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Abstract:



Currently, the auxiliary converter in the auxiliary power supply system of a modern tram adopts Si IGBT as its switching device and with the 1700 V/225 A SiC MOSFET module commercially available from Cree, an auxiliary converter using all SiC devices is now possible. A SiC auxiliary converter prototype is developed during this study. The author(s) derive the loss calculation formula of the SiC auxiliary converter according to the system topology and principle and each part loss in this system can be calculated based on the device datasheet. Then, the static and dynamic characteristics of the SiC MOSFET module used in the system are tested, which aids in fully understanding the performance of the SiC devices and provides data support for the establishment of the PLECS loss simulation model. Additionally, according to the actual circuit parameters, the PLECS loss simulation model is set up. This simulation model can simulate the actual operating conditions of the auxiliary converter system and calculate the loss of each switching device. Finally, the loss of the SiC auxiliary converter prototype is measured and through comparison it is found that the loss calculation theory and PLECS loss simulation model is valuable. Furthermore, the thermal images of the system can prove the conclusion about loss distribution to some extent. Moreover, these two methods have the advantages of less variables and fast calculation for high power applications. The loss models may aid in optimizing the switching frequency and improving the efficiency of the system.
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1. Introduction


The power supply system in trams includes two parts, the traction power supply system and the auxiliary power supply system. The traction power supply system serves the traction motors. The auxiliary power supply system is tasked with all the auxiliary devices including air conditioners, compressors, fans, etcetera but not the main circuit of the traction system. An important component of the auxiliary power supply system is the auxiliary converter, the capacity of which is typically tens of kilovolts, the bus voltage is 750 V and the outputs are AC 380 V and AC 220 V. Therefore, the reliability of the auxiliary converter plays an important role in the smooth operation of the vehicle. Since the auxiliary converter is a necessary part of vehicle equipment, its weight and volume have been a focus of great attention [1,2,3,4,5,6].



When designing an auxiliary converter, the circuit topology must first be determined. Since the DC bus voltage of the tram is 750 V, there are two types of commonly used topology, namely a power frequency isolation scheme and a high frequency isolation scheme. The power frequency isolation scheme is just a three-phase inverter, which directly inverts DC 750 V into a three-phase AC output. This scheme has the advantages of simple control and a low number of switching devices; at the same time, its most significant drawbacks are the larger size and weight of its three-phase isolation transformer. The high frequency isolation scheme has a high-frequency DC/DC converter and a three-phase inverter. The number of switching devices is increased but the size and weight of the transformer are significantly reduced, in this scheme. Therefore, the auxiliary converter in this paper adopts the high frequency isolation scheme for a maximum power density.



The width of the drift region of the SiC device is smaller than that of the Si device for the same breakdown voltage, because the doping concentration of the drift region is higher. The smaller depletion width reduces the on-resistance of the SiC device, thereby reducing conduction losses [7,8,9,10,11]. Therefore, with the advent of SiC technology, the MOSFET on-resistance also decreases, even at higher voltages. Recently, silicon carbide devices for very high voltage applications have been developed [12,13,14,15]. The switching frequency of the SiC MOSFET high-power converter is higher than those of silicon IGBTs, with its lower conduction losses, combined with its inherent low switching losses, which achieves the benefit of working with smaller filter components [16,17,18]. Scholars also have performed a large number of studies for medium and low voltage applications. When Si IGBTs are replaced with SiC MOSFETs in a converter, the efficiency will increase in varying degrees [19,20,21]. A 50 kW PV string inverter was designed with SiC devices [22]. However, these papers just completed the experiments and got the differences between Si and SiC devices without a theoretical analysis of system loss. Regarding device loss calculation, scholars have done a lot of work. An accurate analytical loss model which considered the package and PCB parasitic elements in the circuits was evaluated [23]. The power losses of the DAB DC/DC converter were analyzed [24], where the author considered the ideal waveform in circuit. However, these two articles consider many factors that are not suitable for a high-power system analysis. The overall power loss of the DC/DC converter was studied [25] but the author did not give a detailed calculation formula of device loss in the system. There is no investigation of the loss calculation of a DC/DC converter in DCM mode, from the results of a literature research.



A SiC converter prototype whose topology is a high-frequency DC/DC converter (which works in DCM mode due to minimum inductance in system) plus a three-phase inverter is designed for the auxiliary converter in the trams, in this paper. To meet the need for a fast estimation of device loss in Engineering, loss calculation formulas for high power applications according to the working principle of the prototype circuit are derived. First, according to the circuit topology and principle, the loss formulas of each module in the auxiliary converter are deduced and the loss of each module could be calculated by formulas. Then, some characteristics of the SiC devices used in the system are tested, including the saturation voltage drop of the MOSFET, the forward voltage drop of the diode and the switching loss of the MOSFET. The aims of the study are to understand the practical application characteristics of the SiC devices and to provide data support for the PLECS loss simulation model. The PLECS loss simulation model is built according to the actual parameters of the auxiliary converter. Finally, the losses of each module are measured through the experiments of the auxiliary converter prototype. Comparing the theoretical calculated values, model simulated values and experimental measurement values, the losses of each module are shown to be basically consistent with each other. It is confirmed that the loss calculation theory and the loss simulation model is valuable. The loss calculation theory and the loss simulation model can provide a reference for follow-up optimization work, which can in turn reduce the workload of the subsequent optimization.




2. The Loss Estimation Equation of Auxiliary Converter


2.1. Overview of Auxiliary Converters


In this paper, the topology structure of the SiC auxiliary converter is high-frequency DC/DC plus three-phase inverter. There is no filter inductance on the output side of the high frequency DC/DC module, which is different from the traditional DC/DC converter. The DC/DC converter works at DCM mode. The circuit is shown in Figure 1 and the system parameters are shown in Table 1.


Figure 1. Circuit topology.
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Table 1. System parameters.







	
Parameter

	
Value






	
Rated input voltage/V

	
DC750




	
Rated output power/kW

	
40




	
Rated output voltage/V

	
AC380/3p




	
Rated output frequency/Hz

	
50




	
Input voltage of inverter/V

	
650




	
Switching frequency of DC/DC/kHz

	
40




	
Switching frequency of three-phase inverter/kHz

	
10




	
Three-phase output filter inductance/mH

	
1.2




	
Three-phase output filter capacitor/uF

	
3 × 200




	
Transformer ratio

	
1:1.4










The high frequency and high temperature characteristics of SiC MOSFETs result in them being widely used in converters. However, under high frequency operation conditions, SiC devices still involve large power loss during the switching process. An accurate loss estimation method of the system is quite important for the switching frequency selection, cooling module design and efficiency promotion of the overall system.




2.2. Principles of Device Loss


The components of SiC MOSFET’s loss are shown, as the switching elements in the auxiliary converter, in Figure 2.


Figure 2. The components of SiC MOSFET’s loss.



[image: Energies 10 02018 g002]






Due to the leakage current of the SiC device in the blocking state being negligible, the loss mainly includes the on-state loss [image: ], turn-on loss [image: ] and turn-off loss [image: ].



Concerning the case of high power applications, the on-state loss of the device in a single cycle can be determined by its equivalent resistance and the effective value of the through current. The average on-state loss can be multiplied by the frequency based on the single cycle loss. Thus, the on-state loss [image: ] calculation formula for simple calculation can be derived.


[image: ]



(1)







Using the formula, [image: ] is the RMS value of the current flowing through the device; [image: ] is the on-state resistance of the device.



Figure 3 shows [24] the turn-on switching energy [image: ] are determined by the voltage and current at the time of switching and time interval during switching ON. The same is true for the calculation of the turn-off switching energy [image: ].


[image: ]



(2)






Figure 3. “ON” state switching transition.
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It can be determined that the switching energies at different power conditions are linearly related to the operating time voltage and current when dealing with high power applications. Based on the datasheet from the manufacturer, the single switching energies [image: ] and [image: ] of the device under specific test voltage and current can be known. Then, the switching losses through single switching energy and switching frequency can be discerned:


[image: ]



(3)






[image: ]



(4)







Regarding the formulas, [image: ] and [image: ] are the loss of turn on and turn off in the datasheet at the standard test condition; [image: ] and [image: ] are the blocking voltage and collector current in the datasheet at the standard test condition; [image: ] and [image: ] are the blocking voltage and collector current at the actual condition and [image: ] is the switching frequency.




2.3. Loss Estimation of High Frequency DC/DC Converter


Using the high frequency DC/DC module, there is no filter inductance in the output side, thus the transformer current is intermittent, meaning the high frequency DC/DC converter in this paper works in DCM mode and the current waveform is different from that in the traditional DC/DC converter working in CCM mode. Therefore, it is necessary to analyze the working principle of the DC/DC module to get the loss estimation formula. The main waveforms of full-bridge converter are shown in Figure 4 and, because the current waveform of the transformer is centrosymmetric, the author only need to analyze the operation states of the t0–t3 period, while [image: ] is the beginning of the next cycle.


Figure 4. Schematic diagram of full-bridge inverter.
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Figure 4 shows Q1–Q4 are four switching devices. [image: ] is the pulse of switching devices. The red line represents the primary side current of the transformer. The purple line represents the primary voltage of the transformer. Ideally, the primary side current [image: ] of the transformer has three states. During Stage 1, the primary voltage of the transformer is system input voltage and the current rises linearly. Through Stage 2, the primary voltage of the transformer is zero due to the phase shift angle and the current drops linearly. During Stage 3, due to the large phase shift angle, the primary side current of the transformer remains zero. It can be determined that the formula of the transformer’s primary current [image: ] is as follows:


[image: ]



(5)







Formula (5) shows the specific system power and switching frequency (or cycle). The constraints are as follows:


[image: ]



(6)







Regarding the formulas, Vin is the input voltage of the full-bridge converter; [image: ] is the primary leakage inductance of the transformer; Ls is the secondary leakage inductance of the transformer; [image: ] is the output voltage of the full-bridge converter; [image: ] is the switching period of the full-bridge converter; K is the transformer ratio and P is the power of the converter.



Formulas (5) and (6) demonstrate the key parameters in the schematic diagram can be solved, including [image: ], [image: ] and [image: ] Based on the above analysis, the loss calculation formulas of the switching devices in the full-bridge converter and rectifier can be determined.



Ignoring the dead time, the on-state loss formulas of the switches in the first half of the cycle are as follows:


[image: ]



(7)






[image: ]



(8)






[image: ]



(9)







The integral calculation in Formulas (7)–(9) is relatively simple, thus no detailed calculation process is given here. Additionally, the on-state loss in the second half of the cycle is the same, thus the full-bridge inverter has a total on-state loss.


[image: ]



(10)







While the current is in the intermittent state, the current of [image: ] and [image: ] devices are zero when they turn on and turn off and the switching loss is nearly zero. Therefore, the switching losses of [image: ] and [image: ] are as follows:


[image: ]



(11)






[image: ]



(12)







The total switching loss of the full-bridge inverter is as follows:


[image: ]



(13)







Since the SiC diode has very little reverse recovery loss, the loss of the rectifier is only the on-state loss of diode. The on-state loss of the rectifier diode can be calculated by using the secondary side current of the transformer. There is a linear relationship between the primary side current and the secondary side current of the transformer, which is determined by the transformer ratio K. Then, the on-state loss of a single diode is calculated as follows:


[image: ]



(14)




where [image: ] is the on-state voltage drop of the diode. Therefore, the total loss of the rectifier is as follows:


[image: ]



(15)








2.4. Loss Estimation of Three-Phase Inverter


The commonly used control strategies of inverters are SPWM (sinusoidal pulse width modulation) and SVPWM (space vector pulse modulation) and the structure and principle of three-phase two-level inverters have also been analyzed in detail in many previous studies [24]. The loss of the inverter in the SPWM modulation mode is analyzed in this paper.



Based on SPWM modulation shown in Figure 5, the modulation function and load current function are as follows:


[image: ]



(16)




where m is the modulation ratio, [image: ] is the power factor angle and Im is the maximum value of the output current of the inverter.


Figure 5. The principle of SPWM.
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The dead time can be ignored, due to the high-frequency characteristics of the SiC device, thus in a switching cycle [image: ], the conduction time of the MOSFET and diode [image: ], [image: ] can be expressed as follows:


[image: ]



(17)







During a carrier cycle, the current changes very little and the current can be regarded as the current of the output side, since the AC side relates to the load. Figure 6 is a diagram about the output phase voltage and the phase current of the inverter according to Formula (16). The area where the current is positive needs to be calculated.


Figure 6. Partial partition of AC output of two-level inverter.
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The on-state loss of the MOSFET is as follows:


[image: ]



(18)







The on-state loss of the anti-parallel diode is as follows:


[image: ]



(19)







Formulas (18) and (19) are calculated separately:


[image: ]



(20)






[image: ]



(21)







The power losses of these three bridge arms are the same, thus the total on-state loss of the two-level inverter in the SPWM modulation is shown as follows:


[image: ]



(22)







The switching loss of devices can be expressed as follows:


[image: ]



(23)




where [image: ], [image: ] are the turn-on and turn-off energy losses at a certain time, [image: ] is the frequency output of current and N = fs/fout. When the N is very large (i.e., the carrier frequency is much larger than the fundamental frequency), Formula (23) can be expressed as an integral. Then we simply need to calculate the area where the current is positive, then the switching loss of the single switch is as follows:


[image: ]



(24)




thus, the total switching loss of the three-phase inverter is:


[image: ]



(25)







The formula method must use the precise analysis of the circuit principle and the data of the datasheet of the SiC MOSFET device. However, the formula method also has the shortcoming that the device data are measurement data under ideal conditions and are different from data measured under practical application conditions. Additionally, the formula method can only estimate the system loss under a certain condition, once the key parameters of the system have changed, the loss estimation must be repeated, which results in time-consuming and laborious optimization work.





3. The Loss Estimation by Experimental Parameter Extraction and Simulation Model


To facilitate the selection of the switching frequency and efficiency improvement of the converter, it is necessary to establish an effective loss model which can be easily generalized. The mockup of the converter system is replicated using PLECS simulation software. The software has the advantage of model simulation, which makes it possible and easy to measure the on-state loss and switching loss of the switching device by using the probe module, according to the data of the switching device. Additionally, combining the cycle mean value unit and periodic pulse mean module in the PLECS module library with the probe component, the software can transform the instantaneous value of loss into the average loss and can express the average loss intuitively, which facilitates the generalization of the model.



3.1. The Characteristics of the 1700 V/225 A SiC MOSFET


Generally, the key parameters of the device can be found in the datasheet given by the manufacturer but the measurement environment of the manufacturer and working state of the device are very different from the actual application, thus there is a certain degree of error between the actual dynamic and static characteristics of the device and the characteristics of the datasheet. To ensure the accuracy of the loss simulation model, it is necessary to test some key parameters of the devices [25,26,27,28].



3.1.1. The Static Characteristics of SiC MOSFET by Experiment


The saturation voltage drop of the SiC MOSFET and the forward voltage drop of the anti-parallel diode affect the on-state loss of the devices. Therefore, it is necessary to take precise measurements in order to ensure the accuracy of the model. Figure 7 shows the curves of the saturation voltage drop of MOSFET and forward voltage drop of the diode at different temperatures.


Figure 7. V–I characteristics of SiC MOSFET and antiparallel SiC diode at different temperatures.



[image: Energies 10 02018 g007]






Figure 7 shows that the saturation voltage drop of the SiC MOSFET and forward voltage drop of the anti-parallel diode are increasing as the temperature increases. This will lead to the on-state loss increasing, in practical applications, at which time it can be seen that the change of the MOSFET saturation voltage drop becomes significant. Concurrently, under the condition of the same temperature, the saturation voltage drop increases with the increase of current passing through the device, as expected.




3.1.2. The Dynamic Characteristics of SiC MOSFET by Experiment


To accurately grasp the dynamic performance of SiC devices, the selected SiC devices are tested by means of a double pulse test platform. The double pulse test circuit is shown in Figure 8. The circuit adopts a single-arm structure and the test object of the MOSFET module is shown in the figure. Then, the [image: ] and [image: ] of the device, under certain conditions, are calculated by measuring the [image: ] and [image: ] of the SiC MOSFET in the red circle.


Figure 8. Circuit of Double-Pulse test.



[image: Energies 10 02018 g008]






Figure 9 shows the DP test waveform. Concluding the first pulse, the inductor current reaches the desired device current of the test and the device is tested for turn-off characteristics. During the OFF condition of the device, the inductor current free wheels through FWD and remains almost the same until the next ON pulse. When the second pulse begins, the device is tested for turn-on characteristics.


Figure 9. Waveforms of DP test.



[image: Energies 10 02018 g009]






The turn-on waveform at 750 V and 200 A with gate resistance [image: ] of 15 Ω is shown in Figure 10. The turn-off waveform is shown in Figure 11. The single turn-on and turn-off energy of the SiC MOSFET can be calculated by the overlapping regions of voltage and current.


Figure 10. Turn-on characteristics with [image: ] and [image: ].



[image: Energies 10 02018 g010]





Figure 11. Turn-off characteristics with [image: ] and [image: ].



[image: Energies 10 02018 g011]






Figure 12 shows the switching energy at different device currents and voltages measured and plotted. The gate resistance is 15 Ω and hot-plate temperature is controlled at 125 °C to ensure that the junction temperature [image: ] of the device is at 125 °C Both the [image: ] and [image: ] increase almost linearly with the current. The voltage affects the switching losses of the device proportionally.


Figure 12. [image: ] and [image: ] asured with [image: ] and [image: ] at different device currents, [image: ] and different voltages, [image: ].



[image: Energies 10 02018 g012]








3.2. The PLECS Simulation Model


The boundaries of the simulation use the actual system parameters, as shown in Table 1 and the switching devices (including rectifier) are all CREE’s SiC MOSFET module CAS300M17BM2. The high-frequency DC/DC converter simulation model and the three-phase inverter simulation model are shown in Figure 13. The loss of the device is determined by the actual working conditions of the circuit. The average conduction loss and average switching loss of the device can be calculated by the relevant modules in the PLECS module library.


Figure 13. The PLECS loss simulation model, (a) the model of the DC/DC converter, (b) the model of the three-phase inverter.



[image: Energies 10 02018 g013a][image: Energies 10 02018 g013b]






The device test data in Section 3.1 are substituted into the device thermal description file of the loss simulation model, as shown in Figure 14. This allows the data of the dynamic and static characteristics of the switching devices to be closer to the device data for practical application.


Figure 14. The device thermal description file.



[image: Energies 10 02018 g014]







3.3. The Results of the Formula Model and Simulation Model


According to the formulas in Section 2.3 and Section 2.4 and the conditions shown in Table 2, the theoretical calculation results of the on-state loss and switching loss of each part in the auxiliary converter system can be obtained. Comparing these with the PLECS loss simulation model values, the results shown in Table 3 can be obtained.



Table 2. The parameters of theoretical calculation.







	
Parameter

	
Value

	
Parameter

	
Value






	
[image: ]

	
750

	
[image: ]

	
25




	
[image: ]

	
650

	
[image: ]

	
40




	
[image: ]

	
7

	
[image: ]

	
10




	
[image: ]

	
5

	
[image: ]

	
0.95




	
[image: ]

	
8

	
[image: ]

	
0.994




	
[image: ]

	
1.7

	
[image: ]

	
87










Table 3. Loss comparison of simulation and theory.







	
Module

	
Theoretical Calculation Values

	
Simulated Values




	
On-State Loss/W

	
Switching Loss/W

	
On-State Loss/W

	
Switching Loss/W






	
Full-bridge inverter

	
230.98

	
1926.88

	
311.6

	
1733.6




	
Rectifier

	
338.56

	
-

	
403.2

	
-




	
Three-phase inverter

	
118.32

	
92.04

	
160.8

	
117.6










The on-state loss values of simulation are generally slightly greater than those of the theoretical calculations, since the device data used in the simulation are measured under actual conditions, which are slightly higher than the ideal values in the datasheet. Therefore, the on-state losses in the simulation are all slightly higher than the theoretical values. However, the results obtained by the simulation are in good agreement with theory considering the proportion and their distribution of the losses. It is thus proven that the simulation model is consistent with the theory. The actual loss of switches in the converter should be measured in the experiments to verify the validity of theory and simulation.





4. Experimental Results of SiC-Based Auxiliary Converter


Using the SiC auxiliary converter prototype shown in Figure 15, the waveforms and losses are measured when the power of the system is about 40 kW. The prototype topology is shown in Figure 1.


Figure 15. The auxiliary converter.



[image: Energies 10 02018 g015]






Since the switching device is the SiC module, it is impossible to observe the current [image: ] through the MOSFET, thus the author measured the output current of the module. Figure 16 is the full-bridge inverter module experimental waveform with 40 kHz frequency. It can be seen from the waveform that the phase relationship between the transformer current [image: ] and the switching device’s voltage [image: ] is the same as the theoretical analysis. The rectifier waveform is poor, due to the voltage shock which exists during the period when the current is basically zero. The three-phase inverter module experimental waveform is ideal, with a 10-kHz switching frequency, which signifies that the output has a low voltage harmonic content, as shown in Figure 17.


Figure 16. The full-bridge inverter waveform.



[image: Energies 10 02018 g016]





Figure 17. The rectifier waveform and three-phase inverter waveform.



[image: Energies 10 02018 g017]






Using the module input and output power as shown in Figure 18, the total loss of each module is verified. The measurement waveforms and results revision process are shown in Appendix A. The following table is a comparison of the experimental results with the theoretical calculation values and simulated values.


Figure 18. Position of power measuring points.



[image: Energies 10 02018 g018]






Table 4 demonstrates that, overall, the simulated value is closer to the experimental value than the theoretical calculation value, which signifies that the simulation model has a higher reference value. The theoretical calculated loss of the full bridge inverter and three-phase inverter are close to the experimental value. However, there is a significant gap between the theoretical calculated value and the experimental value of the rectifier. The forward voltage of the rectifier diode, in the PLECS simulation model, used measured values while in the theoretical calculation, the forward voltage of the rectifier diode is set to a typical value from the datasheet, which makes the theoretical calculated loss of the rectifier diode slightly lower.



Table 4. Loss comparison of simulation, theory and experiment.







	
Module

	
Theoretical Calculated Value/W

	
Simulated Value/W

	
Experimental Value/W






	
Full bridge inverter

	
2157.86

	
2045.2

	
2144.73




	
Rectifier

	
338.56

	
403.2

	
468.89




	
Three-phase inverter

	
210.36

	
278.4

	
254.05










The above comparison table demonstrates that, overall, the simulated value is closer to the experimental value than the theoretical calculation value, which signifies that the simulation model has a higher reference value. The theoretical calculated loss of the full bridge inverter and three-phase inverter are close to the experimental value. However, there is a significant gap between the theoretical calculated value and the experimental value of the rectifier. The forward voltage of the rectifier diode, in the PLECS simulation model, used measured values while in the theoretical calculation, the forward voltage of the rectifier diode is set to a typical value from the datasheet, which makes the theoretical calculated loss of the rectifier diode slightly lower.



Figure 19 shows the full bridge inverter module when taken out of the system. It can be seen that the SiC device and radiator is at the bottom of the system. Once the prototype is running for a period, the full bridge inverter module, rectifier module and three-phase inverter module is removed from the system to get thermal images.


Figure 19. Location of the SiC device and radiator.



[image: Energies 10 02018 g019]






Figure 20 shows the thermal images of three modules in our system when they are removed from the system after the system running at 40 kW for a period. Our system uses forced air cooling method and it takes a few minutes for us to remove these modules from the system to get thermal images, therefore the temperature is a little lower than the actual temperature. Figure 20a shows the thermal image of the full bridge inverter module and its average temperature is at about 38.6 °C. Figure 20b shows the thermal image of the rectifier module whose average temperature is at about 26.5 °C and the thermal image of the three-phase inverter module whose average temperature is at about 25 °C. The radiators in three modules are the same, therefore their average temperatures are directly proportional to their power consumptions. It can be seen that the temperature of the full bridge inverter module is higher than the temperature of the other two modules, and the temperature of the three-phase inverter module is closer to that of the rectifier module. These differences can prove the conclusion about the loss distribution to some extent.


Figure 20. The thermal images of three modules (a) the full bridge inverter; (b) the rectifier and the three-phase inverter.



[image: Energies 10 02018 g020]







5. Conclusions


The main work of this paper was to establish a loss model of a tram SiC auxiliary converter. During the process of building this loss model, first, according to the circuit topology and parameters, theoretical calculation formulas of the SiC device losses for the auxiliary converter were derived. Based on the relevant parameters of the device data, the loss of each part in the system was estimated by formulas. Then, the static and static characteristics of the Cree’s SiC MOSFET module selected in this auxiliary converter were tested and the test results were used in the PLECS loss simulation model. According to the actual parameters of the prototype, the PLECS loss simulation model was built. The simulation model did accurately calculate the loss of each part in the system. Finally, through comparison with the SiC auxiliary converter experiment results, it was confirmed that the loss calculation theory and the loss simulation model is valuable. Additionally, the thermal images of the system proved the conclusion about the loss distribution to some extent. Moreover, the loss model in this paper has the advantages of less variables and fast calculation. When engineers need to estimate the switching losses of the same topology converter in this paper for subsequent switching frequency optimization selection and efficiency improvement, they can refer to the loss model established in this paper.
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Appendix A


The appendix is a supplementary description of the experimental results and describes how the experimental data shown in Table 4 were obtained.



Figure 18 shows the measured total loss of each module (including full bridge inverter, rectifier and 3-phase inverter) by the input and output power of the module.



The total loss of the full bridge inverter (including switching loss and on-state loss) was obtained by using the waveform shown in Figure A1. The waveform data are extracted into Matlab to calculate the average power difference. Following calculation, the average input power is about 43,268.98 W and the average output power is about 41,124.25 W. Then the total loss of the full bridge inverter, which is about 2144.73 W is obtained.


Figure A1. The waveform for full bridge inverter loss.



[image: Energies 10 02018 g0a1]








The total loss of the rectifier was obtained by using the waveform shown in Figure A2. Similarly, the waveform data were extracted into Matlab to calculate the average power difference. Following calculation, the average input power was about 40,145.25 W and the average output power was about 39,536.65 W. Then the total loss of the rectifier, which is about 608.6 W, is obtained. However, the voltage and current oscillations at the secondary side of the transformer can be seen; this oscillation will increase the loss of rectifier. When using MATLAB to calculate the loss, if the power of the oscillation stage is not considered, then the power loss of the rectifier is about 468.89 W.


Figure A2. The waveform for rectifier loss.



[image: Energies 10 02018 g0a2]








The output power of the three-phase inverter was obtained by using the waveform shown in Figure A3. The single-phase voltage and current at the output side in the three-phase inverter was measured. Subsequent to calculation, the average input power was about 39,207.92 W. Then the total loss of the 3-phase inverter, which was about 329.65W, was attained. It should be noted that this loss included the loss of the output side filter due to the positions of the measuring points shown in Figure 18. Through measuring, the equivalent resistance of the filter inductance was acquired, which was about 7 mΩ, meaning the total loss of the filter was about 75.6 W. Thus, the loss of the three-phase inverter in Table 4 is a revised result, which is 254.05 W.


Figure A3. The waveform for three-phase inverter loss.
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