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Abstract

:

The article is devoted to the study of losses in devices based on high-temperature superconductors of the 2nd generation. The complexity of the devices under study increases from a single rack coil to a winding assembled from several coils, and finally to an electric machine operating in generator mode. This is the way to experimentally study the behavior of 2nd generation high temperature superconductor (2G HTS) carrying a transport current in various conditions: self-field, external DC, and AC magnetic field. Attention is also paid to the losses in the winding during its operation from the inverter, which simulates the operating conditions in the motor mode of a propulsion system.
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1. Introduction


Power consumption in transport and power systems has been growing rapidly during recent years. In this case, electrical machines, which are one of the main parts of such systems, should provide high output and specific power. Electrical machines with both an HTS field and armature windings are the most promising [1,2,3,4]. The application of coils and cables based on high-temperature superconductors (HTS) possess the advantage of carrying high electrical current density [5] and increased electromagnetic loads. Superconducting electrical machines are complex technical devices, the creation of which requires the solution of a whole series of scientific and engineering problems related to many fields of science and technology. Along with the solution of traditional problems of the usual “warm” electrical engineering, one has to solve the problems associated with cooling of superconducting windings and the stability of their superconducting state under the action of external heat leakage, centrifugal, and ponderomotive forces, as well as vibrations [6]. Besides, when HTS coils are operating with alternating current (AC), or in the presence of a time-varying magnetic field, they still sustain AC losses. Taking into account this type of loss, it is necessary for the correct determination of the thermal state of the windings. Several groups of authors provide different modeling approaches for AC loss determination. For example, in papers [7,8], theoretical aspects of AC losses calculation and modeling are provided. Works [9,10,11] expand such approaches to electrical machines levels. Besides, a great experimental work also was done during the last few years in this area [12,13,14,15,16]. Even if a lot of work has been done on the characterization of superconducting elements (bulks and tapes), the transition from the element to the system is not obvious, because the behavior of an isolated HTS element is very different when it is integrated into a system [14]. In this context, in this work, experimental research of individual coils, windings, and devices is provided. AC loss values are obtained for different frequencies, transport current values, and waveforms. In recent works such as [17,18], studies are conducted for a sinusoidal current and an external field, which is a fundamental harmonic distorted by one or more harmonics from the 2nd to the 5th order. In our case, the experiment is carried out both on the pure sine and on the current form obtained by high-frequency modulation with a frequency not less than 30 times higher than the fundamental harmonic. This mode is typical for semiconductor power devices (inverters, converters). Experimental research will provide useful information for a deeper understanding of the AC loss dynamics in power applications. Finally, it will provide an opportunity to develop a new methodic of calculating AC losses in AC windings of different devices.



In the first part of this paper, a description of measurement methods and test benches (static and rotating) is provided. Then research objects, which are coils, windings, and rotating devices, are described. Finally, the results of the tests and their discussion is provided.




2. Methods


The main methods for measuring losses in devices based on superconductors are calorimetric and electrical methods [19]. In this work, we study first the coil, then the stator, and finally the assembled electric machine. In this regard, the use of the calorimetric method would be difficult during the last experiment, since this requires a high-tech cryostat with a rotating shaft input [20]. The lock-in amplifier is often used when measuring losses by the electrical method [21]. However, the main feature of this method comes from the principle of the operation of a synchronous amplifier: it selects from the signal at its input only the part of the signal that corresponds to the reference frequency. Hence, the difficulty with using this technique for measuring arbitrary non-sinusoidal alternating current, which based on the Fourier series expansion principle, is that is has more than one frequency [22]. In view of the above, the method of direct electrical loss measurement was chosen for this work. It is based on the calculation of the losses by numerical integration of the instantaneous power produced by the voltage u and current i:


  P =  1   t m       ∫ 0   t m     u ⋅ i ⋅ d t    ,  



(1)




where u, i—recorded instantaneous values of current and voltage, and tm—measurement time (period of signal).



In this method, several parameters are important:








	-

	
Amplifying and filtering the signals to avoid creating an additional phase shift between the current and the voltage;




	-

	
Calculation of the losses many times, then the calculation of the statistical mean of the losses to increase the signal/noise ratio.









2.1. Test Bench for Study of Solitary Coils on Sinusoidal Current


A simple measuring circuit (Figure 1) consisting of a laboratory AC source (AC) controlled from an external analog generator (G), which sets the shape, amplitude, and frequency of the current, a research object (L); a precision specially developed non-inductance shunt (RS); and a data acquisition system (DAQ) is used to study the losses by the direct electric method.



The current (I) and voltage (U) signals recorded using DAQ are then processed on a PC by dividing the signal into periods and calculating the power loss at each of the periods by use of Formula (1). The DAQ in this and every other setup in this paper is Yokogawa DL850 with a sample rate not less than 500 k samples/s to ensure the signal phase precision.




2.2. Test Bench for Loss Studies on High-Frequency Modulated Currents


In modern electronic converters that supply electric motors, voltage modulation is used to regulate the alternating voltage on the windings. As a result, the winding voltage is switched with the kHz-level frequency. In this case, the current in the winding, in addition to the main carrying frequency, will also contain harmonics associated with the switching frequency. The available laboratory source KEPCO BOP 10–100 has an upper limit frequency of times (or even dozens of times) below this level. Therefore, to research HTS coils operating with the signal equal to a power inverter output, the special simulator was developed (Figure 2).



The device is an H-bridge of power transistors controlled by drivers from a microcontroller. Due to the feedback through the current sensor, in the load (L), it is possible to reproduce any arbitrary waveform preprogrammed to the microcontroller. The principle of operation is described in more detail in the previous work [23]. Two current forms typical for brushless AC (BLAC) and brushless DC (BLDC) machines were selected for the experiments. The first is a sine obtained by modulation; the second is trapezoidal with characteristic intervals at which the current is zero. In real machines, the current configuration is determined by the design of the magnetic circuit and windings; in our stand, it is provided by the feedback loop of the microcontroller.




2.3. Test Bench for Loss Studies in HTS Winding


The special test bench was developed to test HTS winding in a magnetic circuit equivalent to an electric machine. It consists of the generator with HTS annular winding, motor drive, and a set of sensors. The rotor of the generator was driven by an external electric motor (Figure 3a,b).



In general, the experimental setup can be considered as a synchronous electric machine with excitation from permanent magnets. Its peculiarity is that it has two phases with the number of slots per pole and phase equal to 2. The HTS coils are cooled to a superconducting state by using liquid nitrogen (LN2) (77 K), which is poured into the body of the electric machine. This is the simplest, most reliable, cheapest, and fastest cooling method suitable for laboratory testing. The enclosure of the machine is a single volume with an LN2 inlet on the side and with output at the highest point of the structure to ensure that the volume is completely filled with coolant. The inlet is connected to the LN2 tank with excessive pressure and the flow is controlled by a manual valve installed on the tank. The coolant from the output port is collected in an open dewar. This method does not require any additional cryogenic recuperation systems or pumps. As follows from the description, the rotor is also located in the nitrogen. The rotating sealing of the machine uses a technical solution similar to the pumps for liquefied natural gas: a spring loaded PTFE seal. The mechanical part of the stand consists of a drive (D) with a control system, the device under test (G), and a sensor Magtrol TMHS 307 (Magtrol SA, Rossens / Fribourg, Switzerland) that registers the torque (M) and speed ( ω ) of rotation of the shaft. In the electrical part, the data acquisition system receives the electrical parameters of both phases (current and voltage), as well as the voltages proportional to the rotor speed and torque. All data are written to a file for further analysis on the PC.



Thus, the assembled system can be tested as an electrical two-phase generator. Winding losses (   P  H T S    ), in that case, can be determined via power balance:


   P  i n p u t   =  P  n o   l o a d   +  P  l o a d   +  P  H T S   .  



(2)







The input power is equal to mechanical power:


   P  i n p u t   = M · ω ,  



(3)




where  M  and  ω  are the torque and the speed of the shaft, respectively, recorded by the sensor. For a two-phase electric machine, the active output power (   P  l o a d    ) can be calculated as


   P  l o a d   =  1   t m      ∫  0   t m     u 1   i 1  dt +  1   t m      ∫  0   t m     u 2   i 2  dt ,  



(4)




where    u 1   i 1    and    u 2   i 2    are the instantaneous values of the voltages and currents in the phases, and    t m   —integration period equal to the phase voltage period. No-load losses are equal to the sum of mechanical and magnetic losses    P  n o   l o a d   =  P  m e c h   +  P  m a g     for each rotation speed.



Initially, no-load tests were carried out at various frequencies, which made it possible to determine the mechanical and magnetic losses in the system from the readings of the speed and torque sensor (   P  i n p u t   =  P  n o   l o a d     in that case). After that, an identical, discrete variable load was connected to the phases, and the voltage and the current of each phase were recorded by the data acquisition system.





3. Research Objects


3.1. HTS Racetrack Coil


The tested coil is one of 16 coils that were made for the production of an experimental electric machine with an annular winding design. The coil has a double pancake structure with a racetrack form made of American Superconductor (AMSC) HTS tape with the magnetic substrate. The parameters of the coil are shown in the following Table 1.



The coil is impregnated with LOCTITE® STYCAST 2850FT [24] resin to eliminate electromagnetically induced noise and vibrations and strengthen the structure. This resin has proven itself well in the manufacturing of the current leads [25] and transformer winding [26]. According to the article [27], the use of the compound may cause a decrease in the critical current, but in our case [28], the decrease in the critical current is acceptable and is mainly due to the mechanical bending of the tape when laying on a small radius, as well as the changed configuration of the magnetic field in comparison with a short sample. Nevertheless, we are working on the search for new compounds for impregnation, including the development of our own mixture of binder polymer and filler; the results will be published later. The potential (voltage) taps are located approximately in the middle of the straight part of the outmost turn (Figure 4a).




3.2. HTS Winding (A Part of the Winding of an Experimental Electric Machine)


At the first stage of this section of research, the stator of an electric machine with an annular winding was manufactured (Figure 4b) [29]. Such type of winding allows for researching the worst case when HTS tape is oriented perpendicularly to the inductor magnetic field. The winding is made in a two-phase design to simplify manufacturing and assembly, with each of the phases consisting of eight coils. The coils are grouped into pairs that are evenly distributed along the length of the yoke circumference. The other phase has a similar design and is rotated 45 degrees relative to the first one.



During manufacturing, all coils were selected and sorted by critical current: each phase contains six coils with an average critical current (1μV/cm criterion) of 88 A and two coils with an average critical current of 73 A. The coils are connected to each other by a copper wire. The electrical parameters of the assembled phases are Ic1 = 89.4 A, Ic2 = 89.9 A, and the inductance is 2.35 mH and 2.25 mH, respectively, which indicates good symmetry. This factor allowed all subsequent measurements to be carried out only on one selected phase.



The process of testing the assembled winding is similar to the tests of a single coil (Section 2.1 and Section 2.2), and the only difference is the need to raise the supply voltage, according to the increased inductance. The installation of a rotor with permanent magnets (Figure 5a) (static, without rotation) inside the winding allowed us to evaluate the influence of the external magnetic field for the coils on their characteristics (critical current and losses). The rotor in this experiment was statically fixed at 15 points with a step of 6 degrees (90 degrees total) using a special positioning device, which is enough to obtain a complete angular dependence of the characteristics on the angle of rotation since the rotor has two pairs of poles. The assembled machine is shown in Figure 5b.





4. Test Results


4.1. AC Losses Tests of an Assembled Phase


The solitary coil was tested on a sinusoidal current (according to the method from p. 2.1) and at modulated currents (according to the method of p. 2.2). The frequency of the main harmonic was 50, 100, and 200 Hz. The results are shown in Figure 6a,b. On these charts (and beyond) losses are presented in watts, as this makes it easier to understand what the increase in the load on a potential cryogenic system is from experiment to experiment. One can see that loss values for BLDC and BLAC modes are significantly higher even for low currents, and remain several times higher at maximum current amplitudes.



For more clarity, on the Figure 7a,b, two periods of current are shown: BLDC and BLAC. Due to the concept of obtaining currents of this form, which is associated with chopping relatively high voltage using transistors [30,31], a large amount of electromagnetic interference occurs, which significantly complicates the computer processing of experimental data. For a pure sine, 3 to 5 signal periods are sufficient to accurately determine the losses at a given current amplitude. However, for the currents shown in Figure 7a,b, the situation changes significantly.



Figure 8 shows the dependence of the losses calculated on the period for three current levels. Moreover, the representation of the dependence of losses on the amplitude value of the current, in contrast to the pure sine, is difficult and ambiguous. In this regard, all the graphs in this paper, where the current form BLDC and BLAC appears, use the effective (RMS) current value.



On the graphs, there is a certain average value, with noise superimposed on it. If the calculation of losses was carried out for a small number of periods, this will lead to a large error. The high-frequency component (Figure 7) makes a significant contribution to the loss value since its amplitude is significant (about 10 A) and invariant to the amplitude of the main harmonic. The current in armature produces a magnetic field, which opposes the main field of machine and thus, will distort the main field of machine [32]. The frequency of the current ripple is not constant and floats between approximately 7 and 12 kHz, due to the transistor switching control algorithm. If we consider the form of the BLAC current (Figure 7b), the situation is similar to the case described in [33], where losses on a sinusoidal current were modeled with the addition of higher harmonics up to the 20th. In our case, on the one hand, the ripple current has a frequency of at least 140th harmonic (for 50 Hz fundamental), and, on the other hand, is not sinusoidal, but rather sawtooth. Thus, this signal also has its own higher-order harmonics. In comparison, for a constant frequency modulation mode, the current ripple can be reduced by adding a filter in the converter circuit, while the filter itself will have high weight and size characteristics. In our case, due to the floating frequency, the creation of such a filter is difficult; therefore, considering the above, we place the HTS coils in the most difficult operating conditions in terms of modulation.




4.2. AC Losses Tests of an Assembled Phase


The next step was to test the assembled winding. Now the single coils are combined into a system, while they are located on a common charged magnetic core made of 2412 steel. Figure 9a shows the direction of the current in the phase coils. The measurement scheme for sine current is similar to Figure 1, where (L) now represents the assembled phase rather than a separate coil.



Before measurements, the level of hysteresis losses in the yoke with taking into account the steel real magnetization curve using the ANSYS software [34] was calculated. For electromagnetic analysis, ANSYS implements the magnetic vector potential formulation.



As a result, the hysteresis losses per cycle at a current amplitude of 60 A are less than 2·10−3 J/cycle, which is much less than the losses in the winding. The magnetic field distribution at 60 A amplitude of the current in the steel core was shown in Figure 9b.



The phase was tested on a sinusoidal current, and the frequency of the main harmonic was 50, 100, and 200 Hz (Figure 10a). Figure 10a shows that the losses increased more than the sum of the losses in the eight single coils (compare with Figure 6a). One of the reasons for this effect is the changed configuration of the magnetic field on the HTS coils. It is also possible that additional electromagnetic vibrations occur due to complexity of the assembly. Thus, for the phase, in terms of one coil, the losses increase by approximately 1.2 times compared to a solitary coil.



Just as in the case of a single coil, the winding was tested on the same bench with modulated currents (Figure 10b). An important feature was a significant reduction in the amplitude of high-frequency fluctuations on the winding (Figure 11) in comparison with a single coil. To achieve the same current amplitudes, the supply voltage was raised to 100 V (from previously 15 V) due to the increased inductance.



However, despite the improved operating conditions of HTS coils with respect to the high-frequency component, the losses in the winding increased significantly in comparison with the sinusoidal current (compare Figure 6b and Figure 10b). This is due to both increased losses in HTS coils operating at such a current and being exposed to an external magnetic field produced by the coils [35] and losses in the steel of the magnetic circuit.




4.3. Experimental Results with Static Rotor


After installing the rotor, linear parts of coils that face inwards to the center axis of the assembly are now exposed to the magnetic field with a significant component perpendicular to the tape surface. Thus, this condition should affect the characteristics of the tape, and first of all, the critical current. To confirm this fact, the critical current of one of the phases was measured in five positions (Figure 5a,b) of the rotor: holes number “0,” “4,” “8,” “12,” and “15,” which corresponds to the rotor positions of 0, 25.6, 45, 76.8, and 90 degrees. A comparison with the critical current of the phase without the installed rotor (89.4 A) is given in Table 2.



As follows from the table, the influence of the rotor position does not have a very large effect on the critical current (the difference between the maximum and minimum values is only 12%). However, after installing the rotor, the critical current decreased by half (the average value in column No. 3 of Table 2), which indicates the significant influence of the external magnetic field on the critical current of the used HTS tape.



Further studies on alternating current were carried out. In contrast to the critical current measurement, the AC experiment involved all 15 angular positions of the rotor. Losses were measured at frequencies of 50, 100, and 200 Hz. For 50 Hz, the obtained curves differ in the level of losses depending on the angle of the rotor position (Figure 12).



In addition, in the range from 5 to 15 A for several positions of the rotor, a certain break in the dependence of losses on current is noticeable. One of the explanations for this behavior is the effect that appeared during the experiment, associated with the vibration of the rotor. The alternating of, but not rotating of, the magnetic field generated by the test phase interacts with the rotor. At the same time, the equipment fixing the rotor (Figure 5) has a finite rigidity, which leads to an oscillation of the rotor relative to a given position with a visually noticeable angular amplitude, and, consequently, the occurrence of some mechanical power losses.



At a frequency of 100 Hz, the pattern of loss dependence on the angle changes, becoming less noticeable (Figure 13). During the tests, the observed visual vibrations of the rotor relative to the fixing points were significantly reduced.



A further increase in the frequency showed an even weaker dependence of the losses on the angle of installation of the rotor, while its visual vibration was absent. Figure 14 shows the losses in the stator as a function of the current at different rotor mounting angles at a frequency of 200 Hz.



Due to the parameters of the test bench at a frequency of 200 Hz, it was impossible to supply the phase with the RMS current value higher than 14 A; however, even at this amplitude, the losses reached a value of 80 W.



At the end of the sequence of the experiment with the braked rotor, the phase was tested by modulated currents in different positions of the installed rotor. Similar to the case with a sinusoidal current, the loss levels showed a weak dependence on the angle of installation of the rotor, so, in this regard, the graph (Figure 15) shows the average values for each frequency.



As before, for the case of a single coil and an assembled stator (without a rotor), the modulated current mode is the heaviest in terms of losses. It was decided to limit the power loss in the winding to approximately 200 W level in order to avoid possible damage until the final stage of the experiment with the rotating machine was completed. To ensure this, the input current at 100 Hz was limited to about 25 A RMS, and at 200 Hz, it was limited to about 16 A RMS. The difference in losses on different forms of current was minimal at each of the frequencies.




4.4. Experimental Results in Generator Mode


The variable load RL in the test bench described in Section 2.3 has 5 values of resistance, which gives the corresponding number of electrical load for the generator on each of the four pre-selected rotor speeds. Prior the tests with the load, the no-load losses were determined by the Formula (2) via running the machine on the same rotation speeds but without any electrical load.



Figure 16 shows the phase loss divided by the frequency of the current (J/cycle), depending on the average effective value of the current in the phase. The dotted line also shows data on losses in the phase with the fixed rotor installed. For these lines, the rotor angles with the maximum loss values are taken.



We can see a good coincidence of the curves at different frequencies for the generator mode; therefore, the nature of the losses is hysteresis, since it does not depend on the frequency. The level of losses with a movable rotor is much higher. The increase in losses is associated with additional hysteresis losses in the HTS layers of the winding tapes, which occur in an alternating external magnetic field.





5. Discussion


The design of an electrical machine with HTS windings is a very complex task due to its multidisciplinary parts. When working in the windings of electric machines, the coils from HTS tape carry transport AC current and are exposed to an external rotating magnetic field. Provided experimental research shows the influence of frequency, transport current, waveform, and presence of magnetic field on AC losses. Figure 6 and Figure 10 show increased losses for BLDC and BLAC operating modes. It means that for the practical application, it is better to have a signal close to sinusoidal, and frequencies on the kHz order should be filtered.



Figure 12, Figure 13, Figure 14 and Figure 15 show an increase of losses by several times for the case with the installed rotor. Figure 16 show increasing of losses with the rotating rotor. It is connected with additional hysteresis losses in tapes.



All of these results show increasing losses in AC windings operating in the magnetic circuit of electrical machines. Obtained results give an opportunity to select operating current, electrical frequency, and external magnetic flux density to realize target cryogenic losses. Finally, it will help to design electrical machines more accurately and increase their efficiency.
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Figure 1. Schematic representation of the measurement bench. 
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Figure 2. Inverter simulator for HTS devices. 1—microcontroller, 2—transistor drivers, 3—transistor assemblies with built-in protection diodes, 4—feedback sensor, (DC)—laboratory power source, (Rs)—noninductive current shunt, (L)—device under test, and (DAQ)—data acquisition system. 
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Figure 3. (a) Schematic of the test site; (b) Photo of the mechanical part of the bench. 1—HTS generator, 2—torque and rotation speed sensor, and 3—variable speed motor drive. 
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Figure 4. (a) Manufactured racetrack coil prepared for soldering of current leads and potential taps; (b) assembled package of annular stator winding (without wiring). 1—HTS coil, 2—iron yoke, 3—brass connectors, 4—copper bridge between coupled coils, and 5—positioning elements between coils. 
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Figure 5. (a) Schematic representation of an annular winding with an inside-mounted rotor; (b) locking device for the rotor. 1—assembled machine with HTS windings, 2—fixed plank with 15 holes, and 3—“arrow” device, fixed on shaft of the rotor. 
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Figure 6. (a) Solitary coil losses at pure sine; (b) solitary coil losses modulated waveforms (BLAC, BLDC). 
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Figure 7. (a) One period of BLDC current; (b) one period of BLAC current. 
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Figure 8. Losses for BLAC current case versus computation period number. 
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Figure 9. (a) The figure shows how the coils are connected inside the phase. Note that the voltage taps are soldered directly to the superconductor on the first and last phase coils to eliminate the influence of the current leads; (b) magnetic field distribution in the steel core at 60 A amplitude. 
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Figure 10. (a) The losses in the assembled phase for sinusoidal current; (b) stator losses without rotor on modulated currents. 
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Figure 11. Comparison of high-frequency current fluctuations in a single coil (blue) and in the assembled phase (red). 
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Figure 12. Stator losses as a function of current at different rotor positions at a frequency of 50 Hz. Same frequency without rotor is depicted for reference. 






Figure 12. Stator losses as a function of current at different rotor positions at a frequency of 50 Hz. Same frequency without rotor is depicted for reference.



[image: Applsci 11 02741 g012]







[image: Applsci 11 02741 g013 550] 





Figure 13. Stator losses as a function of current at different rotor positions at a frequency of 100 Hz. Same frequency without rotor is depicted for reference. 
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Figure 14. Stator losses as a function of current at different rotor positions at a frequency of 200 Hz. Same frequency without rotor is depicted for reference. 






Figure 14. Stator losses as a function of current at different rotor positions at a frequency of 200 Hz. Same frequency without rotor is depicted for reference.



[image: Applsci 11 02741 g014]







[image: Applsci 11 02741 g015 550] 





Figure 15. Averaged (for positions 0, 8, 15) stator losses on modulated current waveforms as a function of current. 
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Figure 16. Measured sinusoidal current losses in the annular stator winding when operating in the generator mode (“Rotating”) and with the braked rotor (“Static”). 
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Table 1. Parameters of the coil.
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	Parameter
	Value





	2G tape type
	AMSC, 5 mm wide



	Min. critical current Ic, at 77 K, A
	100



	Insulation
	Kapton



	Coil type
	Double pancake



	Number of turns
	24



	Length of linear part, mm
	100



	Coil height, mm
	10



	Winding height, mm
	7



	Total wire length, m
	8
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Table 2. Critical current of the phase at different rotor positions.
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	Position of the Rotor, Degrees
	Measured Critical Current, A
	The Ratio of the Ic w/without Rotor





	0
	44.4
	0.5



	25.6
	42.8
	0.48



	45
	45.8
	0.51



	76.8
	47.9
	0.54



	90
	42.2
	0.47
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