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Abstract:



One of the main disadvantages of the multi-level solid-state transformer (SST) system is the voltage imbalance on the output of the rectifier modules. This voltage imbalance can be caused by parameter mismatch of the active and passive components, different loads, and the floating structure of the high voltage DC-links. Some studies have been done to solve this voltage imbalance problem. A common way to avoid this imbalance is to balance the voltage of DC-links at the AC/DC conversion stage and balance the power between the modules at the DC/DC conversion stage. Most of these methods require a complex balancing controller or additional circuits. This paper proposes a novel dual active bridge (DAB) converter specialized in power balancing in a single-phase 5-level SST system. The proposed DAB converter does not require any additional balancing controllers or techniques for power balancing. The performance of the proposed DAB converter was verified by simulation and experiments using a 3 kW 5-level SST prototype system.
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1. Introduction


Recently, the solid-state transformer (SST) has become an important component of the future power systems because it can replace conventional 50/60 Hz power transformers. Conventional power transformers have a bulky size, a high weight, and power quality issues. Compared to the conventional power transformer, the SST has several advantages in terms of power factor correction, instantaneous voltage regulation, voltage sag tolerance, harmonic isolation, fault management, and bidirectional power control. In addition, the SST can reduce the volume and weight dramatically by increasing the operation frequency [1,2,3,4,5,6]. Because of these advantages, the SST is used in isolated battery chargers, in the field of aviation, in ships, and as renewable energy sources [7].



Various SST topologies for single-phase applications have been reported and discussed in [8]. A multi-stage power converter is the basic configuration that is typically used to achieve the SST system [2,4,9]. This system consists of an AC/DC conversion stage, a DC/DC conversion stage with high-frequency isolation, and a DC/AC conversion stage [10]. In this paper, a cascaded H-bridge (CHB) rectifier was adopted for the AC/DC conversion stage. This CHB enables the modular design of the power stage. The dual active bridge (DAB) converter, which is mostly preferred for high-power applications, is adopted for the DC/DC conversion stage [11,12]. The DC/AC conversion stage was omitted because it is beyond the scope of this paper.



One of the main disadvantages of the multi-level SST is the voltage imbalance on the output of different rectifier modules [13,14]. This unbalanced DC-link voltage can be caused by unbalanced load condition, mismatch of the active and passive components, and the floating structure of the high voltage DC-links [15,16,17]. Because of this unbalanced DC-link voltage and power, there is an increase in the stress of the semiconductor device, and there are over-voltage or over-current problems that can lead to the collapse of the entire system.



Many methods have been proposed to solve the imbalance of DC-links. A common way to avoid this imbalance is to adjust the real power of each H-bridge [18,19,20,21]. However, the adjustable real power range of each H-bridge is limited by the input AC voltage and the voltage reference of DC-links. Therefore, an additional power balance control is needed to overcome these constraints.



This paper proposes a novel DAB converter specialized for power balancing in the single-phase 5-level SST system. This DAB converter has a common-point-connected winding transformers on its secondary side. This common point connected transformers are formed by arranging each end of the coils so that they are connected at a common point. This is the same as removing one transformer from a three-phase wye-connected transformer. There are several topologies using three-phase wye-connected transformers [22,23,24,25]. However, they are not focused on the balance of the DC-links and are unsuitable for the single-phase SST system. The proposed DAB converter, suitable for the single-phase 5-level SST system, can balance the power between DC-links without additional circuits, controls, or special pulse width modulation (PWM) schemes.



The rest of this paper is organized as follows: The conventional power balancing methods of the DAB converter are introduced in Section 2. The proposed topology is analyzed theoretically in Section 3. In Section 4, the simulation results are presented to verify the effectiveness of the proposed topology. The experimental results using a 3 kW 5-level SST prototype system are presented in Section 5. Finally, the conclusion is presented in Section 6.




2. Conventional Power Balancing Methods of the Dual Active Bridge Converter


The DAB converter has been widely used because of various advantages such as high power density, bi-directional power flow, galvanic isolation, and so on [11,26]. Most DAB converters consist of half-bridge or full-bridge circuits, which produce 2-level square waves across the high-frequency transformer as shown in Figure 1. Conceptually, the DAB converter can be viewed as an interfacing inductor driven at either end by a controlled square-wave voltage source. The interfacing inductance is the sum of the transformer leakage inductance and the external inductance. The external inductor is needed in order to adjust the output power as well as to extend the zero voltage switching operation [27]. The amount of power transferred by the DAB converter is determined by the interfacing inductance and the phase difference between active bridges. Therefore, the tolerance of the magnetic elements causes power and voltage imbalance of the DC-links in the SST system.


Figure 1. The conventional full-bridge dual active bridge (DAB) converter.



[image: Energies 11 00928 g001]






Many methods have been studied to prevent the power imbalance of DC-links in the SST system. A power balancing controller has been proposed in [28], which is depicted in Figure 2. The average power of the DAB converter is calculated, and a different phase shift is generated for each of them. This method needs additional current sensors for the DAB stage, which increases system costs. In addition, the calculation of the power is also not easy due to the complex integration operation, in which the calculation accuracy may be low. Another power balancing controller has been proposed in [29], which is depicted in Figure 3. This method uses the active power component of the duty cycle in the rectifier stage as the feedback signal for the power balancing controller. This power balancing controller does not need any current sensor for the DC/DC stage, but still requires a complex balancing controller. In addition, several power balancing methods based on complex controllers, additional circuits, or special PWM schemes have been studied [30,31,32].


Figure 2. Conventional power balancing controller [28].



[image: Energies 11 00928 g002]





Figure 3. Conventional current sensorless power balancing controller [29].
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However, unlike conventional power balancing methods, the proposed DAB converter can balance the power between DC-links without additional circuits, controls, or special PWM schemes.




3. Theoretical Analysis of the Proposed DAB Converter


Figure 4 presents the entire system configuration of the single-phase 5-level SST system. As mentioned in Section 1, the AC/DC conversion stage of the SST system employs CHB rectifier modules. The role of this rectifier module is to control the input power factor, rectify the input AC voltage to DC-links, and balance the voltage of DC-links. In this paper, the phase shift pulse width modulation (PSPWM) scheme was adopted for CHB rectifier modules because it is easy to use and reliable [33,34]. The single phase d-q coordinate controller was also adopted for voltage balancing of the DC-link as presented in [35]. The detailed PWM scheme, control, and analysis of the CHB rectifier were omitted because it is beyond the scope of this paper.


Figure 4. Configuration of the single-phase 5-level SST system.
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3.1. Operation of the Proposed DAB Converter


Several assumptions were made before analysis. First, all active devices are lossless and linear components. Second, the voltage of the capacitors named ([image: ], i,j = 1, 2) and [image: ] is constant within the switching period. This can be achieved when their capacitances are large enough. Third, to simplify the discussion, the different voltage levels of each bridge are matched by choosing an appropriate number of turns for winding ([image: ] = [image: ]). The turn ratio of each transformer is identical.



The structure of the proposed DAB converter is divided into three parts. The primary side consists of two separate half-bridge circuits which are connected to the individual DC-links. Two transformers with a pair of secondary windings are connected to each other. Secondary legs of each module are configured in the form of a full-bridge circuit. Figure 5 shows a transformer equivalent model with equivalent impedance referred to the secondary side. In Figure 5, i is the module index, [image: ] is the square-wave voltage at its primary bridge, [image: ] is the square-wave voltage at its secondary bridge, [image: ] and [image: ] are primary and secondary currents of transformer, [image: ] is the primary winding resistance, [image: ] is the secondary winding resistance, n is the turn ratio, [image: ] is the primary side leakage inductance, [image: ] is the secondary side leakage inductance, [image: ] is the iron loss resistance of the transformer, [image: ] is the magnetizing inductance seen from the primary winding, [image: ] is the excitation current, [image: ] is the equivalent winding resistance referred to the secondary side, and [image: ] is the leakage inductance referred to the secondary side. To simplify the discussion, [image: ] is neglected because it is too small compared with the total current of the transformer. However, in the simulation section, the function of auto-balancing was verified with different [image: ] values.


Figure 5. Transformer equivalent model with equivalent impedance referred to secondary side.
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The switching scheme for the proposed DAB converter is based on the interleaved single phase shift (SPS) modulation. The modulation of SPS has one degree of freedom [image: ], which is the phase difference between square-wave voltage of the primary and secondary bridges [12,36]. The amount of power transferred by the DAB converter is determined by the [image: ]. All legs, consisting of two complementary switches, are operated with a 50% duty cycle to transfer the maximum power. For interleaved operation, the square-wave voltage of each primary bridge denoted as [image: ] and [image: ] are phase-shifted with respect to each other by T/2, where T is the switching period. In the same manner, the square-wave voltage of each secondary bridge, denoted as [image: ] and [image: ], are phase-shifted with respect to each other by T/2. In addition, in order to simultaneously turn on/off the diagonal opposite switches in the secondary full-bridge circuit, the phase difference between each module should be identical.



According to the above described switching scheme and Figure 5, the proposed DAB converter can be represented by an equivalent circuit, as shown in Figure 6, where ([image: ], i = 1, 2) and [image: ] are the input and output DC voltages, ([image: ], i = 1, 2) represents the external secondary inductance, which is needed in order to adjust the output power as well as to extend the zero voltage switching operation [27], and ([image: ], i = 1, 2) is the interfacing inductance, which is the sum of the ([image: ], i = 1, 2) and the ([image: ], i = 1, 2). The voltage applied across each interfacing inductor can be represented by the following equations.


[image: ]



(1)






[image: ]



(2)






[image: ]



(3)






[image: ]



(4)




where [image: ] is the electrical angle in radians.


Figure 6. Equivalent circuit of the proposed auto-balancing DAB converter.
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The proposed DAB topology has six operation modes over one switching cycle. Figure 7 and Figure 8 show the operating modes and the corresponding waveforms, respectively.


Figure 7. Six operation modes of the proposed auto-balancing topology during one switching cycle: (a) Mode I; (b) Mode II; (c) Mode III; (d) Mode IV; (e) Mode V; (f) Mode VI.



[image: Energies 11 00928 g007]





Figure 8. Theoretical waveforms of the proposed auto-balancing DAB converter when two inductances are different.
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Mode I [[image: ] to [image: ]] (Figure 7a): The negative to positive transition of [image: ] is triggered by turning off [image: ]. At the same time, [image: ] is triggered from positive to negative by turning off [image: ]. In the beginning of this mode, the current flows naturally through anti-parallel diodes [image: ], [image: ], [image: ], and [image: ]. Switches [image: ], [image: ], [image: ], and [image: ] are then turned on by zero voltage switching (ZVS). During this mode, ([image: ], i = 1, 2) represents induced constant DC-link voltage of [image: ] and [image: ], respectively. The voltage across the inductors, [image: ] and [image: ], are given by Equations (1) and (3), respectively. The current on the upper inductor [image: ] flows in the negative direction. On the other hand, the current on the lower inductor [image: ] flows in the positive direction. The current of the output capacitor, [image: ], flows in the direction of charging the output capacitor, [image: ]. The slope of [image: ] is negative. This mode ends when [image: ] reaches zero.



Mode II [[image: ] to [image: ]] (Figure 7b): During this mode, the current flows through [image: ], [image: ], [image: ], and [image: ]. [image: ] and [image: ] are the same as Mode I. [image: ] flows in the positive direction. In contrast, [image: ] flows in the negative direction. [image: ] flows in the direction of discharging [image: ]. The slope of [image: ] is still negative.



Mode III [[image: ] to [image: ]] (Figure 7c): During this mode, [image: ] and [image: ] are given by Equations (2) and (4), respectively. Current flows through [image: ], [image: ], [image: ], and [image: ]. [image: ] flows in the direction of charging [image: ]. The slope of [image: ] is changed to zero.



Mode IV [[image: ] to [image: ]] (Figure 7d): The positive to negative transition of [image: ] is triggered by turning off [image: ]. At the same time, [image: ] is triggered from negative to positive by turning off [image: ]. In the beginning of this mode, the current flows naturally through the anti-parallel diodes [image: ], [image: ], [image: ], and [image: ]. Switches [image: ], [image: ], [image: ], and [image: ] are then turned on by ZVS. During this mode, ([image: ], i = 1, 2) represents induced constant voltage of [image: ] and [image: ], respectively. [image: ] and [image: ] have the same magnitude and opposite sign compared to Mode I. [image: ] flows in the positive direction. On the other hand, [image: ] flows in the negative direction. [image: ] flows in the direction of charging [image: ]. The slope of [image: ] changes to negative. This mode ends when [image: ] reaches zero.



Mode V [[image: ] to [image: ]] (Figure 7e): During this mode, the current flows through [image: ], [image: ], [image: ], and [image: ]. [image: ] and [image: ] are the same as Mode IV. [image: ] flows in the negative direction. On the other hand, [image: ] flows in the positive direction. [image: ] flows in the direction of discharging [image: ]. The slope of [image: ] is still negative.



Mode VI [[image: ] to [image: ]] (Figure 7f): During this mode, [image: ] and [image: ] are the same magnitude with an opposite sign compared to Mode III. The current flows through [image: ], [image: ], [image: ], and [image: ]. [image: ] flows in the direction of charging [image: ]. The slope of [image: ] is zero.




3.2. Analysis of the Power Balancing Function


According to Equations (1) to (4), and Figure 8, the average current flowing through the DC-links, denoted as [image: ] and [image: ], can be calculated as follows:


[image: ]



(5)






[image: ]



(6)




where [image: ] is the switching angular frequency of the proposed DAB converter.



[image: ] and [image: ] are always identical despite non-identical parameters such as winding resistance, leakage inductance, and external inductance. This characteristic is distinguished from other parallel-output DAB converters. In other parallel-output DAB converters, the tolerance of the magnetic elements cause non-identical average current flowing through the DC-links and additional balancing techniques are used to compensate for this imbalance. However, the proposed DAB converter can maintain the identical current without additional circuit, control or a complex switching scheme despite of non-identical magnetic elements. This is because two common point connected transformers and a secondary full-bridge circuit form a single close loop by interleaved SPS modulation. The current flowing through the single close loop is always identical ([image: ] = [image: ]). The current referred to the primary side of the transformer is also identical ([image: ] = [image: ]). This is the physical reason that [image: ] and [image: ] are always identical. In summary, the proposed DAB converter can be represented to identical current sources connected to each DC-link, so that the amount of power transferred from the DC-link are always identical if the CHB rectifiers balance the voltage of the DC-links.




3.3. Limitations of Module Expansion


This section discusses the limitations of module expansion using the proposed DAB converter. To simplify the discussion, ideal transformers are applied to the analysis. When the seven or more levels of the SST system are configured, it is assumed that the proposed DAB converter is expanded as shown in Figure 9. Figure 10a,b show the equivalent circuits when the number of modules is expanded to three and four, respectively. Unlike when the number of modules is two, the equivalent circuits of the expanded module does not form a single close loop. This means that the current flowing through each primary circuit can vary due to the difference in inductances.


Figure 9. The expanded DAB model using common point connected transformers.



[image: Energies 11 00928 g009]





Figure 10. The equivalent circuit when the number of modules is expanded: (a) three DAB modules with common-point-connected winding transformers (angle interval between 0 to [image: ]); (b) four DAB modules with common-point-connected winding transformers (angle interval between 0 to [image: ]).



[image: Energies 11 00928 g010]






Figure 11a,b show the theoretical waveforms when the number of modules is expanded to three and four, respectively. In Figure 11, ([image: ], i = 1∼4) represents the square-wave voltage of its primary bridges, ([image: ], i = 1∼4) represents the voltage of the external inductors, ([image: ], i = 1∼4) represents the current flowing through the external inductors, and ([image: ], i = 1∼4) represents the current flowing through the individual DC-links.


Figure 11. Theoretical waveform when the number of modules is expanded: (a) theoretical waveform when employing three DAB modules; (b) theoretical waveform when employing four DAB modules.
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When the number of modules is three, the average current flowing through the DC-links can be obtained by referring to Figure 11a.


[image: ]



(7)






[image: ]



(8)






[image: ]



(9)







When the number of modules is four, the average current flowing through the DC-links can be obtained by referring to Figure 11b.


[image: ]



(10)






[image: ]



(11)






[image: ]



(12)






[image: ]



(13)







Referring to the above equations, it can be seen that the average current flowing through the DC-links can vary depending on the difference in inductances as expected. If the current imbalance exceeds the balancing capability of the rectifier, the voltage of DC-links becomes unbalanced. Therefore, additional balancing techniques are required for three or four expanded modules.





4. Simulation Result


The 5-level SST system is simulated here for a 3 kW rated power transfer with 2.2 k[image: ] for the input and 380 [image: ] for the output. The system parameters were designed according to Table A1. To verify the power balancing capability of the proposed DAB converter, the simulations were performed using magnetic elements with tolerance. The CHB rectifiers do not balance the voltage of DC-links. In this case, if the average current flowing through the DC-links is non-identical, a voltage imbalance of DC-links will occur. Figure 12a,b present the simulation results using a common-point-connected winding transformer on its secondary side or not, respectively. A comparison of the two cases showed that the proposed DAB converter, which uses common-point-connected winding transformers on its secondary side, have balanced DC-link voltages ([image: ], [image: ]) of 1.25 k[image: ] even though the inductances are different.


Figure 12. Simulation waveforms of the 5-level SST when the two inductances are different: (a) when employing the proposed DAB topology; (b) when employing the conventional DAB converter, as presented in [28].
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Table A1. System parameters.





	
Parameter

	
Symbol

	
Value

	
Unit






	
Rated output power

	
[image: ]

	
3

	
kW




	
Input AC voltage

	
[image: ]

	
2.2

	
kV




	
Peak input AC voltage

	
[image: ]

	
3.1

	
kV




	
Each DC-link voltage

	
[image: ], i = 1, 2

	
1.25

	
kV




	
Total DC-link voltage

	

	
2.5

	
kV




	
Capacitance of DC-links

	
[image: ], i = 1, 2

	
500

	
[image: ]F




	
Line inductance

	
[image: ]

	
5

	
mH




	
Switching frequency for rectifier

	
[image: ]

	
10.8

	
kHz




	
Switching frequency for converter

	
[image: ]

	
15

	
kHz




	
Primary half bridge capacitor

	
[image: ], i,j = 1, 2

	
100

	
[image: ]F




	
Output voltage of DAB converter

	
[image: ]

	
380

	
V




	
Capacitance of output voltage

	
[image: ]

	
1

	
mH




	
Transformer turn ratio

	
n

	
1:0.302




	
Primary turns of DAB

	
[image: ]

	
43

	




	
Secondary turns of DAB

	
[image: ]

	
13

	




	
Secondary upper inductor

	
[image: ]

	
150

	
uH




	
Secondary lower inductor

	
[image: ]

	
110

	
uH




	
Magnetizing inductance of [image: ]

	
[image: ]

	
10

	
mH




	
Magnetizing inductance of [image: ] *

	
[image: ]

	
5.5

	
mH




	
Iron loss of [image: ] *

	
[image: ]

	
15.6

	
kohm




	
Iron loss of [image: ] *

	
[image: ]

	
8.6

	
kohm




	
Primary winding resistance of [image: ] *

	
[image: ]

	
100

	
mohm




	
Primary winding resistance of [image: ] *

	
[image: ]

	
55

	
mohm




	
Secondary winding resistance of [image: ] *

	
[image: ]

	
12

	
mohm




	
Secondary winding resistance of [image: ] *

	
[image: ]

	
6.6

	
mohm








* simulation only.








Figure 13a,b show the waveforms when the number of modules is expanded to three and four with common-point-connected winding transformers, respectively. In both cases, [image: ] has 150 [image: ]H and the others have 110 [image: ]H. Ideal transformers are used as analyzed in the previous section. The voltage of the DC-links diverges, unlike the case where the number of modules is two. All simulation results demonstrate the feasibility of the aforementioned analysis (in Section 3).


Figure 13. Waveforms when the number of modules is expanded: (a) When three modules are used; (b) When four modules are used.



[image: Energies 11 00928 g013]







5. Experimental Result


Figure 14 shows the 5-level SST prototype system that employs the proposed DAB converter. A step-up transformer (380 V/2200 V) is connected to CHB rectifier modules to supply high-input AC voltage. The rectifier stage consists of two CHB rectifier modules that control the input power factor, rectify the input AC voltage to DC-links (2500 [image: ]), and balance the voltage of the DC-links. The DC/DC conversion stage consists of the proposed DAB converter modules that employ common-point-connected winding transformers on its secondary side. The proposed DAB converters are connected to each DC-link to regulate a common low DC output voltage on the system output stage (380 [image: ]). The traditional 50/60 Hz power transformer is replaced with high-frequency transformers in the DAB modules and solid-state devices, which are the key point in achieving reductions in both size and weight. The entire operation of the SST system was programmed by DSP and CPLD processors. The AC/DC conversion stage and the DC/DC conversion stage have their own DSP controllers. The system parameters were designed according to Table A1 (See Appendix A).


Figure 14. The 5-level SST prototype system that employs the proposed auto-balancing DAB converter.



[image: Energies 11 00928 g014]






Figure 15 shows the experimental waveforms of the 5-level CHB rectifier modules that control the input power factor and rectify the input AC voltage to DC-links (2500 [image: ]). The 5-level CHB rectifier modules are normally operating under a rated 3 kW load condition.


Figure 15. Experimental waveforms of the 5-level CHB rectifier modules (rated 3 kW load condition).



[image: Energies 11 00928 g015]






Figure 16a shows the interfacing inductor current ([image: ]) and the voltages on the primary and secondary bridges ([image: ], [image: ], and [image: ]). According to the analysis in Section 3, the voltage on the secondary bridges ([image: ] and [image: ]) can be calculated during the intervals [image: ] to [image: ] to −128.7 V and 251.3 V, respectively. The measured values experimentally are −129.1 V and 251.4 V, respectively. Figure 16b shows the voltage and current waveforms of the inductors ([image: ], [image: ], [image: ], and [image: ]). In the same manner, the voltage across inductors ([image: ] and [image: ]) can be calculated during intervals [image: ] to [image: ] to 318.7 V and −441.3 V, respectively. The experimentally measured values are 318.3 V and −441.7 V, respectively. The calculated values are almost the same as the measured values. Therefore, the aforementioned analysis in Section 3 is reliable.


Figure 16. Steady-state waveforms of the proposed DAB converter: (a) waveforms of bridge voltages and inductor currents; (b) voltage and current waveforms of inductors.



[image: Energies 11 00928 g016]






Figure 17 shows the experimental waveform of the balanced DC-links under various step load changes. The voltage and current of each DC-links is well balanced when the load is changed randomly to 3 kW.


Figure 17. Experimental waveforms of balanced DC-links under various step load changes.



[image: Energies 11 00928 g017]







6. Conclusions


In this paper, a novel DAB converter specialized in power balancing in a single-phase 5-level SST system was proposed. The structure of the proposed DAB converter is divided into three parts. The primary side consists of two separate half-bridge circuits that are connected to individual DC-links. Two transformers with a pair of secondary windings are connected to each other. Secondary legs of each module are configured in the form of a full-bridge circuit. When this novel DAB converter is driven by the interleaved SPS modulation, the average current flowing through the DC-links in the 5-level SST is always identical. Therefore, the proposed DAB converter does not require any additional balancing controller or techniques, which is essential to power balancing in conventional methods. Theoretical analysis and formulas for all of these processes are provided in detail.



A 3 kW single-phase 5-level SST experimental prototype system was constructed to validate the power balancing capability of the proposed DAB converter. The theoretical analysis, calculations, and experimental results demonstrate that the proposed DAB topology has a good power balancing capability.



Based on the results of this paper, a novel DAB converter specialized in power balancing in an SST system with seven or more levels will be studied will be studied in the future.
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