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A modified two-stage buck-DAB (MBDAB) converter is proposed to improve the performance of the traditional two-stage buck-DAB (TSBDAB) converter. In the MBDAB converter, the DAB can work with fixed voltage gain and voltage-matched condition under a wide input voltage range. The voltage gain of the converter is adjusted through the added front-end stage, which is similar to a buck converter. Compared with the TSBDAB converter, only part of the transmitted power flows through the front-end stage, so the loss of the buck stage and the burden of zero-voltage switching (ZVS) can be reduced. Detailed analysis of the working principle, partial power characteristics, and the full-load ZVS range design are presented. To verify the effectiveness of the proposed MBDAB converter, experimental results are obtained from a prototype with a rated power of 1 kW.
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1 INTRODUCTION
Bidirectional DC/DC converters play a crucial role in various applications like DC microgrids and energy storage systems to provide electrical isolation and voltage gain regulation capability (Inoue and Akagi, 2007; Masrur et al., 2018; Tu et al., 2019). In the domain of traditional IBDC converters, there are two key types: resonant converters and dual active bridge (DAB) converters (Zhao et al., 2014). DAB converters have gained significant interest due to their numerous benefits, such as electrical isolation, high efficiency, the ability to transfer energy bidirectionally, and soft-switching characteristics (Shao et al., 2019).
The single phase shift (SPS) control has only one degree of freedom, which is very simple (Doncker et al., 1988). However, the efficiency of the SPS-controlled DAB converter is low when the voltage gain is far away from the unity gain due to the large current stress and backflow power, and the zero-voltage switching (ZVS) cannot be achieved under full range. Therefore, to improve the efficiency of the DAB converter under a wide voltage range, modulation strategies with more control variables have been proposed. Extended phase shift (EPS) control and dual phase shift (DPS) control are two common two-degree-of-freedom control methods (Zhao et al., 2012; Sun et al., 2020). An inner phase-shift angle is introduced to reduce the RMS inductance current and the backflow power under a wide voltage range. Triple phase shift (TPS) control (Everts, 2017; Guo, 2020) is designed to further improve the performance of the DAB. There are three degrees of freedom in TPS control, which results in increased complexity in both the operation modes and control strategy due to the added degree of freedom.
Another effective and simple solution for improving the performance of the converter under a wide voltage range is the restructuring of its topology (Alou et al., 2001; Lee et al., 2011; Fu et al., 2020; Xu et al., 2020; Liao et al., 2022; Lin et al., 2022). The core concept of this technique is to enable the DAB converter to operate under a unity gain condition across a wide voltage range by restructuring the topology. One straightforward way is the two-stage cascade solution. To achieve high performance, the IBDC converter operates under fixed voltage gain in the two-stage cascade scheme. The two-stage structure includes two DC/DC converters, and one of them has isolation properties, as detailed in Alou et al. (2001), Lee et al. (2011), Fu et al. (2020), and Xu et al. (2020). Figure 1 illustrates the configuration of the TSBDAB converter. Fu et al. (2020) enhanced the efficiency by combining the IBDC converter with a non-isolated boost converter. ZVS of all switches is achieved, and the overall losses are reduced. Xu et al. (2020) combined a DAB converter and a buck–boost converter to achieve superior performance under a wide voltage gain range. Lin et al. (2022) described the combination of the DAB and the boost converter in input-series configuration. High efficiency can be achieved by power-sharing adjustments between the two converters.
[image: Figure 1]FIGURE 1 | Topology of the TSBDAB converter.
 All of the power should be transferred by the front-end stage in the existing two-stage scheme, which leads to increased conversion loss. To improve the efficiency of the two-stage scheme and reduce the front-end-stage-transferred power, a partial power converter (PPC) approach as mentioned in Sun et al. (2008), Zientarski et al. (2019), and Liao et al. (2022) can be used. The PPC concept involves integrating the PPC submodule alongside the main power converters, either in parallel or in series. It is important to note that the PPC solution typically does not provide electrical isolation, as it often uses buck or buck/boost converters for the DC–DC conversion with partial power characteristics, as explained in Sun et al. (2008).
In this article, a modified isolated bidirectional buck-DAB converter is proposed to construct partial power transmission characteristics of the front-stage converter and further improve the efficiency of the two-stage converter under a wide voltage range. The proposed converter only requires a simple change in the connection architecture of the TSBDAB converter. In the MBDAB converter, when the input voltage changes, the front-end buck stage performs a gain adjustment, whereas DAB operates under a fixed voltage gain condition. In addition, the buck stage can only transmit part of the output power, which is due to the change in the connection architecture of the TSBDAB scheme. All the switches of the proposed converter can achieve the ZVS operation.
2 PROPOSED MBDAB CONVERTER AND OPERATION PRINCIPLES
2.1 Proposed modified buck-DAB converter
Figure 2 illustrates the proposed MBDAB converter. Compared with the TSBDAB converter in Figure 1, to achieve the partial power conversion, the source of S1 is disconnected from the source of S3, and the source of S3 is directly connected to the input voltage. In addition, a blocking capacitor Cb is added to ensure that the voltages on both sides of the leakage inductor Lk are matched. The buck stage consists of two switches (Sa-b), an inductor (Lf), and a capacitor (CBuck). The DAB stage consists of two full bridges in the primary side and the secondary side, connected by a high-frequency transformer T with the turns ratio of Np:1, an inductor (Lk), and a capacitor (Cb).
[image: Figure 2]FIGURE 2 | Topology of the proposed MBDAB converter.
2.2 Mechanism of DC block capacitor Cb
The equivalent circuit of the DAB stage is shown in Figure 3. When the DAB stage is under the SPS control, the voltages on both sides of the leakage inductor are in volt–second equilibrium, which ensures that the inductor current iLk does not diverge. According to Figure 3, the relationship can be calculated as Eq. 1:
[image: image]
[image: Figure 3]FIGURE 3 | Equivalent circuit.
The steady state of the converter means that the average voltage of inductor Lk is 0. The relationship between the uab, up and ucd is shown in Figure 3, the average values of ucd and uab are 0 and (Vin−VBuck)/2, then the voltage on DC block capacitor Cb can be deduced as Eq. 2:
[image: image]
2.3 Modulation strategies and operation principles
Figure 4 illustrates the modulation strategy and theoretical operating waveforms of the proposed MBDAB converter. According to Figure 4, switches Sa and Sb are driven complementarily, and pulse width modulation is applied to the buck converter. As for the DAB stage, the conventional SPS modulation is applied. It is very simple with a fixed 50% duty ratio.
[image: Figure 4]FIGURE 4 | Key waveforms of the MBDAB converter.
The duty cycle D of Sa is to regulate the voltage across CBuck. The half-cycle phase shift ratio Dφ is used to regulate the output power of DAB. It is worth pointing out that Sa and S1 do not have to be turned on at the same time.
The 10 operating intervals are analyzed as follows and shown in Figure 5.
Stage I (t0–t1): At t0, switches Sb, S2, and S3 are turned off. During stage I, since the currents iLf and iLk are negative, respectively, the body diodes of Sa, S1, and S4 are turned on. The conduction of diodes provides the conditions for the ZVS of the corresponding switches.
Stage II (t1–t2): At t1, switches Sa, S1, and S4 are turned on under the ZVS condition. The voltage across inductors Lf and Lk is kept constant, and the currents iLf and iLk increase linearly. The inductor currents iLf and iLk are expressed in Eqs 3, 4:
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Stage III (t2–t3): At t2, switches Q2 and Q3 are turned off. During stage III, since the current iLk is positive, the body diodes of Q1 and Q4 are turned on. The conduction of diodes provides the conditions for the ZVS of the corresponding switches.
Stage IV (t3–t4): At t3, switches Q1 and Q4 are turned on under the ZVS condition. Since the voltage across the inductor Lk is zero under the voltage-matching condition, iLk keeps constant.
Stage V (t4–t5): At t4, the switch Sa is turned off. Since the inductor current iLf is positive during stage V, the body diodes of Sb are turned on, which provides the conditions for ZVS of Sb.
Stage VI (t5–t6): At t5, the switch Sb is turned on under the ZVS condition. The voltage across the inductor Lf is kept constant, and the current iLf decreases linearly which is expressed in Eq. 5:
[image: image]

Stage VIII (t7–t8): At t7, switches S2 and S3 are turned on under the ZVS condition. The voltage across the inductor Lk is kept constant, and the current iLk decreases linearly, which is expressed in Eq. 6:
[image: image]
Stage IX (t8–t9): At t8, switches Q1 and Q4 are turned off. During stage IX, since the current iLk is negative, the body diodes of Q2 and Q3 are turned on. The conduction of diodes provides the conditions for the ZVS of the corresponding switches.
Stage X (t9–t10): At t9, switches Q2 and Q3 are turned on under the ZVS condition. Since the voltage across the inductor Lk is zero under the voltage-matching condition, the current iLk keeps constant.
[image: Figure 5]FIGURE 5 | Operational principles of the proposed converter: (A) stage I (t0–t1); (B) stage II (t1–t2); (C) stage III (t2–t3); (D) stage IV (t3–t4); (E) stage V (t4–t5); (F) stage VI (t5–t6); (G) stage VII (t6–t7); (H) stage VIII (t7–t8); (I) stage IX (t8–t9); and (J) stage X (t9–t10).
3 STEADY-STATE ANALYSIS OF THE PROPOSED MBDAB CONVERTER
3.1 Analysis of the voltage gain ratio of the MBDAB converter
Under the SPS modulation strategy, the output power of DAB in the MBDAB converter can be expressed as Eq. 7:
[image: image]
where Np is the ratio of the high-frequency transformer and fs is the switching frequency of the converter. Veq is one half of the peak-to-peak value of the voltage up, which can also be regarded as the equivalent input voltage of DAB. The expression of Veq can be deduced as Eq. 8:
[image: image]
Therefore, the voltage gain of the DAB circuit in the modified buck-DAB converter can be derived as follows:
[image: image]
where RL is the resistance value of the load resistance and M1 is the voltage gain of the DAB circuit. In order to achieve the voltage-matched condition of the DAB primary and secondary sides, the normalized gain of DAB is controlled to be constant at 1 in this converter, that is, NpM1 = 1.
The voltage gain of the buck circuit is expressed as Eq. 10:
[image: image]
Considering the voltage gain of the buck part yields Eq. 11:
[image: image]
The voltage gain of the MBDAB converter can be expressed as Eq. 12:
[image: image]
It can be known from Eq. 9 that the voltage gain ratio is related to D of the buck stage and Np. When D is within the range of [0,1], the normalized voltage gain ratio (MNp) is within the range of [0.5,1].
3.2 Transferred power of the buck stage
In the proposed MBDAB converter, the buck stage only transfers power when S1 is on, so the transferred power of it is always smaller than the output power of the system. In addition, the power is directly transferred from the input voltage Vin when the switch S3 is on. Then, the inductor current of the buck stage has a smaller offset and RMS value. It will reduce the loss and size of the buck inductor and help meet the ZVS condition of the buck switches.
The power of the MBDAB converter can be expressed as Eq. 13, according to power transmission characteristics of the DAB stage.
[image: image]
Because the average inductor current is equal to half of the average DAB stage input current, the load current of the buck circuit can be expressed as Eq. 14:
[image: image]
The transferred power of the buck stage can be expressed as Eq. 15:
[image: image]
The power transfer ratio for the buck stage to the DAB stage can be expressed as Eq. 16:
[image: image]
3.3 Analysis of the ZVS condition
First, the ZVS conditions of the DAB circuit are analyzed. It can be seen from Figure 4 that before the switches S1 and S4 are turned on, the inductor current iLk<0 should be ensured to discharge the junction capacitor of the switches and make their body diodes turn on. Before the switches Q1 and Q4 are turned on, the inductor current iLk >0 should be ensured. The situation is similar when switches S2–3 and Q2–3 are switched on.
Therefore, the conditions for all switches of the DAB circuit to realize ZVS can be summarized as Eq. 17:
[image: image]
To simplify the calculation, the change in the current in the dead time is ignored in the deduction. According to Formulas 4, 6 and the voltage-matching condition, the leakage inductor current at times t1 and t3 in the modified buck-DAB converter can be obtained as Eqs 18, 19:
[image: image]
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It can be seen from the equation that when the modified buck-DAB satisfies the voltage-matched conditions, all switches in the DAB circuit can achieve the ZVS condition under any voltage gain and any load conditions.
As for the buck stage, the polarity of iLf before Sa and Sb are turned on determines the ZVS realization. The ZVS can always be achieved for Sa since iLf(t) < 0 are always feasible. By properly designing the inductance value of Lf, iLf (t2)<0 can be ensured. Then, Sb can achieve ZVS turn on. The condition of Sb to realize ZVS turn on is shown in Eq. 20:
[image: image]
3.4 Control strategy of the MBDAB converter
Based on the voltage-matched principle, the converter control strategy is designed as follows. The control block diagram is shown in Figure 6. The converter has two control degrees of freedom, D and Dφ, which are the output of the voltage-matching control loop and the output of the voltage-regulating loop, respectively. In the voltage control loop, the direction of the output voltage and transmission power is changed by adjusting the phase shift ratio Dφ.
[image: Figure 6]FIGURE 6 | Control diagram of the proposed MBDAB converter.
4 EXPERIMENTAL VERIFICATIONS
To validate the effectiveness of the proposed MBDAB converter, a 1-kW prototype is designed. The main parameters of the prototype are presented in Table 1. In addition, the prototype of the MBDAB converter is shown in Figure 7.
TABLE 1 | Specific parameters.
[image: Table 1][image: Figure 7]FIGURE 7 | Prototype of the proposed MBDAB converter.
The steady-state experimental waveforms of the MBDAB converter under Vin = 250 V and Vin = 450 V are shown in Figure 8. The voltage across the auxiliary capacitor CBuck, the output voltage of the MBDAB converter, the buck inductor current iLf, and the DAB leakage inductor current are shown in the figure. As can be seen, the output voltage of the MBDAB converter can be stabilized at 48 V. The DAB leakage inductor current iLk indicates that the voltage-matched condition is achieved. The waveforms of the currents are consistent with the theoretical analysis when input voltage varies.
[image: Figure 8]FIGURE 8 | Steady-state waveforms of (A) Vin = 250 V; (B) Vin = 450 V.
The ZVS waveforms of Sa under 250 V input voltage and different loads are shown in Figure 9. The drain–source voltage across Sa, the driving signal of Sa, the buck inductor current, and the DAB leakage inductor current are shown in the figure. As can be seen, drain–source voltage across Sa has dropped to zero before the driving signal arises. As shown in the experimental results, Sa of the buck stage realizes ZVS under 250 V input voltage at both light and heavy loads. The heavy load condition is 1,000 W, and the light load condition is 300 W.
[image: Figure 9]FIGURE 9 | ZVS waveforms of Sa when Vin = 250 V: (A) light load; (B) heavy load.
The ZVS waveforms of Sa under 450 V input voltage and different loads are shown in Figure 10. The drain–source voltage across Sa, the driving signal of Sa, the buck inductor current, and the DAB leakage inductor current are shown in the figure. As can be seen, the drain–source voltage across Sa has dropped to zero before the driving signal arises. As shown in the experimental results, Sa of the buck stage realizes ZVS under 450 V at both light and heavy loads.
[image: Figure 10]FIGURE 10 | ZVS waveforms of Sa when Vin = 450 V: (A) light load; (B) heavy load.
The ZVS waveforms of S1 under both light and heavy loads are shown in Figure 11. The drain–source voltage across S1, the driving signal of S1, the buck inductor current, and the DAB leakage inductor current are shown in the figure. As can be seen, the drain–source voltage across S1 has dropped to zero before the driving signal arises. As shown in the experimental results, S1 of the DAB stage realizes ZVS under a wide voltage range at both light and heavy loads.
[image: Figure 11]FIGURE 11 | ZVS waveforms of S1 under (A) light load; (B) heavy load.
The ZVS waveforms of S2 under both light and heavy loads are shown in Figure 12. As can be seen, the drain–source voltage across S2 has dropped to zero before the driving signal arises. As shown in the experimental results, S2 of the DAB stage realizes ZVS under a wide voltage range at both light and heavy loads.
[image: Figure 12]FIGURE 12 | ZVS waveforms of S2 under (A) light load; (B) heavy load.
The experimental results of bidirectional power transfer are shown in Figure 13. As can be seen, under forward power transmission mode, the phase of uab is ahead of the phase of ucd, as shown in Figure 13A. In addition, under backward power transmission mode, the phase of uab lags behind the phase of ucd, as shown in Figure 13B.
[image: Figure 13]FIGURE 13 | Bidirectional waveforms under 1,000 W: (A) forward mode; (B) backward mode.
The measured efficiency comparisons of the proposed MBDAB converter and the TSBDAB converter are shown in Figure 14. It includes experimental results under different loads and different input voltages. To ensure the fairness of comparison, the input and output voltage and the circuit parameters of the DAB circuit of the TSBDAB converter are the same as the MBDAB converter. In addition, to make a comparison under the same magnetic component, the inductance of the buck inductor in the TSBDAB converter is also designed the same as that in the MBDAB converter. This means that the ZVS condition of the buck part cannot be achieved under some load conditions in the TSBDAB converter. At lower input voltage, the proposed MBDAB converter has a higher efficiency than buck-DAB under a full-load range due to the partial power transmission characteristic. At medium input voltage, the two converters have similar efficiencies due to the similar current of iLf. At higher voltage, the proposed MBDAB converter has a higher efficiency than the buck-DAB converter due to the lower inductor current.
[image: Figure 14]FIGURE 14 | Comparison of measured efficiency of the proposed MBDAB and TSBDAB converters: (A) 250 V; (B) 350 V; and (C) 450 V.
The loss breakdown of the proposed MBDAB converter under different input voltages and different loads is shown in Figure 15. The C3M0045065D of CREE is adopted as the MOSFETs of the primary and secondary switches of the converter. The PQ40-40 and RM10 are used as the inductor and transformer core of DAB. In addition, the inductor type of buck used for the prototype is Kool Mµ Toroid of 77071A7.
[image: Figure 15]FIGURE 15 | Loss breakdown of the proposed MBDAB converter under different input voltages and different loads.
As shown in the figure, the total loss of the MBDAB converter under 350 V input voltage is higher than that of the input voltages at 250 V and 450 V, which is mainly caused by the increased inductor Lf iron loss. The peak-to-peak and RMS values of the buck inductor current under this operating point are larger. In addition, it can be seen from Figure 13 that the estimated efficiency is basically consistent with the measured efficiency with slightly mismatching. For example, at the output power of 200 W, the estimated losses are 9.4 W, 41.5 W, and 17.8 W at the input voltages of 250 V, 350 V, and 450 V, which are close to the measured efficiencies of 95.3%, 79.2%, and 91.1%, respectively.
5 CONCLUSION
In this article, a modified two-stage isolated bidirectional buck-DAB converter is proposed. When the input voltage of the MBDAB changes, the front-end buck stage performs gain adjustment, whereas DAB operates under a fixed voltage gain condition. The buck stage can only transmit part of the output power, which is due to the change in the TSBDAB scheme. All the switches of the proposed converter can achieve the ZVS condition. Working principle, voltage gain ratio analysis, power transfer characteristic, and ZVS analysis are introduced for the MBDAB converter.
The experimental results show that the proposed MBDAB converter can realize partial power transmission of the buck stage and ZVS of all switches, which reduces losses of the MBDAB converter effectively.
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