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In response to the complexity of the Jacobian matrix inversion process in the power flow algorithm for AC/DC microgrids, leading to large memory requirements and susceptibility to convergence issues, a novel power flow algorithm based on an improved unified iteration method for AC/DC microgrids is proposed. Firstly, the fundamental equations of the unified iteration method and the characteristics of DC systems are analyzed. The reactive power correction terms and voltage phase correction differences are removed from the modified equations of the unified iteration method, and result in a reduction in the order of the Jacobian matrix in the power flow algorithm. Subsequently, the improved IEEE 11-node system is subjected to simulation verification to attain precise power flow solutions for hybrid AC/DC microgrids. The theoretical analysis identifies the main influencing parameters of active and reactive power errors and assesses their impact factors. Finally, experimental validation of the improved power flow algorithm is carried out on a physical platform, clarifying the applicability range of the proposed method. The research results indicate that within allowable error margins, the proposed approach reduces the difficulty of Jacobian matrix inversion, resulting in an 80% increase in computational speed compared to the unified iteration method. It is suitable for microgrid systems with short electrical distances and small magnitudes of node voltage amplitudes and phase differences.
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1 INTRODUCTION
In the context of “carbon peak” and “carbon neutrality,” the penetration of distributed generation technology in the power grid is gradually increasing, and microgrids have become an effective form of utilizing distributed generation technology (Song et al., 2021; Zou et al., 2022). Hybrid AC/DC microgrids, combining the advantages of both AC and DC microgrids, have become an important direction in the development of microgrid technology. However, there exist complex coupling relationships between AC and DC within the system. Therefore, how to systematically analyze AC/DC microgrids and ensure their safe and stable operation has become a focal research area for scholars worldwide (Liu K. et al., 2019; Hameed et al., 2019; Yang et al., 2019).
Power flow analysis, as one of the fundamental tools for microgrid analysis, its mathematical essence involves solving a set of multivariate nonlinear equations through iterative computations to determine parameters such as voltage, phase angle, and power at various nodes (or buses) within the grid. Power flow analysis is employed to ascertain load distribution, voltage stability, line power losses, and flow distribution of components such as generators, transformers, and transmission lines within the power system (Guoqing et al., 2017; Pengfei, 2022), plays a crucial role in microgrid planning, stability calculations, and fault analysis (Bajpai, 2023; Heidary et al., 2023; Huang et al., 2023; Li et al., 2023). Currently, commonly used power flow calculation methods for AC/DC microgrids include the unified iteration method (UIM) and the alternate iteration method (Nejabatkhah et al., 2019; Song et al., 2023). The alternate iteration method separately solves power flow for AC and DC subsystems, providing fast calculation speeds but relatively lower convergence accuracy. On the other hand, the unified iteration method extends the dimension of the Jacobian matrix by introducing DC variables, allowing for the joint solution of variables in AC and DC systems. However, this increases the order of the Jacobian matrix, requiring matrix decomposition in each iteration, thereby adding to the overall computation time (Wang et al., 2018). Therefore, reducing computational complexity and time in the power flow calculation process while ensuring accuracy has become an important aspect of research on power flow calculation in hybrid AC/DC microgrids.
To enhance the efficiency of AC/DC microgrid power flow calculations, related research has primarily focused on improving existing methods. Reference (Liu et al., 2021) proposed a control mode for distributed grids participating in voltage and frequency regulation based on the Newton-Raphson method. On this basis, it introduced a sequential algorithm framework for handling coupling relationships between AC and DC microgrids. Using an improved Newton-Raphson sub-algorithm, it iteratively solved power flow for hybrid AC/DC microgrids. Reference (Ju et al., 2022) presented a fully Distributed Power Flow (DPF) method, transforming nonsmooth constraints into smooth functions. It employed a two-level Augmented Lagrangian Alternating Direction Inexact Newton (ALADIN) method with second-order convergence speed to convert the DPF problem into a distributed step-size optimization problem. By exchanging microgrid boundary information, it achieved accurate power flow results and improved convergence speed and accuracy through the second-level step-size optimization. Reference (Chen et al., 2017) established a steady-state power flow model for a Droop-type distributed power source and AC/DC inverter. It applied a sequence component conversion based on voltage symmetry at the grid connection point and used a sequence current compensation method to decouple the AC subgrid into three-sequence networks, solving them in parallel and further reducing the solution capacity.
While the above literature has improved computational accuracy and speed through enhancements to existing methods, it does not address the impact of DC system characteristics on power flow calculation equations. To address this gap, this paper first comprehensively considers DC system characteristics and proposes an AC/DC microgrid power flow algorithm based on the unified iteration method. This resolves the issues of long computation times and high computational capacity associated with the unified iteration power flow calculation method. Subsequently, through simulation experiments on the IEEE 11-node system, the effectiveness and high computational efficiency of the proposed algorithm are validated. The study identifies the factors and extent of error generation under different conditions. Finally, experimental verification on a 30 kW load and 70 kW load is conducted on the experimental platform, confirming the feasibility of the improved algorithm.
2 THE POWER FLOW ALGORITHM FOR AC/DC SYSTEMS AND ITS IMPROVEMENT
In an AC/DC microgrid, which includes both AC and DC lines, the selection of DC lines leads to variations in system structure and operational modes. Consequently, there are differences in the equivalent models and DC equations.
Taking a two-terminal bipolar DC transmission system as an example, the selected DC line model is systematically modeled (Yang et al., 2021; Zhu et al., 2022), resulting in the equivalent circuit of the DC system as illustrated in Figure 1:
[image: Figure 1]FIGURE 1 | Steady-state model of two-terminal bipolar DC transmission system.
From the equivalent circuit shown in Figure 1, the expressions for the main parameters of the DC line can be obtained as follows:
[image: image]
[image: image]
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Eqs 1–3 form the main parameter equations for the two-terminal bipolar DC transmission system.
For a hybrid AC/DC system model with a total of [image: image] nodes, let the number of DC nodes be [image: image], and the number of AC nodes be [image: image], To facilitate the construction of correction equations, the nodes of the system are numbered as follows: the first [image: image] nodes are labeled as AC nodes, and the remaining [image: image] nodes are labeled as DC nodes.
For a pure AC system with [image: image] nodes, the power equations and correction equations in the polar coordinate form of the Newton-Raphson method are expressed as Eqs 4, 5, respectively.
[image: image]
[image: image]
Where the subscript ‘[image: image]’ represents AC variables; [image: image], [image: image], [image: image], [image: image], [image: image] are the sub-matrix of partial derivatives of the quantity to be corrected with respect to the correction variables, such as [image: image], [image: image]。
The power equations of the UIM are established based on the power equations of the AC system, with the inclusion of DC variables (Peng et al., 2017; Liu K et al., 2019; Lin et al., 2020; Wang et al., 2023). Combining the proposed DC model, the power equation for the hybrid AC/DC system is obtained by introducing DC variables into Eq. 4, as shown in Eq. 6:
[image: image]
Where the positive and negative signs represent the inverter and rectifier, respectively.
Considering the presence of DC variables in the mixed AC/DC system, in Eq. 5, active power and reactive power imbalance terms for the DC nodes, as well as phase difference and voltage difference, are introduced. From Eq. 6, it can be observed that the correction equations introduce new variables [image: image], [image: image], [image: image] . At this point, the number of variables exceeds the number of equations. According to the theory of the boundedness of solutions in a linear space, it is necessary to supplement the correction equations with new equations to ensure that the number of equations is greater than or equal to the number of variables.
Combining Eqs 1–3, supplement the parameter equation [image: image] and control equation [image: image] for the DC system in the quantity to be corrected, and express them uniformly as [image: image].
Rearranging Eq. 3 and forming the parameter equation [image: image] for the DC system is shown in Eq. 7 (Chen et al., 2019; Lee et al., 2020):
[image: image]
The main control equation for the DC system is expressed as Eq. 8:
[image: image]
Where the variables with subscript‘s’ represent the system rated values; [image: image] is determined based on the specific control method.
Due to the increase in the quantity to be corrected on the left side of the correction equation, and with only phase difference and voltage difference in the correction discrepancy, it is still not possible to solve the correction equation. Considering the inclusion of Eqs 7, 8 in the quantity to be corrected, and incorporating the characteristic parameters of the DC system, the correction discrepancy for the DC system is expanded by introducing the correction variable [image: image]. The specific expression is shown in Eq. 9.
[image: image]
The specific expressions for each variable in [image: image] are shown in Eq. 10:
[image: image]
Thus, the correction equation for the UIM in the mixed AC/DC system is:
[image: image]
Among them, [image: image]; [image: image]; [image: image]; [image: image]; Where the elements of the sub-matrices [image: image], [image: image], [image: image], and [image: image] in [image: image] are the same as those in Eq. 5.
Compared to the Jacobian matrix [image: image] in Eq. 5, the order of the augmented Jacobian matrix [image: image] in Eq. 11 has increased by 5× [image: image]. The increase in the order of the Jacobian matrix can complicate the process of solving the inverse matrix, potentially leading to singular values and causing non-convergence of the calculation results. Additionally, it occupies a considerable amount of computational memory and increases the power flow computation time, necessitating improvements.
In DC lines, the power factor is determined by factors [image: image] and [image: image]. Meanwhile, only resistive loads are effective in DC circuits, and during power flow analysis, only steady-state changes need to be considered. Therefore, in DC, only active power consumption is considered, and the flow of reactive power is not taken into account. As a result, there is no need for iterative calculations for the variable [image: image] in the quantity to be corrected.
At the same time, when transmitting electric energy in DC form, due to the special characteristics of DC power supply, there is no induction of reactance in the line during the energy transmission process, and there is no issue of voltage phase angle. For the DC portion in the mixed AC/DC system, there is no need to consider the phase deviation [image: image] in the correction discrepancy, which means removing the variables [image: image] and [image: image] from Eq. 11. The resulting correction equation is shown in Eq. 12:
[image: image]
Eq. 12 represents the expression of the corrected equation after improvement, which is the correction equation of the improved unified iteration method (IUIM).
3 EXAMPLE VERIFICATION
3.1 Parameter settings
The standard IEEE 11-node system is modified in this paper to form a hybrid AC/DC microgrid system, and the feasibility and computational accuracy of the proposed method are tested. The system structure is shown in Figure 2. The total number of nodes is [image: image], with [image: image] AC nodes and [image: image] DC nodes. Generators at nodes 8, 9, and 10 are replaced with photovoltaic sources, wind turbines, and fuel cells, treated as PV, PQ, and PV nodes, respectively. The active power output at node nine is set to [image: image] (per unit value), and the voltages at nodes 8 and 10 are [image: image] and [image: image], respectively. Node 11 is designated as the Slack node with a voltage of [image: image]. DC lines are added directly between nodes 3 and 5, with node 3 as the rectifier side and node 5 as the inverter side, while other lines are AC lines. The convergence accuracy is set to [image: image] for all calculations.
[image: Figure 2]FIGURE 2 | Improved structure diagram of IEEE 11 system.
The parameters of the AC lines in the system are shown in Table 1, and the parameters of the DC lines are shown in Table 2, all represented in per unit values.
TABLE 1 | AC line parameters.
[image: Table 1]TABLE 2 | DC line parameters.
[image: Table 2]3.2 Results of the example
Comparing the computational results between the UIM and the proposed approach, the computation times are presented in Table 3. With the same convergence achieved in 5 iterations, the UIM has a computation time of 0.02 s, while the IUIM has a computation time of 0.004 s. With the same convergence accuracy, the computational speed has been improved, showing an 80% increase in speed.
TABLE 3 | Comparison of calculation time.
[image: Table 3]Comparing the injected active and reactive power of branches as shown in Figures 3A, B, the active power exhibits virtually no error. The maximum deviation for active power input (output) of branches is [image: image], with an average relative error of [image: image]. For reactive power, the maximum deviation in input is [image: image], and in output is [image: image], with an average relative error of [image: image].
[image: Figure 3]FIGURE 3 | Comparison of power input and output of branch. (A) Active power. (B) Reactive power.
Comparing the voltage transformation ratio of the DC converter as shown in Figure 4, the deviation for the DC converter ratio [image: image] is [image: image], and for the DC converter ratio [image: image] is [image: image].
[image: Figure 4]FIGURE 4 | Comparison of voltage ratio of DC converter.
Comparing the calculated node voltage magnitudes as shown in Figure 5A, the maximum voltage deviation between the two calculations is [image: image], with other node voltage deviations not exceeding 0.01. The average relative error in node voltage is [image: image]. Comparing the calculated node voltage phase angles as shown in Figure 5B, the maximum phase difference between the two calculations is [image: image], with an overall deviation within ±0.6°. The average relative error in node voltage phase angles is [image: image].
[image: Figure 5]FIGURE 5 | Comparison of Node Voltage Calculation Results. (A) Node voltage amplitude. (B) Node phase.
Based on the simulated results mentioned above, the proposed improved algorithm demonstrates a 80% increase in computational speed while maintaining small computational errors. It meets the requirements of both computational accuracy and efficiency for rapid analysis of microgrids, providing evidence for the feasibility and high computational efficiency of the proposed algorithm.
4 ERROR ANALYSIS
The power flow annotation for the modified IEEE 11-node system structure is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Power flow diagram of the improved IEEE11 system.
From the power flow illustrated in Figure 6, it is evident that for the hybrid AC/DC system, nodes 3 and 5 involve issues regarding the synthesis and distribution of power between AC and DC systems. In this paper, certain DC parameters in the correction equations during DC power flow computation were removed, leading to relative errors between the actual values and the influx and distribution of DC power at the interface nodes between the DC and AC systems. Figure 7 shows the phase error curve of node voltages. As the electrical distance between nodes and the reference node increases, the phase error of node voltages gradually increases. In multi-node radial networks, an increase in the electrical distance between nodes and the reference node leads to a gradual increase in calculation errors. However, for microgrid systems with lower voltage levels, where the electrical distance between nodes is shorter, the errors generated by the improved algorithm are relatively small.
[image: Figure 7]FIGURE 7 | Node voltage phase error curve.
Comparing Eqs 11, 12, the deviation of active power and reactive power for a single iteration process at a certain node in the system is given by Eq. 13:
[image: image]
Analyze the impact of [image: image] or [image: image] and [image: image] on [image: image] and conduct a quantitative analysis. It is observed that the expressions for the partial derivatives of [image: image] with respect to [image: image] are consistent with those for [image: image]. For ease of analysis, [image: image] and [image: image] are unified as [image: image]. Taking node voltage [image: image] , [image: image], we plot the error influence curves of [image: image] and [image: image] on [image: image], as shown in Figure 8, with all variables represented in per unit values. Combining the simulation results, the curves for active power error and node voltage error are plotted separately in Figures 9, 10.
[image: Figure 8]FIGURE 8 | Active power error influence trend.
[image: Figure 9]FIGURE 9 | Active power error curve.
[image: Figure 10]FIGURE 10 | Node voltage error curve.
From Figure 8, it can be observed that when [image: image] remains constant, at lower values of [image: image], the numerical impact of [image: image] on [image: image] is relatively small. As the value of [image: image] increases, the impact on [image: image] gradually increases, and the degree of impact continues to grow without an upper limit. When [image: image] remains constant, at lower values of [image: image], the numerical impact on [image: image] is relatively small. As the value of [image: image] increases, the impact on [image: image] gradually increases, reaching a maximum degree of impact. The impact curve approximately exhibits a periodic function.
At lower voltage levels, [image: image] is primarily influenced by [image: image]. As both [image: image] and [image: image] increase, [image: image] is influenced by both variables with similar degrees of impact. As [image: image] continues to increase, [image: image] is primarily influenced by [image: image]. In the example, where the voltage phase [image: image] is relatively small, the impact of [image: image] on [image: image] is more pronounced compared to [image: image]. This is evident in nodes 3, 5, and 6 where the node voltages have relatively large errors, corresponding to peaks in the active power error curve.
Analyze the impact of [image: image] and [image: image] on [image: image], we plot the error influence curves of [image: image] and [image: image] on [image: image] in Figure 11, with all variables represented in per unit values. Combining the simulation results, the reactive power error curve is plotted in Figure 12.
[image: Figure 11]FIGURE 11 | Reactive power error influence trend.
[image: Figure 12]FIGURE 12 | Reactive power error curve.
When [image: image] remains constant, as the value of [image: image] increases, the numerical impact on [image: image] gradually increases, and the degree of impact continues to grow without an upper limit. When [image: image] remains constant, [image: image] consistently has a significant impact on [image: image]. Combining the power flow diagram in Figure 8, for nodes 3 and 5, there is a relationship [image: image]. For lower values of [image: image], [image: image] is primarily influenced by [image: image]. As [image: image] increases, [image: image] is influenced by both variables with similar degrees of impact. As [image: image] continues to increase, [image: image] is primarily influenced by [image: image], and the degree of impact becomes more significant.
Observing Figure 12, it can be noted that there are significant errors in the reactive power on branches with the branch numbers 3, 4, 7, and 9. In the example, where the voltage phase [image: image] is relatively small, [image: image] is primarily influenced by [image: image]. The lines with significant errors are mainly located at the connection points of DC and AC lines, specifically at nodes 3 and 5. In the iteration process, elements of [image: image] in the correction equation for these two nodes were removed, leading to errors in the overall numerical values. Moreover, the closer the lines are to nodes 3 and 5, the larger the errors generated.
For systems with numerous parallel AC and DC lines in the network, the convergence and distribution of AC and DC power flows occur at the connection points. Ignoring [image: image] can lead to significant errors in the iterative calculation of reactive power for the system, and the errors increase with more parallel branches. In microgrid systems with a common bus configuration, where there are fewer parallel branches, the overall error in the iterative calculation of reactive power is relatively small.
In summary, [image: image] is primarily influenced by the voltage phase [image: image] and voltage magnitude [image: image]. [image: image] is mainly influenced by [image: image] and the reactive power imbalance [image: image]. When [image: image] is small, [image: image] is primarily influenced by [image: image]. When [image: image] and [image: image] are large, [image: image] is mainly influenced by [image: image], and the degree of influence is significant. [image: image] is primarily influenced by [image: image]. At the connection points of AC and DC lines within the mixed AC/DC system, relatively large errors in [image: image] and node voltage phase can occur.
5 EXPERIMENTAL VERIFICATION
5.1 Experimental platform
To further validate the feasibility of the proposed improved algorithm, experimental verification was conducted on the experimental platform shown in Figure 13.
[image: Figure 13]FIGURE 13 | Field diagram of the experimental platform.
Table 4 shows the specific data of the experimental equipment in the experimental platform.
TABLE 4 | Main parameters of the experimental platform.
[image: Table 4]Equivalent the experimental platform to the system wiring diagram as shown in Figure 14, and assign node numbers to the nodes in the system. Set node 10 as the Slack node with [image: image] while the remaining nodes are PQ nodes. Perform experimental validation for two operating conditions of load 1#: 30 kW and 70kW, respectively. Write improved power flow algorithm code in MATLAB, input basic data, and calculate the active power and node voltage at the (Analog Front End) AFE1# and AFE2# locations. and connect them to the upper computer. Utilize the system software to monitor the output power and voltage at these two locations, and compare the values with the calculated results.
[image: Figure 14]FIGURE 14 | System wiring diagram.
5.2 Experimental result
The voltage waveforms of AFE1# and AFE2# detected by the upper computer under 30kW and 70 kW loads are shown in Figure 15A. The output power waveforms are illustrated in Figure 15B.
[image: Figure 15]FIGURE 15 | Data acquisition results for AFE1# and AFE2#. (A) Voltage waveform. (B) Power waveform.
Utilizing the proposed improved algorithm to obtain the current power flow solution for the system, and comparing the calculated values with the steady-state values measured by the upper computer. The error results for different loads are presented in Tables 5, 6.
TABLE 5 | Voltage calculation results and relative errors.
[image: Table 5]TABLE 6 | Power calculation results and relative errors.
[image: Table 6]In summary of the above experimental results, for the 30 kW load experiment, the output power error of Node 4 is 10%, and the errors of other node variables are around 5%. For the 70 kW load experiment, the output power error of Node 4 is 7.43%, the output power error of Node 3 is 5.5%, and the voltage error is around 1%.
Comparing the error results of the two experiments, the voltage error results of AFE1# and AFE2# nodes are basically similar. AFE1# has a relatively smaller output power error compared to AFE2#. According to the error analysis results in Section 4, AFE1# is closer to the load in electrical distance, has a smaller line resistance, and requires relatively fewer iterations throughout the calculation process. Therefore, it generates a relatively smaller relative error.
Based on the experimental validation above, the error range between the overall actual measurements and calculated values is within 10%, ensuring relatively accurate results while maintaining computational speed. This verifies the feasibility of the proposed improved algorithm. Particularly in hybrid AC/DC microgrid systems with short electrical distances, this algorithm demonstrates applicability.
6 CONCLUSION
This paper, based on the characteristics of DC systems, simplifies the correction equations of the unified iteration method and proposes a power flow calculation model for hybrid AC/DC microgrids based on the improved unified iteration method. The following conclusions can be drawn through theoretical analysis and simulation/experimental verification:
1. By neglecting the flow of reactive power within the DC system and the influence of phase angles on the system, the Jacobian matrix in the correction equations of the unified iteration method is simplified and reduced in order to derive a power flow calculation method for hybrid AC/DC microgrids based on the unified iteration method. The case results indicate that the proposed improved algorithm improves computational speed by 80% compared to the Unified Iterative Method.
2. For the proposed improved algorithm, the error in active power is mainly influenced by the voltage phase angle ([image: image]) and voltage magnitude ([image: image]), while the error in reactive power is primarily affected by [image: image] and [image: image]. When [image: image] is small, the error in active power is mainly influenced by [image: image], and the error in reactive power is primarily affected by [image: image].
3. To experimentally validate the proposed improved algorithm, the magnitude of errors generated for different nodes is related to the electrical distance between the nodes and the load nodes. The longer the electrical distance, the more iterations are required during the power flow calculation process, leading to larger errors.
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