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Abstract

:

Aiming to design a generator with high reliability, high efficiency, and especially a constant output voltage over a wide speed range for hybrid electric vehicles (HEVs), this paper proposes a novel topology of a hybrid excitation doubly salient generator with separate windings (HEDSGSW). The topology herein utilizes a hybrid excitation type of PMs and DC windings to generate parallel magnetic circuits. In addition, PMs are embedded in the magnetic bridge to insulate the excitation windings with armature windings. This design can achieve compactness, efficiency, and especially constant output capability over a wide speed range. The geometry and flux regulation principles, including magnetic flux circuits, are elaborated. After comparing three power generation modes, the most suitable mode, namely, the doubly salient generation 2 (DSG2) mode, is confirmed to ensure a stable voltage output performance. Then, considering the non-uniformity effect of the stator and rotor slots, the no-load back electromotive force (EMF) expressions are derived based on the EMF to air-gap relative permeance method. Furthermore, a 1 kW HEDSGSW FEA model, with an output voltage of 42 V and a rated speed of 6000 rpm, is built to demonstrate the effectiveness of the proposed method. Finally, the operating properties of the HEDSGSW, such as no-load characteristics and adjustment characteristics, are analyzed to further verify the rationality of its magnetic flux circuit and the flexibility of the excitation regulation capability.
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1. Introduction


Limited by their current battery life, power, and other key technologies, hybrid electric vehicles (HEVs), due to their advantages of low fuel consumption, low noise, sufficient momentum, etc., have gradually become a hot spot for research and development in recent years [1]. HEVs utilize a series power system consisting of a power battery unit and an auxiliary power supply unit (containing a combustion engine and a generator) [2]. As the kernel part of the battery charging system, constant output voltage capability over a wide speed range (e.g., 0.25–4 times the rated speed range) directly determines the operating efficiency of HEVs [3,4]. Therefore, determining how to design a generator for HEVs with high reliability, high power densities, and especially constant output performance is a challenge for researchers.



The original concept of doubly salient permanent magnet machines (DSPMMs) can be traced back to 1955, when they were named flux-switching machines and had PMs embedded in the stator [5]. This class of alternators has the inherent advantages of a simple structure, high efficiency, and especially excellent speed regulation performance over a wide speed range. However, the batch application was influenced by the limitations of PM demagnetization, the unignored tipple of output, and flexible flux regulation. With the advent of rare-earth permanent magnet (PM) materials, DSPMMs were then redeveloped in the early 1990s [6,7,8,9,10]. This class of DSPMMs has a structure similar to that of Variable Reluctance Motors (VRMs), except that PMs are buried in the stator core, stator slots, or in between the stator poles. The principle of installing PMs is to circumvent putting in the main magnetic circuit in order to avoid irreversible demagnetization. However, the irreconcilability of PM flux limits the application of DSPMMs, especially for high-speed operation. In particular, in the power generation state, there are difficulties in voltage regulation and demagnetization, while in the electric state, the ability of weakened magnetism is poor, and the speed range of constant power operation is narrow. For this reason, a doubly salient reluctance motor, which is essentially a doubly salient electrically excited machine (DSEM), was designed by Prof. Lipo’s group in early 1991 [11]. The researchers replaced the PMs with DC excitation windings to achieve a wide range of output voltages, fault protection, and flux regulation capability [12,13,14]. However, this topology inevitably requires a high-excitation EMF to achieve the required magnetic field intensity, hence degrading the power density and efficiency. Therefore, a hybrid excitation doubly salient generator (HEDSG) was proposed to maintain good flux regulation capability and wide-speed-range operation.



HEDSGs combine the advantages of DSPMMs and DSEMs by adopting the concept of installing PMs in the stator pole, core, or slots as a dual excitation source [15]. The idea of HEDSGs was first proposed by Prof. Lipo et al. in [16] and [17]. Excitation windings are placed in the stator slots, while PMs are embedded in the E-shaped stator yoke, forming a series magnetic circuit and increasing the reluctance of the main magnetic circuit. Although the operating speed range is wider, efficiency is sacrificed. Prof. Lipo et al. then designed an alternative topology to weaken the magnetic field using mechanical structures, such as short-circuit rings [18]. HEDSGs can inherently offer high power densities and a simple magnetic circuit, but this configuration needs relatively high excitation currents, resulting in low efficiency and the irreversible demagnetization of PMs. To solve the problem described above, an HEDSG with a special magnetic bridge was proposed in [19]. The researchers added a magnetic bridge under each PM to realize wider magnetic flux regulation, even with a small excitation current, thus naturally reducing the loss of electric excitation and improving efficiency. In addition, the literature [20] presented a novel DSPMM with a double-fed stator, essentially an HEDSG. This topology was designed with an additional magnetic barrier, that is, an additional air gap beside the PMs, which is equivalent to adding a parallel magnetic circuit to reduce the reluctance of the excitation circuit. To further improve the performance and reduce the cost of the machines, Prof. Zhu et al. designed a novel E-core flux-switching PM brushless AC machine [21]. The middle tooth of the E-shaped stator is no longer wound with the armature winding, and it also has no PMs embedded in the stator core. Compared with the traditional flux-switching PM motor, this topology reduced the volume of PMs and increased the area of stator slots, thus significantly cutting the cost and increasing the back EMF and electromagnetic torque by about 15%. In addition, to solve the problem of short circuits between excitation windings and armature windings, Prof. Hua et al. designed a hybrid-excited E-shaped flux-switching motor [22]. The excitation windings are located on spaced teeth of the E-shaped core without armature windings, thus providing physical isolation between phases, as well as magnetic isolation. To solve the problem of the irreversible demagnetization of PMs, a magnetic flux-switching type of HEDS reluctance motor with a parallel magnetic circuit was proposed, and it combined the principles of the switched reluctance machine (SRM) and the variable flux machine (VFM) [23,24,25]. By applying the concepts of using PMs as a dual excitation source, configuring PMs to avoid the main magnetic circuit, and using the PM flux to counteract the DC excitation flux, the torque density was determined, and the problem of the irreversible demagnetization of PMs was solved. Subsequently, based on this configuration of a 12/10 pole HEDSG, Prof. Zhu’s group systematically studied electromagnetic characteristics, PM eddy currents, and iron consumption and optimized the combination of stator and rotor poles [26]. However, the batch application of HEDSGs is influenced by their features or limitations: the complicated stator structure for processing, the risk of PM demagnetization, and the insulation of the field windings and armature windings in the stator slots. To date, there are still few systematic and general studies on the design, optimization, and control strategy of such HEDSGs.



Aiming to design a generator for HEVs with high reliability, high efficiency, and especially constant output over a wide speed range, the main contributions of this paper are twofold: First, a novel topology with a hybrid-parallel magnetic circuit and separate windings is proposed. Specifically, PMs are installed in the magnetic bridge to effectively separate the excitation windings from the stator windings, which not only results in a compact structure but also provides ideal insulation and facilitates flux control. The topology proposed herein is reliable and efficient, and it can also achieve a stable output voltage. The second contribution is the use of the air-gap relative permeance to the electromotive force (EMF) method to derive the no-load EMF expressions. The method is efficient and accurate, and it can provide a theoretical basis for analyzing operating performance, the initial design, and the optimization of such generators.



The remainder of this paper is organized as follows: Section 2 elaborates on the geometry, the magnetic flux path, and the flux regulation principle of the HEDSGSW. Section 3 compares three power generation modes. Section 4 utilizes an analytical model based on air-gap relative permeance to derive the expression of back EMF. Section 5 uses the FEA for model verification and further analyzes the working performance of the HEDSGSW. Finally, Section 5 concludes this paper.




2. Geometry and Flux Regulation Principle of the Proposed HEDSGSW


2.1. Geometry


Figure 1 depicts the geometry of the proposed HEDSGSW. The stator and rotor are both doubly salient types. The three-phase windings on the stator connect in a Y shape, and the windings on the two spatially opposite stator teeth connect in series. Moreover, no windings are on the rotor, which makes the structure simple and dependable. In addition, the excitation windings are installed in slot 1 (the inner slot), while the armature windings are installed in slot 2 (the outer slot). This layout separates these two windings in space, thereby providing better insulation. Moreover, PMs are embedded in the magnetic bridge between adjacent stator teeth, and the magnetization directions of the adjacent PMs are opposite. This arrangement makes the dimension optimization of PMs more flexible. Furthermore, the DC currents in the excitation windings flow in opposite directions, and they are arranged on adjacent teeth. The magnetic circuit in parallel results in small magnetic resistance. In general, the hybrid and parallel excitation approaches of PMs and DC excitation windings can achieve flux regulation, reduce excitation loss, and optimize efficiency. Compared with the configuration of [26], the pros of the proposed HEDSGSW are (1) insulation for the armature winding and DC winding; (2) less fringing flux that exists between the stator and the rotor poles; and (3) the flexible optimization of PMs, while the torque density is influenced by the slot filling rate due to the PM configuration, and the winding process is more complicated.




2.2. Magnetic Flux Regulation Principle


In this section, we adopt the approach of a theoretical analysis combined with FEA simulation verification to illustrate the magnetic flux regulation principle of the proposed HEDSGSW. The flux regulation principle of the proposed topology is similar to that of the reluctance generator abiding by the principle of the minimum reluctance path.



The proposed generator is configured with two excitation sources, i.e., an electric excitation source and a PM excitation source. The magnitude of the EMF will have a direct impact on the magnetic flux circuits. The magnetic flux path when only PM excitation is used is depicted in Figure 2a. At this point, the magnetic flux lines form the closed loops of path 1 and path 2. As path 2 passes through the air gap, the resistance of this path is relatively high, so the majority of flux lines form a closed loop of path 1, and only a small portion forms a closed loop of path 2, establishing the main magnetic field. The simulation result is shown in Figure 2b, and it is consistent with the preceding analysis.



Figure 3a illustrates the magnetic flux path generated by the excitation windings alone. The flux lines form the closed loops of path 1 and path 2. Herein, we assume that the PM permeability is similar to that of the vacuum, as the air-gap length is much smaller than the PM thickness. Thus, the majority of the flux lines generated by the excitation windings form a closed flux loop of path 2, while only a small portion of the flux lines form a closed loop through path 1, reducing the risk of PM demagnetization. The simulation results are shown in Figure 3b. Due to the tooth shoe, the distance between adjacent teeth is small, so some of the flux lines do not pass through the air gap but rather form a closed circuit through the tooth shoe.



When PM excitation and electric excitation are used in tandem, the situation becomes more complicated. As shown in Figure 2 and Figure 3 above, the flux lines of the two excitation sources flow in opposite directions in the stator yoke; hence, the magnitude of the adjustable excitation current determines the flux lines’ directions. Herein, the excitation current density is defined as the critical excitation current density Jf0 when the excitation current density is high enough to prevent the magnetic flux generated by the PMs from traveling through the stator yoke. Figure 4 depicts the magnetic flux path of hybrid excitation and the simulation results when Jf < Jf0. PM excitation generates the closed loops of paths 1 and 3, while electric excitation generates the closed loop of path 2. The magnetic flux generated by the PM gradually passes through path 3, forming a closed loop as the excitation current density increases. The flux paths of hybrid excitation when Jf < Jf0 are shown in Figure 5. Both the magnetic flux path 2 generated by the excitation current and the magnetic flux path 1 generated by the permanent magnets pass through the air gap to form a parallel magnetic circuit. Thus, the efficiency of the electrical excitation increases.




2.3. Overall Magnetic Flux Distribution


Herein, taking the case of Jf < Jf0 as an example, the overall magnetic flux distribution is demonstrated in terms of A-phase winding, as shown in Figure 6.



The 2-D FEA simulation results show that the armature windings with the same winding direction have a higher back EMF at the same excitation current density. In this case, the series winding of A1 and A2 can be equivalently regarded as a single winding, winding A. Then, the magnetic flux of winding A is equivalent to the magnetic flux of windings A1 and A2, and the same analysis can be carried out for windings A3 and A4. In Figure 6a, at a 0 electric angle, the magnetic flux of A2 is maximum, and the magnetic flux of A2 is zero, so the equivalent flux of winding A is the maximum. In Figure 6a, at a 0 electric angle, the magnetic flux of A2 is maximum, whereas the magnetic flux of A1 is nearly zero, so the magnetic flux of phase A winding is maximum. In Figure 6b, at a 90 electric angle, the total magnetic flux of A1 and A2 is exactly zero. In Figure 6c, at a 180 electric angle, the magnetic flux of A1 is almost zero, and the magnetic flux of A2 is maximum; hence, the magnetic flux of winding A is maximum. Finally, in Figure 6d, the total magnetic flux of A1 and A2 is exactly zero. Thus, the generator, by changing the rotor position, changes the reluctance of the magnetic flux circuit, which in turn changes the magnetic chain intersecting the stator winding, generating the back EMF.





3. Analysis of Generation Mode


The generation mode determines the output performance of the generator. In this section, we theoretically analyzed the working principle of three generation modes, then built the three-phase bridge uncontrolled rectifier circuit using the FEA platform, and finally determined the most suitable generation mode with output voltage stability.



Traditional doubly salient generators often utilize three power generation modes based on the rotor position and rectifier unit connection: switched reluctance generation (SRG), doubly salient generation 1 (DSG1), and doubly salient generation 2 (DSG2) [27,28].



Herein, we introduced the concepts of the slip-in and slip-out processes to clearly describe the relative position relationship between the rotor tooth and the stator tooth when the rotor rotates. The slip-in process of the rotor, as shown in Figure 7a, refers to the process by which, as the rotor rotates, the rotor tooth gradually approaches the stator tooth, and the overlap between the two increases until the maximum value is reached. The slip-out process of the rotor is shown in Figure 7b. When the rotor rotates, the rotor teeth gradually move away from the stator teeth, and the overlapping portion of the two shrinks until it reaches the minimum value.



3.1. Principle of Three Generating Modes


The rectification circuits of the three generation methods, as depictured in Figure 8, are analyzed and explained below.



In terms of the SRG mode in Figure 8a, diodes are utilized as uncontrolled rectifiers. The diodes employ the common anode connection; that is, their cathodes are connected to the corresponding ends of the armature winding. Half-wave rectification produces DC, and capacitance then filters the voltage after rectification. When the rotor pole slips out of the stator pole, the flux linkage of the cross-link with the armature winding decreases. According to the Lenz law, the armature current will prevent the flux linkage from being reduced, so the armature current has the effect of magnetic enhancement at this time. Without taking internal resistance into account, the output voltage of SRG is shown as follows:


   u 0  = max (  u a  ,  u b  ,  u c  ) −  U D   



(1)




where ua, ub, and uc are the three-phase voltages of a, b, and c, respectively, and UD is the voltage drop of the rectifier diode.



Then, in Figure 8b portraying the DSG1 mode, which is different from the SRG mode, the diodes employ a common cathode connection. When the rotor pole slides into the stator pole, the flux linkage interconnected with the armature winding increases. As is well-known, the armature current always obstructs this increasing trend, that is, the increase in the flux linkage, so the armature current has a demagnetizing effect at this time. If the influence of internal resistance is ignored, the output voltage of DSG1 is as follows:


   u 0  =   min (  u a  ,  u b  ,  u c  )   −  U D   



(2)







The DSG2 mode is depicted in Figure 8c. This mode is a hybrid of the SRG and the DSG1 modes. It uses a full-bridge circuit with six rectifier diodes to generate electricity as the rotor moves in and out. As a result, it possesses the properties of the first two power generation methods, namely, armature. When the rotor slips out, the current magnetizes, and when the rotor slips in, the current demagnetizes. If the influence of internal resistance is ignored, the output voltage of DSG2 is as follows:


   u 0  = max (  u a  ,  u b  ,  u c  ) − min (  u a  ,  u b  ,  u c  ) − 2  U D   



(3)








3.2. Comparison of Three Generation Modes


A three-phase bridge rectifier circuit model is built using finite element software. The external circuit is connected in series with a resistive load, while the DC side is connected in parallel with a filter capacitor. The output voltage waveforms of the HEDSGSW are compared under three power generation modes. The output voltage performances of the three generation modes are depicted in Figure 9, with (a), (b), and (c) showing the SRG, DSG1, and DSG2 output voltages curves, respectively.



In Figure 9a, the output voltage fluctuates 3 times in one cycle. Due to the higher voltage regulation of the generator at the rated load, the resulting output voltage is reduced compared to the no-load back EMF. The amplitude of the back EMF of phase a is greatest during t1 to t3, and the output voltage is the phase a voltage. Similarly, the output voltage is the phase b voltage from t3 to t5, and then the phase c voltage is from t5 to t7. Note that, in the SRG mode, the waveform of the output voltage leads the waveform of the back EMF by a certain angle because the armature current has a magnetizing effect with a load.



Similarly, with the SRG mode, the output voltage of DSG1 also fluctuates 3 times in one cycle, as shown in Figure 9b. The difference is that, during t2 to t4, the amplitude of the back EMF of phase c is the smallest, and the output voltage is the voltage of phase c. Then, from t4 to t6, the back EMF of phase a is the smallest, and the output voltage is the voltage of phase a. The armature current has a demagnetization effect in this power generation mode, causing the output voltage to lag behind the no-load back EMF by a certain angle.



In Figure 9c, the output voltage fluctuates 6 points in one cycle. The amplitude of the back EMF of phase a is the greatest during t1 to t2, the amplitude of the back EMF of phase b is the smallest, and the output voltage is uab. Then, from t2 to t3, the amplitude of the back EMF of phase a is the greatest, while that of phase c is the smallest, and the output voltage is uac. Next, during t3 to t4, the greatest amplitude of the back EMF is phase b, while the smallest is phase c, and the output voltage is ubc. In the following period, t4 to t5, t5 to t6, and t6 to t7, the greatest amplitudes of the back EMF are phase b, phase c, and phase c, while the smallest amplitudes of the back EMF are phase a, phase a, and phase b, respectively. The output voltage is uba, uca, and ucb. In conclusion, in the DSG2 mode, the armature current has different effects at different positions of the rotor; that is, it has a demagnetization effect when the rotor slides in and a magnetization effect when the rotor slides out. The angles by which the output voltage leads and lags cancel each other out so that the phase of the output voltage is the same as that of the no-load back EMF. In addition, the output voltage is more stable at this time, and the fluctuation is smaller compared with the two previous power generation methods.



Figure 9 also illustrates that the output voltages of the SRG and DSG1 modes are essentially the same, with an average value of about 32 V. The armature reaction is the primary cause of this phenomenon. The rectified output voltage of the DSG2 mode is higher, which causes the armature current to increase, eventually resulting in a decrease in the output voltage. DSG2 has the highest efficiency and output voltage in terms of efficiency. Based on the above comparative analysis, it was finally determined to use the power generation method of DSG2 for the proposed generator.





4. Analytical Model of Back EMF


Figure 10a shows one pair of poles for the stator structure. It is not possible to specifically determine the flux paths generated by the permanent magnets to establish the analytical expressions of the PM potential. Therefore, referring to the permanent magnet equivalence method in References [29,30], we equate the single permanent magnet between the stator teeth to two sub-permanent magnets, which are placed at the end of the stator teeth, and the equivalent structure is shown in Figure 10b. It should be noted that the magnetic field strength of the air gap before and after the equivalence is equal.



In Figure 10a from the previous analysis, it can be seen that the magnetic flux generated by the PMs does not form a closed loop through the air gap. The structure in Figure 10a indicates that only part of the MF of the PMs acts on the air-gap magnetic field, while the structure in Figure 10b indicates that the magneto-motive forces of the PMs all act on the air-gap magnetic field. The corresponding relationship between these structures can be equal.



The following assumptions need to be made when deriving the back EMF expressions:




	
Core saturation is ignored;



	
End effects and edge effects are ignored;



	
The air-gap magnetic field changes along the tangential direction and remains unchanged along the radial direction.








4.1. Relative Magnetic Permeance of Air Gap


Before the analysis, we first introduced the notion of air-gap relative permeance, i.e., the air-gap permeance per unit area, to characterize the non-uniformity of the air-gap permeance due to the slotting of the stator [31,32,33]. In the calculation below, this is represented by the symbol λ.



Without considering the excitation magnetic field, the no-load flux density in the air gap B(θs,θ) can be calculated using (4):


  B (  θ s  , θ ) =  F  PM   (  θ s  ) λ (  θ s  , θ )  



(4)




where θs represents the angle between the axis of the A-phase winding and a certain position of the stator; θ is the angle between the axis of the A-phase winding and the axis of the rotor.



For an ideal salient-pole generator, when only the constant and fundamental components are considered, the air-gap permeance per unit area is calculated as follows:


  λ (  θ s  , θ ) =  λ 0  +  λ 1  cos [  Z r  (  θ s  − θ ) ]  



(5)




where λ0 is the constant or DC term of the air-gap relative permeance; λ1 is the fundamental term of the air-gap relative permeance; and Zr is the number of rotor slots.




4.2. Magnetic Potential


The MF of the HEDSG consists of two parts, one is generated by the PM, which can be calculated using (6), and the other is generated by the electric excitation, which can be calculated using (7).


   F c  =  H c   h m  / 2 =    B r     μ 0   μ r     h m  / 2  



(6)






   F f  =  N f   I f   



(7)




where Br is the magnetic remanence of the PMs; Hc is the coercivity; hm is the thickness of the PMs; μr is the relative permeability; Nf is the number of turns of the excitation winding; If is the excitation current.



According to Figure 10b, the magnetizing directions of the PMs on adjacent teeth of the generator stator are opposite, so the N and S directions of the PMs are arranged in sequence, and a pair of N and S PMs form a complete period 2π. There are Zs/2 periods in total, and one period is 4π/Zs, so the MF of PM FPM(θs) is a periodic function with a period of 4π/Zs. The expression of MF in the PMs is given below:


   F  PM   (  θ s  ) =      F c    0 ≤  θ s  < 4 π  S 0  /  Z s      0   4 π  S 0  /  Z s  ≤  θ s  < 2 π /  Z s      −  F c    2 π /  Z s  ≤  θ s  < ( 1 + 2  S 0  ) 2 π /  Z s      0   ( 1 + 2  S 0  ) 2 π /  Z s  ≤  θ s  < 4 π /  Z s       



(8)




where Zs is the number of stator slots, and S0 is the ratio of PM width to stator slot pitch.


   F  PM   (  θ s  ) =    a 0   2  +   ∑  n = 1  ∞   [  a n  cos (   n  Z s   2   θ s  )   +  b n  sin (   n  Z s   2   θ s  ) ]  



(9)






   a n  = 0  



(10)






   b n  =    F c    n π   [ 1 +   ( − 1 )   n + 1   ] [ 1 − cos ( 2  S 0  n π ) ]  



(11)







As the rotor is slotted, the coefficients of the air-gap relative permeance can be obtained using conformal transformation:


   λ 0  =    μ 0     g ′    ( 1 − 1.6 β    b 0   t  )  



(12)






   λ 1  =   4  μ 0  β   π  g ′    [ 0.5 +     (  b 0  / t )  2    0.78125 − 2   (  b 0  / t )  2    ] sin ( 1.6 π  b 0  / t )  



(13)






   g ′  = g +    h m    2  μ r     



(14)






  β = 0.5 −  1  2   1 +   (    b 0    2 t    t   g ′    )  2       



(15)




where g, g′, b0, and t are the air-gap length, the equivalent air-gap length, the rotor slot width, and the rotor slot pitch, respectively.




4.3. Magnetic Flux Density and Back EMF


Then, the flux density in the air gap is determined through the PM potential of (9) and the relative permeance of (12) and (13), as shown in the following:


  B (  θ s  , θ ) =    λ 0  +  λ 1  cos [  Z r  (  θ s  − θ ) ]     ∑   n = 1   ∞    b n  sin (   n  Z s   2   θ s  )    



(16)







Since the DC component of the relative permeance does not generate the counter-EMF, the air-gap tour can also be simplified as follows:


  B (  θ s  , θ ) =   ∑  n = 1  ∞      λ 1   b n   2      sin [ (   n  Z s   2  +  Z r  )  θ s  −  Z r  θ ]     + sin [ (   n  Z s   2  −  Z r  )  θ s  +  Z r  θ ]    



(17)







The flux linkage of the stator winding can be calculated as follows:


   ψ  ph   ( θ ) =  r  si    l  ef      ∫ 0  2 π    N (  θ s  ) B (  θ s  , θ )    d  θ s   



(18)




where rsi and lef are the stator inner radius and lamination length, respectively. N(θs) represents the A-phase winding function.


  N (  θ s  ) =   ∑  i = 1  ∞    N i  cos ( i P  θ s  )    



(19)







Moreover, Ni is the winding function of the i-th harmonic:


   N i  =  2  i π      N s   P   k  wi    



(20)




where Ns is the number of series turns per phase winding, and P is the number of the stator winding pole pairs. kwi is the winding coefficient of the i-th harmonic, which can be calculated with the following (22) short-pitch coefficient and (23) distribution coefficient:


   k  wi   =  k p    i   k d    i   



(21)






   k  pi   = sin ( i    y 1   τ   π 2  )  



(22)






   k  di   =   sin ( i  π  2 m   )  /   q 2  sin ( i  α 2  )    



(23)






  τ =  Q  2 p    



(24)






  α = p   360  Q   



(25)




where y1, τ, α, q, and Q are the pitch of the coil, the winding pole distance, the electric angle between the EMF of adjacent slots, the number of slots per phase of the generator, and the number of stator slots, respectively. When calculating the generator flux linkage (see (18)), since the integral interval of the function is on the circumference of the inner diameter of the stator, the integral of the sine function is not zero only when the coefficient before the θs variable is zero. Therefore, if the generator can generate back EMF, the number of stator winding pole pairs and the number of stator and rotor slots should satisfy the following constraint:


  P =   i  Z s  / 2 ±  Z r      i = 1 ,   3 ,   5 …  



(26)







Then, we finally obtain the generator flux linkage equation:


   ψ  ph   ( θ ) =  N s   r  si    l  ef     ∑  i = 1  ∞    λ 1     b i  (    k  w n    n  −    k  w m    m  ) sin (  Z r  θ )  



(27)






        n =   i  Z s  / 2 −  Z r   P        i = 1 ,   3 ,   5 …       m =   i  Z s  / 2 +  Z r   P        i = 1 ,   3 ,   5 …        



(28)




where kwn and kwm are the winding coefficients of the n-th and m-th harmonics, respectively.



Differentiating the flux linkage of (27), we can obtain the expression for the phase back EMF:


   E  ph   ( θ ) = −  d  d t   [  ψ  ph   ( θ ) ]  



(29)






   E  ph   ( θ ) =  ω m   Z r   N s   r  si    l  ef   / P   ∑  n = 1  ∞    λ 1     b n  (    k  w m    m  −    k  w n    n  ) sin (  Z r   ω m  t )  



(30)




where ωm is the mechanical angular velocity of the rotor.



Through the previous magnetic circuit analysis, it can be seen that phase back EMF is proportional to the excitation MF. It is finally simplified as


  E ( θ ) =  E  ph   ( θ )  F f  /  F c   



(31)









5. Model Evaluation and Working Performance Analysis


5.1. FEA Verification


To verify the correctness of the analytical model of the back EMF in the previous section, a 1 kW HEDSGSW FEA model, with an output voltage of 42 V and a rated speed of 6000 rpm, was built as an illustrated example. The parameters of the studied HEDSGSW are shown in Table 1.



The results illustrated in Figure 11a clearly show that, as the rotor slot ratio increases, the magnitude of the back EMF first increases and then decreases, and it reaches the maximum value when the slot ratio is about 0.7. Based on the curves, it can be seen that the trend of the analytical model and the FEA results is the same, but there is a certain amount of difference between them. Figure 11b illustrates the variations in the back EMF with an excitation current. When the excitation current is low, the analytical solution corresponds well with the FEA results. However, when the excitation current is large, due to the saturation of the magnetic circuit of the generator, the back EMF amplitude of the FEA solution does not increase, while the analytical solution still increases linearly because the magnetic circuit saturation is not considered. In this case, the analytical model has a large deviation.




5.2. Air-Gap Relative Permeance Analysis


From Equations (12)–(15), it is clear that the air-gap relative permeance is related to the three coefficients, namely, the rotor slot distance to effective air-gap length ratio t/g’, the rotor slot occupation ratio b0/t, and the effective length of the air gap g′. When g′ decreases, the values of the constant term λ0 and the fundamental term λ1 increase. However, g′ cannot be infinitely small due to factors of mechanical reliability, harmonics, and losses of the generator.



Figure 12 shows the variation in the air-gap relative permeance with the rotor slot ratio. As illustrated in Figure 12a, with an increase in the rotor slot ratio, the DC term of the air-gap relative permeance decreases inversely. This is mainly because, when increasing the rotor slot ratio, the air-gap magnetic permeance becomes much smaller than that of the silicon steel sheet, which is equivalent to increasing the effective length of the air gap, resulting in a decrease in the DC term of the relative permeance. In addition, when the effective length of the air gap is constant, the variation in t/g’ has a minor effect on the DC term of the air-gap relative permeance. It can also be seen from Equation (15) that t/g′ has little effect on the value of the coefficient β. As shown in Figure 12b, with an increase in the rotor slot ratio, the fundamental term of the relative permeance first increases and then decreases. The slot ratio reaches a maximum value when the ratio of the slots is around 0.7, and when t/g′ increases, the curve moves up.




5.3. Working Performance Analysis


To further illustrate the rationality of the magnetic flux circuits and the flexibility of the excitation regulation capability of HEDSGSW, in this section, we focus on analyzing the working performance, i.e., the no-load characteristics and adjustment characteristics.



5.3.1. No-Load Characteristic


The no-load characteristic (i.e., U = f (If)) refers to the relationship between the load terminal voltage U and the excitation current If when working at the rated speed n and when the load current Ia is zero. Whether the magnetic circuit design of the machine is reasonable and accurate can be determined using this characteristic.



For a wide speed range analysis of the actual condition of the generator, the simulation speeds are set as 1500 rpm, 6000 rpm, and 12,000 rpm. The value of the excitation current is adjusted at the same speed to obtain the no-load back EMF amplitude, and a no-load characteristic diagram is obtained, as shown in Figure 13. This diagram shows that, when the excitation current is small, the no-load characteristic curve is a straight line. This is because the stator and rotor cores of the generator are not saturated under this working condition, and the core reluctance can be ignored, so the magnetic flux is proportional to the excitation current, and the no-load back EMF is linearly related to the excitation current. As the excitation current gradually increases, the no-load characteristic curve reaches the peak and then gradually declines. This is due to the increase in the magnetic flux on the stator and rotor teeth; the iron core becomes gradually saturated, and the no-load back EMF amplitude therefore peaks. At the same time, with the deepening of the saturation degree, the reluctance on the stator and rotor teeth increases, causing the no-load back EMF amplitude to start to decrease after the peak. Note that, as the rotational speed increases, the magnitude of the back EMF decreases faster. A possible explanation for this trend is as follows: when the generator operates at high speed, the stator and rotor teeth are more saturated, resulting in a greater reluctance of the magnetic circuit, which leads to an increase in the EMF drop on the stator and rotor teeth.




5.3.2. Adjustment Characteristic


The adjustment characteristic (i.e., If = f (Ia)) refers to the relationship between the load current Ia and the excitation current If when the generator works at the rated speed n and when the output voltage U and the load power factor cosϕ are constant. This characteristic reflects the adjustment ability of the excitation current to keep the output voltage constant when the load varies.



The relationship between the load currents and excitation currents was determined when the generator was operating in the DSG2 mode with an output voltage of 42 V and a constant speed.



As shown in Figure 14 there is a clear increasing trend between the excitation current and the load current. The load current is set from 1 to 35 A. When the speed is 1500 rpm, the excitation current ranges from 4.8 A to 8.1 A. When the speed is 3000 rpm, the excitation current range is reduced from 2.5 A to 5.8 A. As the speed increases up to 6000 rpm, the excitation current is reduced from 1.4 A to 4.9 A. When the speed is 12,000 rpm, the excitation current changes from 0.7 A to 4.5 A. It can be concluded that a constant output voltage can be guaranteed under the above excitation conditions. Moreover, the upper side of the adjustment characteristic curves is sparser, whereas the lower side is denser and not equally spaced; that is, with an increase in the speed, the variation in the excitation current gradually decreases under the same load. The main reason for this is that, as the speed increases, the frequency of the generator keeps increasing, and the reactance of the straight shaft armature increases, while the load resistance remains the same. This makes the generator’s voltage regulation increase at high speeds, resulting in the requirement of a higher excitation current to compensate. That is why the adjustment characteristic curve has an unequally spaced distribution.






6. Conclusions


In this paper, a novel HEDSGSW was proposed for HEVs. We studied the flux regulation principle by analyzing the geometry, magnetic circuit, and three generation modes. The no-load back EMF expressions were then derived using the EMF to air-gap relative permeance method. The feasibility of this approach was then demonstrated using a 14 V/1 kW generator FEA model, the working performance of which was also discussed for further illustration. The following conclusions were drawn:




	
The hybrid and parallel excitation approach of PMs and DC excitation windings, which is suitable for wide and high-speed range operating conditions, can achieve flux regulation, reduce excitation loss, and optimize efficiency.



	
The proposed topology is compact and reliable. The structure of the doubly salient poles is simple, and the separation of excitation windings and armature windings is more beneficial for insulation.



	
The most suitable generation mode, namely, the DSG2 mode, was determined to ensure a stable voltage output performance for the HEDSGSW.



	
The EMF to air-gap relative permeance method is efficient and accurate for deriving the no-load back EMF expression. This paper provides a theoretical basis for analyzing the operating performance, the initial design, and the optimization of such generators.
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Figure 1. The geometry of the proposed HEDSGSW. 
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Figure 2. Magnetic flux paths of PM excitation: (a) theoretical paths; (b) FEA paths. 
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Figure 3. Magnetic flux paths of electric excitation: (a) theoretical paths; (b) FEA paths. 
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Figure 4. Magnetic flux paths of hybrid excitation when Jf < Jf0: (a) theoretical paths; (b) FEA paths. 
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Figure 5. Magnetic flux paths of hybrid excitation when Jf > Jf0: (a) theoretical paths; (b) FEA paths. 
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Figure 6. Distribution of magnetic flux lines at different rotor positions: (a) rotor at 0 electric angle; (b) rotor at 90 electric angle; (c) rotor at 180 electric angle; (d) rotor at 270 electric angle. 
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Figure 7. Sliding in (a) and out (b) processes of the rotor. 
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Figure 8. Rectification circuit of three power generation modes: (a) SRG mode; (b) DSG1 mode; (c) DSG2 mode. 
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Figure 9. The output voltages of three power generation modes. 
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Figure 10. Part structure diagram of the generator: (a) original structure; (b) equivalent structure. 
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Figure 11. Comparison of FEA and analytical result of the back EMF: (a) rotor slot ratio; (b) excitation current. 
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Figure 12. Variation in air-gap relative permeance with rotor slot ratio: (a) DC term of Air-gap relative permeance versus Rotor slot ratio; (b) Fundamental term of Air-gap relative permeance versus Rotor slot ratio. 
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Figure 13. Curves of no-load characteristic. 
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Figure 14. Curves of adjustment characteristics. 
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Table 1. Parameters of the studied HEDSGSW.






Table 1. Parameters of the studied HEDSGSW.





	Symbol
	Quantity
	Value
	Symbol
	Quantity
	Value





	Zs
	Slots of stator
	12
	lef
	Stack length of the stator yoke
	5 mm



	Zr
	Slots of rotor
	10
	hf
	Depth of excitation slots
	14 mm



	Ns
	Turns of armature winding
	28
	hs
	Depth of armature slots
	9.5 mm



	Nf
	Turns of excitation winding
	80
	DS
	Diameter of excitation winding
	1.38 mm



	g
	Air-gap length
	1 mm
	Df
	Diameter of armature winding
	1.95 mm



	Dsi
	Inner diameter of the stator
	93 mm
	hm
	PM thickness
	3 mm



	Dso
	Outer diameter of the stator
	160 mm
	wm
	PM width
	5 mm



	ww
	Width of stator teeth
	10 mm
	lm
	PM axial length
	140 mm



	Dri
	Inner diameter of the rotor
	60 mm
	Dro
	Outer diameter of the rotor
	92 mm
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