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Abstract

:

This paper discusses a numerical model for determining the radial electromagnetic force of switched reluctance motors under air gap eccentricity (vertical and tilt eccentricities). The authors compare experimental and simulation results to demonstrate that the proposed model can accurately simulate the behavior of radial forces in switched reluctance motors under various types of air gap eccentricity. Moreover, the paper attempts to establish a dynamic model of the SRM and nalyze the performance of the radial electromagnetic force under air gap eccentricity in typical scenarios.
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1. Introduction


Switched reluctance motors (SRMs) have garnered widespread attention from researchers and industries due to their high fault tolerance, low manufacturing costs, and high torque density, particularly in applications such as electric vehicles and household appliances [1,2,3]. However, during operation, the air gap between the stator and rotor can experience various types of eccentricity due to external loading, leading to electromagnetic force imbalance and degrading the motor’s performance [4,5]. Furthermore, the nonlinear characteristics of SRMs complicate the investigation of this issue [6,7].



In recent years, many researchers have proposed valuable methods for modeling the nonlinear characteristics of SRMs and addressing the issue of radial electromagnetic force imbalance. Reference [8] uses different shapes of magnetic flux tubes to describe the air gap between the stator and rotor. It employs the flux ratio criterion to determine the nonlinear permeability of motor materials under different excitation currents, thereby deriving the motor’s nonlinear characteristics. References [9,10,11,12] have obtained detailed magnetic flux paths in the air gap through comprehensive geometric parameter calculations and used the equivalent magnetic circuit method to determine the permeability at various positions within the gap. Reference [13] introduces variations in the stator–rotor angle into the equivalent magnetic circuit through geometric calculations, enabling the model to analyze the nonlinear variations of motor flux. References [14,15] acquire motor inductance data through finite element sampling and obtain the nonlinear relationship of the flux linkage concerning excitation current and the stator–rotor angle using Fourier series fitting and electromechanical coupling equations. Reference [16] utilizes the Fröhlich–Kennelly equation to interpolate the magnetic flux path at the alignment position of the stator and rotor, resulting in an accurate motor flux linkage model. Reference [17] combines the equivalent magnetic circuit method and curve fitting techniques, employing piecewise polynomial fitting to derive the nonlinear curve of ferromagnetic materials within the equivalent magnetic circuit. Reference [18] combines magnetic potential with permeability correction to derive the expression for radial electromagnetic force in the air gap through the equivalent magnetic circuit method. Reference [19] builds on the Fourier series fitting of the motor’s nonlinear characteristics by adding the virtual displacement principle and stress tensor method to obtain the spatial distribution of radial electromagnetic force at the alignment position. Reference [20] incorporates air gap parameters into the equivalent magnetic circuit method to derive the inductance expression, subsequently using the virtual displacement principle to obtain the radial force expression of the motor. All of these studies have verified the feasibility of the proposed methods through finite element software.



It is evident that the articles mentioned above primarily focus on the establishment of radial force models for SRMs based on their nonlinear characteristics. However, there is a lack of research on the electromagnetic radial force of SRMs under air gap eccentricity, especially regarding the imbalance of radial electromagnetic force due to tilt eccentricity. Therefore, this paper first establishes a radial electromagnetic force model under vertical eccentricity using the principle of virtual displacement and finite element inductance data. Based on this model and the analysis of air gap geometric relationships, a modeling method for the electromagnetic radial force of SRMs under tilt air gap eccentricity is roposed. A dynamic model of the SRMs is established to analyze the radial electromagnetic force in typical dynamic eccentric scenarios.



The remainder of this paper is organized as follows: Section 2 analyzes the types of air gap eccentricity in SRMs. Section 3 proposes a modeling method for the radial force of SRMs under tilt eccentricity based on the research methods for vertical air gap eccentricity. The rest of Section 3 establishes a test bench to validate the accuracy of the proposed modeling method. Section 4 specifies a dynamic motor model based on the electromechanical coupling relationship to analyze the specific manifestations of electromagnetic force imbalance in typical air gap eccentric scenarios.




2. Varieties of Air Gap Eccentricity


The air gap eccentricity in SRMs refers to displacement due to abrupt external excitations, such as load position and magnitude changes. Common types of air gap eccentricity include vertical and tilt eccentricities. When the SRM operates stably, the air gap lengths between the stator and rotor remain consistent in the vertical direction. This results in equal radial electromagnetic forces, Fr1 and Fr2, with no electromagnetic force imbalance, as illustrated in Figure 1a. When vertical eccentricity occurs, with the stator remaining stationary and the rotor translating upward, the upper air gap length decreases. In contrast, the lower air gap length increases, resulting in a differential in radial electromagnetic forces and generating an unbalanced radial electromagnetic force, as shown in Figure 1b. In the case of tilt eccentricity, the stator remains stationary. In contrast, the rotor tilts at an angle, causing changes in the air gap length along the axial direction between the two phases, which alters the radial electromagnetic force at axial positions and produces an unbalanced radial torque along the axial direction, as depicted in Figure 1c. These imbalances in radial electromagnetic forces can lead to vibrations and noise during motor operation.



This paper uses a four-phase 8/6 pole external rotor switched reluctance motor as the research object, consisting of an external rotor, stator, and winding, as shown in Figure 2. In addition, the structural parameters of the motor are shown in Table 1.




3. Modelling of Radial Electromagnetic Force Under Air Gap Eccentricity


In this section, the expression for radial electromagnetic force in switched reluctance motors under vertical eccentricity is derived in Section 3.1. Then, Section 3.2 analyzes the geometric relationships of the air gap length for tilt eccentricity, and by combining this with the expression for vertical eccentric radial force, the expressions for radial electromagnetic force and unbalanced radial torque under tilt eccentricity are obtained. Finally, Section 3.3 validates the accuracy of the proposed model through experiments and finite element simulations.



3.1. Radial Electromagnetic Force Under Vertical Eccentricity


Firstly, the magnetic co-energy Wm of the switched reluctance motor windings can be expressed as the integral of the winding flux linkage concerning the phase current i, as shown in the following equation:


    W   m   =   ∫  0   i    ψ ( θ , i ) d i    



(1)




where Ψ (θ, i) is the flux linkage under different rotor rotating positions and phase currents.



According to the principle of virtual displacement, displacement of the current-carrying circuit results in a change in magnetic co-energy. The SRM has displacements in two directions: circumferential angular and radial displacement, corresponding to the motor’s static magnetic torque and radial electromagnetic force, respectively. Therefore, the switched reluctance motor’s static magnetic torque and radial electromagnetic force can be represented as the partial derivatives of the magnetic co-energy concerning the rotor angular position and radial displacement under constant current excitation, as shown in the following equation:


         T   m   =    ∂   W   m     ∂ θ      i = c o n s t =   ∫  0   i       ∂ ψ ( θ , i )   ∂ θ      d i         F   r   =    ∂   W   m     ∂   d   r        i = c o n s t =   ∫  0   i       ∂ ψ ( θ , i )   ∂   d   r        d i         



(2)




where Tm is static magnetic torque, Fr is the radial electromagnetic force, θ is the rotor’s rotating angle position, i is phase current which is a constant value, and dr is the air gap length between the stator and rotor.



Since the current i is a constant value, the magnetic flux linkage can be expressed as a single-variable function of the rotor angular position θ. Furthermore, the magnetic flux linkage can also be represented as the integral of the inductance concerning the winding current, indicating that the inductance is likewise a single-variable function of the rotor angular position θ, as shown in the following equation:


  ψ ( θ , i ) =   ∫  0   i    L   ( θ , i ) d i  



(3)







Combing Equations (1)–(3), the radial electromagnetic force expression is as follows:


    F   r   =    1   2       L ( θ , i )     d   r      ⋅   i   2    



(4)







When vertical eccentricity occurs, the air gap length can be expressed as follows:


    d   r   =   l   g   − Δ   l   g    



(5)




where lg is the original air gap length and Δlg is the vertical eccentricity displacement, so Equation (4) can be rewritten as follows:


    F   r   =    1   2       L ( θ , i )     l   g   − Δ   l   g      ⋅   i   2    



(6)







In this formula, the vertical eccentricity displacement Δlg can be expressed as follows:


  Δ   l   g   =    ε ⋅   l   g     100 %     



(7)







In this formula, ε is the vertical eccentricity rate, and its value range is 0–100%.



Due to the solid nonlinear characteristics of the winding inductance L(θ, i) in SRM, the inductance varies under different eccentric conditions. Therefore, the finite element analysis software Ansys Electronics can conveniently obtain data on inductance L(θ, i, ε) under varying air gap eccentricities, currents, and rotor positions, as illustrated in Figure 3a. Consequently, based on Equations (6) and (7), the radial electromagnetic force of the switched reluctance motor can be expressed as follows:


    F   r   =    1   2       L ( θ , i , ε )   ( 1 − ε )   l   g        i   2    



(8)







Further, Equation (8) provides data on radial electromagnetic force under different vertical air gap eccentricities, currents, and rotor positions, as shown in Figure 3b. The overlap area between the stator and rotor tooth surfaces is maximized at the aligned position (i.e., at half of the mechanical cycle). Therefore, the inductance is most affected by vertical air gap eccentricity at the aligned position, which leads to a significant imbalance in the radial electromagnetic force at this position.



In a switched reluctance motor, the position of the rotor poles relative to the energized stator poles can be represented by two specific positions: complete misalignment position and alignment position. When the rotor poles are in a state of complete misalignment, the rotor poles are directly opposite the stator yoke, resulting in the maximum air gap and minimum inductance, and consequently, the minimum radial force, corresponding to the 0° mechanical angle position shown in Figure 3a. As the rotor rotates, the air gap length gradually decreases to the length of the air gap between the stator and rotor, which remains constant; however, the overlapping area of the stator and rotor poles increases, leading to an increase in inductance and, subsequently, radial force. When the rotor and stator teeth are completely aligned, the inductance reaches its peak value, and the radial force reaches its maximum, corresponding to the 30° mechanical angle position in Figure 3b. After the rotor crosses the completely aligned position, the overlapping area of the stator and rotor teeth decreases, causing a reduction in inductance and a corresponding decrease in the radial force until it reaches zero. This explains the symmetrical distribution of the inductance and radial force curves about the alignment position shown in Figure 3.



The definitions of positive and negative air gap eccentricity in Figure 3 are as follows: A reduction in air gap length is designated as positive eccentricity, as it results in higher inductance and radial electromagnetic force compared to the scenario without air gap eccentricity. Conversely, increased air gap length is designated as negative eccentricity, leading to lower inductance and radial electromagnetic force than the scenario without air gap eccentricity.




3.2. Radial Force Under Tilt Eccentricity


To analyze the radial electromagnetic force in an SRM under tilt eccentricity, it is first necessary to derive the analytical expression for the air gap length at different axial positions. A schematic diagram of the air gap length at various axial positions without initial eccentricity is shown in Figure 4, where the air gap length is equal at all axial positions.



Set the distance from the rotor’s rotation point under tilt air gap eccentricity to the left endpoint of the stator, denoted as lr, while the air gap length remains the initial length lg. When one end of the rotor makes contact with the stator, the angle of tilt eccentricity at this point is defined as the maximum tilt eccentricity αtmax. The geometric relationship is illustrated in Figure 4b; thus, the maximum tilt eccentricity angle can be expressed as follows:


   α  t max        arctan     (        l   g       l   r       )  



(9)







Since the rotor tilt air gap eccentricity angle can only change between [0–αtmax.], set the tilt eccentricity rate to η%, and then the tilt eccentricity angle αt can be expressed as follows:


    α   t   =   α   t max   · η  



(10)







Therefore, under the specific tilt eccentricity of the air gap, the minimum air gap length lgmin shown in Figure 4c can be expressed as follows:


    l  g min   =  l r  · tan  (  α t  )  



(11)







Further, set the distance from any observation point lx between the stator’s two ends and the stator’s left end to be defined. The increment Δlgmin at different observation points, relative to the minimum air gap length is shown in Figure 4d, can be expressed as follows:


  Δ   l   g m i n   =   l   x   ⋅ t a n (   α   t   )  



(12)







Combining the above expressions, the final equation for the distribution of air gap length along the axial length of the motor under tilt air gap eccentricity can be obtained as follows:


    l   g t   (   l   x   , η ,   l   r   ) =   l   g   −   l   r   ⋅ tan (  α  t max   · η ) +   l   x   · tan (  α  t max   · η )  



(13)




where lg is the original air gap length, lx is the distance between the observation point and the left side of the stator, η is the tilt eccentricity rate, lr is the distance between the rotor rotating point and the left side of the stator, and αtmax is the maximum tilt eccentricity degree.



Figure 5 shows the air gap length diagram of different axial lengths and tilt air gap eccentricity rates when lr is the middle point of the motor’s axial length.



To simplify the calculation process of tilt eccentricity, the first-order polynomial is used to fit the air gap length under different degrees of eccentricity:


    L   a i r g a p   =   A   [ n × 1 ]   ⋅   l   x   +   B   [ n × 1 ]    



(14)




where A and B represent the air gap length’s fitting coefficient and constant term under n skew eccentricities, respectively.



The analytical expression for the radial force under vertical air gap eccentricity can be obtained in (10) by combining it with the expression for the air gap length under tilt eccentricity described above.


    F   t   =    1   2       L ( θ , i , ε )   A ⋅   l   x   + B    ⋅   i   2    



(15)







Additionally, the graphs depicting the unbalanced radial force at various degrees of tilt eccentricity rate along the axial position are shown in Figure 6 below.



Finally, the expression of the unbalanced radial moment under tilt eccentricity is obtained:


    T   u   =   ∫    l   r       l   a       F t  d  l x    −   ∫  0     l   r        F   t   d   l   x      



(16)




where la is the axial length of SRM, and lr is the rotational point of the rotor under tilt eccentricity.




3.3. Experiment and Finite Element Simulation Verification


A test bench was constructed to validate the proposed modeling method for radial electromagnetic forces in switched reluctance motor SRMs under different eccentric conditions, as shown in Figure 7 and Figure 8. The test bench components were fabricated according to the experimental procedure, including the platform chassis, rotor holder, stator holder, sensor holder, support shaft, and switched reluctance motor. This completed the preliminary assembly of the test setup. Furthermore, the measurement equipment for the radial electromagnetic force of the switched reluctance motor included a multi-channel DC-regulated power supply, tension and pressure sensors, a weight display controller, sensor pressure contact points, a digital multimeter, DCC power test leads, high-precision feeler gauges, and a laptop computer.



The experiment method is as follows: The rotor is connected to the rotor holder by bolts, maintaining a constant vertical height during measurement. The stator is connected to the support shaft via a key, with the support shaft resting on the stator holder and a balancing cushion placed between them to ensure single-degree-of-freedom motion in both horizontal and vertical directions. A force sensor is equipped with a pressure contact point and mounted on a sensor holder. The size of the air gap eccentricity is adjusted using an adjusting bolt connected to the stator holder, converting the circumferential rotation of the bolt into linear motion in the vertical direction to modify the air gap eccentricity.



During the measurement process, the air gap length is first adjusted to the target value using the adjusting bolt to achieve different types of air gap eccentricity in the switched reluctance motor while also changing the height of the sensor’s pressure contact point, ensuring it is free from external forces except for gravity concerning the support shaft. Subsequently, the adjusting bolt is retracted by a certain distance to ensure its tail does not contact the support shaft throughout the measurement process. The radial electromagnetic force under air gap eccentricity is then measured by adjusting the magnitude of the current excitation. Finally, the pressure values obtained from the pressure sensor are recorded in real-time on a laptop, completing the measurement of the radial electromagnetic force and unbalanced radial force under air gap eccentricity in the switched reluctance motor.



Furthermore, since there is no bearing support between the stator and rotor in the test bench when the radial electromagnetic force of the SRM exceeds the weight supported by the stator, winding, and support shaft, the stator and rotor poles may come into contact due to the attractive effect of the radial electromagnetic force. After multiple trials and validations, the measurement threshold of the radial electromagnetic force measurement bench designed in this study is 300 N. In measuring the radial electromagnetic force, this threshold should be fully considered to ensure the measurement process’s safety and the measurement results’ accuracy.



Based on the experimental method and the test bench, the radial electromagnetic force measurements of SRM were obtained under different levels of vertical air gap eccentricity and winding currents, as shown in Figure 9. The measured radial electromagnetic forces align well with the results derived from the proposed analytical modeling method, effectively validating the accuracy of the proposed method for calculating the radial electromagnetic force under vertical eccentricity.



When the switched reluctance motor windings are under a constant current excitation of 1 A, Figure 10a,b show the experimental measurements, finite element simulation results, and analytical results of the proposed modeling method for radial electromagnetic force under various degrees of tilt air gap eccentricity. The experimental, simulation, and numerical model data are summarized in Table 2.



Figure 10 and Table 2 show that the proposed tilt eccentric radial electromagnetic force model is highly accurate.





4. Model for Dynamic Air Gap Eccentricity of SRM


In this section, Section 4.1 presents the dynamic model framework for switched reluctance motors and explains the working principles of each module. Then, in Section 4.2, the proposed dynamic model is validated using the motor structure and experimental data provided in the literature. Finally, Section 4.3 investigates the behavior of air gap length and unbalanced radial force/torque in switched reluctance motors under typical dynamic eccentricity scenarios.



4.1. Dynamic Model for SRM


To analyze the radial force performance of switched reluctance motor under dynamic eccentricity, it is necessary to establish the dynamic model of the SRM. The structure of the dynamic model of the SRM is shown in Figure 11.



The parameters enclosed in the red boxes represent input parameters, those in the blue boxes represent functional modules, the green boxes denote intermediate variables, and the gray boxes indicate output parameters.



Next, the working principles of each module will be described.



4.1.1. Electrical Angle Calculating Module


The rotor electrical angle θelec can be obtained by calculating the rotor mechanical angle θmech. Since the rotor position increases linearly at a constant speed, every 360° represents one complete electrical cycle. The mechanical position of the rotor can be calculated using the discrete integration of the rotor’s angular velocity, as shown in the following equation:


    θ   m e c h   ( k ) =   mod  ⁡  (     N   r p m   (    360   60    )   T   s   ⋅ k +   θ   m e c h 0   , 360 )  



(17)




where Nrpm represents the mechanical rotational speed of the motor in RPM; Ts is the sampling time step, i.e., the sampling interval; k represents the kth sampling instance; θmech0 is the initial position of the rotor, which corresponds to the alignment of the first rotor tooth with the first stator pole, and Ts is the sampling time step.



Since the motor has Nr rotor teeth, each electrical cycle consists of Nr repetitions, with the starting electrical angle position defined as the misalignment between the first stator tooth and rotor tooth. Consequently, the alignment position of the stator and rotor corresponds to an electrical angle of 180°. Therefore, the rotor mechanical angle and electrical angle can be expressed as follows:


    θ   e l e c   = N r ⋅   θ   m e c h   + 180  



(18)







Therefore, when the first phase begins to be excited, the electrical angle displacements of the remaining phases can be expressed as follows:


  Δ   θ   e l e c   =    360   m      k   p h    



(19)




where kph represents the excitation sequence of the motor phase windings and m denotes the number of phases. Since the subject of this study is a four-phase motor, kph = [0–3].



Therefore, the expression θelec is obtained by combining Expressions (17)–(19), and the electrical angle of the motor at a specific speed can be obtained:


    θ   e l e c   ( k ) =   mod  ⁡  (   (   N   r   ⋅   θ   m e c h   ( k ) + 180 ) +    360   m      k   p h   , 360 )  



(20)




where θelec(k) is the electrical angle of the rotor at the kth sampling.




4.1.2. Current Calculation Module


The core part of the current calculation model is the formula for the stator winding voltage of the switched reluctance motor:


    V   p h   =   R   p h     i   p h   +    d   λ   p h   (   i   p h   ,   θ   e l e c   )   d t     



(21)




where Vph is phase voltage, Rph is phase reluctance, iph is phase current, λph is phase flux linkage, and θelec is the rotor’s rotation electrical angle.



Further, the integral method can be used to process Equation (12), and the flux linkage data λph(t) can be obtained:


    λ   p h   ( t ) =  ∫  (   V   p h   ( t ) −   R   p h   ⋅   i   p h   ( t ) )   d t  



(22)







Due to the high correlation between the phase current iph, magnetic flux linkage λph, and rotor electrical angle position θelec, the above expression can be rewritten as:


    λ   p h   ( t ) =  ∫  [   V   p h   ( t ) −   R   p h   ⋅   i   l u t   (   λ   p h   ( t ) ,   θ   e l e c   ( t ) ) ]   d t  



(23)







In this equation, ilut(λph, θelec) represents the current–flux linkage–rotor electrical angle lookup table. Therefore, obtaining the magnetic flux linkage value at a given moment can determine the corresponding current value. Subsequently, using the discrete form of the above expression, the magnetic flux linkage value at the next moment can be calculated as follows:


    λ   p h   ( k + 1 ) =   λ   p h   ( k ) + [   V   p h   ( k + 1 ) −   R   p h   ⋅   i   l u t   (   λ   p   ( k t ) ,   θ   e l e c   ( k ) ) ] ⋅   T   s    



(24)




where k is the k-th sampling frequency, iLut(λph(k), θelec(k)) can be obtained through the reverse lookup table of λph(iph(k), θelec(k)), and Ts is the sampling time step. The reverse lookup process is illustrated in Figure 12.



Figure 12a shows the origin data structure of flux linkage λ which can be obtained by finite element software. First, the number of the rotor electrical angle and phase current are extended to 360/nstep and Imax/mstep, respectively. By applying linear interpolation methods, more accurate and comprehensive flux linkage data can be obtained, as shown in Figure 12b. As long as the step size is sufficiently small, precise flux linkage data can be achieved. Then, the flux linkage λ[iph(k), θelec(k)] is inverted by the equation, as shown in Figure 12c, to retrieve the lookup table data for the current, iLut[λph(k−1), θelec(k−1)]. Finally, the inversion data structure of current is shown in the Figure 12d.



Figure 13a presents the discrete original flux linkage data λph(iph,θelec) obtained through finite element software. In contrast, Figure 13b shows the current data obtained after executing the inversion process outlined in Figure 12.




4.1.3. Current Hysteresis Control Module


Current hysteresis control [21,22,23] is widely used in the drive systems of switched reluctance motors, primarily for current tracking. The principle is as follows: The motor’s phase current is maintained within a reasonable range by setting upper and lower limits for the current. This is primarily controlled using the upper current limit Iupper and the lower current limit Ilower, as expressed in the following equation:


         I   u p p e r   =   I   a i m   ⋅ ( 1 + β )       I   l o w e r   =   I   a i m   ⋅ ( 1 − β )       



(25)







In the equation, Iaim represents the target current and β is the percentage of the current hysteresis bandwidth relative to the target current, typically set at 2% to 5%.



The excitation signal for the winding of the switched reluctance motor can be expressed as follows:


  E x c ( k ) =         − 1     0           1     E x c ( k − 1 )                   θ   e l e c   ( k ) ≥   θ   o f f   ∩   i   p h   > 0           θ   o n   ≤   θ   e l e c   ( k ) ≤   θ   o f f   ∩   i   p h   >   i   u p p e r                   θ   o n   ≤   θ   e l e c   ( k ) ≤   θ   o f f   ∩   i   p h   <   i   u p p e r             θ   o n   ≤   θ   e l e c   ( k ) ≤   θ   o f f   ∩   i   l o w e r   ≤   i   p h   <   i   u p p e r            



(26)







In the equation, Exc(k) denotes the excitation signal for the phase winding at the k-th sampling instance, where the symbol ∩ indicates ‘and’, i.e., that both conditions must be simultaneously satisfied.



Thus, based on Equations (25) and (26), real-time plots of phase current and excitation signal can be obtained at specific switching angles, target currents, and current hysteresis bandwidths, as shown in Figure 14.



From the figure, the real-time phase current fluctuates within the hysteresis band. When the rotor angle exceeds the turn-on angle, and the phase current is less than the target current, the excitation signal is set to 1, indicating that the circuit is conducting in the forward direction. Conversely, when the phase current is greater than or equal to the upper limit Iupper, the excitation signal is set to 0, indicating that the circuit is off and the current decreases gradually. When the current drops to or below the lower limit Ilower, the excitation signal returns to 1, indicating that the circuit is again conducting forward. This cycle continues until the rotor angle passes the turn-off angle, at which point the excitation signal changes to −1, indicating reverse conduction of the circuit, causing the phase current to drop rapidly to zero. Finally, the excitation signal remains at 0, fully disconnecting the phase winding until the rotor angle again passes the turn-on angle.




4.1.4. Torque and Radial Force Calculation Module


The torque module is centered around the static torque lookup table Tlut(iph, θelec), with phase current iph and rotor electrical angle θelec inputs; it produces real-time torque T as output. This torque lookup table can be obtained by solving the electromechanical energy conversion and virtual displacement equations or through finite element simulations.



The radial force calculation module is based on the expressions for radial electromagnetic force under vertical and tilt eccentricities proposed in Section 3. Its inputs include the initial air gap eccentricity lg, the rate of change of air gap eccentricity ε, and the inductance under air gap eccentricity L(iph, θelec, ε). The outputs consist of the unbalanced radial force under vertical eccentricity and the unbalanced radial torque under tilt eccentricity.



The dynamic model of the switched reluctance motor, centered on the electrical angle calculation module and real-time current module, has been successfully established.





4.2. Dynamic Model Verification


To validate that the proposed model can correctly compute phase current and electrical angle, as well as ensure a certain level of simulation accuracy, this section employs two switched reluctance motor models from reference [20] for verification, with motor structural parameters, excitation parameters, operating conditions, and output parameters all sourced from reference [20].



First, based on the switched reluctance motor parameters provided in reference [20], the motors are modeled using finite element software, as shown in Figure 15. This process further yields flux and torque data for different currents and rotor angles. Next, the current–angle–flux inversion process in Figure 13 is performed, resulting in a lookup table for flux–angle–real-time current. Subsequently, this real-time current table and torque table are input into the proposed dynamic model of the switched reluctance motor. Finally, based on the motor output parameters and data obtained from reference [20], a comparison of results is shown in Table 3.



The specific operating conditions for model validation are 200 turns of winding coils, an excitation current of 6A, and a target speed of 200 RPM. The control method used is chopped current control (CCC). Table 3 compares the motor’s output parameters.



Table 3 shows that under consistent input and output parameters, the output parameters computed by the proposed dynamic simulation model match the experimental data provided in reference [20]. This proves the accuracy of the proposed dynamic model for the SRM.



The parameters in Table 3 are explained as follows: Maximum torque can be defined in two ways: the maximum value of static torque under constant winding excitation and the maximum value of dynamic torque under constant winding excitation and speed. The average torque is defined similarly. The RMS current refers to the root mean square value of the dynamic current, also known as the effective current. Torque ripple is defined as the difference between the maximum and minimum torque expressed as a percentage of the average torque, commonly used to assess the stability of the motor’s output torque [24]. Torque per ampere refers to the average torque that the motor can output for each ampere of current and is often used to evaluate the torque density of the motor [25].




4.3. Dynamic Eccentricity Analysis


This section selects typical scenarios of dynamic vertical and tilt air gap eccentricity in switched reluctance motors and analyzes the performance of radial electromagnetic force in these scenarios.



Taking the switched reluctance hub-driven motor as an example, since this type of drive motor’s hub is directly connected to the outer rotor, various external excitations will directly affect the hub and outer rotor, resulting in dynamic air gap eccentricity.



When the switched reluctance hub-driven motor is subjected to different surface roughness excitations, noticeable vertical air gap eccentricity will occur.



This section first establishes a random road excitation displacement model based on the white noise model from the literature [26], as shown in Figure 16a. Subsequently, a vertical dynamics model of the hub motor is developed following the approach described in [27]. This leads to the vertical air gap eccentricity analysis under different road excitations, as Figure 16b depicts. Finally, the vertical air gap eccentricity is combined with the unbalanced radial force model proposed in Section 3 to obtain the unbalanced radial force plots for various road grades, as illustrated in Figure 16c.



Figure 16a indicates that as the road grade improves, the road unevenness gradually worsens, increasing the amplitude of road excitation displacement. Figure 16b shows that with the increasing amplitude of road excitation displacement, the vertical air gap eccentricity of the motor also increases, which further results in the increase of unbalanced radial force depicted in Figure 16c. This unbalanced radial force, induced by road excitation, can cause vibrations and noise in the motor, significantly affecting its operational quality.



When the switched reluctance hub-driven motor undergoes extreme steering, it is prone to tilt air gap eccentricity. This section focuses on the scenario of tilt eccentricity in the switched reluctance hub-driven motor during extreme steering conditions.



This section first derives the degree of tilt air gap eccentricity under extreme and large steering angles based on the switched reluctance hub motor steering model presented in reference [28], as shown in Figure 17a. Then, the obtained tilt air gap eccentricity curve is combined with the tilt eccentric unbalanced radial torque model proposed in the third section. This results in the unbalanced radial torque graph for different steering angles, as Figure 17b depicts.



Figure 17a shows that as the steering angle increases, the degree of tilt eccentricity at the start and end of the steering also increases. This phenomenon directly amplifies the unbalanced radial torque under tilt eccentricity, as Figure 17b shows.



These two typical scenarios illustrate that the type and extent of air gap eccentricity in the switched reluctance motor are directly influenced by external excitations, leading to electromagnetic force imbalance and resulting in unbalanced radial forces/torques.





5. Discussion


This paper improves the traditional calculation methods for radial electromagnetic force under vertical eccentricity, analyzing the geometric relationships of tilt eccentric air gap lengths. Combining these analyses, the expressions for radial electromagnetic force under tilt eccentricity and their distribution along the axial position are derived.



Using finite element software to model the radial force under vertical eccentricity, this paper directly obtains inductance data for various rotor angles, winding currents, and vertical air gap eccentricities. These data are then applied in commonly used methods, specifically the electromechanical conversion equations and the principle of virtual work, to derive a relatively accurate radial electromagnetic force under vertical eccentricity. Compared to traditional Fourier series fitting methods, this approach avoids the fitting errors that arise from limited sampling data.



Regarding modeling radial force under tilt eccentricity, this paper quantitatively analyzes the geometric relationships of air gap lengths under tilt eccentricity, resulting in expressions for air gap lengths at different axial positions in the motor. Combining these tilt air gap length expressions with the expression for radial electromagnetic force under vertical eccentricity, the paper derives the expression for radial electromagnetic force under tilt eccentricity and its distribution curve along the axial direction. Experimental and finite element simulation results validate the accuracy of this method. Notably, this approach significantly reduces the complexity of analysis and computational load compared to the commonly used Maxwell stress tensor method while maintaining accuracy.



The authors also attempted to establish a dynamic simulation model for the switched reluctance motor to study the behavior of radial electromagnetic force under dynamic eccentricity. However, due to the oversight of the motor’s mass during the testbench’s construction, it was impossible to establish a dynamic motor test setup. Consequently, the authors could only rely on replicating experimental data from the literature for indirect validation, which was a necessary compromise.



In summary, the analytical model for radial electromagnetic force under air gap eccentricity proposed in this paper provides high accuracy and operability for analyzing the performance of radial forces under various eccentric conditions.




6. Conclusions


This paper discussed an analytical model for the radial electromagnetic force of switched reluctance motors under air gap eccentricity (vertical and tilt eccentricities). The model first derives the expression for radial electromagnetic force under different vertical air gap eccentricities. It then conducts a geometric analysis of the air gap length for the tilt air gap eccentricity, resulting in the distribution and expression of air gap length along the axial length of the motor for varying degrees of inclination. Finally, by combining the expressions for vertical eccentric radial electromagnetic force and the tilt eccentric air gap length, the expression for radial electromagnetic force under tilt eccentricity is obtained, along with its distribution along the axial length of the motor. Comparative experiments, simulations, and model results demonstrate that the proposed model accurately analyzes the behavior of radial electromagnetic force in switched reluctance motors under vertical and tilt eccentricities. Additionally, a dynamic model of the motor is established to analyze the behavior of air gap eccentricity and radial electromagnetic force in typical dynamic eccentric scenarios.
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Figure 1. Common air-gap status of SRM: (a) no eccentricity, (b) vertical eccentricity, (c) tilt eccentricity. 
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Figure 2. The 8/6 pole external rotor SRM built in Ansys Electronics (2021 R1). 
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Figure 3. Inductance under vertical eccentricity (a) and radial force under vertical eccentricity (b). 
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Figure 4. Analysis process of air gap geometric relationship under tilt eccentricity. (a) No tilt eccentricity; (b) max tilt eccentricity angle; (c) minimum air gap length under a specific tilt angle; (d) increment of minimum air gap length in axial observation point position. 
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Figure 5. Air gap length under different tilt eccentricity rates η and axial distances lx. 






Figure 5. Air gap length under different tilt eccentricity rates η and axial distances lx.



[image: Machines 12 00823 g005]







[image: Machines 12 00823 g006] 





Figure 6. Radial electromagnetic force under different tilt eccentricity rates η and axial distances lx. 
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Figure 7. Structure diagram of radial electromagnetic force verification test bench. 
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Figure 8. Radial electromagnetic force verification test bench. 
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Figure 9. Comparison between the experimental and proposed method’s results. 
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Figure 10. Simulation’s result, experiment, and numerical model of radial force under tilt eccentricity. (a) Result comparison between simulation and numerical model; (b) result comparison between experiment and numerical model. 
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Figure 11. Structure of SRM dynamic model. 
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Figure 12. Inverse progress from flux linkage λph(iph(k), θelec(k)) to current iLut(λph(k), θelec(k)). 
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Figure 13. (a) Flux linkage λph(iph, θelec); (b) inversion current result iLut(λph, θelec). 
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Figure 14. Hysteresis Control: (a) phase current waveform; (b) phase voltage waveform. 
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Figure 15. Verification SRM from reference [20]. (a) MTPMSRM [20]; (b) MTSRM [20]. 
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Figure 16. Change of air gap eccentricity length and unbalanced radial force under three kinds of road excitation. (a) Road excitation displacement zg under different road ranks; (b) air gap eccentricity displacement under different road excitations; (c) unbalanced radial force under different road excitations. 
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Figure 17. Tilt air gap eccentricity and unbalanced radial moment. (a) Tilt eccentricity under different rotation excitations; (b) unbalanced tilt torque under different rotation excitations. 
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Table 1. Parameters of SRM.
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	Parameters
	Value
	Parameters
	Value





	Rotor Diameter (Dr) [mm]
	382
	Rotor Pole Arc (βr) [deg]
	23



	Stator Diameter (Ds) [mm]
	266
	Stator Pole Arc (βs) [deg]
	22



	Shaft Diameter (Dsh) [mm]
	90
	Rotor Yoke (Lr) [mm]
	32



	Air gap Length (lg) [mm]
	0.5
	Stator Yoke (Ls) [mm]
	46



	Stack Length (Hg) [mm]
	74
	Number of Turns (Nc) [−]
	136










 





Table 2. Unbalanced torque between experiment, simulation, and analytical model.
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Tilt Eccentricity Rate [%]

	
Measurement Value [N]

	
Unbalanced Tilt Torque [Nm]




	
Left Sensor

	
Right Sensor

	
Experiment

	
Simulation

	
Numerical Model






	
0%

	
138.1

	
138.1

	
0

	
0

	
0




	
10%

	
125.5

	
144.5

	
1.283

	
1.067

	
1.166




	
20%

	
117.9

	
152.1

	
2.309

	
2.245

	
2.105




	
30%

	
109.6

	
160.4

	
3.429

	
3.724

	
3.573











 





Table 3. Result of the dynamic model and the experiment reference [20].
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Output Parameters

	
MTSRM

[22]

Experiment

	
Proposed Dynamic Model

	
Error, %

	
MTPMSRM

[22]

Experiment

	
Proposed Dynamic Model

	
Error, %






	
Static Torque Performance

	
Current [A]

	
6

	
6

	
-

	
6

	
6

	
-




	
Maximum Torque [Nm]

	
0.85

	
0.831

	
2.286

	
1.43

	
1.449

	
1.328




	
Average Torque [Nm]

	
0.54

	
0.524

	
3.053

	
0.86

	
0.875

	
1.744




	
Dynamic Torque Performance

	
Rotation Speed [RPM]

	
200

	
200

	
-

	
200

	
200

	
-




	
RMS Current [A]

	
3.05

	
3.061

	
0.361

	
2.37

	
2.384

	
0.415




	
Maximum Torque [Nm]

	
0.85

	
0.851

	
0.117

	
1.43

	
1.434

	
0.279




	
Average Torque [Nm]

	
0.41

	
0.442

	
7.805

	
0.67

	
0.695

	
8.209




	
Torque Ripple [%]

	
121

	
124

	
2.479

	
119

	
123

	
3.361




	
Torque per Ampere [Nm/A]

	
0.13

	
0.139

	
6.923

	
0.28

	
0.302

	
7.857
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