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Abstract:

 In 2014, more than 43 cities in China were racing to construct their urban rail systems (including metro and light rail systems), recognizing that an urban rail system will be a good solution to the tough problems that they are faced with, including traffic congestion and PM2.5 air pollution. On 22 August 2012, the first electric double-layer capacitor (EDLC) energy storage-type rail vehicle in the world was unveiled at Zhuzhou Electric Locomotive Co., China. The EDLC rail system has been considered a promising sustainable urban rail system, which is expected to further improve the energy efficiency and to reduce environmental pollution. The first commercial EDLC tram produced by Zhuzhou Electric Locomotive Co. has been applied at Guangzhou Metro Corp. recently. From the view point of scientific research, the system design and energy management of EDLC rail systems have been extensively studied in the literature, while the stationary charging station design for the EDLC energy storage-type urban rail vehicles has been rarely reported. Thus, the aim of this paper is to report a stationary charging station that has been successfully applied in the EDLC rail system produced by Zhuzhou Electric Locomotive Co., China.
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1. Introduction

Having benefited from rapid economic development for over 30 years, China finds itself coping with the relatively new phenomena of rapid urbanization [1]. The urbanization rate in China grew from 20% in 1980 to 46.7% in 2010, and the urban population increased by almost 350 million over the last 30 years [2]. To accommodate the rapidly-increasing population, the urbanized area has expanded to the outlying rural areas, which lengthens travel distance and encourages the desire to travel by car. The registered numbers of automobiles in China increased from 12.8 million in 1990 to 140 million in 2014 [3]. This rapid motorization led to serious traffic congestion and PM2.5 air pollution in China, especially in metropolises and some mid-sized cities. Figure 1 shows the traffic congestion and PM2.5 air pollution in Beijing.

Figure 1. The traffic congestion and PM2.5 air pollution in Beijing. (a) Traffic congestion; (a) PM2.5 air pollution.
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The Chinese society has gradually realized that we cannot sustain endless motorization. Instead, sustainable transport strategies have to be adopted to avoid being trapped in a car-oriented urban development. The urban rail system (including the metro and light rail system) has been considered a good choice. In 2014, there were more than 35 cities in China extending new subway lines or opening the first subway lines. Moreover, there are eight cities operating or constructing their own light rail systems [4].

Viewing the practical urban progress in the world, the urban rail system becomes a major urban transportation tool in developed countries and regions for its advantages, such as mass transit capacity, fast speed, safety and reliability, punctuation and comfort [5]. Nonetheless, in order to retain its environmental advantages over other transportation modes in urban areas, significant improvements in the energy efficiency of urban rail systems have to be further achieved [6]. For instance, in traditional urban rail systems, power is supplied to rail vehicles with a continuous conductor running along the rail that usually takes one of the following two forms. The first is an overhead line or catenary wire suspended from poles or towers along the rail. The other is a third rail mounted at the track level and contacted by a sliding “pickup shoe” [7]. However, both the overhead wire and third-rail systems suffer from the same disadvantages, including high capital costs, line voltage drops, undesired power peaks, electromagnetic pollution and damage to the landscape along the rail. Moreover, since numerous and frequent stops are a significant characteristic of urban rail, reuse of braking energy offers a great potential to improve the energy efficiency. Thus, it is of practical interest to develop an urban rail system that is more energy efficient and environment friendly.

Recent studies have indicated that an energy storage system (ESS) will be helpful in improving the energy efficiency of conventional urban rail systems; see [6,8,9,10,11,12,13,14,15,16,17]. The ESS stores energy using storage devices with good power density and a high number of cycles, such as an electric double-layer capacitor (EDLC), flywheels and superconducting magnetic energy storage (SMES) [11]. The ESS can be either installed onboard the vehicle [6,10,16,17] or installed at the substation level or along the track [8,9,10,11,12,13,14,15]. In the former case, the ESS is called the onboard ESS, which is used to recover the braking energy and to smooth the electric power peak of hybrid vehicles. In the latter case, the ESS is called the stationary ESS, which is used to recover the braking energy of conventional vehicles and to support the line voltage at weak points [8]. However, in these studies, neither the stationary ESS nor onboard ESS work as the main power source. The rail vehicles are still mainly powered by the overhead line or third track, while the ESS only works as a supplementary power source to improve the power network performance. This fact implies that the drawbacks of the traditional overhead line and third track systems still exist, even though some of them can be alleviated by the ESS.

On 22 August 2012, Zhuzhou Electric Locomotive Co. unveiled the first rail vehicle in the world that is only powered by onboard EDLC-based ESS. Different from existing urban rail systems, the unveiled urban rail vehicle does not call for the overhead wire or the third rail to supply energy. Instead, the vehicle is totally steered by the onboard EDLC stacks. Thus the capital costs of power network construction will be saved, and then, the line voltage drop and undesired power peaks can also be omitted. Moreover, without the construction of power supply networks, the electrochemical pollution of the power network can be avoided and the landscape along the rail will not be influenced; thus, the urban rail system will be very environmentally friendly. The EDLC energy storage-type urban rail system has been considered a promising sustainable urban rail system in China. The first commercial EDLC tram is to enter passenger service in Guangzhou Metro Corp. in late December, 2014.

Since the urban rail vehicle is 100% powered by the onboard EDLC-based ESS, it is very important for the vehicle manufacturer to size the onboard ESS appropriately by fully considering the travel distance between stations, transit capacity and the maximum amount of braking energy. This is an interesting topic, but out of the scope of this paper. In this paper, we will focus on the stationary charging station design for the EDLC energy storage-type urban rail vehicles. The charging stations are placed at the subway or transit stations to power the vehicle when it parks at the platform for passenger boarding. The charging station will be connected to the vehicle directly without any power supply networks. The charging takes about 30 s and can power the train for 4 km.

It is worth noting that the stationary charging station reported in this paper and the stationary ESS mentioned above are different concepts. The stationary ESSs are typically designed for traditional power supply networks with conventional vehicles and applied at weak points of the contact lines to support the line voltage. The two key challenges of stationary ESSs are the optimal sizing and optimal positioning. In the literature [8,9,10,11,12,13,14,15], several ESS sizing and positioning methods have been proposed for EDLC-based stationary ESSs. While the stationary charging station design in this paper is quite a different problem. The stationary charging station does not consist of EDLCs and does not store energy itself. It is used to charge the EDLC energy storage-type urban rail vehicle and not used to improve the power network performance. The stationary charging station converts the energy from the city electric grid to the EDLC energy storage-type urban rail vehicle directly without any power supply networks.

The ground charging system for EDLC rail vehicles at the platform is shown in Figure 2. The stationary charging station is connected to the pantograph installed at the edge of the platform at the design time. When the urban vehicle parks at the platform for passenger boarding, the pantograph will be outspread and connected to the underfloor current collector of the vehicle. Then, the stationary charging station will charge the onboard EDLC stacks. Upon the completion of the charging, the pantograph will be disconnected from the vehicle, and the vehicle will move to the next transit station. The ground charging system consists of three components: stationary charging station, pantograph and urban rail vehicle. From the view point of scientific research, the system design and energy management of urban rail vehicles have been extensively discussed in the literature [18,19,20,21], while the stationary charging station design for sustainable urban rail systems has been rarely reported. Thus, the aim of this paper is to report a stationary charging station that has been successfully applied in the EDLC energy storage-type urban rail system produced by Zhuzhou Electric Locomotive Co., China.

Figure 2. The ground charging system for EDLC rail vehicles at the platform.
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In most cases, the charging time for the onboard EDLC stacks is limited. For instance, the urban rail vehicle typically parks at the platform for only a few seconds for passenger boarding. The charging station should be designed to supply large enough output power to shorten the charging time. One common way to solve this problem is to connect chargers in parallel [22]. In fact, it has been shown that compared with a single “large charger”, the parallel connection of “small chargers” has many advantages, including high reliability, smaller ripples and higher system bandwidth [23]. However, parallel connection of chargers will typically lead to a current imbalance between chargers, which may lead to damage to the charging station. Therefore, current balancing is a basic requirement in the charging station design.

There are several current balancing methods that have been proposed in the literature, such as the droop control method [24,25,26] and the master-slave method [27,28]. In the droop control method, the current balancing is achieved by regulating the output impedance of each charger without any communications between them. A peculiar aspect of this method is that it only has a proportional controller for current and voltage, lacking any form of integral control. Control of a distributed system without communication can only be achieved at the price of permitting a certain error; thus the droop control method is rarely applied in large power applications. The basic idea of the master-slave method is to choose one charger as the master module and then to design controllers to ensure that all other chargers follow the reference current of the master. The connections between the master and the slave can either be a physical connection or wireless communication [27]. Since the master-slave method is a centralized current balancing method, the complexity of the algorithm will increase dramatically when the number of parallel chargers increases.

In this paper, we propose a simple, but efficient, current balancing method, namely the cooperative proportional-integral (PI) current balancing method. In the proposed method, there are 2n − 1 PI algorithms for n parallel chargers. The n local PI algorithms are responsible for achieving the output current target at the final state of each charger. The other n − 1 algorithms are called cooperative algorithms, which are responsible for the current balancing during the output current convergence between neighboring chargers. The proposed method is very easy in its hardware implementation, and we provide experiment results to illustrate the effectiveness of the proposed method.

The remainder of this paper is organized as follows. In Section 2, the schematic, control strategy and physical implementation of the stationary charging station are introduced. In Section 3, experimental results are provided to show the effectiveness of the design. We conclude the paper in Section 4.



2. Charging Station Design

The stationary charging station design for the EDLC energy storage-type urban rail systems is introduced in this section. The schematic of the charging station is introduced first. Then, we propose a cooperative proportional-integral (PI) current balancing control strategy to suppress the current imbalance between chargers. The physical implementation of the charging station is presented at the end of this section.


2.1. Schematic

The schematic of the stationary charging station is shown in Figure 3. The charging station is comprised of an embedded controller and two parallel chargers. The embedded controller monitors and regulates the output current of the two chargers. Each charger consists of a three-phase bridge rectifier Bi (i = 1, 2) and a buck converter. The three-phase bridge rectifier converts the input power from alternative to direct form. The buck converter consists of an insulated gate bipolar translator (IGBT) Ti, a free-wheeling diode Di, a filtering capacitor Ci and an inductor Li. The output current of charger i is denoted as Ii; then, the total output current of the charging system is denoted as Is = I1 + I2.

Figure 3. The schematic of the stationary charging station.
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Denote Cs as the capacitance of the EDLC stack; then, we can derive the averaging model of the whole system. When IGBT Ti is on, the state equation of charger i is denoted as:



[image: there is no content]



(1)




where UBi is the output voltage of rectifier Bi, IBi is the output current of rectifier Bi and Us is the terminal voltage of the super-capacitor stack.
When IGBT Ti is off, the state equation of charger i is given by:
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(2)




Then, the unified system dynamics of charger i can be represented by:
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(3)




where τi is the duty cycle of PWMsignals injected to IGBT Ti.
With the charging station model (2), a charging controller can be designed to regulate the output voltage and current of the charging station, and then handle the current imbalance between chargers.



2.2. Control Strategy

In this section, a cooperative current balancing control strategy is designed to handle the charging problem of parallel chargers. As shown in Figure 4, the cooperative current balancing control strategy of comprised of three PI algorithms. The first and second PI algorithms are local controllers, which are designed to ensure the output currents I1 and I2 of two chargers converge to the desired current I∗ at the final state. The third PI algorithm is the cooperative controller, which guarantees the current balance between two chargers during convergence.

Figure 4. The cooperative current balancing control strategy.
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Then, the control input τ1 for Charger 1 can be written as:



[image: there is no content]



(4)




Similarly, the control input τ2 for Charger 2 is denoted as:
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(5)




Then, by combing Equations (3)–(5), the closed-loop system for the charging station can be described as follows:
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(6)




Based on the operation requirement of the super-capacitor urban rail vehicle, the output current of the charging station is required to increase to the desired value Is∗ in a limited time. Then, the vehicle is charged with constant current Is∗, until the output voltage reaches the setpoint Us∗. Denote the desired current of each charger as I∗, where [image: there is no content]. Then, the control objective is to design an embedded charging controller to regulate the control input τi for charger i until the output currents I1, I2 converge to the desired current I∗ and the output voltage Us converges to the desired voltage Us∗.



2.3. Implementation

In this subsection, we will introduce the physical implementation of the charging station. The charging control procedure, the control board design and the hardware implementation of the charging station will be presented.

We should specify the adopted charging method before the charging control procedure is designed. As a rapid charging method, constant current charging has been widely used in engineering applications. The onboard EDLC stacks will be charged by the stationary charging station using the constant current method. The desired output current profile of the charging station is shown in Figure 5.

Figure 5. The desired output current profile of the charging station.
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As shown in Figure 5, there are three charging stages, which are introduced as follows.




	Stage 1: The output current of the stationary charging station increases to the desired value Is*rapidly.


	Stage 2: The output current of the stationary charging station keeps constant at Is∗. The onboard EDLC stacks are charged with constant current Is∗.


	Stage 3: The output current of the stationary charging station decreases to zero rapidly. The charging is complete, and the stationary charging station can be disconnected from the vehicle.




The charging control procedure can be represented as a flow chart, which is shown in Algorithm 1. The basic idea is that the current and voltage sensors measure output currents and output voltage of the parallel chargers. If the charging current Ii is less than the desired current I∗, update the control input τi until Ii reaches I∗. Then, the controller judges if the output voltage Us reaches the desired voltage Us∗. If no, update the control input τi until the output voltage Us increases to the desired value Us∗; if yes, set the control input τi = 0; then, the charging current will decrease to zero. This means that the charging is complete and the charging station can be disconnected from the vehicle.

The proposed charging control procedure can be easily programmed in microcontrollers. With the proposed control procedure, now we need to design a control board that monitors and controls the charging station. The control board of the charging station is shown in Figure 6. There are mainly six modules in the control board, which are introduced as follows.

Figure 6. The control board of the stationary charging station.
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Algorithm 1 The flow chart of charging control procedure.




	
1:

	
Initialization;




	
2:

	
Measure the output current Ii(k) and output voltage Us(k);




	
3:

	
if Ii(k) < I∗ then




	
4:

	
　Update the control input τi(k) by
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　　　　　　　　　　　% cooperative PI charging control algorithm




	

	
　k = k + 1;




	

	
　goto Step 2;




	
5:

	
else




	
6:

	
　if Us(k) < Us∗ then




	
7:

	
　　goto Step 4;




	
8:

	
　else




	
9:

	
　　Set τi = 0; % the charging is complete;




	
10:

	
　end if




	
11:

	
end if




	
12:

	
End.











	Digital IO: The digital IO is used to transmit commands from the control panel to the control board. The command signals include starting up, shutdown and switching modes.


	Analog IO: The analog IO is used to transmit measurements from sensors to the control board.


	Analog module: The analog module is used to preprocess the measurements from sensors before the measurements are stored and processed in the CPU.


	CPU module: The CPU module consists of two microcontrollers: FPGA XC3S50 and ARMLPC1766. XC3S50 is used to store and process data (including filtering, sequencing, etc.), and LPC1766 is used to run the charging control algorithm and to produce PWM control signals.


	RS485 module: The RS485 module is used to communicate with the personal computer (PC). All transient data in XC3S50 can be transmitted to the PC. Thus, it provides the flexibility of plotting the transient data in drawing software in teh PC.


	Optical interface: The optical interface is used to transmit PWM control signals from the control board to the IGBT driver. The advantage of the optical interface is that it can effectively shield the PWM control signals from electromagnetic interference.




The front panel and internal structure of the charging station are shown in Figure 7. The input of the charging station is AC900V. The stationary charging station is designed to supply a 900 A current and DC750Vvoltage to charge onboard EDLC stacks when the urban rail vehicle parks at the platform. When the current increases to 900 A and the voltage reaches 750 V, the charging is complete. Then, the output current decreases to zero rapidly, and the charging station can be disconnected from the urban rail vehicle.

Figure 7. The front panel and internal structure of the stationary charging station. (a) Front panel; (b) internal structure.
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The size of the charging station is 3.5 m × 3.5 m × 2 m. The stationary charging station can be placed at the subway or transit stations conveniently with such a small size. The appearance of the charging station is shown in Figure 8.

Figure 8. The appearance of the stationary charging station.
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3. Experimental Results

In this section, experimental results from the stationary charging station are presented to illustrate the effectiveness of the design. The charging performance metrics, including output current and voltage, current imbalance, and duty cycle of PWM waves, are transmitted from the RS485 module of the control board and plotted in Excel in the PC. The real-time waves, including PWM control signal and switching voltage of IGBT, are displayed in the oscilloscope.

The output current and voltage of the stationary charging station are shown in Figure 9. It is shown that the output current increases to 900 A within 3 s. Then, the urban rail vehicle is charged with a constant current of 900 A until the charging voltage increases to the desired voltage, 750 V. This means that the vehicle is fully charged. Then, the charging current decreases to zero rapidly, and the charging station can be disconnected from the urban rail vehicle.

Figure 9. The output current and voltage of the charging station.
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Figure 10 shows the amplified current and voltage curves at Region A and Region B of Figure 9. It further shows that the output current increases to 900 A within 3 s and that the output voltage converges to 750 V within 30 s.

Figure 10. The amplified current and voltage curves at Region A and Region B. (a) The current curve at Region A; (b) the voltage curve at Region B.
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The current imbalance between chargers during the charging convergence is shown in Figure 11. It is shown that the current imbalance is always smaller than 1.5 A. Moreover, the current imbalance is suppressed to zero, as long as the current control is stable.

Figure 11. The current imbalance between two parallel chargers.
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The duty cycle of PWM control signals from a charging controller is shown in Figure 12. When the charging is complete, the duty cycle (control input) is set to zero; then, the charging current decreases to zero rapidly, and the charging is complete.

Figure 12. The duty cycle of PWMcontrol signals.
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The real-time waveforms of PWM control signal and the switching voltage of an IGBT are shown in Figure 13. We can see that when there are control signals (the voltage of the PWM signal is 3.6 V), the terminal voltage of the IGBT is 0 V, which implies that the IGBT is on; when there are no control signals (the voltage of the PWM signal is 0 V), the terminal voltage of the IGBT is 900 V, which means that the IGBT is off. Figure 9 and Figure 12 indicate that the output current and voltage are regulated by the duty cycles of the PWM control signals from the charging controller, while Figure 13 further explains that the charging controller regulates the output signals by controlling the IGBTs.

Figure 13. The PWM signal (green line) and switching voltage of an insulated gate bipolar translator (IGBT) (pink line). (a) t = 1s; (b) t = 15s; (c) t = 29s.
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4. Concluding Remarks

Due to the rapid urbanization and motorization in China, there is a huge investment in the development of urban rail infrastructure and services. In 2014, there are more than 35 cities in China extending new subway lines or opening their first subway lines. Moreover, there are eight cities operating or constructing their own light rail systems. Behind this significant expansion of infrastructure, however, there are also some concerns about whether these investments are sustainable. These concerns relate to funding mechanisms and policy effects, as well as the rail system’s efficiency and environmental protection.

The technical progress has promoted the development of urban rail systems. The application of energy storage systems (ESSs) has proven an efficient way to improve the energy efficiency and network performance of conventional urban rail systems. However, in existing urban rail systems equipped with ESS, the ESS only works as a supplementary power source, and the urban rail vehicles are still mainly powered by the power supply network. This means that these ESS-based urban rail systems still suffer from the same disadvantages as conventional urban rail systems, such as the capital cost of power network construction, electrochemical pollution and damage to the landscape along the rail.

On 22 August 2012, the world’s first energy storage urban rail vehicle was unveiled at Zhuzhou Electric Locomotive Co., China. Different from existing urban rail vehicles, it is 100% powered by the onboard EDLC-based ESS and does not need the power supply networks. The vehicle is charged by the stationary charging station directly when it parks at the platform for passenger boarding.

The EDLC energy storage-type urban rail system has been considered a sustainable urban rail system in metropolises and mid-sized cities. Without the construction of power supply networks, the urban rail system can be integrated into the city in a real sense. The first commercial EDLC energy storage type tram will enter passenger service at Guangzhou Metro Corp. in late December, 2014. As an energy-efficient and environmentally-friendly urban rail system, the EDLC energy storage-type urban rail system has a bright market prospect.

In this paper, we design a stationary charging station to charge the EDLC energy storage-type urban rail vehicles. A cooperative PI charging control strategy is proposed to solve the current imbalance problem in stationary charging station design. The detailed software and hardware implementation of the stationary charging station design are presented. Experimental results verify the effectiveness of the design.

The stationary charging station is designed with the principles of low cost and high reliability. Based on these principles, the charging station is designed with two small chargers connected in parallel, rather than a single charger with a high output power. The circuit topology of each charger is quite simplified, with only a rectifier and a buck converter. The charging control algorithm is simple, but effective. The concise hardware and software setups make the charging station easy to operate and maintain. However, since the charging station is required to supply a very large amount of power in a limited time, the electric grid typically suffers from high pressure in terms of the maximum power peak. A reasonable idea to solve this problem is to install a fast ESS in the stationary charging station to help improve the electric grid performance. This refers to the concept of “hybrid” stationary charging station design. The idea of a hybrid stationary charging station seems novel and deserves further investigation in future work.
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