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Abstract:



This study proposes a modular bidirectional converter system for hot-swappable energy storage systems (ESSs). The proposed modular converter has a four-leg interleaved structure, and therefore it can reduce input current ripples and is suitable for secondary cells. Moreover, if any of the legs fails, hot-swap is available through phase control inside the converter. The modular converter uses an independently controllable battery as an input power source, allowing the charge and discharge control according to each stated of charge (SOC). The output voltage of the converter circumvents the module in the event of a high-voltage output control and a fault (exchange due to battery life, repair of converter) through the cascade-type bypass, thereby enabling continuous operation. The hot-swap operation of the proposed modular ESS converter system and the charge and discharge control algorithm according to battery SOC are verified by experiment.
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1. Introduction


The ever-growing power consumption and the demand for high-quality power are bringing distribution power systems into increasing prominence. The current centralized power systems entail several disadvantages including low power conversion efficiency, low power density, and poor performance in voltage control arising from the losses on transmission lines as the distance widens between converters and loads. The application of distributed power systems comes in this context with the aim of addressing these issues [1,2,3]. This trend is also accompanied by the growing use of modular multilevel converters (MMCs) in order to satisfy the demand for high-quality electricity. High-power MMCs have the capacity of a several kilowatts feature-enhanced system, as well as reliability, with lower electrical and thermal fatigue compared to single modular converters and a reduced volume and size of radiator panels due to the distribution of heat sources in switching devices. MMCs can also increase the switching frequency compared to single modular converters through interleaved control, thereby decreasing the filter size and input current ripples [4,5,6]. Driven by their high system stability and low input current ripples, MMCs are widely implemented in battery-powered energy storage systems (ESSs) as well as for charging and discharging converters in electric vehicles [7,8,9].



Recent trends in control technology for modular converter-based ESS include satisfying diverse consumer needs and cutting maintenance and replacement costs [10,11,12]. To ensure the continued normal operation of ESS while enabling the repair and replacement of their components requires the establishment of a hot-swap system, along with technologies for its operation [13,14].



In light of these considerations, this study proposes a modular ESS converter system capable of hot-swap. The proposed converter comprises a four-leg interleaved converter topology, reducing the input current ripples and making each leg hot-swappable. Further, the cascade-type module bypass function, another feature of the proposed device, enables hot-swap in the event of a converter fault (replacing the battery, repair of converter components). Furthermore, independently controllable batteries for each module enable the application of various types of batteries, which, in turn, facilitates the enlargement of the ESS capacity. The above-mentioned modular converter topology is configured for a DC output and thus allows for easy high-voltage configuration for DC links in the inverter. This topology also regulates the output voltage for balanced or unbalanced power control depending on the state of charge (SOC) of the batteries. This study establishes the feasibility of a hot-swappable modular converter topology through experiments.




2. Structure of the Proposed System


This study proposes a hot-swap topology to build a modular converter-based ESS, enable the application of heterogeneous battery types, and reduce the time required for maintenance and replacement with the aim of enhancing system reliability and performance. The proposed bidirectional converter system for ESSs is a multi-input modular converter (MIMC) and is illustrated in Figure 1. To design a modular converter, a four-leg topology was designed for each single converter and a bypass topology was added to make the converter hot-swappable so as to facilitate maintenance and replacement [15,16,17]. The dotted line illustrates the module bypass topology.


Figure 1. Diagram of the proposed hot-swap modular converter.
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2.1. Four-Leg Interleaved Bidirectional Converter


The four-leg bidirectional converter consists of four half-bridge converters connected in parallel, where eight switches trigger the device into a charge or discharge mode by controlling the current and voltage. The four-leg interleaved converter alternates between the on and off modes with a phase difference of 90° (2π/N (where N is the number of legs)). The inductor current, overlapped by the phase difference, can acquire current continuity; this increases the battery lifespan and reduces the volume and size of manual elements. Figure 2 illustrates the topology of the proposed four-leg bidirectional interleaved converter. In the Figure 2, VBAT is the voltage of battery, C1 and C2 is capacitor and L1, L2, L3 and L4 is the reactors. S1, S2, S3, S4, S5, S6, S7 and S8 is insulated gate bipolar transistor (IGBT).


Figure 2. Four-leg bidirectional converter topology.
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In case of a leg fault due to an overcurrent or a deteriorated switching device, the converter inside the module has a hot-swap hardware structure, illustrated in Figure 3, which allows the replacement of the power converter in the live condition. The failure of power semiconductors in power converters mostly involve short-circuit conditions, in which case a power fuse switches all faulty parts to an open-circuit mode. Each leg in the converter is thus a pack that contains an Insulated gate bipolar transistor (IGBT) module, an inductor, and a power fuse. The voltage of the input/output terminal is connected through a junction box depending on the number of packs. A faulty pack can be replaced in the live condition.


Figure 3. Four-leg bidirectional converter hardware configuration: (a) Structure of hot-swap model; (b) Three Dimensions (3D) model.
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2.2. Module Bypass Configuration


Figure 4 illustrates the MIMC proposed in this study. This modular-based converter allows independent control of the batteries for each module, thus allowing the application of batteries of different types and facilitating the expansion of battery capacity. The module bypass configured in series allows faulty modules to be bypassed through switch operations, enabling hot-swap operation.


Figure 4. Hot-swap structure using bypass module.
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3. Control Strategy for Hot-Swap


3.1. Controller Design


Figure 5 illustrates the equivalent circuit for one phase of a four-leg bidirectional converter.


Figure 5. Equivalent circuit diagram for bidirectional converter: (a) Discharge mode; (b) Charge mode.
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Figure 5a shows the circuit in the discharge mode, where the device operates in a boost mode to convert low battery voltage into high voltage for the DC link. The average voltage VL(AVG) across both terminals of the inductor L in the boost mode is given by
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(1)







Figure 5b illustrates the circuit in the charge mode, where the device operates in a buck mode to send the high-voltage DC link power into the batteries with relatively lower input voltage. The average voltage VL(AVG) across both terminals of the inductor L in the buck mode
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(2)




where TS denotes the switching interval, ton denotes the on time of the switching devices, and D denotes the pulse width modulation (PWM) duty ratio. A current controller is configured with a proportional-integral controller and the output of the controller is assumed as the voltage command for the inductor L (VL*). Then, the block diagram for current control will appear as shown in Figure 6.


Figure 6. Block diagram for current control on the inductor.
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Assuming that the average voltage applied to the inductor (VL(AVG)) and the voltage command (VL*) are the same, D is represented as follows depending on the charge and discharge modes:
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(3)
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Assuming that the current control takes place smoothly as per the current command on the inductor, this can lead to the same effect as a direct control on the average current of the capacitor. The equation below describes the relationship between the average current of the inductor, denoted by IL, and that of the capacitor, denoted by Ic:
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(5)







If the voltage controller generates the capacitor current command, and the current control is performed with the control command for the inductor current obtained from Equation (5), the configuration of the capacitor voltage controller will appear as shown in Figure 7.


Figure 7. Block diagram for a capacitor voltage controller.
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For voltage control of the four-leg interleaved converter, the capacitor current command (IC*) is generated by the error between the commanded and output voltages and the PI control. This command is then converted into the current command (IL*) using the capacitor average current model (IL*). The charge or discharge mode of the current controller is determined according to the value of the current command, and the PWM duty ratio of the switch is calculated through the average inductor voltage command (VL*). The current limit represents the allowable current value for charging or discharging the battery. Figure 8 shows the block diagram for voltage control of the four-leg interleaved converter.


Figure 8. Block diagram for voltage control for charging and discharging.
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3.2. Four-Leg Converter for Hot-Swap


The four-leg interleaved converter, in the absence of a faulty leg, controls the phase delay angle with a 90° angle difference between each phase. When hot-swap occurs inside the converter due to faulty legs, the phase delay angle increases to 120° in case of one faulty leg and 180° in case of two faulty legs. The phase difference in the presence of faulty legs can be calculated using
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(6)




and the switching pattern in this case is shown in Figure 9.


Figure 9. Control sequence in case of leg fault: (a) Normal; (b) 1-Leg Fault; (c) 2-Leg Fault.
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3.3. MIMC for Hot-Swap


An MIMC equipped with various types of batteries performs balanced and unbalanced power control depending on the SOC of the batteries. If each battery is in a very similar SOC, to ensure power balance between the modular converters, the MIMC controls the converter voltage commands in a way that they have the same value. Further, in the case of a wide gap in the SOC between batteries, the MIMC applies voltage commands of differing values for each converter to perform unbalanced control and thereby maintain the SOC at a similar level between batteries. This contributes to enhanced system reliability.



The cascade-type modular converter, designed to implement hot-swap in the MIMC, must maintain high voltage for the DC link to keep the inverter in operation even in the event of module bypass. To this end, the value of the voltage command is determined using
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(7)




depending on the state of each single converter during hot swap.



The four-leg interleaved converter, depending on its state, controls the T1 and T2 bypass switches for each module, which allows the device to redirect the electrical flow to bypass faulty modules. Figure 10 illustrates the operation of hot-swap switches in the event of faulty modules.


Figure 10. Bypassing a faulty module using module bypass.
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The module bypass control algorithm for hot-swap is as shown in Figure 11. In case of the converter module fails, turn on the module switch (BxD) to bypass the failed module and other normal operation converter module will share the load with the same voltage control.


Figure 11. Flow chart of module bypass control algorithm for converter hot-swap.
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4. Experimental Results


Figure 12 shows the test setup for implementing the hot-swap function of the proposed modular converter. The test setup consisted of a bidirectional DC power supply system, three 10-kWh lead-acid batteries, three 6-kW modular converters, a bypass module, measuring instruments (oscilloscope, power analyzer), and a loader. The passive elements and, test specifications of the modular converter are shown in Table 1.


Figure 12. Test setup for the proposed modular converter: (a) Experimental set; (b) Configuration of the experimental setup.
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Table 1. Test parameters.







	
Parameter

	
Value

	
Parameter

	
Value






	
Input voltage

	
165–190 V

	
Switching

	
10 kHz




	
DC link voltage

	
660 V

	
DC reactor

	
2 mH




	
Modular converter power

	
6 kW

	
Input capacitance

	
1000 μF




	
Converter overdrive ratio

	
150%

	
Output capacitance

	
1000 μF










4.1. Result of Hot-Swap Experiment for Four-Leg Single Modular Converter


Figure 13 shows the response waveforms at charge/discharge modes of the single modular converter using the proposed four-leg converter topology. Figure 13a is the charge waveform, and Figure 13b is the discharge waveform. The converter using the interleaving technique of 90° phase shift shows a good division of 1/4 times current for each leg at charge/discharge and reduces input current ripples. Figure 14 shows that the efficiency of the single modular converter is over 98%.


Figure 13. Response waveforms of four-leg converter: (a) Charge mode; (b) Discharge mode.
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Figure 14. Efficiency of four-leg converter: (a) Charge mode; (b) Discharge mode.
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Figure 15 illustrates the test results for the hot-swap function of the single modular converter. The hot-swap function is to ensure a good output state in the event of one or two faulty legs out of the four legs. This function is confirmed by the response waveform for the leg fault in the charge mode. Figure 15a is the response waveform for the fault of leg 1. The open state is maintained after over current, and the current was well divided among the remaining legs with a 120° phase shift, which indicates the normal operation of the converter. Figure 15b shows the response waveform for the consecutive faults of legs 1 and 2. In the case of two faulty legs, the current was well divided among the remaining legs with a 180° phase shift, which also indicates the stable operation of the converter.


Figure 15. Response waveforms in the hot-swap test for the single modular converter in the charge mode: (a) One faulty leg; (b) Two faulty legs.
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Figure 16 illustrates the response waveforms in the hot-swap test for the single modular converter in the discharge mode. The same test conditions for the charge mode were applied. In the case of leg fault in the discharge mode, the phase shift interleaved switching control was well operated.


Figure 16. Response waveforms in the hot-swap test for the single modular converter in the discharge mode: (a) One faulty leg; (b) Two faulty legs.
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Figure 17 shows the response waveforms of the hot-swap function for the return to normal mode. In other words, the figure illustrates current and voltage at the normal mode of legs. Figure 17a,b illustrate the charge and discharge modes, respectively. After the recovery of fault, the current distribution on each inductor and the operation of the converter showed good performance.


Figure 17. Response waveforms for the return to normal mode in legs of the single modular converter: (a) Charge mode; (b) Discharge mode.
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4.2. Results of Hot-Swap Experiment for the Modular Converter System


The experimental results for the modular converter system, where three four-leg converters were connected in series, are as follows. The modular converter system was set to control DC link voltage at 660 V in order to drive the grid-connected inverter. Figure 18 shows the charge test results of the modular converter system according to battery SOC values. Figure 18a presents the response waveforms under the condition that each battery has the same SOC, while Figure 18b displays the response waveforms under the condition that Battery 1 has the highest SOC, followed by Battery 2 and Battery 3. In the charge mode, the output can be increased by increasing the converter voltage of the battery with low SOC. It turns out that the current in DC link flows is evenly distributed to each converter and the voltage control is well maintained even when each battery has a different SOC value.


Figure 18. Response waveforms according to battery SOC value at the charge mode of the modular converter: (a) Each battery with the same SOC; (b) Each battery with different SOC.
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Figure 19 presents the output values of the modular converter system in the charge mode according to the battery SOC value. When the SOC was equal, each converter had the same output power. On the other hand, when the SOC was different, the output power was the highest for the battery with the lowest SOC.


Figure 19. Output power according to battery SOC at the charge mode of the modular converter: (a) Each battery with the same SOC; (b) Each battery with different SOC.
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Figure 20 shows the discharge test results of the modular converter system according to the battery SOC value. Figure 20a assumes that each battery has the same SOC, while Figure 20b applies the condition that batteries 2 and 3 have the highest SOC and battery 1 has the lowest SOC. In opposition to the charge mode, when the modular converter system is in the discharge mode, the output can be decreased by reducing the converter voltage of the battery with the low SOC. The voltage control and operation of each converter showed good performance in the discharge mode.


Figure 20. Response waveforms according to battery SOC value at the discharge mode of the modular converter: (a) Each battery with the same SOC; (b) Each battery with different SOC.
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Figure 21 presents the output values of the modular converter system in the discharge mode according to the battery SOC. When the SOC is equal, the output power of each converter is the same. On the other hand, when the SOC is different, the output power of the battery with the lowest SOC is the lowest.


Figure 21. Output power of the modular converter in discharge mode according to battery SOC: (a) Each battery with the same SOC; (b) Each battery with different SOC.
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Figure 22 provides the experimental results for the hot-swap function of the modular converter system. The results are presented as the response waveforms in the battery charge mode. In Figure 22a, the bypass switch (B1D_ON) was driven owing to the fault of modular converter #1. In Figure 22b, modular converter 1 returns to the normal mode (B1U_ON). When one modular converter is faulty, the other converter increases the instantaneous voltage boost ratio to generate the DC link voltage. When the converter returns to the normal mode, the voltage boost ratio of the other converter is controlled to be low in order to prevent the rise of the DC link voltage. Consequently, while the modular converter system is charged, whether one converter is faulty or returns to normal mode, the other converter shows good performance in terms of automatic voltage control. In addition, the modular converter system maintains normal operation during hot-swap, and the transient time is within one cycle (16.67 ms) of the inverter. Figure 22c shows that the efficiency of the modular converter for hot-swap is over 97%.


Figure 22. Response waveforms of the hot-swap test for the modular converter system in battery charge: (a) Fault of the modular converter; (b) Return to normal mode of the modular converter; (c) Efficiency of the modular converter for hot-swap.
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Figure 23 presents the response waveforms of the hot-swap test during battery discharge. The test conditions were the same as those of the charge test. The hot-swap function is good enough during the discharge of the modular converter system, whether one converter is faulty or returns to the normal mode.


Figure 23. Response waveforms of the hot-swap test for the modular converter system in battery discharge: (a) Fault of the modular converter; (b) Return to normal mode of the modular converter; (c) Efficiency of the modular converter for hot-swap.
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5. Conclusions


This study proposed a hot-swappable modular bidirectional converter MIMC for ESSs. The modular bidirectional converter has a four-leg structure, where the interleaved technique using the phase shift of each leg was applied to reduce current ripples. A high-efficiency converter system was also implemented. The hot-swap function within the converter was also implemented through the phase shift of each leg. Uniform control and differential control using independent battery power were used to conduct the charge/discharge control test for each SOC. The hot-swap function allowed the modular bidirectional converter to circumvent the high-voltage output and the converter fault through the cascade-type module bypass. When the hot-swap function of each converter was implemented, the transient time was within 16 ms (one cycle), which indicates good operation, and the normal operation was possible if the grid-connected inverter is connected. In order to analyze the performance of the proposed modular bidirectional converter, the battery and bidirectional DC power supply system were used for the experiment. Good performance was confirmed for the normal and hot-swap operations of each single converter and the normal and hot-swap operations of the modular converter system. The validity of the proposed algorithm was demonstrated.
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