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Abstract

:

In this paper, a staggered vernier generator suitable for a counter-rotating self-adaptable WEC is proposed to meet the energy demand of the small-scale engineering equipment in the deep sea. According to the vernier effect of the magnetic gear, the generator modulates the low-order rotating magnetic field generated by the rotation of the low-speed permanent magnet rotor into a high-order magnetic field rotating at a high speed, thereby realizing the acceleration of the generator magnetic field. A staggered structure permanent magnet vernier generator with 18 teeth/28 poles is designed. The main magnetic flux path on the staggered structure in the staggered vernier generator is analyzed, and the air-gap magnetic field distribution of the generator is analyzed with the help of numerical simulation software. The influence of different design parameters on the vernier generator is discussed. The staggered vernier structure can improve the main magnetic flux of the generator, reduce the magnetic flux leakage, and improve the performance of the generator without adding additional structures and materials.
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1. Introduction


Marine unmanned engineering equipment will become an important means of marine research and resource development [1,2]. In fact, some marine engineering equipment has been used for marine monitoring and development as shown in Figure 1, such as navigation buoys in various oceans, marine unmanned robots, and marine meteorological and hydrological monitoring equipment [3,4,5,6,7].



Table 1 lists the energy supply schemes and performance of some typical marine engineering equipment [8,9,10,11]. Batteries are still the most mature technical means of energy supply for marine equipment, but their low energy density results in very limited battery life and durability. Therefore, the development of marine unmanned equipment inevitably requires vigorous development of renewable energy and internal energy supply technology according to local conditions.



Compared with other ocean energy resources, the wave energy has the following advantages: (1) The wave energy is embodied in the form of mechanical energy, and the energy quality of the wave energy is good. (2) It has high energy density and plentiful supply. (3) The wave energy is widely distributed and can be utilized in most sea areas. If the wave energy in the ocean can be used for power supply of offshore marine engineering equipment nearby, the regular energy re-supply of engineering equipment can be eliminated, the maintenance and guarantee costs will be greatly reduced, and the endurance and reliability of marine engineering equipment can also be greatly improved.



Since the first patent application on wave energy technology in 1799 [12], devices related to wave energy have emerged in an endless stream, and inventors have proposed many different energy devices to develop wave energy to serve human beings [13,14,15]. These devices have different structures and principles. According to different energy absorption principles, wave energy generation devices can be divided into Overtopping Wave Energy Converter (OWEC), Oscillating Water Column (OWC) and Oscillating Body System (OBS) [16,17,18,19,20,21,22,23]. Among them, most of the OWECs and the OWCs are installed on the shore. At the same time, patents and research papers on ocean wave energy conversion are emerging [24,25,26,27]. However, these relatively mature research objects are almost all large-scale wave power generation devices for grid-connected power generation, or small mooring buoys for offshore applications, and almost no offshore wave power generation devices for deep-sea marine engineering equipment.



Compared with the more mature shore-based wave energy power generation technology, the offshore wave technology is more difficult, but it can meet the energy and power security needs of deep sea settings and can provide power support for offshore marine engineering equipment.



1.1. Background


In 2019, based on the idea of wave glider, the research team proposed a counter-rotating self-adaptable WEC [28], whose blades can automatically change the angle under the action of water flow, as shown in Figure 2.



However, this device has the problem that the characteristics of the generator do not match the performance of the whole power generation system, which leads to the low overall power generation efficiency of the system. Therefore, this paper presents the design of a generator for the power generation of the WEC.




1.2. Review of Vernier Generator


The direct-drive generator is the trend of wave power generation technology selection of power generation tools. Its application can greatly reduce the complexity and cost of the power generation system and improve the reliability and transmission efficiency of the power generation device. [29] Permanent magnet generators are the first choice for small wave energy devices. However, there are many types of permanent magnet generators with variable topological structures. How to select and design a low-speed and high-torque generator suitable for small wave power generation devices is an important research challenge, with the aim of realizing high-efficiency power conversion of wave energy power generation devices [30].



International scholars have proposed the application of different topologies in low-speed direct-drive generators [31,32,33,34]. Among them, the permanent magnet vernier generator proposed in the literature [35] is a basic vernier generator mechanism. If the power factor of the vernier generator can be improved, it will be a low-speed high-torque generator well suited for wave power generation.



According to the number of air gaps, vernier generators can be mainly divided into single air gap permanent magnet vernier generators and double air gap permanent magnet vernier generators. The multi-air gap vernier generator with more than three air gaps is not considered in this paper due to the complex structure. Although the structure of the single-air-gap vernier generator is simple, the large magnetic leakage leads to a low power factor, which is not suitable for wave power generation. Professor Ronghai Qu pointed out that the double air gap generator has higher torque density than the traditional single air gap generator [36].



There are many research achievements on double air-gap vernier generators. Professor S. L. Ho proposed a dual-rotor permanent magnet vernier generator combined with a dual-rotor structure and annular windings, which can improve the internal space utilization of the generator [37]. Two dual-rotor vernier generators are also proposed in the literature [38,39]. Prof. B. Kwon, Prof. A. Lipo and Prof. C. T. Liu have successively proved through finite element simulation or experiment that a dual-stator vernier generator has higher torque density than the traditional permanent magnet synchronous generator. Refs. [40,41,42].



The double-stator structure can make full use of the internal space of the generator and improve the torque density and power factor of the wave energy power generation system. In the wave energy absorber studied in this paper, the impeller needs to be placed in the middle of the generator. Therefore, optimizing the topology and design theory of the dual-stator vernier generator is the research aim of this paper.



This paper will propose a low-speed direct-drive permanent magnet vernier generator suitable for a bidirectional point absorption wave energy device, and the main magnetic flux path of the generator will be analyzed. Through derivation and calculation, the magnetic flux modulation principle of the staggered vernier generator will be analyzed, and the principle that the staggered vernier generator can utilize the main harmonic components of the permanent magnet rotor will be explored, so that the low-speed performance of the generator can be improved. The influence of basic parameters such as the number of poles and slots on the performance of the generator will be analyzed, and the combination of slots and poles with excellent low-speed performance will be obtained. The performance parameters such as the magnetic field acceleration principle and electromagnetic load of the vernier generator will be analyzed through numerical simulation. Finally, the low-speed performance of the staggered vernier generator will be tested by a comparative test.





2. Implementation and Principle


The counter-rotating self-adaptable WEC connects a buoy to the underwater power take-off (PTO) through a cable and arranges the PTO at a certain depth by controlling the length of the cable. The design structure of the PTO system is shown in Figure 3.



The PTO system mainly consists of an impeller, a generator, a fairing and a weight block, all arranged axially. The fairing compresses the flow channel to increase the speed of the water flow, and the impeller converts the kinetic energy of the water flow into torque, which together affect the hydrodynamic characteristics of the PTO. The generator converts the torque obtained by the impeller into electrical energy, and the impeller bracket is directly connected to the rotor of the generator. The stabilizing wing on the fairing is used to enhance the stability of the entire device, and the weight block at the bottom can increase the weight of the entire system, so that when the buoy on the water falls with the waves, there is enough gravitational potential energy to be converted into mechanical energy to drive the generator to generate electricity. The buoy and the underwater PTO are connected by armored cables, so that the mechanical energy electricity is transferred between the buoy and the PTO.



Figure 4 shows the cross-sectional structure of the underwater PTO. Among them, the shape of the fairing is symmetrical up and down, and the generator and the impeller are placed in the middle of the fairing, so that the fairing can effectively compress the water flow and increase the speed of the water flow into the impeller. In order to improve the energy transfer efficiency of the system, differing from the common design scheme of adding an accelerator to the generator, the underwater PTO system designed in this paper adopts a direct drive generator, and it is no longer necessary to install an accelerator in front of the generator. The design of the generator simplifies the mechanical energy conversion process, reduces the energy loss caused by the accelerator, improves the mechanical transmission efficiency, and also improves the starting effect of the impeller.



The specific design structure of the impeller is shown in Figure 5. The blades are distributed in a circular array around the central axis of the impeller. The blades are mounted on the impeller through a rotating shaft, and the leading edge of each blade has a rotating shaft passing through the impeller radially. The ends of the rotating shaft are fixed on the outer frame and the inner frame, respectively, and the blades are mounted on the impeller through the rotating shaft. Similar to Wave Glider’s glider blades, the impeller’s blades can also swing around the rotating shaft within a certain symmetrical angle. The swing angle of the blades is limited by the outer frame. The inner and outer frames jointly connect each rotating shaft into a whole to enhance the structural strength and rigidity of the entire impeller and transmit the torque of the impeller to the inner rotor of the generator.




3. Analysis of Key Performance Parameters


3.1. Electromagnetic Load of the New Permanent Magnet Vernier Generator


This section analyzes the generator with the analysis method of the permanent magnet generator. [43,44]. Assuming that the magnetic permeability of the permanent magnet is the same as that of air, ignoring the influence of magnetic flux leakage, and short-circuiting the two poles of the permanent magnet, the magnetomotive force of the permanent magnet satisfies the following equation:


   F m  = H L =    B r     μ 0     h m   



(1)




where,  H  is the magnetic field intensity,  L  is the length of magnetic path,    B r    is the remanence of the permanent magnet,    μ 0    is the vacuum permeability and    h m    is the thickness of the permanent magnet.



The magnetic circuit of the permanent magnets in the magnetic vernier generator is shown in the Figure 6, where  δ  is the thickness of the air gap,    θ p    is the angle between adjacent permanent magnets, and  w  is the radial dimension of the permanent magnets on the rotor.



The magnetomotive force of a permanent magnet can be regarded as the sum of the magnetomotive force at both ends of the permanent magnet and the magnetomotive force of the two air gaps it passes through, which satisfies the following equation:


   F m  =    B m     μ 0     h m  + 2    B δ     μ 0    δ  



(2)







If the magnetic flux passing through the permanent magnet and the air gap is the same, then the following two equations are obtained:


   B m  =  ϕ   A m    =  ϕ  w L    



(3)






   B δ  =  ϕ   A δ    =   2 ϕ    θ p  r L    



(4)




where L is the axial dimension of the permanent magnet. According to the above equations, the following equation is obtained:


   B δ  =  B r    2 w  h m     θ p  r  h m  + 4 δ w    



(5)







It can be seen that the parameters of the permanent magnet will affect the electromagnetic load. In order to simplify the analysis process, let   w =  k r   θ p  r  ,    h m  =  k δ  δ  ; then Equation (5) can be expressed as:


   B δ  =  B r    2  k r   k δ    4  k r  +  k δ     



(6)







The distribution of    B r    along the outside of the rotor is shown in Figure 7.



The waveform of    B r    on the rotor is a periodic function and an even function, and so the    B r    waveform function can be Fourier decomposed into the sum of different harmonic components:


   B r  ( θ , t ) =   ∑  n = 1  ∞    a n  cos ( n  p r  ( θ − ω t ) )    



(7)




where,    a n    is the Fourier coefficient of each order harmonic component.


     a n    =  2 T     ∫ 0 T    B r  ( θ ) cos (   2 π n θ  T  )    d θ =    p r   π     ∫ 0  2  π   p r        B r  ( θ ) cos ( n  p r  θ )    d θ         =   2  p r   π   (     ∫ 0   π  2  p r    -    h m    2 r       B r  cos ( n  p r  θ )    d θ +    ∫   π  2  p r    +    h m    2 r      π   p r       ( −  B r  ) cos ( n  p r  θ )    d θ  )          =   4  B r    n π   sin   n π  2  cos   n  p r   h m    2 r      



(8)







From the expression of the Fourier coefficient, it can be known that when   n = 1  ,    a 1  > 0  .



The above is the analysis and simplified calculation of the influence of rotor design parameters on the electromagnetic load. The following considers the influence of the stator cogging distribution on the electromagnetic load for calculation. Figure 8a is the analysis model with the main parameters of the air gap, and Figure 8b is the air gap waveform of the stator slot air gap changing with the angle.



   θ s    is the angle occupied by a single tooth slot, and    θ t    is the angle occupied by the width of a single stator tooth. Since the air gap waveform is a periodic function of  θ , the second half of Equation (5) can be defined as the periodic function   f ( θ ) =   2 w  h m     θ p  r  h m  + 4 δ w   =   2  k r   h m     h m  + 4  k r  δ    , and its waveform is shown in Figure 9.



This equation can also be Fourier decomposed into an equation that varies with the position of the circumference:


  f ( θ ) =  f 0  +   ∑  n = 1  ∞    b n  cos ( n  N s  θ )    



(9)




where,    f 0    is the DC component, and its equation is:


   f 0  =    N s    2 π   (   2  k r   h m    4  k r   δ s  +  h m    ⋅  θ s  +   2  k r   h m    4  k r   δ t  +  h m    ⋅  θ t  )  



(10)







   b n    is the Fourier coefficient of each order harmonic component.


     b n    =  2 T     ∫ 0 T   f ( θ ) cos (   2 π n θ  T  )    d θ =    N s   π     ∫ 0  2  π   p r       f ( θ ) cos ( n  p r  θ )    d θ         =   2  N s   π   (     ∫ 0     θ s   2       2  k r   h m    4  k r   δ s  +  h m    cos ( n  N s  θ )    d θ +    ∫     θ s   2     π   N s         2  k r   h m    4  k r   δ t  +  h m    cos ( n  N s  θ )    d θ  )          =   16  k r    2   h m  (  δ t  −  δ s  )   n π ( 4  k r   δ s  +  h m  ) ( 4  k r   δ t  +  h m  )   sin   n π  2     



(11)







From Equations (10) and (11), it can be known that the DC component    f 0  > 0  , and the amplitude of the fundamental component    b 1  < 0  .



Substituting Equations (7) and (9) into Equation (5), the electromagnetic load can be expressed as follows:


     B δ  ( θ , t ) =    a 1  cos  [   p r  ( θ − ω t )  ]  ·  [   f 0  +  b 1  cos (  N s  θ )  ]  +  B  δ h       =    a 1   f 0  cos  [   p r  ( θ − ω t )  ]  +  a 1   b 1  cos  [   p r  ( θ − ω t )  ]  · cos (  N s  θ ) +  B  δ h       =    a 1   f 0  cos  [   p r  ( θ − ω t )  ]  +            a 1   b 1   2  cos  [  (  p r  +  N s  ) ( θ −    p r     p r  +  N s    ω t )  ]  +            a 1   b 1   2  cos  [  (  p r  −  N s  ) ( θ −    p r     p r  −  N s    ω t )  ]  +  B  δ h      



(12)







In the equation,    B  δ h     represents the high-order harmonic component of the electromagnetic load. Since the high-order harmonic component accounts for a small proportion, its influence is usually not considered in order to simplify the analysis. It can be known from Equation (12) that the distribution function of the electromagnetic load is mainly composed of the fundamental component and two harmonic components. Among them, the order of the fundamental wave component is the same as the number of pole pairs of the rotor permanent magnet. The pole pairs of the two harmonic components are   (  p r  +  N s  )   and    |   p r  −  N s   |   , respectively. In order to reduce the magnetic flux leakage, usually    N s  >  p r   , then    |   p r  −  N s   |    is written as    (   N s  −  p r   )   . The harmonic magnetic field with the number of pole pairs   (  p r  +  N s  )   has a slower speed, and the harmonic magnetic field with the number of pole pairs   (  N s  −  p r  )   has a faster speed.




3.2. Magnetic flux of the New Permanent Magnet Vernier Generator


According to the geometric relationship between the single winding and the electromagnetic load and Equation (12), the single winding is integrated to obtain the magnetic flux    φ 1  ( t )   of the single winding. The geometric relationship between a single winding and the electromagnetic load is shown in Figure 10, where the flux density curve   B ( θ , t )   is a schematic representation and does not represent the real electromagnetic load. The magnetic flux of a single winding is:


  ϕ ( t ) = N  L a  r    ∫  −    y 1  π    N s         y 1  π    N s        B δ  ( θ , t ) d θ     



(13)




where    N 1    is the number of turns of a single winding,    L a    is the effective length of the stator axial direction,    y 1    is the coil span, and  r  is the air gap radius.



Consider the fundamental, harmonic magnetic field fluxes on a single winding with pole pairs   (  N s  −  p r  )   and   (  p r  +  N s  )  , respectively. The flux of the fundamental wave on a single winding is:


     ϕ 1  ( t )   = N  L a  r    ∫  -    y 1  π    N s         y 1  π    N s        a 1   f 0     cos  [   p r  ( θ − ω t )  ]  d θ         = N  L a  r    a 1   f 0     p r     (  sin  [   p r  (    y 1  π    N s    − ω t )  ]  − sin  [   p r  ( −    y 1  π    N s    − ω t )  ]   )          =   2 N  L a  r  f 0   a 1     p r    sin    p r   y 1  π    N s    cos (  p r  ω t )    



(14)







The magnetic flux of a harmonic magnetic field with pole pairs   (  N s  −  p r  )   on a single winding is:


     ϕ 2  ( t )   = N  L a  r    ∫  -    y 1  π    N s         y 1  π    N s          a 1   b 1   2     cos  [   (   N s  −  p r   )  ( θ +    p r     N s  −  p r    ω t )  ]  d θ         = N  L a  r    a 1   b 1    2  (   N s  −  p r   )     (    sin  [    (  N s  −  p r  )  y 1  π    N s    +  p r  ω t  ]      − sin  [    − (  N s  −  p r  )  y 1  π    N s    +  p r  ω t  ]     )          =   N  L a  r  a 1   b 1     N s  −  p r    sin   (  N s  −  p r  )  y 1  π    N s    cos (  p r  ω t )    



(15)







The magnetic flux of a harmonic magnetic field with pole pairs   (  N s  +  p r  )   on a single winding is:


   ϕ 3  ( t ) =   N  L a  r  a 1   b 1     N s  +  p r    sin   (  N s  +  p r  )  y 1  π    N s    cos (  p r  ω t )  



(16)







Therefore, the flux linkage  ψ  of a single-phase winding can be expressed as:


  ψ ( t ) =  k q  q ϕ ( t ) =  k q  q  (   ϕ 1  ( t ) +  ϕ 2  ( t ) +  ϕ 3  ( t )  )   



(17)




where,    k q    is the distribution coefficient of the phase winding,  q  is the number of slots per pole per phase of the stator winding. The phase-induced electromotive force of a vernier generator with a single-layer winding can be expressed as:


    e ( t )   = 2 (  N s  −  p r  )   d ψ ( t )   d t           = − 2 (  N s  −  p r  ) (   2 N  L a  r  f 0   a 1     p r    sin    p r   y 1  π    N s    +             N  L a  r  a 1   b 1     N s  −  p r    sin   (  N s  −  p r  )  y 1  π    N s    +   N  L a  r  a 1   b 1     N s  +  p r    sin   (  N s  +  p r  )  y 1  π    N s    )  p r  sin (  p r  ω t )         = −   4 N  L a  r  a 1     N s  +  p r    [  N s    2   f 0  − (  f 0  +  b 1  )  p r    2  ] sin    p r   y 1  π    N s    sin (  p r  ω t )    



(18)







It can be seen that the number of pole pairs of the fundamental wave magnetic density is    G r    times of the number of pole pairs of the effective harmonic magnetic density; the electric angular frequency of the induced electromotive force of both is the same.



According to Equation (18), the no-load phase induced electromotive force amplitude    E  0 m     can be obtained as:


   E  0 m   =   4 N  L a  r  a 1     N s  +  p r     |  [  N s    2   f 0  − (  f 0  +  b 1  )  p r    2  ] sin    p r   y 1  π    N s     |   



(19)









4. Design of the New Permanent Magnet Vernier Generator


4.1. The Overall Design of the Generator


In this paper, a new type of staggered vernier generator is designed. The topology of the generator is shown in Figure 11. The generator is evolved from a double-rotor structure. The middle of the generator is a permanent magnet rotor with a magnetic concentrating structure. Each rotor is composed of several permanent magnets and iron yokes. The outer side is two side-by-side stators. There is an angle difference of the stator teeth on the layout, and the armature windings are arranged in the stator tooth slots. Different from the double stator generator with double air gap, the inner and outer diameters of the staggered vernier generator here are exactly the same. The parallel air gap structure of the two air gaps with the same radius is more like a single air gap structure, which simplifies the complexity of the generator structure and reduces the connection and fixation.



Compared with the single stator single rotor vernier generator, the main magnetic flux path of the staggered double-stator vernier generator is very different, as shown in Figure 12. The main magnetic flux path is not only shuttled between a single stator and rotor, but also can pass through the double stator at the same time, so as to keep the main magnetic flux path unobstructed at all times and reduce the adverse effect of magnetic flux leakage on the generator.



The combination of poles and slots not only affects the air gap magnetic field and the induced electromotive force of the armature, but also determines the complexity of the vernier generator, the relevant parameters of the armature winding, and the cogging torque, etc. The smaller number of poles and slots simplifies machining of the armature windings, thereby reducing the complexity of the generator. The cogging torque is also affected by the number of stator teeth and rotor poles. The larger their least common multiple    N c   , the smaller the cogging torque. In addition, the number of stator teeth should be a multiple of 3 to facilitate the arrangement of the three-phase armature windings.



A summary of the 6 possible combinations of poles and slots is shown in Table 2. Here,    k w    is the winding coefficient of the armature, which reflects the distribution of the armature windings. If the value is too low, it will affect the torque density of the generator. Its value is generally above 0.85. The winding pitch    y 1    should select a short pitch to reduce the length of the coil end.



Keeping the air gap size and permanent magnet volume unchanged under different combinations, the induced electromotive force of different combinations can be obtained by substituting combinations in Table 2 into Equation (19), as shown in Figure 13.



Assuming that the permeability of the permanent magnet is the same as that of air, the effective air gap at the stator teeth is    δ t  = 1 m m  , the air gap at the stator slot is    δ s  = 10 m m  , the pole piece coefficient of the stator is 0.5, the number of coil turns   N = 50  . Let    k δ  = 5  , then the permanent magnet thickness    h m  = 5 m m  , and the stator axial length   L =  L a  = 100 m m  . The volume of permanent magnets used in different combinations is set to 150 cm3. The permanent magnet is an NdFeB permanent magnet, and its magnetic range is about 1.0~1.4T. The result of    B r  = 1.2 T   in the calculation is shown in Figure 14.



According to Table 2, Figure 13 and Figure 14, it can be seen that the combination of 18 slots/28 poles has the highest torque density. Compared with other combinations, the 18 slots/28 poles generator has obvious performance advantages for a small cogging torque.




4.2. The Design of the Stator


The stator is mainly composed of an iron core and windings, as shown in Figure 15. If the pole piece coefficient of the stator core is too large, the slot opening will be too small, which is inconvenient for wire insertion; if the pole piece coefficient is too small, the magnetic flux at the stator teeth will be saturated, increasing the magnetic flux leakage. Therefore, in the permanent magnet vernier generator, the pole piece coefficient of the stator is generally selected around 0.5. In addition, the design of the stator slot also needs to consider the installation and fixation of the slot wedge.



The arrangement of the armature winding is the key point in the stator design. The number of poles and slots adopted by the new vernier generator is 18 slots/28 poles, and the number of pole pairs of the stator winding is    N s  −  p r  = 4  . Then the number of stator slots corresponding to each pole is 2.25, and the electrical angle of the slot distance is   α = 360 × 4 / 18 =   80  ∘   ; the star diagram of its slot potential is obtained as shown in Figure 16. Since the number of slots per pole and each phase is   q = 3 / 4  , the stator winding needs to use double-layer winding, which can reduce the circulating current loss of the winding at the same time.



An arrangement like A Z B X C Y A Z B X C Y A Z B X C Y A Z B X C Y A Z B X C Y A Z B X C Y A Z B X C Y A Z B X C Y A Z B X C Y A Z B X C Y is consistent with the arrangement of the actual coils in the stator slots, i.e., looping in the order A Z B X C Y, where A-Z are two phase bands of the same phase at different poles; the same goes for B-Y and C-Z. When   q < 1  , each phase should occupy a number of slots less than 1 under each pole (such as 3/4). In fact, this is impossible, since the stator slots are indivisible. According to the actual physical principle, the same phase can only occupy 1 slot or 0 slots under a pole [45,46]. The number of slots per pole per phase for a fractional slot winding actually refers to the average value. Since   q = 3 / 4   of this generator, the denominator is 4, so in the above A Z B X C Y cycle, count from the beginning, and remove the phase band when a multiple of 4 is encountered. It can be seen that 5 X-phase bands, 5 Y-phase bands, and 5 Z-phase bands have been removed. The winding arrangement order of the stator is obtained as A Z B C Y A B X C A Z B C Y A B X C A Z B C Y A B X C A Z B C Y A B X C A Z B C Y A B X C Y. That is how to cycle through the arrangement of A Z B C Y A B X C.



According to above method of dividing the winding phase band when   q < 1  , the division results of the fractional slot winding phase band of the 18-slots/28-poles generator shown in Table 3 are obtained. According to the star diagram of slot potential, it can be seen that the windings of slots 1 to 9 are exactly the same as those of slots 10 to 18, so this paper only analyzes the division of the winding phase bands of slots 1 to 9.



Short-distance winding is used, which can not only reduce the length of the winding, but also improve the flux linkage of the winding. According to Table 3, an expanded view of the connection of the stator windings can be drawn, as shown in Figure 17. A double-layered winding arrangement is adopted, in which the solid line in the slot represents the upper layer side, and the dashed line represents the lower layer side. In order to explain the connection method of the windings more clearly, only the connection expansion diagram of the A-phase windings is drawn; the connection of the other two-phase windings is the same as that of the A-phase windings, but moving the electrical angle backward by 120°.




4.3. The Design of the Rotor


The permanent magnet rotor is the input component of the staggered vernier generator. It needs a stable and reliable structure. At the same time, the rotor needs to provide enough magnetomotive force for the magnetic circuit of the vernier generator. When the number of pole slots of the generator is determined, the permanent magnets on the rotor can affect the electromagnetic load and the magnetic flux linked by the turns of the stator armature windings. Too few permanent magnets on the rotor will cause the electromagnetic load to be low, the torque density of the generator will be too small, and the advantages of the vernier generator cannot be exerted. However, blindly increasing the permanent magnets will cause the magnetic flux of the rotor core to saturate, resulting in excessive flux leakage and an increase in the size and weight of the generator.



For a rotor with a magnetically concentrated arrangement, the thickness of the permanent magnets and the radial thickness of the rotor will affect the electromagnetic load of the generator. According to Equation (1), the effects of    k r    and    k δ    on the electromagnetic load can be obtained, as shown in Figure 18. It can be seen that increasing the thickness of the permanent magnet can increase the electromagnetic load, but with the increase of the thickness of the permanent magnet, the growth rate of the electromagnetic load will gradually decrease, and finally tend to be flat. In order to take into account the amount of permanent magnets and the torque of the generator,    k δ    can be selected from 5 to 10. With the increase of the radial thickness of the permanent magnets in the rotor, the electromagnetic load also increases accordingly. Although the growth rate is gradually reduced, it still has strong linearity. The radial thickness of the rotor can be designed according to requirements when there is sufficient space inside the generator.





5. Results and Discussion


5.1. Simulation Results and Analysis


Based on the parameters calculated above, a simplified topology model of the staggered vernier generator is designed, and the model is imported into Maxwell for numerical simulation. Figure 19 shows the general process of generator simulation. The four quadrants in the figure are the simplified model of the generator, the finite element meshing, the distribution of magnetic force and the magnetic density cloud map.



Figure 20 shows the magnetic field acceleration effect of the vernier generator through the magnetic field simulation. Through the modulation of the stator teeth, the low-speed rotating stator magnetic field can be accelerated in the stator yoke. In the figure, the clockwise rotation angle of the rotor is 20°, while the fundamental magnetic field in the stator yoke has reversely rotated by a mechanical angle of 70°, realizing the acceleration of the magnetic field.



Figure 21 shows the electromagnetic load around the generator. It can be found that the electromagnetic load of the vernier generator is different from the traditional permanent magnet synchronous generator. The waveform is not a simple periodic waveform, but a superimposed periodic waveform. The waveform in the figure has roughly 28 “tips” with different heights, which correspond to the fundamental magnetic field of the permanent magnet rotor. The difference in each “tip” is due to the modulation of the stator teeth.



The proportions of the modulated magnetic field components of each order can be obtained by spectral analysis of the electromagnetic load. The spectrum obtained by Fourier transform is shown in Figure 22, in which the amplitude of the fundamental magnetomotive force is the highest, so we can roughly find 28 “tips” in Figure 21. The second highest is the magnetic field component of the 32-pole-pair order, which is the magnetic field component mainly used in the actual magnetic field acceleration effect. The magnetic field component of the order of 4 pole pairs is the smallest order magnetic field component that can be used in the generator. They are all the result of magnetic field modulation.



In order to observe the spatial distribution of the magnetic field in the air gap, a three-dimensional simulation of the electromagnetic load of the staggered vernier generator is carried out. The simulation results are shown in Figure 23. From the figure, it can be found that the areas with higher magnetic field strength are mainly concentrated in the stator teeth area, which is the main magnetic flux path of the generator.



In order to analyze the influence of staggered-teeth on the main magnetic flux path of vernier generators, a comparative analysis of vernier generators with staggered teeth and non-staggered teeth was carried out through simulation. Figure 24 and Figure 25 show the electromagnetic load amplitude surfaces of the vernier generator with the staggered structure and the vernier generator with the non-staggered structure, respectively. It can be found from Figure 24 that due to the staggered teeth structure, the peak values of the electromagnetic load are also staggered, and the peak value of the electromagnetic load at the stator tooth position is about 1.38T. It can be observed from Figure 25 that the electromagnetic load waveform of the non-staggered-teeth structure is relatively simple, and the maximum value of electromagnetic load at the stator teeth position is about 1.4T, but the electromagnetic load at each stator tooth position is quite different.



The comparison of the electromagnetic load is shown in Figure 26, which is obtained by taking a section in Figure 24 and Figure 25. It can be seen from Figure 26 that the overall trend of the electromagnetic load of the two generators is basically the same. The simulation results differ only in the specific details of the waveform, reflecting that the staggered structure has little effect on the electromagnetic load of the vernier generator.



In order to observe the influence of the staggered structure in the stator on the main magnetic flux, the magnetic field strength of the cross-section of the generator was analyzed, and the analysis results are shown in Figure 27 and Figure 28. Through the comparison of the cross-sectional diagrams, it can be found that although the staggered structure has little difference in the electromagnetic load, it has a greater impact on the stator yoke. The magnetic circuit of the staggered vernier generator is smoother and the magnetic flux leakage is smaller, so it has better performance of the main magnetic flux.




5.2. Experimental Results and Analysis


In order to measure the output voltage of the staggered vernier generator at different speeds, the speed-regulating motor is fixed on the rotor of the staggered vernier generator, and the effect of different driving torques on the vernier generator is simulated by controlling the speed of the speed-regulating motor. Figure 29 shows the experiment scheme of the staggered vernier generator. Among them, the driver of the speed regulating motor is DM860H, and the model of the PLA controller is LX3V-1212MT4H-A of Wecon Company.



The input speed of the generator is determined according to the speed of the impeller when the whole WEC is operating under the condition of the third-level sea state (the frequency range of the typical wave spectrum is 0.14–1.0Hz), so the output characteristics of the vernier generator at a speed range of 0.25 r/s~2 r/s were measured in the test. In order to analyze whether the staggered structure can reduce the magnetic flux leakage of the generator and improve the main magnetic flux intensity of the generator, the staggered and non-staggered structure of the generator are compared and analyzed.



The test measured the output voltage of the unilateral staggered vernier generator, the bilateral staggered vernier generator, the unilateral non-staggered vernier generator and the bilateral non-staggered vernier generator at different speeds. The data obtained from the test are shown in Figure 30. The non-staggered generator is to rotate a stator winding of a staggered vernier generator by a half-tooth angle to obtain two identical stator windings arranged side by side, similar to the superposition of two vernier generators.



It can be seen from Figure 30 that the output voltage of the staggered structure is higher than that of the non-staggered structure, regardless of the unilateral structure or the bilateral structure. For example, when the speed is 2 r/s, the output voltage of the staggered vernier generator is close to 20 V, while the non-staggered structure bilateral generator can only reach about 10 V, which is even lower than the output voltage of the unilateral stator winding with the staggered structure. The stator yoke, winding turns and other parameters of the staggered structure and the non-staggered structure are exactly the same, which means that the main magnetic flux of the staggered vernier generator is much larger than that of the non-staggered structure. The suppression of magnetic flux leakage is realized, and the power density and power factor of the generator are improved.



The comparative result of output power is similar to the comparative result of output voltage, except that the change trend of the power curve is different from that of the voltage curve.



The results show that the staggered vernier structure can improve the main magnetic flux of the vernier generator, reduce the leakage flux, and improve the power factor of the generator. The staggered vernier structure can improve the performance of the generator without adding additional structures and materials.





6. Conclusions


In order to optimize the energy conversion efficiency of the counter-rotating self-adaptable WEC and improve the efficiency of the generator at low speed, a staggered structure vernier generator suitable for the counter-rotating self-adaptable WEC is proposed in this paper. Based on simulation results and experimental data, the following conclusions were drawn:



	
A multi-air-gap vernier generator with single rotor and double stator structure was designed. The double stators have the same diameter and thickness, and are arranged side by side, making the generator more like a single air gap structure.



	
The principle of magnetic flux modulation of the vernier generator with staggered teeth structure was analyzed by deduction and calculation. It was concluded that the staggered vernier generator can utilize the fundamental magnetic field and the modulated main harmonic components of the permanent magnet rotor at the same time. This makes it possible to reduce flux leakage inside the generator.



	
The influence of basic parameters such as the number of poles and slots on performance of the generator was analyzed by means of calculation and numerical simulation, and it was concluded that the combination of 18 slots/28 poles has excellent low-speed performance and almost negligible cogging torque.



	
Through numerical simulation, the principle of magnetic field acceleration of the vernier generator, the air-gap magnetic density, the magnetic flux density of the stator yoke and other key characteristic parameters were analyzed, and the design scheme of the staggered vernier generator was confirmed.



	
The low-speed performance of the staggered vernier generator was tested, and it was verified that the staggered vernier generator has better performance through comparative experiments.






This paper proposed a vernier generator for a counter-rotating self-adaptable WEC with a staggered tooth structure to solve the problems of magnetic flux leakage and structural complexity of multi-air-gap generators in the permanent magnet vernier generators. The direct-drive generator designed in this paper is a hollow generator, which is often difficult to design. The design places the impeller directly in the generator, which simplifies the construction of the system, but also limits the increase in the diameter of the impeller. Optimizing the combination of impeller and direct drive generator can solve this contradiction. The optimizing and the specific influences of this generator on the power generation performance of the WEC will be discussed in future.
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Symbols




	
    F m    

	
Magnetomotive force

	
  L  

	
Length of magnetic path




	
  H  

	
Magnetic field intensity

	
    h m    

	
The thickness of the permanent magnet




	
    B r    

	
Remanence

	
  δ  

	
The thickness of the air gap




	
    μ 0    

	
Vacuum permeability

	
  w  

	
The radial dimension of the permanent magnets on the generator




	
    θ p    

	
The angle between adjacent permanent magnets

	
    B δ    

	
The electromagnetic load




	
    B m    

	
The magnetic induction intensity of the magnetic poles

	
  r  

	
The radius of air gap




	
  ϕ  

	
The magnetic flux

	
    A δ    

	
Effective area of each air gap




	
    p r    

	
Actual number of pole pairs

	
    θ t    

	
The angle occupied by a single stator tooth




	
    θ s    

	
The angle occupied by a single tooth slot

	
    B  δ h     

	
The high-order harmonic component of the electromagnetic load




	
    N s    

	
Number of conductors per slot

	
    N 1    

	
The number of turns of a single winding




	
    L a    

	
The effective length of the stator axial direction

	
    y 1    

	
The coil span




	
    k w    

	
The winding coefficient of the armature

	
    k q    

	
The distribution coefficient of the phase winding




	
  q  

	
The number of slots per pole per phase of the stator winding

	
    E  0 m     

	
The no-load phase induced electromotive force amplitude




	
    G r    

	
The ratio between the pole pairs of fundamental and effective harmonic flux density
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Figure 1. Various types of small marine engineering equipment. 
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Figure 2. Preliminary scheme of the counter-rotating self-adaptable WEC. 
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Figure 3. Composition and structure of the PTO. 
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Figure 4. Cross-sectional view and transmission diagram of the PTO. 
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Figure 5. Impeller installation structure and swingable blades. 
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Figure 6. Magnetic circuit analysis model. 
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Figure 7. Rotor analysis model and Br waveform along the rotor. 
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Figure 8. Stator Analysis Model and Circumferential Air Gap Waveform. 
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Figure 9. Circumferential air gap waveform of function f(θ). 
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Figure 10. The geometric relationship between a single winding and the electromagnetic load. 
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Figure 11. Sectional view and structural diagram of side-by-side double stator staggered permanent magnet vernier generator. 
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Figure 12. Main magnetic flux path of the staggered vernier generator. 
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Figure 13. Comparison of no-load electromotive force of vernier generators with different pole-slot combinations. 
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Figure 14. Comparison of no-load cogging torque of vernier generators with different pole-slot combinations. 
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Figure 15. The structure diagram of the stator. 
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Figure 16. The star diagram of slot potential. 
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Figure 17. The expanded view of A-phase winding connection. 
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Figure 18. Variation curve of electromagnetic load with    k r    and    k δ   . 
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Figure 19. Simulation of staggered vernier generator at no-load. 
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Figure 20. Single winding and waveform of its electromagnetic load. 
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Figure 21. Waveform of electromagnetic load variation with mechanical angle of vernier generator. 
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Figure 22. Spectrum analysis results of electromagnetic load of vernier generator. 
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Figure 23. Spatial distribution of magnetic field in vernier generator. 
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Figure 24. Circumferential variation of magnetic field of staggered vernier generator. 
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Figure 25. Circumferential variation of magnetic field of non-staggered vernier generator. 
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Figure 26. The comparison of the electromagnetic load of staggered and non-staggered vernier generator. 
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Figure 27. Magnetic field intensity distribution in cross section of vernier generator with staggered structure. 
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Figure 28. Magnetic field intensity distribution in cross section of vernier generator with non-staggered structure. 
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Figure 29. The experiment scheme of the staggered vernier generator. 
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Figure 30. Comparison of output characteristics of different generators at different speeds. 
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Table 1. Energy supply scheme and performance of several typical marine engineering equipment.






Table 1. Energy supply scheme and performance of several typical marine engineering equipment.





	Name
	Power Type
	Battery Life (h)
	Cruising Distance (km)





	Slocum Battery (US)
	Alkaline battery
	480
	500



	MUST (US)
	Lead-acid batteries
	24
	\



	OEX (US)
	Ni-Cr battery
	12
	\



	CR-02 (CN)
	Silver zinc battery
	25
	\



	Remus 1000 (DE)
	lithium polymer battery
	24
	\



	Urashima (JP)
	PEFC fuel cells (main)
	\
	300



	HUGIN 3000 (US)
	AI/HP Half Fuel Cell
	60
	432
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Table 2. Characteristics of permanent magnet vernier generators with different combinations of poles and slots.
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Parameters

	
Combinations of Poles and Slots (Ns/2pr)




	
12/20

	
12/22

	
18/24

	
18/28

	
18/30

	
18/32






	
y1

	
3

	
6

	
1

	
2

	
3

	
4




	
kw

	
1

	
1

	
0.87

	
0.95

	
1

	
0.95




	
Gr

	
5

	
11

	
2

	
3.5

	
5

	
8




	
Nc

	
60

	
132

	
72

	
252

	
90

	
288
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Table 3. Division of phase bands of fractional slot windings with   q = 3 / 4 (  N s  = 18 , 2 p = 8 )  .
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Slot Number

	
Electrical Angle

	
Phase

	
Polarity






	
1

	
0°

	
A

	
N1, S1




	
2

	
80°

	
Z

	
N1, S1




	
3

	
160°

	
B

	
N1, S1




	
4

	
240°

	
C

	
N1, S1




	
5

	
320°

	
Y

	
N1, S1




	
6

	
400°

	
A

	
N2, S2




	
(40°)




	
7

	
480°

	
B

	
N2, S2




	
(120°)




	
8

	
560°

	
X

	
N2, S2




	
(200°)




	
9

	
640°

	
C

	
N2, S2




	
(280°)
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