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Abstract:



This paper presents a design improvisation of a flux pump-integrated 10 kW high-temperature superconducting (HTS) proof of concept generator for reduced harmonic distortion. To carry out the design improvisation, a finite element analysis (FEA) model of the 10 kW HTS generator is developed, and time-stepped magnetic transient simulations are conducted on the 2D model. The effects of stator yoke material, winding pitch factors, and load configurations on total harmonic distortion (THD) are investigated. The results showed that fibre-reinforced polymer (FRP) epoxy (G10) can be used as the stator yoke material to effectively avoid the hysteresis and eddy current losses. In addition, the study results show that for the non-conventional design of the machine, a winding pitch of 2/3 and the armature-load configuration of Star-Delta gives THD values within the standard limit defined by IEEE Standard 519-2014. The THD values indicate that the machine design configuration is suitable for the development of machines for both stand-alone and grid-connected operations, according to IEEE STD 519-2014.
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1. Introduction


The success of an electromechanical design modelling is in its ability to predict the performance of the system accurately. The penetration of computation software in pre-determining the outcome of the design has become incredibly large. The finite element analysis (FEA) is one such computational method that can be applied to the complex design problems, and maximum improvisation can be carried out before the field test deployment. In this paper, FEA-based simulations on a flux pump-integrated 10 kW high-temperature superconducting (HTS) generator are conducted to analyse the harmonic contents under different operating conditions. Though 10 kW is a low-end rating for a HTS-based machine, it is developed as a proof-of-concept system.



Technologies to deliver higher power wind turbines are sought for efficient renewable generation. Higher power density machines are one solution. High current densities of 106−108 A/mm2 and high magnetic field capabilities of 4−5 T of the second-generation (2G) HTS (Yttrium Barium Copper Oxide-YBCO) materials make them attractive for power-dense electric machine applications [1,2,3]. HTS-based generators are being designed and developed to meet this power demand [4,5,6]. In the design of HTS machines, thermal loss considerations are key to minimising cryogenic load and the local instability of the HTS winding. One way of reducing thermal losses is to minimise the components causing thermal loading on the cryogenic system [7,8]. The use of flux pump avoids the thermal link between the cryogenic and non-cryogenic environments [8,9,10].



The use of flux pumps to excite HTS coils for various applications has come a long way and evolved significantly. To be specific, the application of a flux pump as an excitation alternative for rotating machines has been proven and studied by various research groups across the world [11,12,13,14,15,16,17,18,19,20]; this research has thoroughly described the various characteristics of the machine as well as conducted performance analysis. The independent and novel finding of the voltage profile across the flux pump stator is our unique contribution. The study on the influence of flux-pump excitation on the induced voltage in a generator, as against a conventional DC excitation source is the first of its kind. Along with the nature of excitation, the load configuration and stator material have also been taken into consideration to make the study more comprehensive.



If non-ferromagnetic rotor core and stator yoke materials are chosen, they provide further minimisation of losses by eliminating hysteresis and eddy current losses. The usage of non-ferromagnetic material such as fibre-reinforced polymer (FRP) epoxy as the stator yoke reduces the field concentration at the conductors, and the flux distribution is non-uniform over the layers for different phases in each stator slot. The design of non-conventional electric machines involves the adaptive implementation of both conventional and proven designs [5]. The 10 kW HTS generator used in this research is one such non-conventional design.



Total harmonic distortion (THD) is one of the most important performance parameters of a generator. THD gives a measure of overall integral multiple frequency components in a periodic waveform. The higher frequency harmonic components cause an increase in iron loss and reduction in the efficiency of electrical machines [21,22]. The THD values have to be in accordance with the standard specifications (IEEE STD 519-2014) for a stable grid-connected operation or in stand-alone mode. Earlier reports have discussed the potential of flux pumps to replace the DC excitation of field windings [8,9]. Another substantial contributing factor in harmonic performance is the stator yoke material. For HTS-based rotating machines’ applications, air-cored stator suits best [23,24]. A study outlining the harmonic distortion effects of the use of an air-cored stator or a non-ferromagnetic stator for a non-conventional machine design with flux pump excitation, as presented in this paper, is first of its kind. We have reported the no-load harmonic performance of a 10 kW HTS generator with two different stator yoke materials [25]. The use of FRP epoxy (G10) results in reduced THD as there is no magnetic saturation in the material. In this paper, the effects of the stator design on the harmonic performance will be reported, and the best-suited design configuration for improved THD performance will be established.




2. FEA Modelling of HTS Generator


The engineering design friendly finite element simulation package-ANSYS Maxwell, provides a flexible platform for the electromagnetic analysis of rotating machines.



The inclusion of RMxprt features into ANSYS has made the analysis of the non-conventional designs more convenient and user friendly than earlier versions of ANSYS [26]. A six-pole, 10 kW HTS generator model was developed in SolidWorks. A hexagonal rotor core with two layers of HTS racetrack coils per pole made the HTS rotor. The HTS field windings were connected in a series. A ConCoil stator (concentric winding) with 36 slots was designed using RMxprt-User Defined Primitives to suit the HTS rotor assembly.



The other details of the machine are listed in Table 1. The rotor assembly was simplified and the entire geometry was converted from a Maxwell 3D design (Figure 1) model to a Maxwell 2D design model (Figure 2) to reduce the simulation time. Simulations were carried out on the 2D finite element model (FEM) of the 10 kW HTS synchronous generator.


Figure 1. High-temperature superconducting (HTS) generator-ANSYS 3D model.
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Figure 2. (a) ANSYS Maxwell 3D finite element model (FEM) pie model of a HTS generator; (b) mesh plot of pie section of the 2D FEM model.



[image: Energies 10 01344 g002a][image: Energies 10 01344 g002b]






Table 1. HTS Generator Parameters.







	
Parameter

	
Value






	
Rating

	
10 kW




	
HTS Coil Temperature

	
30K




	
Rated Voltage

	
400 V




	
Poles

	
6




	
Speed

	
300 rpm




	
Frequency

	
15 Hz




	
Type of Rotor

	
HTS




	
HTS Winding

	
Racetrack




	
HTS Wire

	
SuNam




	
Coil Thickness

	
35.25 mm




	
Turns in field coil

	
235




	
Rated field current

	
98 A




	
Field current margin

	
40%




	
Rotor shaft length

	
315 mm




	
Total diameter

	
497 mm










Mesh refinement in FEM analysis is critical, as a very fine mesh results in longer simulation time, and coarser mesh results in poorly resolved outputs. A trade-off was made in order to achieve reasonable accuracy within a practical time frame. Length-based mesh with an element size of 1 mm was chosen for field windings, stator conductors, and air gap. Coarse mesh with a larger element size of 3.5 mm was chosen for other parts (Figure 2b). The rotor core was left at the default mesh size set by ANSYS at > 3.5 mm, as it does not influence the effects being studied. The FEM simulation parameters are listed in Table 2. The use of the master-slave boundary condition helped with reducing the model size by making use of the symmetrical geometry of the machine [27].



Table 2. FEM Simulation Parameters.







	
Boundary Conditions

	
Vector Potential & Master Slave






	
Mesh type

	
Length based




	
Analysis type

	
Magnetic transient




	
Time step

	
0.2 ms




	
Total simulation time

	
750 ms











3. Performance Analysis


The flux pump offers a unique method of magnetising a superconductor without a physical link between the cryogenic and non-cryogenic environment [9,10,11,12,13,14]. Jiang et al. [15] have presented a formulation of a dynamic resistance model for a HTS flux pump, wherein the results show a linear relation between the frequency of the flux pump and the rate of current increase. From the voltage profile, it is evident that a net voltage (quasi-DC emf) drop occurs across the superconducting coil [7].



In the present study with the flux pump, the same trend was observed and the non-uniform voltage profile observed across the HTS stator (see Figure 3) is similar to that of Bumby et al. [16]. Based on the previous reported results [9], it is well established that the flux pump can be successfully used as an alternative to DC excitation for the field system in a generator. The voltage profiles obtained from experiments with flux pumps were used as excitation inputs to the FEM model discussed in Section 2.


Figure 3. Voltage profile across the flux pump stator.
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As outlined in Section 1, the THD performance of a generator is one of the most critical parameters for the successful implementation of either a grid-connected generator or one used as a stand-alone supply for sensitive electronic loads. The range of this study covers the harmonic performance analysis of the proof of concept 10 kW HTS synchronous generator. The harmonic performance of a synchronous generator depends primarily on the rotor and stator construction [28,29].



The other factors that influence the harmonic performance are the nature of field excitation, the materials of the ferromagnetic circuit, armature reaction, load configuration, etc. In a previous work, we investigated and reported the no-load harmonic performance of the 10 kW HTS synchronous generator [25]. The minimum THD observed with the design was ~13%, which is low enough for the stand-alone operation of the generator with only heating load, but could not be used for grid-connected operation or electronic loads such as TV, Liquid Crystal Displays etc.



In this paper, we propose a stator design that considers three important parameters; (a) the stator yoke material, (b) winding pitch factor (Kp), and (c) load configuration.



3.1. Effect of Stator Yoke Material


In the above-mentioned work [25], we realized that FRP epoxy material is a better alternative to the commonly used steel yoke. The hysteresis in the ferromagnetic stator increases the ambient temperature around the cryostat of the HTS rotor and the ambient thermal load on the cryogenic system. In order to avoid the hysteresis loss, a non-ferromagnetic stator can be used. Hence, simulations were carried out with G10-FRP as the stator material in order to study the effects on the performance of generators with non-ferromagnetic stators.



The iron losses can be approximately expressed as follows:
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(1)




where Ke is the eddy current coefficient of the material, f is the frequency, B is the magnetic field strength, and Kh is the hysteresis coefficient of the material.



For a non-conductor, the values of Ke and Kh are zero; hence, the iron losses can be reduced to zero with the use of a non-conducting stator frame. The use of non-ferromagnetic stator yoke results in a decrease of voltage levels as the field strength around the stator conductors decreases. The decrease in voltage levels has been compensated with an increase in the number of stator conductors. The increase in the number of stator conductors due to the usage of non-ferromagnetic yoke adds up to the capital cost, but avoids the recurring hysteresis losses.




3.2 Effect of Winding Pitch Factor (Kp)


The winding pitch of a generator is the number of slots spanned by each coil in the stator winding over the number of slots per pole (Figure 4). The winding pitch of generators is generally shortened from full pitch to either 5/6 (Figure 4b) or 2/3 (Figure 4c) in order to change the harmonic content of the output waveform. At the same time, the fundamental component of the output voltage is slightly lower than the full pitch winding. The reduction in the output voltage can be compensated by an increase in the field strength or the number of stator conductors. One of the leading manufacturers of synchronous generators-ABB uses both 5/6 and 2/3 pitched winding [30]. 5/6 is preferred for HV generators where compactness is preferred over reduced THD. The winding pitch factor Kp [31] gives the variation factor for different harmonics and is expressed as:
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(2)




where N is the order of the harmonic.


Figure 4. Stator conductor placement: (a) full pitch; (b) 5/6 pitch; (c) 2/3 pitch.
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Table 3 lists the values of Kp for 2/3 and 5/6 winding pitches. The value of Kp for the third harmonic with 2/3 pitch works out to be zero, thus eliminating the third harmonic component. This decreases the overall THD, but there is also a decrease in the voltage levels, which needs compensation.



Table 3. Winding Pitch Factor.







	
Winding Pitch Factor (Kp)






	
Component

	
2/3 Pitch

	
5/6 Pitch




	
Fundamental

	
0.87

	
0.97




	
3rd Harmonic

	
0.00

	
0.71




	
5th Harmonic

	
0.87

	
0.26




	
7th Harmonic

	
0.87

	
0.26











3.3. Effect of Load Configuration


The harmonic performance of the HTS generator has been examined for “no load” and “rated load” conditions. The HTS generator in this discussion is aimed at implementation for wind-based power generation. In wind turbines, the best-suited alternator winding configuration is Star at the start-up in order to support an easy initial spin at high voltage and low current. The winding is switched to Delta once the speed has picked up to boost the current levels [32]. However, for low speed generation, as in this case, a fixed Star winding configuration for the alternator windings is deemed suitable.



Simulations were conducted for two different alternator winding and load winding configurations.

	
Star-Star (S-S)



	
Star-Delta (S-D)








The effect of the change in load configurations on the THD of the induced phase voltage will be discussed in the next section. The change in the load configuration has an effect on the field current as well; this effect is also discussed in next section.





4. Results and Discussion


4.1 Field Pattern


The field pattern with G10 as the stator material and flux pump excitation is observed to be uniform (Figure 5). The field variation at the stator location is minimal. The induced voltage waveforms (Figure 6) are consistent with the design expectations and have a lower THD than the designs we reported previously [25]. The harmonic analysis was carried out on the induced phase voltages. Normalised fast Fourier transform (FFT) and THD were computed using MATLAB 2015b. FFT and THD provide the quantitative measure of the different frequency components present in the induced voltage waveform.


Figure 5. ANSYS field pattern with G10 stator yoke (stator design 1).
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Figure 6. ANSYS plot of induced three-phase voltage.
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4.2 Total Harmonic Distortion


THD is given by the following equation:
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(3)




where k is an integer and refers to the harmonic order (k = 2, 3, 4…), Vk is the amplitude of kth order harmonic, and V1 is the fundamental frequency component. The improvement in THD for the 2/3 pitch configuration is clearly seen, and this is because of the elimination of the third harmonic component that is present in the 5/6 pitch configuration (see Figure 7).


Figure 7. Normalised fast Fourier transform (FFT) plot of induced phase voltage at rated load: (A) pitch = 5/6; (B) pitch = 2/3.
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Table 4, Table 5 and Table 6 show a comparison between the THD values of the induced phase voltage under different conditions. Simulations were carried out for three different frequencies of flux pump excitation (60 Hz, 120 Hz and 240 Hz). Under “no load” conditions, it was observed that the THD values with G10 stator were lower than those with the steel stator (Table 4). This reduction in THD can be attributed to higher fringing effects and sharper transition of the fields in the case of steel yoke stator for the hexagonal design of the rotor without pole shoes. The change in the winding pitch resulted in a decrease in the induced voltage levels, but improved the harmonic performance. The voltage levels were compensated by increasing the number of stator conductors, as mentioned in Section 3.



Table 4. No load THD (Vph) [22].







	
f (Hz)

	
Pitch = 5/6

	
Pitch = 2/3




	
Steel

	
G10

	
Steel

	
G10






	
60

	
15.56

	
13.40

	
8.59

	
6.13




	
120

	
15.56

	
13.41

	
8.60

	
6.14




	
240

	
15.57

	
13.41

	
8.61

	
6.14










Table 5. Rated load G10 Stator 2/3 Pitch.







	
f (Hz)

	
Star-Star

	
Star-Delta






	
60

	
5.91

	
5.21




	
120

	
5.91

	
5.22




	
240

	
5.98

	
5.22










Table 6. Star-Delta G10 Stator 2/3 Pitch.







	
f (Hz)

	
THD (Vph)




	
Rated Load

	
1/2 Rated Load

	
1/4 Rated Load






	
60

	
5.21

	
5.84

	
6.05




	
120

	
5.22

	
5.84

	
6.05




	
240

	
5.22

	
5.84

	
6.05










As discussed in Section 3, since the winding pitch is a critical factor in tuning the harmonic performance [33,34,35,36], results are analysed for two different pitches. The THD for the 2/3 pitch configuration is significantly reduced when compared to the 5/6 pitch configuration for both steel and G10 stator yokes. The reason for this improvement is the successful elimination of the third harmonic component (Figure 7). Based on these results, for further simulations, the stator yoke material was selected to be G10, and the winding pitch was selected to be 2/3.



Simulations for different loaded conditions (rated load, 1/2 rated and 1/4 rated loads) were carried out for two different configurations. Balanced resistive loads were coupled to the ANSYS Maxwell model using ANSYS Maxwell Circuit Editor for these simulations. With S-S configuration, the THD of the induced phase voltage (Vph) is ~3.3% lower than with the “no load” THD values (see Table 4 and Table 5).



On further investigation, it was observed that the field current profiles for the “no load” condition are affected by the pulsating nature of the flux pump excitation, whereas the pulsating effect does not have much of an effect under loaded conditions (see Figure 8). However, the field current is increasing in both of the cases; the field current oscillations in the case of the loaded condition have a higher sinusoidal variation than the field currents with the “no load” condition. For further simulations, Star-Delta (S-D) was selected as the load configuration. The THD values at different levels (Rated, 1/2 and 1/4 loads) are as tabulated in Table 6. Minimum THD is observed at rated load.


Figure 8. Field current oscillations with respect to the loading condition.
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It is also observed that the THD values for the S-D configuration are slightly lower than the S-S configuration. This is most likely due to the lower armature reaction in the case of the S-D configuration. Studies on armature reaction and analyses of direct axis reactance (Xd) and quadrature axis reactance of the machine (Xq) of the machine are likely to give a better understanding of the ongoing phenomenon from magnetic field interaction. The THD limit as specified in IEEE STD 519-2014 is 5% for a bus voltage <69 kV at the point of common coupling, and the permitted limit is 8% for lower voltage generation <1 kV. Hence, the proof of concept generator to be tested in field and designed for 400 V meets prescribed standards.



The final commercial product based on this proof of concept generator will be a flux pump-integrated MW class wind turbine HTS generator, and the generated voltage levels for this generator are expected to be >1 kV and <69 kV. For this class of generation, the maximum limit of THD is 8%, as per the prescribed standard.



The observed THD limits are well within this limit, and with this design, a tolerance offset of ~3% can be considered for the additional harmonics introduced due to control circuitry and the power electronic switching circuitry, which will be integrated at different points of the generation and transmission. The overall variation trend of THD against various design parameters is shown in the bar graphs of Figure 9. It is seen that the S-D configuration with a pitch of 2/3 at rated load gives the least THD. The results are in consistence with the results observed for similar ironless machines [37].


Figure 9. The variation of total harmonic distortion (THD) with material, pitch and load configurations.
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As discussed in Section 3, the stator made of FRP epoxy (G-10) is better suited in cryogenic applications. In the absence of a ferromagnetic yoke, the field distribution is less concentrated and the drop in the field is higher, with a small increase in the distance from the centre of the field coil. To improvise the THD performance, design modifications were carried out on the stator geometry, and are discussed in the following sections.




4.3 Stator Design Improvement


4.3.1. Stator Design 1


In our earlier work [24], we proposed a stator design considering three important parameters: (a) the stator yoke material (b), winding pitch factor (Kp), and (c) load configuration. The 2D FEM model of the earlier design is as shown in Figure 10.


Figure 10. 2D model with stator design 1.
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4.3.2. Stator Design 2


From field and performance analysis of Design 1, it is understood that the conductors corresponding to the same phase are at different field levels. The reason is attributed to the absence of the ferromagnetic yoke of the stator. In order to avoid field non-uniformity, a different stator design is proposed, as shown in Figure 11, wherein the stator conductors could be placed in an adjacent manner rather than a stacked manner.


Figure 11. 2D model with stator design 2.
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The two important variations in the design were:

	
Stator slot width, and



	
Internal diameter of the rotor.








The stator slot width was changed from 8 mm to 14 mm to accommodate the adjacent placement of all three phase stator conductors. The diameter on the yoke side was reduced from 380 mm to 360 mm, and the diameter on the gap side was increased from 302 mm to 312 mm. These variations were carried out to place the stator conductors for the same phase at the same field strength for most of the time, and decrease the fluctuations in the field level as well as the correspondingly in the induced voltage level. Thus, there was an expected decrease in the THD.



The field pattern with stator design 1 shows that the stator conductors corresponding to the same phase are at different field strengths (Figure 5). When the stator design changes, it is observed that the conductors corresponding to the same phase are in the same field strength, as required (Figure 12). The change in stator design resulted in an improvement in the harmonic performance of the machine. With the same meshing and boundary conditions as set for stator design 1, the change in the stator dimension and conductor placement strategy for a G-10 stator yoke resulted in a significant improvement in the harmonic performance; these results are shown in Table 7. The decrease in the harmonic distortion validates that field uniformity is one of the important factors in ascertaining a better harmonic performance.


Figure 12. ANSYS field pattern with G10 stator yoke (stator design 2).
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Table 7. THD Comparison between Design 1 and Design 2.







	
f (Hz)

	
No Load THD

	
Rated Load THD




	
Design 1

	
Design 2

	
Design 1

	
Design 2




	
60

	
6.1367

	
4.2915

	
5.2164

	
2.7269




	
120

	
6.1378

	
4.3016

	
5.2196

	
2.7366




	
240

	
6.1383

	
4.3155

	
5.2243

	
2.7398













5. Conclusions


The effects of stator design on the harmonic performance of the generator were carried out. It has been successfully shown that the flux pump can be an alternative to DC source for exciting the field system in an HTS generator, even for loaded conditions such as S-S or S-D configurations. The results indicate that the variation in the parameters such as stator yoke material, winding pitch, and loading configuration affect the harmonic performance significantly. The stator material has a significant effect on the THD of the induced voltage. The use of non-ferromagnetic stator materials (G10) leads to a decrease in the THD. The different excitation frequencies of the flux pump have negligible effects on the THD of the induced voltage. Based on the simulations with different winding pitches, a winding pitch of 2/3 is the best suited for this machine. The simulations on the load configurations indicate that the S-D configuration would result in the smallest value of THD. The most suitable configuration with respect to the stator yoke material, winding pitch, and load configuration to minimize the THD of a 10 kW HTS generator has been established. A better stator conductors’ placement and stator design strategy to reduce harmonic distortion have been analytically deduced. Further work on the geometrical design improvisation of the stator windings, and separately excited field coils to avoid quenching and total failure of the system, are currently in progress.
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