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Transmission topology control is a tool used by system operators in the role of a control action taken into account as a preventive or corrective action relative to a specific outage or set of outages. However, their inclusion in most electricity market frameworks is limited. With the increasing penetration of intermittent energy sources, optimal topology can be used as a lever of flexibility to decrease the total system cost. This paper demonstrates the evolution of optimal topology control on systems with increasing quantities of intermittent renewable energy along two axes. First, the effects of the increased variable sources on the variations of optimal topology are explored. Second, we elaborate on the growing advantages of exploiting transmissionlevel grid flexibility in terms of total system cost. Case studies are performed on a modified RTS-96 network.

I. INTRODUCTION

With increasing penetration of renewable energies, more and more focus is being placed on flexibility in the electricity system. Improved flexibility is required not only on the generation and consumption sides of the system, but also in the transport, which is crucial to achieve the secure physical execution of the electricity market. Along with costly remedial actions such as the redispatch of generation units, these possibilities include topological changes (which itself includes transmission switching and bus splitting and merging, among others), phase shifting transformers (PSTs) and high voltage direct current (HVDC) lines.

While power flow control devices and redispatch and even some topology control 1 are regularly used by system operators (Transmission System Operators (TSOs), Independent System Operators (ISOs), etc.), their integration in the electricity market framework remains incomplete. Their usage remains largely reserved for ensuring the security of the grid close to real time and is generally determined individually by system operators. However, as the inherent system variability increases, these tools will become more and more beneficial, not only from a security perspective, but also economically. Their integration into current market paradigms presents certain challenges that will likely require fundamental market design changes. This article aims to quantify the increasing advantage that arises through market integration of these levers by way of analysis of a basic case study.

From a mathematical perspective, control of HVDC lines, phase shifting transformers (PSTs) as well as other power flow devices that operate through line reactance control (FACTs) can require binary variables for their full modelization, as in [START_REF] Djelassi | Hierarchical Programming for Worst-Case Analysis of Power Grids[END_REF]. However, they are often approximated through the use of continuous variables, facilitating their integration into a variety of optimization problems [START_REF] Van Den Bergh | Dc power flow in unit commitment models[END_REF]. Optimal topology control can not be approximated in this way.

The optimal transmission switching (OTS) problem has been well-covered in the literature, beginning in the early 1980s. As described by Mazi et al. [START_REF] Mazi | Corrective Control of Power System Flows by Line and Bus-Bar Switching[END_REF] at the time: "An experiment was conducted in which a power system model was set up to reflect a contingency condition resulting in a branch overload. A corrective action for this overload was calculated using a linear programming solution and resulted in a shift in generation. The same contingency condition was then presented to a system operator on a dispatcher training simulator. . . The operator's initial response to the overload was to simply switch the network. This relieved the overload and allowed the generation to remain at economic loading." Mazi et al. then point out that while transmission switching is an action often taken by network operators, it is not often automated or pre-calculated.

Certain aspects of this remain true today. Topology control poses a difficult problem, both in its resolution and the question of transparency to market players. The research on this topic can be split roughly into two large blocks. The first period from the early 1980s to the early 2000s (largely before the liberalisation of electricity markets) focused almost exclusively on the technical aspects of the problem. Reference [START_REF] Van Amerongen | Security Control by Real Power Rescheduling, Network Switching and Load Shedding[END_REF] introduced the problem as a method to correct overloads after N-1 events. It was found early on that the problem was quite complex 2 and thus the large part of the research focused on fast heuristics, decomposition and other methods to reduce the search space.

Reference [START_REF] Rolim | A study of the use of corrective switching in transmission systems[END_REF] performed a literature review in 1999 and found optimization problem search spaces limited by: operator experience [START_REF] Bakirtzis | Incorporation of Switching Operations in Power System Corrective Control Computations[END_REF] [9], sensitivity factors [START_REF] Bacher | Network Topology Optimization with Security Constraints[END_REF] [4], off-line analysis [START_REF] Koglin | Corrective Switching Approaching On-Line Application[END_REF] [START_REF] Bertram | An integrated package for real-time security enhancement[END_REF], branch and bound heuristics [START_REF] Gorenstin | A framework for integration of network topology optimization and generation rescheduling in power system security applications[END_REF], loop flow analysis [START_REF] Freitas E Silva | Switching Lines Selection to Integrate the Network Topology Optimization with the Usual Overload Control Actions of Electric Power Systems[END_REF], Z-matrices [START_REF] Makram | Selection of Lines to Be Switched to Eliminate Overloaded Lines Using a Z-Matrix Method[END_REF], electrical distance, and development of specific strategies based on flow direction. Up to this point, reference [START_REF] Rolim | A study of the use of corrective switching in transmission systems[END_REF] found that the most common objectives of optimal transmission switching were solving branch overloads and voltage problems [START_REF] Bakirtzis | Incorporation of Switching Operations in Power System Corrective Control Computations[END_REF] [START_REF] Rolim | SECTE -An Expert System For Voltage Control, Including Topological Changes[END_REF]. Some studies also looked at minimizing losses [START_REF] Dodu | On the search of optimal switching configurations in power transmission systems studies[END_REF] [9] and some preventive security enhancement [START_REF] Glavitsch | Combined use of linear programming and load flow techniques in determining optimal switching sequences[END_REF] [START_REF] Schnyder | Security enhancement using an optimal switching power flow[END_REF]. They found that the large majority of the literature concentrated on corrective remedial actions, rather than preventive.

While this type of research continues to this day, a new block of research began developing in the early 2000s analyzing the economic aspects of the problem. This was driven by several factors. Firstly, the somewhat global liberalization of electricity markets brought about a reframing of the context of the problem itself. In addition, in the past, the added value from automation of grid flexibility was limited as the flows resulting from conventional power production sources were relatively stable and well-known. The addition of variable renewable energies brought a renewed interest in this area as power flows become more unpredictable and irregular (not to mention more highly-distributed farther from load centers, where power lines were previously dimensioned for smaller and more regular flows).

Reference [START_REF] O'neill | Dispatchable Transmission in RTO Markets[END_REF] proposed dispatchable transmission asset auctions. A series of papers co-optimizing unit commitment or economic dispatch and optimal transmission switching, published between 2009 and 2012, found gains of between 3-25% of total cost due to transmission switching [START_REF] Fisher | Optimal Transmission Switching[END_REF] [21] [START_REF] Hedman | A review of transmission switching and network topology optimization[END_REF]. Reference [START_REF] Hedman | Co-optimization of Generation Unit Commitment and Transmission Switching with N-1 Reliability[END_REF] used the Bθ form of the DC-OPF and limited the total number of switches allowed by the algorithm to make the problem tractable. This method was expanded to include N-1 contingencies in [START_REF] Hedman | Optimal Transmission Switching With Contingency Analysis[END_REF]. Reference [START_REF] Goldis | Shift Factor-Based SCOPF Topology Control MIP Formulations With Substation Configurations[END_REF] developed a PTDF approach to improve the computational time of the co-optimized problem. Often in these studies, the problem was decomposed, iterating between a unit commitment with fixed topology and an optimal transmission switching problem with fixed generation [START_REF] Hedman | A review of transmission switching and network topology optimization[END_REF]. Reference [START_REF] Han | The Impacts of Transmission Topology Control on the European Electricity Network[END_REF] found 0.3-2.03% reduction in total cost in zonal electricity markets using a similar decomposition.

Beyond the obvious gains of optimizing the grid topology for different dispatch profiles, [START_REF] Hedman | Optimal Transmission Switching-Sensitivity Analysis and Extensions[END_REF], [START_REF] Hedman | Optimal transmission switching: economic efficiency and market implications[END_REF] and [START_REF] O'neill | Dispatchable Transmission in RTO Markets[END_REF] analyzed the specific economic sensitivities related to optimal transmission switching. These authors found that the total gain from optimal transmission switching could be approached with a limited number of switching operations. However, solutions with almost identical total savings led to large differences in both LMPs (Locational Marginal Prices, also referred to as nodal prices) and the wealth transfers between market participants. Since the problem is quite large and unlikely to attain an exact optimum in operation, this poses a problem for transparency to market players. In addition, the changes in topology can lead to revenue inadequacy regarding the long-term FTR (Financial Transmission Rights) market. The implication is that a reconsideration of LMP-based market trading would be useful to exploit the benefits of optimizing the transmission topology. Similar sensitivities of zonal prices were found by [START_REF] Mekonnen | The influence of phase shifting transformers on the results of flow-based market coupling[END_REF] and [START_REF] Mekonnen | Power flow control and its effect on flowbased transmission cost allocation[END_REF] of the flow-based market coupling to PST and HVDC parameters.

To summarize, the technical and economic benefits of optimal transmission switching are established in the literature. The goal of this paper is to expand the existing studies by focusing on a current aspect, the need to accommodate increasing amounts of variable renewable power generation through the transmission system. Unlike the optimal transmission switching analyses performed by [START_REF] Hedman | Co-optimization of Generation Unit Commitment and Transmission Switching with N-1 Reliability[END_REF] and [START_REF] Hedman | Optimal Transmission Switching-Sensitivity Analysis and Extensions[END_REF], this study focuses on bus splitting and merging rather than switching branches in and out of service, which are often more complicated from an operational perspective [START_REF] Goldis | Shift Factor-Based SCOPF Topology Control MIP Formulations With Substation Configurations[END_REF]. Specifically, the paper studies how the use and economic value of transmission switching increase with the growth of renewable power generation.

Section II explicits the methodology used for this study, followed by a description of the case study in Section III and results in Section IV. Finally, the next steps in this research are described in Section VI.

II. METHODOLOGY

The aim of this study is to analyze optimal topology control on systems with increasing penetration of variable renewable energies. More specifically, we aim to assess two facets of this topic: firstly, how increasing system variability calls for the usage of a wider variety of grid flexibility actions; and secondly how the economic benefits of grid flexibility evolve as the generation side of the electricity system becomes more variable.

In order to analyze these two aspects, a full year study was run with a DC-OPF performed on each hour of the year. Several scenarios with increasing wind production were generated and the results from three variations of the DC-OPF were compared: 1) a DC-OPF without flexible topology; 2) a DC-OPF with optimal topology control (OTC); and 3) a generation economic dispatch, ignoring the transmission network. The no-network (or copper plate) variation gives a lower limit of the total production cost and when compared to the first variation, assigns a value to the added system cost due specifically to network constraints. The second variation, with OTC, allows for analysis of how the expansion of use and variability of optimal grid flexibility actions could benefit the customer in future energy systems.

The lossless DC-OPF formulation used for this study includes the nodal balance constraints, generation limits, and branch flow limits [START_REF] Fisher | Optimal Transmission Switching[END_REF]. Constraints imposing full grid connectivity were also included as shown in [START_REF] Djelassi | Hierarchical Programming for Worst-Case Analysis of Power Grids[END_REF]. For the DC-OPF with OTC, the following constraints were added for each breaker with the possibility to be split:

∀k ∈ K B : -(1 -δ k )M B ≤ θ f -θ t ≤ (1 -δ k )M B (1) -δ k M B ≤ P f l k ≤ δ k M B ( 2 
)
where K B is the set of controllable breakers, M B is a parameter sufficiently large to render the inequality ineffective according to the breaker status variable, δ k is the binary variable representing the breaker open/closed status, P f l k is the flow on branch k, and θ f and θ t are the voltage angles on the origin and end nodes, respectively. While the majority of control actions considered in the case study were splitting and merging buses, a small set of controllable branches are included as well. To that end, the following constraints were included for each branch that can be open or closed: ∀k ∈ K CB :

-(1 -z k )M K ≤ -P f l k + B k (θ f -θ t ) ≤ (1 -z k )M K (3) -P max f l k z k ≤ P f l k ≤ P max f l k z k (4)
where K CB is the set of controllable branches, z k is the binary variable representing the branch open/closed status, M K is a parameter similar to M B described above and B k is the susceptance. In order to assess the idealized system flexibility, no limits are placed on the number of control actions that can be used. The objective function minimizes the total production cost. For the DC-OPF with OTC, a small wear-and-tear cost was also added to the objective function for each line that is opened or bus that is split. 3 The possibility for load shedding at a very high cost was included in the objective function for all three DC-OPF variations. The objective function is as follows 4 :

min g∈G c g P g + c w (N B - k∈K B δ k )+ c w (N CB - k∈K CB z k ) + c LS P LS d (5)
where G is the set of generators with the cost and production represented by c g and P g . N B and N CB are the number of controllable breakers and branches, c w is the wear-and-tear cost associated with the control actions and c LS and P LS d are the load shedding cost and quantities.

For each scenario and DC-OPF variation, the total system cost and the dispatch were calculated. Finally, the nodal prices were calculated by rerunning a DC-OPF with all binary variables fixed as described in [START_REF] O'neill | Efficient market-clearing prices in markets with nonconvexities[END_REF]. For the purposes of this study, renewable power generation is considered as a free resource (no cost), hence prioritized by the chosen objective function [START_REF] Van Amerongen | Security Control by Real Power Rescheduling, Network Switching and Load Shedding[END_REF]. Curtailment of renewables is considered at no additional cost. The network used for this study is based on the modified RTS-96 in [START_REF] Barrows | The IEEE Reliability Test System: A Proposed 2019 Update[END_REF], which is a modernized version of the original RTS-96 network [START_REF] Grigg | The IEEE Reliability Test System-1996. A report prepared by the Reliability Test System Task Force of the Application of Probability Methods Subcommittee[END_REF]. 5 5 Some simplifications were made to this data: namely, the piecewise linear cost model used in the original data set was reduced to a simple marginal price, minimum power output was zero for all plants, and storage was not included as intertemporal constraints were not modeled.

Reference [START_REF] Barrows | The IEEE Reliability Test System: A Proposed 2019 Update[END_REF] artificially places the RTS-96 network in the Southwest United States in order to have yearly renewable data. The network is characterized by high load in the summer, fairly steady PV production throughout the year and increased average wind production in the winter months. The installed capacity and energy dispatched in this base case scenario are shown in Figure 1.

B. Determining Topology Control Actions

The modified RTS-96 system did not originally include grid flexibility controls. A subset of the network buses were selected as controllable as well as a few branches. In order to choose which buses would be considered for control actions, an analysis was performed using two seasonally representative months: January and July. All buses were allowed to split or merge and those that changed position more than a certain threshold (set at 15% of the time) were selected for the case study.

While the study focuses largely on bus splitting or merging, four lines per zone were additionally considered for transmission switching as they are lines that have a parallel counterpart. In total, 30 topological actions are included in the system. 18 out of the 73 nodes were deemed controllable.

C. Generation Scenarios

Several scenarios with increasing wind capacities were generated from the base case data described above. We consider that the resource at each of the plant locations had not yet been fully utilized and could thus be increased up to three times that of the base case. Twelve scenarios were generated wherein all wind power plants increase their power output proportionally from 0-300% of the base case capacity, or 0-7.52 GW of installed capacity.

IV. RESULTS

A. Effect of Increasing Generation Variability on Usage of Grid Flexibility Controls

We first analyze the effect of increasing renewable energy penetration on the usage of transmission switching. As the wind power generation increases from scenario to scenario, there is an increase in the number of topological changes that are used, shown in Figure 2. Below the 50%-Scenario, a maximum of 7 changes occur between any two hours. This goes up to around 20 maximum changes between time steps for cases with more variable generation. Indeed, the scenarios from the lowest wind scenario to the base case level have no changes between time steps more than 75% of the time. This reduces to around 50% of the time around the 200%-Scenario and stays relatively steady for the cases with higher wind generation. It is important to note that while the variability of the topology increases quite quickly between the 50%-Scenario and the 150%-Scenario, the increase in topological changes hits an inflection point and begins to level off after a certain threshold.

This same threshold is also noticeable in the examination of the number of unique topologies used in each system shown in Figure 3. This plot shows the number of unique combinations of breaker positions in the system. The number of different topologies increases quickly between the 75%-Scenario and the 150%-Scenario, but the number of topologies used increases by less and less after this point. This, along with the results shown in Figure 2 is key as the number of actions that can be used in practice is limited. Figure 2 demonstrates the fact that the ideal number of actions enacted by a system operator between time steps remains fairly steady above a certain wind penetration level. While the number of topologies are included in the system. This is over 18% difference. This value comes solely from the network constraints of the system and gives an upper limit to the possible benefits gained through flexibility. The lower line (blue) in the bottom plot gives the difference between the optimal topology control and the base network without grid flexibility. While the largest rate of change occurs between the 50% and 150% scenarios, the gains from the use of grid flexibility continue to increase throughout all scenarios, up to $20 Million, over 7% of the total production cost. As the wind production increases by a factor of 3 (between the 100%-and 300%-Scenarios), the amount gained due to OTC increases by a factor of 3.4.

B. Economic Benefits of Topology Control Actions

Already the reduction in system cost due to OTC shown in Figure 4 alludes to the fact that a larger amount of renewables are dispatched through the use of grid topology actions. Figure 5 shows the wind curtailment on the hours where there is thermal generation-in other words, it does not include the hours where demand was met with only renewable energy. As a consequence, the copper plate case is shown to have zero wind curtailment for all scenarios, while any curbing of wind generation in the other two cases is due solely to network constraints. The grid flexibility actions allow for a reduction in curtailment of up to 1.6 TWh. The difference in the curves continues to increase as well as more wind is introduced into the system.

Figure 6 shows the average variance of the nodal prices across the buses of the system. This value can be used as an indicator of the congestion in the system. The case with optimal topology control shows a lower geographical variance as the amount of congestion in the system is reduced.

V. CONCLUSION

This research analyzes how the use of optimal topology controls facilitate the inclusion of renewable energies. As shown through the analysis of a case study, optimal topology control impact on dispatch and cost becomes more important as the energy system grows more variable. While the ideal number Fig. 6. Nodal Price Variance of topological actions used increases with the penetration of wind generation, the economic benefit from their use increases along the same axis. In fact, an increase in wind production of a factor of 3 leads to a gain in total system cost by a factor of 3.4 from optimal use of topological controls.

Traditionally, there has been some pushback to market integration of topology optimization especially in nodal markets where switching a line or splitting a bus could render the FTR (Financial Transmission Rights) markets revenue inadequate [START_REF] Hedman | Optimal transmission switching: economic efficiency and market implications[END_REF]. These results show that there will be more and more situations where system operators will be incentivized to use these mechanisms, whether for system security or economic reasons. Their development and integration with existing market designs is thus crucial as variable renewable energies become a larger percent of the dispatch.

VI. FURTHER RESEARCH

This research demonstrates the growing value in the optimization of the transmission grid. The next phase of this research is to assess the integration of these topological actions, as well as other grid flexibility measures, into market paradigms. In particular, methods for the inclusion of these levers into the European flow-based market coupling will be assessed.
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Note that this penalty cost was not included in the total production cost calculation.

Note that the two middle terms of Equation

are included only in the DC-OPF with OTC.
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