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Abstract: In electrified railways, traction load not only fluctuates between peaks and valleys, but also has a situation of low utilization rate of average load throughout the day and short overload. The traction transformer selects the capacity with the peak load as the demand boundary, which will cause the capacity utilization rate to be low and even lead to the economic decline of the traction power supply system. This article summarizes the existing configuration methods for capacity optimization of traction transformer. Then under the conditions of energy storage and new energy access to traction power supply system, the three aspects are described as follows. Firstly, the energy storage device is connected to the system, which can pull the capacity of traction transformer to achieve peak shifting and valley filling. Then, the possibility of integrated configuration of new energy and traction power supply system to optimize the capacity of traction transformer and the methods of optimal configuration of traction transformer capacity by using new energy such as wind and light are summarized. Finally, this paper discusses the current structure of new energy access to traction power supply system, and it looks forward to the feasibility of new energy access to traction power supply system cooperating with energy storage devices to optimize the capacity of traction transformer.
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1  Introduction

By the end of 2020, the operating mileage of high-speed railways in China has reached 37,900 km, accounting for 60% of the total mileage of high-speed railway in the world. The high cost of the high-speed railway often makes the railway department lose more and earn less, which increases the financial burden of the railway department, and the electricity cost accounts for the main part of the operation cost of the high-speed railway [1]. The traction substation is an essential part of the traction power supply system of the high-speed railway, and the energy consumption of traction accounts for as much as 2/3 of the energy consumption of the railway department. Therefore, taking effective measures to improve the high energy consumption of high-speed railways is an urgent problem to be solved under the trend of high-speed railway development in China.

Traction load is characterized by strong impact, fast-changing frequency, and large intermittent fluctuations between peaks and valleys. At the same time, because there is no operation data on traction load in China, the capacity design of the traction transformer can only meet the peak of traction load as the demand boundary. Since peak load is closely related to the capacity of the main transformer and maximum demand billing in the two-part tariff [2], if the capacity of the traction transformer is too large, additional costs will be paid. Peak load not only causes the main problems of power quality in negative sequence technically but also directly relates to the cost of electricity bills economically. The peak load duration of the traction power supply system of a high-speed railway is usually shorter during the actual operation, so the low utilization rate of transformer capacity is prone to occur, which leads to the economic decline of the traction power supply system [3–6]. Therefore, reducing the capacity of the main transformer in the traction power supply system can effectively solve the problem of high energy consumption in high-speed railways.

The measures of peak-shifting and valley-filling are commonly used in electric power systems to reduce the difference between peak and valley loads. The application of energy storage technology with peak-shifting and valley-filling effect and the access of new energy sources in traction power supply systemcan not only control negative sequence and reduce voltage unbalance [7], but can also create economic benefits in the implementation of the two-part electricity price system. In other words, it can achieve benefits that adopt the method of reducing the maximum requirement or reducing the installed capacity of the main transformer [8–10].

Nowadays, new energy technologies are mainly concentrated in non-traction areas in rail transit, such as providing lighting and communication functions for houses, stations and transformer substations along the line by using photovoltaic power generation system, but the traction power supply system of AC electrified railways with higher energy consumption is less used. Due to the high energy consumption of the traction power supply system, this paper summarizes the existing research on the optimal configuration method of the capacity of traction transformer, and it puts forward that new energy is connected to the traction power supply system and cooperates with the energy storage device to optimize the capacity of traction transformer. It is hoped to provide reference for the follow-up more in-depth research.

2  Capacity Optimization Method of Existing Traction Transformer

The traction load of high-speed railway exists as a situation which produced large fluctuation between peaks and valleys. At the same time, there is sometimes short-term overload. Therefore, the capacity of the traction transformer is generally designed according to the peak load, which will lead to the overall average load of the traction transformer being generally low. The optimization methods of traction transformer mainly include reducing the capacity of traction transformer through optimization algorithm and improving its capacity utilization by changing the wiring form of the main transformer.

2.1 Capacity Optimization of Traction Transformer Based on Algorithm

Because the traction load of the electrified railway has the characteristics of a large short-time load and small daily average load, the traction transformer is in an underload operation state most of the time, and there is a large surplus in capacity and operation life. Therefore, the capacity of the traction transformer can be improved through the optimization of the traction transformer capacity algorithm and a new control strategy to realize the safe and economic operation of the traction transformer. For example, document [11] optimizes the capacity algorithm of traction transformer, reduces the installation capacity of traction transformer and enterprise cost expenditure by increasing the overload multiple of traction transformer, and ensures the safe operation of the transformer after reducing capacity through the verification of “current limit, temperature limit, and life loss.” In [12], the Gaussian mixture model is used to cluster the measured data of traction substation, and then the neural network is introduced to match and classify the traction load.

According to the results of clustering classification, combined with probability density and the Monte Carlo sampling method, the traction load of the electrified railway is predicted. According to the heat transfer principle and relative aging calculation, the difference equation model of temperature rise and life loss of traction transformer in traction substation is established to optimize the capacity of traction transformer in new traction substation. In [13], the efficiency, insulation, heat dissipation, and stray parameters of transformers are taken into account. The transformer loss and leakage inductance are taken as optimization objectives. Taking transformer insulation requirements, core saturation and winding structure as constraints, the capacity of the traction transformer is optimized by the multi-objective optimization algorithm. According to the research on the relative life loss of transformers and the capacity of auxiliary equipment [14], the evaluation method of transformer load capacity under different load conditions is proposed. However, the optimization of its capacity is limited. So it is difficult to solve the problem of high energy consumption in high-speed railways by using only an algorithm to optimize the capacity of the traction transformer.

2.2 Capacity Optimization of Traction Transformer Based on Structure

Reducing the capacity level of traction transformers can save the operation costs of a traction substation, but if the method of replacing traction transformer is adopted, it will inevitably cause great waste, and this method can not meet the requirements of the long-term transportation capacity of a high-speed railway. According to the provisions on overload capacity of traction transformers, different connection modes of traction transformers have different overload multiples. Therefore, the capacity utilization of the transformer can be improved by optimizing the connection of the traction transformer. For high-speed railways, a large number of demonstrations have shown that pure single-phase connection, single-phase V connection, and three-phase V connection should be the preferred connection methods for traction transformers.

For example, in [15], based on the design structure of transformer, including core material, winding structure and leak-free design, an optimization equation with geometric variables is deduced, which reduces the design capacity of transformer. A solution based on a power flow controller is presented in [16]. The current distribution mechanism is analyzed, and the compensation control strategy is deduced. By balancing the power flow, the load of the motor train is optimally distributed across the power supply arms, and it is evenly distributed on the two windings of the traction transformer, which reduces its capacity requirements. At the same time, this method plays a significant role in improving power quality. However, with the improvement of the transportation capacity of high-speed railways [17], the installation capacity of traction transformers increases. When the pure single-phase connection traction transformer needs super-large installation capacity, it will inevitably produce serious negative sequence problems to the external power grid. So a solution is to transform the electrical phase separation, but electrical phase separation will restrict the development of high-speed railways [18].

3  Structure of Capacity Optimization of Traction Transformer with Energy Storage Device Connected

At present, the development of energy storage technology is relatively mature, and has been widely used in smart grids, renewable energy grid connections, and in the development of electric vehicles. The research and development of energy storage technology has attracted extensive attention worldwide. It can not only realize demand-side management, peak-shifting and valley-filling, and load smoothing, but it can also improve the working efficiency of power supply equipment [19]. What’s more, energy storage technology can reduce the cost of the power supply system [20,21], and it can improve the operation stability and reliability of the power supply system. In recent years, energy storage technology has been widely used and studied in rail transit. The structure of the traction power supply system with an energy storage device is divided into vehicle-mounted storage and stationary energy storage [1]. In this paper, the general structure of the traction power supply system connected with energy storage technology is analyzed, and it is found that the structure of the stationary energy storage is more conducive to the capacity optimization of the traction transformer [22–24].

3.1 Vehicle-Mounted Energy Storage

As shown in Fig. 1, when the train is under regenerative braking conditions, the train charges the energy storage device. On the other hand, when the train is in traction mode, the energy storage device discharges. The vehicle-mounted hybrid energy storage device is shown in Fig. 2, which connects the DC bus between the four-quadrant rectifier and PWM inverter. The power flow of the supercapacitor, accumulator and electric locomotive is realized by a bidirectional DC/DC converter and the regenerative braking energy is absorbed at different power levels. In [25], a vehicle-mounted hybrid energy storage system and its energy management method are presented. A high-capacity and high-power supercapacitor hybrid energy storage system with lithium titanate battery placed on an electric locomotive is designed. At the same time, the vehicle-mounted hybrid energy storage system can output regenerative energy to the vehicle to maintain the basic power demand under the emergency conditions such as permanent failure of regional catenary and power loss of substation [26]. To a certain extent, the shortcomings of large energy transmission loss, low power supply flexibility and difficulty in supplying power to electric locomotive under catenary failure of electrified railway ground energy storage system is solved [27], and the utilization efficiency of regenerative braking energy is also improved.
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Figure 1: Vehicle-mounted energy storage
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Figure 2: Vehicle-mounted hybrid energy storage structure

Although installing an optimal amount of energy storage units on electric locomotives can effectively store regenerative braking energy and release energy immediately when needed, vehicle-mounted energy storage requires modification of electric locomotives, which increases the weight and traction energy consumption of electric locomotives and increases their maintenance and operation costs. At the same time, for high-power regenerative braking energy, because the energy storage device needs a lot of space, the electric locomotive can not meet its requirements. The vehicle-mounted energy storage is not widely used at present.

3.2 Stationary Energy Storage

The structure of stationary energy storage is shown in Fig. 3. The bidirectional AC/DC converter subsystem is connected to the 27.5 kV AC feeder through the step-down transformer, which forms a symmetrical back-to-back structure [28]. Its DC bus is connected to the energy storage device, which can maximize the use of regenerative braking energy and the energy stored in the energy storage device can be released at the peak load to share the pressure of the traction transformer. The purpose of reducing the capacity of the traction transformer is achieved. In [29], a new energy storage railway power regulator composed of the railway power regulator and supercapacitor is proposed. This system can not only realize the two-way energy flow between the two power supply arms, but also it can improve the utilization rate of regenerative braking energy and realize the function of peak shaving and valley filling through the coordinated control of railway power regulator and energy storage system.
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Figure 3: The structure of stationary energy storage

It can be seen from the above analysis that adopting the optimal feasibility scheme of stationary energy storage device can not only ensure that part of the regenerative braking energy is preferentially used by the traction locomotive, but also the power and capacity requirements of the energy storage unit is reduced [30]. The scheme can also reduce the installation capacity of traction transformer, the peak load power of a single power supply arm, and the maximum demand of substation, so it has the best comprehensive benefits. Because the railway power regulator is connected, RPC can realize the power flow between the two power supply arms, which reduces the load peak to a certain extent, and the utilization of the main transformer is improved [31]. Moreover, RPC can control negative sequences and dynamically compensate reactive power, which also has a certain effect on improving power quality [32]. Therefore, the selection of stationary energy storage based on supercapacitors is more conducive to the capacity optimization of traction transformers.

4  Integrated Configuration of New Energy and Traction Power Supply System

In recent years, in order to achieve the strategic goal of “energy conservation and emission reduction” and promote the high penetration and efficient utilization of new energy, scholars from home and abroad have actively explored and practiced new power supply modes such as multi-energy complementarity, microgrid, and energy Internet [33–35]. With the rapid development of China’s high-speed railway, new power supply modes such as multi-energy complementarity and microgrid can be considered to be applied to the electrified railway. Since the current new energy power generation system usually contains the DC part, a DC bus can be used as an energy transfer station, which can transmit electric energy to various electric equipment. As shown in Fig. 4, if the electric energy can be transmitted to the traction substation, the integrated configuration of new energy and traction power supply system can be realized, and the problem of low-capacity utilization of traction transformer can be solved, and the economy of the system can be improved. Therefore, a control strategy based on step energy management is proposed by some researchers, which improves the regenerative braking energy utilization rate of the system by suppressing the energy exchange between different energy storage media [36]. In [37], it is demonstrated that the rational use of energy can be achieved by setting appropriate thresholds and allocation ratios.
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Figure 4: Energy interconnection structure

With the rapid development of new energy technology in China, the integrated configuration of new energy and traction power supply systems is an inevitable trend. The topological structure given in [38] is shown in Fig. 5. Since China’s railway network covers all parts of the country, on-site distributed energy is provided along the railway, which can realize the nearby consumption of energy. At the same time, the small-capacity on-site distributed energy does not need complex power conversion and long-distance transmission, which can balance local energy supply and demand. It also makes it possible to realize peak shifting and valley filling of traction substation load, but its wide distribution may not be convenient for railway department operation and maintenance. Furthermore, a single structure affected by the external environment may cause power quality problems. The integrated distributed energy structure is shown in Fig. 6. The integrated distributed energy is connected to the power grid with high-power electronic equipment, which can realize large-scale, long-distance transmission, so that it can supply power to the traction power supply system. If the integrated distributed energy needs to be connected to the AC power grid, a matching converter needs to be used to meet the same frequency, amplitude, and phase angle [39]. Compared with on-site distributed energy, this topology has longer transmission lines, a larger scale, convenient maintenance, and lower operation cost. However, this structure needs to establish a special distributed network, and its investment, payback period, and return on investments should be considered.
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Figure 5: On-site distributed energy structure
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Figure 6: Integrated distributed energy structure

At present, China’s high-speed railways mainly adopt a 25 kV AC power supply [40]. Compared with an AC power supply, a two-terminal DC traction power supply system can not only avoid electromagnetic interference, voltage instability, and other problems which are often caused by AC current, but can also avoid the problem of the integrated synchronization of renewable energy, until that issue too is solved. As shown in Fig. 7, most renewable energy systems do not need additional interface circuits, which can be directly integrated. Some isolation converters can be omitted because of the DC effect. However, there is a relatively short transmission distance and high transmission loss between the two power stations, which are the urgent problems to be solved in the application of DC power supply. A high voltage (35 kV) DC power supply is under research. With the development of power electronic devices, a high-voltage DC power supply is expected to become a new power supply mode of electrified railways, which has economic and technical advantages [41]. However, due to the current constraints of existing technologies and standards, a high-voltage traction power supply system is difficult to be truly implemented in China’s railways.
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Figure 7: Structure topology of two-terminal DC traction power supply system

5  Capacity Optimization Method for Traction Transformer with New Energy and Energy Storage

Under the background of the energy internet, the near elimination of renewable energy in electrified railways will be the development direction of traction power supply system in the future [42]. Photovoltaic and wind power have high reserves and mature technology, which will be one of the main renewable energy sources connected to traction power supply systems. After photovoltaic and wind power are connected to the traction power supply system, wind power has strong fluctuation and randomness, and the train load of the traction power supply system has fluctuation [43–45]. So it is difficult to achieve a dynamic balance between power generation and load.

Therefore, it is necessary to introduce energy storage system to reduce the supply-demand imbalance between power generation and load. On the basis of the new power supply mode studied by previous scholars, several structures of combined configuration of new energy and energy storage system to optimize the capacity of traction transformer are summarized according to the characteristics of low capacity utilization of traction transformer caused by strong impact and large fluctuation of high-speed railway traction load.

5.1 Summary of Optimized Configuration

At present, there is a general problem that the capacity utilization of traction transformers is low in high-speed railways. At the same time, the daily energy supply and demand of trains and the organization of train operation show regularity, so the capacity of the hybrid storage system can be configured according to the daily load data of the traction substation. By searching for the optimal benchmark value of a hybrid energy storage system, the minimum capacity and maximum energy utilization of the traction transformers are considered as optimization objectives, and the system energy efficiency, energy storage system output, power utilization rate, and lifetime benefit are considered as constraints [46]. The optimal capacity configuration model of the traction transformer is established, and the optimal algorithm is used to solve the model and determine the system configuration scheme. Considering the structure of the traction power supply system under the access of new energy [47], a power allocation strategy suitable for the combined configuration of new energy and energy storage system is formulated. Operation condition and energy flow mechanism of the combined configuration of new energy and storage system are analyzed. Based on the functional relationship between charging and discharging datum and economic benefits, the output of new energy system, power limit of new energy and storage system, SOC charging status, and power balance are considered as constraints [48]. An optimal capacity allocation model of traction transformer under combined configuration of new energy and energy storage system is established to optimize the capacity allocation of traction transformer.

5.2 Photovoltaic Power Generation Connected to Traction Power Supply System

Photovoltaic power generation is a technology that directly converts light energy into electricity through the photovoltaic effect, which has the advantages of long life, zero-emissions and great potential for price reduction [49]. Because of its flexible installation and simple structure, photovoltaic power generation is more suitable for the integrated application of electrified railways, especially in the areas of house surface, platform canopy, railway line, and so on. For example, the Qinghai-Tibet Railway and the Lan-xin Railway pass through the resource areas of which are rich insolar energy, and there are a large number of idle land resources along the line that can be exploited and utilizedctual projects have been constructed along the Hangzhou East Station and the Jinan-Qinghai High-Speed Railway.

After the project is fully completed, the average annual power generation will be 45 million kWh, which is equivalent to about 22,000 households or 88,000 people’s annual household power consumption [50]. At present, the most common way to connect photovoltaic power generation to a traction power supply system is to connect the photovoltaic power generation system to 110 kV (or 220 kV) high voltage side of the traction substation [51]. Photovoltaic power generation is connected to the traction power supply system topology, as shown in Fig. 8. The back-to-back structure of the photovoltaic power generation system consists of two converters, which are connected to the supply arms on both sides of the traction transformer through two step-down transformers. The secondary side of the step-down transformer is connected separately to α Phase converter and to β Phase converter: two converters share a DC capacitance. The photovoltaic system uses DC/DC converter to completely boost maximum power tracking, and then the DC side of the back-to-back converter is used to achieve photovoltaic power output.
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Figure 8: Topology structure of traction power supply system for photovoltaic power generation

However, due to the relatively low working voltage of photovoltaic power generation, the high-voltage side access scheme needs to undergo multi-stage high-ratio boost transformation, which results in power loss and increased system construction costs. For this reason, the document [52] puts forward a scheme that photovoltaic power generation based on a single-phase dual-port back-to-back converter can be connected to the traction power supply. The photovoltaic component can be connected to the common DC side of a single-phase back-to-back converter through DC/DC converter, which can effectively access photovoltaic. At the same time, power quality compensation at the traction side can be realized.

When the photovoltaic power generation system is connected to the traction power supply system, it can not only achieve near absorption of photovoltaic energy [53], but also optimize the capacity of the traction transformer in the traction power supply system, and the problems of unstable traction network voltage, energy-saving, and emission reduction will be solved. However, photovoltaic power generation is greatly affected by weather and the environment, so it is possible to consider the energy storage device in the system to make full use of photoelectricity.

5.3 Photovoltaic Power Generation Connected to Traction Power Supply System

With the vigorous support of clean energy and low-carbon development in China, in order to achieve the “dual-carbon” goal, China will no longer build new projects of coal and power abroad. Therefore, photovoltaic power generation technology has been continuously developed, and the rapid development of electrified railways provides a good application basis for photovoltaic power generation in traction power supply systems. However, photovoltaic power generation has the characteristics of uneven space-time distribution, and the fluctuation and intermittently of traction load are large. For this reason, photovoltaic power generation and hybrid energy storage devices in the traction power supply system are proposed in [54]. It is pointed out in the literature that using a hybrid energy storage system as the energy transfer station. The difference between supply and demand is suppressed by the charging and discharging behavior of the hybrid energy storage system, which solves the intermittent train load of the traction power supply system and the fluctuation of photovoltaic power generation and the problem that it is difficult to achieve a dynamic balance between power generation and load is solved. As shown in Fig. 9, a photovoltaic and hybrid energy storage structure is added to the traditional high-speed railway power supply system. Energy flow is achieved by a two-way DC/DC converter and RPC, and the RPC introduced also has a certain inhibitory effect on the quality of the traction power supply system. However, photovoltaic power generation has the characteristics of intermittent and fluctuation, and it is greatly affected by weather and the environment. It is prone to transient power fluctuation when it is connected to a traction power supply system. Based on the analysis of the structure of the photovoltaic system and the control strategy of the inverter, the equivalent model of the traction power supply system with photovoltaic access is constructed. The harmonic resonance characteristics and the law of change of the system are studied, and the lithium iron phosphate battery is selected as the energy storage device. Based on the working principle and modeling method of virtual synchronous generator, a power suppressing control method of photovoltaic access traction power supply system based on a virtual synchronous generator is studied [55,56]. The optimal control of the photovoltaic access traction power supply system is achieved, and the transient power fluctuation of the photovoltaic access traction power supply system is solved. At the same time, due to the access of the photovoltaic system, the problem of low capacity utilization of traction transformers has also been solved.
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Figure 9: Structure of traction power supply system with photovoltaic and hybrid energy storage

5.4 Wind, Light, and Storage Hybrid Access System

Wind and light resources have intermittent and unstable characteristics, which lead to low utilization of wind power and photoelectric power, poor reliability and stability, and limited access power to the power grid. Considering the disadvantage of uneven space-time distribution of light resources, the document [57,58] uses a multi-energy complementary system to obtain a relatively stable total output. As shown in Fig. 10, the uncertainty of new energy is described mathematically based on the scene tree method. By establishing a mathematical model of multi-period optimal power flow, an optimized operation method of electrified railways with renewable energy and a power storage system is proposed [59]. A case study and economic evaluation of a Spanish high-speed railway line are carried out. It is pointed out that the integration can save 9.63% energy on the original basis. At the same time, the hybrid storage system can help to smooth the fluctuation of wind and light output, and make full use of the renewable characteristics of the traction loads. The energy change from one-way consumption mode to two-way interactive mode is therefoere achieved. In [60], the railway power system, which covers wind, photovoltaic renewable energy system, renewable braking energy, and hybrid energy storage system, will be optimized, and the overall effect of the integrated hybrid energy storage system will be evaluated. At present, comparing wind, light, and storage connected traction power supply system with a single new energy generation system, the former improves the stability and reliability of the power supply [61,62]. It can greatly reduce the capacity of an energy storage system and traction transformer, and better economic benefits will be obtained. Therefore, under the condition of resolving the power quality problem of wind-light entering the power network, it can be considered to connect wind, light, and storage into the traction power supply system.
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Figure 10: Wind, light, and storage hybrid access to traction power supply system

6  Conclusion and Prospect

This paper summarizes the current methods for optimizing capacity allocation of traction transformers for high-speed railways. Firstly, the existing algorithms of traction transformers and the connection modes of traction transformers are summarized to optimize its capacity. The structure of the energy storage device connected to the traction power supply system is analyzed, and it is determined that the introduction of a supercapacitor into the system is more suitable for the capacity optimization of traction transformer. Then, the structure of the integrated configuration of new energy into the traction power supply system is discussed, and the possibility of optimizing the capacity of the traction transformer is presented. Finally, several configurations of an integrated configuration of new energy and traction power supply systems are discussed.

The feasibility of optimizing the capacity of the main transformer by introducing photovoltaic energy into the traction power supply system, photovoltaic and energy storage into the traction power supply system, and wind-solar energy storage hybrid into the traction power supply system are all analyzed. The capacity optimization of traction transformers will be further studied in the future. By introducing new energy and energy storage technology into the traction power supply system, the capacity optimization of the traction transformer can be realized, and the economy of the traction power supply system can be effectively improved. However, at present, the research on the topology of new energy and energy storage technology connected to the traction power supply system and the stability and power quality of the system after the connection is not deep enough. It only stays in the theoretical simulation stage, and it is not applied to engineering practice. Therefore, it is necessary to carry out relevant research to improve the economy of the traction power supply system.
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