Zero


	R6: If BEMF is Pos then VOutput is Neg




where ‘Displacement’ is the vertical displacement of the rotor, ‘BEMF’ is the back-EMF, and ‘VOutput’ is the output voltage of the controller. Although outputs are the same for some rules, which suggests that they could be combined into one rule using an (or) operator, the logical combination of two separate rules can be different, e.g., R1 is false, R3 is true. Thus, we use two separate sets of rules in this paper. The defuzzified output is computed using the centroid (center-of-area) of the aggregated output fuzzy set, and the controller output is computed during the defuzzification step by considering the outputs from both sets of rules simultaneously, with equal weighting. The resulting phase current shape is shown in Figure A2.




Figure A2. The shape of the phase current.



[image: Machines 03 00027 g022 1024]







Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
De Santiago, J.; Bernhoff, H.; Ekergård, B.; Eriksson, S.; Ferhatovic, S.; Waters, R.; Leijon, M. Electrical Motor Drivelines in Commercial All-Electric Vehicles: A Review. IEEE Trans. Veh. Technol. 2012, 61, 475–484. [Google Scholar] [CrossRef]

	2. 
Gu, J.; Ouyang, M.; Lu, D.; Li, J.; Lu, L. Energy efficiency optimization of electric vehicle driven by in-wheel motors. Int. J. Automot. Technol. 2013, 14, 763–772. [Google Scholar] [CrossRef]

	3. 
Kiyota, K.; Sugimoto, H.; Chiba, A. Comparison of energy consumption of SRM and IPMSM in automotive driving schedules. In Proceedings of the 2012 IEEE Energy Conversion Congress and Exposition (ECCE), Raleigh, NC, USA, 15–20 September 2012; pp. 853–860.

	4. 
Xue, X.D.; Cheng, K.W.E.; Ng, T.W.; Cheung, N.C. Multi-Objective Optimization Design of In-Wheel Switched Reluctance Motors in Electric Vehicles. IEEE Trans. Ind. Electron. 2010, 57, 2980–2987. [Google Scholar] [CrossRef]

	5. 
Madhavan, R.; Fernandes, B.G. Axial Flux Segmented SRM With a Higher Number of Rotor Segments for Electric Vehicles. IEEE Trans. Energy Convers. 2013, 28, 203–213. [Google Scholar] [CrossRef]

	6. 
Abbasian, M.; Moallem, M.; Fahimi, B. Double-StatorTrans. Switched Reluctance Machines (DSSRM): Fundamentals and Magnetic Force Analysis. IEEE Trans. Energy Convers. 2010, 25, 589–597. [Google Scholar] [CrossRef]

	7. 
Bilgin, B.; Emadi, A.; Krishnamurthy, M. Comprehensive Evaluation of the Dynamic Performance of a 6/10 SRM for Traction Application in PHEVs. IEEE Trans. Ind. Electron. 2013, 60, 2564–2575. [Google Scholar] [CrossRef]

	8. 
Ifedi, C.J.; Mecrow, B.C.; Brockway, S.T.M.; Boast, G.S.; Atkinson, G.J.; Kostic-Perovic, D. Fault tolerant in-wheel motor topologies for high performance electric vehicles. In Proceedings of the 2011 IEEE International Electric Machines & Drives Conference (IEMDC), Niagara Falls, ON, Canada, 15–18 May 2011; pp. 1310–1315.

	9. 
Leite, J.V.; Ferreira da Luz, M.V.; Sadowski, N.; da Silva, P.A. Modelling Dynamic Losses Under Rotational Magnetic Flux. IEEE Trans. Magn. 2012, 48, 895–898. [Google Scholar] [CrossRef]

	10. 
Lemieux, P.; Jude Delma, O.; Dubois, M.R.; Guthrie, R. Soft magnetic composite with Lamellar particles—Application to the Clawpole Transverse-Flux Machine with hybrid stator. In Proceedings of the 2008 18th International Conference on Electrical Machines, Vilamoura, Portugal, 6–9 September 2008; pp. 1–6.

	11. 
Oh, S.-G.; Krishnan, R. Two-Phase SRM With Flux-Reversal-Free Stator: Concept, Analysis, Design, and Experimental Verification. IEEE Trans. Ind. Appl. 2007, 43, 1247–1257. [Google Scholar] [CrossRef]

	12. 
Giulii, C.F.; de Donato, G.; Caricchi, F. Recent Advances in Axial-Flux Permanent-Magnet Machine Technology. IEEE Trans. Ind. Appl. 2012, 48, 2190–2205. [Google Scholar] [CrossRef]

	13. 
Shibamoto, T.; Nakamura, K.; Goto, H.; Ichinokura, O. A design of axial-gap switched reluctance motor for in-wheel direct-drive EV. In Proceedings of the 2012 XXth International Conference on Electrical Machines, Marseille, France, 2–5 September 2012; pp. 1160–1165.

	14. 
Xu, Y.Z.; Zhong, R.; Chen, L.; Lu, S.L. Analytical method to optimise turn-on angle and turn-off angle for switched reluctance motor drives. IET Electr. Power Appl. 2012, 6, 593. [Google Scholar] [CrossRef]

	15. 
Yu, Q.; Gerling, D. Analytical Modeling of a Canned Switched Reluctance Machine With Multilayer Structure. IEEE Trans. Magn. 2013, 49, 5069–5082. [Google Scholar] [CrossRef]

	16. 
Kiyota, K.; Kakishima, T.; Sugimoto, H.; Chiba, A. Comparison of the Test Result and 3D-FEM Analysis at the Knee Point of a 60 kW SRM for a HEV. IEEE Trans. Magn. 2013, 49, 2291–2294. [Google Scholar] [CrossRef]

	17. 
Bracikowski, N.; Hecquet, M.; Brochet, P.; Shirinskii, S.V. Multiphysics Modeling of a Permanent Magnet Synchronous Machine by Using Lumped Models. IEEE Trans. Ind. Electron. 2012, 59, 2426–2437. [Google Scholar] [CrossRef]

	18. 
Jiang, W.; Moallem, M.; Fahimi, B.; Pekarek, S. Qualitative Investigation of Force Density Components in Electromechanical Energy Conversion Process. In Proceedings of 32nd Annual Conference on IEEE Industrial Electronics (IECON 2006), Paris, France, 6–10 November 2006; pp. 1113–1118.

	19. 
Eastham, J.F.; Balchin, M.J.; Betzer, T.; Lai, H.C.; Gair, S. Disc motor with reduced unsprung mass for direct EV wheel drive. In Proceedings of the IEEE International Symposium on Industrial Electronics, Athens, Greece, 10–14 July 1995; Volume 2, pp. 569–573.

	20. 
Corda, J.; Tataru, A.M.; Rasmussen, P.O.; Ritchie, E. Analytical estimation of torque enhancement of the SR machine with saw-shaped (shark) pole surfaces. IEE Proc. Electr. Power Appl. 2004, 151, 223–229. [Google Scholar] [CrossRef]

	21. 
Omekanda, A.M. Robust torque and torque-per-inertia optimization of a switched reluctance motor using the Taguchi methods. IEEE Trans. Ind. Appl. 2006, 42, 473–478. [Google Scholar] [CrossRef]

	22. 
Hennen, M.D.; Niessen, M.; Heyers, C.; Brauer, H.J.; de Doncker, R.W. Development and control of an integrated and distributed inverter for a fault tolerant five-phase switched reluctance traction drive. In Proceedings of the 14th International Power Electronics and Motion Control Conference (EPE-PEMC), Ohrid, Macedonia, 6–8 September 2010; pp. 17–24.

	23. 
Takemoto, M.; Suzuki, H.; Chiba, A.; Fukao, T.; Rahman, M.A. Improved analysis of a bearingless switched reluctance motor. IEEE Trans. Ind. Appl. 2001, 37, 26–34. [Google Scholar] [CrossRef]

	24. 
Ramanujan, S. Modular Equations And Approximations to Pi. Q. J. Pure Appl. Math. 1914, 45, 350–372. [Google Scholar]

	25. 
Nan, X.; Sullivan, C.R. Simplified high-accuracy calculation of eddy-current loss in round-wire windings. In Proceedings of the 2004 IEEE 35th Annual Power Electronics Specialists Conference, Aachen, Germany, 20–26 June 2004; pp. 873–879.

	26. 
Kim, S.I.; Lee, G.H.; Lee, J.J.; Hong, J.P. Simple design approach for improving characteristics of interior permanent magnet synchronous motors for electric air-conditioner systems in HEV. Int. J. Automot. Technol. 2010, 11, 277–282. [Google Scholar] [CrossRef]

	27. 
Vese, I.-C.; Marignetti, F.; Radulescu, M.M. Multiphysics Approach to Numerical Modeling of a Permanent-Magnet Tubular Linear Motor. IEEE Trans. Ind. Electron. 2010, 57, 320–326. [Google Scholar] [CrossRef]

	28. 
Zhang, Y.; Ruan, J.; Huang, T.; Yang, X.; Zhu, H.; Yang, G. Calculation of Temperature Rise in Air-cooled Induction Motors Through 3-D Coupled Electromagnetic Fluid-Dynamical and Thermal Finite-Element Analysis. IEEE Trans. Magn. 2012, 48, 1047–1050. [Google Scholar] [CrossRef]

	29. 
Kim, S.C.; Kim, W.; Kim, M.S. Cooling performance of 25 kW in-wheel motor for electric vehicles. Int. J. Automot. Technol. 2013, 14, 559–567. [Google Scholar] [CrossRef]

	30. 
Lee, D.-H.; Pham, T.H.; Ahn, J.-W. Design and Operation Characteristics of Four-Two Pole High-Speed SRM for Torque Ripple Reduction. IEEE Trans. Ind. Electron. 2013, 60, 3637–3643. [Google Scholar] [CrossRef]

	31. 
Dos Santos, F.L.M.; Anthonis, J.; Naclerio, F.; Gyselinck, J.J.C.; van der Auweraer, H.; Goes, L.C.S. Multiphysics NVH Modeling: Simulation of a Switched Reluctance Motor for an Electric Vehicle. IEEE Trans. Ind. Electron. 2014, 61, 469–476. [Google Scholar] [CrossRef]

	32. 
Chiba, A.; Takano, Y.; Takeno, M.; Imakawa, T.; Hoshi, N.; Takemoto, M.; Ogasawara, S. Torque Density and Efficiency Improvements of a Switched Reluctance Motor Without Rare-Earth Material for Hybrid Vehicles. IEEE Trans. Ind. Appl. 2011, 47, 1240–1246. [Google Scholar] [CrossRef]

	33. 
Lundmark, S.T.; Alatalo, M. A segmented claw-pole motor for traction applications considering recycling aspects. In Proceedings of the 2013 Eighth International Conference and Exhibition on Ecological Vehicles and Renewable Energies (EVER), Monte Carlo, France, 27–30 March 2013; pp. 1–6.

	34. 
Fahas, S.; Kamwa, I. Fuzzy direct torque control of switched reluctance motors. In Proceedings of the 38th Annual Conference on IEEE Industrial Electronics Society (IECON 2012), Montreal, Canada, 25–28 October 2012; pp. 1811–1816.





© 2015 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 license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png





media/file18.png
Current [A]

5 1L
75
7 i
0 6.5
6
- 4.02 4.04 4.06 4.08 4.1
~ , ‘
0 8

Time [s]





media/file13.png
Temperature [C]

L
250

L
300

L
350

4





media/file9.png
Torque [N - m]

2000 -

1500

1000 -

) I

Wire Diameter [m]

12 8

Winding Thickness [% of total motor radius]





media/file22.png
Current [A]
o
o o

el
3}

—e— Controlled Current

L L L
42 422 424 4.28 43 4.32

.
4.26
Time [s]





media/file10.png
log, (e,

ON W R O OO ~N © ©

1600
2

4500 3
MMF [A] 500 4 Winding Area [mz]





media/file5.png
%

(a) 6/2.
(b) 8/3. (c) 12/4.

Y

(d) 6/4.
(e) 8/6. (f) 12/8.





media/file15.png
Total Torque [N- m]
L

-20 ~10

Switch ON [deg]

0

30

25

20 15

Switch OFF [deg]





media/file19.png
ECE [%]

——Double-Stator SRM
——Standard SRM

——AFSRM, 32 A/mm~2

15
Rotor Angle [deg]





media/file14.png
Temperature [C]

Y Position [m]

X Position [m]





media/file6.png





nav.xhtml


  machines-03-00027


  
    		
      machines-03-00027
    


  




  





media/file11.png
g

Next Windin

|

Next Separator

Upper Case

Next Core

8100 SNOIABId

Lower Case

|

Previous Winding

Jojesedag snoIABId





media/file1.png
Without Saturation With Saturation

Stator Stator

R

P4 Ay

Rotor

More flux perpendicular to motion More flux parallel to motion

Flux density in unsaturated regions increases —>»
~&€— Flux density in unsaturated regions decreases





media/file16.png
\
\
\
1
| -

S
) £

f alempieH [0JU0D *





media/file2.png





media/file20.png
Assembled

Casing Interface
—






media/file7.png
Flux Density [T]

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

5000

10000 15000

Applied Field [A/m]

20000

25000





media/file12.png
I .1
<SR17 c3
Previous Separator<
<
>
" :; o
:> 'l |I :>
<; R1 <> R2
[+]
Previous Winding
VAVAVA VAVAV
R11 :> R12
<: R6
Previous Core
J
|| :: R19
< >
7 <rgs
Uppeér Case Al Lower Case
II H VWA [ aJ VWA H I:’
c1 R13 . 22 R14 c2
ol
Next Core m< = =
<
1|
<
cs :: R20
< >
<; R10
S R16
AANA AANA
VvV VvV
R21 . .
Next Winding
S 12 ce >
<R3 < R4
o 7
<
>
:; R7
Next Separator <
Sris C4I
>






media/file3.png





media/file0.png
Stator Stator

L LLLLLY L LY

Highest Force | Best Physical Alternative






media/file17.png
Torque ||
N
0 o
[=] o
o o

(=}
T

Time [s]





media/file8.png
Flux

Lamellar Particles





media/file21.png
0.8
0.6
0.4

-0.005

0
Displacement (m)

0.01

—Neg
—Zero

0
Back-EMF (V)

—Neg
—Zero

——Pos

0
Output (V)





