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Abstract

:

The solid-state transformer is the enabling technology for the future of electric power systems. The increasing relevance of this equipment demands higher standards for efficiency and losses reduction. The dual active bridge (DAB) topology is the most usual DC-DC converter used in the solid-state transformer, and is responsible for part of its switching losses. The traditional phase-shift modulation used on DAB converters presents significant switching losses during the operation with reduced loads. The alternative Triangular and Trapezoidal Modulations have been proposed in recent literature; however, there are limitations on the maximum power these techniques can deal with. This paper presents an adaptive model predictive control to select among these three techniques, according to the converter model, the one that minimizes the switching losses and allows the current demanded by the load. Moreover, an alternative cost function is proposed, including the output voltage and current. Through real-time simulation, using a 1000 V/600 V 12 kW DAB converter, it is shown that the proposed control is able to reduce the losses on the converter. Furthermore, the proposed control presents fast and accurate response, and precise transition between the modulation techniques.
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1. Introduction


The future of electric power systems demands an efficient distribution network. This network shall be able to manage the power flow, to respond quickly to transients, to easily integrate power sources, and to incorporate energy storage systems [1].



The solid-state transformer (SST) is being presented as the technology that enables the new power system construction [2]. Among the advantages of the SST, one can cite: reduced weight and volume in comparison with traditional transformers; power factor compensation; accurate output voltage regulation; harmonic mitigation; short-circuit current limitation; and voltage dip immunity under certain limitation, for instance. Its main drawbacks are related to cost, reliability, and efficiency [3].



Besides the application on distribution grid, the SST has been used in offshore energy generation, traction systems, DC grids, microgrids, and so on. In many of these applications, the SST topology consists of an AC-DC conversion stage, a DC-DC conversion through a resonant magnetic link to connect high-voltage DC to low-voltage DC, and an output DC-AC conversion stage [4].



This paper deals with the SST DC-DC conversion stage, as shown in Figure 1. The DAB is an isolated converter formed by the union of two active bridges through an inductor and a high-frequency transformer (HFT). The DAB topology stands out for the application in SSST due to the insulation between the HCDC and LVDC sides, the bidirectional power flow, the precision for control, and the reduced losses [5]. In this work, a novel control scheme is proposed to the DAC converter to enhance its efficiency.



1.1. Literature Review


As a new and promising structure, several studies have been conducted to select the best topology for the solid-state transformer. A comprehensive review on these topologies was made by [6]. This review compared several representative topologies for the implementation of SST and explored how it is beneficial to the distribution systems in regards to the reduction in size, controllability, reliability, resiliency, and end-use applications. This paper identifies the most suitable topology capable of supporting additional functionalities such as on-demand reactive power support to grid, voltage regulation, and current limiting. The comparison considered switch losses, switch count, supported functionalities, and control characteristics. The conclusion is that a three-stage configuration comprising distinct AC-DC, DC-DC, and DC-AC stages results in the most suitable implementation.



The increasing relevance of the SST converters to the electric systems is pushing the development of more efficient equipment. In this matter, the switching losses are a crucial aspect, and the DC-DC conversion stage represents a great part of these losses. In [7,8] converter design proposals are based on control dynamics and thermal models for converters to increase the efficiency of converters.



Regarding the modulation techniques employed on the DAB converter, the single phase shift (SPS) modulation is the traditional choice. This modulation uses 2-level square waveforms at     v  A C 1    ( t )     and     v  A C 2    ( t )     with 50% duty cycle. The main advantage of this strategy is the zero-voltage switching (ZVS) at a wide operation range [9]. However, when the relation between the input and output voltage is far from one, especially with small loads, soft switching is not possible. Moreover, the converter has relevant backflow power in this situation, which leads to high currents circulation. These currents increase the switches’ stress and the conduction losses. By this, one can conclude that the SPS modulation does not ensure high efficiency of the DAB converter whole operation range.



Many works have proposed solutions for the DAB soft-switching range expansion. The concept of an extended-phase-shift (EPS) is presented in [10,11]. This technique employs 3-level modulation at one side of the converter while the other side uses 50% duty cycle. It was shown that the EPS can reduce the backflow power [10]. In this work the Karush–Kuhn–Tucker function is used in many scenarios to determine the optimum pairs of phase shift and PWM. The drawback of this strategy is that the RMS value of the DAB current is still high. Moreover, the EPS is usually implemented with lookup tables, making it hard to be applied in real equipment [11].



Alternatively, the dual-phase-shift was presented [12]. The DPS uses 3-level modulation on both sides of the converter with the same duty cycle. It demonstrated an efficiency enhance in comparison with the SPS. Nevertheless, as in EPS, this modulation requires an optimization method to the variable choice.



In addition to the modulations presented before, the triple-phase-shift (TPS) was proposed [13,14]. Similar to DPS it uses 3-level modulation on both sides of the converter; however, with different duty cycles on each bridge. This modulation has enough degrees of freedom to ensure high performance on the DAB converter. The possible operation modes with its AC currents waveforms are presented in [15]. Despite the good results, this method has several operation mode possibilities that complicate the DAB parameter choice and complex optimization methods must be used.



The methods presented in the literature have in common the use of complex optimization methodologies, demanding high computational performance, which may compromise the project.



Several control strategies have been used widely in power electronics. Feedback control with proportional-integral compensator (PI) is the most simple method to adjust the output voltage. The phase shift is modified dependent on the error in the output voltage [16]. The linearized control method eliminates the nonlinear terms in the DAB converter. The control can reduce the sensitivity of the system stability to the load condition and reference voltage and help to enlarge the stable margin [17]. The Virtual Direct Power Control (VDPC) is a feedforward control that that has the advantage of eliminating the need to use information about the power transfer inductance. The disadvantage is that it cannot operate efficiently under low load conditions [18]. The Sliding Mode Control (SMC) presents stability and robustness against parameter uncertainties. The disadvantage of this method is from the small-signal analysis, the system can be unstable [19,20].



The model predictive control (MPC) stands out for use in power converters. The dynamic response of MPC was evaluated and compared with traditional PI control, the improved response was demonstrated through simulation [21] and experimental results [22]. The MPC presents fast transient response and high precision in steady state. Its main drawback was the necessity of accurate modelling and high sensibility to parameter variation.




1.2. Contributions


In contrast with the complex and sophisticated modulations presented before, this paper investigates the trapezoidal and triangular modulation. These techniques were presented by [23], and it was demonstrated that they can naturally extend DAB soft-switching operation, both in the buck and boost operation [11]. They consist in the utilization of pulse widths different by 50%. Their proper application can extend the number of soft commutations to four (trapezoidal) or six (triangular) of a total of eight in a cycle even during the operation with reduced loads.



In this work, the main goal is to enhance the efficiency of the DAB converter operating far from its rated values, keeping a fast and accurate response. To achieve these goals, a novel technique is proposed, that is, the adaptative model predictive control (AMPC). The proposed technique is based on Moving-Discretized-Control-Set Model-Predictive-Control (MDSC MPC) [23,24,25,26], which was originally conceived for the SPS, and here is expanded to triangular and trapezoidal modulations. The main contribution is the performance enhancement without complex optimization methods, as the simple trapezoidal continuous conduction mode and triangular discontinuous conduction mode can naturally and sequentially extend the soft-switching boundary of the conventional SPS modulation to the full range [11].




1.3. Paper Organization


The paper is organized as follows: Section 2 presents the mathematical modelling of the SPS, Triangular and Trapezoidal modulations. The proposed control scheme is detailed in Section 3. Section 4 discusses the considerations for the power converter design and equipment choice. The obtained results are shown in Section 5 and discussed in Section 6. Finally, Section 7 shows the conclusions of this work.





2. Mathematical Modelling


The DAB converter is formed by two active bridges connected through a high frequency transformer and a series inductor. The classical topology for this converter is shown in Figure 2a. Its working principle is based on the phase shift between the voltages applied on the HFT terminals,     v  A C 1    ( t )     e     v  A C 2    ( t )    . The phase shift signal (  δ  ) defines the power flow direction and its module is proportional to the active power flow until ∓90° [9,27].



Many modelling methods were presented in the literature [28,29,30]. For simplicity, in this work the HFT equivalent circuit is represented by the series inductor referred to the primary side, as shown in Equation (1).


   L =  L  t r 1   +    (     N 1     N 2     )   2  ·  L  t r 2     



(1)




where   L   is the equivalent inductance,     L  t r 1      and     L  t r 2      are the leakage inductances on primary and secondary sides of the HFT, and     N 1     and     N 2     are the number of turns on primary and secondary sides, respectively.



The voltages produced by the active bridges may present variable pulse widths in order to allow different types of modulation. In general, the pulses produced by bridges may present phase shift (  δ  ) and inner phase shift, represented by     τ 1     and     τ 2    , as shown in Figure 2c. In this situation the power flow between the bridges may be controlled by the phase shift or by the variation in the inner phase shift. The dashed line represents the SPS modulation (    τ 1  + 2 ·  Ω 1  =  τ 2  + 2 ·  Ω 2     = 180°) and the continuous line represents the modulation using the phase shift and the inner phase shift.



The average value of DAB output current     I  D C 2      is expressed as Equation (2). This equation is obtained by the equivalent circuit, presented in Figure 2b using the phasor notation.


    I  D C 2   =   8 · n ·  V  D C 1   · sin    τ 1   2  · sin    τ 2   2  · sin δ    π 2  · ω · L     



(2)




where     V  D C 1      is the mean value of the input voltage;     τ 1     and     τ 2     are inner phase shift angles;   δ   is the phase shift between the bridges;   ω   is the angular frequency of converter switching and   n   is the transformer ratio (   n =  N 1  /  N 2    ).



The buck and boost modes are defined by the DAB transformation ratio (  d  ) shown in Equation (3). When    d < 1    the converter works at buck mode, when    d > 1    it works at boost mode, and when    d = 1    the DAB operates at ZVS switching in the whole power range.


   d =    N 1  ·  V  D C 2      N 2  ·  V  D C 1       



(3)







The following sections present the SPS, triangular and trapezoidal modulations for both buck and boost modes.



2.1. SPS Modulation


The SPS is the traditional modulation for DAB converters (    τ 1  =  τ 2     = 180°). It allows the maximum power transferring and, when working with rated load, this modulation allows ZVS. Moreover, it has natural short-circuit protection, as     I  D C 2      is independent from     V  D C 2     . The transferred power is provided by Equation (4).


    P  S P S   =   8 · n ·  V  D C 1   ·  V  D C 2   · sin δ    π 2  · ω · L     



(4)







The soft switching on this converter happens when the antiparallel diode is polarized before the transistor activation. Equation (5) presents the limits for the ZVS actuation of the primary and secondary active bridges, respectively [31].


    {       P  Z V S 1   =  (     V  D C 1     2  · δ   ω · L · Φ    )  ·  (    π −  | δ |    π − 2 ·  | δ |     )         P  Z V S 2   =  (     V  D C 1     2  · δ   ω · L · Φ    )  ·  (    π −  | δ |   π   )  ·  (    π − 2 ·  | δ |   π   )          



(5)




where   Φ   is rated phase shift. If the DAB power is above     P  Z V S 2      or below     P  Z V S 1     , it is not possible to operate with ZVS. To explicit the ZVS region, Figure 3 presents the DAB power curve as a function of   δ   for three different values of   d  .



These curves show that for small angles, which means reduced power, the SPS modulation cannot operate with ZVS; therefore, the converter efficiency is compromised in these regions.




2.2. Triangular Modulation


An alternative to reducing the switching losses of SPS modulation is the triangular modulation. The name comes from the inductor current waveform, as can be seen in Figure 4 for both buck and boost modes.



With this modulation the soft switching occurs six times in a total of eight switching for each period. However, it can only be used when voltages     V  D C 1      and    n ·  V  D C 2      are different. In addition, the maximum power transferred is limited in this modulation, restraining its application to low power [23].



The conditions for the triangular modulation on buck mode are reached, as shown in Equation (6).


    {       τ 1  = 2 · δ ·  (    n ·  V  D C 2      V  D C 1   − n ·  V  D C 2      )         τ 2  = 2 · δ ·  (     V  D C 1      V  D C 1   − n ·  V  D C 2      )          



(6)







The conditions for the triangular modulation on boost mode are reached, as shown in Equation (7).


    {       τ 1  = 2 · δ ·  (    n ·  V  D C 2     n ·  V  D C 2   −  V  D C 1      )         τ 2  = 2 · δ ·  (     V  D C 1     n ·  V  D C 2   −  V  D C 1      )          



(7)







As seen in Figure 4a, in the buck mode the voltages must start at the same time. In contrast, for the boost mode the voltages must end at the same time, as shown in Figure 4b.




2.3. Trapezoidal Modulation


The trapezoidal modulation enables superior power flow in comparison with triangular modulation. This modulation is picked if the input and output voltages are both equal or different. For this modulation the soft switching occurs four times in a total of eight switchings per period. The voltage and current waveforms at AC link are shown in Figure 5.



This modulation starts when the maximum power of triangular modulation is reached. The waveforms are shown in Figure 5a for buck mode and Figure 5b for boost mode. The conditions for the trapezoidal modulation on buck mode are reached, as shown in Equation (8).


    {       τ 1  =  (  2 π − 2 ·  τ  b l a n k   − 2 · δ  )  ·  (    n ·  V  D C 2     n ·  V  D C 2   +  V  D C 1      )         τ 2  =  (  2 π − 2 ·  τ  b l a n k   − 2 · δ  )  ·  (     V  D C 1     n ·  V  D C 2   +  V  D C 1      )          



(8)




where     τ  b l a n k      is the angle referred to the IGBT or MOSFET dead time, typically around 1 μs and 7 μs. This work used the dead time of 1 μs.





3. Proposed Adaptive Model Predictive Control (AMPC)


Modern control strategies have been used widely in power electronics. Among these techniques the model predictive control (MPC) stands out.



For application with power converters, the MPC can be defined in two modes: Finite Control Set (FCS-MPC) and Continuous Control Set (CCS-MPC) [32,33]. The FCS-MPC considers a discrete set of possibilities to reach the desired result. The CCS-MPC, on the other hand, analyses the variables continuously. This method usually needs an optimization solver to determine a control signal to the modulation, which increases the computational effort.



This paper presents a new strategy for DAB control that uses the MDCS-MPC [22], originally proposed for the SPS modulation, and expands it to the triangular and trapezoidal modulation.



3.1. Discrete Model


The control scheme, in this work, is based on the MDCS-MPC. The MPC uses a discrete model to predict the voltages and currents on the converter.



For the determination of the discrete model it is necessary to predict the DAB output current. By the discretization of Equation (2), Equation (9) is obtained.


    I  D C 2    (  k + 1  )  =   8 · n ·  V  D C 1    ( k )  · sin  (  δ  (  k + 1  )   )     π 2  · ω · L   · sin  (     τ 1   (  k + 1  )   2   )  · sin  (     τ 2   (  k + 1  )   2   )    



(9)




where     I  D C 2    (  k + 1  )    ,    δ  (  k + 1  )    ,     τ 1   (  k + 1  )    , and     τ 2   (  k + 1  )     are the predicted current, phase shift angle, and inner phase shift at    t =  (  k + 1  )     and     V  D C 1    ( k )     is the input voltage at    t = k   .



The output voltage mean value (    V  D C 2     ) is obtained from the relation of the output currents, described in Equation (10).


    i C   ( t )  =  C  o u t     d    v  D C 2    ( t )    d t   =  i  D C 2    ( t )  −  i  L O A D    ( t )      



(10)




where     i C   ( t )     is the output capacitor current,     i  L O A D    ( t )     is the load current, and     C  o u t      is the output capacitance.



The discretization of Equation (10) using the Euler method, yields Equation (11).


    V  D C 2    (  k + 1  )  =    I  D C 2    (  k + 1  )  −  I  L O A D    ( k )     C  o u t   ·  f s    +  V  D C 2    ( k )    



(11)




where     V  D C 2    (  k + 1  )     and     V  D C 2    ( k )     are the predicted and measured output voltages, respectively;     I  L O A D    ( k )     is the measured load current; and     f s     is the DAB switching frequency.




3.2. Traditional MPC


The MDCS-MPC consists in the discretization of the phase shift and the utilization of a small number of angles [22], as shown in Equation (12). The choice of these angles is a trade of between the system transient response and the controller precision.


    δ  s e t   =  [   (   δ  o l d   −  δ  s t e p    )  ;    δ  o l d   ;    (   δ  o l d   +  δ  s t e p    )   ]    



(12)




where     δ  o l d      is the phase shift applied at the before time     (  k − 1  )     and     δ  s t e p      is the angle increment used to increase or decrease the transferred power.



Aiming to obtain the best possible results, the adopted strategy uses an adaptive angle choice [22]. When the error of the controlled variable is high, larger angles are used to accelerate the response. By the other side, if the error is small, small angles are used to increase the precision.



The benefits of using this adaptive strategy also includes a small computational cost, the utilization of a fixed switching frequency, a fast transient response, and the suppression of steady state error.



The     δ  s t e p      is dynamic evaluated according to Equation (13).


    δ  s t e p   =  δ  m i n   ·  (  1 + α ·  V  a d p    )    



(13)




where


    V  a d p   =  {      |   V  r e f   −  V  D C 2    |  ;    if    |   V  r e f   −  V  D C 2    |  ≤ V m     V m ;    if    |   V  r e f   −  V  D C 2    |  > V m        



(14)




where the lowest phase shift angle is     δ  m i n      and the maximum value for     V  a d p      is    V m   ,   α   is a gain, and     V  r e f      is the desired output voltage of the DAB converter.




3.3. Adaptive MPC


The proposed AMPC aims to enhance the DAB converter efficiency during the steady state operation. This method applies different modulations with traditional MPC, in contrast with the utilization of only SPS on the previous proposals. Different from existing modulation methods that are usually dependent on complex mathematical optimization processes, the AMPC does not use complex mathematical methods once the trapezoidal continuous conduction mode and triangular discontinuous conduction mode can naturally and sequentially extend the soft-switching boundary of the conventional single phase shift (SPS) modulation to the full range [11]. Their proper application can extend the number of soft commutations to four (trapezoidal) or six (triangular) on a total of eight in a cycle even during the operation with reduced loads.



The working principle of the AMPC is shown in Figure 6. Once the control defines the     δ  s e t     , the modulation strategy can be selected. According to the load, these choices consider the reduction in the switching losses.



The first block of the algorithm checks the relation between     V  D C 1      and     V  D C 2     , to determine the operation mode, buck or boost. Next, the algorithm calculates the inner phase shift (Equation (6) for buck mode or Equation (7) for boost mode) to verify if the triangular modulation can be used. If the inner phase shift is smaller than π the converter can operate with the triangular modulation. Otherwise, the algorithm checks if it can operate with trapezoidal modulation or SPS. By matching Equations (4) and (5) it is possible to determine the maximum values for the angles (    δ  l i m     ) with soft switching with the SPS modulation. According to the operation mode (buck or boost) for angles greater than     δ  l i m      the ZVS is achieved. Beyond these limits, the trapezoidal modulation is used.




3.4. Cost Function and Loop Compensation


The last step of AMPC control consist in the compensation of the error presented by mathematical model and the use of the cost function to choose the phase shift (  δ  ) and inner phase shift (    τ 1     e     τ 2    ) to reach the smallest error between the output voltage and setpoint.



The compensation of errors associated with the mathematical modelling is based on [11] and [34]. The predicted voltage is shown in Equation (15).


    V  D C  2 c    =  λ 1  · E r r o  r 1  +  λ 2  · E r r o  r 2  +  V  D C  2 P     (  k + 1  )    



(15)




where


    {      E r r o  r 1  =  λ 1  ·  (   V  D C  2 S     ( k )  −  V  D C  2 P     ( k )   )        E r r o  r 2  =  λ 2  ·  (   V  D C  2 S     (  k − 1  )  −  V  D C  2 P     (  k − 1  )   )          



(16)




where     V  D C  2 c       is the voltage corrected at     (  k + 1  )    ,     V  D C  2 P       is the predicted voltage (Equation (11)),     V  D C  2 S       is the measured output voltage,     λ 1     and     λ 2     are correction factors. The values for the correction factors were obtained experimentally as     λ 1    = 0.5 and     λ 2    = 0.25.



The traditional cost function for the predictive control is provided by Equation (17). The output voltage is evaluated using the three possible values of     δ  s e t     . The one that presents the smallest error is defined according to the cost function.


    G 1  =    (   V  r e f   −  V  D C 2    )   2    



(17)







In order to compensate variation on     V  D C 2      caused by transients, the cost function used is according to Equation (18).


   G =  α 1  ·  G 1  +  α 2  ·  G 2    



(18)




where


    G 2  =    (   I  D C 2    (  k + 1  )  −  I  L O A D    )   2    



(19)







Therefore, the cost function is formed by two terms. The first term,     G 1    , is related to the voltage regulation. This term is predominant when the output voltage is far from the reference value. As the voltage nears the reference value,     G 2     becomes dominant, reducing the oscilations arround the reference. The adjustment of     α 1     and     α 2     is very important to the proposed control scheme performance. According to the method presented in [35] their values are     α 1     = 1 and     α 2     = 1.



The proposed control strategy is shown in Figure 7. The input variables are the input voltage (    V  D C 1     ), the output voltage (    V  D C 2     ), the output current (    I  L O A D     ), the desired DAB output voltage (setpoint); and the output variables are the phase shift (  δ  ) and the inner phase shift angles (    τ 1     and     τ 2    ).





4. DAB Converter Design Procedure


The design procedure for the DAB converter passive and active devices is discussed in this section. The initial considerations are: The SST that contains the DAB has 12 kW, the HVDC bus operates with 1 kV, and the LVDC bus operates with 0.6 kV.



4.1. Frequency Selection


The phase shift is naturally continuous. However, in digital control, the phase shift needs to be discretized. The discretization depends on the control’s platform. The smaller phase shift     δ  m i n      is the value that can be achieved in a digital control platform. For unidirectional power flow, the DAB converter works in the range shown in Equation (20).


   δ ∈  (  0 ,  δ  m i n   , 2 ·  δ  m i n   , … , 90 °  )    



(20)







The discretization of waveforms of the DAB converter is shown in Figure 8.



The value of     δ  m i n      is calculed in Equation (21).


    δ  m i n   = 360 ·  f s  ·  t  s a m p l e     



(21)




where     t  s a m p l e      is the sample time of digital platform control.



The validation of the proposed control is made with Real-Time Digital Simulation (RTDS) using Typhoon-HIL HIL402. The sample time of HIL402 is 0.5 μs. In Table 1 is shown the     δ  m i n      value for some operation frequency of the DAB converter for     t  s a m p l e      = 0.5 μs.



Among the values shown in Table 1, the highest frequencies work with large     δ  m i n     , which hampers a soft control action. Thus, the chosen frequency value for the DAB operation is 1 kHz, guaranteeing a good discretization and allowing smaller oscillations in the steady-state output voltage. Despite being a low frequency for applications in real situations, this frequency is acceptable to demonstrate the operation of AMPC control because the objective of this control is to choose which modulation allows the greater efficiency, being easily extended to other operating frequencies.




4.2. Waveforms Construction


A fundamental part of the proposed system is the modulator, as it allows for making the waveforms shown in Figure 4 and Figure 5. In order to make the centralized PWM possible, it was necessary to generate a triangular waveform at the desired switching frequency with a unit peak value that can be shifted in time.



Figure 9 shows the step-by-step process to generate the time-phased triangular waveform. The phase shift   δ   is the input to this block. The Step 1 uses phase shift to calculate the shift value at time     t ′    . Since the time is shifted, Step 2 uses the remainder of the division between     t ′     and the switching period   T   to generate a sawtooth waveform. Step 3 makes the sawtooth waveform assume a unitary peak value. The Step 4 makes the interpolation of the sawtooth waveform in order to generate the triangular waveform with a unitary peak value    T R   .



The centered PWM is generated by comparing the    T R    triangular waveform with the desired reference value. Figure 10 shows the algorithm to generate this PWM. The inputs of this block are the inner phase shift   τ   and the triangle wave    T R   . The outputs are the triggers for the full bridge. Where,     S  1 U P      and     S  2 U P      refer to the upper switches of full bridge and     S  1 D O W N      and     S  2 D O W N      refer to the lower switches of the full bridge.



Bridge 1 was used as a reference, that is, the phase shift for this bridge is zero. While Bridge 2 received the phase shift value desired by the controller. Thus, the modulator has as inputs the inner phase shift values (    τ 1     and     τ 2    ) and the phase shift   δ  . The output values are the triggers of the active bridge switches of the DAB converter. In Figure 11 is shown the modulator used in the present work.




4.3. Passive Elements Calculations


The sizing expressions for inductance on the primary side of the transformer and the capacitor on the DC output side to the DAB converter was derived from [7,27]. Equation (22) represents the inductance on the primary side of the transformer, where   P   is the rated output power for rated angle    Φ = 45 °   . Equation (23) represents the output capacitance of the DAB converter, where     V  m a x      and     V  m i n      are maximum and minimum value of output voltage, respectively. These values were chosen considering an output voltage ripple of 10% (    V  m a x   = 1.05  V  D C 2      and     V  m i n   = 0.95  V  D C 2     ).


    L  m i n   ≥   3 · n ·  V  D C 1   ·  V  D C 2     32 ·  f s  · P     



(22)






    C  o u t   ≥   P    V  m a x     2  −  V  m i n     2      



(23)







According to the above mentioned specifications, the parameters used for the experiments are shown in Table 2.





5. Results


The AMPC controller and the DAB converter simulation were made with Real-Time Digital Simulation (RTDS) using Typhoon-HIL HIL402. The measure was carried out using the Tektronix TBS1064 Digital Oscilloscope with four channels and using the computer, as shown in Figure 12. A dead time of 1 μs was set on the switches drivers in order to simulate the delay on real devices.



The experiments represent a microgrid formation by the DAB converter. The output voltage was adjusted to be stable at 600 V. The proposed AMPC is able to choose among the triangular, trapezoidal, and SPS modulation. Therefore, the control strategy may assume five operation modes:




	
Mode 1: Triangular Modulation operating as Buck (    V  D C 1   = 1   kV ,   1.28   kW   );



	
Mode 2: Trapezoidal Modulation operating as Buck (    V  D C 1   = 1   kV ,   4.28   kW   );



	
Mode 3: Triangular Modulation operating as Boost (    V  D C 1   = 850   V , 0.69   kW   );



	
Mode 4: Trapezoidal Modulation operating as Boost (    V  D C 1   = 850   V ,   3.69   kW   );



	
Mode 5: SPS Modulation.








Source voltage disturbance rejection, steady state, transient behavior,     G 2     component of cost function (Equation (18)) and parameters variation analysis were carried out. Aspects such as output voltage, AC voltages, inductor current and switching losses were observed and discussed. The switching losses were calculated using Typhoon-HIL toolbox, considering the actual current and voltage, and the ambient temperature of 25 °C. The switch used at simulation was 5SNG 0150Q170300. The transient behavior for buck and boost modes using triangular and trapezoidal modulations was analyzed observing the converter output voltage. In addition, the contribution of the     G 2     term on the cost function was evaluated.



5.1. Source Voltage Disturbance Rejection


In real-world situations the DAB converter is often connected in cascade with an active rectifier (see Figure 1) causing voltage fluctuations at the converter input. In order to evaluate the performance of the proposed method in these situations, two experiments were carried out.



The first experiment was based on [7]. Figure 13 shows the variation in the response of the DAB converter for a step change, from 550 V to 600 V, in the output voltage setpoint. Several input voltages were considered in a range from    − 30 %    to    + 30 %    of the rated value. Figure 13 shows the results.



It can be observed that value above    30 %    of the nominal value have a greatest impact on the step response, causing an overshot of    8 %    and a response time of approximately    100    ms    .



The second experiment was conducted to evaluate the source voltage disturbance rejection [36], as shown in Figure 14. The source voltage can be decomposed by DC (    V  D C     ) and AC (    v  r i p p l e     ) components, where     v  r i p p l e      is the injected voltage perturbation.



The source voltage disturbance rejection was analyzed through the ratio between peak of     v  r i p p l e      and peak of output voltage ripple     V  D C 2 _ r i p p l e _ p e a k     , as shown in Equation (24):


    G  v d r   = 20 · log    V  D C 2 _ r i p p l e _ p e a k    ( f )     v  r i p p l  e  p e a k      ( f )      



(24)







The     V  p e a k      of the DAB converter was measured for each injected frequency. The source voltage disturbance was adjusted for     v  r i p p l  e  p e a k        = 50 V.     G  v d r      was plotted as shown in Figure 15a. An example of the measurement is shown in Figure 15b, where the AC components of the input and output voltage of the DAB converter for the frequency of 200 Hz are shown.



The frequency response shown that     G  v d r      rises from −31 dB to −20 dB in the range from 10 Hz to 30 Hz and decreases from −20 dB to −28 dB in the range from 30 Hz to 100 Hz. The AMPC control presents a good performance for the analyzed frequency range.




5.2. Variations of Circuit Parameters


In real situations it is common for the parameters of the converter devices to vary. This analysis is important in order to verify that the control is able to stabilize the system even when it does not coincide with the nominal model.



In the following, a robustness analysis is proposed with regard to the variation in circuit parameters. This analysis is important in order to verify that the control is able to stabilize the system even when it does not coincide perfectly with the nominal model [7].



Figure 16 shows the variation in the response of the DAB converter for parameter changes, from 550 V to 600 V, in the output voltage setpoint. Several capacitance and inductance were considered in a range from    − 30 %    to    + 30 %    of the rated value. Figure 16a,b shows the variation in the response of the DAB converter when output capacitance and inductance changed, respectively.



It can be clearly seen that inductance causes greatest changes in the behavior of the converter. However, in steady state the voltage presented errors less than 4%. Furthermore, the dynamic response was similar for different parameters.



Therefore, the AMPC controller was able to keep the output voltage stable, being robust to parameter variations.




5.3. Steady State Analysis


During the experiments, the waveforms for the DAB     v  A C 1    ( t )    ,     v  A C 2    ( t )    , and the AC link current—    i L   ( t )     behavior are observed.



The converter waveforms for the buck operation are presented in Figure 17a (triangular modulation) and Figure 17b (trapezoidal modulation). The waveforms with the boost operation are presented in Figure 17c (triangular modulation) and Figure 17d (trapezoidal modulation).



With buck (modes 1 and 2) and boost (modes 3 and 4) operation the control demonstrates accurate responses, showing     (  601 − 600  )  / 600 = 0.17 %    error on the voltage mean value for the trapezoidal modulation for buck. The error in the other modes was negligible.



The switching losses on DAB Bridge 1 and Bridge 2 were evaluated for both traditional and proposed control methods. The results are shown in Table 3 for buck mode and in Table 4 for boost mode.



The results show that the converter performance is enhanced by the utilization of the AMPC. For buck mode, the triangular modulation reduced the losses by     (   |  67.8 − 108.5  |   )  / 108.5 = 37.5 %    and the trapezoidal modulation reduced the losses in     (   |  84.4 − 109.9  |   )  / 109.9 = 23.2 %    in comparison with the SPS. For boost mode, with the triangular modulation the reduction is     (   |  9 − 18.5  |   )  / 18.5 = 51.3 %    and with the trapezoidal modulation the reduction is     (   |  49.6 − 61.5  |   )  / 61.5 = 19.3 %    in comparison with the SPS.




5.4. Transient Analysis


For these RTDS the DAB setpoint is changed and the control system response is evaluated by the observation of the output voltage     V  D C 2     , output current     I  L O A D     , and the operation mode. The setpoint change is caused by a load change, and the voltage stabilization response times and the operation mode transitions are observed.



In the first simulation, for buck mode, the transition from mode 1 (triangular) to mode 2 (trapezoidal) and the transition from mode 2 (trapezoidal) to mode 5 (SPS modulation) are observed in Figure 18a,b, respectively. To implement this transition a load change from 1.28 kW to 4.28 kW in Figure 18a and from 6.6 kW to 10.6 kW in Figure 18b were carried out. In both cases the reference output voltage is 600 V and the input voltage is 1000 V.



The maximum overshoot for this simulation was     (   |  628 − 600  |   )  / 600 = 4.7 %    and the maximum settling time was 120 ms for this experiment.



In the second simulation, for boost mode, the transition from mode 3 (triangular) to mode 4 (trapezoidal) and the transition from mode 4 (trapezoidal) to mode 5 (SPS Modulation) are observed, in Figure 19a,b, respectively. To implement this transition a load change from 0.69 kW to 3.69 kW in Figure 19a and from 5.49 kW to 9.09 kW in Figure 19b were carried out. In both cases the reference output voltage is 600 V and the input voltage is 850 V.



The maximum overshoot for this simulation was     (   |  628 − 600  |   )  / 600 = 4.7 %    and the maximum settling time was 170 ms on the Trapezoidal to SPS transition.



The effectiveness of     G 2     is shown by the repetitive transition among triangular and trapezoidal modulations. These tests were made for buck and boost modes, on the experiments early implemented with     α 2  = 0   . Figure 20a shows the transitions from triangular (mode 1) to trapezoidal (mode 2) and Figure 20b shows the transitions from trapezoidal to SPS (mode 5) during the buck operation. Figure 20c shows the transition from triangular (mode 3) to trapezoidal modulation (mode 4) and Figure 20d shows the transition from trapezoidal to SPS during the boost operation.



The results show that the transient behavior become oscillatory when     α 2  = 0   . The response time is greater than 600 ms. Thus, the importance of the proposed     G 2     compontent can be clearly seen.



Table 5 shows the settling time and overshoot for scenarios with     α 2  = 1    (with     G 2     terms) and     α 2  = 0    (without     G 2     terms) in the trasient analysis.



The proposed control was compared with the controls presented in the literature in terms of dynamic performance, robustness against parameter variation, and implementation cost. The implementation cost includes voltage/current sensors and computational burden. The dynamic performance and robustness to parameter variation was based on simulations performed in [21]. Table 6 shows this comparison.





6. Discussion


The DAB converter has many attractive features such as bidirectional power flow, inherent soft-switching capability, buck and boost operation, and high power density. These characteristics enable the utilization of SST in grid applications, energy storage, and electric transportation systems.



In order to expand the DAB converter’s soft-switching range, several operating points can be used. The problem with this solution is the increase in computational burden since complex optimization algorithms must choose between     τ 1    ,     τ 2    , and   δ  . However, in the present work a solution is presented that does not demand high computational costs since the controlled values are related to each other, it is only necessary to choose which modulation to use.



The proposed control combines the benefits of both the SPS, triangular, and trapezoidal modulations. The SPS modulation is used for loads near the DAB rated values, and the triangular and trapezoidal modulations are used for reduced loads in order to reduce the number of hard switching and, consequently, reducing losses.



The insertion of the     G 2     term in the cost functions demonstrates its importance to the oscilatory transient behavior. A significant reduction on the time response is observed.



The proposal validation was carried out using real-time digital simulator Typhoon HIL. The results show the output voltage transient behavior, the steady state values and waveforms for AC link voltages and current, and the power losses in each modulation.



The results corroborate the performance of the proposed control scheme. The transient behavior presents fast and accurate response. The steady state waveforms shows the possibility of more soft switching per cycle and the losses reduction that it implies.



Future works can use the methodology presented in this paper in other DAB converter topologies as three-phase DAB and ANPC DAB, for instance. There are several microcontrollers that can be used for controllers for this application, such as DSpace and TMS320F2837xD from Texas Instruments. For higher switching frequencies, such as     f s     = 20 kHz, the time available to perform the calculations is 1/20 kHz = 50 μs. The MDCS-MPC used approximately 7.8 μs [22] to perform the necessary calculations for the control, so the AMPC has approximately 42.2 μs available to perform its modulations choice calculations.




7. Conclusions


This paper proposed a novel control strategy for the DAB converter, which enhances the efficiency in its whole operation range. The strategy uses the MDCS-MPC, originally proposed for the SPS modulation, and expands it to the triangular and trapezoidal modulation. The expansion consists in adjusting the phase shift and inner phase shift angles, without requiring complex optimization methods.



There is a maximum error of    0.17 %    on the DAB output voltage during the steady state operation. In this condition, for both boost and buck modes the switching losses were reduced in comparison with the traditional MPC. Using the triangular modulation, a    37.5 %    reduction on the buck mode and    51.3 %    on the boost mode is observed. With the trapezoidal modulation the reduction is    23.2 %    on the buck mode and    19.3 %    on the boost mode.



In addition to the proposed control scheme, this work presents a modification on the cost function. The presence of the     G 2     term includes the contribution of the load current on this function and maintains the predicted current near the measured current. During the transients the maximum overshoot observed was around 4.7%. The settling time for the converter operation on buck mode was 120 ms, and on boost mode was 170 ms.







Author Contributions


Conceptualization, A.N., E.B., L.E. and W.S.; Formal analysis, A.N.; Funding acquisition, L.E. and W.S.; Methodology, A.N., E.B., L.E. and W.S.; Project administration, E.B., L.E. and W.S.; Supervision, E.B., L.E. and W.S.; Validation, A.N., A.A. and N.S.; Visualization, A.N.; Writing—original draft, A.N., A.A., N.S. and L.E.; Writing—review and editing, A.N., A.A., L.E. and W.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by: This research was funded by Espírito Santo Research and Innovation Support Foundation—FAPES (grant number 514/2021 and 382/2021) and National Council for Scientific and Technological Development—CNPq (grant numbers 409024/2021-0 and 311848/2021-4).




Acknowledgments


Thanks to the Universidad de Alcalá for providing support from professors and students; to the Federal University of Espírito Santo, for providing equipment, physical structure, support, and assistance from professors; and to the Federal Institute of Espírito Santo, for allowing me to use my working hours to conduct research with other educational institutions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ruiz, F.; Perez, M.A.; Espinosa, J.R.; Gajowik, T.; Stynski, S.; Malinowski, M. Surveying Solid-State Transformer Structures and Controls: Providing Highly Efficient and Controllable Power Flow in Distribution Grids. IEEE Ind. Electron. Mag. 2020, 14, 56–70. [Google Scholar] [CrossRef]

	



She, X.; Huang, A.Q.; Burgos, R. Review of Solid-State Transformer Technologies and Their Application in Power Distribution Systems. IEEE J. Emerg. Sel. Top. Power Electron. 2013, 1, 186–198. [Google Scholar] [CrossRef]

	



Huber, J.E.; Kolar, J.W. Applicability of Solid-State Transformers in Today’s and Future Distribution Grids. IEEE Trans. Smart Grid 2017, 10, 317–326. [Google Scholar] [CrossRef]

	



Hannan, M.A.; Ker, P.J.; Lipu, M.S.H.; Choi, Z.H.; Rahman, M.S.A.; Muttaqi, K.M.; Blaabjerg, F. State of the art of solid-state transformers: Advanced topologies, implementation issues, recent progress and improvements. IEEE Access 2020, 8, 19113–19132. [Google Scholar] [CrossRef]

	



Shao, S.; Chen, H.; Wu, X.; Zhang, J.; Sheng, K. Circulating Current and ZVS-on of a Dual Active Bridge DC-DC Converter: A Review. IEEE Access 2019, 7, 50561–50572. [Google Scholar] [CrossRef]

	



Mishra, D.K.; Ghadi, M.J.; Li, L.; Hossain, J.; Zhang, J.; Ray, P.K.; Mohanty, A. A review on solid-state transformer: A breakthrough technology for future smart distribution grids. Int. J. Electr. Power Energy Syst. 2021, 133, 107255. [Google Scholar] [CrossRef]

	



Dini, P.; Saponara, S. Electro-Thermal Model-Based Design of Bidirectional On-Board Chargers in Hybrid and Full Electric Vehicles. Electronics 2021, 11, 112. [Google Scholar] [CrossRef]

	



Rasool, H.; Verbrugge, B.; Zhaksylyk, A.; Tran, T.M.; El Baghdadi, M.; Geury, T.; Hegazy, O. Design Optimization and Electro-Thermal Modeling of an Off-Board Charging System for Electric Bus Applications. IEEE Access 2021, 9, 84501–84519. [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. IEEE Trans. Ind. Appl. 1991, 27, 63–73. [Google Scholar] [CrossRef]

	



Shi, H.; Wen, H.; Chen, J.; Hu, Y.; Jiang, L.; Chen, G.; Ma, J. Minimum-Backflow-Power Scheme of DAB-Based Solid-State Transformer With Extended-Phase-Shift Control. IEEE Trans. Ind. Appl. 2018, 54, 3483–3496. [Google Scholar] [CrossRef]

	



Hu, J.; Cui, S.; De Doncker, R.W. Natural Boundary Transition and Inherent Dynamic Control of a Hybrid-Mode-Modulated Dual-Active-Bridge Converter. IEEE Trans. Power Electron. 2021, 37, 3865–3877. [Google Scholar] [CrossRef]

	



Tiwari, S.; Sarangi, S. Implementation of SPS and DPS control techniques on DAB converter with comparative analysis. J. Inf. Optim. Sci. 2019, 40, 1623–1638. [Google Scholar] [CrossRef]

	



Tong, A.; Hang, L.; Li, G.; Jiang, X.; Gao, S. Modeling and Analysis of a Dual-Active-Bridge-Isolated Bidirectional DC/DC Converter to Minimize RMS Current With Whole Operating Range. IEEE Trans. Power Electron. 2017, 33, 5302–5316. [Google Scholar] [CrossRef]

	



Shao, S.; Jiang, M.; Ye, W.; Li, Y.; Zhang, J.; Sheng, K. Optimal Phase-Shift Control to Minimize Reactive Power for a Dual Active Bridge DC–DC Converter. IEEE Trans. Power Electron. 2019, 34, 10193–10205. [Google Scholar] [CrossRef]

	



Calderon, C.; Barrado, A.; Rodriguez, A.; Lazaro, A.; Fernandez, C.; Zumel, P. Dual Active Bridge (TPS-DAB) with Soft Switching in the whole output power range. In Proceedings of the 2017 11th IEEE International Conference on Compatibility, Power Electronics and Power Engineering (CPE-POWERENG), Cadiz, Spain, 4–6 April 2017. [Google Scholar]

	



Qin, H.; Kimball, J.W. Closed-Loop Control of DC–DC Dual-Active-Bridge Converters Driving Single-Phase Inverters. IEEE Trans. Power Electron. 2013, 29, 1006–1017. [Google Scholar]

	



Tong, A.; Hang, L.; Chung, H.S.-H.; Li, G. Using Sampled-Data Modeling Method to Derive Equivalent Circuit and Linearized Control Method for Dual-Active-Bridge Converter. IEEE J. Emerg. Sel. Top. Power Electron. 2019, 9, 1361–1374. [Google Scholar] [CrossRef]

	



Song, W.; Hou, N.; Wu, M. Virtual Direct Power Control Scheme of Dual Active Bridge DC–DC Converters for Fast Dynamic Response. IEEE Trans. Power Electron. 2017, 33, 1750–1759. [Google Scholar] [CrossRef]

	



Jeung, Y.-C.; Lee, D.-C. Voltage and Current Regulations of Bidirectional Isolated Dual-Active-Bridge DC–DC Converters Based on a Double-Integral Sliding Mode Control. IEEE Trans. Power Electron. 2018, 34, 6937–6946. [Google Scholar] [CrossRef]

	



Hamill, D.; Deane, J.; Jefferies, D. Modeling of chaotic DC-DC converters by iterated nonlinear mappings. IEEE Trans. Power Electron. 1992, 7, 25–36. [Google Scholar] [CrossRef]

	



Shao, S.; Chen, L.; Shan, Z.; Gao, F.; Chen, H.; Sha, D.; Dragicevic, T.G. Modeling and Advanced Control of Dual-Active-Bridge DC–DC Converters: A Review. IEEE Trans. Power Electron. 2021, 37, 1524–1547. [Google Scholar] [CrossRef]

	



Chen, L.; Shao, S.; Xiao, Q.; Tarisciotti, L.; Wheeler, P.W.; Dragicevic, T. Model Predictive Control for Dual-Active-Bridge Converters Supplying Pulsed Power Loads in Naval DC Micro-Grids. IEEE Trans. Power Electron. 2019, 35, 1957–1966. [Google Scholar] [CrossRef]

	



Schibli, N. Symmetrical Multilevel Converters with Two Quadrant DC-DC Feeding; No. THESIS; EPFL: Vaud, Switzerland, 2000. [Google Scholar]

	



Chen, L.; Lin, L.; Shao, S.; Gao, F.; Wang, Z.; Wheeler, P.W.; Dragicevic, T. Moving Discretized Control Set Model-Predictive Control for Dual-Active Bridge With the Triple-Phase Shift. IEEE Trans. Power Electron. 2019, 35, 8624–8637. [Google Scholar] [CrossRef]

	



Tarisciotti, L.; Chen, L.; Shuai, S.; Dragicevic, T. Large signal stability analysis of DAB converter using moving discretized control set–model predictive control. In Proceedings of the 2020 IEEE Energy Conversion Congress and Exposition (ECCE), Detroit, MI, USA, 11–15 October 2020. [Google Scholar]

	



Yade, O.; Gauthier, J.Y.; Lin-Shi, X.; Gendrin, M.; Zaoui, A. Modulation strategy for a dual active bridge converter using model predictive control. In Proceedings of the 2015 IEEE International Symposium on Predictive Control of Electrical Drives and Power Electronics (PRECEDE), Valparaiso, Chile, 5–6 October 2015. [Google Scholar]

	



dos Santos, W.M.; Martins, D.C. Introdução ao conversor DAB monofásico. Eletrônica Potência 2014, 19, 36–46. [Google Scholar]

	



Zhang, K.; Shan, Z.; Jatskevich, J. Large- and Small-Signal Average-Value Modeling of Dual-Active-Bridge DC–DC Converter Considering Power Losses. IEEE Trans. Power Electron. 2016, 32, 1964–1974. [Google Scholar] [CrossRef]

	



Qin, H.; Kimball, J.W. Generalized Average Modeling of Dual Active Bridge DC–DC Converter. IEEE Trans. Power Electron. 2011, 27, 2078–2084. [Google Scholar]

	



Shi, L.; Lei, W.; Li, Z.; Huang, J.; Cui, Y.; Wang, Y. Bilinear Discrete-Time Modeling and Stability Analysis of the Digitally Controlled Dual Active Bridge Converter. IEEE Trans. Power Electron. 2016, 32, 8787–8799. [Google Scholar] [CrossRef]

	



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

	



Vazquez, S.; Rodriguez, J.; Rivera, M.; Franquelo, L.G.; Norambuena, M. Model Predictive Control for Power Converters and Drives: Advances and Trends. IEEE Trans. Ind. Electron. 2017, 64, 935–947. [Google Scholar] [CrossRef]

	



Camargo, R.; Mayor, D.; Miguel, A.; Bueno, E.; Encarnação, L. A Novel Cascaded Multilevel Converter Topology Based on Three-Phase Cells—CHB-SDC. Energies 2020, 13, 4789. [Google Scholar] [CrossRef]

	



Shen, K.; Feng, J.; Zhang, J. Finite control set model predictive control with feedback correction for power converters. CES Trans. Electr. Mach. Syst. 2018, 2, 312–319. [Google Scholar] [CrossRef]

	



Dragicevic, T.; Novak, M. Weighting Factor Design in Model Predictive Control of Power Electronic Converters: An Artificial Neural Network Approach. IEEE Trans. Ind. Electron. 2018, 66, 8870–8880. [Google Scholar] [CrossRef]

	



Dini, P.; Saponara, S. Design of Adaptive Controller Exploiting Learning Concepts Applied to a BLDC-Based Drive System. Energies 2020, 13, 2512. [Google Scholar] [CrossRef]








[image: Energies 15 06628 g001 550] 





Figure 1. Solid-state transformer with highlighted DC-DC stage. 
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Figure 2. DAB converter (a) topology, (b) lossless DAB model, (c) voltage waveforms     v  A C 1    ( t )     and     v  A C 2    ( t )    . 
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Figure 3. Power transfer curves and limit powers for ZVS operation. 
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Figure 4. Voltage and current waveforms of half period for triangular modulation (a) buck mode, (b) boost mode. 
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Figure 5. Voltage and current waveforms of half period for trapezoidal modulation (a) buck mode, (b) boost mode. 
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Figure 6. Modulation selection algorithm. 
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Figure 7. Control system (a) control strategy, (b) flow chart of AMPC. 
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Figure 8. Waveforms of DAB converter and sample time. 






Figure 8. Waveforms of DAB converter and sample time.



[image: Energies 15 06628 g008]







[image: Energies 15 06628 g009 550] 





Figure 9. Block diagram for generation of the triangular waveforms used in the modulator. 
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Figure 10. Trigger full bridge in function of inner phase shift   τ  . 
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Figure 11. Block diagram of the modulator. 
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Figure 12. Hardware-in-the-loop experimental setup. 
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Figure 13. Behavior output voltage to step (550 to 600 V) for different input voltage with     P  o u t      = 5.5 kW. 
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Figure 14. The circuit to emulate the fluctuation of input voltage of DAB converter. 
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Figure 15. Source voltage disturbance rejection (a) frequency response, (b) measures of     V  p e a k      and     v  r i p p l  e  p e a k        for 200 Hz. 
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Figure 16. Behavior output voltage to step (550 to 600 V) for different parameters with     P  o u t      = 5.5 kW (a) capacitance, (b) inductance. 
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Figure 17. Waveforms (a) mode 1: buck triangular modulation; (b) mode 2: buck trapezoidal modulation; (c) mode 3: boost triangular modulation; (d) mode 4: boost trapezoidal modulation. 
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Figure 18. Transient behavior (a) mode 1 to mode 2 (b), mode 2 to mode 5. 
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Figure 19. Transient behavior (a) mode 3 to mode 4, (b) mode 4 to mode 5. 
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Figure 20. Transient behavior for     α 2  = 0    (a) mode 1 to mode 2, (b) mode 2 to mode 5, (c) mode 3 to mode 4, (d) mode 4 to mode 5. 
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Table 1. Smaller phase shift     δ  m i n      for frequency of the DAB converter for     t  s a m p l e      = 0.5 μs.
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	Frequency
	     δ  m i n      
	Range of δ





	50 kHz
	9°
	(0, 9°, 18°, …, 90°)



	10 kHz
	1.8°
	(0, 1.8°, 3.6°, …, 90°)



	1 kHz
	0.18°
	(0, 0.18°, 0.36°, …, 90°)



	500 Hz
	0.09°
	(0, 0.09°, 0.18°, …, 90°)
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Table 2. DAB converter parameters.
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	Variable
	Symbol
	Value





	Switch Frequency
	    f s    
	1 kHz



	Rated Power
	  P  
	12 kW



	Voltage Input DAB
	    V  D C 1     
	1000 V



	Voltage Output DAB
	    V  D C 2     
	600 V



	Rated phase shift
	  Φ  
	45°



	HFT Transformer Ratio
	   a =  N 1  /  N 2    
	1515



	Transfer Power Inductor
	  L  
	7.8 mH



	Input Capacitor
	    C  i n     
	330 µF



	Output Capacitor
	    C  o u t     
	670 µF



	Lowest phase-shift angle
	    δ  m i n     
	0.18°



	Gain
	  α  
	1 rad/V



	Maximum value for    V a d p   
	   V m   
	10 V
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Table 3. Losses in primary and secondary bridges of DAB for AMPC and traditional MPC in buck mode.






Table 3. Losses in primary and secondary bridges of DAB for AMPC and traditional MPC in buck mode.





	Operation Point

     V  D C 1       = 1000 V
	AMPC

(Triangular and Trapezoidal)
	Traditional MPC

(SPS Modulation)





	   T r i a n g u l a r   

    V  O U T   = 600   V − 1.28   kW   
	   B r i d g e   1 :   45.9   W   

   B r i d g e   2 :   21.9   W   

   T o t a l :   67.8   W   
	   B r i d g e   1 :   70.4   W   

   B r i d g e   2 :   38.1   W   

   T o t a l :   108.5   W   



	   T r a p e z o i d a l   

    V  O U T   = 600   V − 4.28   kW   
	   B r i d g e   1 :   43   W   

   B r i d g e   2 :   41.4   W   

   T o t a l :   84.4   W   
	   B r i d g e   1 :   69   W   

   B r i d g e   2 :   40.9   W   

   T o t a l :   109.9   W   
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Table 4. Losses in primary and secondary bridges of DAB for AMPC and Traditional MPC in boost mode.






Table 4. Losses in primary and secondary bridges of DAB for AMPC and Traditional MPC in boost mode.





	Operation Point

     V  D C 1       = 850 V
	AMPC

(Triangular and Trapezoidal)
	Traditional MPC

(SPS Modulation)





	   T r i a n g u l a r   

    V  O U T   = 600   V − 0.69   kW   
	   B r i d g e   1 :   2.4   W   

   B r i d g e   2 :   6.6   W   

   T o t a l :   9   W   
	   B r i d g e   1 :   5.6   W   

   B r i d g e   2 :   12.9   W   

   T o t a l :   18.5   W   



	   T r a p e z o i d a l   

    V  O U T   = 600   V − 3.69   kW   
	   B r i d g e   1 :   15.6   W   

   B r i d g e   2 :   34   W   

   T o t a l :   49.6   W   
	   B r i d g e   1 :   15   W   

   B r i d g e   2 :   46.5   W   

   T o t a l :   61.5   W   
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Table 5. Results compiled.






Table 5. Results compiled.





	Transition
	Settling Time

     α 2  = 1    
	Settling Time

     α 2  = 0    
	Overshoot

     α 2  = 1    
	Overshoot

     α 2  = 0    





	   M o d e   1   → M o d e   2   
	120 ms
	680 ms
	      (   |  596 − 600  |   )    600   = 0.7 %   
	      (   |  592 − 600  |   )    600   = 1.3 %   



	   M o d e   2 → M o d e   1   
	120 ms
	1.24 s
	      (   |  624 − 600  |   )    600   = 4.0 %   
	      (   |  620 − 600  |   )    600   = 3.3 %   



	   M o d e   2   → M o d e   5   
	120 ms
	720 ms
	      (   |  588 − 600  |   )    600   = 2.0 %   
	      (   |  588 − 600  |   )    600   = 2.0 %   



	   M o d e   5 → M o d e   2   
	120 ms
	1.28 s
	      (   |  628 − 600  |   )    600   = 4.6 %   
	      (   |  628 − 600  |   )    600   = 4.6 %   



	   M o d e   3   → M o d e   4   
	130 ms
	600 ms
	      (   |  592 − 600  |   )    600   = 1.3 %   
	      (   |  592 − 600  |   )    600   = 1.3 %   



	   M o d e   4   → M o d e   3   
	160 ms
	880 ms
	      (   |  624 − 600  |   )    600   = 4.0 %   
	      (   |  624 − 600  |   )    600   = 4.0 %   



	   M o d e   4   → M o d e   5   
	170 ms
	960 ms
	      (   |  584 − 600  |   )    600   = 2.7 %   
	      (   |  584 − 600  |   )    600   = 2.7 %   



	   M o d e   5 → M o d e   4   
	170 ms
	1.12 s
	      (   |  628 − 600  |   )    600   = 4.7 %   
	      (   |  628 − 600  |   )    600   = 4.7 %   
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Table 6. Comparison of DAB control methods.






Table 6. Comparison of DAB control methods.





	Control Method
	Dynamic Performance
	Robustness to Parameter Variation
	Implementation Cost
	Switch Losses with (Low Load d ≠ 1)





	Feedback [16]
	Medium
	Good
	Low (1 sensor)
	Medium



	VDPC [18]
	Good
	Poor
	High (3 sensors)
	Medium



	SMS [19]
	Medium
	Medium
	Low (1 sensor)
	Medium



	MDCS [22]
	Good
	Medium
	High (3 sensor)
	Medium



	AMPC
	Good
	Medium
	High (3 sensor)
	Good
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