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Abstract

:

The bidirectional dc-dc converter is a critical component for extending the use of renewable energy and improving the efficiency of high-power electronic systems. This paper presents the analysis of the stray inductance of a commutation loop and the commutation behavior of IGBT devices in a flying capacitor three-level bidirectional DC-DC converter (FC-3L-BDC) phase-leg power electronic building block (PEBB). An FC-3L-BDC phase-leg PEBB was designed as an example, which can be used to build 400 kW to MW-grade light rail train chargers, battery energy storage interface converters, or metro regenerative braking energy recovery converters with a single PEBB or several PEBBs interleaved parallel. In order to optimize the stray inductance of commutation paths and realize snubberless operation, a five-layer laminated bus bar was carefully designed, and the stray inductance of the bus bar was extracted by three-dimensional finite element analysis simulation. To obtain higher accuracy, the stray inductances of IGBT devices and capacitors were extracted from the test instead of their datasheets. Then, the accuracy of the commutation loop stray inductance analysis method was verified by practical experiments. The impact of the stray inductance of the commutation loop on the commutation behavior of IGBT devices was analyzed, and the switching characteristics of IGBT devices were measured under maximum DC-link voltage and entire current rating range at the temperatures of −40 °C, 25 °C, and 150 °C, respectively, finding that neither the excessive turn-off overvoltage of IGBTs nor the snappy reverse recovery of FWDs was observed.
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1. Introduction


According to the sixth assessment report of the intergovernmental panel on climate change (IPCC), the likely range of total human-caused global surface temperature increase from 1850–1900 to 2010–2019 is 0.8 °C to 1.3 °C, with the best estimate of 1.07 °C. It is likely that well-mixed greenhouse gases (GHGs) contributed to a warming of 1.0 °C to 2.0 °C [1]. Reducing GHG emissions requires major transitions, including a substantial reduction in overall fossil fuel use, the deployment of low-emission energy sources, switching to alternative energy carriers, and improving energy efficiency and conservation [2].



Renewable energy source (RES) utilization and energy efficiency improvement have drawn a lot of attention in recent years. With the rapid development of power electronics, RESs represented by photovoltaic (PV), wind power, and fuel cells (FCs) will become the dominant energy in the future [3,4]. To compensate for the intermittency of RESs, energy storage devices (ESDs) such as batteries are integrated to the renewable power system. Similarly, in the FCs’ power system, an auxiliary energy source such as a battery or a supercapacitor must be introduced to improve the dynamic characteristics, enhance the peak power capacity, and power the load during cold start. Therefore, a bidirectional DC-DC converter needs to be inserted between the DC bus and ESD to regulate the DC bus voltage by absorbing/supplying power from the ESD in the DC microgrid based on RESs and the FCs’ power system [5,6,7].



High-power electric drives, such as metro and light rail, have a strong demand for efficiency improvement. Taking the metro as an example, the research shows that 40% of the total power consumption is spent on train braking [8], and if the regenerative braking energy recovery measures are not taken, the utilization rate of the regenerative energy of the subway system is only 30% [9]. Energy storage systems (ESSs) represent a very interesting option to store the metro vehicle’s braking energy and to reuse it. Several solutions have been proposed to realize ESSs: new battery technologies [10,11], supercapacitors [12,13], and flywheels [8,14]. Among them, ESSs based on a supercapacitor and battery seem to be the most attractive [13,15]. A bidirectional dc-dc power converter is used to control the energy flow and charge state of ESSs.



It is obvious that the bidirectional dc-dc converter is the key equipment for extending the use of renewable energy sources and improving the energy efficiency of high-power electronic systems, including city rail transit, electric drives, etc. In order to improve system efficiency, the nonisolated three-level topology is the most popular. The flying capacitor (FC) topology realizes three-level operation through the parallel capacitor in the midpoint of the upper and lower arms, whose input ground and output ground are common and phase legs could be interleaved parallel. In this way, the system capacity could be extended flexibly, and the output ripple current could be decreased [3]. These characteristics are significant for product lineages with different power capacities.



Different control strategies of the flying capacitor three-level bidirectional dc-dc converters (FC-3L-BDC) are presented in [3,16,17,18,19,20,21,22], such as linear control and finite control set model predictive control (FCS-MPC). However, there is no literature proposing a hardware design methodology and evaluation method for FC-3L-BDC in high-power applications. PEBB is the core part of the power converter system and is the execution unit of energy conversion, which determines the efficiency and reliability of the system. It is vitally important to optimize the stray inductance of the commutation loop in the design of a PEBB [23] because the stray inductance of the commutation loop limits the maximum switching speed of IGBT devices and affects the switching losses of the IGBT devices, and an excessive stray inductance of the commutation loop can lead to overvoltage or overpower failure of IGBT devices [24,25].



In order to clarify the design method of a cost-effective, high-power-density FC-3L-BDC PEBB, a detailed study was carried out in this paper from the following aspects and an FC-3L-BDC phase-leg PEBB was designed, which can be used to build 400 kW to MW bidirectional DC-DC converters for light rail train chargers, metro regenerative braking energy recovery, energy storage in DC microgrids, etc.



The following topics are discussed in this paper:




	
The selection procedure of IGBT devices regarding isolation and blocking voltages.



	
Step-by-step analysis of how the stray inductance is presented in the commutation paths of FC-3L-BDC and the influences of stray inductance on the switching behavior of IGBT devices.



	
Design guidelines of an FC-3L-BDC phase-leg PEBB with an extremely low commutation stray inductance and high isolation voltage.



	
The accurate stray inductance measurement of a capacitor and single IGBT in a half-bridge package and stray inductance estimation and verification of the FC-3L-BDC phase-leg PEBB.



	
Checking for the turn-off and coupling overvoltage of IGBTs over the entire current range, and snappy reverse recovery of FWDs at one-tenth of the nominal current of IGBT devices.








The rest of this paper is organized in the following way. In Section 2, the operation principle of the FC-3L-BDC is analyzed. In Section 3, the commutation paths for the FC-3L-BDC are analyzed. Furthermore, the influences of stray inductance and coupling effects between the inner commutation loop and outer commutation loop are analyzed. In Section 4, the design of an FC-3L-BDC phase-leg PEBB is presented. In Section 5, the stray inductance of the bus bar, the DC-link capacitor, the flying capacitor, and the IGBT of the PEBB are extracted. In Section 6, the test bench is described, and the experimental results are shown. Finally, conclusions are given in Section 7.




2. Operation Principle of FC-3L-BDC


The topological structure of an FC-3L-BDC is shown in Figure 1. VH is the high side voltage corresponding to the DC bus. VL is the low side voltage corresponding to the energy storage device. CD is the dc-link capacitor. L is the energy storage inductor, and CFLY is the flying capacitor. V1, V2, V3, and V4 are four power semiconductor switches. The drive signals of V1 and V4, V2, and V3 are complementary. The drive signals of V1 and V2, V3, and V4 are alternate, and their carrier shifts 180°.



The FC-3L-BDC can transmit energy in two directions. When the energy flows from VH to VL, it works in buck mode. V1 and V2 are active switches, and V3 and V4 operate in a freewheel state. When the energy flows from VL to VH, it works in boost mode. V3 and V4 are active switches; V1 and V2 operate in a freewheeling state. The only difference between buck and boost modes is that the inductor current is in the opposite direction.



Figure 2 show the key waveforms of an FC-3L-BDC. The voltage conversion ratio of FC-3L-BDC is the same as the two-level buck/boost converter [26].




3. Analysis of Commutation Paths of FC-3L-BDC


In the FC-3L-BDC, according to the energy transmit direction and the voltage relationship between the high-voltage side and the low-voltage side, the working modes of the converter can be divided into four different types, as shown in Table 1.



3.1. Commutation Paths


The current paths in different switch statuses in each mode are shown in Figure 3, Figure 4, Figure 5 and Figure 6. In one period, there are three current paths and two commutation paths in each mode. When D < 0.5, the freewheeling current paths are the same for buck and boost modes. When 0.5 < D < 1, the current paths of active switches conducted are the same for buck and boost modes. The current paths of the outer active switches conducted are represented by the red dashed line, and the corresponding freewheeling current paths are represented by the green dashed lines. The loops surrounded by the nonoverlapping paths of the red and green dashed lines are the outer commutation paths in each mode. Similarly, the current paths of the inner active switches conducted are represented by the blue dashed lines, and the corresponding freewheeling current paths are represented by the purple dashed lines. The inner commutation paths are the loops surrounded by the nonoverlapping paths of the blue and purple dashed lines in each mode.



All of the commutation behaviors take place between one IGBT and one FWD. As shown in Figure 3, Figure 4, Figure 5 and Figure 6, the IGBTs and the FWDs, which are marked by a cyan circle, experience turn-on/off losses and reverse recovery losses. Although three devices are involved in the commutation process, only one IGBT experiences turn-on and turn-off, only one FWD experiences reverse recovery, and the remaining IGBT devices continuously conduct current. The active IGBT, the reverse recovery FWD, and commutation paths are shown in Table 2.



As shown in Table 2, there are two different types of commutations with respect to switching loss distribution and stray inductance (Lσ) in each mode. Comparing D < 0.5 and 0.5 < D < 1 for buck mode and boost modes, although the current paths are different as shown in Figure 3, Figure 4, Figure 5 and Figure 6, the switching loss distribution and commutation paths are the same. The current paths and commutation paths in buck mode and D < 0.5 are the same as those in boost mode and 0.5 < D < 1. Similarly, the current paths and commutation paths in buck mode and 0.5 < D < 1 are the same as those in boost mode and D < 0.5.



From the perspective of commutation paths, there are only two paths in all working modes. In Figure 3, Figure 4, Figure 5 and Figure 6, the outer commutation paths are shown by the loops surrounded by red and green dashed lines, and the inner commutation paths are shown by the loops surrounded by blue and purple dashed lines. The Lσ of the outer commutation path (Lσ_O) is always greater than the Lσ of the inner commutation path (Lσ_I) because the length of the outer commutation loop is longer, and both dc-link capacitors and flying capacitors are involved in the commutation process. This paper mainly focuses on the two different types of commutation behavior with respect to Lσ of the commutation path.




3.2. The Influences of Commutation Path Stray Inductance


The switching behavior of IGBTs is always significantly influenced by Lσ.



When the IGBT turns on, a higher Lσ leads to a smaller IGBT collector current slope (diC/dt), a smaller FWD forward current slope (diF/dt), a larger drop in the IGBT collector–emitter voltage when the IGBT collector current sets in, and lower IGBT turn-on losses (Eon). However, the higher the FWD reverse recovery losses (Err) and peak reverse recovery power of FWD, the higher the FWD reverse recovery overvoltage [23].



When the IGBT turns off, a higher Lσ leads to a smaller IGBT collector current gradient (diC/dt), a smaller FWD forward current gradient (diF/dt) before reaching the tail current region, a higher collector–emitter overvoltage, higher IGBT turn-off losses (Eoff), and a less pronounced IGBT collector tail current [23].



Since the inner and outer commutation paths have common paths, the diC/dt of the inner commutation loop during IGBT turning on induces a coupling overvoltage on the IGBT devices of the outer commutation loop, which is in the blocking state, and vice versa. In any case, the voltage of collector–emitter of IGBT devices must not exceed the IGBT blocking voltage.





4. The Design of FC-3L-BDC Phase-Leg PEBB


The FC-3L-BDC phase-leg PEBB was designed for an inductor current of 400 Arms for continuous operating and of 600 Arms for intermittent operating, with a maximum voltage of 1.8 kV on the high-voltage side and 1kV on the low-voltage side. Force-air cooling is used for IGBT heat dissipation of the PEBB. The designed operating temperature range of the PEBB is −30 °C to 50 °C, within which the output power should not be derated up to 2000 m above sea level and the switching frequency of IGBT is up to 2000 Hz. With a single PEBB or several PEBBs, a common DC-link bus and low-voltage side are interleaved parallel, and a 400 kW to MW-grade FC-3L-BDC could be built for light rail vehicle chargers, metro regenerative braking energy recovery, and energy storage converters in DC microgrids. The PEBB design allows the terminals of “H−” or “L−” to connect directly with ground in light rail and metro applications.



The design of a PEBB must satisfy the requirements of isolation voltage, clearance, and creepage distances according to the corresponding standards.



4.1. Selection of IGBT Devices


The new PrimePACK IGBT half-bridge and chopper devices with internal NTC offer a specially optimized concept for integration in modern converters. The most important benefits are improved thermal properties, low stray inductance, and a wide range of operating temperatures, making these devices a preferred choice for a powerful, compact, and modular converter design [27].



The maximum dc-link voltage is 1.8 kV, which leads to a careful consideration of the isolation voltage of all the components in the PEBB in detail. According to [28], for a system voltage of 1.8 kV, the test voltage to verify the dielectric strength is 5 kVrms. The insulation voltage of PrimePACK is 4 kVrms, which cannot directly meet the insulation requirement. In order to meet the insulation requirement, an external insulation strengthening method can be used. In this paper, a floating heat sink is used for improving PEBB isolation to ground. The PEBB is mounted on the cabinet with epoxy structural parts, making the PEBB and heat sink isolated from the system ground. Regarding the selection of the rated voltage of the IGBT device, the DC-link voltage of the converter was mainly considered, and the empirical formula shown in (1) could be used for estimating the blocking voltage of the IGBT device.


   V  CES   =  V  DC   ( 1 + S ) ,  



(1)







VCES is the collector–emitter voltage of IGBT. VDC is the maximum DC-link voltage. For a three-level topology, VDC is equal to half of the high side voltage. S is the safety margin coefficient. If the stray inductance of commutation paths is small, a safety margin coefficient of 50% should be selected; if the stray inductance of commutation paths is relatively high, a safety margin coefficient of 60% should be selected. The IGBT, whose blocking voltage is above and closest to the calculated value, was finally selected [23]. The designed PEBB operates within a maximum DC-link voltage of 1.8 kV on the high-voltage side. The voltage of the IGBT device in the off state is 900 V, hence the IGBT device with a blocking voltage of 1.7 kV should be used.



The 1.7 kV PrimePACK IGBT devices have three kinds of packages, as shown in Figure 7. The power losses and junction temperature of IGBT devices have been simulated by IPOSIM based on the typical thermal resistance of the force-air cooling and system electrical parameters. Only FF1400R17IP4 with PrimePACK3 package and FF1500R17IP5/FF1800R17IP5 with PrimePACK3+ can meet the application requirements. From the perspective of economy, FF1400R17IP4 with PrimePACK3 package, which is widely used in industry and renewable energy applications, was finally selected.



FF1400R17IP4 can operate with a junction temperature from −40 °C up to 150 °C. The stray inductance of the IGBT package is only 10 nH, covering the path between the upper and lower switch, which is reasonable for two-level converters. In FC-3L-BDC application, two FF1400R17IP4 in series connection constitute an FC-3L-BDC phase leg and directly using the stray inductance given by datasheet underestimates the stray inductance of commutation paths, the reason for which will be analyzed in detail in Section 5.




4.2. Description of PEBB


The design of power converters based on the PEBB concept pursues the following three main objectives.



	
Cost effectiveness, by using industry-standardized IGBT devices and metal film capacitors.



	
Production efficiency, by using a laminated bus bar.



	
Maintainability, by using force-air cooling and a single phase-leg configuration. Only the flying capacitors are integrated in the PEBB. The high-voltage-side DC-link capacitors are installed in the converter cabinet. In this approach, the weight of the PEBB can be minimized.






Figure 8a shows the 3D models of the PEBB, the DC-link capacitors, and the DC-link bus bar. The PEBB contains the following elements: IGBT devices, IGBT gate drivers, laminate bus bars, the heat sink, and flying capacitors. Figure 8b shows the simplified electrical scheme of the PEBB, and the capacitors marked by the red dotted box are DC-link capacitors and the DC-link bus bar, both of which are installed in the converter cabinet. The DC-link capacitors are composed of 20 metalized polyethylene capacitors with 0.92 mF, 1100 V, and 90 A for each capacitor, and these capacitors are arranged in a 10p2s configuration (10 capacitors in parallel and 2 capacitors in series).



The entire power interconnections of the PEBB are composed of two laminated bus bars, “A” and “B”. The designed isolation voltage between any layers of bus bar A is 6 kVrms, since the differential voltage between the layers is 1.8 kV in normal operation. The designed isolation voltage between the two layers of bus bar B is 4 kVrms because the differential voltage between the two layers is 0.9 kV in normal operation. The laminated bus bar of B is mounted on top of the laminated bus bar of A. Two rows of copper rings riveted on the laminated bus bar of A are used for connecting the high-voltage side of the PEBB to the common dc-link of the converter. The laminated bus bar of A has an L-shaped terminal, which is used for connecting the PEBB to the filter inductor of the low-voltage side. The laminated bus bars have been manufactured by ROGES CORP. The flying capacitor is composed of six parallel metalized polyethylene capacitors with 0.4 mF, 1100 V, and 60 A for each capacitor. The flying capacitors and two half-bridge IGBT devices are connected by bus bar B.



The stray inductance Lσ of commutation paths is the most important parameter for designing the power interconnection of the PEBB. An excessively high stray inductance can cause an IGBT turn-off and FWD reverse recovery voltage spike to exceed the blocking voltage of the IGBT device and increase the EMI. In the condition of high Lσ, high DC-link voltage, high current, and low junction temperature, the IGBT produces the highest turn-off overvoltage. In the condition of high Lσ, high DC-link voltage, low forward current, and low junction temperature, it is likely that the fast-recovery power diode produces excessive voltage spikes due to snappy recovery. These effects can destroy the IGBT and FWD, which ultimately causes a circuit failure [29]. If a turn-off voltage spike exceeding the blocking voltage or snappy recovery is detected, it requires reducing the IGBT turn-on/off speed or adding snubber circuits. Both measures are not desired in the process of the PEBB design because these measures often induce more power losses in IGBT devices or snubber circuits, which also increase the cost and complexity of the system. Therefore, the PEBB was designed without snubber circuits.



To realize snubberless operation, the stray inductance of each commutation path must be minimized. Decreasing the self-stray inductance of each current path and increasing the mutual inductance among the current paths in which the switching current flows in opposite directions are effective approaches. The copper planar sheets are used as conductors in each layer because the copper planar sheet has less self-stray inductance than wire [30]. In order to further decrease the stray inductance, copper planar sheets with opposite commutation current directions are grouped together, taking advantage of the subtractive mutual inductance reducing the overall stray inductance of commutation paths. The equivalent stray inductance of a set of two coupled conductor layers, “1” and “2”, can be shown as follows [30]:


   L  σ 12   =  L  σ 1   +  L  σ 2   + 2  M  σ 12   ,  



(2)




where Lσ1 and Lσ2 are the self-stray inductance of each conductor layer and Mσ12 is the mutual coupling inductance between layers. If the current in “1” and “2” flows in opposite directions, the mutual coupling inductance is negative. It is clear that the overlap between the conductor layers is the key point to obtaining a laminated bus bar with low overall stray inductance. The following principles are the design reference of how to determine the placement of the IGBT devices.



	
A symmetrical layout should be adopted. Actually, if the placement direction of IGBT devices is consistent and aligned, the symmetry of the layout can be guaranteed.



	
Reduce the difference in stray inductance between the outer and inner commutation paths. Reduce Lσ_O as much as possible.



	
Completely overlap the copper planar sheets in each layer.



	
Since the commutation current directions of “H−” and “H+” layers are opposite, the two layers should be arranged next to each other.



	
Since the commutation current directions of “FLY+”, “FLY−”, and “LA” layers are opposite, the three layers should be arranged next to each other.






The final placement of IGBT devices and the polarity placement of the bus bar are shown in Figure 9. The IGBT is denoted as “Mn”, where “n” goes from 1 to 2. The half-bridge IGBT device M1 corresponds to V1 and V2 shown in Figure 8. The half-bridge IGBT device M2 corresponds to V3 and V4 shown in Figure 8.



The three-layer bus bar A is mounted on IGBT devices, and the two-layer bus bar B is overlapping with bus bar A. The five-polarity conductor plates are shown in different colors. The conductor planar sheets, from bottom to top, are “H−” (red), “H+” (blue), “LA” (yellow), “FLY−” (brown), and “FLY+” (purple).



The IGBT devices are mounted on the heat sink. Each IGBT device is controlled by a self-designed IGBT gate driver with a 0.9 Ω turn-on gate resistor, 1.6 Ω turn-off gate resistor, +15 V turn-on gate–emitter voltage, and −15 V of turn-off gate–emitter voltage.




4.3. Clearance and Creepage Distances


The power converter was designed for a nominal voltage of 1.8 kV. According to [28], the minimum value of the required rated insulation voltage is 1.8 kV, and overvoltage category III (OVC III) is applied since the circuits are powered by a contact line but with less harsh overvoltage. The clearance and creepage distances of PEBB must conform to the corresponding standard, the values of which depend on the electrical surge, the protection measures, and the pollution of the installation place. Clearance distances are dimensioned by the rated impulse voltage and pollution degrees. The rated impulse voltage is defined by the rated insulation voltage and overvoltage category. According to [31], for a rated insulation voltage of 1.8 kV and OVC III, the corresponding impulse voltage is 10 kV, and a minimum clearance distance of 11mm is required for equipment up to 2000 m above sea level. Creepage distances are determined by the working voltage, the comparative tracking index (CTI) of insulating materials, and the pollution degree. Creepage distances should be large enough to prevent long-term degradation of the surface of solid insulators. For a system voltage of 1.8 kV and a pollution degree of level 3, a minimum creepage distance of 18 mm is required for material groups III (175 ≤ CTI < 400). For all the customized components present in the PEBB and in the final power converter, a minimum clearance of 11 mm and a minimum creepage distance of 18 mm are required.





5. Stray Inductance Estimation


In this section, to estimate the stray inductances (Lσ) of commutation paths of PEBB, a 3D model was established on the basis of the physical layout. The parasitic parameters of commutation paths were extracted by 3D-FEM software, which is based on a simplification of Maxwell’s equation called the quasistatic approximation. In this way, it is assumed that the size of the underanalysis structure is small compared to the wavelength at the maximum frequency of interest. A general rule of thumb is that the size of the structure should be less than one-tenth of the wavelength. The highest frequency component in the PEBB determines the critical frequency of the system [30]. In this case, this frequency corresponds to the rise time (tr) of the FF1400R17IP4 IGBT device used in PEBB, which, from the manufacturer’s given information, is around 0.13 μS, imposing a critical frequency (fc = 1/(2‧π‧tr)) around 1.22 MHz. One-tenth of the critical component wavelength is 24.5 m, which is far greater than any point-to-point distances within the PEBB and converter. Under the quasistatic approximation, the coupling between magnetic and electric fields can be neglected, and this assumption allows the software to solve very complicated structures in an efficient way. If the structure is larger than one-tenth of the wavelength, a full-wave field solver which considers the two-way coupling between the electric and magnetic fields can be used. In order to extract the inductance corresponding to the actual working frequency, a frequency sweep simulation is performed, and the inductance at the critical frequency of the system is extracted.



5.1. Lumped Stray Inductance Model of PEBB with Mutual Coupling Consideration


Whether a lumped parameter model or a transmission line model is required to analyze a bus bar stray inductance is determined by the critical frequency in the PEBB. A transmission line model is required when the longest point-to-point current path of a bus bar is larger than a quarter of the critical component wavelength (λc = c/fc) [30]. For a critical frequency of 1.22 MHz, a quarter of the wavelength is 61.5 m; the length is far greater than any point-to-point distance within bus bars, so using the lumped stray inductance model is adequate.



Since the capacitor, bus bar, and IGBT are not ideal electronic devices, they have parasitic resistance, parasitic capacitance, and stray inductance, where the effects of parasitic resistance and parasitic capacitance on the commutation behavior of the IGBT can be neglected and only their stray inductance is considered. According to the electrical scheme of FC-3L-BDC in Figure 8, a lumped stray inductance model can be obtained as shown in Figure 10.



Where Lσ1 (sum of Lσ11 and Lσ12) is the stray inductance of path LA; Lσ2 is the stray inductance of path FLY+; Lσ3 is the stray inductance of path FLY−; Lσ4 (sum of Lσ41 and Lσ42) is the stray inductance of the path H+; Lσ5 (sum of Lσ51 and Lσ52) is the stray inductance of path H−; Lσ6 is the stray inductance of the connection between the series DC-link capacitors (the path is named CC); Lσ7 is the stray inductance of the upper switch of the IGBT device; Lσ8 is the stray inductance of the lower switch of the IGBT device; Lσ9 is the flying capacitor inductance; and Lσ10 is the internal stray inductance of the dual dc-link capacitor. As shown in Figure 10, the inner and outer commutation paths are shown in red and green dashed loops, respectively.



Mσij is the mutual inductance between any two components within the PEBB, which is not shown in Figure 10. i is not equal to j, and i and j are less than six.




5.2. Estimation of Stray Inductance of Laminated Bus Bars


Stray inductances of bus bars in each commutation loop are extracted by 3D-FEA simulations, taking into account the mutual inductance of each polarity layer. Usually, shorting the cooper planar sheets in each commutation path by adding a short-connect conductor with only two terminals open and extracting the stray inductance of the loop from the two open circuit terminals are used to extract the stray inductance of commutation paths. It is obvious that stray self-inductance of the short-connect conductors and the mutual inductance between the short-connect conductors and the cooper planar sheets of bus bars lead to an inaccurate result. In this paper, an inductance matrix extracting method is used; the sink and source for each cooper planar sheet were separately assigned according to the direction of commutation current, and the stray self-inductance and mutual stray inductance matrix between each cooper planar sheet were extracted by simulation. In this way, the structure of bus bars is not changed, so the result is more accurate. Table 3 and Table 4 show the stray self-inductance and mutual inductance matrix of each polarity’s cooper planar sheets of the bus bar of PEBB at the critical frequency. The parameters on the diagonal in the table are the self-inductance of each current path, and the other parameters are the mutual inductance between the current paths.



Similar to (2), the effective stray inductance of bus bars in each commutation path is calculated according to stray self-inductances and stray mutual inductances of copper planar sheets. Effective stray inductances of inner and outer loops of bus bars are shown as follows:


   L  σ _ I _ B B   =   ∑  i = 1  3    L  σ i     +   ∑  1 ≤ i , j ≤ 3 , i ≠ j     M  σ i j     = 23.87 n H ,  



(3)






   L  σ _ O _ B B   =   ∑  i = 2  5    L  σ i     +   ∑  2 ≤ i , j ≤ 5 , i ≠ j     M  σ i j     = 37.67 n H ,  



(4)








5.3. Stray Inductance of IGBT


The stray inductance of a half-bridge device given by the datasheet covers the full commutation loop between the upper and lower switches. As shown in Figure 11, the chips (IGBT and FWD) of upper and lower switches in PrimePACK3 are arranged as close as possible, and the power connections of “+” and “−” terminals are overlapped, while the distance between the AC, “−”, and “+” terminals is about 20 mm to 23 mm. In two-level converter applications, the commutation path in the IGBT device is from the terminal “+” to “−”, so the stray inductance is extremely low. In the FC-3L-BDC application, the IGBT devices involved in the outer and inner commutation loops are not in the same half-bridge package. Actually, the commutation path in the IGBT devices is from the terminal “+” to terminal “AC” for V1 and V3 and from the terminal “AC” to terminal “−” for V2 and V4, which is different from the test condition of stray inductance given by the datasheet. Therefore, the stray inductance of IGBT devices with a half-bridge package in an FC-3L-BDC application must be retested.



There are two ways to estimate the stray inductance of an IGBT device. The 3D-FEA method is usually used in the design process of an IGBT package. Due to the lack of a precise 3D model, a stray inductance extracting method based on measuring the voltage drop of the diode and the value of diF/dt during the process of diode reverse recovery is used in this paper, as shown in Figure 12.



The stray inductance is extracted during a time interval where the diF/dt is constant and the diode still has not attained its blocking capability, so the voltage drop can only be caused by the stray inductance of the IGBT device. The stray inductance of the IGBT device is calculated according to (5) [32]. Actually, the value of diF/dt is not completely constant during IGBT turn-on and diode reverse recovery transitions, so the result can be influenced by the selection of calculation interval and noise. Taking the integral of the numerator and denominator on the right side of (5) can significantly reduce the influence of calculation interval and noise and obtain more accurate results, so this method could be extended to the measurements of the stray inductance of capacitors, commutation paths, etc.


   L  I G B T   =   Δ  V  C E       d  i C   /  d t     ,  



(5)






   L  I G B T   =      ∫   t 0     t 0  + Δ t    Δ  V  C E   d t         ∫   t 0     t 0  + Δ t    (   d  i C   /  d t   ) d t      =      ∫   t 0     t 0  + Δ t    Δ  V  C E   d t       i C  (  t 0  + Δ t ) −  i C  (  t 0  )   ,  



(6)







Voltage and current waveforms during diode reverse recovery are shown in Figure 13. It is important to note that the upper and lower testing switches must be in two separate packages, or the mutual inductance between the terminals “+” and “−” in the half-bridge package leads to underestimated test values.



Stray inductances of the upper switch (Lσ_upper) and the lower switch (Lσ_lower) of FF1400R17IP4 can be obtained as follows:


   L  σ _ L O W E R   =      ∫   t 0     t 0  + Δ t    Δ  V  C E _ V 2   d t       i  C _ V 2   (  t 0  + Δ t ) −  i  C _ V 2   (  t 0  )   =   8.934 ×   10   − 6     − 0.5 − ( − 503.75 )   = 17.8 n H ,  



(7)






   L  σ _ U P P E R   =      ∫   t 0     t 0  + Δ t    Δ  V  C E _ V 3   d t       i  C _ V 3   (  t 0  + Δ t ) −  i  C _ V 3   (  t 0  )   =   8.928 ×   10   − 6     − 3.4375 − ( − 501.25 )   = 17.9 n H ,  



(8)








5.4. Stray Inductance of Flying Capacitor and DC-Link Capacitor


Usually, the stray inductance of a capacitor given by the datasheet is based on the resonance frequency measuring method [33]. This stray inductance is the maximum value for the product routine test and can only correctly reflect the characteristic of capacitors near resonance frequency, which is different from the critical frequency of the system corresponding to IGBT switching.



There are also two ways to extract the stray inductance corresponding to the critical frequency of the system. The first method is based on the double-pulse test, measuring the voltage variation and the current slope of the capacitor during IGBT turn-on and calculating the stray inductance base on (9). The second one is based on impedance analysis with a precise impedance analyzer machine. The E4990A fabricated by Keysight is used in this paper. A test fixture was used for flying capacitor and DC-link capacitor measurements, which could execute open and short compensations to eliminate the effects of the test fixture’s residuals for accurate measurements [34]. Both methods are used for extracting and cross-checking the flying capacitor and DC-link capacitor stray inductance.


   L  σ _ c a p a c i t o r   =   Δ  V  c a p a c i t o r       d  i  c a p a c i t o r    /  d t     =      ∫   t 0     t 0  + Δ t    Δ  V  c a p a c i t o r   d t       i  c a p a c i t o r   (  t 0  + Δ t ) −  i  c a p a c i t o r   (  t 0  )   ,  



(9)







As shown in Figure 14, during the IGBT turn-on transition, there are capacitor voltage and current variations. The capacitor voltage is captured by an oscilloscope set on AC coupling for more accurate measurement. Stray inductances of the flying capacitor and DC-link capacitor can be calculated from (10) and (11), and the calculation time interval is selected in an interval with a relatively constant diF/dt.


   L  σ _ F C   =      ∫   t 0     t 0  + Δ t    Δ  V  F C   d t       i  F C   (  t 0  + Δ t ) −  i  F C   (  t 0  )   =   5.775 ×   10   − 6     601.64 − 302.95   = 19.33 n H ,  



(10)






   L  σ _ D C _ C A P   =      ∫   t 0     t 0  + Δ t    Δ  V  D C _ C A P   d t       i  D C _ C A P   (  t 0  + Δ t ) −  i  D C _ C A P   (  t 0  )   =   6.7 ×   10   − 6     605.08 − 303.78   = 22.24 n H ,  



(11)







Figure 15 shows the impedance and phase angle of effective stray inductances of the flying capacitor and DC-link capacitor in the frequency range of 100 Hz to 100 MHz.



The effective stray inductance at the critical frequency can be obtained from the impedance curves, and the stray inductance based on the resonance frequency can be derived as follows [33]:


   L  σ _ c a p a c i t o r   =  1    ( 2 π f )  2   C  c a p a c i t o r     ,  



(12)







Stray inductances of the flying capacitor and DC-link capacitor with different measurement methods are listed in Table 5.



It can be seen that the stray inductances extracted by double-pulse tests and impedance analysis at the critical frequency are almost the same, and they are much smaller than the value extracted by the resonance method.




5.5. Effective Stray Inductance of Commutation Loop


For the inner and outer commutation paths of a phase leg of PEBB, the effective stray inductance of bus bars can be calculated from (3) and (4), respectively. Due to the lack of precise 3D models of IGBT and capacitors, 3D-FEA simulations obviate the mutual coupling between capacitors, IGBT devices, and bus bars. Since capacitors and IGBT devices are overlapped by bus bars, the mutual coupling should not be completely neglected. In the case of stray inductance measurement by the double-pulse testing method, the measurement circuit of an IGBT device and capacitors is similar to the real application, so the mutual coupling was taken into account in the stray inductance extracted by double-pulse tests. Taking into account that the stray inductance of several parallel capacitors is equal to the stray inductance of a single capacitor divided by the number of capacitors, the stray inductance can be obtained as the sum of stray inductances of flying capacitors, IGBT devices, and the inner loop bus bars in the inner commutation loop, as shown in (13). Similarly, in the outer commutation loop, the stray inductance can be obtained as the sum of stray inductances of dc link capacitors, flying capacitors, IGBT devices, and the outer loop bus bars, as shown in (14).


   L  σ _ I   =  L  σ _ I _ B B   +  L  σ _ L O W E R _ I G B T   +  L  σ _ U P P E R _ I G B T   +  1 9   L  σ _ F C   = 61.72 n H ,  



(13)






   L  σ _ O   =  L  σ _ O _ B B   +  L  σ _ L O W E R _ I G B T   +  L  σ _ U P P E R _ I G B T   +  2  10    L  σ _ D C _ C A P   +  1 9   L  σ _ F C   = 79.97 n H ,  



(14)









6. Experimental Results


In order to verify the commutation behavior and stray inductance analysis, double-pulse tests under three different virtual junction temperatures (Tvj) of −40 °C, 25 °C, and 150 °C were carried out. In addition, short circuit tests of inner and outer commutation paths were performed to prove the robustness of the PEBB design.



6.1. Test Bench Description


The test bench is composed of a high-voltage DC power supply, heating system, measurement system, inductive load, and other accessories, as shown in Figure 16. The heater is placed under IGBT devices.




6.2. Double-Pulse Test for the FC-3L-BDC Phase-Leg PEBB


A simplified schematic of the test bench configuration for the double-pulse test in buck mode of FC-3L-BDC is shown in Figure 17.



In a double-pulse test, the first turn-off is used for analyzing the IGBT turn-off behavior, and the second turn-on is used for characterizing the IGBT turn-on and FWD recovery behaviors. Typical waveforms of a double-pulse test are shown in Figure 18.



As discussed in Section 5.2, to correctly measure values of stray inductances, double-pulse tests were performed based on the actual PEBB circuit instead of relying on stray inductance values given by the IGBT modules datasheet. In order to perform double-pulse tests for all commutation paths, the gate signals for the IGBT devices are adjusted, as listed in Table 6. As shown in Figure 17, the inductive load is connected between the terminal LA and the terminal H− for buck mode commutation path characterization. For boost mode commutation path characterization, the inductive load is connected between the terminal LA and the terminal H+.




6.3. The Influence of Current Paths on IGBT Switching Characteristics


Double-pulse tests were performed under DC-Link voltages of 1.8 kV and 0.9 kV for the flying capacitor with a 1.4 kA inductive load in buck mode. The definition of IGBT turn-on energy (Eon), IGBT turn-off energy (Eoff), and FWD reverse recovery energy (Err) are referred to in [35,36]. VCE, VR, iC, and iF were sampled and recorded by a digital oscilloscope. Voltages were measured by differential voltage probes (THDP0100 from TEK [37]), with a DC to 100 MHz bandwidth and maximum measurable differential voltage of 6 kV. Currents were measured by a CWT30B Rogowski coil from PEM [38], with a 0.5 Hz to 100 MHz bandwidth and maximum measurable current of 6 kA.



For the FC-3L-BDC phase-leg PEBB, the switching process of the outer loop and the inner loop for different duty cycles (0 < D < 0.5 and 0.5 < D < 1) of active switches were compared in buck mode. The waveforms are shown in Figure 19 and Figure 20, and the parameters are listed in Table 7. It is clear that IGBT switching characteristics are identical for 0 < D < 0.5 and 0.5 < D < 1 in buck mode. Similarly, the result can be obtained in boost mode.




6.4. The Influence of IGBT Position on IGBT Switching Characteristics


According to the analysis in Section 3, the current path in buck mode with 0 < D < 0.5 is the same as that in boost mode with 0.5 < D < 1, and the current path in buck mode with 0.5 < D < 1 is the same with that in boost mode with 0 < D < 0.5, while the active switches and freewheeling diodes are in the opposite position. In this section, for both the inner loop and outer loop, the switching process in buck mode with 0 < D < 0.5 and boost mode with 0.5 < D < 1 are compared. The waveforms are shown in Figure 21 and Figure 22, and the parameters are listed in Table 8. It is clear that the switching characteristics of IGBTs and FWDs are not influenced by the position of active switches.




6.5. Stray Inductance Measurements


During IGBT turn-on, the voltage drop between the collector and emitter is only determined by commutation path Lσ, so Lσ can be extracted by measuring the voltage drop of the stray inductance and the value of diF/dt at the moment of the forward current cross zero. FC-3L-BDC has four working modes with eight different kinds of current paths, but there are only two commutation loops. The comparison analyses of switching characteristics in different current paths and working modes verified that the switching characteristics of IGBTs are not influenced by the current paths and the positions of active switches. Consequently, the stray inductance can be extracted in any working mode, and in this paper, the buck mode with 0 < D < 0.5 was selected, as shown in Figure 23. Equations (15) and (16) show the extraction method of Lσ for the inner and outer commutation paths.


   L  σ _ I   =      ∫   t 0     t 0  + Δ t    (  V  D C _ F C   −  V  C E _ V 2   −  V  C E _ V 3   ) d t       i  c _ V 3   (  t 0  + Δ t ) −  i  c _ _ V 3   (  t 0  )   =   3.1191 ×   10   − 5     1.17 − ( − 507.42 )   = 61.33 n H ,  



(15)






   L  σ _ O   =      ∫   t 0     t 0  + Δ t    (  V  D C _ l i n k   −  V  D C _ F C   −  V  C E _ V 1   −  V  C E _ V 4   ) d t       i  c _ V 4   (  t 0  + Δ t ) −  i  c _ _ V 4   (  t 0  )   =   3.9813 ×   10   − 5     [ − 8.28 − ( − 508.13 ) ]   = 79.65 n H ,  



(16)







The measured value of Lσ for the outer and inner commutation paths is less than the estimated values in Section 5, but the deviation is around 0.6% for the inner loop and 0.4% for the outer loop. The results demonstrate that the 3D-FEA is an effective method for bus bar stray inductance extraction. For the FC-3L-BDC application, the stray inductance of the IGBT device and capacitor should be remeasured instead of directly adopting the value given by datasheets.




6.6. Comparison of Outer and Inner Commutation Paths


In this section, the outer and inner commutation paths of the phase-leg of FC-3L-BDC are compared during IGBT turn-off and turn-on in buck mode with D < 0.5, as shown in Figure 24 and Figure 25. The tests were performed with 1.8 kV for the high-voltage side, 0.9 kV for the flying capacitor, and 1.4 kA for the inductive load.



As shown in Figure 24a and Figure 25a, in the condition above, for this PEBB, the turn-off overvoltage of the active switch and coupling overvoltage of the other switch caused by the intercoupling of the inner and outer commutation paths are less than 1.7 kV. The overvoltage and peak power of IGBT turn-off of the outer commutation path is almost the same as those of the inner commutation path. The peak power of IGBT turn-on of the outer commutation path is around 14% smaller than that of the inner commutation path. The peak power of FWD reverse recovery of the outer commutation path is 12% higher than that of the inner commutation path.



The double-pulse test at −40 °C and +150 °C of Tvj shows that 1.8 kV for the high-voltage side and 0.9 kV for the flying capacitor are safe operating voltages for the PEBB.




6.7. Switching Energy Loss Measurements


The switching energies of the PEBB at −40 °C and 25 °C with 1.8 kV for the high-voltage side and 0.9 kV for the flying capacitor in buck mode with 0 < D < 0.5 are shown in Figure 26 and Figure 27. The switching energies given by the datasheet and the test results of the PEBB at 150 °C are shown in Figure 28. For the outer commutation path, Eon and Eoff dissipate in V1, and Err dissipates in V4. For the inner commutation path, Eon and Eoff dissipate in V2, and Err dissipates in V3. The switching energies are calculated based on the data from double-pulse tests as in [35,36].



One of the main issues in designing the PEBB is ensuring that the power losses in each working mode are balanced. The total power losses consist of conduction losses and switching losses. The conduction losses are determined by the output characteristic of IGBT and forward characteristic of FWD, and the switching losses are determined by the switching losses of IGBT and FWD. All of the IGBT devices of the PEBB are the same, so the conduction losses are identical for the inner and outer commutation paths, although Eoff, Eon, and Err are affected by Lσ of commutation paths. As shown in Figure 26, Figure 27 and Figure 28, Etot remains almost stable against Lσ variations, and Etot of the outer commutation path is approximately 3% higher than that of the inner commutation path.



The switching losses extracted by the double-pulse test confirmed the anticipations that Eoff and Err would increase and Eon would decrease with the increasing of Lσ of the commutation path. Moreover, the prediction that the switching losses would increase with the junction temperature increasing was exactly confirmed.



The switching losses given by the datasheet are measured for a certain Lσ value of the commutation path, normally around 30nH for the PrimePACK3 IGBT devices. As shown in Figure 28, if the switching losses given by the datasheet are directly used, an underestimated value is obtained in terms of IGBT power losses.




6.8. Verification of Snappy Reverse Recovery in the FWD


As shown in Figure 29, the reverse recovery of FWD was tested with a 1.8 kV high-voltage side, 0.9 kV flying capacitor voltage, and one-tenth of the nominal IGBT collector current, 140 A, for the outer and inner commutation paths of the PEBB.



Inconspicuous strong snappy reverse recovery behavior or voltage spike were detected over any FWD in FF1400R17IP4 of the FC-3L-BDC phase-leg PEBB. As shown in Figure 29, it is demonstrated that a higher commutation path Lσ would induce higher reverse recovery voltage spikes over the corresponding FWD inside IGBT devices. Concerning the reverse recovery behavior of the FWD, enough margins have been confirmed by a double-pulse test within the entire current range of the IGBT device in the condition of 1.8 kV of high-voltage side, 0.9 kV of flying capacitor voltage at −40 °C, 25 °C and +150 °C of Tvj.





7. Conclusions


This paper presents for the first time the design of a high-power FC-3L-BDC phase-leg PEBB from the aspects of commutation path analysis, IGBT device selection, insulation-strengthening design, low-stray-inductance bus bar design, and commutation behavior analysis. This paper proposes a stray inductance matrix simulation method for bus bars based on 3D-FEA, a stray inductance test method for IGBT devices adapted to three-level applications, and a more accurate stray inductance test method for capacitors. Using the stray inductance test method proposed in this paper, the error between the estimated stray inductance and the measured stray inductance of commutation loop is less than 1%. The stray inductance analysis method proposed in this paper can be applied to PEBB stray inductance analysis of other topologies.



Based on the FC-3L-BDC phase-leg PEBB designed in this paper, it is experimentally verified that the switching characteristics of IGBT devices are determined only by the stray inductance of the commutation path and not affected by the current path or the position of the active IGBT device. The PEBB has extremely low commutation stray inductance, which enables snubberless operation. The total switching loss difference between the inner- and outer-loop IGBT devices is less than 3%, which facilitates the construction of BDC with a stable output capability under different working modes. Neither the excessive turn-off overvoltage of IGBTs nor the snappy reverse recovery of FWDs was observed. The PEBB of FC-3L-BDC designed in this paper can meet the requirements of building 400kW to MW bidirectional DC-DC converters for light rail chargers, metro regenerative braking energy recovery, and energy storage in the DC microgrid.
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Figure 1. The topological structure of FC-3L-BDC. 
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Figure 2. Key waveforms. (a) Boost mode (0.5 < D < 1) and buck mode (0 < D < 0.5). (b) Boost mode (0 < D < 0.5) and buck mode (0.5 < D < 1). 
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Figure 3. Commutation paths of FC-3L-BDC. (a) Buck mode, D < 0.5 (V1 switching). (b) Buck mode, D < 0.5 (V2 switching). 
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Figure 4. Commutation paths of FC-3L-BDC. (a) Buck mode, 0.5 < D < 1 (V1 switching). (b) Buck mode, 0.5 < D < 1 (V2 switching). 
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Figure 5. Commutation paths of FC-3L-BDC. (a) Boost mode, D < 0.5 (V4 switching). (b) Boost mode, D < 0.5 (V3 switching). 
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Figure 6. Commutation paths of FC-3L-BDC. (a) Boost mode, 0.5 < D < 1 (V4 switching). (b) Boost mode, 0.5 < D < 1 (V3 switching). 
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Figure 7. External appearance of the series of PrimePACK of Infineon. (a) PrimePACK 2. (b) PrimePACK 3. (c) PrimePACK 3+. 
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Figure 8. Three FC-3L-BDC phase-leg PEBBs and DC_link capacitors. (a) Three-dimensional models. (b) Simplified electrical scheme of single FC-3L-BDC phase-leg PEBB. 
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Figure 9. The physical placement of IGBT devices and polarity assignment of bus bar for the PEBB of FC-3L-BDC. 
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Figure 10. A lumped stray inductance model of inner and outer commutation paths for the PEBB of FC-3L-BDC. 
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Figure 11. The chips layout and power terminal structure of PrimePACK3. 
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Figure 12. Schematic of stray inductance measurement for IGBT devices. (a) Upper switch stray-inductance-measuring circuit. (b) Typical test waveforms. 






Figure 12. Schematic of stray inductance measurement for IGBT devices. (a) Upper switch stray-inductance-measuring circuit. (b) Typical test waveforms.



[image: Energies 15 09651 g012]







[image: Energies 15 09651 g013 550] 





Figure 13. Stray inductance measurements of the upper and lower switches for FF1400R17IP4. (a) The lower switch test waveforms. (b) The upper switch test waveforms. 
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Figure 14. Stray inductance measurements of the DC-link capacitor and flying capacitor. (a) The flying capacitor test waveforms. (b) The DC-link capacitor test waveforms. 
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Figure 15. Impedance analysis of the DC-link and flying capacitor. (a) The flying capacitor. (b) The DC-ink capacitor. 
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Figure 16. Photograph of the test bench. 
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Figure 17. A Simplified schematic of the double-pulse test bench for the FC-3L-BDC phase-leg PEBB in buck mode. 
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Figure 18. The sequence of double-pulse test. 
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Figure 19. Influence of the current paths of outer commutation loop in buck mode. (a) Detail waveforms during IGBT turn-on. (b) Detail waveforms during IGBT turn-off. 
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Figure 20. Influence of the current paths of inner commutation loop in buck mode. (a) Detail waveforms during IGBT turn-on. (b) Detail waveforms during IGBT turn-off. 
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Figure 21. Influence of active switch position of outer commutation loop. (a) Detail waveforms of IGBT and FWD during IGBT turn-on. (b) Detail waveforms of IGBT and FWD during IGBT turn-off. 
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Figure 22. Influence of active switch position of inner commutation loop. (a) Detail waveforms of IGBT and FWD during IGBT turn-on. (b) Detail waveforms of IGBT and FWD during IGBT turn-off. 
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Figure 23. Stray inductance measurements of the PEBB of FC-3L-BDC. (a) The measurement of the outer commutation path. (b) The measurement of the inner commutation path. 
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Figure 24. Influence of the stray inductance during IGBT turn-off at 0.9 kV and 1.4 kA (Tvj = 25 °C, VGEoff =−15 V, and RGoff = 1.57 Ω). (a) Detail waveforms through IGBT. (b) Detail waveforms through FWD. 
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Figure 25. Influence of the stray inductance during IGBT turn-on at 0.9 kV and 1.4 kA (Tvj = 25 °C, VGEon = −15 V, and RGon = 0.9 Ω). (a) Detail waveforms through IGBT. (b) Detail waveforms through FWD. 
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Figure 26. IGBT switching energies between the inner and the outer commutation paths at −40 °C. 
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Figure 27. IGBT switching energies between the inner and the outer commutation paths at 25 °C. 
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Figure 28. IGBT switching energies between the inner commutation path, the outer commutation path, and data given by datasheet at 150 °C. 
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Figure 29. FF1400R17IP4 reverse recovery with 0.9 kV off voltage and 140 A (Tvj = −40 °C, 25 °C, and 150 °C, VGEon = +15 V, RGon = 0.9 Ω). (a) The outer commutation path. (b) The inner commutation path. 
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Table 1. The working modes of FC-3L-BDC.
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	Energy Transmit Direction
	Relationship of High-Voltage Side and Low-Voltage Side
	Working Mode





	High-Voltage Side to Low-Voltage Side
	VL < VH/2
	Buck, 0 < D < 0.5



	High-Voltage Side to Low-Voltage Side
	VL > VH/2
	Buck, 0.5 < D < 1



	Low-Voltage Side to High-Voltage Side
	VL < VH/2
	Boost, 0.5 < D < 1



	Low-Voltage Side to High-Voltage Side
	VL > VH/2
	Boost, 0 < D < 0.5
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Table 2. The switch statuses and commutation paths of different working modes.
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Working Mode

	
Active IGBT

	
Reverse Recovery FWD

	
Commutation Paths






	
BUCK, 0 < D < 0.5

	
V1

	
V4

	
CDC_LINK-V1-CFLY-V4




	
V2

	
V3

	
CFLY-V2-V3




	
BUCK, 0.5 < D < 1

	
V1

	
V4

	
CDC_LINK-V1-CFLY-V4




	
V2

	
V3

	
CFLY-V2-V3




	
BOOST, 0 < D < 0.5

	
V4

	
V1

	
CDC_LINK-V1-CFLY-V4




	
V3

	
V2

	
CFLY-V2-V3




	
BOOST, 0.5 < D < 1

	
V4

	
V1

	
CDC_LINK-V1-CFLY-V4




	
V3

	
V2

	
CFLY-V2-V3
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Table 3. The stray self-inductance and mutual inductance matrix of the inner bus bar commutation paths.
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	LA
	FLY+
	FLY−



	LA
	19.00 nH
	−2.29 nH
	−9.78 nH



	FLY+
	−2.29 nH
	46.17 nH
	−29.95 nH



	FLY−
	−9.78 nH
	−29.95 nH
	42.73 nH
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Table 4. The stray self-inductance and mutual inductance matrix of the outer bus bar commutation paths.
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	FLY+
	FLY−
	H+
	CC
	H−



	FLY+
	44.57 nH
	−29.13 nH
	−4.86 nH
	−0.07 nH
	−3.78 nH



	FLY−
	−29.13 nH
	42.82 nH
	7.11 nH
	0.04 nH
	−10.58 nH



	H+
	−4.86 nH
	7.11 nH
	83.89 nH
	−0.09 nH
	−79.38 nH



	CC
	−0.07 nH
	0.04 nH
	−0.09 nH
	2.32 nH
	−1.54 nH



	H−
	−3.78 nH
	−10.58 nH
	−79.38 nH
	−1.54 nH
	108.64 nH
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Table 5. The comparison of different stray inductance measuring methods for DC-Link capacitor and flying capacitor.
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	Capacitor
	Double-Pulse Test Method
	Impedance Analysis at 1.22 MHz
	Resonance Method





	Flying capacitor
	19.33 nH
	20.3 nH
	42.8 nH



	DC-link capacitor
	22.24 nH
	23.22 nH
	54.8 nH
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Table 6. Gate signals for double-pulse test for the FC-3L-BDC phase-leg PEBB.






Table 6. Gate signals for double-pulse test for the FC-3L-BDC phase-leg PEBB.





	Active Switch
	Gate Signal of V1
	Gate Signal of V2
	Gate Signal of V3
	Gate Signal of V4





	FC charge
	On
	Off
	Off
	On



	V1
	Double pulse
	Off
	Off
	Off



	V2
	Off
	Double pulse
	Off
	Of



	V3
	Off
	Off
	Double pulse
	Off



	V4
	Off
	Off
	Off
	Double pulse
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Table 7. The switching parameters’ comparison with different current paths in buck mode.






Table 7. The switching parameters’ comparison with different current paths in buck mode.





	Device under Test
	Ppk_on

(kW)
	Eon

(mJ)
	Ppk_off

(kW)
	Eoff

(mJ)
	Ppk_rr

(kW)
	Err

(mJ)





	V1 (D < 0.5)
	1052
	455
	1540
	592
	628
	189



	V1 (0.5 < D < 1)
	1050
	457
	1537
	591
	631
	191



	V2 (D < 0.5)
	1215
	487
	1537
	560
	560
	151



	V2 (0.5 < D < 1)
	1210
	492
	1543
	567
	566
	157
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Table 8. The switching parameters’ comparison with different active switch positions and the same commutation path.






Table 8. The switching parameters’ comparison with different active switch positions and the same commutation path.





	Device under Test
	Ppk_on

(kW)
	Eon

(mJ)
	Ppk_off

(kW)
	Eoff

(mJ)
	Ppk_rr

(kW)
	Err

(mJ)





	V1 (D < 0.5)
	1052
	455
	1540
	592
	628
	189



	V2 (D < 0.5)
	1215
	487
	1537
	560
	560
	151



	V3 (D < 0.5)
	1219
	483
	1529
	558
	556
	147



	V4 (D < 0.5)
	1048
	458
	1537
	590
	631
	191
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