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Abstract

:

This study describes a laboratory model of a battery energy storage system (BESS) designed for testing algorithms aimed at reducing peak power consumption in railway traction substations. The system comprises a DC/DC converter and battery energy storage. This article details a laboratory model of a bidirectional buck-boost DC/DC converter, which is used to transfer energy between the battery energy storage and a DC line. It presents an analysis of DC/DC converter systems along with simulation studies. Furthermore, the results of laboratory tests on the DC/DC converter model are also provided. The control algorithm of the system in the traction substation is focused on reducing peak power, offering benefits such as lower charges for the railway operator due to the possibility of reducing contracted power requirements. From the perspective of the power grid, the reduction in power fluctuations and, consequently, voltage sags, is advantageous. This paper includes a description of a hardware simulator for verifying the system’s control algorithms. The verification of the control algorithms was performed through experimental tests conducted on a laboratory model (a hardware simulator) of the system for dynamic load reduction in traction substations, on a power scale of 1:1000 (5.5 kW). The experimental tests on the laboratory model (hardware simulator) demonstrated the effectiveness of the algorithm in reducing the peak power drawn from the power source.
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1. Introduction


1.1. Role of Battery Energy Storage in the Power System


Battery energy storage systems (BESSs) are currently widely implemented in modern power systems and are aimed at various applications, including frequency regulation, black start, capacity reserve, transmission and distribution congestion relief, renewable integration and flexible ramping, voltage regulation, seasonal storage, demand shifting and peak power reduction [1,2]. In this article, the authors focus on a small-scale system for algorithm testing in areas such as peak power reduction or voltage sags and swell. A simplified diagram of a system, as shown in Figure 1, includes battery energy storage (BES), which, together with a DC/DC converter, constitutes a battery energy storage system. The BESS, equipped with a programmable DC power supply and programmable DC load, is connected to the common summing point (Figure 1).



Based on such a system, the authors have developed a unique implementation on a European scale [3,4,5,6] called DROPT (the abbreviation was created from the Polish name Dynamiczna Redukcja Obciążenia Podstacji Trakcyjnej → Dynamic Reduction of Traction Substation Load), for which a simplified diagram is shown in Figure 2. The control algorithm of the BESS in the traction substation is aimed at peak power reduction, which has benefits in the following areas:




	
The railway operator incurs lower charges because it can reduce the contracted power requirements.



	
From the power grid point of view, power fluctuations are reduced and, consequently, voltage sags are reduced.








The small-scale model of a battery energy storage system, which was developed and described in this article, is part of a larger project. As a result of this project, a peak power reduction system for a traction substation, featuring a battery energy storage capacity of 1.2 MWh/5.5 MW, was developed and implemented.



The aforementioned implementation is being developed by the authors, and a more advanced algorithm is described in this article [4].



The small-scale BESS model can also be used in cooperation with an APF (active power filter) to reduce voltage sags and swells. In this case, less BESS capacity is required. A simplified diagram of APF with BESS is shown in Figure 3.




1.2. State-of-the-Art Battery Energy Storage Systems


Battery energy storage systems implemented in the traction substation and wayside energy storage systems (WESSs) [5,6,7,8,9] contribute to the reduction of peak power and energy consumption [10]. Peak power reduction impacts the 15 min average power reduction [11] and, consequently, reduces the contracted power at the traction substation [12]. The article [12] presents the concept of implementing a hybrid energy storage system (HESS) to reduce the demand for 15 min peak power, while [13] presents the control strategy for this system. A further effect of such a development is the reduction of fixed operating costs [14,15,16]. A very important aspect related to the implementation of BESS is optimal sizing and location [17,18,19,20,21] and control strategy [22]. In the article [23], a control strategy for a supercapacitor energy storage system (SESS) is presented, which is said to indirectly impacts peak power reduction and allow the use of regenerative energy. The article [24] describes a control strategy in a roadside BESS, based on energy transfer, in which the state of charge and power are tracked and dynamically adjusted. The control strategy envisages transferring regenerative energy generated during train braking from off-peak to peak periods. The possibility of recharging the BESS during off-peak periods is presented in the paper [25].



Energy storage in power systems, including their implementation, parameters, and properties, is extensively documented in the literature, particularly their use in AC power grids, as noted in references [26,27]. In contrast, there are significantly fewer publications on energy storage systems in DC traction networks. The known publications primarily focus on voltage stabilization along the overhead contact line and improving the voltage profile, especially through the use of hybrid energy storage systems (HESS) [28]. The authors are familiar with these technologies both from the literature and patented solutions. All known publications that describe methods for selecting and controlling energy storage facilities in traction substations and trackside energy storage systems (WESS) rely on simulation analyses, with some using actual measurement data as input.



The control strategy for this system is based on the following information: the actual voltage on the DC bus of the traction substation, the current flow (both on the DC line and directly to the BESS) and the current state of charge. This strategy facilitates the use of regenerative energy and allows for the recharging of the BES from the distribution grid to a predetermined state of charge during off-peak periods. The literature reveals a notable scarcity of hardware solutions for testing these algorithms, a fact that proves valuable when adapting the algorithm for practical applications.



In conclusion, the literature contains numerous examples and implementations of energy storage systems in railway traction, primarily focusing on improving voltage profiles and stabilization in the traction network, as well as enhancing energy efficiency through regenerative braking, as exemplified in [7]. However, most publications on the control methods of these systems, not only in traction networks, rely solely on simulation studies. Consequently, there is a notable absence of publications on the experimental validation of simulation research results in traction network energy storage. The small-scale battery energy storage system described in this article, which is used for testing algorithms aimed at peak power reduction, incorporates a bidirectional DC/DC buck-boost converter similar to those used in a full-scale system. Given the parameters of the full-scale system (5.5 MW/1.2 MWh), relying only on simulation and numerical analysis for control algorithm verification is insufficient. Furthermore, the novelty of the implemented control algorithm, which has been patented [29], necessitates and justifies a multi-stage verification process before implementation in a full-scale system.



The authors adopted the following design process: concept development, modeling, and analysis based on a simulation model, followed by verification using a small-scale model and eventual implementation in a full-scale system. Simulation analyses were grounded in real measurement data from the traction substation where the full-scale system was later installed. This approach, which combines actual data with simulations, is safer than relying solely on simulation models, and it significantly increases the likelihood of achieving positive results in the full-scale system. The modeling and simulation test results have been extensively documented in the literature by the authors in [4,5,6]. The natural progression from here is to develop a small-scale model and conduct experimental verification of the developed algorithms. In this article, the authors describe the experimental setup of a small-scale energy storage model for the experimental verification of algorithms aimed at peak power reduction.





2. DC/DC Converter


In the experimental model, the bidirectional buck-boost dc/dc converter has been used (Figure 4). The implemented DC/DC converter and control methods are well known and are widely described in the literature [30,31]. Depending on the method of controlling the switches (S1 −- S4), the converter enables bidirectional energy flow (from side A to B or from B to A) and control of the output voltage value. A few basic control methods are typically used to control the DC/DC converter, such as the buck-boost method, the buck + boost method, the buck + boost method with synchronic switching or the buck-boost method with phase shifting.



The switching states (switching sequences) of the semiconductor switches of the DC/DC converter for the selected most popular control methods are shown in Table 1.



Exemplary time waveforms of gate signals and voltage transmittance (voltage gain) as a function of pulse duty factor D for the buck-boost control method are shown in Figure 5 and Figure 6, respectively. The characteristics have been obtained from a simulation model of the DC/DC converter.



As can be seen, this control method is very simple. In each operation mode, only two switches are always in operation. The voltage gain characteristic (Figure 6) is the same, regardless of the direction of energy transfer in the converter (A → B, B → A). The voltage gain characteristic is non-linear across the entire range. A gain (voltage transmittance) equal to 1 is achieved for the pulse duty factor D = 0.5.



Exemplary time waveforms of gate signals and voltage transmittance (voltage gain) as a function of pulse duty factor D for the buck + boost control method are shown in Figure 7 and Figure 8, respectively.



The control strategy of the buck + boost method is different in comparison to the buck-boost one. During buck operation mode, there is always only one switch in operation (i.e., switching with pulse duty factor D) (see also Table 1). During boost operation mode, there are two switches in operation: one switch is constantly switched on, while the second one switches according to the pulse duty factor D. As is visible in Figure 8, the voltage gain characteristic is linear in buck operation mode and nonlinear in boost operation mode.



Exemplary time waveforms of gate signals for the buck + boost method with synchronic switching are shown in Figure 9. The voltage transmittance is the same as in the buck + boost control method (see Figure 8).



As is visible in Figure 9, during buck operation mode, there are two switches in operation, and their signal gates are reversed in phase. Additionally, in boost operation mode, a third switch is constantly switched on.



The buck + boost control method with phase shifting is more complex than the previous methods (Figure 10), but it gives a linear characteristic of voltage gain (Figure 11).



The voltage gain, depending on energy flow direction, can be described by Equations (1) and (2).


   H U  A → B   =    D  S 1      D  S 3      



(1)






   H U  B → A   =    D  S 3      D  S 1      



(2)







As can be seen in Figure 11, the voltage gain characteristic for buck + boost control method with phase shifting is linear, but the maximal voltage gain is only twice.



Taking into account the properties of various control methods of bidirectional DC/DC converters, in the laboratory model used, the buck-boost control method is implemented.




3. Laboratory Model of DC/DC Converter


In order to verify the developed control algorithms for battery energy storage systems, a laboratory model (hardware simulator) of the system was designed. The designed hardware simulator is a so-called small-scale model with much lower power compared to real systems. In the low-power experimental model, the DC voltage (corresponding to the rectifier unit side) is assumed to be 52 V, and the load current is up to 100 A. The rectifier side is simulated by an advanced programmable laboratory DC power supply EA-PSI 9200-210 from EA Elektro-Automatik Group (Viersen, Germany). The load for the system under test is an advanced programmable DC load IT8930A-1200-1200 from ITECH (Taiwan). The simplified schematic diagram of the laboratory model of bidirectional buck-boost DC/DC converter is shown in Figure 12. The main parameters and elements of the system are described in Table 2.



As power electronic switches (S1, S2, S3, S4), two fast IGBT modules, FF100R12RT4 from Infineon (Erlangen, Germany) are used (each module contains two transistors). To achieve galvanic separation, two dual-channel IGBT gate drivers with adapter boards “SKYPER 32 PRO R” from Semikron (Nürnberg, Germany), are used. In the system, a low switching frequency of the transistors equal to fC = 8 kHz is applied.



The general view of the experimental model of the bidirectional buck-boost DC/DC converter power module is shown in Figure 13. The laboratory model of the DC/DC converter contains two dual channel IGBT drivers, (1) and (2), for two IGBT modules, (3) and (7). The IGBT modules are mounted on a heatsink (6) with a fan (4) for cooling. The transistor’s control signals are sent from the microcontroller via fiber optic couplers, (8) and (9). To provide overvoltage protection for the transistors, an RC snubber circuit is used (3).



The control circuit is based on a very advanced microcontroller TMS320F28379D from Texas Instruments (Dallas, TX, USA). In order to simplify the process of commissioning the laboratory model of the system, a Texas Instruments (Dallas, TX, USA) LunchPad TMS320F28379D development module is used [32,33]. This module is equipped with an XDS100V2 emulator chip allowing for the transfer of programs from a computer and programing flash memory using the USB interface. In addition, the emulator can be galvanically isolated from the microcontroller, which increases the security of the software launch process. The C language is used for programming in the Texas Instruments Code Composer Studio v. 11 environment. The microcontroller module is also equipped with a galvanically isolated CAN interface.



A simplified block diagram of the control system is shown in Figure 14. The main component of the control system is the microcontroller module. The control system controls two DC contactors (Figure 12), namely SC1 for switching on the magazine and SC2 for the power supply. The pulses that control the converter transistors are generated by the processor’s PWM modulators and are then transmitted to the transistors via optical fibers. Error signals Fault1 and Fault2 from the transistor modules are also transmitted via optical means. General view of the laboratory DC/DC converter is shown in Figure 15.



Analog Signal Sampling


Processing signals such as those in DC/DC converters is not straightforward. For accurate determination of average current and voltage values, it would be required to use a processing system with a very high sampling frequency, in accordance with the signal sampling theorem. In the system in question, synchronous sampling was used, which allowed reduction of the sampling frequency to eight samples per PWM period. The simulation studies conducted by the authors confirmed the sufficient accuracy of this solution. The waveform of the sampling process is shown in Figure 16.



To measure the currents and voltages in the power system, galvanically isolated current and voltage transformers of the LEM type are used. The analog signals are then converted into digital form by the processor’s A/D converters.



The conversion of eight analog signals is necessary to control the system. Only five signals were selected for A/D conversion, while the conversion of the supply line voltage and current is omitted. The best solution would be to use A/D converters with simultaneous sampling of signals. Unfortunately, the TMS320F28379D has only four 12-bit A/D converters with simultaneous sampling [32]. Due to this, a hybrid solution was implemented in the control system, which combines simultaneous and sequential sampling techniques.



The process of sampling all signals consists of eight cycles, described in Table 3.



The sampling frequency of current signals was assumed to be eight times higher than the switching frequency of the DC/DC converter transistors, with fs set at 64 kHz. It is crucial that the sampling process be initiated by an internal counter (notably by hardware, not software) in the microcontroller, maintaining a constant and stable sampling rate of fs = 64 kHz. This approach minimizes jitter, which can deteriorate the signal-to-noise ratio (SNR) [34,35,36,37,38,39,40]. The entire control algorithm is executed in the interrupt routine triggered by the A/D converter. The timing diagram of the data flow in the digital controller is illustrated in Figure 17. New data from the A/D converters generate a new interrupt, with the time interval between interrupts equal to Ts. Therefore, all calculations must be completed before the arrival of the next interrupt, as depicted in Figure 17. Data are transmitted to the PWM modulator once every eight sampling periods, allowing for more complex calculations to be sequentially performed during the next eight interrupts.



Exemplary voltage and current waveforms of the DC/DC converter system for the pulse duty factor D = 0.7 are shown in Figure 18.



In Figure 18, the overvoltage associated with the transistor commutation process is visible on the time waveform (channel 4). Originally, relatively slow IGBT transistors of the SKM160GM12T4G from Semikron (Germany) were used. In order to eliminate overvoltage, it was necessary to use a snubber circuit, in which large energy losses occurred. By using faster transistors, such as FF100R12RT4 from Infineon (Germany), this problem was reduced to the level shown in Figure 18.



The system uses a relatively low switching frequency of 8 KHz to be identical to that of the target high-power circuit. Similar criteria were used to select the size of the energy storage.



The laboratory model is used to confirm the entire concept of the system on a power scale of 1:1000.





4. Laboratory Model of Battery Energy Storage System (BESS)


The simplified block diagram of the model of the BESS system is shown in Figure 19. A battery energy storage with a capacity of 1 kWh and a voltage of 52.8 V is used, consisting of thirty-two LiFePo4 (lithium iron phosphate battery) cells. For battery protection, a battery management system (BMS) is used. It allows for battery protection in order to prevent operations outside its safe operating area, battery monitoring by estimating the battery pack’s state of charge (SoC) and state of health (SoH) during charging and discharging and battery optimization, thanks to cell balancing, which improves the battery’s life and capacity. The state of the battery is monitored by the microcontroller through a CAN interface. The view of the laboratory setup of the testing circuit is shown in Figure 20.



The entire system is managed by the master control system. The laboratory DC power supply, EA-PSI 9200-210, and the advanced programmable DC load, IT8930A-1200-1200, are connected via USB interface. Meanwhile, the microcontroller is connected via a CAN interface.



Exemplary experimental waveforms for the laboratory model of the energy storage system during a step change of load current and battery charging for PB = −206 W are shown in Figure 21 and Figure 22.




5. The Tested Algorithm


Figure 23 shows an idealized illustration of the power peak reduction process through the energy storage system. In the system, the power drawn from the supply is limited to PZmax. For a load power greater than PZmax, a DC/DC converter is activated, allowing for the transfer of energy from BESS to the load. Meanwhile, the BESS is charged during low energy consumption from the power supply system.



The principle of operation and the control method of the energy storage system for peak-power reduction at the traction substation are presented in Figure 23 and Figure 24. This control algorithm has been patented [29] and is implemented in a full scale system [3]. This algorithm has been developed with additional functions of fault-tolerant control and was widely described in [5]. The limitation of the traction substation load power at the connection point (PCC) is based on direct measurements of the traction substation load power (PL) and is carried out with the power reduction threshold value (PZmax) intentionally set by the user (by the traction system operator). As a result of comparing the instantaneous value of the load power at the traction substation on the traction network side (PL) with the value of the power reduction threshold (PZmax), the instantaneous power value (PC) of the energy storage system is determined and forced. If the load power of the traction substation on the side of the traction network is higher than set value of the power reduction threshold (PL > PZmax), the battery energy storage is discharged with the positive power (see Figure 23). Discharge power is the difference between the instantaneous values of the load power at the traction substation and the value of the power reduction threshold (PC= PL − PZmax), but not greater than the maximum power of the energy storage system (PC ≤ PBDmax). If the load power at the traction substation on the traction network side is below the set value of the energy storage charging power limitation (PL < PZmax), the storage process is loaded with the negative power of the energy storage system limited to the charging power limitation (PBCmax). If the sum of the storage charging power limit values (PCH) and the current load power at the traction substation (PL) falls below the set value of the power reduction threshold, charging will occur with the storage power limited to its maximum negative value (PC = PBCmax) (see Figure 24).Otherwise, the power with which the energy storage is charged is reduced so that the sum of the power of the energy storage system and the load power at the traction substation remains below the power reduction threshold.



Optionally, the value of the power reduction threshold (PZmax) on the traction substation side of the connection point (PCC) is determined based on the analysis of the average daily load power values at the traction substation, measured over a period of at least one week, and it is set by the user to be no less than the maximum average daily load power value at the traction substation for this period. The storage charging power limit value may be assumed to be no greater than one tenth of the maximum discharge power value (0.1 of PBCmax) of the energy storage system.




6. Results of Laboratory Tests


The main task of the laboratory tests is the experimental verification of the BESS control algorithms for reducing peak energy consumption from the power supply system.



During this research, currents iZ(t), iB(t), iL(t) and voltage uL(t) were recorded. The powers were determined analytically based on the measured currents and voltages. The results of oscilloscopic measurements, saved in a text file, were subjected to analytical calculations to determine the average values over the switching period, and powers were derived from these calculations. The analysis mainly focused on dynamic states during which abrupt load changes were made, with a given power reduction threshold. This approach allowed for a clear presentation of the obtained results.



Figure 25 shows an example of the time waveforms of PC, PZ and PL power during a step change in load power from 400 W to 600 W, with the reduction threshold set slightly below 400 W. As long as the load power PL does not exceed the preset reduction threshold, the BESS system does not participate in power balancing. In the second millisecond (Figure 23), there is a step change in the load power to 600 W. As soon as the power of the reduction threshold is exceeded, the BESS system begins to replenish the missing energy. A momentary, transient state characterized by overshoot and a temporary increase in power on the supply side (PZ) is clearly visible. This transient lasts less than a millisecond, after which the load energy is the sum of the energy from the power supply and from the BESS system.




7. Discussion and Conclusions


This paper contains a description of a hardware simulator for verifying the control algorithms of the DROPT system [3,4,5]. The verification of the control algorithms was carried out by means of experimental tests conducted on a laboratory model (hardware simulator) of the DROPT system [4] on a power scale of 1:1000 (5.5 kW). The experimental model is based on converter modules with IGBT transistors and energy storage with lithium cells made using LiFePo4 technology. The control circuit is based on an advanced TMS320F283379D microcontroller from Texas Instruments.



Also noteworthy is the microcontroller module used, which effectively executes the control algorithm. The capability for simultaneous sampling ensures the accurate measurements of currents and voltages within the system. Moreover, the control system incorporates robust digital signal processing synchronization solutions that achieve very low jitter and eliminate beat signals, a phenomenon often encountered in power electronic circuits.



This description of the control system could guide readers in constructing similar systems. Such detailed explanations are frequently overlooked, potentially leading to errors. Therefore, we believe that the following is the added value of our paper: it provides readers with a clear pathway to successfully implement their control circuits.



To power the experimental model of the DROPT system, a specialized programmable DC power supply is used, simulating the power supply of the system from the rectifier units. A programmable DC load is used as the load of the system, simulating the traction DC network. In addition to detailed descriptions of individual elements of the hardware simulator, this report presents the results of experimental tests of the bidirectional buck-boost DC/DC converter, as well as the time waveforms of voltage and currents in the DROPT system model for the charging and discharging mode of the energy storage system. In the experimental model developed for the purposes of this research, currents and voltages in the system were recorded, then analyzed, and both the instantaneous and average values of the currents and power in the system were determined. Experimental tests carried out on a laboratory model (hardware simulator) showed the algorithm’s effectiveness in reducing peak power consumption from the power source. It should be emphasized that although the selection of regulator settings in the control system was not the subject of analysis, very good dynamic properties of the system were achieved. A response time of a few milliseconds, compared with the dynamics of the real system which operate at the level of single seconds, guarantees the correct operation of the control algorithm.



The experimental results presented constitute a positive verification of the research conducted during the stages of theoretical and simulation analyses [4]. It should be emphasized that the implementation of the DROPT system facilitated the following:




	-

	
A reduction in ordered power and electricity charges;




	-

	
A decrease in the power and size requirements of transformer stations and transmission lines, as well as a reduction in electricity transmission and transformation losses;




	-

	
A reduction in power fluctuation in the power grid.









The test system uses typical laboratory instruments, such as a programmable DC power supply and a programmable DC load. In the next version of the test stand, we plan to use a programable AC/DC converter and a programmable DC/AC converter, thanks to which it will be possible to return energy to the power supply. A simplified block diagram of such a system is shown in Figure 26.



Currently, the standard design pathway—comprising design, simulation research, a small-scale experimental model, and implementation in a full-scale system—is often overlooked in the literature, which typically concludes with numerical analyses, analytical models, or simulation models. The authors believe that, for this reason, the material presented in this paper is novel and may be valuable to other scientists and engineers involved in implementing energy storage systems, not only in DC traction networks but also in AC power grids.



The system is currently being used to test and verify further energy storage control algorithms. According to the authors, this allows for better verification of control algorithms compared to computer simulations.



Moreover, the small-scale model presented in this paper offers the possibility of extending it with other components of DC microgrids, such as PV systems or fuel cells, to enhance energy efficiency. Additionally, the microprocessor platform used allows for a flexible approach to model expansion.
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List of Abbreviations and Symbols




	A/D
	Analog-to-digital converter



	APF
	Active power filter



	BMS
	Battery management system



	BES
	Battery energy storage



	BESS
	Battery energy storage system



	DSP
	Digital signal processor



	DROPT
	System of dynamic reduction of traction substation load



	PLL
	Phase lock loop



	SoC
	State of charge



	SoH
	State of health



	IGBT
	Insulated gate bipolar transistor



	MCU
	Microcontroller unit



	PCC
	Point of common coupling



	PWM
	Pulse width modulation



	SDFT
	Sliding discrete Fourier transformation



	SSDFT
	Switching sliding discrete Fourier transformation



	THD
	Total harmonics distortion ratio



	fc
	Transistor switching frequency



	fs
	Sampling frequency



	iB
	Battery current



	iBDmax
	Maximum battery discharging current



	iBCmax
	Maximum battery charging current



	iL
	Load current



	iC
	DC/DC converter current



	iM
	Line current



	iZ
	Supply current



	PB
	Battery energy storage output power



	PC
	DC/DC converter output power



	PL
	Load power



	si(t)
	A signal corresponding to a current (used for iB(t), iL(t), iC(t))



	su(t)
	A signal corresponding to a voltage (used for uB(t), uC(t))



	Tc
	Transistor switching period



	Ts
	Sampling period



	uB
	Battery voltage



	uC
	DC/DC converter output voltage



	uM
	Line voltage



	uZ
	Supply voltage
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Figure 1. Simplified diagram of circuit for testing the algorithms. 
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Figure 2. Simplified diagram of traction substation with DROPT system. 
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Figure 3. Simplified diagram of APF with battery energy storage system. 
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Figure 4. Schematic diagram of bidirectional buck-boost DC/DC converter: (A)—connectors of “A” side, (B)—connectors of “B” side. 
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Figure 5. Exemplary time waveforms of gate signals for buck-boost control method: (a) energy flow direction from side A to B, (b) energy flow direction from side B to A. 
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Figure 6. Voltage gain characteristic as a function of pulse duty factor D for buck-boost control method. 
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Figure 7. Exemplary time waveforms of gate signals for buck + boost control method: (a) buck operation mode and energy flow from side A to B, (b) boost operation mode and energy flow from side A to B, (c) buck operation mode and energy flow from side B to A, (d) boost operation mode and energy flow from side B to A. 
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Figure 8. Voltage gain characteristic as a function of pulse duty factor D for buck + boost control method. 
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Figure 9. Exemplary time waveforms of gate signals for buck + boost control method with synchronic switching: (a) buck operation mode and energy flow from side A to B, (b) boost operation mode and energy flow from side A to B, (c) buck operation mode and energy flow from side B to A, (d) boost operation mode and energy flow from side B to A. 
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Figure 10. Exemplary time waveforms of gate signals for buck + boost control method with synchronic switching: (a) buck operation mode and energy flow from side A to B, (b) boost operation mode and energy flow from side A to B, (c) buck operation mode and energy flow from side B to A, (d) boost operation mode and energy flow from side B to A. 
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Figure 11. Voltage gain characteristic as a function of pulse duty factor D for buck + boost control method with phase shifting. 
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Figure 12. Block diagram of circuit for testing the DC/DC converter. 
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Figure 13. General view of the DC/DC converter power module: 1,2—IGBT gate drivers with adapter boards, 3,7—IGBT modules, 4—fan, 5—snubber circuit, 6—heatsink, 8,9—fiber optic couplers. 
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Figure 14. The block diagram of control circuit. 
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Figure 15. General view of the laboratory DC/DC converter. 
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Figure 16. Waveforms of one PWM output signal-channel C1 and sampling pulses-channel C4. 
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Figure 17. Timing diagram of data flow in digital controller. 
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Figure 18. Exemplary voltage and current waveforms for pulse duty factor D = 0.7: channel C1—current iB(t), channel C2—inductor current, channel C3—voltage uinv1(t), channel C4—voltage uinv2(t). 
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Figure 19. Block diagram of circuit for testing the battery energy storage system. 
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Figure 20. View of laboratory setup of testing circuit. 
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Figure 21. Exemplary experimental waveforms for laboratory model of energy storage system during a step change of load current: channel C1—battery current iB(t), channel C2—load current iL(t) (red), channel C3—load voltage uL(t) (blue) and channel C4—supply current iZ(t). 
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Figure 22. Exemplary experimental waveforms for laboratory model of energy storage system during battery charging for PB = −206 W: channel C1—battery current iB(t), channel C2—load current iL(t), channel C3—load voltage uL(t) and channel C4—supply current iZ(t). 
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Figure 23. Idealized illustration of the power peak reduction process. 
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Figure 24. Simplified diagram of control algorithm. 
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Figure 25. Waveforms of illustration of the power peak reduction process. 
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Figure 26. The block diagram of modified laboratory testing circuit. 
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Table 1. Switching states for selected control methods.
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Energy Flow

Direction

	
Operation Mode

	
Switches States

	
Voltage Gain

(Voltage Transmittance)




	
S1

	
S2

	
S3

	
S4






	
buck-boost method




	
A → B

	
buck-boost

	
D

	
0

	
0

	
D

	
    H U  =    U C     U B    =  D  1 − D     




	
B → A

	
0

	
D

	
D

	
0




	
buck + boost method




	
A → B

	
buck

	
D

	
0

	
0

	
0

	
    H U  b u c k   =    U C     U B    = D   




	
boost

	
1

	
0

	
0

	
D

	
    H U  b o o s t   =    U C     U B    =  1  1 − D     




	
B → A

	
buck

	
0

	
0

	
D

	
0

	
    H U  b u c k   =    U C     U B    = D   




	
boost

	
0

	
D

	
1

	
0

	
    H U  b o o s t   =    U C     U B    =  1  1 − D     




	
buck + boost method with synchronic switching




	
A → B

	
buck

	
D

	
    D -    

	
0

	
0

	
    H U  b u c k   =    U C     U B    = D   




	
boost

	
1

	
0

	
D

	
    D -    

	
    H U  b o o s t   =    U C     U B    =  1  1 − D     




	
B → A

	
buck

	
0

	
0

	
D

	
    D -    

	
    H U  b u c k   =    U C     U B    = D   




	
boost

	
    D -    

	
D

	
1

	
0

	
    H U  b o o s t   =    U C     U B    =  1  1 − D     




	
   D =    t  o n      t  o n   +  t  o f f     =    t  o n      T S      








D—pulse duty factor; ton—on-state time of the semiconductor switch; toff—off-state time of the semiconductor switch; TS—switching period.













 





Table 2. Main parameters and elements of the system.
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	Symbol
	Value





	C1
	0.2 µF



	C2
	68 µF



	L1
	160 µH/100 A



	fc
	8 kHz



	fs
	64 kHz



	iBmax, iCmax
	100 A



	uC
	52 V



	S1…S4
	IGBT FF100R12RT4 (Infineon, Germany)



	SC1, SC2
	DC contactor



	MCU
	TMS320F28379D, 100 MHz (Texas Instruments, USA)



	Battery
	32xHeadway 38120, 3.2 V, 10 AH (Zhejiang Xinghai Energy Technology Co., Ltd., Huzhou, China)



	Programable DC Power Supply
	EA-PSI 9200-210, 0…200 V, 0…210 A, 0…15 kW (EA Elektro-Automatik Group, Germany)



	Programable DC Load
	IT8930A-1200-1200, 1200 V/1200 A/30 kW (ITECH, Taiwan)










 





Table 3. Sampling cycles.
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	Sampling Cycle
	ADC Channel A
	ADC Channel B
	ADC Channel C
	ADC Channel D





	1
	siB(t)
	siL(t)
	suL(t)
	siC(t)



	2
	siB(t)
	siL(t)
	suL(t)
	siC(t)



	3
	siB(t)
	siL(t)
	suB(t)
	siC(t)



	4
	siB(t)
	siL(t)
	suB(t)
	siC(t)



	5
	siB(t)
	siL(t)
	suB(t)
	siC(t)



	6
	siB(t)
	siL(t)
	suB(t)
	siC(t)



	7
	siB(t)
	siL(t)
	suL(t)
	siC(t)



	8
	siB(t)
	siL(t)
	suL(t)
	siC(t)
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