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Abstract

:

This paper presents the design of an axial-flux permanent-magnet (AFPM) generator used for hybrid electric propulsion drone applications. The design objectives of the AFPM generator are high power density, which is defined as output power per generator weight, and high efficiency. In order to satisfy the requirements for the target application and consider the practical problems in the manufacturing process, the structure of the AFPM generator comprising a double-rotor single-stator (DR-SS) was studied. In order to determine the rotor topology and stator winding specifications that had the greatest impact on performance in the DR-SS type design process, we selected three rotor models according to the arrangement of the magnetization direction and three stator models according to the coreless winding specifications. These models were first compared and analyzed. Then, a 3-D finite element method was performed to calculate the magnetic, mechanical, and thermal characteristics of the designed models. By consideration of the output power, efficiency, temperature, and mechanical stability, etc., a topology suitable for the design of generators for UAV systems was determined and manufactured. The reliability of the design result was confirmed through the test.
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1. Introduction


In existing small electric drone systems, the battery is mainly used as a power source and the operation time is several tens of minutes, so it needs to be charged frequently. In contrast, a hybrid electric propulsion system that combines a gasoline engine and a generator can dramatically increase flight time compared to a battery-only system. However, longer operating times are still required; for this, it is necessary to reduce the weight of all parts, including the generator, in order to increase the operating efficiency of the drone system.



Since axial-flux permanent-magnet (AFPM) generators are known to have a high power density, which is defined as the ratio of output power to weight [1,2,3], the authors of this paper reviewed the development of an AFPM electric machine for 3 kW class drones. Additionally, among the possible multiple rotor and stator combinations, a combination consisting of NS-type double rotors and a yokeless single stator (DR-SS) was selected, as shown in Figure 1. “NS type” refers to north pole and south pole magnets facing each other at either side; thus, the flux can travel straight through this stator without any circumferential flow [4]. This type of DR-SS is more commonly known as a yokeless and segmented armature (YASA) motor or generator [5,6,7] and is often described as having a relatively high power density because it does not require a stator yoke. However, to be precise, a structure in the form of a ‘stator yoke’ is not required as a magnetic flux path, but is necessary to mechanically hold the teeth and coils of the stator [4]. Thus, the design of stator mechanical fixation in an NS-type DR-SS topology with a stator magnetic core (or stator teeth) becomes a critical part of the entire motor design process. Mechanically robust structures are required to overcome the pull forces at both rotors, increasing the volume and weight of the stator [4].



Therefore, in this study, we selected and designed a DR-SS topology without a stator core. For the rotors, in order to increase the output power, the characteristics of the model according to the combination of permanent-magnet (PM) pole arrangement were compared and reviewed, focusing on the so-called Halbach array structure [8,9]. For the stator, a coreless stator topology was used to reduce the weight of the stator itself and at the same time reduce the weight of the structure supporting it, by reducing the axial attraction force between the rotor and the stator.



This paper focuses on the process of selecting the rotor–Halbach array topology and the coil specifications of the coreless stator, which have the most influence on the power density among the various design variables of the rotor and stator in the generator design process. In other words, in the rotor design part of this paper, three types of Halbach arrays are compared and analyzed according to the arrangement of the magnetization direction. Moreover, in the stator design part, the loss generated from the coil due to the coreless topology is analyzed in detail, and three cases of using a general conductor and a Litz wire conductor are compared and analyzed. After determining the topology of the rotor and stator, the mechanical stability against the electromagnetic force was investigated, and the temperature stability due to the electromagnetic heat source was also evaluated. The magnetic, mechanical, and thermal properties of all analysis processes for AFPM generator design are calculated using a three-dimensional (3-D) finite element method (FEM), and the final determined model is experimentally verified.




2. AFPM Generator Design


2.1. Design Specifications


AFPM generator design specifications are shown in Table 1.



In consideration of the performance of the engine that is to be used with the generator, the speed was limited to a maximum of 7000 rpm. Additionally, the maximum line voltage constant at no-load was limited to 11 mV/rpm or less in consideration of the AC/DC converter performance to be used for 48 V DC battery charging. The voltage and current values in this paper all represent RMS (root mean square) and not peak value. For the efficient operation of the maximum payload 3 kg UAV system, the efficiency and power density requirements of the generator are required as shown in Table 1, and the generator is operated without a separate cooling device.



The initial design of the generator used a quasi-three dimensional analysis model, which is a model from 3D geometry to a corresponding two dimensional model [1]. Table 2 shows the design results of the initial design model that satisfy the given constraints, and the 3D analysis model for a detailed design review of the rotor and stator is shown in Figure 2. Each of the six phases is indicated by the capital letters A to F, where LP is the phase inductance, RP is the phase resistance, and RL is the load resistance.




2.2. Rotor Design of the AFPM Generator


In the process of designing the rotor to increase the power density of the generator, three rotor topologies were compared, as shown in Figure 3. The volume and dimensions of the three rotors are all the same, and the thickness of the yoke used to increase the mechanical robustness of the rotor is also considered to have the same dimensions. The stator specifications, dimensions, and weight conditions are all the same. The only difference is the combination of the magnetization directions of the rotor’s PM.



As shown in Figure 3a, the Halbach arrangement in which four different magnetization directions form one magnetic pole is defined as Type-I. As shown in Figure 3b, a Halbach array composed of three different magnetization directions that can be combined relatively easily is defined as Type-II. As shown in Figure 3c, a typical pole arrangement that is magnetized in only one direction to form one pole is defined as a normal arrangement (NA).



The efficiency presented in Table 3 considers only copper loss at the stator coil and iron loss at the back yoke of the rotor PM. All models are designed with Litz wire so only DC copper loss is considered; eddy current loss is ignored. Even though all three models have similar efficiency values, when looking at the generated voltage, the voltages of Type-I and Type-II are 38.5% and 24.8% higher than the NA, respectively. Additionally, for the same current, the output power and output power density are evaluated to be 39.6% higher in Type-I and 25.6% higher in Type-II than the NA.



Despite having the same back yoke and rotor volume for all three types, the rotor core losses in Type-I and Type-II are significantly lower than the NA, demonstrating the advantage of using the Halbach array.



Since the output power of Type-I is excellent under the same conditions, the PM arrangement of the generator rotor was set as Type-I. Figure 4 shows the voltage and current waveforms in the stator coil that were generated when the Type-I model was analyzed. In the case of Type-II and the NA, the generated voltage values are different as shown in Table 3, but the waveforms are the same as shown in Figure 4. The phase difference of the waveforms in Figure 4 is due to the use of two pairs of balanced three-phase winding arrays electrically shifted by 30° to each other; this is shown in Figure 5. This winding arrangement is also referred to as a dual three-phase winding arrangement [10,11].




2.3. Stator Design of the AFPM Generator


In general, DC resistance loss is the main loss in the stator coil, and in the case of high-speed operation, AC resistance loss is also considered. However, in the case of a slotless or coreless stator that does not form teeth with a magnetic material (with or without a back yoke), the magnetic flux change occurs directly in the coil; thus, even at a low frequency of several hundred Hz, severe eddy current loss can happen in the coil depending on the diameter of the conductor. Although DC resistance and AC resistance losses occur only in the state of load operation with the current flowing, eddy current loss in the coil occurs not only during load operation but also during no-load operation.



The best way to reduce the eddy current loss of a conductor is to use Litz wire that divides the conductor into multiple strands. However, when using Litz wires with each coated strand for winding, the number of turns that can be wound around the same coil cross-sectional area is reduced by half compared to the normal conductor. Therefore, when using Litz wire, an increase in the volume of the motor or generator is inevitable because the coil cross-sectional area must be at least doubled or the rotor PM size and the number of coil turns must be increased to achieve the same output power as a model using a normal conductor.



For drone applications requiring a high power density, the trade-off between thermal and weight reduction problems should be considered. Therefore, in the stator design of the AFPM generator with the coreless stator, the characteristics of coil types under the same volume and weight conditions were compared analytically and experimentally, as shown in Table 4.



The Coil-I and Coil-II models use a general conductor, and the parallel circuit is different in terms of the number of equivalent series turns; however, the phase resistance is the same. Therefore, the diameter of the coil conductor used is different. In the Coil-III model, a Litz wire that has a cross-sectional area equivalent to that of Coil-I was used, and the number of turns in a series decreased due to the difference in the slot fill factor.



For the numerical calculation of the eddy current loss in the coils for each model, the most basic formula cited in several related papers [3,12] is used, as shown in (1):


Pe = (πld4Bpk2ω2)/(32ρ)



(1)




where l is the coil side length, d is a round conductor diameter, Bpk is the peak value of flux density, ω is the fundamental electrical angular speed, and ρ is the conductor resistivity.



For more detailed calculations, the magnetic flux density between the coil layers can be calculated differently, or the direction component of the magnetic flux density and the harmonic component can be divided and examined [3]. However, if the magnetic flux density distribution in the target stator coil is analyzed, as shown in Figure 6 and Figure 7, it has the following characteristics:




	
The change of magnetic flux density over time is sine, and the harmonic component is negligible;



	
Since the change in magnetic flux density from point P4 to point P7, which is the straight side of the coil, is similar, it can be represented by one value. The magnetic flux density variation between the layers of the coil is negligible;



	
The magnetization directions of the rotor permanent magnets facing each other are opposite to each other as shown in Figure 3a, and the axial length of the coil is short. Therefore, it can be seen that the magnetic flux passing between points P4 to P7 of the coil has only the axial component.








In addition, the relative comparison with the coil model is important, so it was calculated only as the maximum average magnetic flux density in one straight conductor.



The lower middle part of Table 4 shows the results comparing the eddy current loss power of the coil calculated by (1) and the measured loss power for each model during a no-load operation at a rotational speed of 5000 rpm. If the eddy current loss in the segmented permanent magnet is neglected, the measured value can only be evaluated by the mechanical and conductor eddy current losses. However, since the Coil-III model makes the stator coil with Litz wire so that the conductor eddy current loss is also negligible, most of the measured losses of the Coil-III model can be considered as mechanical losses. Since all were made under the same conditions except for the stator winding, the mechanical losses of the Coil-I and Coil-II models are evaluated similarly to those of Coil-III. After subtracting the mechanical loss of Coil-III from the measured losses of Coil-I and Coil-II, it can be seen that the eddy current loss values of Coil-I and Coil-II models are similar to the calculated values.



At the bottom of Table 4, the temperatures in the coil measured during the no-load test of each model are compared. The maximum temperature measured at the coil using three thermocouples during the test held for 30 s at each speed point in increments of 500 rpm, from 500 rpm to 6000 rpm. The housing of the manufactured generator is as shown in Figure 1, and the temperature of Coil-I and Coil-II was severely increased while the room temperature was 25 degrees Celsius across the board. From the comparison of Coil-I and Coil-II, it can be seen that the effect of the parallel circuit with the possibility of a circulating current is not large; rather, the loss decreases as the conductor diameter decreases. This can confirm that the loss is significantly reduced in Coil-III, which has the smallest conductor diameter. Therefore, the stator was determined with the Coil-III model that could completely reduce the conductor eddy current loss as a heat source.





3. Mechanical and Thermal Analysis


A mechanical analysis and thermal analysis were performed on the models that were determined through rotor and stator design introduced in the previous chapter. That is, when the rotor has the Type-I PM arrangement in Figure 3a and the stator has the Coil-III specification in Table 4, the mechanical analysis related to the rotor yoke and shaft of this model and the examination of temperature stability were performed. In order to reduce the weight of the system to which the generator was to be attached, parts of the generator were minimized by sharing parts with the system. Therefore, in the process of the mechanical and thermal analysis of the model that was ultimately determined, the housing and cover were omitted; instead, a jig for fixing the generator was considered for comparison with the test results.



3.1. Mechanical Analysis


In a coreless AFPM generator, the main forces affecting the mechanical structure are usually the centrifugal force and the attraction force of the PMs [13].



First, centrifugal force causes the deviation of PMs arranged in the circumferential direction of the edges of the rotor yoke. The main cause is the occurrence of shear stress by centrifugal force on the plane where the rotor frame and PM are bonded [14]. The upper part of Figure 8 shows the cross-section of the designed generator rotor, which has rim parts with a height that is 75% of PM thickness to prevent the deviations in the radial direction of the PMs caused by centrifugal force.



Second, the axial attraction force due to the magnetism of the PMs attached to the two rotors causes a bending moment with the hub part assembled on the rotary axis as a support, resulting in deflection [15,16]. The direction of deflection is the direction of reducing the air gap, which in turn reduces the performance and stability of the generator, and a robust design of the rotor frame is required. To increase the stiffness in the axial direction of the rotor frame, the stiffener was designed as shown in the upper part of Figure 8 and the thickness of the hub acting as the support was designed to be relatively thicker than the outer part.



A stress analysis was performed to check the designed rotor frame’s deflection and stress distribution by magnetic force, and the lower part of Figure 8 is the result of this stress analysis. The maximum deflection was shown at the edge of the rotor frame at 0.11 mm, which means there was a maximum reduction of 22% in the designed 0.5 mm air-gap length. The von Mises stress resulted in 196.44 Mpa in the same area where the maximum deflection occurred. The yield strength of S45C, the material of the rotor frame, is 490 Mpa, and the maximum stress that occurred was lower than this, meaning that it was mechanically stable.



Finally, the rotor dynamics were performed to confirm the dynamic stability of the rotor system. Figure 9 is the Campbell diagram showing the result of the analysis. The critical speed, which is when the natural vibration mode is the bending mode of the rotating shaft, was shown to be 18,302 rpm. This is illustrated in the mode shape shown in the lower right-hand corner of Figure 10. More than 20% of the separation margin was secured for the maximum operating speed of the generator at 7000 rpm, and no whirling vibration of the rotor system was expected to occur.




3.2. Thermal Analysis


A thermal analysis was performed under rated conditions to ensure the normal and safe operation of the designed model. Since Litz wire and segmented PM were used, the eddy current loss in the coil and PM was negligible, and the main heat source was the DC copper loss. The other heat sources were core losses in the rotor yoke and mechanical losses in the bearings. Although copper loss and iron loss can be calculated through parameters obtained through electromagnetic field analyses and empirical formulas [17,18,19,20,21,22], respectively, mechanical loss varies depending on the parts and the manufacturing method of the manufactured model. Therefore, it was assumed that the mechanical loss was about 7% of the 3 kW rated output power with reference to the prototype reviewed, until the final model was decided. Moreover, it was assumed that the generator operated under natural cooling conditions at a room temperature of 28 °C. All input parameters for the analysis are shown in Table 5.



The connection coefficient, defined in the boundaries of the model, used empirical values. In the case of the rotor yoke, the values of 100 and 200 W/m2K were applied to the inner and outer surfaces of the rotor, respectively, considering that rotation resulted in a fan-like cooling effect. On the other hand, the jig was separated into a top plate and a bottom plate, and the jig top plate to which the generator was attached had only a slight flow of air, with a value of 10 W/m2K applied. The lower plate of the jig was defined as infinite, assuming a situation in which heat could escape infinitely due to its connection to the dynamo steel base.



The final designed model including the test jig was modeled in 3D as shown in Figure 10a, and the thermal analysis was performed using FEM [23,24,25,26]. When the temperature was saturated, the highest temperature was the stator coil with the largest loss, as shown in Figure 10b. Table 6 shows the range of temperature distribution by dividing the generator into coils, rotor yokes, PMs, and bearings. Representatively, when looking at the material used for coils and PMs that are most vulnerable to temperature, Litz wire has a class F thermal index with a maximum operating point of 155°C, and PM with SH grade has a maximum operating point of 150 °C. It can be seen that the heat generated by the generator during the rated operation is in the stable range.





4. Experimental Validation and Conclusions


The prototype of the model was finally decided based on the electromagnetic field design and mechanical thermal analysis that were produced as shown in Figure 11. In order to check whether the PM arrangement of the rotor composed of the Halbach array was properly manufactured, the magnetic flux density of the PM surface was measured, as shown in Figure 11a. As compared in Figure 12, it can be confirmed that the trends of the predicted values and the measured values match well through the electromagnetic field analysis. Higher harmonics appearing in the analysis compared to the measured values can be regarded as calculation errors according to the element mesh state.



As shown in Figure 13, a dynamo set was constructed to test the generator. By connecting a 2 ohm resistive load per phase to the generator, a power generation output of 3.1 kW could be obtained at 6500 rpm. A higher output power could be achieved by connecting a resistor of 1 ohm per phase to the generator. Figure 14a shows the no-load test results according to speed. Moreover, Figure 14b,c shows the load test results according to speed for a resistive load of 2 and 1 ohm, respectively. In the no-load operation, it can be seen that the back EMF is linear with speed, whereas the power loss is non-linear. When the resistive load is 2 ohm, the rated power of 3 kW output occurs at around 7000 rpm, and the mechanical loss at this time is about 200 W. On the other hand, when the resistive load is 1 ohm, the rated output power occurs at around 5000 rpm, and it can be seen that the mechanical loss at this time is about 100 W. It was confirmed through the test that the maximum efficiency was 93.2% at 3000 rpm when the resistive load was 2 ohm, and the maximum output power was 5 kW at 6500 rpm when the resistive load was 1 ohm. Accordingly, the ratio of the maximum output power to the generator weight is 2.5 kW/kg, which satisfies all the design conditions required in Table 1.



Figure 15 shows the test results confirming that it can be operated for more than 30 min while maintaining a constant output power of over 3 kW. It can be seen that the maximum temperature of the measured coil is about 40 °C, which is lower than the predicted temperature in the analysis. Errors may have accumulated in various assumptions during the calculation process, but one main cause is considered to be the value of the convection coefficient. If this is compensated by reflecting the test error, it is expected that more accurate results can be predicted in a similar system. As a temperature lower than the predicted temperature is measured, it can be seen that the designed generator can be operated stably with a greater margin for the temperature.



It is judged that the above design process and review results can be used as reference materials for other studies of the design of an unmanned aerial vehicle generator using AFPM.
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Figure 1. DR-SS generator configuration example. 






Figure 1. DR-SS generator configuration example.



[image: Energies 14 08509 g001]







[image: Energies 14 08509 g002 550] 





Figure 2. Three dimensional FEM analysis model for AFPM generator: (a) analysis periodic model, (b) flux density distribution, (c) external load-resistance circuit, and (d) six-phase winding pattern for stator. 
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Figure 3. Three rotor models according to the arrangement of the magnetization direction: (a) Type-I; (b) Type-II; and (c) normal array (NA). 
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Figure 4. Voltage and current waveforms of rotor Type−I. 
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Figure 5. Phase vectors of the six-phase winding arrangement. 
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Figure 6. Phase vector of the six-phase winding arrangement. 
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Figure 7. Magnetic flux density changes over time in the coils during the no-load condition. 
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Figure 8. (a) Structure of the rotor; and (b) stress analysis result for the rotor frame. 
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Figure 9. Result of the rotor critical speed analysis (Campbell diagram). 
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Figure 10. (a) Three dimensional analysis model; and (b) temperature distribution in the coils. 
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Figure 11. Fabricated (a) rotor; (b) stator; and (c) rotor–stator assay. 
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Figure 12. Comparison of flux density on PM. 
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Figure 13. TEST set for the AFPM generator. 
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Figure 14. No-load and load test results according to speed and load resistance: (a) No-load test; (b) 2-ohm/phase resistance load test; and (c) 1-ohm/phase resistance load test. 
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Figure 15. Temperature saturation test (resistive load is 2 ohm). 
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Table 1. Design specifications for AFPM generator.






Table 1. Design specifications for AFPM generator.










	Parameter
	Value
	Unit





	Max speed
	≤7000
	rpm



	Output power
	≥3000
	W



	No-load voltage constant
	≤11
	mV/rpm



	Efficiency
	≥93
	%



	Power density
	≤2.3
	W/kg



	Cooling condition
	Natural cooling
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Table 2. Initial design results for the AFPM generator.






Table 2. Initial design results for the AFPM generator.










	Parameter
	Value
	Unit





	No. of phases
	6
	



	No. of poles/slots
	14 poles/12 slots
	



	Outer diameter of rotor
	162
	mm



	Air-gap length (one-side)
	0.5
	mm



	Total axial thickness
	17
	mm



	PM material
	NdFeB(Br = 1.3T)
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Table 3. Comparison of the analysis results for the three rotor models.
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	Parameter
	Type-I
	Type-II
	NA





	Rated output power (W)
	3982.4

(139.6%)
	3583.9

(125.6%)
	2853.6

(100%)



	Phase voltage (V)
	37.4

(138.5%)
	33.7

(124.8%)
	27

(100%)



	Core loss (W)
	1.5
	1.3
	3.7



	Copper loss (W)
	112.0
	89.8
	57.8



	Efficiency (%)
	97.2
	97.5
	97.9



	Weight (kg)
	1.34
	1.34
	1.34



	Power density (W/kg)
	2.97

(139.6%)
	2.67

(125.6%)
	2.13

(100%)



	Rated speed (rpm)
	6500
	6500
	6500



	Phase current (A)
	18.1
	16.2
	13



	Current density (A/mm2)
	15.9
	14.3
	11.5



	No. of parallel circuits
	2
	2
	2



	No. of turns per coil
	42
	42
	42



	No. of strands of wire
	70
	70
	70



	Conductor diameter (mm)
	0.1
	0.1
	0.1



	Rotor avg. flux density (T)
	1.3
	1.2
	1.4



	Rotor max. flux density (T)
	2.3
	2.3
	2.8
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Table 4. Comparison of no-load characteristics for the three stator models.
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	Parameter
	Coil-I
	Coil-II
	Coil-III





	Rotating speed (rpm)
	5000
	5000
	5000



	No. of parallel circuits
	2
	1
	1



	No. of turns per coil
	72
	36
	36



	No. of serial turns per phase
	72
	72
	36



	No. of strands
	1
	1
	70



	Conductor diameter (mm)
	0.85
	1.2
	0.1



	Slot fill factor (%)
	62
	62
	31



	Phase resistance (Ohm)
	0.084
	0.081
	0.04



	Calculated eddy-current loss power of coils (W)
	110.6

(100%)
	219.7

(199%)
	0.74

(0.7%)



	Measured loss power of each prototype (W)
	122

(100%)
	242

(198%)
	39

(32%)



	Max temperature (°C)
	72.6
	103.7
	31.3
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Table 5. Input parameters for the thermal analysis.






Table 5. Input parameters for the thermal analysis.





	Parameter
	Value





	Output power (W)
	3000



	Speed (rpm)
	7000



	Current (A)
	15.5



	Copper loss (W)
	96.6



	Core loss (W)
	1.5



	Mechanical loss (W)
	200



	Room temperature (°C)
	28



	Convection coefficient on rotor yoke (inner/outer) (W/m2K)
	100/200



	Convection coefficient on jig (W/m2K)
	10/Infinite
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Table 6. Thermal analysis results.






Table 6. Thermal analysis results.





	Parameter
	Value





	Coil temperature range (°C)
	65–66



	Rotor yoke temperature range (°C)
	39–51



	PM temperature range (°C)
	42–47



	Bearing temperature range (°C)
	56–67
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