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Abstract

:

The energy router (ER) is a current power electronic device which can integrate distributed energy, provide power for different types of loads, and simultaneously realize the free flow of energy. In traditional active distribution networks, power quality is affected due to the access of photovoltaics (PV) and various loads. Hence, this problem can be improved by accessing the ER. This paper shows the power quality improvement of the grid when the ER is used to integrate PV, energy storage, and AC/DC loads. At the same time, an energy coordination strategy for ER is proposed. The IEEE 13 node model is developed to analyze power quality fluctuations when distributed energy and AC/DC loads are directly connected to the grid. For the power quality analysis, five indicators were selected and the hierarchical analysis method was used to obtain the indicators of power quality. After the use of ER under the coordinated control of ER, the energy is distributed twice and the power quality of the grid improves. The feasibility of ER topology and the control strategy have been verified through an established active distribution networks model with ER. It is verified that when the ER is connected to active distribution networks, the power quality improves accordingly, and it can effectively deal with the characteristics of distributed energy fluctuations and improve the flexibility of the power grid.
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1. Introduction


Due to energy scarcity and increasing environmental pollution problems, distributed energy sources have gradually emerged. In this context, traditional centralized systems have gradually transitioned to energy internet (EI) systems, which include distributed renewable energy sources (e.g., photovoltaics) and distributed energy storage devices (e.g., batteries) [1]. The generation from distributed energy sources is commonly unpredictable and its capacity depends on weather conditions [2]. The concept of EI, which allows users to interact with each other to optimize resource allocation, has been proposed because of the high cost of balancing supply and demand through large-scale transmission networks [3,4]. When various distributed energy sources are connected to the grid, they can have negative impacts on the distribution network [5,6], such as increased harmonics, lower power factor, voltage flicker, and voltage transients. The equipment to realize power conversion and power transmission in the traditional distribution network is the power transformer. However, with the development of EI and the diversification of power supply forms, the traditional power transformer can no longer meet the requirements of the future power market, let alone optimize the power quality of the distribution network [7,8]. The use of an energy router (ER) can improve power quality and reduce the harm caused by distributed energy grid connection. In the context of EI, the widespread use of ER is an inevitable requirement.



Many approaches have been proposed in the literature to improve power quality. For example, the voltage can be increased by compensating the reactive power through shunt capacitors. However, this approach is inflexible and occupies a great deal of space [9]. For power electronic solutions, power quality improvement can be achieved by a distribution static compensator (DSTATCOM) [10], dynamic voltage restorer (DVR) [11], and unified power quality conditioner (UPQC) [12]. A comprehensive description of the various techniques for power quality improvement is provided in [13]. In fact, no matter how the power quality is compensated, it is compensated after the occurrence of the disturbance. The use of ER, which is completely different, reduces the generation of disturbance at the root. When the ER is in some specific operating modes, the effect of distributed energy sources and loads on the distribution grid can be completely eliminated. At present, the research on ER is divided into two levels: the study of ER monolithic structure, control strategy, and application [14], and the study of ER in distribution networks for energy allocation and trend analysis [15]. When connected to ER, the improvement in power quality is noticeable; however, few researchers have investigated this feature.



In terms of the structure and control strategy of ER, Zhen Li et al. proposed an AC/DC hybrid ER coordination control strategy based on energy storage and voltage stabilization, which uses multiple sets of converters to provide rich AC/DC ports [16]. The authors in [17] proposed an energy management strategy based on Lyapunov optimization for optimal control of energy distribution management. Researching from the combination of ER and grid, literature [18] proposes a two-level modular ER structure that can be applied to DC microgrid clusters to achieve a flexible interconnection of microgrids. The implementation of ER is varied and contains different energy. Jordehi et al. [19] combined wind turbines, batteries, and charging stations to establish a reasonable microgrid model. Based on this model, they focused on the impact of flexible resources such as the start and stop of wind turbines, and carried out power market scheduling. In [20], M. Nasir established a new Energy Hub (EH), which also incorporates biomass energy into the energy system to further reduce operating costs. A. Ahmarinejad [21] proposed a long-term perspective, considering the loss of the system. They used the fuzzy maximum value method to model, optimizing the three goals of total cost, emission, and hub losses. This greatly reduced consumption and provided guidance and advice on the operation of carrier energy systems.



Regarding the functionality of ER, the port design and control strategy design are required. Eventually, in combination with distributed energy, a new model of active distribution networks incorporating ER is developed. Compared with the traditional structure, the power quality of the active distribution networks can be effectively improved.



There are various dimensions and metrics for evaluating the power quality of active distribution networks. Regarding the selection and design of indicators, Ref. [22] proposed a regional grid power quality method considering the characteristics. Ref. [23] relies on the establishment of an active distribution network system for PV, wind power, and loads, and establishes an effective power quality classification through the division of different operating modes. Ghada S. Elbasuony et al. proposed a hierarchical analysis method [24], and through the establishment of weight coefficients, the indicators of the hybrid optical storage system offer a comprehensive evaluation of power quality. Yanchun Xu et al. proposed a distributed networks power quality detection method based on variational mode decomposition (VMD) and detrended fluctuation analysis (DFA) cooperation [25]. This paper starts from the classification of power quality disturbances and addresses the power quality evaluation system. However, there are numerous classification indexes, and the classification accuracy is reduced. Ref. [26] proposes a control scheme adapted to large power systems with input and output constraints, modeled using fuzzy systems, which verifies the feasibility of the control strategy under load fluctuations. S. A. Mansouri [27] considered the information interconnection and sharing of decentralized microgrid structures to design hierarchical models that reduce their complexity, improve the resilience index, and provide a solution for the complex system of the dispatch configuration.



Under the existing research system, for the active distribution networks with integrated source-grid-load-storage, energy dispatching generally must be performed according to the current power flow. Alternatively, extra compensation devices can be added, but none of these methods can eliminate the impact from load fluctuation or energy fluctuation at the root. The difference is that ER takes an entirely different perspective by accommodating source storage and load into a different system. ER carries out energy transfer through the internal DC bus and eventually connects to the distribution grid through the grid-connected port. Under the improved active distribution networks constructed through the ER, the fluctuation of load and new energy can be entirely isolated from the distribution network under some working conditions. Finally, the power quality of the distribution networks can eventually improve.



In response to the development status of active distribution networks with integrated source-network storage and load, a five-port ER topology is proposed. The five ports are respectively connected to the grid, energy storage, AC load, DC load, and PV. At the same time, the corresponding port coordination strategy is designed. In addition, an analytical hierarchy process is used to analyze power quality. It is verified that under the application of ER, the power quality has improved.



The main innovation points of this paper are summarized as follows:




	
A five-port ER with PV, energy storage, grid-connected, AC load, and DC load ports is set up for the current development of active distribution networks. Based on the topology of the ER and the energy flow, a hierarchical control strategy is designed to conform to this structure and achieve a coordinated operation of the five ports and free energy flow.



	
The ER system is integrated into the active distribution network to build an active distribution network system with energy routers. All ports are connected through the DC busbar. At the same time, a port control strategy matching the structure and energy scheduling strategy are designed. The power quality is analyzed using hierarchical analysis, and the feasibility of the ER system and the power quality improvement are verified.








The rest of this paper is organized as follows: Section 2 introduces the system establishment and control realization. Section 3 presents the establishment of the power quality evaluation system. Section 4 shows the simulation analysis and results. Finally, the conclusion of this paper is introduced in Section 5.




2. System Establishment and Control Realization


2.1. Power System Structure Establishment


Figure 1 shows the traditional distribution network model and the distribution network model including ER, respectively. The IEEE13 node model is used, which includes PV and AC/DC loads [28,29]. Unlike the traditional distribution network model, a new active distribution networks model containing ER is proposed. In the new system, the PV, AC loads, and DC loads are connected to the distribution network through ER. Due to the use of ER, the traditional power system structure has changed and the power quality will improve.



As shown in Figure 1, there are two different systems. The following sections start from the structure of ER to analyze the changes to the system.




2.2. ER topology Establishment


Aiming at the PV characteristics and the use of AC/DC load, a five-port ER is proposed in this paper. The architecture of a five-port ER is shown in Figure 2. The five ports are a grid-connected port, PV port, energy storage port, DC load port, and AC load port. The grid-connected port is connected to the distribution network. All ports of the ER converge into a DC common bus (CB). All ports of the ER converge into a DC common bus. All devices interact with each other via DC buses.



Combining the characteristics of the distribution network and the actual load conditions, the ER has five external ports, which are connected to the utility grid, PV, AC load, energy storage, and DC load.



The first is the grid-connected port, which adopts the structure of a three-phase inverter. This is the core port in the ER system that enables a bidirectional flow of energy. The second port is the PV port. The function of the PV port is to incorporate solar energy into the ER system, and the criterion of its work is the full utilization of light energy without considering additional factors such as energy flow and system stability. The design and control of the PV port starts from the efficient acquisition of energy without involving other factors. Considering the characteristics of a low PV voltage level, multiple parallel PV cells, and a high DC bus voltage level, a boost converter is used as the port. Considering the expandability and the current stress of the IGBT, an interleaved parallel boost circuit is adopted. When the power is the same, interleaved parallel booster structure switch current stress is smaller compared with the ordinary booster circuit, and current ripple is also smaller. This configuration has advantages in terms of the stability of the common bus voltage and control of the current.



The next is the energy storage port. This port connects the energy storage battery to the DC bus through a bidirectional buck-boost circuit. It plays the role of energy buffer. This port needs to realize the bidirectional flow of energy, and it also requires rapid control to quickly sense the fluctuation of the common bus voltage, so adjustments are made in the control. The bidirectional buck-boost structure is chosen for the structure, and the model predictive control is used for the control.



Finally, the design of the AC and DC load ports also plays an important role in ER. Considering the controllability of the system and the difficulty of the overall control, these two ports do not participate in the control of the voltage stability of the common bus, but only serve as functional ports for the load. Both ports use the conventional control strategy matched with the structure to ensure output stability and achieve basic external functions.



The energy interactions of all ports need to pass through the DC common bus. The stability of DC common buses is fundamental to the stable operation of the ER system. The energy interaction per unit time has the following formula:


   U  C B    i 1  Δ t +  U  C B    i 2  Δ t +  U  C B    i 3  Δ t +  U  C B    i 3  Δ t +  U  C B    i 4  Δ t +  U  C B    i 5  Δ t +  1 2   C  C B    U  C B  2  Δ t = 0  



(1)






    ∑  j = 1  5    P j    Δ t +  1 2   C  C B    U  C B  2  Δ t = 0  



(2)







The control of energy flow is realized through Equation (2), when the system loss is not considered and the common bus voltage is stable, which means that the energy flow control is stable.



For the ER, the focus is on the flow of energy. Since the analysis is the impact on the power grid, the grid-connected port is the most important port that needs to be considered. Figure 3 shows the power electronic structure of the net-connected port of the ER.



The grid-connected port is connected to the grid at one end and to the common bus CB at the other end, as shown in Figure 3, while the other ports are also connected by the CB. For the grid-connected ports, there are the following energy relations. First, the power loss of the port can be equivalently represented by the derivative    g H  + j  b H   . The reactive power loss of the joint can be equated by   j  b C H   .



The energy obtained from the grid-connected ports is absorbed by the rectifier in the reactive part after the conductance and the electronation, and the active part of energy is then transferred to the DC bus to supply the other ports and participate in the overall energy balance. The overall energy balance equations are expressed as follows:


   P H  =  g H   U 2  −  (   g H  cos  δ 1  +  b H  sin  δ 1   )  U  U D   



(3)






   Q H  = −  (   b C H  +  b H   )   U 2  +  (   b H  cos  δ 1  −  g H  sin  δ 1   )  U  U D   



(4)







Assuming there is no energy loss in the rectifier section, the energy interacting with the common bus is


   P D  =  E l  I = −  g H     (   U D   )   2  +  (   g H  cos  δ 1  −  b H  sin  δ 1   )  U  U D   



(5)






   E l  = w  U D   



(6)




where w is the converter equivalent control coefficient, which is related to the converter topology and the control strategy. Our task is to control the converter to achieve energy interaction.



Figure 4 shows the energy flow and the information flow between an ER Centralized Controller (ERCC), the five ports, and the common bus.



Figure 4 shows that the control of ER is divided into two levels: module-level control and system-level control. Figure 4 demonstrates that the energy storage and grid-connected ports are bidirectional ports, which play a role in coordinating energy and stabilizing the common bus voltage, and have a higher position in the overall control. The AC load port, DC load port, and PV port are directly connected to the common bus. These three ports are only responsible for a one-way energy transmission. For the control of these ports, only the external functions need to be realized. The influence on the common bus of the ER is stabilized by the bus capacitor and balanced by the bidirectional port. Thus, the control of the grid connection and the energy storage port is based on the stability of the bus voltage.




2.3. Port Modeling and System Coordination Control


For the grid-connected port control, as shown in Figure 5, the structure of a three-phase full bridge converter is adopted. For this topology, a double closed-loop PI control strategy is used.



The three-phase full-bridge inverter circuit adopts the voltage and current double closed-loop control strategy.



Firstly, the phase-lock loop (PLL) is used to collect the phase of grid voltage by the voltage sensor, and the abc to dq converter is carried out to get id, iq, ud, and uq [30]. The measured common bus voltage Ucb is compared with the reference voltage of the common bus, and the result is sent to the PI module to obtain a reference value for the active current. The obtained value and the reference value of the reactive current enter the decoupling link together, send the final value to the SVPWM module, and then obtain the modulation signal [31]. In Figure 5, a new decoupling control strategy is adopted, which has the following advantages compared with the previous control methods.



In the improved decoupling strategy, the id* and iq* is used to replace the id, iq, where


   {     U d ∗  = Δ  U d  +  U d  − w l  i q ∗       U q ∗  = Δ  U q  +  U q  + w l  i d ∗       



(7)







The traditional decoupling control strategy, when the grid current fluctuates Δid and Δid, brings about the fluctuation of reference voltage Δud* = −wlΔiq and Δuq* = wlΔid. Obviously, Δid and Δiq, in the decoupled components will bring about the interaction between id, iq. It will reduce the quality of the grid current. However, with this improved method, there is no such fluctuating Δid and Δiq. Since the ER needs to be connected to the power grid and is sensitive to the fluctuation of the power grid current, this control strategy is helpful to better realize the stability of the grid-connected port.



For the energy storage port control, as shown in Figure 6, the structure of a buck-boost converter is adopted. For this topology, a control strategy combining PI and model predictive control (MPC) is used [32,33].



From the structure diagram of energy storage port


   U Q     = L   B      di  b    dt      + U   b   



(8)







We can discrete Formula (4) and then we can get


   i L  ( k + 1 ) = (  U Q  −  U b  )    T s     L B    +  i L  ( k )  



(9)







The inductance current at k time can be obtained by sampling, and the inductance current at k + 1 time can be predicted. The battery terminal voltage is lower than the common bus voltage, and the converter operates in Buck mode, with UQ = DUCB. After substituting Formula (9):


   i L  ( k + 1 ) = (   DU   CB   −  U B  )    T s     L B    +  i L  ( k )  



(10)







Considering that the digital control system has a beat delay, it is necessary to use the sampling value at time k to predict the inductance current value at time k + 1, and use this value to predict the reference current value at the next beat. The delay expression of one beat is as follows:


   i L  ( k + 1 ) = (  D  o l d    U  CB   −  U B  )    T s   L  +  i L  ( k )  



(11)




where Dold is the duty cycle of the previous time. Generally, the sampling time is short, so the DC bus voltage UCB and the battery voltage UB remain unchanged at k and k + 1. Therefore, the duty cycle at the next time can be calculated by the following expression:


  D =   (  i  L _ r e f   −  i L  ( k + 1 ) ) L    T s   U  CB     +    U B     U  CB      



(12)







Finally, the control block diagram of the energy storage converter in Figure 6 is obtained. First, the DC bus side voltage UCB and the given reference voltage UCB_ref are sent to the proportional integral PI for comparison. At this time, a reference current is output to compare with the actual inductance current, and is sent to the model predictive controller to generate the duty cycle. The output is compared with the carrier to generate the control signal of the switch. When the bus voltage fluctuates, the model predictive control strategy can be used to adjust.



In the ER system, the grid-connected port and energy storage port are bidirectional ports, and the coordination control of the ER comes from the control of these two ports. When an energy imbalance occurs, the energy storage port and the grid-connected port are fed, respectively, according to their respective states to replenish the unbalanced energy. According to Formula (2), the voltage stability of a common bus is equal to the balance of the overall energy. Thus, port control starts from the voltage stab.



A set of nine working models have been established of ER operation by dividing the working modes of the ports and the current state of energy storage. This working mode corresponds to the work of the energy storage port as well as the grid-connected port above, and since these two ports are bidirectional ports, we define the direction of energy flow, with energy flowing out from the common bus as + and energy flowing into the common bus as −.



As can be seen in Table 1, the operating models of the ER are divided into nine groups, starting with BEH, which is the ideal state of three groups, in which the energy router is considered an island, the PV supplies energy directly to the load, and there are no other energy interactions. Models A and G indicate that the PV is sufficient, the battery port is working, and the ER stores energy. FI indicates that the storage is sufficient and the battery provides energy to the load for consumption. Finally, Models C and D indicate that the energy router has no way to handle the energy gap by itself and needs the participation of the grid-connected port, which will have an impact on the power quality.





3. Establishment of Power Quality Evaluation System


3.1. Selection of Power Quality Evaluation Indicators


The harmonic distortion is caused by various types of harmonic generation equipment. In most cases, when the distributed generation unit is connected to the nonlinear load, the harmonic distortion of the distribution system will increase. According to IEEE 519, THDv and THDi are taken as PQI indicators of harmonic distortion, and the harmonic times at point of common coupling (PCC) are generally calculated to 40, as shown in Formulas (13) and (14).


  T H  D v  =       ∑  h > 1   h = 40       |   V h   |   2       /   V 1     



(13)






  T H  D i  =       ∑  h > 1   h = 40       |   I h   |   2       /   I 1     



(14)







In Formulas (9) and (10), Vh and Ih are, respectively, the effective values of the hth-degree harmonic current and voltage measured at PCC. V1 and I1 are the effective values of their fundamental waves. According to IEEE 519, THDv and THDi values do not exceed 5% for the system.



IEEE Std. 1159 defines voltage sag and rise as the phenomenon that the effective value of voltage shifts within 0.5 cycle to 1 min. Based on this, this paper calculates the voltage offset score (ADS) from the effective value of three-phase (Va, Vb, Vc) voltage. The expression is given in Equation (15).


  A D S =    |  1 −  V a   |  +  |  1 −  V b   |  +  |  1 −  V c   |   3  × 100  



(15)







The standard definition of a frequency shift is an increase or decrease in the power system’s power frequency, which can last from a few cycles to several hours. According to EN 50160, within 95% of a cycle, the frequency range fluctuation shall be within a % of the rated frequency (50 or 60 Hz). During an entire cycle, the frequency range fluctuations shall be within −6%/−4% of the rated frequency. The definition of frequency offset ratio (FDR) is shown in Equation (16).


  F D R =    |   f m  −  f 1   |     f 1    × 100  



(16)




where fm is the measured voltage fundamental frequency, which changes over time, and f1 is the rated frequency of the system.



Power factor (PF) is the ratio of active power to apparent power. Low PF values are derived from inductive loads such as induction motors, transformers, etc. The real power factor measured in PCC shall be kept within the acceptable range (>90%) to improve the energy transfer efficiency of the system, as shown in Equation (17).


  P F =    (   P 1  +   ∑  h > 1   40     P h     )   /   (   S 1  +   ∑  h > 1   40     S h     )     



(17)




where P1 and S1 are the active power and apparent power of fundamental wave signal transmission at the monitoring point, respectively. Ph and Sh are the active and reactive power of the hth-degree harmonic.




3.2. Power System Quality Evaluation Index Based on Analytic Hierarchy Process


The analytic hierarchy process (AHP) is a systematic and hierarchical decision-making analysis method that combines quantitative and qualitative analysis. It forms a judgment matrix based on the comparison between two different attributes and uses the largest eigenvalue of the judgment matrix to compute the weight of each attribute. The steps of AHP are as follows:




	(1)

	
Build a hierarchical model and a judgment matrix.




	(2)

	
Calculate the maximum eigenvalue of the judgment matrix λmax and the corresponding eigenvector. The element of the feature vector corresponds to the weight of each attribute.




	(3)

	
Calculate the consistency index (CI) and consistency ratio (CR), and check whether the results meet, as shown in Equation (18).











   {    C I =    (   λ  max   −  N f   )   /   (   N f  − 1  )        C R = C I / R I      



(18)







Here, Nf is the dimension of the judgment matrix and RI is the average random consistency index related to the dimension of the judgment matrix. There are five indexes for power quality evaluation in this paper, and the order is five, and RI is taken as 1.26. The basic scale of comparison is 1–9, as shown in Table 2.



In the system of this study, five indicators are proposed in this section to evaluate the power quality: THDv, THDi, ADS, FDR, and 1/PF. The inverse of power factor is considered here, so that the smaller the value of all six indicators, the better the power quality and the higher the evaluation.



In different systems, different indicators have different weight coefficients. This study focuses on the power quality at PCC bus. Usually PCC bus is a new energy grid point, so THDv, and FDR are more important. Based on experience, this paper considers two modes of PCC, sets different weight coefficients, and obtains the power quality evaluation values of PCC, respectively.



The two used settings are as follows: THDi is assumed to be the most important indicator affecting power quality; it is assumed that ADS is the most important element affecting power quality, and its judgment matrix is shown in Table 3. The evaluation of the comparison matrix is confirmed to be consistent by the calculation of the consistency ratio. Synthesizing the three weight vectors of the three assumptions, the average reliable weight vector of this type of bus is Wpcc= [0.1281, 0.2884, 0.2622, 0.2612, 0.0602]T.



The PQI can be calculated on PCC in two cases through the average weight vector, and we can get the final point energy quality evaluation index from Equation (19).


  P Q I =   ∑  p = 1    N f      w p   F p      ,   ∑  p = 1    N f      w p  = 1    



(19)







In the Formula (19), Nf is the number of selected indicators that affect power quality, and Fp and wp are the measured values and corresponding weights of indicator p. Therefore, in this paper, the PQI calculation formula can be rewritten as


  P Q I =  w 1   (  T H  D v   )  +  w 2   (  T H  D i   )  +  w 3   (  A D S  )  +  w 4   (  P D R  )  +  w 5   (  1 / P F  )   



(20)









4. Simulation Analysis and Results


The first step is to verify the feasibility of the ER topology and control strategy.



The basic parameters of the system are set according to Table 4.



Based on the parameters listed in the table above, simulations of the energy router were performed to verify the feasibility of the control.



The total simulation time is 2 s. The working state of the system is shown in Figure 7. It consists of four parts and the second graph represents the state of the external environment. At the beginning, the PV and AC ports work.



B1: DC port starts to work.



B3: PV port power gradually decreases to 0.



B4: DC port power decreases to 0.



B5: AC port power increases.



B6: AC port power increases.



The first graph shows the voltage and current at phase A of the grid-connected port, the third graph shows the energy storage SOC, and the fourth graph shows the common bus voltage values. These three graphs reflect the ER’s response to changes in the external environment.



t0 − t1: During this time, the PV power is elevated, the AC load is working, and the energy storage is insufficient. We can see the SOC increase gradually.



t1 − t2: During this time, the DC port starts working, the PV power is still greater than the load power (PACload + PDCload), the SOC still rises, but the slope of the C1 to C2 segment is lower.



t2 − t3: During this time, the energy storage is full, C2 to C3 is a straight line and the grid-connected port starts working to transfer the excess energy to the grid side. From A2 to A3, it can be seen that the voltage and current direction are the same, and the power is positive.



t3 − t4: During this time, the power of the PV port gradually decreases to 0 and the energy storage port supplies energy to the AC and DC ports, at which point the SOC decreases.



t4 − t5: During this time, DC port power is reduced to 0 and only the AC port consumes energy. Correspondingly, the battery discharges slower and the SOC decreases slower.



t5 − t6: During this time, the AC port power increases further, the battery discharges faster, and the SOC decreases faster.



t6 − t7: During this time, the battery is depleted and the grid-connected port reengages, but the energy transfer is in the opposite direction from t2 − t3.



The fourth graph shows the fluctuation of the common bus voltage, which fluctuates during modal switching, but quickly returns to stability. The ER can work stably under the proposed control strategy and the free flow of energy is successfully achieved.



According to the mode division of ER and the state of lighting and energy storage, two experiments were carried out to verify the correctness of the theory.



Experiment 1 was implemented in this way:



The PV module is added to the IEEE13 node model with ER and the IEEE13 node model without ER, respectively, both using MPPT for maximum power tracking and varying the light intensity to obtain the metrics proposed above.



For conventional systems (the structure on the left of Figure 1), we can obtain the conclusion of Figure 8, Figure 9, Figure 10 and Figure 11.



The first graph in Figure 8 shows the PCC bus voltage, the second graph represents the PV power fluctuation, and the third graph shows the amplitude-frequency-time contours of the voltage measured at the PCC bus of the distribution system drawn after S-transformation. The vertical axis is the signal frequency, the horizontal axis is time, and the color represents the amplitude magnitude.



The first is the incorporation of PV and the power fluctuation situation, which is an important factor causing the generation of system harmonics.



The system starts with the PV power set to 0.37 MW, and in 0.2 s the PV power starts to rise and eventually reaches 1 MW. Considering the realistic situation, the Rate Limiter module is used in Simulink, so the PV power is slowly increased in 0.1 s. The PV power then drops at 0.5 s and ends up at 0.77 MW.



Fluctuations in the PV power lead to fluctuations in the voltage, but this is not particularly pronounced, as we can see from the amplitude-frequency-time conversion plot. There is a magnitude fluctuation at 0.2–0.3 s and a magnitude fluctuation at 0.5–0.6 s, which corresponds to the shift of PV power. When the PV power does not change, the amplitude-frequency-time conversion fluctuates slightly, but not significantly.



For systems with ER (the structure on the right of Figure 1), we can obtain the conclusion of Figure 9, Figure 10 and Figure 11.



The first graph in Figure 9 shows the PCC bus voltage, the second graph represents the SOC of battery, and the third graph shows the amplitude-frequency-time contours of the voltage measured at the PCC bus.



Due to the access of the ER, the injection of PV energy is buffered; ER first dissipates the energy generated by PV without injecting it directly into the grid. When the battery used for energy storage is full, the energy goes only to the grid side. The SOC reflects the process of gradually filling the energy storage, with the SOC gradually rising before 0.3 s and rising at a faster rate after 0.3 s, corresponding to an increase in the PV energy intensity. At 0.7 s, the SOC reaches the maximum, which means the energy storage is full, and then the charging is stopped and the excess energy is injected into the grid. In the third figure, the difference between the system with ER and the normal system can be seen. Due to the use of ER, the optical conversion is completed without any impact on the back-end grid when the energy storage is used, and after the energy storage is full, control strategies can be used to reduce the impact on the grid ports.



Figure 10 and Figure 11 show the images of FDR and ADS with time for the system with ER and the system without ER, respectively. Since the FDR acquisition uses a phase-locked loop, it takes time for the system to stabilize, so the data are acquired from 0.2 s. In both images, the solid line indicates the system with ER and the dashed line indicates the conventional system (without ER). It is obvious that the conventional system is affected by the external environment, which brings about the deterioration of the steady state, while the system with ER is considered an isolated system in some modes, so it does not have any effect on the nodes.



Experiment 2 was implemented in this way:



In the absence of PV access, the DC load is increased in the form of observing the voltage fluctuations at the nodes while obtaining the relevant parameters. At the very beginning, the load power is 0.35 MW, and at 0.4 s, the load power is increased to 0.5 MW and maintained at 0.5 MW until the end.



As shown in Figure 12, the load power is 0.35 MW before 0.35 s. In the third figure, there is not too high harmonics present in the system, and at 0.35 s the load increases and a voltage transient occurs, accompanied by an increase in harmonics, which eventually stabilizes.



Figure 13 shows the ER voltage, energy storage SOCs, and amplitude-frequency-time. The external environmental changes are consistent with those in Figure 11. The second figure represents the SOC of the energy storage. At the beginning, the energy storage is sufficient and the ER operates in mode I, which means that all the consumption of the load is provided by the energy storage. We know that when the ER is working in Model I, the grid-connected ports do not work, so the change in external load does not affect the power quality at the PCC bus at all. Therefore, the PCC voltage does not fluctuate at all during the first half of the simulation and the system is extremely stable.



At about 0.63 s, the energy storage is depleted and no PV energy or other energy is replenished. The system needs to consume energy to supply the load for use, at which point the system enters Model C. Under Model C, the energy storage port of the ER system does not work, and all the energy consumed by the load is supplied by the grid-connected port. The switching of the system modes causes the voltage to fluctuate, but it soon stabilizes.



Figure 14 indicates the FDR at the PCC bus with and without the ER system. For the FDR, the results were not significantly different between the two groups. However, the system using the ER is obviously more stable in the first half.



All the possible conditions are classified into ten types according to the mode of operation of the ER, and nine simulation experiments are carried out to obtain the PCC bus parameters with and without the ER. Nine typical cases are selected for analysis as follows:



For ordinary systems without ER and without energy storage SOC, the PV and load are connected to the PCC port simultaneously with the same power described below. Table 5 shows the experimental results and power quality parameters.



Situation 1: Pload = 0.45 MW, PPV = 0.85 MW, SOC = 5;



Situation 2: Pload = 0.75 MW, PPV = 0.4 MW, SOC = 5;



Situation 3: Pload = 0.55 MW, PPV = 1 MW, SOC = 95;



Situation 4: Pload = 0.75 MW, PPV = 0.4 MW, SOC = 95;



Situation 5: Pload = 0 MW, PPV = 0.5 MW, SOC = 65;



Situation 6: Pload = 0.5 MW, PPV = 0 MW, SOC = 65;



Based on the formula of the hierarchical analysis method proposed above, we can conclude that when the hierarchical analysis method is used, the power quality indicators fluctuate in the above six cases. It is worth noting that the power quality indicators of the system with the presence of ER are the same in the four cases 1, 4, 5, and 6, and their indicators are much smaller than those of the system without the presence of ER.



Figure 15 is the radar chart of the power quality index; the system using ER uses warm thread and the system without ER uses cool thread. In this picture, the lines of cool colors are seen in the outer circle and the lines of warm colors are seen in the inner circle. Figure 15 thus indicates that the use of ER has greatly improved the power quality index.



Under several specific experimental conditions, the ER does not interact with the grid at all. All the energy has been consumed under the regulation of ER, and does not need to be transmitted to the grid through the grid-connected port. If there is no energy interaction, there will be no power quality problems.



In cases 2 and 3, the ER acts as a primary distribution of energy structure, first routing the energy internally before interacting with the distribution grid. The resulting “energy gap” is filled by the distribution grid. Therefore, in this case, the energy that interacted with the distribution grid is the “missing energy”, which is obviously smaller than the total energy, and the energy interaction type changes from two (Ppv + Pload) to one (Ppv − Pload), which improves the power quality.




5. Conclusions


In this paper, a five-port ER model is first established, and the corresponding control strategy and energy scheduling method are designed for this topology. The feasibility of the topology and the control strategy is verified by simulation experiments.



In the second step, an IEEE13 node active distribution grid model is built. It connects PV, energy storage, and AC/DC loads to this system. In the traditional active distribution network model, all structures are connected to PCC nodes. For this structure, a power quality assessment system based on hierarchical analysis is designed to evaluate the strengths and weaknesses of power quality. When the load fluctuates, the power quality will fluctuate.



When we connect ER to the active distribution network, ER acts as a transit station and can well coordinate the flow of energy while regulating the power quality. We verified two points through our quantitative experiments. First, we verified the feasibility of the five-port ER topology and the control strategy, and second, we verified how ER access can enhance the power system.
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Nomenclature




	ER
	Energy router



	PV
	Photovoltaic



	EI
	Energy Internet



	CB
	Common bus



	Ucb
	Common bus voltage



	Id
	Three-phase grid current active component



	Iq
	Three-phase grid current reactive component



	Id*
	Three-phase grid current active component reference value



	Iq*
	Three-phase grid current reactive component reference value



	Ud
	Three-phase grid voltage active component



	Uq
	Three-phase grid voltage reactive component



	Ud*
	Three-phase grid voltage active component reference value



	Uq*
	Three-phase grid voltage reactive component reference value



	MPC
	Model pretend control



	il(k)
	Energy storage port k moment inductor current



	il(k + 1)
	Energy storage port k + 1 moment inductor current (Predicted value)



	Ts
	System sampling period



	Pload
	Load power, including the sum of DC and AC load power



	Ppv
	Photovoltaic power



	SOC
	Battery state of charge



	AHP
	Analytic hierarchy process



	CI
	Consistency index of AHP



	CR
	Consistency ratio of AHP



	Nf
	Dimension of the judgment matrix



	RI
	Average random consistency index related to the dimension of the judgment matrix.



	PQI
	Power quality index



	PCC
	Common coupling point



	Wpcc
	Average reliable weight vector of PCC bus
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Figure 1. Traditional distribution network model and distribution network model with ER. 
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Figure 2. Structure of five-port ER system. 
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Figure 3. Power electronic structure of the net-connected port of the ER. 
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Figure 4. The information and energy flow of ER. 
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Figure 5. Grid connection port control strategy diagram. 






Figure 5. Grid connection port control strategy diagram.



[image: Sustainability 15 02655 g005]







[image: Sustainability 15 02655 g006 550] 





Figure 6. Energy storage port control strategy diagram. 






Figure 6. Energy storage port control strategy diagram.



[image: Sustainability 15 02655 g006]







[image: Sustainability 15 02655 g007 550] 





Figure 7. ER port power and internal state diagram. 
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Figure 8. Ex1.PCC voltage, power of PV, amplitude-frequency-time contours-without ER. 






Figure 8. Ex1.PCC voltage, power of PV, amplitude-frequency-time contours-without ER.



[image: Sustainability 15 02655 g008]







[image: Sustainability 15 02655 g009 550] 





Figure 9. Ex1.PCC voltage, energy storage soc, amplitude-frequency-time contours-with ER. 
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Figure 10. Ex1.FDR—TIME. 






Figure 10. Ex1.FDR—TIME.



[image: Sustainability 15 02655 g010]







[image: Sustainability 15 02655 g011 550] 





Figure 11. Ex1.ADS—TIME. 
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Figure 12. Ex2.PCC voltage, power of load, amplitude-frequency-time contours–without ER. 
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Figure 13. Ex2.PCC voltage, energy storage soc, amplitude-frequency-time contours–with ER. 
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Figure 14. Ex2.FDR—TIME. 






Figure 14. Ex2.FDR—TIME.



[image: Sustainability 15 02655 g014]







[image: Sustainability 15 02655 g015 550] 





Figure 15. Power quality radar chart. 
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Table 1. Working mode of ER.
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	Model
	Energy Value Comparison
	Battery

SOC
	Energy Storage Port
	Grid Connected Port





	Model A
	Pload < PPV
	SOC < 10%
	+
	0



	Model B
	Pload = PPV
	SOC < 10%
	0
	0



	Model C
	Pload > PPV
	SOC < 10%
	0
	+



	Model D
	Pload < PPV
	SOC > 90%
	0
	-



	Model E
	Pload = PPV
	SOC > 90%
	0
	0



	Model F
	Pload > PPV
	SOC > 90%
	-
	0



	Model G
	Pload < PPV
	10% < SOC < 90%
	+
	0



	Model H
	Pload = PPV
	10% < SOC < 90%
	0
	0



	Model I
	Pload > PPV
	10% < SOC < 90%
	-
	0
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Table 2. Scale table of AHP.
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	Quantization Scale

(i Relative to j)
	Meaning





	1
	i is as important as j



	3
	i is slightly more important than j



	5
	i is generally more important than j



	7
	i is significantly more important than j



	9
	i is extremely important compared with j PCC



	2, 4, 6, 8
	The median value of the above two adjacent judgments










[image: Table] 





Table 3. Judgment matrices and the resultant weight vectors of the two scenarios of PCC bus.
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Scenario1

	
THDv

	
THDi

	
ADS

	
PDR

	
1/PF




	
THDv

	
1

	
1/3

	
2

	
1/2

	
3




	
THDi

	
3

	
1

	
4

	
2

	
5




	
ADS

	
1/2

	
1/4

	
1

	
1/3

	
2




	
PDR

	
2

	
1/2

	
3

	
1

	
4




	
1/PF

	
1/3

	
1/5

	
1/2

	
1/4

	
1




	
λmax = 5.0681, CI = 0.0255, CR = 0.0170 < 0.1 (Accept)




	
Weight vector [0.1599, 0.4186, 0.0973, 0.2625, 0.0618]T




	
Scenario2

	
THDv

	
THDi

	
ADS

	
PDR

	
1/PF




	
THDv

	
1

	
1/2

	
1/4

	
1/3

	
2




	
THDi

	
2

	
1

	
1/3

	
1/2

	
3




	
ADS

	
4

	
3

	
1

	
2

	
6




	
PDR

	
3

	
2

	
1/2

	
1

	
4




	
1/PF

	
1/2

	
1/3

	
1/6

	
1/4

	
1




	
λmax = 5.0490, CI = 0.0123, CR = 0.009 < 0.1 (Accept)




	
Weight vector [0.0962, 0.1581, 0.4272, 0.2599, 0.0585]T
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Table 4. System parameters.
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Modular

	
Parameter

	
Value






	
Common bus

	
Common bus voltage

	
600 V




	
PV port

	
Parallel strings

	
600




	
Series-connected modules per string

	
6




	
Voltage at maximum power point

	
43 V




	
Current at maximum power point

	
8.13 A




	
Maximum power

	
1.25 MW




	
Battery port

	
Rated capacity

	
500 Ah




	
Normal voltage

	
500 V




	
Fully charge voltage

	
581 V




	
AC load port

	
Full load power

	
1 MW




	
Rated voltage

	
AC 380 V




	
DC load port

	
Full load power

	
1 MW




	
Rated voltage

	
DC 200 V




	
Grid port

	
Standard voltage(single-phase)

	
1650 V




	
Standard frequency

	
60 Hz
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Table 5. Experimental results and power quality parameters.
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Situation

	
THDv

	
THDi

	
ADS

	
FDR

	
1/PF

	
PQI






	
1

	
ER

	
EX1-1

	
0.01

	
0.01

	
0.00

	
0.02

	
1.40

	
0.094




	
without ER

	
EX1-2

	
2.52

	
0.74

	
0.69

	
0.20

	
1.95

	
0.823




	
2

	
ER

	
EX2-1

	
2.04

	
0.40

	
0.95

	
0.10

	
2.04

	
0.769




	
without ER

	
EX2-2

	
3.04

	
1.20

	
0.20

	
1.00

	
2.10

	
1.170




	
3

	
ER

	
EX3-1

	
2.48

	
0.58

	
0.01

	
0.10

	
1.30

	
0.583




	
without ER

	
EX3-2

	
2.65

	
0.60

	
1.40

	
0.50

	
3.00

	
1.184




	
4

	
ER

	
EX4-1

	
0.01

	
0.01

	
0.00

	
0.02

	
1.40

	
0.094




	
without ER

	
EX4-2

	
2.00

	
0.75

	
1.44

	
0.02

	
1.76

	
0.961




	
5

	
ER

	
EX5-1

	
0.01

	
0.01

	
0.00

	
0.02

	
1.40

	
0.094




	
without ER

	
EX5-2

	
2.50

	
0.60

	
0.00

	
0.10

	
1.40

	
0.604




	
6

	
ER

	
EX6-1

	
0.01

	
0.01

	
0.00

	
0.02

	
1.40

	
0.094




	
without ER

	
EX6-2

	
2.53

	
0.50

	
2.00

	
1.00

	
2.00

	
1.370
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