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Abstract

:

In order to ensure the security of power grids and control the level of short-circuit currents, a multi-objective optimization method for power grid partitioning is proposed. This method takes into consideration both short-circuit currents and multi-scenario safety constraints. A power grid partitioning optimization model is established to achieve objectives such as minimizing disconnected lines, maximizing safety margins, and ensuring load balance in the main transformers. The model aims to satisfy constraints related to short-circuit current levels, base-case power flow, and N − 1 security. To address the significant deviation in the static security constraint model caused by large amounts of active power losses in large-scale power grids, an improved direct current model is proposed to reduce these errors and meet the accuracy requirements for grid partitioning optimization. Additionally, to adapt to the variability of renewable energy output, an optimization method is proposed, combining three scenarios of renewable energy generation while satisfying short-circuit current and static security constraints. The power grid partitioning model is mathematically formulated as a large-scale mixed-integer linear programming problem, which presents challenges in terms of hardware requirements and computational complexity when solved directly. To mitigate these challenges, equivalent WARD values are assigned to the short-circuit current constraints, base-case constraints, and anticipated fault-induced power flow constraints. Anticipated faults and bottleneck branches are accurately incorporated, and the problem is decomposed into smaller-scale mixed-integer linear programming problems, solved in a stepwise iterative manner. This approach significantly improves computational efficiency and meets the requirements of practical large-scale power grid applications. To validate the proposed model and algorithm, a simulation program is developed using C++, and a simulation analysis of a regional transmission network is conducted. The program ensures the correctness of the proposed model and demonstrates the effectiveness of the algorithm.
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1. Introduction


With the sustained development of the economy, the capacity and the number of substations is constantly increasing [1]. This leads to an increase in the level of short-circuit current in the grid. The rise in short-circuit current levels causes a great increase in the degree of short-circuit fault hazards, and it will seriously threaten the safe operation of equipment and grids. A short-circuit current on a bus exceeding its switch-blocking capacity is vetoed in grids’ planning and operation. At present, there is a bottleneck in the technology for the improvement of breakers during the opening short-circuit current’s capacity. And it is costly to further improve breakers’ shading capacity. Limiting the level of short-circuit currents and avoiding short-circuit current overruns have become important issues to be considered in operation-mode arrangements. Meanwhile, the integration of wind power into grids on a large scale, as a form of renewable energy, poses significant challenges to the safety and stability of the grids in question. This is primarily due to the inherent uncertainty associated with wind power generation. Consequently, it becomes imperative to explore suitable approaches for partitioning and limiting short-circuit currents under various multi-scenario conditions.



Currently, the main measures to limit short-circuit currents are as follows: using high-impedance transformers, installing series reactors, line disconnection, bus segmentation, and so on [1,2,3]. Grid partitioning is, currently, a commonly used measure to limit short-circuit currents. It mainly changes the structure and operation mode of a power grid by means of a line disconnection and a busbar segmentation operation. In [4,5,6], optimal transmission switching (OTS) was proposed as a partitioning method for reducing short-circuit currents. Developing a more reasonable grid partitioning method for limiting short-circuit currents is one of the main problems of grid planning [7,8].



Aiming grid partitioning adjustment methods at the goal of short-circuit currents’ limitation, scholars have carried out a series of studies. The current methods mainly include the topology method, the heuristic rule method, the sensitivity analysis method, the hidden enumeration method, and the mathematical optimization method, as discussed below.



	i.

	
Topology method: The literature [9] proposes a topology searching method based on a connectivity judgment algorithm, which gives the heuristic rules of a partitioned line opening. The topology adjustment method has a better suppression effect for short-circuit currents, and its impact on a system’s reliability is relatively small. The literature [10] describes limiting measures for short-circuit currents that involve dynamically adjusting the system effectively, reducing the risk of short-circuits and affecting a system’s transient power-angle stability. When implementing the aforementioned measures, a specific simulation analysis should be conducted for the practical system in question.




	ii.

	
Heuristic rule method: The literature [11] denotes an algorithmic method for partitioning power networks. This method involves the detection of buses with a high potential for obtaining the desired partitioning outcome for the power network at hand. Experimental results on a benchmark dataset and a real-world provincial power grid demonstrate the algorithm’s capability to uncover the inherent zonal structure within power networks. Additionally, the algorithm outperforms existing methods in its autonomous determining of the optimal number of partitions.




	iii.

	
Sensitivity Analysis Method: According to the literature [12], a sensitivity analysis-based approach is employed when searching for optimal combinations of 500 kV open-line configurations, aiming to mitigate short-circuit currents. Moreover, in the literature [13], practical transmission topology control policies are introduced. These policies leverage readily available sensitivity information from an economic generation dispatch to effectively determine the candidate lines for status changes, while ensuring the continual connectivity of the overall system.




	iv.

	
Hidden enumeration method: The literature [14] proved that there is a monotonic relationship between a bus’s short-circuit current and line removal, and it proposes a full-program searching method for limiting the short-circuit current in question. It is, essentially, a hidden enumeration method, but the program optimization workload is large.




	v.

	
The literature [5] proposes a transmission-line optimization disconnection model, considering short-circuit currents and N − 1 security constraints, by linearizing the short-circuit current calculation model. It describes self-impedance as a linear function of whether the line is disconnected or not, and it adopts the DC (direct current) method of the trend model. The literature [6] proposes a nonlinear mixed-integer planning model for the optimal-disconnection problem, considering short-circuit current constraints, and solves it using the Bender decomposition method. The literature [15] proposes a linear mixed-integer optimization model for the optimization of grid current-limiting operation modes. And it uses WARD equivalence to reduce the computational scale of the optimization problem, which has a good potential for practical applications.







The partitioning optimization problem needs to consider the static security of the grid. Due to the large size of the contingencies of power systems, and also due to the difficulty in solving large-scale nonlinear mixed-integer optimization problems, the DC method is generally used in grid partitioning optimization. However, the DC model concentrates the deviation of active loss in the balancing machine, and when applied to a large-scale power system, the static security constraint model accuracy cannot meet the requirements because the total amount of active loss is larger than the capacity of the generators or the circuits. This shortcoming leads to a large deviation of the currents near the balancing machine or interprovincial liaison line. The literature [16] compares the optimization results of the DC (Direct Current) method and AC (Approximate Corrective) method for the transmission line optimization disconnection problem, and it is found that the disconnection scheme given by the DC method may not be the optimal scheme, and sometimes it is not even a feasible solution. Meanwhile, as the scale of renewable energy sources such as wind turbines and photovoltaic increases in the grid, the impact of uncertainty of renewable energy output needs to be considered [16]. In this paper, we consider the renewable energy output in multiple scenarios, and jointly optimize the short-circuit partitioning method to meet multiple scenarios.



Based on the optimization model of current-limiting operation given in the literature [15], this paper proposes a multi-objective grid partitioning optimization method considering short-circuit current and static security constraints. It focuses on the problem of excessive computational volume and low accuracy of the DC method model encountered. The main work includes:




	(1)

	
Aiming at the error problem of the static security constraint model of the DC method caused by large active losses, this paper proposes a method to reduce the error of the DC method, which meets the accuracy requirements of grid partitioning optimization.




	(2)

	
Aiming at the problem that short-circuit current limiting partitioning cannot meet the requirements due to the fluctuation of renewable energy under extreme conditions, a short-circuit current partitioning method is proposed to jointly optimize multiple scenarios.




	(3)

	
Based on the multiple scenarios of grid partitioning optimization, a multi-objective optimization model is proposed to improve the reasonableness of the optimization results.




	(4)

	
Aiming at the problem of a large calculation scale of grid partition optimization, the optimization solving speed is improved by step-by-step cyclic solving, WARD equivalence, and precise addition of contingencies and monitoring branches to meet the requirements of large power systems.










2. Power Grid Short-Circuit Current Limitation Partitioning Model Considering WARD Equivalent


To address the issue of excessive error in active power near the balancing machine bus and the uncertainty of renewable energy output, which in turn prevents the DC method providing a satisfactory solution to the short-circuit current limiting problem in extreme cases, this paper divides the grid partitioning optimization method into two parts: (1) After conducting a DC method of short-circuit current limiting partitioning, the respective branch circuit’s long-term load current is used as the standard deviation for measurement, along with injection of each zero-injection bus, establishing the constraints of the equation and constructing the state estimation model for the DC method. (2) Based on the improved DC method of short-circuit current partitioning, the issue of fault current partitioning in extreme situations is taken into accountment. A short-circuit current limiting partitioning scheme is proposed by jointly optimizing the integration of different renewable energy generation scenarios, and the diagram of this method is shown in Figure 1.



2.1. Power Grid Short-Circuit Current Limitation Partitioning Model


Power system partitioning aims to decrease the level of short-circuit current at the fault location in order to mitigate safety hazards caused by excessive short-circuit current when circuit breakers open. When conducting grid partitioning, it is necessary to take into accountment the following factors, which are related to short-circuit currents and security constraints [17,18].



2.1.1. Minimum Number of Weighted Open Lines


Typically, the disconnection of lines or segmentation of buses results in the loss of network frame integrity, diminishing power supply reliability and transient stability levels of the system. Therefore, grid partition optimization aims to minimize the number of weighted disconnected lines.


  min   ∑  i j ∈  S C      W  i j  O   O  i j      



(1)




where the symbol ij denotes the line with bus numbers as its endpoints. The open state of line ij is denoted by Oij, where 1 denotes a disconnected line and 0 denotes a running line. The weight of line ij being disconnected is denoted by    W  i j  O   , which corresponds to the penalization cost. The set of candidate open branches is denoted by SC.



It should be noted that the term “line disconnection” here is used in a broad sense, including both the disconnection of 500 kV lines and the segmentation of 220 kV busbars.




2.1.2. Maximum Safety Margin for Currents in the Base State


The grid security margin is strongly correlated with the line loading rate. In this context, the maximum margin of security is defined as the minimum value among the maximum loading rates of each branch, represented by the following:


  min  α  max    



(2)






   α  max   ≥    P  i j      P  i j   max     ,   ∀ i j ∈  S C   



(3)






   α  max   ≥ −    P  i j      P  i j   max     ,   ∀ i j ∈  S C   



(4)




where the variable αmax denotes the maximum load rate among all the load rates of branches. The variables Pij and    P  i j   max     denote the steady-state active current and long-term allowable load capacity of the branch ‘ij’.




2.1.3. Load Rate Equalization for Higher-Level Main Transformers


It is crucial to ensure load balance among the higher-level (500 kV) main transformers during the operation of the sub-level (220 kV) power grid to prevent issues like decreased efficiency and increased losses. To achieve the goal of load balancing for the main transformers, a variable αref is introduced to represent the reference load rate of the main transformers.


  min   ∑  i j ∈  S T          P  i j      P  i j   max     −  α  r e f        



(5)








2.1.4. Anticipated Fault State Power Flow Safety Objectives


The power grid must be capable of withstanding anticipated fault impacts, ensuring that the power flow of all equipment does not exceed their short-term load carrying capacity. This enables operators to effectively handle accidents. The optimization objective is to minimize the cumulative rate of anticipated fault state power flow exceeding the predefined limits.


  min   ∑  v ∈  S v      β  i j    v       



(6)






  −   1 +  β  i j    v        P ¯   i j   max   ≤  P  i j    v    ≤   1 +  β  i j    v        P ¯   i j   max    



(7)






   β  i j    v    ≥ 0  



(8)




where the superscript  v  denotes the anticipated fault number. Sv denotes the set of anticipated faults.    β  i j    v      denotes the exceedance ratio of branch ij under the anticipated fault  v .     P ¯   i j   max     denotes the short-term permissible current flow of branch ij, which is typically higher than the long-term permissible current flow    P  i j   max    .




2.1.5. WARD Equivalent


	(1)

	
The WARD equivalent process







In Section 2.1.1, after the set of candidate open branches is established in the model, there is a substantial amount of redundant calculations of the power grid after fine-tuning the fault-free mode. Therefore, in order to reduce the size of the model, this paper uses the WARD equivalent method to perform equivalence on the power grid structure and anticipated disconnection under each anticipated fault before mathematical modeling.



For actual power grids, because the sites with excessively high levels of short-circuit currents are often concentrated in a few specific regions, the WARD equivalent method can be used to reduce the number of variables and constraints in the DC model.



Figure 2 depicts the network changes before and after WARD equivalence in a two-area interconnected system. The internal network denotes the region of interest for power grid analysis, while the external network denotes the region to be equivalenced. The two areas are connected through a boundary bus, Bi…Bj for the inner area and Bm…Bn for the outer area. After the process of WARD equivalence, the impact of the external network on the internal network is reflected through the injection of an equivalent current (or equivalent injection of active power) at the boundary bus, as well as the equivalent branches between the boundary bus and the equivalent branches to ground. The removal of the external network bus reveals the network changes before and after equivalence through variations in branch parameters and the injection of current (or equivalent injection of active power) at the boundary bus.



The initial block admittance matrix for the internal bus is denoted as    Y  I I   ( 0 )    , the external bus is denoted as    Y  E E   ( 0 )    , and the admittance matrix between internal and external bus is denoted as    Y  I E   ( 0 )    . By adopting a bus numbering sequence that begins with the external bus and is followed by the internal bus. The system of equations to be analyzed using WARD equivalent method is as follows:


         Y  E E   ( 0 )        Y  E I   ( 0 )          Y  I E   ( 0 )        Y  I I   ( 0 )                V E         V I        =        I E  ( 0 )          I I  ( 0 )          



(9)







Eliminate the external bus and utilize the parameters and variables of the internal bus to represent the voltage variables of the external bus, as follows:


   V E  =  Y  E E   ( 0 ) − 1   (  I E  ( 0 )   −  Y  E I   ( 0 )   )  



(10)







Through this transformation, the system of linear equations after WARD equivalent processing can be obtained as follows:


   Y  I I    V I  =  I I   



(11)




where    Y  I I   =  Y  I I   ( 0 )   −  Y  I E   ( 0 )    Y  E E   ( 0 ) − 1    Y  E I   ( 0 )    ,    I I  =  I I  ( 0 )   −  Y  I E   ( 0 ) − 1    I E  ( 0 )   =  I I  ( 0 )   +  I I  e q    . These represent the equivalent admittance matrix of the bus and the injected current vector. In this short-circuit current limiting partitioning method, the VE amplitude corresponding to the bus on both sides of the branch can be interrupted. The coefficient structure of matrix          Y  E E   ( 0 )        Y  E I   ( 0 )          Y  I E   ( 0 )        Y  I I   ( 0 )           is used to optimize the bus numbering of part    Y  E E   ( 0 )    , in order to maintain good sparsity and reduce the computational workload.



For the power constraints in the DC model, the WARD equivalent handling is as follows:


         B  E E   ( 0 )        B  E I   ( 0 )          B  I E   ( 0 )        B  I I   ( 0 )                θ E         θ I        =        P E  ( 0 )          P I  ( 0 )          



(12)




where B denotes the corresponding admittance matrix, θ denotes phase angle vector, P denotes the inject vector of bus power. After the WARD equivalent, the system of equations is as follows:


   B  I I    θ I  =  P I   



(13)




where    B  I I   =  B  I I   ( 0 )   −  B  I E   ( 0 )    B  E E   ( 0 ) − 1    B  E I   ( 0 )    ,    P I  =  P I  ( 0 )   −  B  I E   ( 0 )    B  E E   ( 0 ) − 1    B  E I   ( 0 )   =  P I  ( 0 )   +  P I  e q    . They, respectively, denote the equivalent bus admittance matrix and the injected active power vector after equivalence, and    B  I I   ( 0 )    ,    B  I E   ( 0 )     and    B  E E   ( 0 ) − 1    , respectively, denote the corresponding block admittance matrix before equivalence.    P I  ( 0 )     denotes the injected active power of the internal nodes before equivalence.



	(2)

	
The application of WARD in short-circuit current limiting partitioning.







The WARD equivalent processing is used to decrease the size of the optimization model for short-circuit current limiting partitioning. This process is mainly divided into two steps: determining the range of network equivalence and deriving the parameters of network equivalence. The process is as follows:




	i.

	
Determine the set of branch fault interruptions and obtain their corresponding influence zone according to the method described in the literature [15].




	ii.

	
Based on the anticipated fault set generated by step i, the influence range of the anticipated tripping is determined. The reserved network includes the anticipated tripping device and its influence range.




	iii.

	
Combine the original reserved network with the anticipated disconnection reserved network as the equivalent power grid for optimization modeling, assuming that no excessive occurrences will happen in the rest of the power grid under the anticipated disconnection.




	iv.

	
Perform WARD equivalence on the remaining part of the grid and obtain the parameters of the equivalent grid based on Equations (9)–(12).




	v.

	
According to the methods described in Section 2.2, add safety constraints.




	vi.

	
Return to step i and continue iterating through the set of valid anticipated faults until the iteration is complete.











2.2. Safety Constraints during Short-Circuit Faults


2.2.1. Safety Constraints during Short-Circuit Faults


The safety constraints during short-circuit faults include two components: the short-circuit current limit constraints for the short-circuit bus and non-short-circuit bus. For any overloaded bus f in the set of buses with excessive short-circuit currents, additional short-circuit current constraints can be added.


  min   ∑  f ∈  N F      I s  ( f )      



(14)






    ∑  g ∈  S G  ( f )         E g ″     x g ″      +   ∑  f j ∉  S C        V j   f       x  f j       −   ∑  f j ∈  S C      I  f j    f      ≤  I  max   ( f )   +  I s  ( f )    



(15)






   I s  ( f )   ≥ 0  



(16)






  M    O  i j   − 1   ≤  I  i j    f    ≤ M   1 −  O  i j     ,   ∀ i j ∈  S C   



(17)






  − M  O  i j   ≤  I  i j    f    −      V i   f    −  V j   f       x  i j       ≤ M  O  i j   ,   ∀ i j ∈  S C   



(18)






    ∑  g ∈  S G  ( i )         E g ″  −  V i   f       x g ″      =   ∑  i j ∉  S C          V i   f    −  V j   f       x  i j         +   ∑  i j ∈  S C      I  i j    f      , ∀ i ≠ f , i ∈  N A   



(19)






   V f   f    = 0  



(20)




where i, j, and f all denote bus numbers.    S G  ( i )     denotes the set of generators for bus i; g denotes the generator number.    E g ″    and    x g ″    denote the sub-transient voltage and sub-transient reactance of generator g, respectively.    V i   f      denotes the voltage magnitude of bus i when bus f is short-circuited. xij denotes the series reactance of branch (i, j).    I  i j    f      denotes the current flowing from bus i to bus j on branch ij when bus f is short-circuited. Ifmax denotes the short-circuit current limit of bus f. Isf is a relaxation variable that denotes the excess of short-circuit current for bus f. When it is 0, it indicates that the short-circuit current is not excessive. When it is a positive value, it indicates that the short-circuit current level is excessive. By penalizing the excess in the objective function, the aim is to avoid excessive short-circuit currents as much as possible. This is mainly used to prevent optimization problems that may arise from the failure to meet the short-circuit current level constraints of certain overloaded buses in a single optimization. M denotes a sufficiently large positive number. NA denotes the set of all buses.




2.2.2. Steady-State Power Flow Constraints


In the operation of the power grid, it is required that all equipment is not overloaded under normal conditions.



	(3)

	
Power balance constraints.









   P  G i   −  P  L i   −   ∑  j ∈  S  B i       P  i j     = 0 ,   ∀ i ∈  N A   



(21)




where PGi and PLi, respectively, denote the active power output of the unit and the steady-state power flow of bus i. SBi denotes the set of branches adjacent to bus i.



	(4)

	
Constraints on the flow of an openable branch.








      O  i j   − 1   M ≤  P  i j   ≤   1 −  O  i j     M ,   ∀ i j ∈  S C    



(22)






   −  O  i j   M ≤  P  i j   −    θ i  −  θ j     x  i j     ≤  O  i j   M ,   ∀ i j ∈  S C    



(23)





	(5)

	
Constraints on the flow of a non-openable branch.









   P  i j   =    θ i  −  θ j     x  i j     ,   ∀ i j ∈    S B  −  S C     



(24)




where θi denotes the phase angle of bus i under steady-state power flow, and SB denotes the set of all branches.




2.2.3. N − 1 Anticipated Fault State Power Flow Constraints


Similar to the current constraints in steady-state, the current constraints of each N − 1 predicted fault state can be established as follows:




	(1)

	
Power balance constraints.











   P  G i    v    −  P  L i    v    −   ∑  j ∈  S  B i       P  i j    v      = 0 ,   ∀ i ∈  N A   



(25)







	(2)

	
Constraints on the flow of an openable branch.









     O  i j   − 1   M ≤  P  i j    v    ≤   1 −  O  i j     M ,   ∀ i j ∈  S C  ∩ i j ∉  E v   



(26)






  −  O  i j   M ≤  P  i j    v    −    θ i   v    −  θ j   v       x  i j     ≤  O  i j   M ,   ∀ i j ∈  S C  ∩ i j ∉  E v   



(27)




where Ev denotes the set of all branches in the N − 1 predicted fault state.



	(3)

	
Constraints on the flow of a non-openable branch.








    P  i j    v    =    θ i   v    −  θ j   v       x  i j     ,   ∀ i j ∈    S B  −  S C  −  E v      



(28)





Equations (6)–(8) and (25)–(28) together constitute the N − 1 safety objective constraint. The main purpose of using objective constraints, rather than rigid constraints, is to avoid infeasibility.






3. An Improved DC Method of Short-Circuit Current Partitioning


The DC constrained model is adopted in Section 2.2, which describes the power grid partition optimization problem as a linear mixed-integer programming problem, greatly improving the efficiency and reliability of the optimization problem solution. If the AC model is used instead, the optimization problem becomes a nonlinear mixed-integer programming problem, which significantly increases the difficulty, computational complexity, and convergence reliability of the solution. And the AC model cannot meet the practical requirements of the power grid application, because the DC model ignores the active power loss. For small-scale power grids, the total amount of active power loss caused by neglecting the active power-loss-induced branch flow error is small, which can meet the engineering application requirements. However, when the DC model is applied to large-scale power systems, the total amount of active power loss in the network is large, far exceeding the capacity of a single generator or the current-carrying capacity of a single branch. Moreover, the active power loss deviation of the two flow models is entirely borne by the balancing machine, leading to significant flow deviations near the balancing machine or interprovincial transmission lines, making it difficult to meet the practical requirements of the power grid application.



To mitigate the negative impacts of inaccuracies in the DC model on the optimization model of power grid partitioning. The DC method state estimation model is constructed by taking the active current value of each branch sender as the active measurement value of the branch, taking the same proportion of the long-term current-carrying capacity of each branch (e.g., 1%) as the standard deviation of the measurement, and taking the unchanged active injection of each zero-injector bus as the constraint of the equation, as follows:


        P ˜   i j   =    θ i  −  θ j     x  i j     + Δ  P  i j     ∀ ( i , j ) ∈  S B        ∑  j ∈  N i        θ i  −  θ j     x  i j       = 0   ∀ i ∈  S z       



(29)






  P D F ( Δ  P  i j   ) =  1   σ  i j     2 π      e  −   Δ  P  i j  2    2  σ  i j  2       



(30)






   σ  i j   = 0.01  P  i j   max    



(31)




where i and j denote the bus numbers. SB denotes the collection of branch lines, while SZ signifies the set of zero injection buses. Ni denotes the set of neighboring branches for bus i. Pij denotes the measured active power flow from bus i to bus j through the (i, j) branch, obtained from AC calculation. ΔPij denotes the measurement error corresponding to the difference between DC and AC. PDF(ΔPij) signifies the probability density function of ΔPij. σij denotes the standard deviation for ΔPij [19].



The measurement equation for state estimation method in the power system is generally expressed as:


      z = h ( x ) + r     g ( x ) = 0      



(32)




where x denotes an n-dimensional vector of state variables; z denotes an m-dimensional vector of measured variables; h(x) denotes the measurement function; r denotes the vector of measurement errors; g(x) denotes an l-dimensional vector of function variables.



When both h(x) and g(x) are quadratic function vectors, Equation (32) is referred to as the quadratic-constrained quadratic estimation problem.



For the convenience of illustration, the equations can be denoted as


  f ( x ) =     h ( x )     g ( x )      











In mathematics, a quadratic function can be described as follows:


   f i  ( x ) =  x T   A i  x +  b i T  x +  c i   



(33)




where i denotes the number of the equation. Ai denotes the n-by-n-dimensional upper triangular constant matrix. bi denotes an n-dimensional constant vector. c denotes a constant.



Weighted least squares method (WLS) is the most widely used state estimation method in the power system. It can eliminate the interference of random Gaussian errors and achieve unbiased estimation of true values [20,21,22].



WLS method can be denoted in Equation (34).


          min     J ( r )     =   ∑  i = 1  m          r i     σ i       2            s . t .     r = z − h ( x )          g ( x ) = 0          



(34)




where σi denotes the standard deviation of the i-th measurement.



In power systems, the measurement function h(x) is a nonlinear function. Therefore, when solving the WLS model, it is necessary to linearize the function h(x). We can expand the function around x = c using Taylor series and retain the linear term.


  h ( x ) ≈ h (  x 0  ) + H (  x 0  ) Δ x  



(35)




where Δx = x − x0, H(x) denotes the m-by-m-dimensional measurement Jacobian matrix.


  H (  x 0  ) =       ∂ h (  x 0  )   ∂ x       x =  x 0     



(36)







In the traditional Newton’s method for solving equations, Equation (34) is commonly handled as a high-precision measurement at point a. In this case, a new measurement function can be defined by converting Equation (34).


          min     J ( r )     =   ∑  i = 1  m          r i     σ i       2            s . t .     r = z −  h ′  ( x )          



(37)







By substituting Equation (35) into Equation (37) and solving, the following iterative equation is obtained.


      Δ x = [  H  ′ T   (  x  k − 1   ) W  H ′  (  x  k − 1   )  ]  − 1    H  ′ T   (  x  k − 1   ) W  r  k − 1        x k  =  x  k − 1   + Δ  x k       



(38)




where H″(x) is the Jacobian matrix of the new matrix ‘h′(x)’, W denotes the diagonal weight matrix, and Wij = 1/σi.



By performing iterative calculations on Equation (38), the results of state estimation can be obtained. If the objective function and constraint conditions in model (34) are polynomial functions up to the second degree, the state estimation problem described by Equation (34) can be formulated as a quadratic constraint estimation model. This enables the decoupling of modeling and algorithm solving, allowing for the direct use of the primal-dual interior point method to solve Equation (34). When the measurement function is quadratic in this model, the generation of the Jacobian matrix is greatly facilitated. The formation of modified equations when using the primal-dual interior point method for solving is also convenient. This significantly enhances the computational efficiency and convergence.



The steps for the improved DC method are denoted in Equations (39) and (40). In order to decrease the deviation of active power loss generated by the line, this study applies an estimation denoted in Equations (29)–(31).


  min J (  θ  ) =     ∑  ( i , j ) ∈  S B           P ˜   i j   −    θ i  −  θ j     x  i j        σ  i j          2   



(39)






  s . t .   ∑  j ∈  N i        θ i  −  θ j     x  i j       = 0   ∀ i ∈  S Z   



(40)







The solution to the quadratic programming problem involving Equations (39) and (40) enables the determination of the phase angles for each bus in the system. Consequently, it facilitates the adjustment of the active power output of the generators and the active power of the load.



The proposed correction method possesses two key characteristics.



	i.

	
Firstly, it yields reduced discrepancies in branch loadings when compared to the initial AC calculation results by utilizing the modified DC calculation. By utilizing the modified DC, it becomes possible to model the power flow constraints for steady-state and anticipated fault conditions. This modeling approach offers improved computational accuracy to meet the demands of large-scale practical power system applications.




	ii.

	
Secondly, this method solely rectifies the active power values of existing loads and power sources while refraining from introducing virtual power sources or loads to zero injection bus. Hence, it preserves the integrity of the original network structure and minimizes the impact on the algorithmic procedures.








4. The Method for the Short-Circuit Current Limitation Partitioning Problem in the Power Grid


The problem of short-circuit current limitation programming is mathematically a linear mixed-integer optimization problem, which can be solved using commercial optimization software such as CPLEX. For large-scale power grids, the expected scale of fault sets is enormous, describing all safety constraints directly in the optimization problem would result in an extremely large computational scale, posing significant challenges for numerical solutions. In the literature [15], the effective fault set is determined using fault impact domains, and only the effective fault set is modeled to reduce the scale of the optimization problem using the WARD equivalent reduction. In practical applications, the method based on the WARD equivalent value can achieve better results.



In long-term power grid planning, as power source distribution and grid structure change significantly, it is essential to reevaluate the optimal partitioning scheme. Specifically, for a future power grid in operation, the measures for partitioning and resolving loops need reconsideration.



In such cases, the grid has multiple buses with excessive short-circuit currents, significant exceedances, and a high number of candidate lines for opening. Solving large-scale linear mixed-integer optimization problems still poses challenges due to computational complexity. In the context of linear mixed-integer optimization problems, the number of integer variables is the key factor that affects the computational speed of algorithms. Solving multiple small-scale optimization problems is much faster than solving a single large-scale problem. This paper, therefore, uses an iterative approach. In each iteration, only the candidate lines for opening are selected and optimized for the buses with the most severe exceedances. The process continues until all nodes with excessive short-circuit currents are resolved. The optimization process initially omits considering the N − 1 security constraints. Subsequently, safety constraints related to predicted faults and exceedance lines violating the limits are gradually incorporated. The iteration repeats until no new predicted fault-induced exceedance lines emerge. Figure 3 illustrates the flowchart of the algorithm, which consists of the following steps [23,24,25]:



	i.

	
Initialize and modify the improved DC state for each scenario based on the method described in Section 3.




	ii.

	
Determine the bus with excessive short-circuit currents through short-circuit current scanning, and select the bus with the most severe excess for optimization. If there are no nodes with excessive short-circuit currents, the optimization is finished.




	iii.

	
For buses with excessive short-circuit currents, select a candidate set of branch closures based on the short-circuit current branch coefficient and whether the network constraints are satisfied after the closure, in order to reduce the optimization size.




	iv.

	
Apply the WARD equivalent method to model the short-circuit current constraints, keeping only the adjacent node set of the short-circuit current exceedance points and the candidate branch closures.




	v.

	
Select the steady-state power flow monitoring branch set based on the influence range of the candidate branch closures.




	vi.

	
Model the steady-state power flow for each scenario using the WARD equivalent method and DC, keeping only the candidate branch closures, the steady-state monitoring branches, and their adjacent nodes to reduce the size of the optimization problem.




	vii.

	
Add static safety constraints for each scenario and perform optimization calculations.



	(a)

	
Solve the optimization problem of power grid partitioning.




	(b)

	
Use the improved DC method to perform static security verification for each scenario.




	(c)

	
If all scenarios meet the static safety constraints, proceed to step ii; otherwise, for each scenario and anticipated fault, add the most severe branch with flow exceeding limits into the monitored branch set.




	(d)

	
Use the WARD equivalent and improved DC method to model the anticipated fault state flow for each scenario, keeping only the candidate disconnected branches, fault monitoring branches, and their adjacent bus to minimize the size of the optimization problem. Proceed to step (a).











During iterations from Step ii to Step vii, which is aiming to eliminate all issues of excessive short-circuit currents at the buses [26,27].




5. Example Analysis


Based on the partition optimization model and solution method proposed in this article, a simulation program was developed using C++. The simulation analysis was conducted on a certain region’s power transmission network. The simulation environment consisted of a laptop with an Intel(R) Core (TM) i5-12400F CPU and 16 GB of memory. The optimization solver used was CPLEX.



The optimization model proposed in this article is analyzed for a specific region in East China. In this case study, approximately 6.5 million kilowatts of centralized wind power and 2 million kilowatts of centralized solar power, among other renewable energy sources, are connected to multiple nodes in the region.



5.1. Analysis of Results from the Improved DC Method


For this system, the power flow results are calculated using the DC method, improved DC method, and AC method. Table 1 presents the deviation of the load rate. The load factor rate of each line is computed, and the 11 lines with the highest load factor rate deviations under the improved DC method are selected. The results are denoted in Table 2.



As can be seen in Table 1, the improved DC method reduces the average deviation from 0.32% to 0.26% and the maximum deviation from 95.23% to 7.13%.



By referring to Table 1 and Equation (41), the load factor rate deviations can be compared between the DC and the improved DC methods relative to the AC method.


  D e v i a t i o n ( % ) =   F a c t o r R a t  e  D C P F   − F a t o r R a t  e  A C P F      



(41)







Selecting the 11 lines with the highest load rates, the load factor deviation under the DC method and improved DC methods are as follows in Figure 4.



Select the 11 lines with the highest deviation rate in this area, and compare the load deviation of the lines using the DC method and the improved DC method. It is evident that the deviation rate is significantly lower for lines 2, 3, 5, 6, 9, 10, and 11 when using the improved DC method. For lines 1, 4, 7, and 8, the deviation rates are slightly higher using the improved DC method, but the difference is not significant. It can be observed that the improved DC method results in lower deviations, better fulfilling the accuracy requirements of the power grid.




5.2. The Example Analysis of Joint Optimization Considering Multiple Scenarios


In actual power grids, the most severe faults at the same bus are generally three-phase short-circuits or single-phase ground faults. Therefore, these two types of short-circuit faults are considered here.



In the simulation, the partitioning optimization of a 220 kV power grid in Eastern China was carried out. This region includes 10 openable lines, 4 units of 500 kV main transformers, three 500 kV substations and six 220 kV substations. The red lines represent the 500 kV substations and their operational transmission lines, the black lines represent the 220 kV substations or operational transmission lines, the green lines represent the 500 kV main transformers, the yellow lines represent the openable lines in the model, and the yellow dashed lines represent the planned openable lines in the model.



In order to adapt to the transmission demands of the summer operational mode of the power grid and the power export demands of new energy development, this paper proposes a network planning optimization decision-making scheme that satisfies both static security constraints and short-circuit current limitations. This optimization method jointly optimizes three different scenarios of new energy output. Four operational scenarios are considered as input:




	i.

	
High demand during summer.




	ii.

	
High wind power generation during peak wind periods.




	iii.

	
High wind power and solar power generation during peak wind periods.




	iv.

	
Joint optimization of scenario i, scenario ii, and scenario iii.









Table 3 denotes the comparison of short-circuit currents before and after grid partition. In this paper, the short-circuit currents limitation of the buses is set to 50 kA. According to Table 3, before partitioning the number of buses with excessive short-circuit current is 28. After partitioning, the short-circuit currents of all buses do not exceed the allowable value of 50 kA.



If all 28 buses with excessive short-circuit currents are directly selected as candidate branches for optimization during grid partitioning, and if they are modeled, the computational complexity of the optimization problem will be extremely large, making it currently difficult to solve. Using the short-circuit current partitioning method described in this paper. After a total of five rounds of optimization, the calculation times for joint optimization from scenario i to scenario iii are presented in Table 4 with a value of 135.3 s. The calculation time meets the operational demands of the actual power grid.



Based on the improved DC model, The grid partitioning results for combined scenarios i, ii, and iii are shown in Figure 5.



	i.

	
The set of candidate branches that can be opened are denoted in yellow line.




	ii.

	
The result of the open branches is denoted by the yellow dotted line.




	iii.

	
The 500 kV substation and operational transmission branches are denoted by the red line.




	iv.

	
The 500 kV main transformers are denoted by the green line.




	v.

	
The 220 kV substation and operational transmission branches are denoted by the gray line.




	vi.

	
The 500 kV substations are denoted by the red cycle.




	vii.

	
The 220 kV substations are denoted by the yellow cycle.




	viii.

	
The area where photovoltaic loaded is denoted by the yellow color.




	ix.

	
The area where electric wind loaded is denoted by the blue color.







According to the partitioning results, the area is divided into four parts. In areas where PV and electric wind loaded, the network is run unlooped by disconnecting branches to reduce short-circuit currents.



In this case study, several buses in the southeastern area of the power grid have connected approximately 6.5 million kilowatts of centralized wind power and 2 million kilowatts of centralized photovoltaic power. After optimization, five transmission lines were disconnected, and the power grid was divided into five regions. This partitioning scheme meets the requirements of static security verification, and the partitioning structure is clear and adaptable. It can be accepted by power grid planning professionals.





6. Conclusions


A power grid partitioning method for short-circuit current based on multi-scenario security with improved DC model is raised in this paper approach to mitigate short-circuit currents, enhance reliability, and improve operational efficiency within the power grid. To address the significant deviation in the static security constraint model of the improved DC method, induced by substantial active power losses in large-scale power grids, a method for reducing constraint model errors is proposed in this paper. This method aims to meet the accuracy requirements of grid partition optimization. By considering equivalent WARD values for short-circuit current, base case, and anticipated fault-induced power flow constraints, and precisely incorporating anticipated faults and bottleneck branches, this paper decomposes the partition problem into multiple smaller-scale mixed-integer linear programming problems. Each problem is solved iteratively in a stepwise manner, leading to a substantial improvement in computational speed, which satisfies the requirements for practical large-scale power grid applications.



In general, the proposed stepwise iterative solving method can achieve relatively optimal partition schemes. However, it is not capable of theoretically attaining the optimal solution to the partition problem. Achieving improved zoning schemes within acceptable timeframes for practical large-scale power grids remains an area for future research.
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Figure 1. The diagram of power grid partition method. It denotes a diagram of the short-circuit current limiting partitioning method in 3 steps. Step I includes preprocessing the model using the WARD equivalence methodology. Step II includes using an improved DC model to overcome the disadvantage of ignoring active power loss errors in the DC model. Step III considers the optimization method under different renewable energy processing scenarios based on the modified DC model. 
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Figure 2. WARD equivalence diagram of power system. (a) Two-area interconnected network; (b) Network after WARD equivalence of the outer area. 
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Figure 3. The flow chart of power grid partition method. 
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Figure 4. Change in branch load factor after using the improved DC method. 
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Figure 5. The optimized partition result of the real power grid. 
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Table 1. Load factor rate deviation for DC method and improved DC method.






Table 1. Load factor rate deviation for DC method and improved DC method.





	
DC Method

	
Improved DC Method




	
Maximum Deviation (%)

	
Average Deviation (%)

	
Maximum Deviation (%)

	
Average Deviation (%)






	
95.23

	
0.32

	
7.13

	
0.26











 





Table 2. Load factor rate under three types of power flow calculation methods.






Table 2. Load factor rate under three types of power flow calculation methods.





	Line
	DC Method

Power (MW)
	DC Method Load

Factor Rate (%)
	Improved DC Method Power (MW)
	Improved DC Method

Load Factor Rate (%)
	AC Method Load

Factor Rate (%)





	Mpt-Myc
	−143.8
	9.7
	−221.3
	14.9
	7.8



	Mdt-Mlz
	3.7
	0.6
	−26.9
	5.0
	10.1



	Mlz-Mtt
	0.3
	0.1
	−31.7
	10.0
	14.7



	Mjm-Msx
	−34.9
	1.2
	−88.4
	3.3
	7.1



	Mcs-Mmq
	3.8
	1.1
	55.3
	15.3
	19.1



	Mbz-Mqy
	−5.3
	1.5
	29.5
	8.1
	11.8



	Mdt-Mgs
	10.7
	2.4
	−3.3
	0.8
	4.0



	Msk-Myc
	−133.3
	9.0
	−110.3
	7.4
	5.8



	Mmq-Msk
	4.3
	0.6
	56.4
	7.8
	10.7



	Msy-Msk
	197.2
	10.9
	581.4
	32.3
	29.5



	Myd-Myx
	73.3
	2.6
	525.5
	19.0
	16.2










 





Table 3. The comparison of short-circuit currents before and after grid partition.
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Number

	
Bus Name

	
Short-Circuit Current before Partitioning/(kA)

	
Short-Circuit Current after

Partitioning/(kA)




	
Three-Phase Short-Circuit

	
Single-Phase Short-Circuit

	
Three-Phase Short-Circuit

	
Single-Phase Short-Circuit






	
1

	
Mcs21

	
51

	
40.55

	
40.65

	
30.05




	
2

	
Mmh23

	
67.13

	
58.63

	
45.43

	
29.85




	
3

	
Mmh21

	
67.09

	
58.62

	
33.82

	
32.58




	
4

	
Mzm21

	
52.16

	
40.09

	
31.3

	
26.42




	
5

	
Mdt21

	
83.49

	
75.77

	
34.94

	
31.1




	
6

	
Mgq21

	
60.77

	
51.52

	
41.8

	
29.33




	
7

	
Mjx21

	
58

	
49.1

	
33.56

	
25.35




	
8

	
Mfw21

	
56.89

	
47.58

	
32.37

	
24.93




	
9

	
Mgs21

	
51.4

	
42.44

	
22.07

	
19.16




	
10

	
Mfz21

	
51.97

	
46.44

	
43.69

	
40.1




	
11

	
Myz21

	
58.9

	
48.22

	
31.4

	
27.7




	
12

	
Mcp21

	
54.26

	
43.89

	
26.73

	
23.16




	
13

	
Mnj21

	
51.76

	
42.18

	
22.38

	
19.32




	
14

	
Mxn21

	
54.55

	
45

	
31.66

	
24.97




	
15

	
Mjm21

	
68.94

	
61.53

	
49.67

	
44.37




	
16

	
Mjt21

	
61.34

	
53.39

	
46.72

	
41.6




	
17

	
Mdt22

	
83.52

	
75.79

	
48.55

	
41.56




	
18

	
Mlz21

	
63.77

	
55.58

	
40.34

	
34.36




	
19

	
Mwd21

	
53.91

	
49.02

	
37.65

	
34.03




	
20

	
Myd22

	
63.68

	
70.28

	
39.83

	
39.32




	
21

	
Mks21

	
63.01

	
55.88

	
48.18

	
43.49




	
22

	
Mxf21

	
52.52

	
44.38

	
38.53

	
33.19




	
23

	
Mdf21

	
51.63

	
42.89

	
37.73

	
31.53




	
24

	
Myd21

	
63.69

	
70.29

	
45.69

	
49.69




	
25

	
Msj21

	
59.94

	
63.45

	
44.78

	
47.47




	
26

	
Mtt21

	
51.14

	
43.15

	
31.45

	
26.4




	
27

	
Mjm22

	
68.88

	
61.47

	
39.04

	
27.45




	
28

	
Myz22

	
58.88

	
48.19

	
30.22

	
14.6











 





Table 4. Calculation time for four scenarios.
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	Scenario
	i
	ii
	iii
	iv





	Calculation time (second)
	69.6
	104.5
	56.7
	135.3
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