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Abstract

:

This paper presents the design, fabrication and experimental power analysis of a novel double-stator magnetic geared permanent magnet (DSMGPM) machine which comprises of a double-stator permanent-magnet (PM) machine integrated a with triple rotor magnetic gear. The proposed machine can upscale the low-speed rotating magnetic field of the prime PMs on the prime rotor by using the modulation effect produced from the pole-pieces to high-speed rotating magnetic field from the field PMs. The low-speed prime rotor can also increase the speed of the field PM rotor and excite the coil windings to induce an electromotive force (EMF) resulting in electrical power. Thus, the machine is proposed for power generation in low-speed renewable energy applications such as wind turbines and tidal power generators. The proposed machine topology is presented and discussed while the performance power characteristics are evaluated experimentally. A prototype is fabricated and the measured results are in good agreement with the calculated results, therefore validating the proposed magnetic geared machine design.
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1. Introduction


Research in magnetic gearing has increased in the last 10 years because of its potential for efficient transmission torque, lubrication free maintenance, overload protection and non-contact operation compared to problems of mechanical gears [1]. Studies [2,3,4,5,6,7] have shown that magnetic gears can reach a torque density of 100 kNm/m3 and by integrating a magnetic gear with a PM machine; the resultant magnetic geared machine can be applied in low-speed high torque applications such as traction motors and as generators in low-speed renewable energy power generation [8,9]. Reference [10] reported that a double-stator PM machine achieved a higher torque density much greater than a single-stator PM machine.



The research on magnetic geared double-stator PM machines has gradually increased recently in the last 10 years, although very few studies have been published on this class of MG machines. A double-stator MG PM machine was proposed in [11] with a simpler structure comprised of two PM rotors and a single rotating modulating iron ring rotor. The magnetic geared machine was designed to operate in a motor/generator power-splitting mode for applications in electric vehicles (EVs). In [12] single-ring and dual-ring types of double-stator MG PM machine design were proposed. Each MG PM machine consisted of a single PM rotor for low-speed, high torque applications. An improved modified design was presented in [13] with two PM rotors and the removal of the modulating pole piece rotor. The pole pieces were inserted between each PM to achieve a power-split electromechanical device (motor/generator). Two double-stator magnetic flux-modulated mnemonic machine designs that combined magnetic gearing principle and the concept of flux-mnemonic were reported in [14]. The first machine design presented was a dual-layer PM magnetic flux-modulated mnemonic machine (MFMM) with PMs fixed on both the outer stator and rotor, while the second machine design proposed was a single layer PM magnetic flux-modulated mnemonic machine with all PMs fixed only on the outer stator.



Even though previous reported studies conducted on double-stator MG PM machines have contributed greatly to the present knowledge about magnetic geared machines, it can be reasonably assumed that the absence of published experimental data in [11,12,13,14] suggests that the performance characteristics of magnetic geared double-stator PM machines have not been fully well studied to identify areas requiring further investigation.



The purpose of this paper is to address this gap in previous studies with experimental data, by reporting the power characteristics of a novel structure of a double-stator magnetic geared PM machine from a demonstrator prototype. The machine structure consists of three PM rotors and two stationary iron ring pole pieces, which is realized from a triple-rotor magnetic gear integrated with a double-stator PM machine. The aim is to determine the electrical power characteristics and efficiency when the low-speed prime rotor magnetic field is up scaled to the high-speed magnetic field on both the outer and inner field PM rotors using the magnetic gear ratio and modulation effect of the ferromagnetic pole pieces. A magnetically coupled topology is used to match the magnetic gear with the double-stator PM machine. In Section 2, the machine structure and design parameters will be introduced. Section 3 will present the operating principle of the magnetic geared machine. Section 4 discusses the results and presents details of the experimental evaluation. Finally, the conclusions are presented in Section 5.




2. Machine Structure


Figure 1a shows the structure of the proposed double-stator magnetic geared machine which is designed with a bone-rotor structure design for holding one set of four pole-pair field PMs for the outer, inner and middle rotors. The proposed machine has the same number of eight field PMs on both high-speed rotors, which rotates according to the gear ratio to excite the coil windings in both outer and inner stators resulting to an induced EMF thus generating electrical power. Also the proposed MG machine uses three rotors and two modulating pole pieces to modulate the magnetic field between the outer and inner PMs to achieve the magnetic gear effect and magnetic field excitation of the stator coils. A magnetically coupled configuration is the key factor that enables the machine to operate as a magnetic gear and electrical power generator simultaneously. The MG machine utilizes the middle prime PMs as the prime mover and the magnetic flux is modulated by dual iron pole pieces placed between the field PMs and prime PMs. Also a magnetically coupled configuration results to a series magnetic circuit that can improve its power density compared to a parallel magnetic circuit from a magnetically decoupled configuration. For the rotor structure, the rotor can be designed as a bone-rotor shape with the same thickness as the PMs. This reduces the amount of magnets to a single layer compared to the double layer adopted in cup-shaped rotors which can minimize cost and lessen the magnetic circuit. As illustrated in Figure 1a, the prime PM rotor which is the prime mover for the magnetic gear is coupled simultaneously to both inner and outer field PM rotors. The high-speed field PM rotors and stators are interconnected through magnetic field excitation and this combination is equivalent to a conventional PM electrical machine. The output torque which is applied on the high-speed field PM rotor by the magnetic gear is reacted by the torque applied on the low-speed prime PM rotor. A double-layer concentrated winding scheme is implemented for both inner and outer stators as shown in Figure 1b. The design specifications of the proposed MG machine are listed in Table 1 while the material properties of the components and coil winding specifications are given in Table 2 and Table 3, respectively.



2.1. Mechanical Structure


The double-stator PM machine and the triple rotor magnetic gear are integrated into a single compact MG machine. Figure 2 shows the mechanical structure diagram of the MG machine. The PMs on the outer, inner and prime rotors are sandwiched between three bone rotors with thickness equal to the PMs. A bone rotor structure is used to reduce the quantity of magnets to three layers and also achieve a magnetically coupled configuration between the magnetic gear and generator. To address problems of centrifugal forces on the PMs when the field PM rotors rotate at high speeds (greater than 1000 rpm), an aluminum end plate is employed to secure both ends of the three rotors. The prime PM rotor is connected to the input shaft while the outer and inner field PM rotors are independent and rotate freely on the same axis as illustrated in Figure 2. Since these two field PM rotors rotate at the same speed in similar direction, the prime PM rotor can couple or decouple the field speed and field torque simultaneously. The MG machine is composed of two stators and two modulating pole pieces as shown in Figure 2. The modulating pole pieces are machined from 3 mm thick solid steel to simplify the fabrication process. Although laminated steel would have been suitable to reduce core loss and eddy current loss but this will increase cost and difficulties in the mechanical assembly of the pole pieces. The two modulating pole pieces are aligned in the same direction to achieve modulation of the magnetic field in the air gap between the prime PMs and field PMs. A 2D finite element analysis showed that misalignment of the two modulating pole pieces will result to magnetic leakage flux in the air gaps and decrease transmission torque. Both modulating pole pieces are supported with Aluminum end rings to prevent magnetic flux leakage in the axial direction and short circuit of the pole pieces. This is to reduce loss of transmission torque and improve efficiency which is consistent with the findings reported in a study [15].



A total of seven single-row ball bearings are used for the three PM rotors to provide balanced axial rotation and also minimize strong magnetic forces from the PMs. A steel support structure is used to mount the ball bearings on both sides of the MG machine. The inner stator is mounted on the steel support structure on both sides and secured with steel bolts but this construction technique results to losses due to eddy current loops created between the steel bolts and steel support structure. The outer stator is supported by two outer casings manufactured from aluminum to reduce magnetic flux leakage and also reduce weight. The magnetic gear structure comprises of the prime PM, modulating pole piece and field PM while the generator structure comprises of the stators and field PMs. When the prime PM rotor rotates, it generates a magnetic field of pole-pair equal to the field PM by the modulating pole pieces resulting to a reaction torque on both outer and inner field PM rotors. The field PM rotors rotate synchronously based on the MG gear ratio to induce an EMF by exciting the coil windings in the stators and generate electrical power.




2.2. Machine Operating Principle


For the MG machine design Pprime = 13 and Ppfield = 4 are selected as the number of pole-pairs of the prime PM rotor and field PM rotor respectively. This pole-pair combination was selected because it yields a cogging torque factor, Cf = 1 as defined by [16] and Cf is expressed as:


    C f    =   2  P  field    N  iron     L C M ( 2  P  field    N  iron   )     



(1)




where Niron is the number of iron pole pieces and LCM is the least common multiple between number of field PMs and number of iron pole pieces and its transmission torque is based on the modulation of the magnetic flux between 13 pole pair prime PMs on the low-speed rotor and four pole pair field PMs on the high-speed rotor by 17 pole pieces. According to the magnetic gearing principle, the airgap flux density space harmonics and the corresponding angular speed ratio of number of pole-pairs are governed by the magnetic gear speed relationship [17]:


    ω  prime     =    p  prime      |   p  prime   −  p  iron    |     ω  inner   +      p  iron      |   p  iron   −  p  prime    |     ω  iron     



(2)






    p  inner   =  p  outer     =  |   p  iron   −    p  prime    |      



(3)




where ωinner, ωprime, and ωiron are the angular speeds of the inner PM rotor, the prime PM rotor and the iron pole pieces respectively while pprime, pinner, pouter and piron are the pole pairs of prime PMs, inner PMs, outer PMs and pole numbers of iron pole pieces respectively. The magnetic gear ratio Gr can be expressed as:


      G r    =   −    ω  prime      ω  inner      |   ω  iron = 0   =    p  prime      p  inner       



(4)







It can be seen that a magnetic gear ratio of 3.25 is calculated for the magnetic geared machine and the minus sign indicates that both outer and inner PM rotors rotate simultaneously in the same direction opposite to the prime PM rotor. Since the calculated number of slots per pole per phase q = 1/2 is a fractional number, a 3-phase concentrated winding topology as shown in Figure 1b is adopted for both outer and inner stators as this winding design can reduce the end windings and copper losses [18]. Although it may not produce a sinusoidal back-EMF as it has a winding factor Kw = 0.866 which is less than unity. The stator windings can be connected in star or delta configuration but this depends on the preferred EMF and operating speed. In this machine design a star wye connection is adopted by connecting the outer and inner three phases winding in series connection.




2.3. Transmission Torque


The MG machine can be viewed as a five-port machine with three mechanical ports and two electrical ports. To achieve a multi-port power flow system the two modulating iron ring pole pieces are assumed as additional rotating parts and by considering no power losses the mechanical power relationship is governed by:


    T 1   ω 1  +  T 2   ω 2  +  T 3   ω 3  +  T 4   ω 4  +  T 5   ω 5  +  T 6   ω 6  +  T 7   ω 7  = 0   



(5)




where T1, T2, T3, T4, T5, T6 and T7 are the electromagnetic torques produced on the inner stator, inner field PM, inner modulating ring, prime PM, outer modulating ring, outer field PM and outer stator respectively. The net mechanical power for the three rotors and torque ratio is obtained by:


    T 2   ω 2  +  T 4   ω 4  +  T 6   ω 6  = 0   



(6)






    T r  =      T 4     T 2  +  T 6      



(7)








2.4. DC Electrical Power in a Purely Resistive Load


Magnetic geared machines can be designed as a power splitting device, with the input as electrical power and the output as mechanical power for magnetic geared motors [19] or the input as mechanical power and the output as electrical power for magnetic geared generators [20]. The power PDC absorbed by a purely DC resistive load is the product of the DC voltage across the load and the DC current flowing through the load and can be expressed as:


    P  DC   =  V  DC    I  DC   =    I  DC  2   R  Load     



(8)




where VDC is the DC voltage across the resistive load, IDC is the DC current through the resistive load and RLoad is the value of the resistive load.




2.5. AC Electrical Power in a Purely Resistive Load


The voltage and current in an AC circuit are not constant because they have sinusoidal waveforms and vary with time. Therefore it is difficult to measure the instantaneous power but the average value of the absorbed AC power can be obtained and is given as:


    P  AC   =  V  rms    I  rms   cos θ   



(9)




where PAC is the average value of the AC power absorbed by an AC load, Vrms is the rms value of the AC voltage, Irms is the rms value of the AC current and θ is the phase angle between Vrms and Irms. When a purely resistor load is connected to an AC power supply in a balanced three-phase star wye configuration the AC current flowing through each resistive load will vary simultaneously with the AC voltage. This means that their waveforms will be in phase resulting to a phase difference of 0°. For a balanced three-phase star wye connected load, the active power Prms delivered by the machine is the sum of the average real power and is given by:


    P  rms   = 3  V  rms    I  rms   P F   



(10)




where PF is the power factor of the magnetic geared generator and is calculated from cos θ. The apparent power Sapparent is calculated as:


   P F   =      P  rms      S  apparent       



(11)








2.6. Efficiency


The efficiency of a magnetic geared generator can be calculated as the ratio of the input mechanical power to the output electrical power. The input mechanical power Pmechanical of the generator is computed from the sum of the output electrical power Pelectrical and total power losses Plosses and is calculated as:


    P  mechanical   =  P  electrical     +  P  losses       



(12)







The power losses consists of copper losses Pcopper, core losses Pcore and friction losses Pfriction at the output of the generator and is given by:


    P  losses   =  P  copper     +  P  core       +  P  friction       



(13)







The efficiency η of the generator can be calculated as:


     η   =      P  electrical      P  mechanical     =     3  V  rms    I  rms   P F    T  prime    ω  prime       



(14)




where Tprime is the input torque on the prime rotor and ωprime is the angular speed of the prime rotor.





3. Finite Element Analysis


The electromagnetic characteristics of the magnetic geared double-stator PM machine are analysed by modeling the machine as a 2D FEM Model with two-dimensional finite element method. The magnetic geared machine is not symmetrical therefore requiring a full 2D model which increases the computation time. Maxwell’s equation governing the two-dimensional electromagnetic field equation [21] of the magnetic geared machine is given as:


   Ω :    ∂  ∂ x    (  v   ∂ y   ∂ x    )  +  ∂  ∂ y    (  v   ∂ y   ∂ y    )  = − J − v  (    ∂  B  ry     ∂ x   −     ∂  B  rx     ∂ y    )  + σ   ∂ A   ∂ t     



(15)




where Ω is the field solution region of calculation, A the magnetic vector potential, J the current density, v the reluctivity, σ the electrical conductivity, Brx and Bry the remanent flux density. The circuit equation in generating mode is given by:


   (  R 0  +  R ′  ) i +  (   L 0  +  L ′   )    d i   d t   −  l S    ∬  Ω    ∂ A   ∂ t   d Ω = 0   



(16)




where R0 is the resistance per phase winding, R′ is the resistance of the load, L0 is the inductance of the coil end windings, and L′ the inductance of the load.




4. Results and Discussion


4.1. Flux Density Distribution and Characteristics


A magnetic flux plot of the magnetic geared generator by 2D finite element analysis is shown in Figure 3 where it is observed that the flux lines are concentrated more at the back iron of the outer stator and tooth of the inner stator. Although this enables flux linkage between the magnetic gear and generator in the magnetically coupled configuration, it could result to high cogging torque on both outer and inner field PM rotors. The flux density characteristics in the outer and inner airgaps of the magnetic geared generator are shown in Figure 4 and Figure 5, respectively. It can be observed that the main harmonics of 4 and 13 in Figure 4b,f, are equal to the number of PM pole-pair numbers for the field and prime PMs.



This trend is also observed similarly in Figure 5b,f, due to the modulation effect of the iron ring pole pieces. A summary of the airgap flux density performance characteristics are listed in Table 4 and Table 5. A 3D FEM would have been most suitable to calculate the eddy current losses in the end rings and pole pieces but it is computationally expensive and time consuming. Therefore 2D FEM is used to calculate the losses by modeling the pole pieces as a squirrel cage rotor [22,23]. The resistance R of the aluminum end rings connected to each pole piece as 17 conductor segments is calculated by:


   R =    L  σ n A     



(17)




where σ is the electrical conductivity of the aluminum, L the circumference of the end rings, A the cross-sectional area of the end ring and n the number of pole pieces. For the PMs the eddy current losses are computed in the 2D FEM simulation by modeling each magnet as a conductor with its respective material resistivity. In Figure 6 the eddy current losses in the magnets and pole pieces are shown as a function of time for various prime speeds.



It can be observed that the eddy current losses are greater with increase in prime speed. In Figure 6a at prime speed of 100 rpm in steady state, the losses in the magnets and pole pieces are 7 W and 46 W, respectively while in Figure 6b at prime speed of 300 rpm the magnets and pole piece losses are 61 W and 384 W, respectively. In Figure 6c at prime speed of 500 rpm, the losses are 157 W and 989 W for the magnets and pole pieces respectively. It can be concluded that the losses are primarily produced in the pole pieces due to short circuiting and use of solid instead of laminated steel. The core and copper losses as a function of resistive load for various speeds are shown in Figure 7 and it can be observed that the losses are greater with increase in prime speed.



In Figure 7a the core losses are 24 W, 12 W and 3 W respectively, at prime speed of 500 rpm, 300 rpm and 100 rpm. The maximum copper losses shown in Figure 7b are 26 W, 11 W and 2 W, respectively, at the prime speeds of 500, 300 and 100 rpm. The sum of the core and copper losses as presented in Figure 7c are 50 W at 500 rpm, 23 W at 300 rpm and 5 W at 100 rpm, respectively. The effect of higher prime speed results to increase in change of magnetic flux and this produces higher copper and core losses. The PMs and pole piece losses as a function of resistive load are presented in Figure 8a,b. It can be observed that the losses also increase at higher prime speed due to variation in the magnetic flux. The PMs losses at prime speed of 500 rpm, 300 rpm and 100 rpm are 155 W, 61 W and 7 W respectively, while the pole piece losses are 976 W, 384 W and 47 W, respectively. The maximum efficiency of the magnetic geared generator is ≈60% and is shown in Figure 8c as a function of prime speed. It can be observed that as the resistive load is increased the efficiency is reduced for lower speeds at various resistive loads.




4.2. Prototype Machine


Figure 9 shows the fabricated parts of the magnetic geared generator machine including a front view of the assembled prototype. The existence of three PM rotors rotating independently results to difficulties in the mechanical assembly of the prototype. Also the two modulating iron rings have to be placed between two PM rotors with an airgap of 1 mm. A magnetically coupled configuration is achieved between the magnetic gear and generator by using a bone rotor structure design although a cup rotor structure design could be used but this may increase cost and quantity of PMs. The two iron ring pole pieces as shown in Figure 9a are machined from solid steel instead of lamination because of cost considerations and difficulties in the assembly while the connecting end rings are fabricated from aluminum to reduce magnetic leakage flux. However, the pole pieces and aluminum end rings are not electrically insulated which creates eddy current loops but since the generator was designed for low-speed operation this factor was ignored.




4.3. Experimental Test Setup


The MG generator was tested in two experimental modes, as illustrated in Figure 10 to obtain the DC power characteristics and AC power characteristics. For the DC power measurement setup shown in Figure 10a, a 5 kW brushless PM motor as the prime mover with maximum output torque of 20 Nm was coupled to the prototype and driven by a motor controller connected to a PC. The three phase AC output of the generator was connected to a DC programmable electronic load bank using a full bridge rectifier. Torque and speed were measured at the input prime shaft of the magnetic geared generator using a torque and speed sensor. The DC voltage and DC current were measured at the output of the generator using the programmable electronic load and their product was used to measure the DC power dissipated by the generator for various loads. The MG generator was tested by varying the DC load resistance from 10 to 300 ohm at constant prime rotor speed ranging from 50 to 500 rpm.



In the AC power measurement setup shown in Figure 10b, the three phase AC output of the generator was connected to a balanced three phase resistor load bank in star wye configuration while the AC voltage and AC current were measured using a Hioki power quality analyzer. However, there was limitation on the three phase resistor load bank as it was designed with a minimum load resistance of 31 ohm per phase and a maximum load resistance of 250 ohm per phase for the load test. A three phase circuit breaker switch was used to connect the three phase resistor load bank to the MG generator. Similarly at constant prime rotor speed, the circuit breaker switch was closed before varying the load resistance and opened to electrically load the generator while the torque, speed, rms voltage, rms current and power factor were measured with the test rig illustrated in Figure 10c. Though, rms voltage and rms current are applicable only if the voltage and current waveforms are purely sinusoidal, it was observed that the voltage and current waveforms generated by the prototype generator are non-sinusoidal. The non-sinusoidal voltage and current values are converted by the power quality analyzer to true rms values using the following equations:


    V  rms   =      1 S   (   V 1 2  +  V 2 2  +  V 3 2  + ⋯ +  V s 2   )      



(18)






    I  rms   =      1 S   (   I 1 2  +  I 2 2  +  I 3 2  + ⋯ +  I s 2   )      



(19)




where S is the number of samples recorded in one period. The AC power dissipated by the generator on the load bank is calculated by the product of Vrms and Irms using the formula:


    P  rms   =    V  rms    I  rms   P F   



(20)




where Prms is the active power dissipated by the generator and PF the power factor of the generator.




4.4. Voltage-Current Characteristics


By rotating the prime rotor at prime speed of 200 rpm with a resistive load of 62 ohm per phase, the simulated and measured on-load three phase voltage and current waveforms of the MG generator are recorded and compared in Figure 11a. To measure the phase-to-neutral voltage waveforms Va, Vb and Vc, a star point is connected from the MG generator to the other star point of the three phase resistor load bank with wire to form the neutral line. The simulated result correlates well with the measured result, while the voltage and current waveforms are in phase equally which is expected for a purely resistive load. Similarly the simulated and measured line-to-line voltage waveforms are also obtained and shown in Figure 11b. A differential probe is used to ensure that the phase voltages Va, Vb and Vc are referenced to each other and also measure the line-to-line voltage waveforms Vab, Vbc, and Vac, respectively. The induced phase peak voltages Vpeak from the calculated and measured results are ≈42 V and ≈42 V, while the calculated and measured phase peak currents Ipeak are ≈ 0.69 A and ≈0.66 A, respectively. Also the calculated and measured line peak voltages Vpeak are ≈ 87 V and ≈ 86 V respectively. From Figure 11a,b, it is observed that the phase voltage and phase current waveforms are characterized with dominant third-harmonics which is general for concentrated windings and the pole-slot combination. Therefore line-to-line voltage can improve distortion of its waveform to generate a nearly sinusoidal shape by reducing the effect of third harmonics as shown in Figure 11b.



The MG generator is designed with only the prime PM rotor connected to the input shaft while both outer and inner Field PM rotors are independent and rotate freely. This machine design makes it difficult to measure the rotational speed of the field PM rotors. To measure the field speed, the frequency components of the simulated and measured voltage waveforms for one period are obtained by Fast Fourier Transform (FFT) and compared in Figure 11c. The inverse of the fundamental frequency (1/f) for one period T of the voltage waveform is ≈23.10 ms and 23.20 ms for the simulated and measured results respectively. By substituting in N = 120f/p the simulated and measured speed of the field PM rotor is ≈650 rpm and 646 rpm, respectively. Also a ratio of the field speed and prime speed results to a measured ratio of 3.23 which agrees with the calculated gear ratio of 3.25. Also the FFT shows that there are unwanted harmonic components present in the phase voltage waveforms, which is responsible for the distortion of the waveform shape and generation of non-sinusoidal signals.




4.5. DC Voltage, Current and Power-Speed Characteristics


The MG generator was tested within a range of resistive loads at constant prime speed while, the DC voltage, DC current and DC power were measured and recorded. The measured results are shown in Figure 12.



From Figure 12a, the maximum DC voltage produced by the MG generator at prime rotor speed of 500 rpm with resistive load of 300 ohm is ≈145 V while the minimum DC voltage generated at prime rotor speed of 50 rpm with resistive load of 10 ohm is ≈12 V. Similarly in Figure 12b the maximum DC current produced by the MG generator at prime rotor speed of 150 rpm with resistance load of 10 ohm is ≈2.5 A, while the minimum DC current produced by the MG generator at prime rotor speed of 500 rpm with resistive load of 300 ohm is ≈0.54 A. It can be seen that there is a linear relationship between the generated DC voltage, DC current and prime speed of the generator at constant load resistance.



The DC power dissipated by the generator on load is measured by the product of the DC voltage and DC current and is shown in Figure 12c. The maximum DC power dissipated by the generator is ≈250 W at prime rotor speed of 500 rpm with resistive load of 70 ohm. When resistive load is increased to a maximum of 300 ohm, the DC power drops to a minimum of 87 W. At higher values of resistive load, the DC power dissipated by the MG generator is reduced.



From Figure 13a the maximum prime torque produced by the MG generator over the resistive load range tested was ≈12 Nm at prime speed of 150 rpm with resistive load of 10 ohm. At prime speed of 400 rpm, the maximum torque achieved is ≈10 Nm with resistive load of 50 ohm before the generator slips. From the torque/speed curve shown in Figure 13a when the prime speed is 475 rpm with a resistive load ranging from 140 to 300 ohm, the prime torque drops due to losses because the counter torque generated by the generator is greater than the prime torque produced by the magnetic gear. The torque/speed curve demonstrates that at low-speed and smaller resistive loads, the prime torque produced by the MG generator increases linearly while at high-speed and larger resistive loads, the prime torque produced by the MG generator decreases linearly.



The efficiency of the MG generator is shown in Figure 13c and it can be seen that the maximum efficiency ≈62% at 50 rpm and DC power of 12 W. It can be observed that the maximum operating point efficiency of the MG generator is ≈55% while the efficiency drops as DC power increases with increasing prime speed. It is probable that generator losses increase due to eddy current at high speeds, therefore resulting to drop in efficiency although the DC power dissipated increases and at 500 rpm the generator slips when the minimum resistive load is 70 ohm.




4.6. AC Voltage, Current and Power-Speed Characteristics


The MG generator was connected to a balanced three phase star resistive load with a range of 31–250 ohm per phase at constant prime speed, while the AC voltage, AC current and AC power characteristics were measured and recorded. The measured phase voltage Vrms is shown in Figure 14a with maximum Vrms ≈ 65 V at prime speed of 500 rpm and resistive load per phase of 250 ohm. It can be observed that there is a linear relationship between phase voltage and prime speed of the MG generator. From prime speed 475–500 rpm the phase voltage is constant at maximum resistive load per phase of 250 ohm because the MG generator has reached saturation point. Also at minimum resistive load per phase of 31 ohm, the maximum phase voltage generated is ≈31 V at maximum prime speed of 375 rpm and the MG generator slips when the prime speed is increased. This is because the counter torque produced from the generator is greater than the torque generated by the MG. Although other resistive loads of 36, 42, 50 and 83 ohm display the same linearity trend but only four values of resistive load per phase are shown in Figure 14a to ensure clarity of the graph. Similarly, it can be observed in Figure 14b that there is also a linear relationship between phase current and prime speed of the MG generator. The maximum phase current produced is ≈1 A, at prime speed of 250 rpm and minimum resistive load per phase of 31 ohm. At maximum resistive load per phase of 250 ohm the maximum phase current produced is ≈0.26 A, at prime speed of 500 rpm. The graph shows that at resistive load per phase of 42 ohm, the maximum phase current drops with increase in resistive load. This means that the MG generator has reached saturation point and at prime speed of 500 rpm the MG generator slips due to the counter torque from the generator greater than the MG.



The measured active AC power dissipated by the MG generator was measured with a power analyzer and is shown in Figure 14c. The maximum active AC power dissipated by the generator is ≈120 W at prime rotor speed of 325 rpm with resistive load per phase of 42 ohm. At maximum resistive load per phase of 250 ohm the maximum active power dissipated by the MG generator is ≈51 W at prime speed of 500 rpm while at minimum resistive load per phase of 31 ohm the maximum active power is ≈94 W at prime speed of 250 rpm. It can be observed that when the resistive load per phase is greater than 42 ohm, the maximum active AC power drops despite an increase in prime speed. This is due to the fact that the MG generator has reached maximum operating point as a result of saturation. Also the maximum prime speed of the MG generator that generates active AC power before it slips is 500 rpm.



The torque/speed characteristics of the MG generator are shown in Figure 15a and the maximum torque achieved by the MG generator is ≈11 Nm with resistive load per phase of 125 ohm at prime speed of 425 rpm. It can be observed that at constant resistive load per phase, torque increases linearly with increase in prime speed while a decrease in resistive load per phase results to increase in torque. From Figure 15a at prime speed of 275 rpm–500 rpm, the torque generated on the prime shaft is constant because maximum torque has been achieved and this can be assumed as the maximum operating point of the MG generator before it slips. It is likely that losses due to significant eddy current from the iron ring pole pieces and PMs limits the transmission torque of the MG generator but an improved design using laminated pole pieces and magnet segmentation could increase its transmission torque.



The measured power factor of the MG generator for various resistive loads per phase is shown in Figure 15b. For a purely resistive load the active power is equal to the apparent power because voltage and current are in phase and cos0° of the phase angle between Vrms and Irms = 0, therefore the power factor (PF) = 1. The measured PF is ≈0.99 which is consistent for a purely resistive load, thus confirming that voltage and current are in phase as shown previously in Figure 11a. The efficiency of the MG generator is shown in Figure 15c and the maximum efficiency achieved is ≈52% at 250 rpm and active AC power of 75 W.




4.7. Power Performance Analysis


A summary of the measured power characteristics and a comparison of the performance characteristics of the prototype MG generator are shown in Table 6 and Table 7, respectively. The comparison of the performance characteristics shows that the measured results agree closely with the predicted results in Table 7. The calculated and measured efficiencies of the magnetic geared generator are low due to core losses and copper losses. Electromagnetic analytical methods for predicting these losses are inaccurate due to multiple harmonic components in the magnetic flux density. Therefore, all the losses were calculated using 2D FEM. The 2D FEM electromagnetic analysis confirms that eddy current losses are greater in the iron ring pole pieces and magnets. This can be explained by the short-circuiting of the pole pieces and high speed rotation of the PMs. The analysis demonstrates that when the rotational frequencies of the prime and field rotors are increased, losses are increased in both pole pieces and PMs. Also by decreasing the resistive load, both copper and core losses increase as a result of high load current. Although it is observed that core losses as a function of resistive load varies less significantly except at high speeds. An explanation for the maximum pullout torque is that at high speeds, the eddy currents produced by the PMs and pole pieces generate an electromagnetic counter torque from the varying magnetic flux. This counter torque rotates in opposite direction of the prime torque and at high speeds, the greater the counter torque due to increase in eddy current which is consistent with Lentz’s law. It can be observed that the measured power efficiency is marginally close to the calculated power efficiency, while the measured gear ratio agrees with the calculated value.



From an engineering perspective, it is possible with improved mechanical designs to build a kW class magnetic geared generator. Single laminated iron ring pole pieces are effective for producing high transmission torque and reduction of eddy current losses but this design is mechanically complex and costly to manufacture. Though for large generator sizes (diameter > 300 mm) the efficiency can be improved with laminated pole pieces secured together with non-magnetic metallic rods. Another method that can suppress eddy current and magnetically insulate the pole pieces is by designing the end rings from very strong materials with low permeability such as carbon fiber and vesconite. Encasing the pole pieces using plastic injection molding or epoxy resin are other techniques that could be used. Also end-effects from the support structure for the inner stator was observed as an additional source of leakage flux in the generator design because the material used was steel which is electrically conductive. The PM rotor was quite challenging to design as the aim was to reduce cost, the quantity of magnets and also achieve a magnetically coupled configuration which was realized with a bone rotor structure. However, a much improved large size design could isolate the magnetic gear from the PM generator using a magnetically decoupled configuration. As the magnetic gear and PM generator are not magnetically isolated, the output voltage waveform indicates that harmonic components from the magnetic gear affect the quality of the voltage. Based on experience gained during the prototype’s fabrication and experimental testing, components for large generator design may not necessarily be difficult but may well be more costly. Though proper selection of materials must be done to simplify the construction, improve efficiency and reduce losses.





5. Conclusions


This paper has described the power characteristics analysis of a novel magnetic geared double-stator PM generator. The DC/AC power and speed characteristics were evaluated by experimental evaluation of a fabricated prototype. The measured results show that the MG generator achieved maximum DC power of 250 W and maximum active AC power of 120 W for a three phase balanced resistive load. The MG generator also achieved calculated and measured maximum efficiencies of 60% and 55%, respectively. Although a fair comparison cannot be made between DC power and AC power characteristics, because different resistive loads are used in both experimental setups and it is difficult to compare a three phase AC load with a single phase DC load. The maximum prime speed the MG machine demonstrates inherent overload protection is 500 rpm, which is consistent with magnetic gears and an advantage for low-speed renewable energy applications. The power analysis indicates that to generate output electrical power at the kW class, the maximum prime mover torque should be greater than 12 Nm while electrical losses must be minimized by improving the mechanical construction and fabrication design of the machine. This could be achieved by using laminated pole pieces and segmenting the PMs to reduce eddy current losses and core losses. However, the reported results are valid only for low power generators (200–300) W due to the scope of this study. Though for high powered (>1 kW) class generators it is theoretically feasible, but the mechanical construction may be difficult and complex to assemble. It can also be observed that the maximum DC power output from the MG generator is greater than the maximum AC power output. This demonstrates that the AC power output would not be suitable for supplying a three phase load because its efficiency is lower compared to DC power. It is recommended that power inverters such as a DC–AC converter should be used to convert the DC output to pure sine wave AC signals if the generator is to be used in AC power applications. The MG machine has a complex mechanical structure and this needs to be simplified, which is essential for maintenance and ensure suitability for future renewable energy applications.
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Figure 1. Structure of double-stator permanent magnet generator integrated with a magnetic gear: (a) Two dimensional model view of structure; (b) Winding diagram. 
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Figure 2. Mechanical structure of double-stator magnetic geared permanent magnet generator. 
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Figure 3. Magnetic flux plot of the generator quarter section by 2D FEM on load: (a) Magnetic flux lines distribution; (b) Magnetic flux density distribution. 
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Figure 4. The outer magnetic gear flux density characteristics: (a) Flux density between outer pole-pole ring and prime PM; (b) Fast Fourier Transform of (a); (c) Flux density between outer PM and outer pole-pole ring; (d) Fast Fourier Transform of (c); (e) Flux density between outer PM and outer stator; (f) Fast Fourier Transform of (e). 






Figure 4. The outer magnetic gear flux density characteristics: (a) Flux density between outer pole-pole ring and prime PM; (b) Fast Fourier Transform of (a); (c) Flux density between outer PM and outer pole-pole ring; (d) Fast Fourier Transform of (c); (e) Flux density between outer PM and outer stator; (f) Fast Fourier Transform of (e).



[image: Energies 10 02048 g004]







[image: Energies 10 02048 g005 550] 





Figure 5. The magnetic gear flux density characteristics in middle of three inner air-gaps: (a) Flux density between inner stator and inner field PM; (b) FFT from (a); (c) Flux density between inner field PM and inner iron ring; (d) FFT from (c); (e) Flux density between inner iron ring and prime PM; (f) FFT from (e). 
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Figure 6. Magnets and pole piece eddy current losses with resistive load of 31 Ω at various speeds: (a) Prime speed of 100 rpm; (b) Prime speed of 300 rpm; (c) Prime speed of 500 rpm. 
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Figure 7. Core and copper losses as a function of resistive load at various speeds: (a) Core losses; (b) Copper losses; (c) Core and copper losses. 
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Figure 8. Permanent magnets and pole piece losses as a function of resistive load at various speeds with efficiency: (a) Permanent magnets losses; (b) Pole piece losses; (c) Efficiency. 
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Figure 9. The fabricated components and assembled prototype generator: (a) Iron rings; (b) PM rotors; (c) Assembled prototype. 
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Figure 10. Experimental setup and test rig: (a) DC power measurement configuration; (b) AC power measurement configuration; (c) Prototype in test rig. 
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Figure 11. Comparison of simulated and measured output three-phase voltage and current from generator with load of 62 Ω at prime rotor speed = 200 rpm: (a) Three-phase voltage and current waveforms; (b) Line voltage waveform; (c) Fast Fourier Transform of simulated and measured three-phase voltage waveform. 
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Figure 12. Measured DC voltage/current/power vs. speed characteristics at various loads: (a) DC voltage vs. speed; (b) DC current vs. speed; (c) DC power vs. speed. 
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Figure 13. Measured torque and efficiency vs. speed/electrical power characteristics at various loads: (a) Torque vs. speed; (b) Efficiency vs. electrical power. 
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Figure 14. Measured AC voltage/current/power vs. speed characteristics at various loads: (a) RMS voltage vs. speed; (b) RMS current vs. speed; (c) Active power vs. speed. 
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Figure 15. Torque/Power factor/Efficiency vs. speed characteristics at various loads: (a) Torque vs. speed; (b) Power factor vs. speed; (c) Efficiency vs. electrical power. 
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Table 1. Design specifications of the proposed machine.
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	Parameter
	Dimension





	Outer and inner airgap lengths
	1.0 mm



	Outer stator outside diameter
	151.2 mm



	Outer stator inside diameter
	116.6 mm



	Inner stator outside diameter
	74.6 mm



	Inner stator inside diameter
	14.0 mm



	Axial length
	30.0 mm



	No. of outer stator slots
	12



	No. of inner stator slots
	12



	No. of outer and inner PMs
	8



	No. of prime PMs
	26



	No. of outer and inner pole pieces
	17



	No. of phases
	3



	No. of outer stator slots per pole per phase
	1/2



	No. of inner stator slots per pole per phase
	1/2



	Cogging torque factor
	1



	Magnetic gear ratio
	3.25
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Table 2. Material properties.
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	Component
	Material





	Magnets
	Nd-Fe-B-38H



	Pole pieces
	SS400



	Rotors
	SS400



	Stators
	50H800 Laminated steel sheet



	Pole piece end rings
	Aluminum










[image: Table] 





Table 3. Coil winding specifications.
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	Parameter
	Value





	Diameter of wire
	0.80 mm



	Number of turns outer coil
	75



	Number of turns inner coil
	31



	Resistance per phase outer coil
	1.70 Ω



	Resistance per phase inner coil
	0.80 Ω



	Phase connection
	Star
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Table 4. Outer air-gap flux density performance of the magnetic gear.






Table 4. Outer air-gap flux density performance of the magnetic gear.





	Parameter
	Value





	Main harmonic between prime PM and outer iron ring
	4



	Main harmonic between outer iron ring and outer field PM
	4



	Main harmonic between outer field PM and outer stator
	13



	Calculated magnetic gear ratio
	3.25



	Ratio of main harmonics 4 and 13
	3.25
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Table 5. Inner air-gap flux density performance of the magnetic gear.
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	Parameter
	Value





	Main harmonic between inner stator and inner field PM
	4



	Main harmonic between inner field PM and inner iron ring
	4



	Main harmonic between inner iron ring and prime PM
	13



	Calculated magnetic gear ratio
	3.25



	Ratio of main harmonics 4 and 13
	3.25
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Table 6. Summary of measured power characteristics for prototype magnetic geared generator.
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	Parameter
	Value





	Maximum output DC power
	≈250 W



	Maximum output AC power
	≈120 W



	Maximum torque on DC load
	≈12 Nm



	Maximum torque on AC load
	≈11 Nm



	Power factor
	0.99
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Table 7. Comparison of performance characteristics for prototype magnetic geared generator.
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	Parameter
	Calculated
	Measured





	Maximum power efficiency
	60%
	55%



	Prime PM rotor speed
	200 rpm
	200 rpm



	Field PM rotor speed
	650 rpm
	646 rpm



	Gear ratio
	3.25
	3.23



	Frequency of voltage
	43.33 Hz
	43.10 Hz



	Time period of voltage
	23.10 ms
	23.20 ms



	Phase peak voltage
	≈42 V
	≈42 V



	Phase peak current
	0.69 A
	0.66 A



	Line peak voltage
	≈87 V
	≈86 V











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
]

?,

Copper s

Core + Copper loss (W]

-—e.ee
R

Resisive load [ohm)

B

®
o ===
ol 5
ol
o
©
o
ol

™ ® m o w

Reisie ot o]

®

0l B
ol \\\_\‘
wl
MIRN
wl

[ NN S S

o s w0 10 20 20w

Resisive load. fohm]
©





media/file4.png
Bearings ——Shaft
Support N o Inner coil
Inner stator N Field PMs
Iron ring Iron ring
Field PMs \ /" lronring
N Outer stator

Outer coil






media/file30.png
~
N

[
3

S

OV =~
) ()

Phase voltage V
O

-

rms [A]
- (-) o e
o o © N

S
~

Phase current [/

O
bo

S
o

- 31Q
—O— 62Q
- 125Q
—— 250 Q

100 200 300 400
Prime speed N [rpm]

(a)

500

600

—»— 31 Q
—0— 36Q2
—O— 42 Q
—& 50 Q
—O0— 62 Q
—¢— 83 Q
——125Q
—{+250 Q

100 200 300 400
Prime speed N [rpm]

(b)

500

600

/Pmaximum ~ 120 W

'\ Maximum

operating line

—— 31Q
—0— 36 Q
—O0— 42 Q
—& 50 Q
—O0— 62 Q
—e— 83 Q2
——125Q
—{+250 Q

100 200 300 400
Prime speed N [rpm]

(c)

500

600





media/file18.png
Outer stator
Outer coil
QOuter rotor

Outer iron ring

Outer iron ring  Inner iron ring

(a)

Prime rotor
Inner iron ring
Inner rotor

Inner stator

Inner coil





media/file26.png
300 400 500 600

200

Prime speed N [rpm]

(c)

100

200

cc elefele]elofeleleiSiSISIS oS ele]eleeloleleloieiSISIISlS
SSsss SRRSR23R33538883 SRR333R33F358E3
RA Rk L IX IS o B2 ok & TLE B ZES 2 B2 i te
) -
- -
\O \O
m N P4 — % A
o A ‘4. Q’ *"' ‘o r... “
\ NS v
BNV
\ 4’0 x4 [\
S — AR | s < ,
¢ m W
%3 O AR T S E A
S AL 2 =
> 3 A Q
s= & LR | o= = |ui 2
- < N K O ] — - = A
3 R -3 |
O g . —
Q WY O i =
£ @ (@ < —
o Wl % S
W S)
S E x| S E 5
SIS VL) S\ = =
IAN. A m
\AR =
Wuii S
IS M
S e S
— A —
R \
e
| | | _ | | _ N
S © o o o o o
o —
 peoj T peo| peo
[A] "4 9Senor DA [vl "7 waumd HQ Im] g 1omod Hg






media/file27.jpg
= wa
B
T e B3
£ I &
& Ear
£ EEieg
il
i 9 BSH
i R
&
L6
s 3
0
0 100 200 30 40 S0 600
Primespeed N [rpm]
(@
100
Hocse= 55%

1 1 |
0 500100 150 200 250 300
Electrical power P, [W]

(b)






media/file3.jpg
Bearings

Support

Inner stator
Tron ring
Field PMs \

Outer coil

Shaft

ol

D i

Inner coil
| —Ficld PMs

Tron ring
Prime PMs
Outer stator






media/file22.png
—

- .






media/file20.jpg
“Prototype






media/file19.jpg
398 888 g
2 e —
3ot T e sena—{ 514 | | |
FMMagor Coupling. Magnetic Geared DSPMG.
(a)
o i e
Controller Rewer Anshyec 8568
o =)
RS N 3 Phase
fil%s 5 roesemor—{ & L -
7 7 c

Coupling
(b)

Mignetic Geared DSPMG





media/file7.jpg
e 15 08,
S Harmonic by outer
£ o5 field magnet
2 00
205
iy |
Es L s
0 G0 130 180 240 300 360 U0 4 1220 28 36 44
Angle (degree) Harmonic order
@ ®
03
€| Harmonic by outer
3 field magnet
Zoa
202
ol
@ 130 W0 230 300 360 Y04 12 20 28 36
Angle degree) Harmonic order
© @
ot 03
= - Harmonic by
=1 Sos prime magnet
200 Zoa
205 B
e 202 “
s n_L L

0.0)
0 6 130 180 240 300 360 04 12 20 3 36 44
Angle (degre) Harmonic order

© ®





media/file28.png
prime [Nm]

T

Torque

Efficiency n [%]

15

12

100

80

60

40

20

Electrical power P_  [W]
(b)

10 Q
T, maximum ~ 12 Nm —_2: 20 Q
‘ e
Max1mm operating line i 13% %
—<>—180 Q
—4—200 Q
— —%—260 Q
—0—300 Q
0 100 200 300 400 500 600
Prime speed N [rpm]
(a)
50 rpm
—@— 100 rpm
ﬂaverage =55% __A‘: %(5)8 %gll
B —>—250 rpm
Maximum operating line x 3(5)8 $$
/ —@— 400 rpm
—{+—450 rpm
—— 500 rpm
| | |
0 50 100 150 200 250 300






media/file10.png
6 1.5

> 1.0

Z 0.5

-

§ 0.0+

= -0.5-

=

= -1.01

<

& -1.5 . . . . :
0 60 120 180 240 300 360

Angle (degree)
(a)

e 1.5

> L0

2 0.5

=

Y 0.0

%= -0.5-

=

5 -1.04

<

~-1.5 . : : . :
0 60 120 180 240 300 360

Angle (degree)
(c)

6 1.5

> 1.0q

Z 0.5

Q

; 0.0

= -0.51

=

= -1.01

av1

~-1.5 . . . . .
0 60 120 180 240 300 360

Angle (degree)
(e)

S
0

&
o)

.~ Harmonic by
@ prime magnet

04 12 20 28 36 44

Harmonic order

(b)

Amplitude (T)
=
S~

&
bo

S
-

0.8
=06 Harmonic by inner
3 1 field magnet
204
=

0.
£0.2 '|_L

0 4 20 28 36 44
Harmonic order
(d)
0.8

&
o

Harmonic by inner
field magnet

Amplitude (T)
o
S~

&
bo

hns .

0.0+
0 4 36 44
Harmonic order

(f)






media/file32.png
15

12

TPrime [Nm]

Torque

Power factor ¢
N
~ @)} o0 -

<
b

O
=

100

[7o]

7
A ®
S S O

|
S

Efficiency

Electrical power P_  [W]
(c)

1, maximum ~ 11 Nm _—{?— 2}) g
— iMaximum operating line __2__ gé g
SRS —0—- 620
A Nz —— 83 Q
| N ——125Q
—{3-250 Q
| | | | |
0 100 200 300 400 500 600
Prime speed N [rpm]
(a)
- —fe— 83 Q
——-125Q
—{3-250 Q
| | | |
0 100 200 300 400 500 600
Prime speed N [rpm]
(b)
—@— 100 rpm
—— 150 rpm
- Naverage — 52% X 528 £B$
—4— 300 rpm
Maximum operating line i 288 gﬁ
- / ——450 rpm
—— 500 rpm
9
> O
g 9 & O
O []
| | |
0 50 100 150 200






media/file14.png
[W]

Core loss PFe

[

PCu

Copper loss

Core + Copper loss [W]

60

50

40

30

20

10

60

50

40

30

20

10

60

50

40

30

20

10

Resistive load [ohm]

(c)

—»— 100 rpm
—— 300 rpm
— —— 500 rpm
a8 —
| 00— ¢
ey |p || p
0 50 100 150 200 250 300
Resistive load [ohm]
(a)
—»— 100 rpm
—4— 300 rpm
— —— 500 rpm
L»g .
0 50 100 150 200 250 300
Resistive load [ohm]
(b)
—»— 100 rpm
—— 300 rpm
— —— 500 rpm
- M -
ey —p | p | | >
0 50 100 150 200 250 300





media/file11.jpg
1500

B
£ o |
:
g
Sl —
5wl N~
.
o s o« s ou o
Time 1 ()
@)

L /"""'“

.
R
i 1 )
o
10
B I—
Eum
:
5 ™[
5w —
Fw
e —






media/file6.png
B [tesla]

2.40
2.28
2.16
2.04
1.92
1.80
1.68
1.56
1.44
1.32
1.20
1.08
0.96
0.84
0.72
0.60
0.48
0.36
0.24
0.12
0.00






media/file15.jpg
200

E | eee—————s [0
Sl
)
: -
g of

P E—" .

0w w10 a0 20 e

Resisive o [obm]
@
_ s
B
S b
———

g oo
g oom -
H B ——
i o

Y P

0 s oo w30 W

Resisive lod (o]
)

©

Eficiency 1 (%)

R RS
Primespecd N [pm]

©





nav.xhtml


  energies-10-02048


  
    		
      energies-10-02048
    


  




  





media/file16.png
PMs loss P, [W]

[W]

pp

Pole pieces loss P

Efficiency 7 [%]

200 —— 100 rpm
—— 300 rpm
—— 500 rpm
paE 8B —u
150 —
100
W00 oo L 2 L 4
50 —
0 oy | | )
0 50 100 150 200 250 300
Resistive load [ohm]
(a)
1500
—— 100 rpm
—— 300 rpm
1200 — —— 500 rpm
pEE =B =
900 —
600 —
L & o g L 4 ¢
300 —
0 ey o [ o | | L
0 50 100 150 200 250 300
Resistive load [ohm)]
(b)
100
> 310
—o— 360
80 |- - 500
—0— 62Q
o —f— 83 Q
60 — —-125Q
—3-250 Q
40 —
20 —
0 | | | | |
0 100 200 300 400 500 600

Prime speed N [rpm]

(c)





media/file2.png
[ron ring Outer stator
Field PM Outer coil

Slots

A- | B+
B- | C+

A-| B+
B-| C+

1 1 1
0 N O AW N -

A- | B+
B- |C+ (9

A-| B+|l1
B-| C+[12

' Poles ‘
n|Z|lw|Z|w|Z]|wn]| Z
>
_|_
O






media/file23.jpg
Time 1 [ms]
®

050 100 150 200 250 300 350 400 450 500
Frequency 1 (Hz]
©

o

I





media/file5.jpg
EREREBTBREEETREERRENEE





media/file24.png
[VI

phase

%

Phase voltage

Line

Line voltage V.

—
-
S

N
-

~
S

Amplitude Vphase [V]
— N\ o8
o o O

-

Vo Vi V. Vooakee  L====" SIM —— EXP |
a b C pea
,/ \ \ x/ u' """"""" A P
W/ N ] N\ if \ \
_‘( W\ ¢ \, \ V4 ‘s' \' \
‘l ' ]peak ..................... J [ ]
s . e abc AN
3 o b - A VY ' 3., ol =3 4,
¢ N p - \y/ \\ \ N
l’ e [/ [/ \
; N rAN 7\ VAN (] \ “~
'l “ ,’ \ \‘ ) \ 1\ 1\ h ’ \\
f ‘\\ U/ W\ /! £\ / I h
A\ ) \ \ [ \\ /] " /]
N\ ) —
P Period 7 ~
0 10 20 30 40
Time ¢ [ms]
(a)

Time ¢ [ms]

(b)

=1

)

43 .33
43.10

0 ol

SIM —— EXP

1

ﬂ| ]| I I D

0

50 100 150 200 250 300 350 400 450 500

Frequency f [Hz]
(c)

[A]

phase

Phase current [/





media/file29.jpg
0w 0 w0 w0 s0 w0
Prime specd N rpm]

R
Prime specd ¥ rpm)
®

B
Prime specd N [rpm]
©





media/file1.jpg
Poles

G Z[ol Z e 2|2l 2

[






media/file31.jpg
-

i i:’,ﬁ:mm.

Effcieney

o P w0 we
Hlecvical pover 7, (W]
©





media/file25.jpg
o

w0 a0
Prime speed N (rpm]
©

L ffjﬁ E
B BE B e
e o
B
i
Primespoed. N (pm)
£






media/file12.png
Eddy current loss [W] Eddy current loss [W]

Eddy current loss [W]

1500

1200

900

600

300

1500

1200

900

600

300

1500

1200

900

600

300

— Pole piece loss

- Magnet loss
- !,/+ | 4 4

Time ¢ [ms]

(c)

0 3 6 9 12 15 18
Time ¢ [ms]
(a)
| /pole piece loss
fMagnet loss
et et st et e
0 3 6 9 12 15 18
Time 7 [ms]
(b)
’////——PMepw&How
/Magnet loss
| | | | |
0 3 6 9 12 15 18





media/file9.jpg
ots
e
3 1] Harmonic by
2 0s prime magnet
<0 fl
205
Z.0 “
s 00, L
0G0 130 10 290 300 360 °04 12730 3 o 4
Angle degree) Harmonic order
@ ®
cis
z (”: Harmonic by inner
2 field magnet
Z 00
.05
Z-10) ”1
X 00 IL_g.
0G0 130 180 290 300 360 0 4 12720 28 36 44
Angle (degree) Harmonic order
© @
gs 08,
gl ‘: Eo6|  Harmonic by inner
B 3 field magnet
3 o9 Zoa
205 E
£0)] [L
H
Z-10
i ool Lo o
0G0 130 180 290 300 360 0 4 12 20 28 36 4

Angle (degree) Harmonic order
(© )





media/file0.png





media/file8.png
S = -
N 2 i

Radial flux density (T)
S o
N o

—_ -
wn O

0

60

120 180 240 300 360
Angle (degree)

-5 oo~ =
n o o in o b

Radial flux density (T)

0

60

120 180 240 300 360
Angle (degree)

S = -
» o i
———

Radial flux density (T)
— & o
> o o

—
)

N

H

0

60

120 180 240 300 360
Angle (degree)
(e)

S o
(©) W0 @

Amplitude (T)
=
N

Harmonic by outer
field magnet

WL
0.0 4+—t— J-L_,I'L__J.-L:.__.
0 4 28 36 44
Harmonic order
(b)
0.8
60.6 Harmonic by outer
3 field magnet
204
=
Zo2
OO . ' 'I-L JTL ﬂ . .
04 12 20 28 36 44
Harmonic order
(d)
0.8
- @/Harmonic by
o ) prime magnet
E
=04
=
v L
0.0 "'LJTL
04 12 20 28 36 44

Harmonic order

(f)





media/file17.jpg
'5

Outeritonting  lonerron ing

nmm

Oum rotor
lnrm roor

(b)

Outer sator
Outer <ol
Outer roor
Outriron ing

mer on g
Ier otor





media/file21.png
Motor
Controller

Motor
Controller

(b)

00 OO oo
588 | |L_I895 0
OoO0O Programmable DC
50 0 O O Electronic Load 4 _
Bank Qo O
Q Oscilloscope
L]
PC || Full Wave
) Rectifier
ABC
Torque Sensor n|
Coupling Magnetic Geared DSPMG
(a)
-
COoCcda
oooo
0ooo
Power Analyzer ooog
T ut| vaf 3
PC ] 3 Phase
— Resistor
Load Bank
Torque Sensor n|
A
|| B
C
Coupling Magnetic Geared DSPMG






