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The optimal operation model of AC/DC distribution network with energy router (ER) is essentially a nonconvex nonlinear programming (NLP) problem. In order to improve the feasibility of solving the model, a convex approximation algorithm is proposed in this work. The steady-state model of ER is developed with considering the loss characteristics and multiport coordinated control strategy. It is embedded in the optimization formulations of AC/DC network as basic operating equations. Then, using second-order cone relaxation technology, the power flow equations of AC and DC distribution networks are convexly relaxed. On this basis, the highly nonlinear operating model of ER is linearized by introducing a successive approximation approach. Therefore, the original NLP problem is transformed into the convex programming problem and the solution efficiency is improved. Meanwhile, an iterative solution algorithm is developed to ensure the accuracy of the convex approximation approach. Simulation results verify the feasibility and efficiency of the proposed algorithm.
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INTRODUCTION
The development of renewable energy technology poses new challenges for flexible access and effective regulation of the power system (Guo et al., 2019). Energy router (ER) is also known as power electronic transformer (PET), and solid-state transformer. It has the functions of voltage conversion and power flow routing (Chen et al., 2020; Li et al., 2021; Liu et al., 2018). The AC/DC hybrid distribution network with ER (ER-based AC/DC HDN) can interconnect networks with multiple voltage levels and frequencies. It is conducive to the flexible access and consumption of distributed generations (DGs), and has attracted extensive attention (Zhang et al., 2020). However, flexible device access, AC/DC hybrid connection, three-phase asymmetrical, and active and reactive power coupling make the analysis and solution of ER-based AC/DC HDN face great challenges (Meng et al., 2018; Tang et al., 2021; Zhang et al., 2021).
The existing literatures have carried out research on the establishment of the ER steady-state model and its application in the distribution network. In (Miao et al., 2016), each port of ER is equivalent to the voltage source converter. On this basis, taking into account the loss characteristics of the converter, a power flow model for ER has been proposed in (Dong et al., 2019). Then, in order to reduce network losses, operating costs, and improve the voltage distribution, a multi-objective optimization model for AC network with ER was developed in (Miao et al., 2018). To take advantage of flexible regulation capabilities of ER, an optimization method for voltage imbalanced suppression is studied in (Dong et al., 2018). The above literatures have improved the operating performance of the ER based distribution networks from various aspects. However, the coordination control capability among multiport of ER needs to be further researched. Furthermore, the optimization model in the above literatures includes power flow constraints and highly nonlinear ER operation constraints. It is essentially a nonconvex nonlinear programming (NLP) problem, and obtaining the solution with an acceptable time is a great challenge (Deng et al., 2021)- (Soofi et al., 2021).
ER contains an intermediate DC/DC link. It isolates the distribution network into multiple AC and DC subnetworks with independent voltages and frequencies (Li et al., 2020). While operation, an appropriate coordinated control strategy is important to satisfy the power exchange demands of the ER and the subnetworks. For this issue, an optimal combination of operation strategy based on generalized droop control is introduced in (Rouzbehi et al., 2015). The switching of different operating modes (constant voltage control, constant power control, and droop control) of ER is determined by optimizing the droop coefficient. It is worth noting that the droop control strategy has been extensively studied in islanded system. In (Yu et al., 2018), a peer-to-peer control strategy for islanded networks is developed. In order to be apply to the asymmetric low voltage AC network, a three-phase droop control strategy has been studied in (Abdelaziz et al., 2013). On this basis, a secondary control strategy is introduced in (Allam et al., 2018) to improve the utilization efficiency of DGs. Applying these control methods to ER-based AC/DC HDN can improve the operating performance of the network, which has not been studied yet.
Generally, converting the original NLP problem into a convex programming problem can improve the efficiency of the solution. Using the second-order cone relaxation technology, an optimal operation model for AC distribution network is proposed in (Ji et al., 2017), which improves the feasibility of the solution. In (Gan and Low, 2014) a second-order cone programming (SOCP) model for DC network is introduced. These researches provide a basis for convex programming modeling of AC/DC network. However, several limitations can be found. 1) The highly nonlinear loss characteristic equation of ER is a quadratic function involving current. The existing SOCP approach cannot effectively deal with it. 2) The square of the voltage in SOCP model is the optimization variable. The droop control strategy involves the first-order term of voltage, which cannot be transformed in the form of SOCP manner.
In order to improve the feasibility of solving the optimization model of ER-based AC/DC HDN, a convex approximation algorithm is proposed in this work. The main contributions are summarized as follows.
1) An optimal operation model for ER-based AC/DC HDN is devolved in this paper. The multiport coordinated control strategy of ER is considered. Thus, the power balanced of ET and the system can be guaranteed. On this basis, a hierarchical droop control strategy is introduced, which improves the utilization efficiency of DGs.
2) The second-order cone relaxation method is adopted to handle the nonlinear power flow equations. Then, combined with the linear approximation approach, the operation constraints of ER are successfully linearized. The original NLP problem is converted into a convex programming problem, which improves the efficiency of the solution. Furthermore, the successive iteration algorithm is proposed to ensure the accuracy of the solution.
STEADY-STATE MODEL AND COORDINATED CONTROL STRATEGY OF ER
Steady-State Model of Multiport ER
The equivalent structure diagram of ER based on PET is shown in Figure 1. It includes M AC ports and N DC ports. Each port is composed of AC/DC or DC/DC converter, which is used to connect AC and DC networks, respectively.
[image: Figure 1]FIGURE 1 | Equivalent structure diagram of ER.
While operation, the active power balanceed of ER should be satisfied, as described in Eq. 1.
[image: image]
The power loss of each ER port [image: image] can be obtained by curve fitting. It is expressed as the quadratic function of the port current [image: image] (Sun et al., 2019; Khan and Bhowmick, 2019).
[image: image]
Then, the total loss of ER [image: image] is the sum of the power loss of all AC ports and DC ports, which is shown in Eq. 3.
[image: image]
Coo rdinated Control Strategy of Multiport ER
The AC and DC subnetworks are connected via ER coupling. Due to the intermediate DC/DC isolation link of ER, multiple AC subnetworks operate at different frequencies. To maintain the power balanced of ER, AC, and DC subnetworks, an appropriate coordinated control strategy is necessary. In (Rouzbehi et al., 2015), a generalized droop control strategy is proposed, which is the integration of constant voltage control, constant power control and droop control. The control mode is determined by the generalized droop coefficient. The simulation results show that the droop control strategy ([image: image]) can effectively deal with the fluctuation of renewable energy. In this work, the secondary control layer is introduced. Then, the regulation performance of the controller can be improved, as shown in Figure 2. The droop control strategy is applied to the low voltage port of ER, as shown in Eqs 4–6. And the high voltage AC port of ER adopts constant voltage control mode to maintain the power balance.
[image: image]
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[image: Figure 2]FIGURE 2 | Secondary coordinated control strategy.
The steady-state model of multiport ER is summarized by Eqs 1–6. It is embedded in the asymmetric AC/DC network optimization model as basic formulas in next section.
OPTIMAL OPERATION MODEL AND CONVEX APPROXIMATION CONVERSION
Optimal Operation Model for ER-Based AC/DC HDN
Objective Function
This work takes the minimum active power loss as the objective function, shown as follows:
[image: image]
Constraints
The Distflow branch equations of AC/DC distribution networks include power flow constraints, branch voltage constraints, and current constraints (Zhang et al., 2018). It is relaxed by the cone relaxation technique, shown as follows:
[image: image]
[image: image]
Droop control characteristic constraints of DGs in the low voltage AC/DC networks are expressed as Eqs 10–12.
[image: image]
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Operational constraints of the network are formulated as:
[image: image]
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The allowable range of variables is shown in Eq. 13, in which [image: image]. The amount of charge of energy storage system (ESS) [image: image] is represented in Eq. 14. The charge and discharge of ESS is expressed in Eq. 15. The sum of the charge and discharge power of ESS in a scheduling period is 0, as shown in Eq. 16. The capacity constraint of ER AC port is relaxed to the second-order cone form, as described in Eq. 17.
Eqs 7–17 together with the steady-state model of ER Eqs 1–6 form the original optimal operation model [image: image]. It is worth noting that the highly nonlinear ER loss characteristic constraint is involved in [image: image], which is essentially an NLP problem. Accurate and efficient solving algorithm is very necessary.
Successive Convex Approximation Conversion to NLP Problem
Linear Approximation
In section Optimal Operation Model for ER-Based AC/DC HDN, the second-order cone relaxation technique is adopted to linearize the Distflow branch equations, as shown in Eqs 8, 9. The square of the branch current is introduced as the optimization variable. Thus, the constant term [image: image] and second-order term [image: image] in Eq. 2 are linear expressions. Given an initial value [image: image], the first-order term [image: image] is approximately linearized by using Taylor expansion in this work.
[image: image]
Using Eq. 18, the ER loss characteristic constraint in Eq. 2 can be transformed into linear expression. Furthermore, the square of the node voltage is the optimization variable. The droop control constraints Eqs 5, 6, 11, 12 involve the first-order term of voltage, which are approximately linearized using Eq. 19.
[image: image]
where, [image: image]. After relaxation and linearization, the objective function is linear and the constraints are linear or second-order cone expression. The original NLP problem [image: image] is converted into an approximate convex programming problem [image: image], which can be efficiently solved.
Successive Convex Approximation Algorithm
The optimal values of branch current and node voltage ([image: image], [image: image]) in the original NLP problem [image: image] cannot be obtained in advance. When the difference between the given initial values ([image: image], [image: image]) and the optimal values are large, high calculation error will occur in Eqs 18, 19. To improve the accuracy between [image: image] and [image: image], an iterative calculation process is necessary. The successive convex approximation model is defined as [image: image] in this work.
The diagram of the successive convex approximation algorithm is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Diagram of successive convex approximation algorithm.
The solution process is as follows:
Step 1: Given initial values ([image: image], [image: image]) to formulate and solve [image: image];
Step 2: The initial values are updated according to the current optimal values of [image: image] ([image: image], [image: image]);
Step 3: If the difference between initial values in two adjacent iterations is less than the given threshold [image: image], stop, and the convergence is obtained; otherwise, go back to step 1 based on the updated initial values ([image: image], [image: image]).
CASE STUDIES
In order to verify the effectiveness of the approach proposed in this work, the solver Cplex is used to solve the optimization program based on Matlab-Yalmip platform. The network topology of ER-based AC/DC HDN is shown in Figure 4. 10 kV high voltage AC network (Zhu, 2002), 380 V low voltage AC network, and 750 V low voltage DC network (Dong et al., 2019) are coupled through ER. The no load voltage in AC network is [image: image], and the allowable voltage range is set as [0.95, 1.05]p.u. The no load voltage in DC network is [image: image], and the allowable voltage range is set as [0.95, 1.02]p.u. The no load frequency is [image: image], and the allowable frequency range is set as [0.996, 1.004]p.u. Fitting coefficients of ER loss model are set as ac,i = 0.001, bc,i = 0.005, cc,i = 0.02. The given initial values are [image: image], and [image: image].
[image: Figure 4]FIGURE 4 | The network topology of ER-based AC/DC HDN.
Results of Optimal Power Flow
The original NLP problem [image: image] and the successive convex approximation problem [image: image] are solved by the solver Ipopt and Cplex, respectively. The results of the optimal power flow in a period are shown as follows.
Table 1 shows the active power loss and solution time of model [image: image] and [image: image]. The active power loss in each network is roughly the same, and the relative error of the total loss is only 0.67%. Thus, the accuracy of the proposed algorithm is verified. Furthermore, compared with the original NLP problem [image: image] with solving time of 80.8 s, that is 17.3 s in the proposed model [image: image]. Calculation efficiency increased by 78.6%.
TABLE 1 | Optimized results of active power loss and solution time.
[image: Table 1]To verify the effectiveness of the introduced secondary control strategy, three cases are studied here.
Case I: Droop control strategy without secondary layer is adopted by ER and DGs;
Case II: Droop control strategy without secondary layer is adopted by ER and secondary droop control strategy is adopted by DGs;
Case III: Secondary droop control strategy is adopted by ER and DGs.
Active power output by DGs and ER in the low voltage network and the total power loss are demonstrated in Figure 5. Droop control characteristic is shifted by introducing the secondary droop control layer. The regulation performance of the controller is improved. The active power output of DGs is increased, and the active power injected by ER is reduced. Thus, the utilization efficiency of DGs in Case III is 55.4 and 19.7% higher than Case I and Case II, respectively. Compared with Case I and Case II, the total power loss in Case III is reduced by 29.6 and 15.5%, respectively.
[image: Figure 5]FIGURE 5 | Controllable unit active power output and the total power loss in three cases.
Results of Day-Ahead Optimal Scheduling
As demonstrated in Figure 6, the power output of DGs and main grid changes with the load curve. The ESS is charged at 1:00–10:00 and 15:00–17:00 during the low load period, and discharged at 12:00–14:00 and 19:00–23:00 during the peak load period, as shown in Figure 7. Compared with before optimization, the total power loss after optimization has been reduced by 27.2%. Meanwhile, the active power loss of ER decreased from 331.9 to 300.3 kWh. The operating efficiency of the network is improved.
[image: Figure 6]FIGURE 6 | Active power output of DGs and main grid.
[image: Figure 7]FIGURE 7 | Charging/discharging results of ESS and the power loss.
The node voltage is typically around 1p.u. To verify the convergence of the proposed successive convex approximation algorithm, various initial current values are analyzed here. As demonstrated in Figure 8, the convergence is obtained in all scenes. The solution time varies from 323.4 to 792.1 s, which is more than 5 h in the original NLP model. The number of iterations varies from 6 to 10. Furthermore, the relaxation error of branch current is 1e-6 order of magnitude, as depicted in Figure 9. These results reveal that the proposed approach in this work has good convergence and accuracy while improving the efficiency of the calculation.
[image: Figure 8]FIGURE 8 | Convergence error of initial values.
[image: Figure 9]FIGURE 9 | Relaxation error of branch current in 380 V-AC network.
CONCLUSION
The multi-period optimal operation model for ER-based AC/DC HDN is proposed in this work. The multiport coordinated control strategy of ER is considered in this paper. The introduction of a secondary droop control strategy improves the performance of the controller, which is conducive to enhance the utilization efficiency of DGs. On this basis, the operational efficiency of the network can be improved by coordinating and optimizing the active power output of DGs and ER. The second-order cone relaxation technique and successive linear approximation approach are adopted to converter the original NLP problem into a convex programming model. The proposed successive convex approximation algorithm has good convergence and accuracy. Ensure that the optimal solution of ER-based AC/DC HDN is obtained within an acceptable time.
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