









	[image: images]
	Energy Engineering
	[image: images]






DOI: 10.32604/ee.2024.049762

ARTICLE

Regenerative Braking Energy Recovery System of Metro Train Based on Dual-Mode Power Management

Feng Zhao, Xiaotong Zhu*, Xiaoqiang Chen and Ying Wang

School of Automation and Electrical Engineering, Lanzhou Jiaotong University, Lanzhou, 730070, China

*Corresponding Author: Xiaotong Zhu. Email: 12221528@stu.lzjtu.edu.cn

Received: 17 January 2024; Accepted: 30 April 2024; Published: 19 August 2024


Abstract: In order to fully utilize the regenerative braking energy of metro trains and stabilize the metro DC traction busbar voltage, a hybrid regenerative braking energy recovery system with a dual-mode power management strategy is proposed. Firstly, the construction of the hybrid regenerative braking energy recovery system is explained. Then, based on the power demand of low-voltage load in metro stations, a dual-mode power management strategy is proposed to allocate the reference power of each system according to the different working conditions, and the control methods of each system are set. Finally, the correctness and effectiveness of the dual-mode strategy are verified through simulation, and the proposed braking energy utilization scheme is compared with other single-form utilization schemes. The results illustrate that the hybrid system with the dual-mode strategy can effectively recycle the regenerative braking energy of metro train and inhibit the busbar voltage fluctuation; the proposed braking energy utilization scheme has certain advantages on energy recovery and DC bus voltage stabilization compared with other single-form schemes; the proposed power management strategy can correctly allocate the reference power of each system with a lower construction cost.
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Nomenclature



	Etr
	The energy required by the train when a metro train is in traction operation (J)



	Esub
	The energy provided by the traction substation (J)



	Ef_DC
	The braking energy which is returned to the DC bus (J)



	Ebr
	The braking energy which is consumed by the braking resistor (J)



	ESC
	The braking energy stored by the energy-storage system (J)



	Ef_L
	The braking energy returned to the AC 400 V grid by the energy feedback system (J)



	Ps
	The power consumed when the train starts up (MW)



	Pbr
	The power consumed by the train braking resistor (MW)



	PSC
	The power stored by the energy-storage system (MW)



	Pf
	The power fed back to the low voltage load (MW)



	Ptr
	The power required to start the train under traction condition (MW)



	Pre
	The power returned to the distribution network under regenerative braking condition (MW)



	SOC
	The state of charge



	SOCmax
	The maximum value of SOC



	SOCmin
	The minimum value of SOC



	Udc
	The voltage of the DC busbar (V)



	Utr
	The discharge voltage threshold of the energy storage device (V)



	Ure
	The charge voltage threshold of the energy storage device (V)



	Pdis_m
	The maximum discharging power of the energy-storage system (MW)



	Pchar_m
	The maximum charging power of the energy-storage system (MW)



	Pf_m
	The maximum power of the energy-feedback system (MW)



	PSC_ref
	The reference power of energy-storage system (MW)



	Pf_ref
	The reference power of energy-feedback system (MW)



	USC_ref
	The reference voltage of energy-storage system in energy-storage system control block diagram (V)



	ISC_limit
	The limit value of the reference current in energy-storage system control block diagram (A)



	Ud
	The d-axis component of the low-voltage load’s voltage in energy-feedback system control block diagram (V)



	Id_max
	The active power current threshold in energy-feedback system control block diagram (A)



	id∗
	The active current reference value (A)



	iq∗
	The reactive current reference value (A)



	id
	The active current components of three-phase current in the low-voltage system (A)



	iq
	The reactive current components of three-phase current in the low-voltage system (A)



	ud
	The voltage active component (V)



	uq
	The voltage reactive component (V)



	uα
	The voltage component transformed by ud (V)



	uβ
	The voltage component transformed by uq (V)





1  Introduction

With greenhouse gas emissions and fossil energy consumption, choosing low-carbon transportation has become one of the effective measures to mitigate the greenhouse effect [1]. As one of the low-carbon transportation options, metro trains have been introduced in many cities due to their advantages of large passenger capacity, convenient transportation, and low emission pollution [2]. However, with the construction and opening of metro lines, the electricity consumption of metro trains has become increasingly prominent [3]. How to effectively reduce the electricity consumption of the metro has become a widespread concern.

Metro trains experience frequent regenerative braking during operation, producing a significant amount regenerative braking energy [4,5]. However, due to the presence a 24-pulse wave uncontrolled rectifier unit in the metro traction substation, the regenerative braking energy generated by the metro train cannot be directly fed back into the AC power grid [6]. If the energy cannot be absorbed by the metro train running on the same railway line, the voltage of the DC grid will increase rapidly. This will trigger the train’s braking resistor to absorb excess energy, leading to the loss of regenerative braking energy and putting additional strain on the heat dissipation system [7].

Regarding the regenerative braking energy utilization of metro trains, scholars mainly conduct research in three key areas: Train operation optimization, energy feedback technology, and energy storage technology [8]. References [9–11] pointed out that train operation optimization does not require additional equipment but is limited by the numerous conditions of the train operation diagram, which enhances energy utilization to a limited extent. References [12–14] pointed out that feedback technology can transfer regenerative braking energy to the low voltage grid or medium voltage grid in the metro power grid. However, the impact on the grid poses a threat to electricity safety. References [15–17] highlighted that energy storage devices can efficiently store regenerative energy, but relying solely on this measure can be costly. Therefore, the single technology to recycle the regenerative energy of metro trains has some drawbacks.

With the development of intelligent algorithm technology and control system computing power, the energy management strategy based on optimization has emerged as a new concept in the research of ground energy storage energy management. Reference [18] utilized a neural network to predict the minimum state of charge of a ground energy storage system, and monitored the SOC of the energy-storage system by adjusting the threshold to maximize the recovery of regenerative braking energy during train braking. Reference [19] proposed a hybrid energy storage system operation optimization strategy based on dynamic planning. The energy management strategy based on optimization can achieve an approximate optimal solution, enabling the energy storage system to achieve optimal control in a complex and variable traction power supply system. However, this energy management strategy also faces challenges such as complex control methods, lengthy training time, and difficulties in application, which require further improvement and resolution.

In order to overcome the disadvantages of a single form of recycling regenerative energy and combine the advantages of different technologies, composite energy utilization systems have been proposed. Reference [20] proposed a system that combines energy storage technology and energy feedback technology. However, the study needed to conduct a thorough analysis of power balance under various operating conditions and did not discuss the synergies between the two systems. Reference [21] proposed a system that stores energy and then supplies it to low-voltage loads (such as air conditioning and elevator systems) in the metro station. However, the study did not account for the variations in power requirements when the low-voltage loads operate in different seasons. In fact, the power consumption of low-voltage loads in metro stations varies with the seasons. For example, reference [22] measured the low-voltage load data of a metro station in Wuhan, China. The results showed that the maximum power of the chiller for the air conditioning system in summer is 30 kW higher than that in fall. This indicates that the low-voltage load power of the metro station varies in different seasons. Therefore, it is essential to consider the variation in power demand of low-voltage loads in different seasons when developing the control method for the composite system. If there is a high power demand from the low-voltage loads, regenerative energy produced by the metro train could be preferentially fed back to the AC 400 V grid to meet the demand. On the other hand, if the demand is low, the energy could be stored by a device such as a supercapacitor.

In conjunction with the above analysis, the study conducted includes the following:

(1)   In Section 2, by combining the advantages of energy feedback technology and energy storage technology, we propose the construction of a hybrid regenerative energy recovery system.

(2)   In Section 3, considering the changing demand for low-voltage loads power, a dual-mode power management strategy for the hybrid system is proposed, and the control method for each system is designed based on the strategy in Section 4.

(3)   In Section 5.1, by classifying the working conditions, the accuracy and effectiveness of the dual-mode power management strategy are proven. Furthermore, compared to single-form energy recycling, the efficiency of the dual-mode power management strategy has been proven in Section 5.2. Finally, the system is simulated without the dual-mode strategy to validate its impact on the system in Section 5.3.

2  The Hybrid Regenerative Braking Energy Recovery System

The construction of the hybrid regenerative braking energy recovery system is as shown in Fig. 1. It consists of a power supply grid, an energy-storage system, an energy-feedback system and a metro train. The descriptions of each part are as follows:

(1)   The power supply grid consists of a 35 kV medium voltage distribution network, a step-down transformer, and 24 pulsed wave uncontrolled rectifier units. The system outputs 1500 V DC for use in metro trains.

(2)   The energy-storage system consists of supercapacitors and a bi-directional DC/DC conversion circuit. According to the state of the metro train’s operation, the storage system can be controlled to inject or absorb energy, thereby stabilizing the DC busbar and compensating for energy deficiencies.

(3)   The energy-feedback system transfers a portion of regenerative energy from the metro train to the AC 400 V grid in the metro station for powering the auxiliary equipment in the metro station.

(4)   The metro train is equipped with a braking resistor system. The braking resistor is activated when the DC busbar voltage rises to the limit, consuming the residual braking energy as a final measure to ensure the safety of the DC busbar voltage.
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Figure 1: Construction of hybrid regenerative braking energy recovery system

Before connecting the regenerative braking energy recovery system, when a metro train is in traction operation, Etr is provided by the traction substation. When a metro train is in regenerative braking operation, part of the braking energy is returned to the DC bus, and part of it is consumed by the braking resistance of the train. Energy relationships are illustrated in Eqs. (1) and (2).

Etr=Esub,traction mode(1)

Ere=Ebr+Ef_DC,regenerative braking mode(2)

After connecting the regenerative braking energy recovery system, the energy-storage system discharges to provide a part of the traction energy required by the train during traction operation and stores a part of the regenerative energy when the train brakes regeneratively. The energy-feedback system returns a part of braking energy to the AC 400 V grid. The energy relationship after connecting the hybrid system is as shown in Eqs. (3) and (4).

Etr=Esub+ESC,traction mode(3)

Ere=ESC+Ef_L+Ebr+Ef_DC,regenerative braking mode(4)

In Eqs. (1) to (4), Etr, Ere, ESC and Ef_L are calculated as follows:

{Etr=∫PtrdtEre=∫PredtESC=∫PSCdtEf_L=∫Pfdt(5)

It is assumed that power flowing from the power supply network to the metro locomotive or other equipment is positive, while the power delivered by the train or other equipment to the power supply network is negative. In Eq. (5), Ptr is positive, then Pre, PSC and Pf are negative.

From Eqs. (3) and (4), it can be seen that in the traction mode of metro trains, the addition of an energy storage system results in the traction substation providing less energy. In the regenerative braking mode of metro trains, the energy-storage system and energy-feedback system absorb a portion of the regenerative braking energy. This reduces the energy sent back to the DC bus and the energy consumed by the brake resistor. Comprehensive analysis of the above indicates that the hybrid system is beneficial for achieving energy savings and effectively utilizing regenerative energy.

As a result of the foregoing analysis, it can be concluded that the power consumption of the traction substation and the AC 400 V grid can be reduced theoretically with the hybrid system. To achieve control over each system and utilize regenerative energy more effectively, a power management strategy that takes into account the fluctuation in power demand of the low-voltage loads will be proposed.

3  Dual-Mode Power Management Strategy

3.1 Division of Operating Mode and Sub-Reference Power Allocation

According to the fluctuation in power demand of low-voltage loads in metro stations during different seasons, the regenerative braking energy recovery system can operate in two modes: Mode 1, when the demand for low-voltage load power is low, and Mode 2, when the demand for low-voltage load power is high. The details of each mode are as follows:

(1)   In spring and fall seasons, the outdoor temperature generally ranges between 18°C to 28°C when the metro is running. The air conditioning system in the metro station is opened for a short time during these seasons, resulting in low power requirements for the low-voltage load in the metro station. In this case, Mode 1 is used in the spring and fall seasons. In Mode 1, regenerative energy is prioritized to be stored by the energy-storage system to reduce the train’s power drawn from the power grid. Any excess energy is then recovered by the energy-feedback system when the energy-storage system is saturated.

(2)   In summer, the outdoor temperature is higher than 26°C during metro operation, and in winter it is lower than 16°C. Therefore, the central air conditioning in metro stations will be operational for extended periods. During the summer, the number of passengers using the metro increases slightly as people tend to go out more. Consequently, the power consumed by the elevator system in metro stations will rise. Therefore, Mode 2 is adopted in summer and winter seasons. In Mode 2, the regenerative energy is prioritized to be sent back to the AC 400 V grid to supply the low-voltage load consumption in the station. Any excess energy is stored by the energy-storage system when the energy-feedback system reaches its limit.

In each mode, the energy-feedback system only operates when the train brakes regeneratively. The energy-storage system does not operate when the metro train is in a no-load condition or when the SOC exceeds the normal range. When the metro train is in the traction state and the SOC is normal, the energy-storage system can discharge. When the train is regeneratively braking and the SOC is normal, the energy-storage system can charge.

After the aforementioned process, if there is still an excess of regenerative energy, the DC busbar voltage will rise and reach the threshold for activating the braking resistor. This way, the train consumes the surplus energy on board instead of injecting it into the catenary.

With the above analysis, the dual-mode power management strategy of the regenerative braking energy recovery system can be formulated, as shown in Figs. 2a and 2b. Fig. 2a illustrates the power management strategy for Mode 1, while Fig. 2b depicts the power management strategy for Mode 2.
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Figure 2: Dual-mode power management strategy

In the dual-mode strategy, Mode 1 is divided into 8 working conditions, while Mode 2 is divided into 7 working conditions. The reference power for each working condition can be obtained.

3.2 System Working Condition Classification and Reference Power Analysis

Combined with the running state of the metro train, the working conditions of Mode 1 and Mode 2 are classified as follows:

(1)   Working conditions 1 to 3 of Mode 1 and Mode 2 are referred to as traction conditions.

(2)   Working conditions 4 to 8 of Mode 1 are referred to as regenerative braking conditions within Mode 1.

(3)   Working conditions from 4’ to 7’ of Mode 2 are referred to as regenerative braking conditions within Mode 2.

Each classification will be analyzed as follows:

(1)   Traction: The energy-feedback system is inactive, and the energy-storage system discharges based on the SOC: if the SOC is normal, the energy-storage system discharges; if the SOC is abnormal, the metro train will draw power directly from the DC busbar.

(2)   Regenerative Braking under Mode 1: If SOC is normal, the storage system will charge to Pchar_m, and the remaining energy will be absorbed by the feedback system. If SOC is abnormal, the energy will be sent to the AC 400 V grid until the feedback system reaches Pf_m.

(3)   Regenerative Braking under Mode 2: The energy will be sent to the AC 400 V grid preferentially until the feedback system reaches the maximum power. If the SOC is normal, the excess regenerative energy is stored by the storage system. If SOC is abnormal, the residual energy is consumed by the braking resistor.

With the dual-mode strategy, PSC_ref and Pf_ref in each working condition are shown in Tables 1 and 2.
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By obtaining the reference power of each system, the control method can be formulated.

4  System Control Methods

4.1 Control Method for Energy-Storage Systems

The control method of the energy-storage system involves a voltage and current double closed-loop control method, as illustrated in Fig. 3. The difference obtained by subtracting USC from USC_ref is input to Proportional-Integral (PI) controller 1, which outputs the reference current of the energy storage device after passing through the limitation block. ISC_limit is input to the limitation block to restrict the amount of reference current. The difference value obtained by subtracting ISC from the reference current of the energy storage device is input to PI controller 2. Finally, the control signal of the bidirectional DC/DC converter is obtained after the PWM modulation.
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Figure 3: Energy-storage system control block diagram

When charging, USC_ref equals Ure, and when discharging, USC_ref equals Utr. ISC_limit could be obtained through the controller. The calculation principle of the controller is as shown in Eq. (6):

ISC_limit=PSC_refUSC(6)

4.2 Control Method for Energy-Fed Systems

The energy-fed system control method adopts the space vector pulse width modulation (SVPWM) control technique. Fig. 4 shows the control block diagram of the energy-feedback system. The difference between Udc and Ure is input into a PI controller, and the output is constrained by Id_max to achieve id∗. id and iq are derived from the three-phase currents of the low-voltage network after a 3 s/2 s transformation. The difference between id and id∗ is fed into a PI controller, and ud is obtained by feed-forward compensation of the grid voltage. Since it is desired to generate as many active components as possible in an inverter-grid-connected system, iq∗ is set to 0. After comparing iq with iq∗, uq is obtained by feed-forward compensation of the grid voltage. ud and uq are then converted into uα and uβ by a 2 s/2 r transformation. uα and uβ are sent to the SVPWM module for modulation to obtain control signals for controlling the IGBT inverter.
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Figure 4: Energy-feedback system control block diagram

Pf_ref and Ud are using Eq. (7) to determine Id_max.

Id_max=2Pf_ref3Ud(7)

5  Simulation Verification and Analysis

5.1 Simulation of Working Conditions

To verify the dual-mode power management strategy, a simulation model is constructed in the Matlab/Simulink platform, as shown in Fig. 1. The parameters of the simulation are as shown in Table 3.
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In this simulation, the regenerative energy generated by the metro train is constant. The experimental conditions are altered by changing parameters Pdis_m, Pchar_m, and Pf_m. This paper primarily examines the impact of complex working conditions within the dual-mode strategy on stabilizing bus voltage and restoring braking power. These complex conditions encompass sub-condition 2 in Traction, sub-condition 8 in Regenerative Braking under Mode 1, and sub-condition 5’ in Regenerative Braking under Mode 2. The remaining sub-conditions are verified to ensure that the allocated power aligns with the strategy. Table 4 shows the simulation parameters for each working condition. Since both PSC_ref and Pf_ref are 0 in the traction condition sub-condition 1, they are not verified.
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5.1.1 Sub-Condition 2 in Traction Condition

The simulation results of sub-condition 2 in the traction condition are shown in Figs. 5a and 5b. When the metro train starts, the DC busbar voltage drops to 1100 V without the energy-storage system in Fig. 5a, and the required traction power is about 2 MW in Fig. 5b. After accessing the system, the busbar voltage remains at 1400 V, and the required traction power of the train is reduced to about 1 MW.
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Figure 5: Simulation results of sub-condition 2 in Traction condition

5.1.2 Sub-Condition 8 in Regenerative Braking Condition under Mode 1

From Fig. 6a, the train brakes regeneratively at 1 s and the DC busbar voltage rises to 1800 V in Fig. 6a. Then the system recycles the regenerative braking power (about 0.5 MW) in Fig. 6b and the voltage decline to 1700 V. In Fig. 6c, the energy-storage system reaches its maximum charging power (0. 3 MW) and the remaining braking power (0.2 MW) is fed back by energy-feedback system.
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Figure 6: Simulation results of sub-condition 8 of low peak braking condition

5.1.3 Sub-Condition 5’ in Regenerative Braking Condition under Mode 2

In Figs. 7a–7c, the bus voltage rises to 1800 V at 1 s, and the energy-feedback system recycles braking power preferentially. After reaching Pf_m (0.3 MW), the energy-storage system stores the remaining power (approximately 0.2 MW), causing the voltage to drop to 1700 V.
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Figure 7: Simulation results of sub-condition 5’ in regenerative braking condition under Mode 2

5.1.4 Verification of Remaining Sub-Condition Simulation

The simulation results of the remaining sub-conditions are shown in Figs. 8a–8h. From Figs. 8a–8h, it can be seen that the power allocation is feasible, indicating that the dual-mode strategy is effective.
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Figure 8: Simulation results of power allocation for remaining sub-conditions

5.2 Comparison of Different Regenerative Braking Energy Recovery Systems

Under the same simulation conditions and control methods, the hybrid system is compared with the systems using a single technology (the system using energy storage technology and the system using energy feedback technology). The impact on the DC busbar voltage and energy recovery is verified. Table 5 shows the comparison of system parameter settings.
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Figs. 9a and 9b show the result. In Fig. 9a, the peak voltage of systems using a single technology is 1780 V, and reducing the voltage to 1700 V takes more time. In contrast, the hybrid system can quickly stabilize the voltage at 1700 V.
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Figure 9: Comparison of different regenerative braking energy recovery systems

As can be seen from Fig. 9a and 9b, the single energy-feedback system recovers only 0.2 MW of braking power, while the single energy-storage system recovers about 0.6 MW. With the proposed energy strategy, the hybrid system can recover approximately 1 MW of braking power.

In summary, when compared to systems using a single technology, the hybrid system with a dual-mode strategy has a more significant impact on busbar voltage and energy recovery.

5.3 System Regenerative Braking Simulation without Dual-Mode Power Management Strategy

To assess the impact of the dual-mode power management strategy on the hybrid system, the simulation of regenerative braking without the dual-mode strategy is conducted. The result is as shown in Figs. 10a and 10b. The effect of ensuring the busbar voltage safety is evident in Fig. 10a. However, Fig. 10b illustrates that almost all the energy is stored by the energy-storage system, and the feedback system is not functioning because the bus voltage has not exceeded 1700 V.
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Figure 10: The simulation result without dual-mode power management strategy

Although the effect of stabilizing bus voltage is positive and almost all the energy is stored without the dual-mode strategy, the cost is higher according to Table 6 (the data are derived from reference 17): if the system does not use the dual-mode strategy, the energy-storage system will be configured with a large power capacity and cost about 1,400,000 yuan (approximately $195,000). By contrast, the system that utilizes the dual-mode strategy could ensure the safety of the DC busbar voltage and absorb all the energy at a lower cost. For instance, if the hybrid system comprises a 0.5 MW energy-storage system and a 0.5 MW energy-feedback system, the total cost would be only 590,000 yuan (approximately $82,350). Therefore, the dual-mode power management strategy has certain advantages in terms of technology and economy.
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6  Conclusion

To efficiently recycle the regenerative braking energy of a metro train, a hybrid regenerative braking energy recovery system with a dual-mode power management strategy is proposed, taking into account the power demand of low-voltage loads in metro stations. The theoretical analysis and simulation experiments above lead to the following conclusions:

(1)   The hybrid system and its dual-mode strategy can effectively recycle regenerative energy, which has a positive impact on the DC busbar voltage.

(2)   Under the same reference power and control methods, the hybrid system with the power management strategy has a better effect on voltage stabilization and energy recovery compared to systems using a single technology.

(3)   The dual-mode power management strategy can accurately allocate power to meet the power requirements of each system. Systems employing the dual-mode strategy can efficiently recycle regenerative energy and cut down on costs.

(4)   This paper mainly studies the ideal hybrid RBE system with a dual-mode energy management strategy to recover the regenerative braking power of trains and does not consider influencing factors such as line impedance. The research conclusions are limited to most metro lines in China, and the optimization of capacity configuration under the hybrid RBE system is not discussed. The limitations of the paper suggest a potential direction for future research.
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Table 1: The reference power of Mode 1

Classification

Sub-condition

Reference power
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Table 3: The simulation parameters of the system

System Parameters Value
Traction power supply system Three-phase voltage of medium voltage network 35 kV
Grid frequency 50 Hz
Ratio of transformer 35kV/1.18 kV
U, 1400 V
U. 1700 V
Metro train The rated voltage of motor DC1150 V
(Three-phase squirrel cage The rated speed of motor 1800/min
motor) The start time of regenerative braking Is
The braking resistance 2.8Q
Energy-storage system The capacity of supercapacitor S0F
SOC,... 95%
SOC,.ix 25%
Energy-feedback system The filter inductance 1.5mH
The filter capacitance 520 wF
The voltage of low power grid 400 V
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Table 6: System component cost

Unit Cost
Grid-connected inverter 200,000 yuan/MW
Isolating transformer 30,000 ynan/MW
Energy storage converter 150,000 yuan/MW

Super capacitor

800,000 yuan/MW
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Table 4: Simulation parameters of specific working conditions

Complex sub-conditions Remaining sub-conditions simulation parameters
simulation parameters
Sub-condition 2 8 5 3 4 5 6 7 4 6 T
Py ./ MW 1 0 0 1.5 0 0 O 0 0 0 0
P /MW 0 0.3 0.5 0 1 0 0 02 0 0 0.2
P, ./ MW 0 0.5 0.3 0 0 1 02 02 1 02 02
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Table 2: The reference power of Mode 2

Classification Sub-condition Reference power
Traction 1 Py s =0,P s =0
2 P SC_ref = P dis_m> P f_ref = 0
3 Py oy = Py, Pr oy =0
Regenerative Braking under Mode 2 4° Py oy =0,P s =—P,
5 PSCJef =—-P.— Pffm& Pffref = Pfim
6’ P SC_ref = O, P f_ref = P f_m
T P SC_ref — P char_m>» P f_ref — P f_m
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Table 5: Different system comparison parameter setting

System Parameter
Energy-storage system Py o =1 MW
Energy-feedback system Py =1 MW

Hybrid regenerative braking energy recovery system Py . = 0.5 MW, P; ., = 0.5 MW
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