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Abstract

:

This paper deals with a well-known problem of the transient DC-bias current occurring during a phase shift transition in dual active bridge (DAB) DC/DC converters. This phenomenon, if not compensated, can cause damage to the converter or deteriorate its performance. One aim of this paper is to present a solution which allows for the elimination of the undesired transient DC-bias component in current waveforms. This solution is the dual rising edge shift (DRES) compensation algorithm. It provides a very simple implementation and fast settling time within the first half of a switching period. Moreover, the solution is independent on any measurements or system parameter values. It is based on the double-sided single phase shift (DSSPS) modulation, which is described in detail along with a converter model in steady-state. Then, the mechanisms leading to the transient DC-bias are explained, and the compensation algorithm is derived. The performance of the algorithm has been tested using a laboratory prototype. A comprehensive set of tests, involving rapid step changes in power flow and frequency sweep, are provided. Finally, the features of the proposed algorithm are briefly discussed.
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1. Introduction


The dual active bridge (DAB) is a very versatile DC/DC converter topology. It allows for bidirectional power flow, galvanic isolation, and both buck and boost functionality. This operational flexibility, together with a high efficiency and a high-power density, makes it an attractive solution for a very wide range of applications [1], e.g., power conversion in DC grids, solid-state transformers (SST), automotive applications, energy storage systems, and aerospace applications.



The foundations of this topology were established around the late 1980s and early 1990s [2,3,4]. Unfortunately, at this time, the power electronics technology was not mature enough to enable the realization of DAB converters with acceptable efficiencies [5]. Thus, extensive research in this field was delayed for almost two decades since the primal release of the DAB concept. This correlated with advances in power electronic devices and magnetic materials, which were crucial to make DAB converters suitable for high-power-density power conversion systems [5].



Throughout the years, numerous different modulation strategies were developed to control DABs [1]. The most established and, at the same time, the simplest of them is single phase shift (SPS) modulation [2,3,4,6,7,8,9,10,11,12,13]. In this solution, both H-bridges are controlled with a constant duty cycle of   50 %  , and the only controlled variable is a phase shift between primary- and secondary-side AC voltages.



An occurrence of the DC-bias current in DAB converters is a well-known and widely documented fact [11,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. This phenomenon can lead to a saturation of the auxiliary inductor or the transformer magnetic circuit, which in turn can cause a serious fault of power electronic devices due to an overcurrent [11]. It can also lead to an emergency shut down and/or rise of power losses in different parts of the system. Eliminating of the DC-bias current is thus one of the most important issues to be solved in order to design a DAB converter of industrial quality. From this point of view, it is also preferred to apply algorithmic-based solutions to this problem over hardware-based ones, as they are more cost-effective and do not require an over-dimensioning of the system elements, i.e., magnetic cores and power electronic devices.



It is also important to distinguish between two different types of the discussed problem: a steady-state DC-bias current and a transient DC-bias current. Both of them have slightly different origins; thus, the countermeasures needed to eliminate them have to be of a different nature, too.



The steady-state DC-bias current is primarily caused by some imperfections in hardware, which lead to asymmetries in the AC voltage waveforms produced by both bridges. These asymmetries can be caused by differences in turn-on and turn-off times of semiconductor switches, propagation times of gate control signals, voltage drop characteristics of semiconductor devices, etc. There are several solutions allowing this type of DC-bias to be mitigated that are reported in the literature [14,15,16,17,18,19]. All of them are based on a measurement of the current averaged over at least one switching cycle, which in turn limits an effectively realizable bandwidth of the DC-bias elimination process.



On the other hand, an occurrence of the transient DC-bias current is inherently connected with an applied control scheme. Most of the modulation strategies developed for the DAB converters are primarily designed based on a steady-state operation analysis. In an ideal case, they ensure a zero volt-time product over a switching period but only during a steady-state operation. Applying the same voltage waveforms during a transition process does not ensure this premise anymore, causing some serious rise of the current when a transferred power is changed. This rise occurs relatively quickly (within a fraction of a switching period); therefore, the only way to avoid it is to apply countermeasures a priori to its occurrence. Thus, the reported solutions to this problem focus mainly on an appropriate modification of the SPS modulation scheme during the transition process [20,21,22,23,24,25,26,27,28] (the solution presented here is based on the same idea).



In [20,21], model predictive controllers are proposed. They rely on current and voltage measurements, as well as on some system parameter values. The authors of [22,23] propose shifting three voltage edges based on an a priori calculation. One of the solutions given in [24] incorporates a single rising voltage edge shift based on two voltage measurements, but power flow reversal functionality has not been presented. The second solution given in the same paper possesses this functionality, but it uses a much more complex dual phase shift (DPS) control, including a zero voltage state. It also requires an injection of a zero voltage for a half cycle during the power flow reversal. In [25], the authors propose a measurement-free solution, where four switching angles are adjusted, and the control variables are updated twice per switching cycle. Other solutions using a zero voltage injection are also known, but the power flow reversal operation is either not presented [26], or it needs a tedious procedure incorporating a change of the switching cycle duration [27]. In [28], four different solutions are analyzed. They are based on manipulating various pairs of voltage waveform edges. Algorithm calculations require two voltage measurements, and the power flow reversal functionality has not been demonstrated.



The literature also reports some attempts to solve the transient DC-bias problem using the much more complex triple phase shift (TPS) modulation [29,30]. The solution presented in [29] introduces an additional time period of various duration between switching cycles every time the power flow value is changed. This algorithm is hardly applicable on microcontrollers and probably imposes the usage of an FPGA device. The algorithm from [30] is very complex: it requires measurement-based complex calculations and switching between operational modes. Additionally, it was developed only for a positive power flow direction.



An algorithm proposed in this paper is an alternative to the above-mentioned solutions [20,21,22,23,24,25,26,27,28]. It is an extension of the SPS modulation scheme, allowing for the elimination of a transient DC-bias current in transformer windings. This solution incorporates an appropriate shift of the rising edges for both primary- and secondary-side AC voltages during transition process. The calculation formula is very simple and does not require any measurements or system parameter values.



All the algorithms presented in [20,21,22,23,24,25,26,27,28] have different strengths and weaknesses. Based on the detailed analysis of them, the authors identified some positive features, which can be used to compare their usefulness. Thus, the potentially best algorithm should have the following features:




	
No need for any measurements or parameter values: Solutions presented in [20,21,22,23,24,26,28] incorporate relatively complex formulas, including input and output voltage measurement values and/or equivalent inductance values. This raises the computational burden of the algorithm and makes it possibly vulnerable to measurement noises and parameter identification errors (as described in [21]). Solutions presented in [25,27] do not posses this drawback, which also leads to relatively simple calculation formulas;



	
No conditional branches: Algorithms presented in [23,24,27] use conditional branches, which raises the complexity of implementation. Other solutions, i.e, [20,21,22,25,26], do not need them. Lack of conditional-based algorithm execution is an advantage for implementation;



	
Power flow reversal functionality: One of the most important advantages of the DAB topology is the bi-directional power flow capability. Hence, it is very important that the DC-bias current cancellation algorithm supports this functionality; otherwise, the full potential of the converter features cannot be utilized. Among the analyzed solutions, only [21,23,24] present experimental proofs of such a functionality. The authors of [27] also claim it, but it was not supported with experimental results;



	
Settling within the first half of the switching cycle during transients: From the closed loop voltage control point of view, it is advantageous that the current waveforms (and hence, also the power flow level) settle to their steady-state as fast as possible. The algorithm presented in [20] needs several switching cycles to settle. The authors of [21,22,23,24,27] claim a settling time of one switching cycle. Only solutions provided in [25,26] provide a settling of the current waveforms within the first half of the switching cycle;



	
Update and calculation once per switching cycle: Some of the algorithms, i.e., [20,21,25], require an update of pulse width modulation (PWM) control values and/or algorithm calculations twice per switching cycle. This is disadvantageous, especially when the algorithm is implemented on a microcontroller. The reason is that it requires two invocations of the interrupt service routine per switching cycle. With all the other solutions, i.e., [22,23,24,26,27,28], it is sufficient to perform the modulation-algorithm-related calculations only once per switching cycle. Thanks to this, these algorithms can be executed in the same interrupt service routine as the overlaying voltage control algorithm. Hence, these interrupts do not need to be nested, which is obviously a convenient feature for implementation;



	
No asynchronous operation: This point relates to only two solutions. The algorithm presented in [24] requires an injection of an additional half switching cycle with zero voltage during power flow reversal. The solution proposed in [27] incorporates an injection of such a zero voltage period (which also has a variable duration based on the requested amount of power flow value) between each consecutive switching cycle. It introduces an asynchronous operation of the converter. With solution [24], it occurs only occasionally during power flow reversal, so its impact is not severe. On the other hand, the impact on the operation of a converter controlled with an algorithm presented in [27] is significant. Such an asynchronous operation introduces either asynchronous sampling (if it is bounded with a switching cycle) or de-synchronization of sampling in relation to switching cycle. In both situations, it makes it very hard to analyze the dynamics of such an asynchronous system. Hence, a closed loop control system synthesis can become a relatively tedious task;



	
Dead-time compensation: All the analyzed solutions are derived based on the so-called simplified lossless converter model. As described in [23], this model neglects an influence of the converter blanking times (often referred to as dead times) on the converter operation. For this reason, every algorithm which does not take this effect into account is unable to perfectly compensate the DC-bias current. On the other hand, the remaining compensation error was quantified in [23], and it appears to be reasonably small enough to simply accept it. Nevertheless, the authors of [21,23] decided to introduce an additional module to their base algorithms, which compensates the dead-time related effects. These solutions are based on an analytical model of the dead-time influence on current waveforms.








For clarity, all the above-mentioned features are presented in tabular form in Table 1. For comparison, the features of the algorithm presented in this paper are shown in the last row. It can be identified that this algorithm combines almost all the possible advantages of the other solutions with only one exception, i.e., it does not provide compensation of the dead-time related effects.



This paper is organized as follows: after this introductory part, Section 2.1 explains the operation of the proposed algorithm in steady-state. Section 2.2 analyzes mechanisms leading to the transient DC-bias current phenomenon and introduces the proposed compensation algorithm. Experimental results are given in Section 3. They are discussed in Section 4. Finally, the presented content is summarized in Section 5.




2. Materials and Methods


2.1. Steady-State Operation—Double-Sided Single Phase Shift (DSSPS) Modulation


An operation of the converter in steady-state is analyzed first. The basic DAB circuit is shown in Figure 1a where:    Q 1  ⋯ Q 8   are transistors of the MOSFET type;    V 1    and    V 2    are the primary- and the secondary-side DC voltages   ( V )  , which are assumed constant during a steady-state operation;    v  H 1    ( t )    and    v  H 2    ( t )    are the AC voltages of primary- and secondary-side H-bridges   ( V )  ;    i  L 1    ( t )    and    i  L 2    ( t )    are the primary- and secondary-side transformer currents   ( A )  ;    L  a u x     is an inductance of the auxiliary inductor   ( H )  ; and    n 1    and    n 2    are numbers of turns at primary and secondary transformer sides.



It is a common practice to describe the operation of a DAB converter with a simplified equivalent circuit shown in Figure 1b [10,11,12]. The same approach is used here for a derivation of the presented algorithm. In this model, both H-bridges are replaced with ideal voltage sources; the transformer is assumed as ideal with only series leakage inductances (magnetizing inductance is neglected); all parasitic resistances are neglected; and secondary side quantities are referred to the primary side of the transformer. With all the above assumptions, the equivalent DAB circuit can be described with following equations:


   i  L 2    ( t )  =  n t  ×  i  L 1    ( t )  ,  



(1)






   v  H 2  ′   ( t )  =  n t  ×  v  H 2    ( t )  ,  



(2)






   L  e q   =  L  a u x   +  L  σ 1   +  L  σ 2  ′  =  L  a u x   +  L  σ 1   +  L  σ 2   ×  n t 2  ,  



(3)






   n t  =   n 1   n 2   ,  



(4)






   L  e q   ×   d  i  L 1    ( t )    d t   =  v L   ( t )  =  v  H 1    ( t )  −  v  H 2  ,   ( t )  ,  



(5)




where    v  H 2  ,   ( t )    is the secondary-side AC voltage referred to the primary side of the transformer   ( V )  ;    L  e q     is an equivalent circuit inductance, which is referred to the primary side   ( H )  ;    L  σ 1     and    L  σ 2     are the primary- and secondary-side series leakage inductances of the transformer   ( H )  ;    L  σ 2  ′    is secondary-side leakage inductance referred to the primary side   ( H )  ;    n t    is the turns ratio of the transformer; and    v L   ( t )    is voltage across the equivalent circuit inductor   ( V )  .



In SPS modulation, both H-bridges are controlled with a constant duty cycle of   50 %  , and power flow is controlled by adjusting the phase shift between the resulting square wave AC voltages. In this paper, the phase shift    D S    is expressed in units of time normalized by a switching period:


   t *  =  t  T  s w t    ,  



(6)




where    t *    is a normalized time; t is an absolute time   ( s )  ; and    T  s w t     is a switching period   ( s )  . With such a definition, the value    D s  = 0.25   corresponds to a phase shift angle of    90 °    (see Figure 2a).



The phase shift    D S    can be then defined as:


   D S  =  φ  360 °   ,  



(7)




where   φ   is the phase shift expressed in degrees (  °  ).



The basic SPS algorithm description does not unambiguously define how exactly the switching instants should be placed in time (relative to the switching period). This modulation scheme thus leaves some freedom of choice for implementation, but this decision can be crucial for a dynamic operation of the converter. The solution presented here is a variation of the double-sided single phase shift (DSSPS) modulation scheme [22]. It assumes that phases of both primary- and secondary-side voltage waveforms are adjusted in such a way that they are shifted symmetrically with regard to the center of the switching cycle. With such a definition, time instants of rising and falling voltage edges for both bridges (primary    H 1    and secondary    H 2   ) can be calculated as follows:


   H 1   -  rising  edge    t   H 1  − R E  *  = 0.25 −   D S  2  ,  



(8)






   H 2   -  rising  edge    t   H 2  − R E  *  = 0.25 +   D S  2  ,  



(9)






   H 1   -  falling  edge   t   H 1  − F E  *  = 0.75 −   D S  2  ,  



(10)






   H 2   -  falling  edge   t   H 2  − F E  *  = 0.75 +   D S  2  .  



(11)







The rising voltage edge for the bridge   H 1   (8) occurs when the transistors    Q 1  ,  Q 4    are being switched ON and the transistors    Q 2  ,  Q 3    are being switched OFF (see Figure 1a for numeration of each transistor). The falling voltage edge (10) occurs when the transistors    Q 1  ,  Q 4    are being switched OFF and the transistors    Q 2  ,  Q 3    are being switched ON. It is analogous for the    H 2    bridge. The rising voltage edge (9) occurs when the transistors    Q 5  ,  Q 8    are being switched ON and the transistors    Q 6  ,  Q 7    are being switched OFF. The falling voltage edge (11) occurs when the transistors    Q 5  ,  Q 8    are being switched OFF and the transistors    Q 6  ,  Q 7    are being switched ON.



The resulting AC voltage waveforms for both power flow directions have been presented in Figure 2a. Based on them, a voltage across the equivalent circuit inductor can be determined with (5) (Figure 2b). Solving Equation (5) and assuming a symmetry of the current waveforms in steady-state, the expressions for instantaneous values of the current    i  L 1    ( t )    at the beginning of a switching cycle (   I 0   ), as well as at switching instants (   I 1    and    I 2   ), can be determined as [12]:


   I 0  = − 4 ×  D S  ×  ( 1 +  k u  )  ×  I N  ,  



(12)






   I 1  =  I N   × ( 2 ×   k u  − 2 − 8 ×  k u   × |   D S   | )  ,  



(13)






   I 2  =  I N   × ( 2 ×   k u   − 2 + 8 × |   D S   | )  ,  



(14)






   I N  =   V 1   8 ×  f  s w t   ×  L  e q     ,  



(15)






   k u  =    n t  ×  V 2    V 1   ,  



(16)




where    I N    is a base current (A);    f  s w t     is a switching frequency (  H z  ); and    k u    is a voltage gain of the converter. With Equations (1) and (12)–(16), the waveforms of both transformer currents during the steady-state operation are fully defined.




2.2. Dynamic Operation—Dual Rising Edge Shift (DRES) Algorithm


In this Section, the dynamic DAB operation is analyzed using the same simplified equivalent circuit as in the steady-state. It is assumed that the dynamics of changes in the interface voltages    V 1    and    V 2    is negligibly slow relative to a switching cycle duration. Hence, these voltages are considered constant in the analysis.



In Figure 3, waveforms during a step change of the phase shift    D S    are presented. In the first switching cycle, the phase shift equals    D  S 1    , and in the second cycle it rapidly changes to    D  S 2    . The plots (a) and (b) correspond to a positive change of the phase shift (expressed as   Δ  D S  =  D  S 2   −  D  S 1    ). This means that the transmitted power rises. On the other hand, the plots (c) and (d) correspond to an opposite situation (negative   Δ  D S    and drop in the transmitted power). In both situations, the phase shift values are positive, so all the plots depict a case of the forward power flow direction.



The waveforms of the primary-side transformer currents, which are presented in Figure 3b,d, were calculated in two different ways. The first waveform (plotted in red) was calculated by solving Equation (5) continuously, assuming that the current at the beginning of the switching cycle equals the current at the end of the previous cycle. The second waveform (plotted in black) corresponds to the steady-state model presented in the previous section. As the instantaneous current values at the beginning and at the end of the switching cycle depend on the phase shift value in steady-state, the resulting waveforms are discontinuous.



As the equivalent DAB circuit consists of only an inductor and voltage source, the current slopes during a transient process are the same as in a steady-state, but instantaneous current values at the beginning of a switching period are different. Thus, a change in the phase shift introduces a DC-bias current. Its value is equal to a difference in the initial current values calculated for the different phase shift values as follows:


   I  D C   =  I 0   (  D  S 1   )  −  I 0   (  D  S 2   )  = 4 × Δ  D S  ×  ( 1 +  k u  )  ×  I N  .  



(17)







Hence, both a sign and a value of the DC-bias current depend on a change of the phase shift between two switching periods. The above discussion was carried out based on the simplified DAB model, but in practice, there exist some parasitic resistances in the circuit. Hence, in reality, the DC-bias decays exponentially with time, as the magnetic energy stored in inductances is being dissipated at these resistances. It can be clearly observed based on the experimental results presented in Section 3.



The basic idea of the algorithm proposed in this paper is to appropriately manipulate time instants of rising voltage edges for both bridges during a transition process. Hence, a proposed name for this algorithm is the dual rising edge shift (DRES) compensation algorithm. This manipulation, if done correctly, can compensate the mechanisms leading to the transient DC-bias current and prevent it from occurring.



For the sake of clarity, let us call a time interval between the rising voltage edges the ‘dominant interval’. This term should point out that a current slope in this interval is always greater than in the adjacent intervals (as the equivalent inductor voltage    v L   ( t )    in this interval is the sum of the primary- and secondary-side peak voltages). Let us also observe that the shifting of the rising voltage edges causes a reduction or an elongation of the dominant interval duration at the expense of the adjacent intervals’ duration. As the current slope in the dominant interval is always greater than in adjacent ones, lengthening of this interval introduces a positive DC-bias current. On the other hand, shortening of this interval introduces a negative DC-bias current. The direction of the corrective shifts for rising edges should thus be chosen in such a way that it introduces a DC-bias with an opposite direction to the effect of the phase shift change described with (17). The appropriate direction of the shifts (meeting this rule) is marked with reference arrows in Figure 3b,d.



It should be noted that the above analysis was carried out only for the forward power flow direction. The same reasoning should be repeated for the reverse power flow direction. The conclusions of such an analysis are that depending on the situation, the dominant interval duration should be:




	
reduced, if    D  S 2   ≥ 0   and   Δ  D S  ≥ 0  ,



	
extended, if    D  S 2   ≥ 0   and   Δ  D S  < 0  ,



	
extended, if    D  S 2   < 0   and   Δ  D S  ≥ 0  ,



	
reduced, if    D  S 2   < 0   and   Δ  D S  < 0  .








Incorporating this into the modulation algorithm results in following formulas for the time instants of particular voltage edges:


   H 1   -  rising  edge    t   H 1  − R E  *   ( k )  = 0.25 −    D S   ( k )   2  +  t  c o r r  *   ( k )  ,  



(18)






   H 2   -  rising  edge    t   H 2  − R E  *   ( k )  = 0.25 +    D S   ( k )   2  −  t  c o r r  *   ( k )  ,  



(19)






   H 1   -  falling  edge   t   H 1  − F E  *   ( k )  = 0.75 −    D S   ( k )   2  ,  



(20)






   H 2   -  falling  edge   t   H 2  − F E  *   ( k )  = 0.75 +    D S   ( k )   2  ,  



(21)






  Δ  D S   ( k )  =  D S   ( k )  −  D S   ( k − 1 )  ,  



(22)






   t  c o r r  *   ( k )  ≥ 0  for  Δ  D S   ( k )  ≥ 0 ,  



(23)






   t  c o r r  *   ( k )  < 0  for  Δ  D S   ( k )  < 0 ,  



(24)




where    t  c o r r  *   ( k )    is a correction time;   Δ  D S   ( k )    is a change of phase shift value between the current and the previous switching cycle; and k is a number of the switching cycle, in which the calculated control values are applied.



Expressions for time instants of the falling edges remained unchanged in comparison to the basic modulation algorithm—compare expressions (10) and (11) with (20) and (21). The only change occurs in the first two equations, i.e., (18) and (19), because the rising voltage edges should be appropriately shifted by an amount of the correction time    t  c o r r  *   . According to Equations (22)–(24), the sign of the correction time should be the same as the direction of the phase shift change between switching cycles. Together with expressions (18) and (19), this assures that the duration of the dominant interval is properly reduced or extended according to the rules given a few paragraphs prior. For a positive phase shift value (   D S   ( k )  > 0  ), the rising voltage edge for the    H 1    bridge leads to the rising voltage edge for the    H 2    bridge. Hence, injection of the correction time according to (18) and (19) brings both rising edges closer to each other (   H 1    is delayed and    H 2    is sped up), and the dominant interval duration is reduced. For a negative phase shift value (   D S   ( k )  < 0  ), the situation is the opposite. The rising edge of the    H 2    bridge voltage occurs first, and the same operation (at positive phase shift change) moves both rising edges away from each other. Hence, the dominant interval duration is extended. The same reasoning can be repeated for a negative change direction of the phase shift (  Δ  D S   ( k )  < 0  ).



An operation of this algorithm is presented in Figure 4. In order to allow for an easy comparison, the waveforms were calculated for the same cases as in Figure 3. A value of the correction time    t  c o r r  *    was chosen in such a way that the transient current waveforms (red) converge to their counterparts calculated with the steady-state model, Equations (12)–(16).



The last missing part of the compensation algorithm is a formula for the correction time calculation. In order to derive it, let us observe that in steady-state, an instantaneous current value in the middle of the switching cycle is the same as at the beginning of the cycle, but with an opposite sign (see values   −  I 0   (  D  S 2   )    in Figure 4b,d). Hence, a correction time should be calculated in such a way that the instantaneous current value in the transient process equals   −  I 0   (  D  S 2   )    in the middle of the switching cycle. The instantaneous current in the middle of the switching cycle during transience can be expressed as:


   i  L 1    (  t *  )  =  I 0   (  D S   ( k − 1 )  )  +  Δ 1  +  Δ 2  +  Δ 3   for   t *  = 0.5 ,  



(25)






   Δ 1  =  ( − 1 +  k u  )  ×  V 1  ×  [ 0.25 −    D S   ( k )   2  +  t  c o r r  *   ( k )  ]  ×   T  s w t    L  e q    ,  



(26)






   Δ 2  =  ( 1 +  k u  )  ×  V 1  ×  [  D S   ( k )  − 2 ×  t  c o r r  *   ( k )  ]  ×   T  s w t    L  e q    ,  



(27)






   Δ 3  =  ( 1 −  k u  )  ×  V 1  ×  [ 0.25 −    D S   ( k )   2  +  t  c o r r  *   ( k )  ]  ×   T  s w t    L  e q    ,  



(28)




where    Δ 1   ,    Δ 2   , and    Δ 3    are the current increases in consecutive time intervals, where the current is piece-wise linear. Equating the (25) with a target instantaneous value of   −  I 0   (  D  S 2   )    (see Equation (12)) and solving the obtained equation with regard to the correction time results in:


   t  c o r r  *   ( k )  =   Δ  D S   ( k )   4  .  



(29)







Repeating this calculation for an opposite power flow direction leads to an exact same formula, which ends the derivation of the compensation algorithm. It should be noted that Equation (29) meets the conditions (23) and (24) imposed on the sign of the correction time. Hence, Equation (29) can be implemented directly without any additional conditional statements.



The block diagram of the proposed algorithm is shown in Figure 5. It can be clearly seen that the computational overhead due to the compensation algorithm is pretty minimal. The simplicity of the whole modulation algorithm allows it to be implemented on any modern microcontroller owning a PWM peripheral.



It should also be mentioned that the proposed algorithm was derived based on the same simplified DAB model as the solutions presented in [20,21,22,23,24,25,26,27,28]. Hence, the performance of all the algorithms (including the one presented here) is limited by the simplifying assumptions described in Section 2.1. In particular, parasitic resistances and an effect of commutation blanking times (which are present in a real system) can deteriorate the precision of the used model [23].





3. Results


The feasibility of the proposed solution was tested experimentally. The laboratory setup is shown in Figure 6, and the system parameters are listed in Table 2. Both H-bridges were built based on the SiC-based MOSFET power modules CCS050M12CM from CREETM. The control algorithm was implemented on the microcontroller TMS320F28379D from Texas InstrumentsTM. The control interface presented in Figure 6 was designed by the authors’ research team.



The details of the implementation are described in Appendix A. The measurements were carried out with the MSO58 oscilloscope from TektronixTM using the P5205A, TCP0020A, and TCP0030A probes. In order to provide the possible stable test conditions, input terminals of the converter were connected with output terminals and supplied from a laboratory DC power supply, TDK-Lambda GEN 600-2.6. A schematic of this connection is shown in Figure 7. Thanks to the setup used, the energy transmitted through the DAB converter flows in a closed loop, and the power supply only needs to cover a power demand for the losses. In order to provide comparability of the results obtained in different test scenarios, all the tests were carried out at the same voltage level of 100 V. This particular value was chosen in order not to exceed the maximal allowed current for the current probes during the most extreme test case (i.e., the power flow reversal with deactivated compensation algorithm).



The first three tests are designed to demonstrate system behavior during step changes in the phase shift value    D S   . Each test covers two steps. During the test presented in Figure 8, the transmitted power changes from zero (   D S  = 0  ) to the maximal value in the forward direction (   D S  = 0.25  ), and then back to zero.



The test presented in Figure 9 is analogous to the previous one, but the maximal power flows in the reverse direction (   D S  = − 0.25  ). The third test (Figure 10) incorporates the most extreme possible step changes, i.e., from the maximal power flowing in the reverse direction (   D S  = − 0.25  ) to the maximal power in the forward direction (   D S  = 0.25  ), and then back in the reverse direction. All the tests were conducted twice: with the deactivated (plots (a)) and activated (plots (b)) DRES compensation algorithm.



An additional test was conducted in order to prove the applicability of the DRES algorithm in closed-loop control systems. In such applications, the phase shift value is changed continuously with various dynamics by a controller. These conditions can be indirectly simulated using a frequency sweep test. The test circuit is exactly the same as for the previous cases (see Figure 7). The phase shift waveform    D S    has the shape of a sine function, with a constant amplitude of 0.25 and a variable frequency rising linearly with time from 0 kHz to 5 kHz. This allows the system behavior under many different frequencies to be covered in a single test. The results of such a test are presented in Figure 11.




4. Discussion


Let us analyze the system behavior without the compensation algorithm first (see Figure 8a, Figure 9a and Figure 10a). It is clearly visible that the transient DC-bias current occurs in both transformer currents (i.e.,    i  L 1     and    i  L 2    ) and decays exponentially with time. This behavior was explained in Section 2.2 and fully matches with the theory. It should be emphasized that the peak current values during the transient processes are much higher than in the steady-state, which is the main motivation to compensate the DC-bias.



It is also clearly visible that with the compensation algorithm activated (see Figure 8b, Figure 9b and Figure 10b)), the system behavior is drastically improved. Peak current values during the transients are reduced to almost the same values as in the steady-state. Hence, the feasibility of the proposed solution is positively verified during all the possible types of the step changes, including the reversal of power flow direction with extreme values.



The results of the frequency sweep test are similar (see Figure 11). It can be observed that without DC-bias compensation (Figure 11a), the current envelope rises with frequency. After the activation of the compensation algorithm, this behavior is improved (Figure 11b). The current envelopes are constant and the peak values are comparable to the ones obtained in the steady-state. In the authors’ opinion, these results are satisfactory and can serve as a final proof of the algorithm’s viability.



The presented algorithm has many advantages. The proposed implementation is very comprehensive and does not need any conditional based changes, as opposed to the solutions presented in [23,24,27]. It is also based on a very simple formula, which is independent on the voltage measurements or the equivalent inductance value (as opposed to [20,21,22,23,24,28]). Hence, it is robust against measurement noises and parameter identification errors. It also provides a very fast settling time within the first half of the switching cycle (as opposed to [20,21,22,23,24,27,28]). The power reversal functionality was demonstrated as well (which is not the case for [20,22,25,26,28]).




5. Conclusions


An algorithm for eliminating the transient DC-bias current in the transformer for DAB converters was presented. First, a steady-state modulation scheme was introduced. It is a relatively rare variation of the SPS modulation, which assumes that both primary- and secondary-side voltage waveforms are changed symmetrically during the transition process. Next, the operation of the converter during a transient process was analyzed. Based on this analysis, the DRES compensation algorithm was proposed and derived. It incorporates an appropriate manipulation of the time instants for the rising voltage edges.



The performance of the proposed solution was comprehensively tested with a laboratory prototype. The feasibility of the algorithm was proven based on all six possible types of step changes in power flow, including the reversal of power flow direction. These step tests were performed for the most extreme possible phase shift values. Additionally, a frequency sweep test was conducted. Based on this, it was indirectly proven that the algorithm can be also applied in closed-loop control systems.



The main advantage of the presented solution is the extreme simplicity of the implementation. This can clearly be seen based on the exemplary implementation presented in Appendix A. In comparison with other solutions (see Section 4 for details), it does not need any system parameters or measurements, although it offers the best of their combined functionality (bi-directional power flow, including reversal and fast settling time within a half switching cycle). Hence, the presented solution is a promising alternative to all the mentioned proposals from the literature.
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Abbreviations


The following abbreviations are used in this manuscript:



	AC
	Alternating Current



	DAB
	Dual Active Bridge



	DC
	Direct Current



	DRES
	Dual Rising Edge Shift (algorithm)



	DSSPS
	Double-Sided Single Phase Shift (modulation)



	ePWM
	Enhanced Pulse Width Modulator (microcontroller peripheral)



	FE
	Falling Edge



	FPGA
	Field Programmable Gate Array



	PWM
	Pulse Width Modulation



	RE
	Rising Edge



	SST
	Solid State Transformer



	SPS
	Single Phase Shift (modulation)



	TPS
	Triple Phase Shift (modulation)










Appendix A. Details of the Software Implementation


The Appendix describes the details of the software implemented in the laboratory prototype described in Section 3. It should be emphasized that this is only an exemplary implementation of the presented algorithm, as it can be implemented in various ways, and every practical implementation is obviously dependent on the used hardware platform.



The presented software was implemented on a TMS320F28379D Dual-Core Microcontroller from Texas InstrumentsTM. The general flowchart of this solution is shown in Figure A1. The PWM signals controlling the gate drivers of the transistors are generated using the enhanced pulse width modulator (ePWM) peripheral of the microcontroller [31]. Each PWM module of this peripheral can generate both the basic and negated signal. In the presented solution, each module (see ePWM1, ePWM2, ePWM3, and ePWM4 in Figure A1) controls one half-bridge of the converter. The basic signals control the upper-side transistors, and the negated signals control the lower-side transistors in each branch (compare the transistor markings    Q 1  ⋯  Q 8    in Figure 1a and Figure A1). The gate drivers used work in a standard logic, i.e., the transistor is switched on if the corresponding PWM signal is in a high state.



The software was written directly in C language, and it was compiled using a tool dedicated for microcontrollers from Texas InstrumentsTM, i.e., Code Composer Studio (8.1.0) [32]. The control algorithm is implemented in an interrupt service routine, which is triggered at the beginning of each switching cycle. An exact timing diagram is shown in Figure A2.
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Figure A1. Flowchart of the implemented software. 
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Figure A2. Timing diagram of the PWM generation module and interrupt service routine. 
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The counters of each ePWM module are synchronized with each other and configured in the count up-down mode. This means that the counter first counts up from zero to a target value, and then it counts back down to zero. The target counter value is set to 1250, so one switching period lasts for 2500 clock ticks. The PWM generation clock runs with a frequency of 100 Mhz, which results in a switching period of 25   μ s   (40 kHz). When the calculations performed by a control code run in the interrupt service routine are finished, the calculated values for the PWM control are first stored in the so-called shadow registers. These values are moved into the active PWM control registers first at the beginning of the next switching cycle. This is needed because the PWM setup should not change during a switching cycle.



The PWM signals for each module are generated based on two events: the counter reaches the CMPA value at counting up or the counter reaches the CMPB value at counting down. The values CMPA and CMPB can be set independently for each ePWM module, and which bit operations should be performed at each event can also be flexibly configured. The configuration used is shown in Table A1.
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Table A1. Configuration of bit operations performed by each ePWM module at counter = CMPA and counter = CMPB events.
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	Event
	ePWM1
	ePWM2
	ePWM3
	ePWM4





	counter = CMPA (at count-up)
	SET
	CLEAR
	SET
	CLEAR



	counter = CMPB (at count-down)
	CLEAR
	SET
	CLEAR
	SET








Hence, the task of the modulation algorithm is to actually calculate values CMPA and CMPB for each ePWM module. It is performed within the ‘setPwm_SPSMOD’ function (see Figure A1). The requested phase shift value    D  S , r e q     is calculated by an application software module (described later in this section) and passed to this function via the ‘PwmSPSMod’ structure as variable ‘PhShftNrmlzd’ (a definition of this structure is shown in Figure A3).
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Figure A3. Definition code of the structure used for the modulation algorithm control. 
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The code of the modulation algorithm, including the DRES algorithm for a DC-bias current cancellation, is shown in Figure A4. This code performs mathematical operations described with Equations (18)–(24) and shown in the block diagram in Figure 5. The value 625 written to both the CMPA and CMPB registers of each module corresponds to a switching time of    t *  = 0.25   for a rising voltage edge and    t *  = 0.75   for a falling voltage edge of each bridge. These values should be treated as an initial setup corresponding to a phase shift value equal to zero. If the occurrence of a rising edge for either of the bridges should be shifted to the left on the time axis, the corresponding phase shift value (expressed in clock ticks) should be subtracted from the value 625 and written in the CMPA register. If the occurrence of a falling voltage should be shifted to the left, an opposite operation should be done, i.e., the corresponding phase shift value should be added to the value 625 and written in the CMPB register. This is performed in lines 79–83 of the function code (see Figure A4).



The modulation function is invoked within an application code, which allows a requested phase shift signal of various waveform types to be generated (see generation block in Figure A1). During the experimental tests presented in Section 3, the rectangular wave and frequency sweep options were used. Parts of the code for this function generator are shown in Figure A5 and Figure A6.
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Figure A4. Code of the modulation algorithm. 
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Figure A5. Code for a rectangular wave generator of the phase shift signal. 
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Figure A6. Code for a frequency sweep generator of the phase shift signal. 






Figure A6. Code for a frequency sweep generator of the phase shift signal.



[image: Energies 14 04264 g0a6]







References


	



Hou, N.; Li, Y.W. Overview and Comparison of Modulation and Control Strategies for a Nonresonant Single-Phase Dual-Active-Bridge DC–DC Converter. IEEE Trans. Power Electron. 2020, 35, 3148–3172. [Google Scholar] [CrossRef]

	



De Doncker, R.W.; Divan, D.M.; Kheraluwala, M.H. A three-phase soft-switched high power density DC/DC converter for high power applications. In Proceedings of the Conference Record of the 1988 IEEE Industry Applications Society Annual Meeting, Pittsburgh, PA, USA, 2–7 October 1988; pp. 796–805. [Google Scholar] [CrossRef]

	



De Doncker, R.W.A.A.; Divan, D.M.; Kheraluwala, M.H. A three-phase soft-switched high-power-density DC/DC converter for high-power applications. IEEE Trans. Ind. Appl. 1991, 27, 63–73. [Google Scholar] [CrossRef]

	



Kheraluwala, M.N.; Gascoigne, R.W.; Divan, D.M.; Baumann, E.D. Performance characterization of a high-power dual active bridge DC-to-DC converter. IEEE Trans. Ind. Appl. 1992, 28, 1294–1301. [Google Scholar] [CrossRef]

	



Zhao, B.; Song, Q.; Liu, W.; Sun, Y. Overview of Dual-Active-Bridge Isolated Bidirectional DC–DC Converter for High-Frequency-Link Power-Conversion System. IEEE Trans. Power Electron. 2014, 29, 4091–4106. [Google Scholar] [CrossRef]

	



Segaran, D.S. Dynamic Modelling and Control of Dual Active Bridge Bi-Directional DC-DC Converters for Smart Grid Applications. Ph.D. Thesis, School of Electrical and Computer Engineering (SECE), RMIT University, Melbourne, VIC, Australia, 2006. Available online: https://core.ac.uk/download/pdf/15628024.pdf (accessed on 19 April 2021).

	



Inoue, S.; Akagi, H. A Bidirectional Isolated DC–DC Converter as a Core Circuit of the Next-Generation Medium-Voltage Power Conversion System. IEEE Trans. Power Electron. 2007, 22, 535–542. [Google Scholar] [CrossRef]

	



Mi, C.; Bai, H.; Wang, C.; Gargies, S. Operation, design and control of dual H-bridge-based isolated bidirectional DC-DC converter. IET Power Electron. 2008, 1, 507–517. [Google Scholar] [CrossRef]

	



Xie, Y.; Sun, J.; Freudenberg, J.S. Power Flow Characterization of a Bidirectional Galvanically Isolated High-Power DC/DC Converter Over a Wide Operating Range. IEEE Trans. Power Electron. 2010, 25, 54–66. [Google Scholar] [CrossRef]

	



Krismer, F. Modelling and Optimization of Bidirectional Dual Active Bridge DC-DC Converter Topologies. Ph.D. Thesis, Department of Information Technology and Electrical Engineering, ETH Zuerich, Zuerich, Switzerland, 2010. Available online: https://www.pes-publications.ee.ethz.ch/uploads/tx_ethpublications/Krismer_2011_03_17_Modeling_and_Optimization_of_Bidirectional_Dual_Active_Bridge_DC-DC_Converter_Topologies.pdf (accessed on 19 April 2021).

	



Tan, N.M.L.; Abe, T.; Akagi, H. Design and Performance of a Bidirectional Isolated DC–DC Converter for a Battery Energy Storage System. IEEE Trans. Power Electron. 2012, 27, 1237–1248. [Google Scholar] [CrossRef]

	



Everts, J. Modelling and Optimization of Bidirectional Dual Active Bridge AC-DC Converter Topologies. Ph.D. Thesis, Faculty of Engineering Science, KU Leuven, Leuven, Belgium, 2014. Available online: https://limo.libis.be/primo-explore/fulldisplay?docid=LIRIAS1731206&context=L&vid=Lirias&search_scope=Lirias&tab=default_tab&lang=en_US&fromSitemap=1 (accessed on 19 April 2021).

	



Costinett, D.; Maksimovic, D.; Zane, R. Design and Control for High Efficiency in High Step-Down Dual Active Bridge Converters Operating at High Switching Frequency. IEEE Trans. Power Electron. 2013, 28, 3931–3940. [Google Scholar] [CrossRef]

	



Han, S.; Munuswamy, I.; Divan, D. Preventing transformer saturation in bi-directional dual active bridge buck-boost DC/DC converters. In Proceedings of the 2010 IEEE Energy Conversion Congress and Exposition, Atlanta, GA, USA, 12–16 September 2010; pp. 1450–1457. [Google Scholar] [CrossRef]

	



Ortiz, G.; Mühlethaler, J.; Kolar, J.W. “Magnetic Ear”-based balancing of magnetic flux in high power medium frequency dual active bridge converter transformer cores. In Proceedings of the 8th International Conference on Power Electronics—ECCE Asia, Jeju, Korea, 30 May–3 June 2011; pp. 1307–1314. [Google Scholar] [CrossRef]

	



Peña-Alzola, R.; Mathe, L.; Liserre, M.; Blaabjerg, F.; Kerekes, T. DC-bias cancellation for phase shift controlled dual active bridge. In Proceedings of the IECON 2013—39th Annual Conference of the IEEE Industrial Electronics Society, Vienna, Austria, 10–14 November 2013; pp. 596–600. [Google Scholar] [CrossRef]

	



Baddipadiga, B.P.; Ferdowsi, M. Dual loop control for eliminating DC-bias in a DC-DC dual active bridge converter. In Proceedings of the 2014 International Conference on Renewable Energy Research and Application (ICRERA), Milwaukee, WI, USA, 19–22 October 2014; pp. 490–495. [Google Scholar] [CrossRef]

	



Dutta, S.; Bhattacharya, S. A method to measure the DC bias in high frequency isolation transformer of the dual active bridge DC to DC converter and its removal using current injection and PWM switching. In Proceedings of the 2014 IEEE Energy Conversion Congress and Exposition (ECCE), Pittsburgh, PA, USA, 14–18 September 2014; pp. 1134–1139. [Google Scholar] [CrossRef]

	



Zhang, B.; Shao, S.; Chen, L.; Wu, X.; Zhang, J. Steady-State and Transient DC Magnetic Flux Bias Suppression Methods for a Dual Active Bridge Converter. IEEE Trans. Emerg. Sel. Top. Power Electron. 2021, 9, 744–753. [Google Scholar] [CrossRef]

	



Dutta, S.; Bhattacharya, S.; Chandorkar, M. A novel predictive phase shift controller for bidirectional isolated dc to dc converter for high power applications. In Proceedings of the 2012 IEEE Energy Conversion Congress and Exposition (ECCE), Raleigh, NC, USA, 15–20 September 2012; pp. 418–423. [Google Scholar] [CrossRef]

	



Wei, S.; Zhao, Z.; Li, K.; Yuan, L.; Wen, W. Deadbeat Current Controller for Bidirectional Dual-Active-Bridge Converter Using an Enhanced SPS Modulation Method. IEEE Trans. Power Electron. 2021, 36, 1274–1279. [Google Scholar] [CrossRef]

	



Li, X.; Li, Y. An Optimized Phase-Shift Modulation For Fast Transient Response in a Dual-Active-Bridge Converter. IEEE Trans. Power Electron. 2014, 29, 2661–2665. [Google Scholar] [CrossRef]

	



Zhao, B.; Song, Q.; Liu, W.; Zhao, Y. Transient DC Bias and Current Impact Effects of High-Frequency-Isolated Bidirectional DC–DC Converter in Practice. IEEE Trans. Power Electron. 2016, 31, 3203–3216. [Google Scholar] [CrossRef]

	



Chattopadhyay, R.; Raheja, U.; Gohil, G.; Nair, V.; Bhattacharya, S. Sensorless phase shift control for phase shifted DC-DC converters for eliminating DC transients from transformer winding currents. In Proceedings of the 2018 IEEE Applied Power Electronics Conference and Exposition (APEC), San Antonio, TX, USA, 4–8 March 2018; pp. 1882–1889. [Google Scholar] [CrossRef]

	



Takagi, K.; Fujita, H. Dynamic control and performance of an isolated dual-active-bridge DC–DC converter. In Proceedings of the 2015 9th International Conference on Power Electronics and ECCE Asia (ICPE-ECCE Asia), Seoul, Korea, 1–5 June 2015; pp. 1521–1527. [Google Scholar] [CrossRef]

	



Li, K.; Wang, Y.; Xu, J.; Wang, J.; Li, R.; Lv, C. A Novel Control Method for Eliminating DC Bias in Dual-Active-Bridge DC-DC Converters. In Proceedings of the 2018 IEEE International Power Electronics and Applications Conference and Exposition (PEAC), Shenzhen, China, 4–7 November 2018; pp. 1–6. [Google Scholar] [CrossRef]

	



Wattenberg, M.; Schwalbe, U.; Pfost, M. Impact of DC-Bias on Dual Active Bridge Control and How to Avoid it. In Proceedings of the 2019 21st European Conference on Power Electronics and Applications (EPE ’19 ECCE Europe), Genova, Italy, 2–6 September 2019; pp. 1–8. [Google Scholar] [CrossRef]

	



Sun, C.; Li, X. Instantaneous Current Balance Modulation for Fast Transient Response in a Dual-Active-Bridge Converter. In Proceedings of the 2018 IEEE International Power Electronics and Applications Conference and Exposition (PEAC), Shenzhen, China, 4–7 November 2018; pp. 1–6. [Google Scholar] [CrossRef]

	



Bu, Q.; Wen, H.; Wen, J. Optimized Transient Modulation Control of Bidirectional Full-Bridge DC-DC Converter. In Proceedings of the 2019 10th International Conference on Power Electronics and ECCE Asia (ICPE 2019—ECCE Asia), Busan, Korea, 27–30 May 2019; pp. 3102–3107. [Google Scholar] [CrossRef]

	



Bu, Q.; Wen, H.; Wen, J.; Hu, Y.; Du, Y. Transient DC Bias Elimination of Dual-Active-Bridge DC–DC Converter with Improved Triple-Phase-Shift Control. IEEE Trans. Ind. Electron. 2020, 67, 8587–8598. [Google Scholar] [CrossRef]

	



Texas Instruments Incorporated. Enhanced Pulse Width Modulator (ePWM). In TMS320F2837xD Dual-Core Microcontrollers Technical Reference Manual (Rev. I); Texas Instruments Incorporated: Dallas, TX, USA, 2019; pp. 1861–2125. Available online: https://www.ti.com/product/TMS320F28379D#tech-docs (accessed on 7 June 2021).

	



CCSSTUDIO-C2000 IDE. Available online: https://www.ti.com/tool/CCSTUDIO-C2000 (accessed on 7 June 2021).








[image: Energies 14 04264 g001 550] 





Figure 1. Schematic of DAB converter: (a) full circuit, (b) simplified equivalent circuit. 
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Figure 2. Chosen waveforms during a steady-state operation of DAB for forward (left column) and reverse (right column) power flow direction: (a) AC voltages of the primary-side (black) and secondary-side (blue) bridges, (b) the voltage across the equivalent circuit inductor, (c) the primary-side (black) and secondary-side (blue) transformer currents. 
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Figure 3. Waveforms during a dynamic change of the phase shift from    D  S 1   = 0.05   to    D  S 2   = 0.25   (first two plots), and from    D  S 1   = 0.25   to    D  S 2   = 0.05   (last two plots) without a compensation algorithm: (a,c) AC voltages of the primary-side (black) and secondary-side (blue) bridges, (b,d) the primary-side transformer current calculated during transient process (red) and steady-state operation (black). 
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Figure 4. Waveforms during a dynamic change of the phase shift from    D  S 1   = 0.05   to    D  S 2   = 0.25   (first two plots), and from    D  S 1   = 0.25   to    D  S 2   = 0.05   (last two plots) with DRES compensation algorithm: (a,c) AC voltages of the primary-side (black) and secondary-side (blue) bridges, (b,d) the primary-side transformer current calculated during transient process (red) and steady-state operation (black). 
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Figure 5. Block diagram of the proposed algorithm:    D S    is a phase shift value;   Δ  D S    is a change of phase shift value between the current and the previous switching cycle;    t  c o r r  *    is a correction time;    t *    are the resulting time instants of the rising (RE) and falling (FE) voltage edges for the primary-side (   H 1   ) and secondary-side (   H 2   ) bridges. 
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Figure 6. View of the laboratory setup. 
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Figure 7. Schematic of a circuit used for the experiments. 
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Figure 8. Experimental results during a step change of the phase shift    D S    from value 0 to   0.25   and then back from   0.25   to 0: (a) without a compensation algorithm, (b) with DRES compensation algorithm. 
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Figure 9. Experimental results during a step change of the phase shift    D S    from value 0 to   − 0.25   and then back from   − 0.25   to 0: (a) without a compensation algorithm, (b) with DRES compensation algorithm. 
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Figure 10. Experimental results during a step change of the phase shift    D S    from value   − 0.25   to   0.25   and then back from   0.25   to   − 0.25  : (a) without a compensation algorithm, (b) with DRES compensation algorithm. 
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Figure 11. Experimental results during a linear frequency sweep of the phase shift    D S    with an amplitude of 0.25 and a frequency changing from 0 kHz to 5 kHz: (a) without a compensation algorithm, (b) with DRES compensation algorithm. 
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Table 1. Comparison of different solutions for the DC-bias cancellation problem.
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	Solution
	Meas. & Parameter Free
	No Conditional Branches
	Power Flow Reversal
	Settl. in Half Cycle
	Update and Calc. Once per Cycle
	No Asynch. Operation
	Dead-Time Compensation





	[20]
	−
	+
	−
	−
	−
	+
	−



	[21]
	−
	+
	+
	−
	−
	+
	+



	[22]
	−
	+
	−
	−
	+
	+
	−



	[23]
	−
	−
	+
	−
	+
	+
	+



	[24]
	−
	−
	+
	−
	+
	−
	−



	[25]
	+
	+
	−
	+
	−
	+
	−



	[26]
	−
	+
	−
	+
	+
	+
	−



	[27]
	+
	−
	+ *
	−
	+
	−
	−



	[28]
	−
	  + / −   **
	−
	−
	+
	+
	−



	This paper/Dual Rising Edge Shift Algorithm
	+
	+
	+
	+
	+
	+
	−







* experimental proof was not provided; ** it is not clear, as the authors evaluated four different solutions and did not define if only one of them should be used or if they should be switched for one other based on some conditions.
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Table 2. Selected parameters of the laboratory prototype.






Table 2. Selected parameters of the laboratory prototype.





	Name
	Symbol
	Value
	Unit





	Switching frequency
	    f  s w t     
	40
	kHz



	Commutation blanking time
	    T  d e a d     
	   0.5   
	   μ s   



	Drain-Source on-state resistance of MOSFETs
	    R  D S o n     
	25
	   m Ω   



	Inductance of the equivalent circuit
	    L  e q     
	   136.7   
	   μ H   



	Inductance of the auxiliary inductor
	    L  a u x     
	   117.7   
	   μ H   



	Input and output capacitance
	    C 1  ,   C 2    
	200
	   μ F   



	Transformer turns ratio
	    n t    
	   7 / 4   
	−



	Transformer magnetizing inductance
	    L μ    
	   2.4   
	mH



	Primary-side transformer leakage inductance
	    L  σ 1     
	   9.5   
	   μ H   



	Secondary-side transformer leakage inductance
	    L  σ 2     
	   3.1   
	   μ H   



	Primary-side transformer resistance
	    R 1    
	   21.6   
	   m Ω   



	Primary-side transformer resistance
	    R 2    
	   12.4   
	   m Ω   
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