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Abstract

:

The Energy Internet is an inevitable trend of the development of electric power system in the future. With the development of microgrids and distributed generation (DG), the structure and operation mode of power systems are gradually changing. Energy routers are considered as key technology equipment for the development of the Energy Internet. This paper mainly studies the control of the LAN-level energy router, and discusses the structure and components of the energy router. For better control of the power transmission of an energy router, the energy routing control strategy for an integrated microgrid, including photovoltaic (PV) energy, battery-energy storage and electric vehicles (EVs) is studied. The front stage DC/DC converter of the PV system uses maximum power point tracking (MPPT) control. The constant current control is used by the bidirectional DC/DC converter of the battery-energy storage system and the EV system when they discharge. The DC/AC inverters adopt constant reactive power and constant DC voltage control. Constant current constant voltage control is adopted when an EV is charged. The control strategy model is simulated by Simulink, and the simulation results verify the feasibility and effectiveness of the proposed control strategy. The DG could generate reactive power according to the system instructions and ensure the stable output of the DC voltage of the energy router.
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1. Introduction


In the third industrial revolution, Rifkin, an American economist, proposes the concept of Energy Internet and mainly describes the application of the Energy Internet in the future [1,2], which has drawn worldwide attention and studies [3,4]. With the continuous development of Internet+, microgrid, renewable energy and DG, the structure and operation mode of the traditional power system are gradually changing [5,6,7].



The Energy Internet is a new generation of intelligent network, having electric power information as its core. The energy domain and information technologies interact with each other and then make efficient use of different energy sources [8,9,10]. The Energy Internet is characterized by networking and distribution, and various international research organizations have done a lot of research works based on different needs and conditions. Germany has proposed the concept of E-Energy and the Energy Internet plan, and studied the system design and management mode [11]. The Future Renewable Electric Energy Delivery and Management (FREEDM) has proposed the concept of energy router and designed energy routers based on solid state transformers (SSTs). The energy router is considered as the infrastructure for building the future energy Internet [12]. Japan’s “Digital Power Grid Alliance” manages and dispatches the electric energy in the corresponding region based on a “Digital Power Grid Router” [13]. In China’s Energy Internet project, the large power grid is regarded as the backbone WAN and the microgrid as the local area network LAN. All components are connected through integrated information energy switching equipment [14]. Almost all of the above Energy Internet prototypes contain energy routers or power routers, indicating that energy routers are one of the key technologies of the Energy Internet [15,16]. Therefore, the Energy Internet is also defined as a multi-level distributed energy sharing complex network based on energy routers and energy LANs (units) with the microgrid as its basic structure [17]. The Energy Internet architecture based on energy routers is shown in Figure 1.



As the main component of the Energy Internet, the energy router has comprehensive functions such as energy-exchange, communication and energy management [18]. At present, energy router research is still in a primary stage. The aim of this paper is to study the control of a LAN-level energy router. This paper discusses the structure and compositions of the energy router, and focuses on the energy transmission control strategy of the energy router for different distributed generations, such as PV, battery-energy storage and EVs. The energy routing models of PV, energy storage and EVs are established and simulated by Simulink. The simulation results verify the feasibility and effectiveness of the proposed control strategy. The DG could generate reactive power according to the system instructions and ensure the stable output of the DC voltage of the energy router. The structure of the paper is as follows: in Section 2, related work is presented. The architecture of the energy router is described in Section 3. The energy routing control strategy is described in Section 4. The simulation and results are presented in Section 5. Finally, Section 6 gives the conclusions.




2. Related Work


At present, energy router research is still in a primary stage. In [19], a distributed power routing control strategy based on the Dijkstra algorithm method for the management and coordination control of power flow in energy routers was put forward. A three-layer tree architecture of an intelligent distributed energy network based on the multi-energy router concept is drawn in [20], where the typical characteristics of the energy router are summarized and analyzed. In [21], the authors presented the main circuit structure of a multi-interface energy router based on a power electronic converter and introduce the control strategy of each module of an energy router. A distributed energy router is designed in [22] and its control mode is designed to ensure the stability of AC and DC buses. However, different DGs have different characteristics and requirements. The common DGs are wind power, PV, energy storage and EVs [23,24]. The PV power generation has the characteristics of randomness, volatility and weak reactive power support [25]. Theories show that distributed energy storage is an effective approach to solve the problems of PV mentioned above [26,27]. EVs are controllable in time and mobile in space. They could be used as micro sources (V2G) to release electric energy. They could also be used as a load (charging), which is inserted into the grid to store electricity [28,29,30]. In fact, energy routers need to ensure the normal operation and quality of the power grid, but it is also important to ensure the reasonable flow of distributed energy, meet the load demand and control the correct and safe energy flow intelligently.



This paper mainly studies the control of a LAN-level energy router, discusses the structure and compositions of the energy router, and focuses on the energy transmission control strategy of the energy router for different distributed generations, such as PV, battery-energy storage and EVs.




3. The Architecture of the Energy Router


Since the development trend of energy routers is to combine the energy interface layer of the unified regional energy LAN with the distributed generation, the energy router needs various types of energy input interfaces and corresponding control loops. The architecture of an energy router is shown in Figure 2.



The energy router can be divided into three parts: the control part, the energy transmission loop and the Internet communication unit. The energy router network information unit has the functions of receiving Internet information, collecting and processing data, data analysis, prediction, interaction and decision-making. The energy transmission layer and control part work according to different requirements. The three parts interact and ultimately achieve high efficiency and safety of energy utilization.



In terms of the energy routing control, different control methods are adopted for different DGs. The PV system uses the unidirectional DC/DC converter to achieve one-way flow of power, at the same time to realize MPPT. A bidirectional DC/DC converter is used for the battery-energy storage system and EV system when they discharge. The DC/AC inverter of the AC side adopts constant reactive power and constant DC voltage control, which enables the PV, battery-energy storage and EVs to generate reactive power according to the grid instructions and ensure stable output of DC voltage of energy router. The constant current constant voltage control is adopted when an EV is charged. The energy routing models of PV, energy storage and the EVs are established and simulated based on Simulink.




4. The Energy Routing Control Strategy


4.1. EV and PV Battery-Energy Storage Power System


In order to study the energy routing strategy for the integrated microgrid, including PV, battery-energy storage and EVs, their structures are designed in this paper as shown in Figure 3, which includes a PV system, battery-energy storage system, EV system, load and the inverter control systems of each system.



In Figure 3, S1, S2 and VD1, VD2 are the switches and diodes. Lpv, LEV, Lbat are the boost/buck circuit inductances of the PV system, energy storage system and EV system, respectively. Cdc.pv, Cdc.EV, Cdc.bat are their DC capacitances, respectively. Vdc.pv, Vdc.bat, Vdc.EV are the DC voltages. The Cpv is the boost circuit capacitances of PV. L1, L2, L3 are the converter reactors. Load1, Load2, Load3 are the loads of system. ic1, ic2, ic3, iD3, iD2 and iD1 are the currents of the diode and DC capacitances. RL1, RL2, RL3 are the grid-connected capacitors and inductances.




4.2. Energy Routing Control Strategy of PV System


The power generation control system of PV is divided into two control subsystems, which are unidirectional DC/DC and DC/AC, respectively. The control goals of PV system are to achieve the MPPT operation of the PV array, stabilize the converter DC voltage and output reactive power according to the system instruction.



4.2.1. Unidirectional DC/DC Control Strategy


The front-stage converter of the PV power generation control system adopts unidirectional DC/DC control to realize one-way power flow and simultaneously realize MPPT control. The DC/DC converter realizes input and output voltages control by adjusting the duty cycle of insulated-gate bipolar transistor (IGBT). The principle of PV front-stage DC/DC control is shown in Figure 4. IPV is the current of PV array, VPV is the DC voltage of the PV array.



MPPT refers to the tracking and control of DGs, so that the maximum power output can be obtained in all circumstances. The common MPPT methods of PV arrays are the constant voltage method, disturbance observation method, and incremental conductance method. There is a maximum power point when a PV array operates under certain conditions. The main principle of the disturbance observation method is to apply a periodic constant step disturbance to the output voltage of PV array ∆V (or a constant step disturbance to the output current of the PV array ∆I). If the ∆P is positive, it means the working point voltage is less than the maximum power point voltage, and the disturbance in the original direction will continue to increase. Otherwise, the working point voltage will be larger than the maximum power point, and a negative direction will be added. The working point of the PV cell will be kept close to the MPPT. In this paper, the PV power generation system uses disturbance observation which is the most commonly used method.



In this way, by referring to a self-optimizing search program, which is shown in Figure 5, the constant step length disturbance is added to the PV output voltage. The change of current and pre-change power is compared in real time, so that PV array can work at the maximum power point as much as possible.




4.2.2. DC/AC Control Strategy


In Figure 6, the PV power generation inverter adopts double loop control, the outer ring is constant DC voltage and constant reactive power control, the inner ring is current control. Vq.grid.ref and Vd.grid.ref are respectively the instruction values of the d and q axis components of the grid side voltage. Vdc.pv is the output voltage actual value of the unidirectional DC/DC converter of PV, Qgrid1 is the reactive power actual value of the grid. They are the input of outer ring value of the inverter control system, and are compared respectively with the DC voltage instruction value of PV Vdc.pv.ref and network side reactive power instruction value Qgrid1.ref.



The input current instruction value of PV Id.pv.ref and Iq.pv.ref are obtained through the outer loop proportional integral (PI) controller for synchronous rotating coordinate system under the current inner loop controller. After coordinate transformation, the d, q components of the grid side DC current Id.grid1 and Iq.grid1 are obtained, and they are compared with their instruction value of corresponding current d and q components Id.grid1.ref and Iq.grid1.ref. The six PWM trigger pulses are obtained through PI controller and PWM modulation of the inner loop. Finally, IGBT is controlled to realize non-static adjustment of constant DC voltage and constant reactive power. The space vector pulse width modulation (SVPWM) modulation is adopted in this paper, and inductance capacitance (LC) filtering method is used to suppress the current harmonic generated by it in order to make it work normally.





4.3. Energy Routing Control Strategy of Battery-Energy Storage System


The battery-energy storage power generation control system is divided into two control subsystems, which are bidirectional DC/DC converter and DC/AC inverter. Its goals are:

	
achieving two-way flow of power in battery-energy storage system



	
achieving constant reactive power control



	
achieving constant DC voltage control








In Figure 7, the front stage converter of energy storage adopts directional DC/DC, which could increase the voltage or decrease the voltage. It is mainly composed of the inductance Lbat, capacitor Cbat, IGBT switches S1, S2, diode VD1 and VD2.



By controlling the conduction ratio of PWM to achieve its switches on and off. The output voltages, the duty ratio of the two switch tubes are set as V1, V2 and D1, D2 respectively, the relation of them as shown in Equation (1):


V1V2=1−D2D1



(1)







When the charge-discharge current instruction value Ibat.ref shown in Figure 6 is positive, the bidirectional DC/DC is in the boost state. Otherwise, the bidirectional DC/DC is in the buck state.



Figure 8 is the schematic diagram of the battery-energy storage control system. It consists of a bidirectional DC/DC converter control and inverter control. The principle of the bidirectional DC/DC control has been explained previously, the inverter is controlled by dual closed-loop control of voltage and current.



Vdc.bat is the actual DC voltage on the DC side of the inverter of the battery-energy storage system, Qgrid2 is the actual reactive power on the grid side of the grid. They are respectively controlled by the voltage outer ring and the power outer ring, and then the instruction values of d and q axis of current control Id.bat.ref and Iq.bat.ref are obtained. The current collected by the grid Il is transformed through coordinate transformation to obtain DC/AC inverter of d and q components of AC side current Id.l, Iq.l. The Id.l and Iq.l are compared with Id.bat.ref and Iq.bat.ref, respectively, and the PWM trigger pulse is obtained through the current controller, which ensures the non-static adjustment of DC voltage/reactive power.




4.4. Energy Routing Control Strategy of EVs


When the EV is a micro source (V2G), it adopts the same control strategy as a battery-energy storage control system, with bidirectional DC/DC control at the front stage and constant DC voltage constant reactive power of DC/AC inverter control at the after stage.



At present, lithium ion batteries are widely used in EVs. When the EV in this paper is used as system load (charging), its charging control mode needs to consider the characteristics of lithium ion batteries. The control purposes of EV charging machines are to improve the charging efficiency of the battery, shorten the charging time and extend the battery service life. As we all know, shortening the charging time will lead to a sharp decline in battery life, therefore, the charging time and battery life of EV should be considered comprehensively. This control strategy, mainly including AC/DC inverter voltage stability control, DC/DC buck chopper constant current control and DC/DC buck chopper constant voltage control, is shown in Table 1.



The control principle of the AC/DC inverter is same as that of discharge. Two different control modules of constant current and constant pressure are established on the DC/DC control side respectively. The switching of constant current and constant voltage charging mode is realized according to the battery terminal voltage. The current loop PI control is adopted in the constant current stage. By changing the duty cycle ratio, the on-off of the switch tube is controlled and the output current is kept constant. The control structure of the inverter is shown in Figure 9.



Constant voltage control adopts double closed loop control of the external power battery terminal voltage and internal inductance current. The current inner loop is to control according to the current instruction output by the voltage of the outer loop, and improve the dynamic response of the system. The outer voltage loop is used to maintain the stability of the power battery terminal voltage. The inverter control structure shown in Figure 10.





5. Simulation and Results


In order to verify the effectiveness of the control strategy proposed in this paper, a simulation study is carried out. In this paper, a complete simulation structure diagram of the energy routing control of the PV, battery-energy storage and EV system is built under Simulink. The simulation parameters are shown in Table 2, Table 3 and Table 4.



5.1. Example 1: The Reactive Power Instruction Values of PV, Battery-Energy Storage and EV Are all 0 Var


Figure 11 shows the PV simulation results when the reactive power instruction values of PV, battery-energy storage and EV are all 0 Var. As seen in Figure 11a, the initial temperature of the PV array is stable at about 25 °C. As depicted in Figure 11b, the light intensity of the PV array decreases at around 1s and increases back to the original state at around 3 s.



In Figure 11c, the active power output of PV array has the same change trend, falling at around 1 s and increasing back to the original state at around 3 s. Therefore, the PV array has realized the MPPT operation under the control of DC/DC. The variation of active power output is smooth and this reduces the impact on the system. The reactive power of the AC side of the PV inverter is stable at 0 Var as shown in Figure 11d. Figure 11e shows that the DC voltage of the inverter can be stabilized at around 800 V, which is the same as the instruction value of the grid side. As a power grid power source, PV has characteristics of uncertainty and randomness. The constant reactive power and constant DC voltage control strategy of DC/AC inverter used in this paper, is able to achieve the function of releasing reactive power according to the power grid instructions, stabilizing DC voltage and stabilizing the active power.



Figure 12a–f are the battery-energy storage results. The reactive power of the battery-energy storage could well track its instruction value shows Figure 12b, which is about 0 Var. As shown in Figure 12c, the DC voltage at the inverter side could track well its instruction value that is 800 V. The active power of it could stabilize the output as shown in Figure 12a. As depicted in Figure 12d–f, the bidirectional DC/DC converter of battery-energy storage adopts the constant current discharge control method, and the discharge current is basically kept at around 112 A as shown in Figure 12d. The discharge voltage is slightly reduced is shown in Figure 12e and the charge capacity of the battery decreases uniformly is shown in Figure 12f. The battery-energy storage could be controlled by constant DC voltage constant reactive power and the mode of constant current, which can realize stable output of the reactive power and active power, thus ensure the stable operation of the power grid. Figure 12g–i are the simulation results of EV. It can be seen that under the control of constant reactive power and constant DC voltage of energy router, EV could also be connected to the network stably.



Figure 13 shows the active and reactive power generated by the grid. The active and reactive load of this system are respectively 0.06 MW and 0.06 MVar. The active power generated by the grid makes up for the demand of active power load as shown in Figure 13a Since the reactive power instruction values of the DG are all 0 Var, the reactive power of the system is provided by the grid, as shown in Figure 13b.




5.2. Example 2: The Reactive Power Instruction Values of PV, Battery-Energy Storage and EV Are Respectively 10,000 Var, 20,000 Var and 0 Var


Figure 14 shows the PV simulation results. The reactive power instruction values of the PV, battery-energy storage and EV are respectively 10,000 Var, 20,000 Var, and 0 Var. As shown in Figure 14a, the initial temperature of the PV array is stable at about 25 °C.



As depicted in Figure 14b, the light intensity of the PV array decreased at around 1 s and increased back to the original state at around 3 s. In Figure 14c, the active power output of the PV array has the same change trend, and falls at around 1 s and increases back to the original state at around 3 s, therefore the PV array has realized the MPPT operation under the control of DC/DC. The variation of active power output is smooth and reduces the impact on the system. The reactive power of the AC side of the PV inverter is stable at 10,000 Var, as shown in Figure 14d. Figure 14e shows that the DC voltage of the inverter can be stabilized at around 800 V, which is the same as the reactive power and DC voltage instruction value of the grid side. As a power source of the power grid, PV has characteristics of uncertainty and randomness. The constant reactive power constant DC voltage control strategy of DC/AC inverter used in this paper can achieve the function of releasing reactive power according to the instruction of power grid, stabilizing DC voltage, and then stabilizing the active power.



Figure 15a–f are the battery-energy storage results. As shown in Figure 15b the reactive power of the battery-energy storage could track well its instruction value, which is about 20,000 Var. As shown in Figure 15c, the DC voltage at the inverter side could track well its instruction value, which is 800 V. The active power could be stabilized as shown in Figure 15a. The bidirectional DC/DC converter of battery-energy storage adopts the constant current discharge control method, the discharge current is basically kept at around 115 A as shown in Figure 15d, the discharge voltage is slightly reduced as shown in Figure 15e and the charge capacity of the battery decreases uniformly as shown in Figure 15f. The battery-energy storage could generate stable reactive power and active power, which ensure the stable operation of the power grid under the control of constant DC voltage constant reactive power and the mode of constant current. Figure 15g,h are the EV simulation results where the reactive power of the EV is about 0 Var and the DC voltage of the EV is about 800 V which are the same as their instruction values. It can be seen that under the control of constant reactive power constant DC voltage of energy router, the EV could be connected as a distributed power source to the grid and ensure the stability of the power grid.



Figure 16 shows the active and reactive power generated by the grid. The active and reactive load of this system are respectively 0.06 MW and 0.06 MVar. The active power generated by the grid makes up for the demand of active power load as shown in Figure 16a. Since the reactive power instruction values of the DG are respectively 10,000 Var, 20,000 Var, 0 Var., the rest of the reactive power of the system is provided by the grid. As shown in Figure 16b, the reactive power of grid is about 30,000 Var.




5.3. Example 3: EV Charging


Figure 17 shows the simulation results of the EV when it is the load of the grid. The constant current and constant voltage are adopted when the EV is charged. The constant current charging current is 10 A, and the constant voltage charging voltage is 440 V. It can be seen from Figure 17a,b, that a constant current is adopted at the beginning stage, and this constant current is 110 A. With the deepening of charging, the battery voltage gradually increases to 440 V, and the charging machine is switched to the constant voltage charging mode. The constant current charging time is 8 s. After 8 s, the terminal voltage of the power battery remains at 440 V, the charging current gradually decreases and enters the trickling charging stage. The battery continues to be charged. It can be seen from Figure 17c,d that the charge capacity of the power battery increases faster in the constant current stage, while the charge capacity increases slowly in the constant voltage stage due to the reduction of charging current. The intermediate voltage of AC/DC inverter remains stable after charging, which verifies the effectiveness of the control strategy of constant voltage and constant current charging of the power battery.





6. Conclusions


This paper mainly studies the control of a LAN-level energy router, discusses the structure and components of the energy router, and focuses on the energy transmission control strategy of the energy router for different distributed generations. The models of EV, PV and battery-energy storage are established respectively by using Simulink. Three examples are simulated to verify the effectiveness of the control strategy. The examples are the reactive power instruction values of DGs are all 0 Var; the reactive power instruction values of PV, battery-energy storage and EV are respectively 10,000 Var, 20,000 Var and 0 Var; and EV charging.



The simulation results show that the control method of the PV system could realize MPPT, and the EV system could achieve constant voltage and constant current control when it is charging. The EV, PV and battery-energy storage could release reactive power according to the instructions of the grid. The DC voltages of DGs could be well controlled and stabilized. The normal operation and quality of the power grid be achieved under the control of the energy router while maintaining the reasonable flow of distributed energy and safe intelligent energy flow. The limitation of this work is that the control model of the energy router lacks any interaction with the communication and decision-making part of the power system. In fact, the control of the energy router needs to interact with the communication part in real time, which can be further studied and combined in the future.
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Figure 1. The Energy Internet architecture based on energy routers. 
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Figure 2. The architecture of an energy router. 
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Figure 3. Structure of a photovoltaic (PV) battery-energy storage hybrid power system with EVs. 
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Figure 4. The principle of PV front-stage DC/DC control. 






Figure 4. The principle of PV front-stage DC/DC control.



[image: Energies 12 00302 g004]







[image: Energies 12 00302 g005 550]





Figure 5. Maximum power point tracking (MPPT) algorithm program based on disturbance observation. 
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Figure 6. Control principle of PV power generation inverter. 
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Figure 7. The circuit topology of Buck-Boost converter. 
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Figure 8. The schematic diagram of battery-energy storage control system. 
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Figure 9. The structure of constant current control. 
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Figure 10. The structure of constant voltage control. 
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Figure 11. The simulation results of PV. (a) the initial temperature of the PV array. (b) the initial conditions of the light intensity of PV array. (c) the active power of PV. (d) the reactive power of PV. (e) the DC voltage of PV. 
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Figure 12. The simulation results of battery-energy storage and electric vehicle (EV). (a) the active power of battery-energy storage. (b) the reactive power of battery-energy storage. (c) the DC voltage of battery-energy storage. (d) the discharge current of battery-energy storage. (e) the discharge voltage of battery-energy storage. (f) the state of charge (SOC) of battery-energy storage. (g) the active power of EV. (h)the reactive power of EV. (i) the DC voltage of EV. 
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Figure 13. (a) active power of grid. (b) reactive power of grid. 
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Figure 14. The simulation results of PV. (a) the initial temperature of the PV array. (b) the initial conditions of light intensity of PV array. (c) the active power of PV. (d) the reactive power of PV. (e) DC voltage of PV. 
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Figure 15. The simulation results of battery-energy storage and EV. (a) the active power of battery-energy storage. (b) the reactive power of battery-energy storage. (c) the DC voltage of battery-energy storage. (d) the discharge current of battery-energy storage. (e) the discharge voltage of battery-energy storage. (f) the SOC of battery-energy storage. (g) the active power of EV. (h) the reactive power of EV. (i) the DC voltage of EV. 
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Figure 16. (a) active power of grid. (b) reactive power of grid. 
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Figure 17. The simulation results of EV charging. (a) Charging current of EV. (b) Charging voltage of EV. (c) SOC of EV. (d) DC voltage of EV 
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Table 1. Control strategy of charging machine.
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	EV
	AC/DC Part
	DC/DC Part





	Control mode
	Constant DC voltage
	Constant current constant voltage
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Table 2. Simulation parameters of the PV system.
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	Meaning and Unit
	Number
	Meaning and Unit
	Number
	PI Parameters
	Number





	Parallel number of the PV array
	48
	DC voltage of inverter Vdc.pv.ref/V
	800
	KP1
	2



	Series number the PV array
	10
	Sampling frequency/kHZ
	1000
	Ki1
	100



	Short-circuit current/A
	60.9
	Boost circuit capacitance Cpv/μF
	60 × 103
	KP2
	1200



	Open-circuit voltage/V
	853.1
	Boost circuit inductance Lpv/mH
	50 × 10−3
	Ki2
	1



	Optimum operating voltage/V
	729.1
	DC container Cdc.pv/μF
	750
	KP3
	1



	Optimum operating voltage/A
	273.1
	Converter reactor L1/mH
	1
	Ki3
	50



	Rated power/kW
	199.1
	The cycle of PWM
	10 × 10−3
	KP4
	20



	Load1/MW + MVar
	0.02 + 0.02
	-
	-
	Ki4
	20
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Table 3. Simulation parameters of the battery-energy storage system.
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	Meaning and Unit
	Number
	PI Parameters
	Number





	DC voltage of inverter Vdc.bat.ref/V
	800
	KP1
	2



	Rated voltage of energy storage battery/V
	400
	Ki1
	100



	Rated capacity of energy storage battery/Ah
	200
	KP2
	1000



	Initial state of charge (SOC) of the energy storage battery/%
	50
	Ki2
	1



	Charge discharge current/A
	±110
	KP3
	1



	Start time of bidirectional DC/DC converter/s
	0.05
	Ki3
	50



	Sampling frequency/kHZ
	1000
	KP4
	20



	Boost/Buck circuit inductance Lbat/mH
	5
	Ki4
	20



	DC container Cdc.bat/μF
	2200
	-
	-



	Converter reactor L2/mH
	2
	-
	-



	The cycle of PWM
	10 × 10−3
	-
	-



	Load2/MW + MVar
	0.02 + 0.02
	-
	-
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Table 4. Simulation parameters of the EV system.
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	Meaning and Unit
	Number
	PI Parameters
	Number





	DC voltage of inverter Vdc.bat.ref/V
	800
	KP1
	2



	Rated voltage of EV/V
	400
	Ki1
	100



	Rated capacity of EV/Ah
	200
	KP2
	1000



	Initial state of charge (SOC) of the EV/%
	50
	Ki2
	1



	Charge discharge current/A
	±110
	KP3
	1



	Termination voltage at constant current charging stage/V
	440
	Ki3
	50



	Start time of bidirectional DC/DC converter/s
	0.05
	KP4
	20



	Sampling frequency/kHZ
	1000
	Ki4
	20



	Boost circuit inductance Lbat/mH
	5
	-
	-



	DC container Cdc.bat/μF
	2200
	-
	-



	Converter reactor L2/mH
	2
	-
	-



	The cycle of PWM
	10 × 10−3
	-
	-



	Load3/MW + MVar
	0.02 + 0.02
	-
	-
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