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Abstract

:

DC-DC isolated converters allowing a bidirectional flow of energy between High-Voltage DC and Low-Voltage DC networks have been proposed to be integrated in future on board power distribution systems. These converters must meet the specially stringent efficiency and power density requirements that are typical of the aeronautic industry. This makes it specially challenging to determine which converter topology is best suited for each particular application. This work presents a thorough review of several topologies of bidirectional DC-DC power converters that are considered good candidates to meet certain important aeronautic requirements, as those related with high efficiency and high power density. We perform simulations on virtual prototypes, constructed by using detailed component models, and optimized following design criteria that are in accordance with those typically imposed by aeronautic requirements. This comparative analysis is aimed to clearly identify the advantages and drawbacks of each topology, and to relate them with the required voltage and power levels. As an outcome, we point out the topologies that, for the required power level at the chosen switching frequencies, yield higher efficiency in the whole range of required operation points and that are expected to allow more important weight reductions.
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1. Introduction


In order to respond to the growing needs of energy distribution on board and, at the same time, safeguard the ambitious objectives proposed in the aeronautical sector in terms of cost reduction and reliability of future aircrafts [1], new electric power systems have been proposed. In More Electric Aircraft (MEA) and All Electric Aircraft (AEA) pneumatic, hydraulic or mechanical systems are replaced by electrical systems [2,3,4,5]. As an example, electric generation in Boeing 787 is more than 1 MW, which is a significant increase compared to Boeing 737 (100 kW of electrical power) [6]. Airbus A380 electrical generation is 600 kVA, twice the electrical generation in A330 [7]. As a consequence of the increase in electric power, the trends in modern power distribution systems are toward an increase in voltage, with the aim to increase efficiency and decrease the weight of the electric distribution system. In particular, one of the preferred proposed solutions consists on replacing the current electric power system, based on a three-phase 115 VAC or 230 VAC at 400 Hz (or variable frequency on more modern aircrafts such as the Boeing 787 or Airbus 380), for a high-voltage DC distribution system (HVDC). Proposed HVDC nominal voltages are 270 VDC or 540 VDC, ie ± 270 VDC [3,8]. The development of a new electric power system based on HVDC creates the need to design a new generation of power converters to supply electrical power to the avionic loads of the aircraft, which typically require a low voltage 28 VDC bus. In this context, power electronics converters are key elements to efficiently adapt aircraft loads to novel distribution architectures.



Converters with bidirectional capability for MEA and AEA applications is a current research topic. Bidirectional power converters are strongly linked to power management in aircraft applications with Electrical Storage Systems (ESS) [9]. Such ESS can be present in buses with regenerative loads, or in microgrid electrical distribution architectures, in which generators operate in parallel and sources and loads are balanced by means of ESS [10]. Microgrid architectures are considered a promising alternative to one-generator-per-bus conventional electrical architectures, as it is expected to lead to generators size reduction [10]. A recent application example is found in [11], where a bidirectional power converter for 270 VDC/28 VDC is investigated, with a focus on control capability of different energy storage sources (multiport converter). In this context, high-voltage DC (HVDC) to low-voltage DC (LVDC) bidirectional converters have been proposed as interface element between HVDC and LVDC buses in pure HVDC architectures [8]. Bidirectional capability might also be used to increase system redundancy. For example, in aircraft emergency operation in which HVDC source is not available, they may operate in boost mode to feed critical loads from LVDC bus.



In the above mentioned context, this paper focuses on the key aspects of the design of power converters enabling bidirectional power transfer between a HVDC network and avionics 28 VDC buses. Converter versatility is targeted, in the sense that power converter should be able to generate either LVDC or HVDC voltages (operation in buck or boost modes respectively), and to transfer power under the presence of an externally generated HVDC or LVDC bus. Internal current control capability is expected to facilitate control under this scenario. In particular, we will focus on suitable topologies for ∼3 kW bidirectional isolated power transfer between 270 VDC/28 VDC. This comparative study is the first design step of a modular converter design, in which power capability can be extended to up to 20 kW by means of parallelization, and compatibility with   ± 270   VDC voltages by means of series/parallel modules connection. It is interesting to note that in such modular solution, the performance of the modular connection is very close to the performance of the single modules that we have considered in this study, at least in terms of efficiency and power density. Although modules nominal rating in the HVDC side is 270 VDC, results of achievable performances in a   ± 270   VDC distribution network can also be extrapolated from the results of this study, which make this comparative study valid for any voltage level of the HVDC distribution network. As a final remark, an optimized design of a 270 VDC module will outperform a wide range module in the complete range of 270 VDC to 540 VDC HVDC voltage range, since wider operation ranges always involve poorer performances. Since aeronautic stringent requirements requires a high degree of optimization, we have decided to limit voltage range as much as possible, respecting voltage ranges defined in MIL-STD-704 standards.



Several topologies have been proposed as suitable solutions for this mission in literature. Typically, one of the preferred topologies for isolated bidirectional power transfer is Dual Active Bridge (DAB) [12]. For this topology, the simplest modulation scheme is the so called phase shift modulation [13], in which the phase shift between the two full bridges (operating at maximum duty cycle) is controlled. Several alternative modulation schemes have been proposed for DAB to improve its performance. In [14,15], the so called dual-phase-shift is presented as an alternative to phase shift modulation. In [12,16], a general study of all modulation possibilities of DAB is presented, and their potential in terms of efficiency and power density is assessed in a 2 kW isolated automotive application, under a wide operation range. The design, which implements the so called Extended Triangular Trapezoidal (TT) modulation, is stated as a promising solution, in terms of efficiency, power density and modulator simplicity. In [12], DAB optimized converter is compared with other suitable topologies such as the bidirectional current doubler (CD) topology [17], three phase dual active bridge [18] and bidirectional LLC (operating at fixed switching frequency, as in [19]). All the topologies are optimized for wide range operation as well, and they are included in the topology comparison in terms of efficiency and power density. However, the comparison in [12] does not consider the impact of including recent WBG semiconductors in the design optimization.



As an alternative to voltage sourced DAB based topologies, current sourced topologies also represent a set of suitable solutions for isolated bidirectional applications. An extensive review of the state of the art of isolated bidirectional current fed topologies and modulation schemes is carried out in [20], for renewable energy applications (20 VDC–40 VDC to 400 VDC, 2 kW). A topology comparison based on optimized modelled designs performance is carried out. As in [12], a large set of topologies are compared under the similar operating conditions, and a weight comparison is carried out. Still, efficiency performance is only reported for boost operating mode, and no information is provided about efficiency variation with load or voltage.



As far as the authors know, no extensive topology and modulation comparison have been carried out for HVDC/LVDC bidirectional MEA applications. However, several topologies have been proposed for this particular application, and non exhaustive topologies comparisons have been carried out in the literature. As an example of MEA application, in [21], several topologies for bidirectional 270 VDC/28 VDC power conversion have been investigated. DAB (with phase shift modulation) shows the most promising results based in the simulations. A 1.2 kW DAB SiC(HV)/Si(LV) demonstrator based on this topology is developed, with a maximum measured efficiency of ∼93% at half load, and efficiency ∼90% at full load. Switching frequency is 100 kHz.



Several bidirectional HVDC/28 VDC converter prototypes for MEA application are presented in [22]. A 1 kW DAB prototype, switching at 24 kHz was built, with achieved efficiencies of 95.8% at half load, and 94.4% at full load. Also, a 10 kW Series Resonant converter was built, with high efficiencies of 98% at nominal load. However, these high efficiencies come at the expense of a low switching frequency (20 kHz), which might lead to low power densities (not available data regarding weight). Finally a 20 kW Quadruple Active Bridge (as in [11]) prototype is also presented in [22], with nominal efficiencies of    98 %  , although no information is provided about switching frequency or power density.



In this brief state-of-the-art review, we must also cite the designs that implement what they call multicell architectures. In [23], they optimize a bidirectional 10 kW 540 VDC/28 VDC bidirectional multicell converter, which can be seen as an extension to ‘n’ phases of bidirectional current doubler topology [12]. They successfully implement GaN Mosfets in LV switches, taking advantage of low currents per phase due to the large number of phases. In [24], two possible solutions are proposed for the same application as [23]. First, a parallelization of interleaved 3 kW modules (phase shift full bridge, with push pull in LV side) is developed. Then, a multi-cell architecture is proposed to achieve better performance than in the modular solution. Summing up, although the achieved performance in [23,24] prove suitability of multi-cell topologies for a MEA application, their scope differs from the targeted modular approach of this study, in which lower power and voltage rated converters can be configured in series/parallel configurations.



Finally, a novel topology for the particular application studied here is presented in [25]. This topology, referred to as Active Bridge Active Clamp (ABAC), is an alterative to DAB phase shift topology. ABAC is a DAB variant with floating DC links on the LV side, and interleaved LV DC inductors. The ABAC architecture features inherent current control capability, very low LV output ripple, and short circuit current control capability. Although DAB and DAB-3p inherently lack these desirable capabilities, a filter and control structure such as the proposed in [12] would enable them. The comparison in [25] neglects the consideration of a more favourable filter structure for DAB.



In this work we select a set of five promising topologies which, according to the literature review presented above, seem specially suitable for the concrete application that we are focused on. We compare these topologies from the efficiency and power density points of view, taking also into account control and filtering aspects. We describe the topologies and we establish design criteria which are in accordance with typical specifications imposed in the aeronautic industry. We make use of detailed models of switches and passive components to justify the selection of components and their configuration. This allows us to analyze the chosen topologies with an emphasis in comparing power densities and efficiencies. To facilitate an effective comparison between topologies, we will calculate efficiency maps from half power to full power, in the whole input and output DC ranges where the converters are expected to operate [26], and for both buck and boost operation modes. The main contribution of this study is to merge the aspects listed below:




	
Study of a wide set of relevant topologies for HVDC/LVDC application.



	
Efficiency optimization in a wide voltage input and output operation range defined by specific aeronautic standards, as well a as wide load range.



	
Losses break down analysis.



	
Estimation of passives weight.



	
Filters are included in all topologies to achieve similar versatile control features, and comparable filtering features.



	
Switching frequencies considered in this study are oriented to high power density designs.








As final remark, it is convenient to indicate that the focus of this work is on topology and power electronics considerations. Due to that, the control techniques proposed in this work are based on frequency response of the discretized and linearized converter model. However, it must be pointed out that enhanced control laws that inherently deal with converter discrete and non-linear nature, such as Sliding Mode Control, have proven in the last few years to be an interesting solution for aeronautic applications [27,28,29,30].




2. Analisys


2.1. Methodology


The main goal of the present study is to compare topologies, for a particular application, under similar conditions, and assess the impact of recent technologies on their performance. A schematic representation of the methodology followed in this work is shown in Figure 1.



The first step of the study is the selection of a set of suitable topologies and modulation techniques based on literature review. Lossless models of each topology are then developed either by means of simulation models, and/or analytical expressions. Lossless models allow to estimate components stress, and select a set of suitable components. Two potential switching frequencies are considered in this study: 100 kHz and 200 kHz. Topologies, with their associated design aspects are described in Section 2.2.



Detailed components losses models are then developed in order to evaluate efficiency at all the operating points of the optimization domain. In particular, the switching losses of a switching cell (typically a voltage sourced half bridge) is modelled as a function of switched current and voltage, and conduction losses are modelled based on components datasheets. Custom magnetics models losses as a function of switching frequency, voltage and current waveforms are also used in this study. Magnetics and capacitors weight is estimated from manufacturers data. Components selection and loss models are described in Section 2.3.



An optimization of topologies design values that have the greatest impact in efficiency and power density is carried out by means of parametric simulations: lossless model waveforms for each design parameter considered value are calculated in the whole efficiency optimization domain (operating points). For each converter operating point, each component loss is evaluated through the detailed loss model, taking lossless model waveforms as inputs. Apart from essential components required for basic converter operation, additional components that enable the required current and voltage control capabilities in both buck and boost modes, and certain comparable filtering capabilities, are also included in the comparison. Comparisons of efficiencies and weights of the optimized designs of the selected topologies are reported in Section 3.




2.2. Topologies Design Considerations


Based on the literature review of potential topologies that might better suit our application, we have chosen five topology/modulation solutions: Dual Active Bridge (DAB) with Phase Shift modulation (PS) and modified Triangular Trapezoidal modulation scheme (TT) [12]. Also, three phase version of DAB (3P-DAB), Active Bridge Active Clamp (ABAC) and Full Bridge Current Doubler topology (CD) have been analyzed. These topologies are represented in Figure 2.



Single phase DAB (Figure 2d), either with PS or TT modulation schemes, as well as DAB-3P (Figure 2c) feature voltage sourced ports interfacing both HV and LV bridges. Power transfer is based on setting a controlled AC voltage to AC inductors in series with the transformer.



Single phase DAB PS modulation does not guarantee ZVS switching in the HV bridge switches for certain converter operating points [12], which might produce important switching losses in the HV side, specially if Si MOSFETS are used. Several alternative modulation techniques extend the ZVS range, and might reduce currents, leading potentially to higher efficiencies. In [12], extended triangular-trapezoidal modulation scheme (TT) is presented as an alternative modulation scheme aimed to improve performance without excessively complicating the implementation of the modulator. In the TT scheme, not only the phase shift between bridges is controlled, but also each bridge duty cycle. As a consequence, the TT scheme achieves full range ZVS capability in the HV MOSFETs. Also, lower AC currents than in the PS design are expected. As a remark, the AC inductor requires a different design in DAB PS and DAB TT for optimal performance.



Large rms currents in capacitors is one of the main disadvantages of DAB PS and DAB TT [12]. By contrast, in DAB-3P topology, these AC currents are much lower than in single phase DAB topologies, and the ripple frequency is six times the switching frequency (fs), instead of twice fs, thus leading to lower filtering requirements for DAB-3P. Moreover, although DAB-3P only allows Phase Shift modulation, its components stress is lower than in single phase DAB topologies, partly due to the higher components count.



The design components that have greatest impact in DAB-based topologies are transformers turns ratio, n and transformer series AC inductance,   L  A C   . In all DAB based topologies, maximum power transfer depends on switching frequency, n and   L  A C   , for given bus voltages,   V 1   and   V 2  , according to the following equation: [12]


   P  m a x    ( V 1 , V 2 , n ,  L  A C   ,  f s  )  =   k n  V 1   V 2     f s   L  A C      



(1a)






   P  m a x    ( V  1  m i n   , V  2  m i n   ,  n 0  ,  L  A C , m a x   ,  f s  )  ≃ 1.4  P  n o m    



(1b)




where ’k’ is a dimensionless factor that depends on each particular DAB topology. It is usually required by specifications that the converter should be able to transfer nominal power for the worst combination of input and output voltages. For this reason we have imposed a design constraint that ensure 1.4 times nominal power transfer capability for HVDC voltage of   V  1  m i n   = 250   V and LVDC bus voltage of   V  2  m i n   = 22   V. We have checked several combinations of n and   L  A C    and estimated losses in switches in the whole optimization domain. We have found that a suboptimal solution is found for    n 0  = 10   (and    n 0  = 5   for ABAC) and    L  A C   =  L  A C , m a x    , where   L  A C , m a x    is the maximum AC inductance value that ensures required power transfer under worse operating conditions, as shown in Equation (1b). We must point out that, for optimization of n and   L  A C    we have only taken into account the solutions with less average losses in switches (suboptimal solution).



ABAC (Figure 2a) can be considered a variant of DAB PS, in the sense that its operation principle is based in power transfer through the transformer series AC inductor, and it implements PS modulation. Typically, HV side waveforms are indentical to those in a DAB-PS, and power transfer inductor design is identical in both topologies [25]. On the other hand, there are some differences with DAB in the LV side:




	
Transformer turns ratio is typically a half of that for DAB.



	
LV components currents change between buck and boost modes.



	
Voltage sourced half bridges are floating, instead of a full bridge connected to the LV bus.



	
LV floating buses voltage is twice the LV bus voltage.



	
A DC inductor is connected to the output of each LV half bridge.








One of the main advantages of ABAC compared to DAB PS is the ripple cancellation of the two DC inductors at the LV ports [25], which would lead to lower filtering requirements if LV voltage regulation was not required.



Current doubler topology (Figure 2b) is current sourced in the LV side, whereas the HV side sets a controlled voltage at the output of LV switching block through the transformer [12]. The transformer leakeage inductance value is not essential for the converter operation principle, unlike in DAB or ABAC topologies. Still, having a certain inductance in this kind of LV current sourced topologies extends ZVS range in the HV side in buck mode [31]. On the other hand, if transformer leakage inductance is too large, it leads to an increase of rms currents in the converter, so a trade-off has been reached in this study. An important feature of CD topology is that it only presents one switch in the LV side, instead of a full bridge. This is expected to give rise to less losses than other half-brigde variants such as full bridge current fed [32] or full bridge with push-pull circuit [12,33].



An important characteristic of the CD topology is that its voltage capability is limited by its turn ratio. If the impact of leakage inductance, switching times and other non-ideal effects are neglected, the modulation parameter D sets steady state output voltage according to the following expression:


  D = n   2  V 2    V 1   .  



(2)




where D takes values between 0 and 1. If we impose that minimum steady state V1 (  V  1  m i n    ) must be compatible with maximum V2 (  V  2  m a x    ) steady state values, we get an upper limit for transformer turns ratio:


  n <    D  m a x    V  1 m i n     2  V  2 m a x      



(3)







In this work, the steady state maximum value of D has been set to   D  m a x    = 0.8, to leave a certain margin for transients, and to compensate for the effects of switching times and leakage inductance in Equation (2).



Taking this constraint into account, we have chosen the transformer turns ratio as n = 3 (close to its upper limit). Transformer turns ratio and HV bus voltage determine the maximum blocking voltage of LV switches, to   V  1  m a x   / n  . Thus, lower n, would lead to higher required voltage ratings in the LV side.



Another important feature of CD topology is the comparatively high LV MOSFETs turn-off in boost mode. In boost mode operation, LV switches voltage must be clamped after turn-off, during the transient in which leakage inductor current equals the difference of DC inductor currents. The use of snubbers and clamping methods has been proposed in the literature to avoid destructive overvoltages during such turn-off transients in similar current sourced topologies [20,23]. In [12], a modulation scheme that theoretically avoids voltage spikes by means of modulation (at the expense of increased converter rms currents) is presented. This solution seems promising, because it achieves ZCS turn-off in boost mode, and it would reduce LV MOSFETs required voltage rating. Still, modulator signals must be accurately calculated to successfully implement this technique, which might be unfeasible in converter transients. Although we have checked the performance of the proposed modulation in [12], we did not consider it as the preferred option, for the aforementioned reasons. Instead, we have considered a clamping scheme based in a regenerative snubber, as it has been implemented in [23] for a topology with the same operation principle in this aspect. From the LV switching operation point of view, the clamping circuit can be seen as a diode in series with a DC source, as it has been illustrated in Figure 2b.



There are certain differences in the filter structure of the different topologies. Figure 2 shows the essential components for topology operation. Since all the analyzed topologies are voltage sourced in the HV side, all of them include a thin film capacitor bank (  C  1 a   ). In the LV side, though, there are differences between topologies. In DAB-based topologies, a ceramic capacitor bank (  C  2 a   ) directly interfaces LV bridge. In ABAC, each floating DC link of LV half bridges is also made of ceramic capacitors (  C  L V , 1   ,   C  L V , 2   ). In CD, since LV bridge is current sourced, no HF capacitors have been considered in the LV side. Capacitors represented in the LV buses of Figure 2a,b are electrolytic capacitors included mainly for voltage regulation purposes (in real design there would also be additional HF capacitors in parallel).



In our analysis, both filtering and control capability requirements are taken into account. For this purpose, we have implemented additional passives to the essential components, as shown in Figure 3. In all the topologies and at both HV and LV sides, at least a DC inductor is required for current control, for short circuit current regulation capability, and also to set a minimum filter order providing at least a 40 dB per decade roll-off. Note that LV inductors are essential for topology operation for CD and ABAC, unlike for the other topologies. The HF capacitors in bridge DC links are designed to ensure a minimum voltage ripple. Still, a minimum value for the bridge capacitance has been considered for control reasons and also because a certain filtering capability for frequencies below switching frequency is required. DC inductor current control has been designed to achieve desired cutoff frequencies of 1.5 kHz. We have imposed that resonance of DC inductors whith   C  1 a    and   C  2 a    (when existing) is in the order of ten times the desired current control cutoff frequency. Design criteria for all passives are summarized below:




	
C1a: RMS current ripple in HV bridges bus due to converter switching operation must be lower than 1% nominal HVDC voltage. Capacitance must be greater than 10 uF (6.6 uF in case of 3p-DAB) due to control aspects.



	
C2a: RMS current ripple in LV bridges of DAB topologies bus due to converter switching operation must be lower than 1% of nominal LVDC voltage. Capacitance must be greater than 1 mF (6.6 mF in case of 3p-DAB) due to control aspects.



	
CLV,1, CLV,2 in ABAC: Ripple in the worse case must be lower than 5% of RMS LVDC bus nominal voltage.



	
LDCa, LDCb in CD. See Figure 2b). Minimum inductance value to ensure that peak to peak current ripple of the sum of inductors currents is less than 40% of LV output current in all considered operating voltages, at nominal power.



	
LDCa, LDCb in ABAC: See Figure 2a). Minimum inductance value to ensure that peak to peak current ripple of each inductor current is less than 80% of a half of LV output current, in all considered operating voltages, at nominal power.



	
L1a,L1b, R1: Damped inductor network present in all topologies. Included for current control and short circuit control capabilities (Figure 3). Resonance with   C  1 a    is set to 15 kHz (23 kHz for 3p-DAB).   L  1 a    = 2   L  1 b   .   R 1   = 3   Z 0  , where   Z 0   is the undamped resonator characteristic impedance.



	
L2a,L2b, R2: Damped inductor network present in all DAB topologies. Included for current control and short circuit control capabilities (Figure 3). Resonance with   C  2 a    is set to 15 kHz (23 kHz for 3p-DAB).   L  2 a    = 2   L  2 b   .   R 2   = 3   Z 0  , where   Z 0   is the undamped resonator characteristic impedance.








Regarding the filter design criteria for the ABAC topology, some aspects must be clarified. In ABAC, the maximum HF capacitors voltage ripple and DC inductors current ripple allowed by design can be reduced and increased respectively compared to other topologies, because interleaving LV inductors completely cancels out LV bus ripple. This is stated in [25] as an important advantage of ABAC compared to other DAB-based topologies. However, we must point out certain aspects that counteract this potential advantage of ABAC:




	
Limiting ripple of half bridges floating capacitors is desirable for modulation purposes. Therefore, capacitor banks are required.



	
Ripple fundamental component of each half bridge occurs at the switching frequency, whereas for other topologies it is twice the switching frequency (6 times for DAB-3p DC links).



	
AC excitation of DC inductors is very large. This, along with the fact that fundamental frequency is the swiching frequency, make significant the required size of the inductors.









2.3. Components Models


In this analysis, we have optimized the performance of each topology by comparing performances obtained by using different components with different technologies. Topologies performance greatly depend on their components technology. In order to get the maximum achievable performance of each topology for the most recent technologies, loss models of several state-of-the-art component technologies have been developed.



In the case of HV switches, three single MOSFET configurations have been compared. Namely, a SiC MOSFET, a low   R  D S , o n    Si MOSFET, and a low reverse recovery Si MOSFET. In the LV side, several combinations of paralelled MOSFETs have been tested, and the possibility of implementing LV GaN MOSFETs has been studied. The impact of gate drive circuit, and layout inductance has been modelled and optimized by means of SPICE simulations.



In this section, the switching losses of a switching cell (a voltage sourced half bridge) are modelled as a function of switched current and voltage. The impact on converter efficiency at different converter operating points is analyzed in Section 3.1.



2.3.1. HV MOSFETS


HV MOSFETs data are listed in Table 1. Since HV DC link has the same voltage for all the considered topologies, those MOSFETs are suitable for all topologies. A voltage rating of ≃2 has been considered for the switches to withstand dynamics voltage overshoots, and ringings due to switching operation.



Figure 4 compares curves of switching losses as a function of load current for a half bridge for the three switches in Table 1. Those curves have been calculated for nominal voltage and at a constant current load. Positive currents indicate positive Drain to Source current in the turn-off. The considered constant current load is a reasonable approximation of the practical scenario provided by the AC inductor of the converter. This approximation is specially accurate for DAB topologies, which usually have large AC inductances.



It can be observed in Figure 4 that switching losses in the HV side reach a minimum value when there is ZVS, which occurs for positive currents larger than 3A to 8A (depending of each particular MOSFET model). Zero Current Switching (ZCS) occurs for negative currents, which is the most unfavourable case, due to hard turn off. For low currents, high switching losses still occur, due to the fact that switches undergo both hard turn-off and hard turn-on. In Figure 4 it can also be appreciated that SiC MOSFET not only present lower losses for all the range of currents, but it also presents the widest ZVS range, starting at 3A.



Results in Figure 4 allow us to conclude that ZVS is a very desirable condition for achieving low switching losses, specially in the case of Si MOSFETs. We can also observe that Si MOSFET models with fast intrinsic diodes can lead to much lower switching losses than their low   R  D S , o n    counterparts. On the other hand,   R  D S , o n    of SiC MOSFETs is lower than those of Si ones. Also, SiC MOSFETs feature ZVS for drain to source turn-off currents greater than only 3A. They also have lower switching losses than Si MOSFETs when ZVS does not occur. As a consequence, the impact of having negative drain to source HV turn-off currents at certain operating points might be admissible in terms of converter efficiency if SiC MOSFETs are used.



In conclusion, this study on HV switches performance reveals that the use of SiC MOSFETs will lead to optimal performance in all the topologies. In later section we will specially focus on topology performance with the SiC model, though we will also overview the impact of using the Si models.




2.3.2. LV MOSFETS


Unlike at the HV side, the voltage rating of the LV switches depends on the topology. Switched voltage and chosen voltage ratings are shown in Table 2. A voltage overrating of ≃3 has also been considered to take into account both bus voltage variations and spikes due to switching operation. Voltage spikes (relative to bus DC voltage) are expected to be higher in LV switches than in HV switches [12].



Stray inductances of LV switches layout has an important impact in LV switching losses [34,35,36]. In this study we have considered the impact of source inductance and drain inductance. Each inductance accounts for both the package inductance, and the impact of layout. In the case of the source inductance, we must differentiate common source inductance (source parasitic inductance that is part of gate drive loop [34]) from total source inductance. In Figure 5a we show the impact of varying source and drain parasitic inductances in a half bridge made of two paralelled MOSFETs. These results have been obtained by simulation with PSPICE. Drain and source inductances refer to layout inductances (external to package) per paralelled MOSFET. An external constant common source inductance of 0.3 nH per MOSFET is included in both simulations. It can be observed that layout inductances have a significant impact in switching losses. In particular, low layout inductances of 2 nH lead to a significant reduction in switching losses for positive drain to source turn-off currents, compared to 5 nH layout inductances. Although the 5 nH layout yields slightly lower losses for negative drain to source turn-off currents, we can conclude that the 2 nH layout outperforms the 5 nH layout. Therefore, external drain and source parasitic inductances of 2 nH have been considered for the efficiency evaluation carried out in Section 3. Regarding this aspect, it is worth mentioning that we have also checked that low common source inductance leads in most cases to low switching losses (results not shown).



On the other hand, since LV side handles high currents, MOSFETs paralellization is required to reduce both conduction and switching losses. Several combinations of paralelled MOSFETs have been evaluated. As an example, Figure 5b shows switching losses in a half bridge for DAB topologies for a single MOSFET (×1), two paralelled MOSFETs (×2) and four paralleled MOSFETs (×4). The impact of MOSFET parallelization is very beneficial for the case of positive turn-off currents, and has a very slight negative impact in the ZCS operation region, thus parallelization is positive to reduce switching losses. Layout parasitic inductances of 2 nH per MOSFET (as described in the previous paragraph) have been considered in simulations of Figure 5b.



As a result of the previous study, four Si MOSFETs per switch have been chosen as the best feasible solution for all the topologies, except for CD that requires eight MOSFETs per switch to keep low the losses in LV switches, caused by the high clamping voltage in the LV side. Note that, even if CD topology has only two switches in the LV side, the required amount of discrete MOSFETs is very similar to half bridge switching cells. The MOSFET configurations used for efficiency calculation in Section 3.1 are summarized in Table 2. For efficiency estimation, we have assumed that the resistance of paralleled MOSFETs is the equivalent resistance corresponding to the parallel combination of the resistances of each single MOSFET.




2.3.3. Passives


For the third party design of custom magnetics, we imposed that total magnetics losses in the worse scenario should not exceed 60 W, at 60   ∘   ambient temp, and then design should be optimized to achieve lowest weights. A loss model of custom magnetics for each topology and each considered switching frequency was provided by magnetics manufacturer (‘Frenetic’) as a function of voltage and current rms excitation. For the generation of loss model, the manufacturer excited the designed magnetics with scaled waveforms with the shape of converter nominal operating point. This approximate method models the impact of magnetics non linear losses with frequency (waveform harmonics), but it does not account for differences in harmonic content between different operating points. In Figure 6 we show an example of custom magnetics losses for different topologies, at full power. It is worth mentioning that, for the calculation of converter losses in Section 3, excitations from lossless topology models are the input to magnetics manufaturers provided loss models.



Finally, apart from the losses in essential magnetics, we have also estimated losses in HF capacitors and damped DC inductor networks. For this purpose, we have extracted inductors and capacitors equivalent series resistance from manufacturers datasheets. By multiplying these resistances with inductors DC currents, or capacitors AC currents, we have obtained losses of such passives. As a result, we have observed that these losses are much lower than those of switwes and essential magnetics discussed previously. In a view to facilitate comprehension of this article, we did not include these negligible losses in efficiency calculations of later sections.



In order to optimize the power density of the different topologies, we have taken into account the weight of essential passives, and HF filter passives. The contribution to the total weight of electrolytic capacitors has not been included in the comparison study because their main design constraint is voltage regulation, which is expected to have similar impact in all topologies, independently of switching frequency.






3. Results


In this section we compare efficiencies and weights for the different converter topologies, focusing specially on the design at a switching frequency of 100kHz. Results at 200kHz will also be commented in Section 3.3. Unless otherwise specified, results in this section correspond to optimized topologies, components selections and optimized switches layout described in Section 2.



The HVDC and LVDC voltage ranges are indicated in Table 3. We assume as a requirement that the converters under design should be able to operate at full power, in steady state, for any input and output voltage combination. Efficiency at full power has a special interest because it will determine heat sinking steady state requirements. This aspect will be analyzed in Section 3.1.1. Efficiencies from half power to full power for nominal output voltage are analyzed in Section 3.1.2. In Section 3.2 topologies are compared in terms of weight, taking into account the weight of passive components.



3.1. Efficiency Comparison


3.1.1. Full Power Efficiency Maps


Figure 7 and Figure 8 show contour plots of efficiency, in buck and boost modes respectively, as a function of input and output voltages calculated at the nominal power of 3 kW.



From Figure 7, we can see that DAB topologies yield higher efficiency than ABAC and CD in buck mode. Particularly, three-phase DAB and single phase DAB with TT modulation exhibit the highest efficiencies, whereas CD yields the poorest result. Table 4 highlights maximum and minimum efficiency values in buck mode for each topology.



From Figure 7 it can also be observed that the dependencies of efficiency with input and output voltages are different for each topology. It can be seen that efficiency of the CD topology in buck mode depends almost exclusively on LVDC voltage. In particular, low V2 values greatly penalize efficiency. The same behaviour can be observed in ABAC, with the difference that low HVDC voltages (V1) lead to a decrease in efficiency at LVDC voltages greater than 25 V. On the other hand, all DAB topologies present a similar efficiency behaviour: efficiency increases with V1, whereas extreme values of LVDC bus voltage penalize efficiency. Maximum and minimum efficiencies at full power in buck mode are summarized in Table 4. Note that CD shows the largest dependency with input and output voltage (2.1% of difference between maximum and minimum efficiencies), which is undesirable in wide operation applications. Also, note that efficiency at nominal HVDC and LVDC voltages (  V  1  n o m    ,   V  2  n o m    ) at full power are close to maximum efficiency in all topologies.



In boost mode, DAB topologies have the same behaviour as in buck mode. Therefore efficiency contour plots for these toplogies have been omitted in Figure 8. Figure 8a,b reveal that ABAC and CD topologies yield lower efficiency values in boost mode compared with buck mode. Table 5 provides maximum and minimum efficiency values for ABAC and CD in boost mode, as well as efficiency variations. Note that difference between maximum and minimum efficiencies is specially large for CD within the considered voltage ranges.



For the CD topology, the efficiency behaviour in boost mode is very similar to the efficiency in buck mode, i.e., it depends only on V2. ABAC presents a more complicated pattern in boost mode, as shown in Figure 8a. Efficiencies are also close to maximum values at nominal voltages in boost mode as well as in buck mode.



Due to the important impact that maximum (worst case) losses have on heat sinking requirements it is interesting to calculate maximum converter losses yielded by each topology. Table 6 provides these figures and it also specifies the operating point within the voltages domain given in Table 3 at which these worst case losses are achieved for each topology. In that table, negative power values mean boost mode operation. Those results show that CD power losses are significantly higher than those of the other topologies. Also, ABAC has slightly higher losses than DAB topologies, with DAB presenting the lowest worst case losses. As a final remark, we have checked that maximum losses in all topologies occur at full power, so minimum efficiencies in Table 6 are coincident with minimum efficiency values in Table 4 or Table 5.




3.1.2. Nominal Output Voltage Efficiency Maps


Since in most converter operating scenarios converter control will regulate output voltage to its nominal value, it is interesting to analyze, for each topology and for the output voltage fixed to its nominal value, how efficiency varies with output power and with input voltage. Figure 9 and Figure 10 represent contour plots of efficiency when output power goes from half power to its nominal value for input voltages within the (  V i  n  m i n    ,  V i  n  m a x    ) range specified in Table 3.



From the buck mode efficiency maps shown in Figure 9 it can be observed that the highest efficiency values are achieved by three phase DAB and DAB with TT modulation. Then, DAB with PS modulation and ABAC follow them, whereas CD yields the worst peak efficiency. Also, it is interesting to note that ABAC and CD have similar efficiency patterns in the sense that for a given input voltage V1, efficiency decreases at higher powers. On the contrary, for the CD topology, efficiency dependency with power is negligible. For DAB topologies, efficiency increases as the input voltage increases, with a maximum at a power value between the nominal power and half power. Maximum and minimum efficiencies extracted from these graphs are summarized in Table 7. This table also displays efficiency variation in buck mode. Results in Table 7 show that DAB-TT has the best performance, whereas the CD topology has the lowest efficiencies. However, there are no significant differences in efficiency variations between topologies.



Performance in boost mode is different than in buck mode, as it can be observed in Figure 10. Such difference can be explained by the fact that, in the case of ABAC and CD, the performance of these topologies strongly depends on power transfer sign. Also, HVDC and LVDC voltage ranges of the optimization domain differ in buck and boost modes. Figure 10 shows that in all topologies efficiency tends to decrease at higher powers, as in buck mode. If we attend to efficiency variation with LVDC input voltage, we can observe different behaviours depending on the topology. In DAB based topologies, highest efficiencies occur at central voltages. In CD, efficiency increases with input voltage. Finally, in the case of ABAC, a clear dependency between input voltage and efficiency cannot be established.



Maximum and minimum efficiencies in boost mode for nominal output voltage are provided in Table 8. The highest efficiency values in boost mode are reached by 3P-DAB and DAB-TT topologies, both of them with low efficiency variation too. All DAB based topologies have almost the same maximum efficiencies (0.1% difference) and minimum efficiencies (0.3% difference) CD exhibits the worst performance again. In the case of ABAC, highest efficiencies are close to those of DAB topologies, but there is a significant difference between maximum and minimum values.




3.1.3. Average Efficiency Comparison


As a way to complement efficiency results, in this section we compare average losses, calculated in the entire optimization domain, of the five topologies studied here. Results for both buck and boost modes are displayed in the two graphs in Figure 11. In those bar graphs, we represent total average losses and also the contribution of each type of loss: losses at essential magnetics, conduction losses at both voltage sides (HV cond. and LV cond.) and switching losses at both voltage sides (HV sw. and LV sw.).



As expected from contour plots presented above, the CD topology exhibits the worst performance, specially in boost mode. Then, it is followed by ABAC topology, which is outperformed by all the DAB topologies in both modes of operation. The DAB topologies present average losses below 3% in both modes. The DAB topology with TT modulation has the lowest average losses in both modes.



Focusing on losses breakdown in Figure 11, we realize that conduction and switching losses at the LV side dominate total losses. In particular, in DAB topologies LV switching losses dominate (  1 %   losses), whereas in ABAC and CD, conduction losses are the dominant term (1.3% losses). Regarding this, it must be pointed out that required voltage rating of CD and ABAC LV MOSFET is 5 times and 2 times respectively the required voltage rating for DAB topologies. The remarkable fact that losses in LV switches are 3 to 5 times the losses in HV switches is partly accounted for by the fact that SiC switches are used in HV side while the switches in the LV side are Si switches.



In HV switches, conduction losses are 4 to 5 times larger than switching losses in most cases. An exception is DAB-3p in both modes, in which conduction and switching losses are similar. This fact can be explained by the fact that, for this topology, ZVS in HV switches is not ensured in the full range of operation points. Furthermore, even if in 3p-DAB, MOSFETs losses per switch are multiplied by six to obtain overall conduction losses, such overall HV conduction losses are lower than in single phase DAB topologies, partly because switches rms currents are much lower than in single phase topologies, and conduction losses increase with the square of the current.



A comparison of Figure 11a,b reveals that for most topologies there exist no significant difference between average efficiencies when comparing buck and boost modes of operation. An interesting exception is the CD topology. This topology shows a significant asymmetry in performance with power direction that can be explained by the important difference in waveforms when only power sign is changed. For example, the factor of two in HV conduction losses in CD is explained because HV rms currents are much larger in buck mode than in boost mode. On the other hand, ZVS in HV MOSFETs is achieved only in buck mode, which explains the significant difference of    1 %   in HV switching losses between buck and boost modes. We can also observe that in buck mode, LV switching losses are negligible, while in boost mode they contribute in    1 %   to average losses. This is accounted for by the fact that there is soft switching in LV switches both at turn-on and turn-off in buck mode. By contrast, in boost mode hard turn off occurs.



We have also analysed the impact of using different suboptimal HV switches technologies on average efficiency, from half power to full power, constant nominal output voltage and wide input range. Results are shown in Table 9. Results of optimized selection that has been widely discussed in this section are highlighted in orange background.   S  i 1    accounts for HV Si MOSFET with part number IPW60R031CFD7, and   S  i 2    accounts for HV Si MOSFET with part number IPW60R070CFD7.   S  i 1    has lower   R  D S , o n    than   S  i 2   , and   S  i 2    has faster intrinsic diode than   S  i 1   . SiC MOSFET outperforms Si MOSFETs in both conduction losses and switching performance. In general we observe that the fastest Si MOSFET   S  i 2    leads to higher efficiencies than   S  i 1   : the use of SiC MOSFET involves an average efficiency increase of 1.5% compared to   S  i 1   , and 0.8% compared to   S  i 2   . We can observe that for this wide operating range application, the use of fast HV MOSFETs that do not penalize excessively non ZVS operation and extend its range in (as it is the case of   S  i 2    and   S i C  ) is in general more beneficial than MOSFETs with reduced conduction losses. Even if   S  i 1    and   S  i 2    feature the same recent technology, there is a difference of 0.7% in average efficiencies. The only exception in which   S  i 1    outperforms   S  i 2    occurs in CD, in buck mode, where there is ZVS in HV MOSFETs in the whole range, and large rms currents in HV switches.



We have also assessed the impact of implementing GaN switches in DAB topologies, as defined in Table 2. The propoposed GaN switches configuration has very similar conduction losses and lower switching losses than the porposed Si LV MOSFETs solution. However, the use of GaN MOSFETs only increases average efficiency in 0.35% for 3p-DAB and DAB-TT, and 0.45% for DAB-PS. Pros and cons of implementing GaN switches will be discussed in Section 3.3.





3.2. Weight Estimation


Since power density is one of the main constraints in the design of power converters for aeronautical applications, it is convenient to compare expected weights of the five topologies analyzed in this work. Figure 12 shows such a weight comparison for the 100 kHz design (Figure 12a) and the 200 kHz design (Figure 12b). In those bar graphs the total weights are broken down into the contributions of the different passive elements that we have considered in this study. Regarding this, the “DC ind.” label stands for the contribution of the DC inductors that are required for topology operation in CD and ABAC topologies. “LV filter” and “HV filter” labels refer to high frequency capacitors required for the DC links that interface bridges, and OTS DC inductors added for extended control and filtering purposes. Finally, labels “Transf.” and “AC ind.” make reference to the contribution of the transformer and the AC inductors. Those components, together with DC inductors in CD and ABAC, are custom magnetics. Design criteria of these components have been expounded in Section 2.3.



Figure 12 shows that in all the cases, weight of magnetics that are essential for topology operation have the most important impact in total weight. We will focus here first on results for a switching frequency of 100 kHz. Figure 12a shows that at this switching frequency custom magnetics weights go from 400 g in 3p-DAB to 650 g in the case of ABAC. Transformer and AC inductor weights in ABAC are very similar to those for DAB-PS and DAB-TT topologies, but the additional DC inductors make ABAC a less preferable solution in terms of weight. An advantage of the CD topology is that, since low AC inductance value is required (compared to DAB topologies), the transformer leakage inductance can be used for this purpose, so there is not contribution of AC inductance to total weight. However, LV inductors currents in CD are not interleaved at 180   ∘  , as in ABAC, which makes it necessary to employ larger inductances that penalize total weight for this topology.



As explained in Section 2.3, all the topologies require a DC filter stage at the HV side with the same structure and very similar values of components. As a consequence, it can be seen in Figure 12a that HV filters weights are similar for all topologies, with the exception of 3P-DAB. In 3P-DAB weight has been reduced to 2/3 thanks to the much lower filtering requirements of this topology. Further reductions are precluded by dynamics and control aspects. As a final remark, we must point out different set of design criteria to those presented in Section 2 might modify these results.



In the LV side, filter structure depends on topology. For example, no additional LV filter components are required in CD. In ABAC, only LV HF capacitors are included in the “LV filter” weight in Figure 12a. On the other hand, the weight of the filter at the LV side for the 3P-DAB topology is 2/3 times that for single phase DAB topologies.



Considering the weight of HV and LV filters together, this weight goes from ∼150 g in 3p-DAB and CD to ∼250 g in single phase DAB topologies and ABAC.



It must be noted that, in the ABAC topology, the added weight of LV DC inductors and LV filter (includes only LV capacitor bank) is ∼180 g, which is approximately twice the weight required for the LV filter in DAB topologies. This fact might be surprising if we take into account that one of the advantages of ABAC compared with DAB topologies is the expected reduction in ABAC LV filter size due to its inherent output ripple total cancellation [25]. The large weight of LV filter components in ABAC can be explained by the design criteria chosen here. Namely, we require less than 5% of peak to peak ripple in each half bridge bus, and less than 80% peak to peak current ripple in each DC inductor, at nominal power (see Section 2). The fact that ABAC LV passives excitation ripple frequency is equal to the switching frequency (instead of twice or six times the switching frequencies, as in other topologies), along with the doubled DC link voltage, increases the required weight of its LV filter components.



Summing up, for a switching frequency of 100kHz the total passives weight is estimated to go from ∼560 g for 3p-DAB to ∼880 g in the case of ABAC. If we compare the weight estimations of the two topologies that, according with results in Section 3.1, present the higher average efficiencies it can be seen that the passives weight of DAB-TT is estimated to be 220 g more (i.e., ∼40% more) than that for 3p-DAB.



Figure 12b shows a passive weight estimation for 200 kHz switching frequency. In the case of LV filter and HV filter components, no weight differences are expected with respect to the 100 kHz case presented in Figure 12a. This can be easily understood if we note that in the 100 kHz design, filter passives where determined by control aspects rather than filtering aspects. Increasing switching frequency might further reduce passives size due to filtering requirements, but, as far as the authors know, it does not allow to reduce passive size from the control point of view. It must be mentioned that a less conservative approach in control design considerations might take some advantage of doubling switching frequency to reduce filters passives weight. However that detailed study is beyond the scope of this work.



In any case, the most interesting result found when comparing Figure 12b with Figure 12a is that in some cases significant weight savings can be obtained in magnetics by this increase of the excitation frequency. For example, in the case of DAB-PS and DAB-TT, the 200 kHz magnetics weight is ∼170 g less than those required at 100 kHz. However, no significant weight savings are achieved by this increase of frequency for the 3p-DAB topology. In the case of CD, a significant weight reduction is only achieved for DC inductors. For the ABAC topology, both transformer and DC inductors reduce its weight when increasing switching frequency. In principle, the increase in switching frequency could be expected to yield more generalized and significant weight savings in AC magnetics. However, the moderate weight savings actually achieved could be explained by the fact that the decrease in required inductances associated with the increase of frequency is partially counteracted by an increase in AC resistances and core losses, which grow with frequency as well.



Summing up, we can conclude that the weight savings associated to increasing switching frequencies has important dependencies with the chosen topology. If we focus on most promising topologies, we can observe that doubling switching frequency up to 200 kHz yields no weight reduction in 3p-DAB, and a weight reduction of roughly 20% in the case of DAB-TT. In any case, the achieved weight reductions seem not large enough to compensate for the negative impact in losses increase associated to the use of higher frequencies.




3.3. Efficiencies at  200 kHz and Use of GaN Switches


GaN MOSFETs outperform Si MOSFETs, in terms of figures of merit that relate devices on resistance with parasitic capacitances [37]. In other words, they feature less conduction and/or switching losses than their Si counterparts, so it is expected that their use might yield a certain efficiency improvement in the LV MOSFETs. For this reason, we have assessed their impact in DAB topologies, which have proven to be the most promising ones for our particular application. In this section we have also analysed the impact of using a 200 kHz switching frequency. Note that the potential advantage of GaN switches is expected to be more significant at higher switching frequencies, as switching losses increase proportionally to switching frequencies.



In order to estimate the impact of GaN technology in our particular DAB designs, we have considered a half bridge of four paralleled GaN switches. Layout parasitics were modelled following manufacturer design guidelines [37], and a loss model based on SPCICE simulations was obtained, as a function of bus voltage and inductive load current. Obtained results for nominal LVDC voltage are depicted in Figure 13. Both GaN and Si MOSFETs half bridges feature very similar conduction losses, but GaN MOSFETs swtiching losses are roughly 1/3 those of the Si ones.



In Figure 14a we can see graphically that implementing GaN switches in the LV side leads to only 0.4% efficiency increase compared to the Si solution, due to lower switching losses of the GaN proposed switches. In Figure 14b we can see that doubling switching frequency has an important impact in converter average losses: 1.5% more losses in 3p-DAB and 1.1% more losses in single phase DAB designs. When switching frequency is doubled, both LV and HV switching losses are doubled, and magnetics losses change as well, according to manufacturer loss models. In particular, LV switching losses are the loss component that penalizes doubling switching frequency. Doubling switching frequency involves an efficiency decrease of roughly 1%, only due to the increase of LV switching losses, for the chosen Si MOSFETs. Under this scenario, the use of GaN switches becomes an interesting technology from the efficiency point of view.



As a particular result of this work, the use of 200 kHz switching frequency does not involve a very significant weight reduction compared to 100 kHz (see Section 3.2), and since GaN impact in average efficiency becomes relevant only at 200 kHz, the use of GaN is not justified in principle for this particular application. As far as the authors know, the field of application of these GaN swiches is typically limited to lower power applications, or multicell applications in which converters currents are distributed between many branches [23]. Implementation of GaN switches is specially challenging as power rating increases, mainly due to the complexity to effectively paralelize GaN MOSTETs by keeping low inductance and very symmetrical layout. In general, the robustness of GaN technology for these required power ratings has not been demonstrated. The required effort to implement GaN switches would be justified in a design that exploits better the increase in switching frequency to achieve a more significant weight reduction in passives.





4. Conclusions


In this work we have carried out an thorough comparison of converter topologies that are good candidates for a bidirectional power converter linking a HV 270 VDC bus and a LV 28 VDC bus, which are of interest for developing advanced HVDC power distribution systems in more electrical and all electrical aircrafts.



In this analysis, an optimization in terms of efficiency in a wide operating range, and passives weight has been carried out. State-of-the-art semiconductors, and custom magnetics have been considered for this study. As far as the authors know, no recent comparative studies with these features exist. As an outcome, this work provides insight on several promising topologies for bidirectional isolated HVDC-LVDC power converters. In this work we have payed special attention to design trade-offs and comparison of wide bandgap devices with their Si counterparts.



In this work, we have started by imposing exigent requirements in terms of range of operation filtering and control requirements to justify the main design criteria that have been adopted. The analysis carried out has allowed us to conclude that, for these design considerations, using switching frequencies of 100 kHz seems to be preferable than 200 kHz, because doubling switching frequency leads to insufficient passives weight reduction. For example, estimated weight reduction is roughly 20% in single phase DAB designs, 27% in the case of ABAC, and insignificant changes in CD and 3p-DAB.



From the efficiency point of view, 3p-DAB and DAB-TT show the best performance among the optimized designs at 100 kHz. Minimum efficiencies at full power (which determine maximum converter losses) in the whole HVDC-LVDC voltage range are 96.4% and 96.6% respectively. By comparison, DAB-PS, ABAC, and CD yield minimum full power efficiencies of 95.7%, 95.3% and 89.2% respectively. DAB-3p and DAB-TT also show highest average efficiencies (97.3%) for fixed nominal output voltage, full input voltage range, and half power to full power. ABAC and CD show the lowest average efficiencies: 96.8% and 95.5% respectively. Moreover, CD performance presents a relatively high dependence with power transfer mode and power, having specially poor performance at high powers, and in boost mode.



Also, efficiency variation in the operating domain have been studied. With regard to this aspect, DAB topologies have the most uniform efficiencies in the optimization domain, especially DAB-TT (1.3% maximum difference). Regarding losses breakdown, it is interesting to note that LV losses are the dominant component in most topologies, mainly because of high LV currents. By contrast, HV switches losses are much smaller due to the low losses that are inherent to SiC technology and also because ZVS is achieved in most of the operating range in most topologies. The use of SiC involves an average efficiency increase of 0.8% compared to the best alternative option: Si MOSFET with fast recovery diode. In the case of the GaN solution, LV switching losses can be reduced to 1/3 approximately, which leads to average efficiency increase of 0.4% in DAB topologies.



Summing up, we have concluded that the best choice in terms of efficiency is DAB-TT, followed by 3p-DAB with little difference. Nevertheless, differences between topologies at 100 kHz are small, being the CD an exception. In terms of weight, at 100 kHz switching frequency, 3p-DAB is the best option. An additional advantage of 3p-DAB compared to DAB-TT is its modulator simplicity and its much lower filtering requirements. Although filters size in 3p-DAB are only 2/3 the size of DAB-TT filters due to control conservative design considerations, filtering requirements are much lower in 3p-DAB, because of the phases inherent interleaving. This means that less additional passives for EMI filtering are expected to be required in 3p-DAB compared with other topologies. Taking all this into account, we conclude that 3p-DAB is the most suitable topology for our particular application and design constrains.



It must be pointed out that for this comparative work, we focused on a very specific voltage range, and a particular power range (half power to full power) which is of interest for the aeronautical industry. In that sense, results can be generalized only within this framework. We have also taken design decisions that are based on reasoned criteria, but that could be modified in a different context with a different set of specifications. In particular, a redefinition of custom magnetics design, a redefinition of filter design considerations to take more advantage of higher switching frequencies, or redefining filtering requirements according to standards might lead to different conclusions in some of the aspects treated in this work. Furthermore, more advanced control techniques that inherently deal with converter discrete and non linear nature, as Sliding Mode Control, might also be investigated, as it might result in an increase in control robustness, and may relax certain constraints in filter dynamics. A detailed study of the impact of design criteria on topologies performance is considered by the authors as an interesting future work. Also, as a future work, we contemplate to extend this study to other promising topologies, such as resonant topologies.
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Figure 1. Methodology followed in this work for topology comparison and architecture definition. 
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Figure 2. Schematics of the topologies considered in this study. (a) Active Bride Active Clamp; (b) Current Doubler; (c) Three Phase Dual Active Bridge; (d) Dual Active Bridge: Phase Shift and extended Triangular-Trapezoidal [12] modulations. 
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Figure 3. Complete converters filter structure. * HF LV filter block is not required in ABAC and CD topologies. 






Figure 3. Complete converters filter structure. * HF LV filter block is not required in ABAC and CD topologies.



[image: Energies 13 04883 g003]







[image: Energies 13 04883 g004 550] 





Figure 4. Switching losses in HV switches for the three MOSFET alternatives listed in Table 1 at 270 V switching voltage and Tj = 100    ∘  C 
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Figure 5. Effect on switching losses where doubling MOSFET in parallel. (a) Stray inductance variation effect on switching losses at 28 V switching voltage; (b) Doubling MOSFET in parallel effect - BSC026N08NS5 at 28 V switching voltage. 
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Figure 6. Magnetic losses in % (magnetics losses divided by converter transferred power) for all the operating points at nominal power and 100 kHz. 
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Figure 7. Full power efficiency maps in buck mode. 
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Figure 8. Efficiency map at full power, in boost mode. DAB topologies performance in boost mode is the same that in buck mode, as shown in Figure 7. 
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Figure 9. Efficiency map in buck mode, from half power to full power, wide V1 input range, and nominal V2. 
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Figure 10. Efficiency map in boost mode, from half power to full power, wide V2 input range, and nominal V1. 
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Figure 11. Average losses in % (converter losses divided by transferred power), including losses breakdown. 
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Figure 12. Topologies passives weight estimation. 
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Figure 13. Simulated switching losses of four paralleled GaN (EPC2206) and Si (BSC026N08NS5) MOSFET, at 28 VDC. 
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Figure 14. Average losses in % (converter losses divided by transferred power), including losses breakdown. DAB based topologies.GaN (EPC2206) vs Si (BSC026N08NS5) MOSFET comparison. 






Figure 14. Average losses in % (converter losses divided by transferred power), including losses breakdown. DAB based topologies.GaN (EPC2206) vs Si (BSC026N08NS5) MOSFET comparison.



[image: Energies 13 04883 g014]







[image: Table] 





Table 1. HV MOSFETs data.
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Mosfet Ratings

	
Bus Voltage

	
Parallel Operation




	
Part Number

	
Voltage

Rating (V)

	
Continuous Drain

Current (A)

	
Technology

	
Bus Nominal

Voltage (V)

	
n Parallel

	
Rdson

@ 100    ∘  C






	
IPW60R031CFD7

	
600

	
40

	
Si

	
HVDC, 270

	
1

	
50 m Ω 




	
IPW60R070CFD7

	
600

	
20

	
Si

	
HVDC, 270

	
1

	
105 m Ω 




	
C3M0030090K

	
900

	
40

	
SiC

	
HVDC, 270

	
1

	
37 m Ω 
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Table 2. LV MOSFETs data.
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Mosfet Ratings

	
Bus Voltage

	
Parallel Operation




	
Part Number

	
Voltage

Rating (V)

	
Continuous Drain

Current (A)

	
Technology

	
Max. Switching

Voltage (V)

	
n Parallel

	
Rdson

@ 100    ∘  C






	
BSC026N08NS5

	
80

	
100

	
Si

	
LVDC, 28

	
4

	
1 m Ω 




	
IPB200N25N3

	
250

	
46

	
Si

	
Clamp, 150

	
8

	
5 m Ω 




	
IPB044N15N5

	
150

	
123

	
Si

	
2xLVDC, 56

	
4

	
1.75 m Ω 




	
EPC2206

	
80

	
90

	
GaN

	
LVDC, 28

	
4

	
1 m Ω 











[image: Table] 





Table 3. Operating domain, based on MIL-704F standard [26]. Nominal conditions definition.
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	V1nom (V)
	V2nom (V)
	Pnom (W)
	V1min (V)
	V1max (V)
	V2min (V)
	V2max (V)





	270
	28
	3000
	250
	280
	22
	30
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Table 4. Maximum and minimum full power efficiency map values in buck mode.
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Topology

	
Maximum Efficiency

	
Minimum Efficiency

	
Variation [%]




	

	
V1 [V]

	
V2 [V]

	
Eff [%]

	
V1 [V]

	
V2 [V]

	
Eff [%]

	






	
ABAC

	
280

	
30

	
96.8

	
250

	
22

	
95.5

	
1.3




	
CD

	
250

	
30

	
96.3

	
275

	
22

	
93.8

	
2.5




	
3P-DAB

	
280

	
30

	
97.5

	
250

	
22

	
96.4

	
1.1




	
DAB-TT

	
280

	
26

	
97.5

	
250

	
30

	
96.6

	
0.9




	
DAB-PS

	
280

	
26

	
97.0

	
250

	
22

	
95.7

	
1.3
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Table 5. Maximum and minimum full power efficiency map values in boost mode.
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Topology

	
Maximum Efficiency

	
Minimum Efficiency

	
Variation [%]




	

	
V1 [V]

	
V2 [V]

	
Eff [%]

	
V1 [V]

	
V2 [V]

	
Eff [%]

	






	
ABAC

	
280

	
30

	
96.3

	
250

	
22

	
95.3

	
1




	
CD

	
280

	
30

	
95.3

	
265

	
22

	
89.2

	
6.1
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Table 6. Maximum losses for each topology at a specified operating point within the range defined in Table 3.
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	Topology
	V1(V)
	V2(V)
	P(kW)
	eff
	Loss (W)





	ABAC
	250
	22
	–3
	95.31
	140.7



	CD
	265
	22
	–3
	89.22
	323.4



	3p-DAB
	250
	22
	±3
	96.36
	109.1



	DAB-TT
	250
	30
	±3
	96.60
	102.1



	DAB-PS
	250
	22
	±3
	95.72
	128.5
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Table 7. Maximum and minimum nominal output voltage efficiency map values in buck mode.
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Topology

	
Maximum Efficiency

	
Minimum Efficiency

	
Variation [%]




	

	
V1 [V]

	
P [W]

	
Eff [%]

	
V1 [V]

	
P [W]

	
Eff [%]

	






	
ABAC

	
280

	
1500

	
97.4

	
250

	
3000

	
96.4

	
1.0




	
CD

	
250

	
1500

	
97

	
280

	
3000

	
95.8

	
1.2




	
3P-DAB

	
280

	
2000

	
97.9

	
250

	
1500

	
96.3

	
1.6




	
DAB-TT

	
280

	
1750

	
97.8

	
250

	
3000

	
96.9

	
0.9




	
DAB-PS

	
280

	
1750

	
97.6

	
250

	
3000

	
96.2

	
1.4
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Table 8. Maximum and minimum nominal output voltage efficiency map values in boost mode.
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Topology

	
Maximum Efficiency

	
Minimum Efficiency

	
Variation [%]




	

	
V2 [V]

	
P [W]

	
Eff [%]

	
V2 [V]

	
P [W]

	
Eff [%]

	






	
ABAC

	
24

	
1500

	
97.8

	
22

	
3000

	
95.5

	
2.3




	
CD

	
30

	
2000

	
95.8

	
22

	
3000

	
90.1

	
5.7




	
3P-DAB

	
26

	
1750

	
97.9

	
30

	
1500

	
96.5

	
1.4




	
DAB-TT

	
26

	
2000

	
97.9

	
30

	
1500

	
96.6

	
1.3




	
DAB-PS

	
24

	
1500

	
97.8

	
22

	
3000

	
96.3

	
1.5
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Table 9. Average efficiency comparison between different switches technologies. Optimized proposed solution is highlighted in orange.
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Topology

	
Average Efficiency—Buck Mode

	
Average Efficiency—Boost Mode






	

	
HV/LV

	
HV/LV

	
HV/LV

	
HV/LV

	
HV/LV

	
HV/LV

	
HV/LV

	
HV/LV




	

	
SiC/Si

	
Si1/Si

	
Si2/Si

	
SiC/GaN

	
SiC/Si

	
Si1/Si

	
Si2/Si

	
SiC/GaN




	
ABAC

	
96.7

	
96.4

	
96.5

	
-

	
96.7

	
96.2

	
96.0

	
-




	
CD

	
96.4

	
96.1

	
94.8

	
-

	
94.5

	
90.0

	
91.6

	
-




	
3P-DAB

	
97.3

	
93.8

	
96.5

	
97.7

	
97.4

	
95.2

	
96.6

	
97.7




	
DAB-TT

	
97.4

	
96.1

	
96.9

	
97.8

	
97.4

	
96.0

	
96.7

	
97.7




	
DAB-PS

	
97.1

	
96.5

	
96.5

	
97.6

	
97.2

	
96.7

	
96.6

	
97.6
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