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Abstract

:

Switched Reluctance Motors (SRMs) have emerged as a viable competitor to other established electrical machines. Although SRMs have many advantages, such as a rare earth free nature, simple structure, high fault tolerance capability and low cost, vibration problems due to radial force variations is still a major issue faced by SRMs. Hence, aimed at the problem of vibration suppression for SRMs, this paper proposes a method that focuses on the influence of the change of the turn-on angle and turn-off angle on the vibration of the SRM under the switching angle control (SAC) strategy. Firstly, the influence of the turn-on and turn-off angles on the harmonic components of the current is analyzed in detail. Then, the vibration caused by the frequency of the harmonic components of the current and the natural frequency of the motor is mainly studied. The results show that the harmonic order affecting vibration is related to the rotational speed, and by analyzing the value of this harmonic order, the variation law of vibration with the switching angle can be obtained. When the turn-off angle is constant, the amplitudes of the current harmonic component and vibration first decrease and then increase with the increase of the turn-on angle. Additionally, when the turn-on angle is constant, the current harmonic and vibration show the tendency of periodic oscillation with the variation of the turn-off angle, and the oscillation period is related to the harmonic order. The combination of switching angles that minimizes the certain current harmonic component also minimizes vibration. The effectiveness of the variation law was verified on a 12/8 poles and 1.5 KW SRM drive system test bench, which provide a new perspective on vibration suppression of SRMs.
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1. Introduction


A switched reluctance motor (SRM) is known for its simple construction, robustness, inherent fault tolerant structure and low production costs [1,2,3]. However, due to the double salient pole structure and switching operation mode of the SRM, it will generate a pulsating radial force during operation, and the radial force acts on the electronic stator to cause vibration and acoustic noise, which limits its application in the industrial potential market [4,5]. The existing research to suppress vibration for an SRM is mainly divided into two categories; the first category is to change the motor topology structure from the aspect of motor design, whereas the second one is to realize the vibration suppression of the SRM by the control strategy. In terms of optimal design of the motor structure, vibration suppression is mainly achieved by changing the structure of the motor body. For instance, Yang et al. [6] and Gan et al. [7] proposed one-phase and three-phase salient-pole SRMs, respectively. Isfahani and Fahimi [8] proposed a dual-stator SRM, which proved that the double stator structure can effectively reduce the vibration. Widmer et al. [9] proposed an optimized segmental rotor SRM with a greater number of rotor segments than stator slots. Kurihara et al. [10] realized vibration reduction of the SRM with a high number of poles. There is lots of research on vibration suppression from the aspect of control strategy, such as, switching angle adjustment [11], inserting of zero voltage loop during switching [12] and current waveform profiling [13,14]. Among them, switching angle adjustment is widely used due to its simple implementation.



In the control strategy of the switched reluctance motor, the turn-on angle and the turn-off angle are two important control parameters that have a direct impact on the performance parameters of the switched reluctance motor, such as torque, torque ripple, efficiency, vibration and noise [15,16]. The way of controlling the operation of the switched reluctance motor by adjusting the turn-on angle and turn-off angle is called switching angle control (SAC), and this method is widely used because of its simplicity [17,18]. The main control parameters of the SAC control strategy include turn-on angle, turn-off angle and duty cycle. Studies have shown that limiting the current change rate by adjusting the switching angle can effectively reduce the vibration and noise of the switched reluctance motor [19,20]. At present, scholars at home and abroad have carried out research on the optimization of switching angle. For example, Bayless et al. [21] achieved the vibration reduction goal by randomly adjusting the turn-off angle. Desai et al. [22] compared the switching angle random adjustment method with other vibration reduction methods and verified the effectiveness of the random adjustment of the switching angle method. Xu et al. [23] considered the influence of back EMF and proposed an analytical model of the turn-on angle and turn-off angle and optimized the turn-on angle based on the model. However, there is still a lack of research on the influence of the switching angle on the vibration of the switched reluctance motor, and the switching angle optimization algorithm has shortcomings, such as low efficiency.



This manuscript focuses on the influence of the change of turn-on angle and turn-off angle on the vibration of a switched reluctance motor under the angle control strategy. The influence of on angle and off angle on a current harmonic component is analyzed in detail, and the vibration caused by the consistency of current harmonic component frequency and motor natural frequency is studied. Then, the effectiveness of the proposed method was verified on a 12/8 poles and 1.5 KW SRM drive system test bench. In Section 2, the principle of the switching angle control method is presented. Section 3 shows the influence of the switching angle on vibration of an SRM. In Section 4, the experimental verification and analysis is implemented to validate the proposed method. Finally, the conclusion is drawn in Section 5.




2. Principle of Switching Angle control Method


A typical structure of stator and rotor for a 12-8 SRM is shown in Figure 1a. As can be seen from the figure, both the stator and the rotor of the SRM are doubly salient structures. If a specific phase of the motor (e.g., phase 1) is excited, the magnetic field force is generated due to the distortion of the electromagnetic field, which makes the rotor rotate to the position where the pole axis of the rotor and the pole axis of the stator coincide. When the phases 2, 3, 1 and 2 in Figure 1a are sequentially energized, the rotor will continuously rotate in a counterclockwise direction, and, vice versa, in a clockwise direction. Due to the double salient pole structure and unique switching mode of the switched reluctance motor, the flux linkage of the switched reluctance motor has strong nonlinearity, which makes the mathematical model of the switched reluctance motor very complex. In order to facilitate the analysis, on the basis of ignoring the flux saturation effect and reluctance edge effect, this section linearizes and simplifies the flux linkage characteristics of switched reluctance motor. In the linearized model, the inductance is related to the rotor position and independent of the current. For a phase of the switched reluctance motor, during the rotation, the relative positions of salient poles of stator and rotor change periodically, and the inductance also changes periodically between the maximum value Lmax and the minimum value Lmin. The change curve of inductance relative to rotor position is shown in Figure 1b, where βr is the length of stator pole arc, βs is the length of rotor pole arc, θ1 is the position where side B of stator and side a of rotor coincide, θ2 is the position where side a of stator and side B of rotor coincide, θ3 is the position where stator side B and rotor side B coincide, θ4 is the position where side a of stator and side a of rotor coincide, θ5 is the position where stator side B and rotor side a coincide and θ6 is the coincidence position of stator side a and rotor side B.



Figure 1b also shows the variation curve of the inductance with respect to the rotor angle position θ under the linear model, where θ1 to θ5 is an electrical cycle. When θ1 ≤ θ < θ2, the stator salient pole and rotor groove overlap, and the air gap between stator and rotor is the largest, so the magnetic resistance is the largest and the inductance is the smallest. When θ2 ≤ θ < θ3, the rotor salient pole begins to overlap with the stator salient pole, the air gap between the stator and rotor decreases, and the inductance increases linearly. When the stator salient pole coincides with the rotor salient pole, the inductance reaches the maximum. When θ3 ≤ θ < θ4, the rotor salient pole and stator salient pole remain coincident, the air gap is the smallest, and the inductance is always the maximum. When θ4 ≤ θ < θ5, the rotor salient pole gradually separates from the stator salient pole, and the inductance value linearly decreases to the minimum value. The inductance expression is [24]:


  L ( θ ) =  {     L  min   ,    θ 1  ≤ θ <  θ 2       L  min   +    L  max   −  L  min      β r    ( θ −  θ 2  ) ,    θ 2  ≤ θ <  θ 3       L  max   ,    θ 3  ≤ θ <  θ 4       L  max   −    L  max   −  L  min      β r    ( θ −  θ 4  ) ,    θ 4  ≤ θ <  θ 5       



(1)







Since the voltage drop of the motor winding is very small, the influence of the voltage drop of the motor winding is neglected, and the circuit equations at both ends of the winding are simplified to:


   U k  =   d  ψ k    d t   =   d  ψ k    d θ   ⋅   d θ   d t   =   d  ψ k    d θ   ⋅ ω  



(2)




where Uk is the voltage at both ends of the winding, and ψk is the flux linkage at both ends of the winding, and the transformation Formula (2) is:


  d  ψ k  =    U k   ω  ⋅ d θ  



(3)







It can be seen from Formula (3) that in the linear model of the motor, when the motor runs at a constant speed, the flux linkage of the winding changes linearly with the slope of Uk/ω along with the rotor angle. When the phase winding of the switched reluctance motor is turned on, the corresponding rotor angle is the turn-on angle θon, the rotor angle when it is turned off is the turn-off angle θoff, and the conduction angle is θc = θoff − θon. When the flux linkage of the winding conduction is 0 and the source voltage is Us, then the expression of each phase flux linkage relative to rotor angle can be calculated by integrating both sides of Formula (3) as:


   ψ k  =    ∫   θ  o n    θ      U k   ω  ⋅ d θ =       U k   ω  ⋅ ( θ −  θ  o n   )  



(4)







When θ = θoff, the maximum value of the flux linkage is:


   ψ  max   =    U k   ω  ⋅ (  θ  o f f   −  θ  o n   ) =    U k   ω  ⋅  θ c   



(5)







When the power is turned off, the winding will freewheel the power supply through the freewheeling diode, and the voltage flowing through the winding is U = −Us. Substitute the voltage into the Equation (3) and integrate it to obtain the freewheeling phase winding flux linkage expression as:


   ψ k  = −    ∫   θ  o n    θ      U k   ω  ⋅ d θ =       U k   ω  ⋅ ( 2  θ  o f f   − θ −  θ  o n   )  



(6)







When θ = 2θoff − θon, the flux linkage decreases to zero. Through the above analysis, the variation curve of the flux linkage with the rotor angle can be obtained, as shown in Figure 2:



Then the functional expression of flux linkage is:


   ψ k  =  {       U k   ω  ⋅ ( θ −  θ  o n   ) ,    θ  o n   ≤ θ <  θ  o f f          U k   ω  ⋅ ( 2  θ  o f f   − θ −  θ  o n   ) ,    θ  o f f   ≤ θ < 2  θ  o f f   −  θ  o n       0 ,   other      



(7)







From the relationship between flux linkage and inductance, we can get:


  ψ = L ( θ ) ⋅ i ( θ )  



(8)







Substituting Equation (8) into Equation (2):


   U k  =   d  ψ k    d t   = L ⋅   d i   d t   + i ⋅   d L   d t   = L ⋅   d i   d θ   ⋅ ω + i ⋅   d L   d θ   ⋅ ω  



(9)







Multiplying current on both sides of Equation (9) yields the following equation:


   U k  ⋅ i = L ⋅ i   d i   d θ   ⋅ ω +  i 2  ⋅   d L   d θ   ⋅ ω =  d  d t    (   1 2  L ⋅  i 2   )  +  i 2  ⋅   d L   d θ   ⋅ ω  



(10)







From Formula (10), it can be seen that part of the electrical energy input of the switched reluctance motor is converted into electromagnetic field energy storage, and the other part is converted into mechanical energy, which is the multiplication of phase current and electromotive force to provide power for the motor to rotate. Figure 3 shows the variation curve of the current with the rotor position in the next electrical cycle of the angle control strategy.



In the interval θ1 ≤ θ < θon, the motor phase has not been turned on, and no current flows through the phase winding. At this time, the phase current is:


  i ( θ ) = 0  



(11)







In the interval θon ≤ θ < θ2, the voltage at both ends of the winding is Us, and the inductance is the minimum value Lmin. And after the winding is excited, both the current and the flux linkage start to rise. Hence, the phase current is obtained by Formula (9):


  i ( θ ) =    U s   ω  ⋅   θ −  θ  o n      L  min   +    L  max   −  L  min      β r    ( θ −  θ 2  )    



(12)







In the interval θoff ≤ θ < θ3, the voltage across the winding is -Us, and the phase current decreases rapidly. Substitute inductance Equation (7) into Equation (9) to get:


  i ( θ ) =    U s   ω  ⋅   2  θ  o f f   − θ −  θ  o n      L  min   +    L  max   −  L  min      β r    ( θ −  θ 2  )    



(13)







In the interval θ3 ≤ θ < 2θoff − θon, the inductance maintains the maximum value Lmax, and there are:


  i ( θ ) =    U s   ω  ⋅   2  θ  o f f   − θ −  θ  o n      L  max      



(14)







At this time, the current decreases linearly, and the slope is −Us/(ωLmax) = const, which is a constant.



In the interval of 2θoff − θon ≤ θ < θ5, the flux linkage is 0 and the current is also 0:


  i ( θ ) = 0  



(15)







To sum up, in one cycle, the expression of current i(θ) is:


  i ( θ ) =  {    0 ,    θ 1  ≤ θ <  θ  o n      or    2  θ  o f f   −  θ  o n   ≤ θ <  θ 5         U s   ω  ⋅   θ −  θ  o n      L  min     ,    θ  o n   ≤ θ <  θ 2         U s   ω  ⋅   θ −  θ  o n      L  min   +    L  max   −  L  min      β r    ( θ −  θ 2  )   ,    θ 2  ≤ θ <  θ  o f f          U s   ω  ⋅   2  θ  o f f   −  θ  o n   − θ    L  min   +    L  max   −  L  min      β r    ( θ −  θ 2  )   ,    θ  o f f   ≤ θ <  θ 3         U s   ω  ⋅   2  θ  o f f   −  θ  o n   − θ    L  max     ,    θ 3  ≤ θ < 2  θ  o f f   −  θ  o n        



(16)








3. Influence of Switching Angle on Vibration


3.1. Current Harmoinc Model


The phase current of the SRM can be viewed as the Fourier series summation of several harmonic components. The torque ripple, vibration noise and operating efficiency of the SRM are mutually constrained, which can be established to quantitatively analyze the coupling relationship between different performance indicators. When the switched reluctance motor is running, considering the periodic characteristics of the switched reluctance motor, the current waveform can be expressed as a mathematical expression in the form of a Fourier series. This mathematical expression is called the current harmonic model, which is expressed as follows [25]:


  i (  θ e  ) =  i 0  +   ∑  n = 1  N    i  n c     ⋅ cos  (  n  θ e   )  +   ∑  n = 1  N    i  n s     ⋅ sin  (  n  θ e   )   



(17)




where i0, ins and inc are the DC component, the n-th order sine component and the n-th order cosine component, respectively. N is the order of the cutoff frequency and θe is the rotor position angle (electrical angle).




3.2. Influence of Switching Angle on Current


Switching angle control strategy achieves the purpose of controlling the operation of the motor by adjusting the turn-on and turn-off angles of each phase of the motor. As can be seen from the previous section, the inductance of the motor is at a minimum value before θ2 (the rotor angle at which the stator salient poles of the motor and the rotor groove begin to disengage), and the current increases linearly between the turn-on angles θon and θ2. Therefore, by changing the turn-on angle θon, the amplitude of the phase current in the inductance rising region is different, and the generated torque is also different. When the turn-off angle θoff of the motor is fixed, different turn-on angles will cause the current to have different waveforms, as shown in Figure 4.



When the turn-on angle    θ  o n   <  θ 2  − L / [ (  L  max   −  L  min   ) /  β r  ]   and di/dθ < 0, the current drops in the inductance rising region, as shown by curve a in Figure 4. This is because when the turn-on angle is too small, the current rises too fast, and when the motor turns to θ2, the current amplitude is too large, making the torque too large. At this time, the amplitude of the back EMF is greater than the bus voltage, and so the current decreases. When the turn-on angle    θ  o n   =  θ 2  − L / [ (  L  max   −  L  min   ) /  β r  ]   and di/dθ = 0, the current amplitude remains unchanged, as shown by curve b in Figure 4. Since the back EMF is equal to the bus voltage, the current does not change. When the turn-on angle    θ  o n   >  θ 2  − L / [ (  L  max   −  L  min   ) /  β r  ]   and di/dθ > 0, the phase current amplitude continues to increase when the motor turns to θ2, as shown by the curve c in the Figure 4. Due to the delay in the turn-on of the phase winding, the phase current is too small, and the rotating electromotive force is smaller than the bus voltage. The curve of the current harmonic components with the turn-on angle can be obtained by performing a Fourier transform on the current waveform. Figure 5 shows the current harmonic variation when the turn-off angle is fixed at 120° and the turn-on angle varies from 15° to 45°.



As can be seen from Figure 5, with the increase of harmonic order, the harmonic amplitude shows a decreasing trend. The DC component of the current waveform decreases with the increase of the turn-on angle, and other harmonic components first decrease and then increase with the change of the turn-on angle. There is a minimum value at a specific angle, such as the current harmonic amplitude, which has a minimum value at 30 centigrade as shown in Figure 5.



Similarly, if the turn-on angle of the motor is fixed, the change of turn-off angle will also cause the change of current waveform, as shown in Figure 6. It can be seen from the figure that the turn-off angle determines the position where the current is reduced to zero. In Formula (9), let i(θ) = 0, and get the zero point of the current θ0 = 2θoff − θon. When θ0 < θ3, i.e., θoff < (θ3 + θon)/2, the current has decreased to zero before the inductance increases to the maximum, as shown in curve C in Figure 6. When θ0 > θ3, i.e., θoff > (θ3 + θon)/2, the current decreases to zero in the maximum inductance area, as shown in curve B in Figure 6. When the turn-off angle continues to increase, the current is still not zero in the inductance drop area, as shown in curve A in Figure 6. It can be known from the electromagnetic torque characteristics that braking torque will be generated at this time.



The curve of the current harmonic components with the turn-off angle can be obtained by Fourier transform of the current waveform at different turn-off angles. Figure 7 shows the current harmonic variation rule when the reference current is 5A, the turn-on angle is fixed at 15°, and the turn-off angle varies from 120° to 150°. As can be seen from the figure, as the harmonic order increases, the harmonic amplitude shows a decreasing trend. From the variation trend of current harmonics of each order, it can be seen that the influence of the turn-off angle on current harmonics has obvious regularity. With the increase of the harmonic order, the current harmonic amplitude gradually presents the characteristics of periodic oscillation with the change of the turn-off angle, and with the increase of the harmonic order, the oscillation period gradually shortens. It can be read from the figure that the oscillation period of the 18th order is 20 degrees, and the oscillation periods of the 36th and 48th order of current harmonics are 10 degrees and 5 degrees, respectively. After comparing and analyzing the harmonic amplitudes and their vibration periods of other orders, it is found that the oscillation period of the current harmonic amplitudes is related to the current harmonic orders, and the following relationship is approximately satisfied between them:


   T k  =   360  k   



(18)







Tk is the oscillation period of the k-th order current harmonics changing with the turn-off angle. For low-order harmonics, due to the long oscillation period, the oscillation period cannot be observed in the limited range of off-angle variation.



In the actual operation of the switched reluctance motor, for the same working conditions, there are various combinations of switching angles to achieve the speed regulation and torque control requirements. Under the angle control strategy, different switching angle combinations will generate different current waveforms, which will affect the performance parameters of the motor, such as vibration, torque ripple, and energy efficiency.




3.3. Influence of Switching Angle on Vibration


When the switched reluctance motor is running, the frequency of the excitation current and its harmonic components is determined by the rotational speed and the number of rotor poles, and the frequency of the n-th order current harmonic is:


   f e  =  ω  2 π   ⋅  N r  ⋅ k  



(19)




where, fe is the excitation current harmonic frequency, ω is the motor speed, Nr is the number of rotor poles and k is the current harmonic order. Cai et al. showed that when the harmonic frequency of the current is consistent with the natural frequency of the motor, it will cause the motor to vibrate. The two-step commutation method is one of the control strategies to reduce the vibration of switched reluctance motors. In the two-step commutation method, the upper bridge switch of the power amplifier is first turned off to induce free damped oscillation, and the oscillation frequency is equal to the characteristic frequency of the main mode shape. Then, after half a cycle, the lower bridge switch is turned off, causing another oscillation with the same amplitude and a phase shift of 180°. After the two oscillations are superimposed on each other, the vibration at the characteristic frequency can be significantly reduced. This method shows that a specific shift in the radial force harmonic spectrum can be produced by adjusting the turn-off angle. Therefore, the radial force spectrum can be shifted by adjusting the turn-off angle. When the switched reluctance motor is commutated, the current harmonic component that is the same as the natural frequency of the motor can be minimized, which is helpful for vibration suppression. In order for the k-th current harmonic to have a phase offset of 180°, the interval between the two turn-off angles is equal to half the excitation period:


   t i  =  1  2  f e    =  1  2 ⋅  ω  60    N r  ⋅ k    



(20)







The spacing angle (electrical angle) between the two off angles is


   θ i  =  t i  ⋅ ω ⋅  N r  ⋅ 60  



(21)







Substituting Equation (21) into Equation (20), we get


   T k  = 2  θ i  =   180  k   



(22)







Tk represents the period in which the current harmonic amplitude changes with the turn-off angle. When the turn-off angle moves by 2θi, the k-th order harmonic value of the current also changes periodically. This conclusion is consistent with the conclusion drawn in previous section when the turn-on angle is constant and the turn-off angle changes.



The vibration of a switched reluctance motor can be represented as a linear superposition of a finite number of single-degree-of-freedom systems in modal coordinates. In modal coordinates, the relationship between radial force and its induced vibration can be described in the transfer function


   Z ω n  =    F r  ( ω )   a ( ω )    



(23)







   Z ω n    is the transmission impedance of radial force at a specified frequency in mode n, which can be identified analytically or experimentally. For the n-th order radial force harmonic, the corresponding vibration in the m-th order mode is:


   v n m  = T r a n s (  f n  ) ⋅  F  r n   =  F  r n   /  Z ω n   



(24)







As shown in Equations (3)–(22), the frequency of the higher harmonics of the excitation current is an integer multiple of the fundamental frequency, and the integer k is the harmonic order. Therefore, the critical harmonic depends on the rotational speed, which causes differences in vibration characteristics when the speed changes. Vibration can be reduced by reducing the harmonic components of radial forces that coincide with the eigen frequency of the body. According to the vibration test results of the switched reluctance motor, the vibration of the low-order mode is more obvious, and the low-order characteristic frequencies of the motor used are 634 Hz and 1220 Hz, corresponding to the first-order and second-order vibration modes, respectively. To reduce vibration, it is necessary to avoid excitation harmonic frequencies that coincide with natural frequencies. When the two are consistent, there is the following formula:


   f n  =  f e  =  ω  60   ⋅  N r  ⋅ 3 m  



(25)




where fn is the n-order natural frequency of the motor. For a 3-phase motor with a 12-8 structure, the harmonic order k is usually limited to three or a multiple of three. When n is 2, the corresponding harmonic order and rotational speed value under the second-order vibration mode are considered as shown in Table 1. It can be seen from the table that the current harmonic order to be analyzed is also different under different rotational speeds. For example, under the premise of a certain load torque, the influence law of the change of the turn-on angle and the turn-off angle on the vibration of the switched reluctance motor at 2034 RPM can be obtained by analyzing the change law of its third-order current harmonic component under different turn-on angles and turn-off angles. It can be seen from the previous section that when the turn-off angle is fixed, with the change of the turn-on angle, there is a minimum value for each order harmonic component of the current, except for the DC component, and the minimum value is not a boundary value. When the turn-on angle is fixed, with the change of the turn-on angle, there is a minimum value for each order harmonic component of the current, except for the DC component, and the minimum value is also not at the boundary. Therefore, for different switching angle combinations, there must be an amplitude that makes the harmonic components of any order current, with the smallest set of switching angles, at which the vibration is minimal.





4. Experimental Verification and Analysis


This experiment is tested on a 1.5 KW, 12-8 switched reluctance motor test bench. The control system scheme is shown in Figure 8. The load is adjusted by adjusting the loading current of the eddy current brake.



Figure 9 shows the variation curve of the 12th order current harmonic component and the second-order vibration amplitude with the turn-on angle when the turn-off angle is constant, at 120°. Figure 10 shows the variation curve of the 12th order current harmonic component and the second order vibration amplitude with the turn-off angle when the turn-on angle is unchanged at 24°. Figure 11 shows the variation curve of the second-order vibration amplitude under the condition that the opening angle is in the range of 15° to 45° and the closing angle is in the range of 120° to 150°.



It can be seen from Figure 9 that the current harmonic components and vibrations change periodically with the change of the turn-on angle. When the turn-on angle is 21° and 24°, the 12th-order current harmonic components and vibration amplitudes obtain the minimum value, respectively. As can be seen from Figure 10, with the change of the turn-off angle, the harmonic components and vibrations of the 12th-order current show an approximate periodic oscillation trend, with the oscillation period of 30°. When the turn-off angle is around 138°, the 12th-order current harmonic and vibration obtain the minimum value.



Through Figure 9, Figure 10 and Figure 11, the conclusions of previous sections can be verified. For the switched reluctance motor regulated by the strategy of the switching angle control method, when the turn-off angle remains unchanged, and with the increase of the turn-on angle, the current harmonic components increase first and then decrease. When the turn-on angle remains unchanged, with the increase of the turn-off angle, the current harmonic components show a periodic oscillation trend, and the oscillation period is related to the current harmonic order. For a specific speed, the current harmonic order that plays a leading role in the second-order vibration can be deduced according to Formula (25). By analyzing this harmonic order, the variation law of vibration with the switching angle can be obtained.




5. Conclusions


This manuscript focuses on the influence of the change of turn-on angle and turn-off angle on the vibration of an SRM under the SAC strategy. The phase current of the SRM is presented in the form of a harmonic model, which is the Fourier series summation of several harmonic components. The current waveforms at various turn-on angles and turn-off angles are analyzed by Fourier transform. The analysis result shows that when the turn-off angle is constant, the current harmonic first decreases and then increases with the increase of the turn-on angle. In addition, when the turn-on angle is constant, the current harmonic shows the tendency of periodic oscillation with the variation of the turn-off angle, and the oscillation period is related to the harmonic order. To a certain speed for an SRM, the current harmonic order that plays a leading role in the second-order vibration can be deduced. By analyzing the value of this harmonic order, the variation law of vibration with the switching angle can be obtained. The effectiveness of the proposed method was verified on a 12/8 poles, 1.5 KW SRM drive system test bench. The result shows that when the SRM is rotating at the speed of 763 rpm, the variation law of vibration with the turn-on angle and turn-off angle can be reflected by its 12th order harmonic component. It is seen that current harmonic components and vibrations change periodically with the change of the turn-on angle. When the turn-on angle is 21° and 24°, the 12th order current harmonic components and vibration amplitudes obtain the minimum value, respectively. Additionally, with the change of the turn-off angle, the harmonic components and vibrations of the 12th order current show an approximate periodic oscillation tendency, with the oscillation period of 30°. When the turn-off angle is around 138°, the 12th-order current harmonic and vibration obtain the minimum value. The combination of switching angles that minimizes the certain current harmonic component also minimizes vibration, which provides a new perspective on vibration suppression of SRMs.
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Figure 1. (a) The simplified structure of a 12-8 SRM (b) Inductance curve of linear model. 
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Figure 2. Flux linkage curve of linear model. 
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Figure 3. Current curve of one electric period. 






Figure 3. Current curve of one electric period.



[image: Applsci 12 04793 g003]







[image: Applsci 12 04793 g004 550] 





Figure 4. Current curves with constant turn-off angles and different turn-on angles. 
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Figure 5. Influence of turn-on angle to current harmonic magnitude (a) DC (b) 3rd order (c) 9th order (d) 18th order (e) 36th order (f) 48th order. 
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Figure 6. Current curves under constant turn-on angles and different turn-off angles. 






Figure 6. Current curves under constant turn-on angles and different turn-off angles.



[image: Applsci 12 04793 g006]







[image: Applsci 12 04793 g007 550] 





Figure 7. Influence of turn-off angle to current harmonic magnitude (a) DC (b) 3rd order (c) 9th order (d) 18th order (e) 36th order (f) 48th order. 
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Figure 8. Scheme for speed control system of SRM based on angle control strategy. 
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Figure 9. The 12th current harmonic and the 2nd vibration value under different turn-on angles (15–48°) (a) Variation curve of 12th order current harmonic with turn-on angle (b) Variation curve of second-order vibration amplitude with turn-on angle. 
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Figure 10. The 12th current harmonic and the 2nd vibration value under different turn-off angles (108–150°) and fixed turn-on angle (24°) (a) Variation curve of 12th order current harmonic with turn-on angle (b) Variation curve of second-order vibration amplitude with turn-on angle. 
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Figure 11. The 2nd vibration under different turn-on (15–45°) and turn-off (125–145°) angles. 
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Table 1. Speed of SRM when the frequency of current harmonics coincide with the 2nd order natural.
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	Harmonic Order, k = 3 m
	Speed





	m = 1, 3rd
	2034 r/min



	m = 2, 6th
	1017 r/min



	m = 3, 9th
	915 r/min



	m = 4, 12th
	763 r/min



	m = 5, 15th
	610 r/min



	m = 6, 18th
	508 r/min
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