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The variability of power supply from distributed generation (DG) units results in various issues when incorporating more DG units to the existing distribution networks, particularly congestion risks. Active Network Management (ANM) could provide (almost) real-time control, by possibly curtailing their production in case of grid congestion so as to allow more DG units integration, while deferring costly and time-consuming network upgrades. This paper provides a methodology for the fast assessment of the connection capability of DG units to a grid, based on efficient Monte Carlo sampling. Besides, based on correlated sampling, it is possible to simultaneously estimate the congestion risk with and without connecting a new DG unit of variable capacity. This significantly reduces the computation burden in assessing the connection capability of a grid. The effectiveness of the proposed method is demonstrated on a test power grid.

I. INTRODUCTION

In the ongoing energy transition, the amount of decentralized production connected to the Medium-Voltage (MV) power system is increasing. As a consequence, when the power produced is not consumed locally, reverse power flows are injected into the High-Voltage (HV) grid. More frequent line congestions and voltage problems are thus likely to occur. To overcome this issue, the network could be reinforced, but it is an expensive and time-consuming task that Transmission System Operators (TSOs) are willing to plan optimally or to postpone. Additionally, this reinforcement would be useful, in a first stage at least, only in low-probable situations, associated with a large amount of generation and low loads. Alternatively, in order to optimize both the use of the present grid infrastructure and the number of connected Distributed Generation (DG) units, an Active Network Management (ANM) scheme can be envisioned [START_REF] Järventaustac | Smart grid power system control in distributed generation environment[END_REF]. It aims to control the injection of energy produced by DG units to the grid, in almost real time, by possibly curtailing their production in case of grid congestion. These smart connections are also known as non-firm or interruptible connections offered to DG customers. In such a way, the grid is always retained secure, while it can provide flexible connection to facilitate the integration of more DG units in the grid.

As for the assessment of the congestion risk entailed by new DG unit connections, the main drawback of the previous deterministic "fit-and-forget" approach is that conventional (or firm) connections assume that the generators are able to output full capacity. The capability of MV buses to accept power injection from DGs, which are in form of Firm Generation (FG), is largely determined by the local minimum load and the export circuit capacity during the contingency of an outage of the highest-rated distribution circuit (i.e. classical N-1 criterion). This approach to network operation means that much of the distribution network exists without monitoring and control and has spare capacity during normal operation [START_REF] Currie | Active power-flow management utilising operating margins for the increased connection of distributed generation[END_REF]. In contrast, flexible connections (i.e. Non-Firm Generators, NFGs), combined with a set of rules about the order they are dispatched or curtailed under an ANM scheme, provide a solution preferred in particular for transmission network zones to make an efficient use of renewable generation whenever possible and allow connection of larger generators.

In fact, the specific curtailment rules are the Principle of Access (PoA) rules, chosen by system operators following different approaches in achieving desired objectives, such as cost-effectiveness and social optimality [START_REF] Anaya | Experience with Smarter Commercial Agreements for Distributed Wind Generation[END_REF]. The PoA rules of Last-In-First-Out (LIFO) and Pro-Rata schemes are the main two rules applied in practical settings to guide the generation curtailment. The LIFO rule means that the first NFG to sign a contract in the ANM scheme is always the last one to be curtailed. This rule is easily implemented and does not affect existing generators, but it might discourage investment in future DG units in the same area. On the other hand, in the Pro-Rata rule, the required curtailment is shared between all NFG units, proportionally to the rated capacity or actual output of the generators. It also signifies that revenue losses are shared equally amongst all curtailed generators. This plays a key role in maximizing the renewable generation capacity built, which will lead to a higher network infrastructure utilization.

With an ANM arrangement deploying different PoA schemes among the connected units, more DG units are likely to be incorporated into the distribution power system. However, the impact of ANM must be assessed in order to guarantee, for each DG unit's owner, a sufficient profitability. The latter can be measured by the Utilization Factor (UF) of each unit. The UF accounts for the expected effect of curtailment on the more classical Capacity Factor (CF), i.e. the ratio of the actual production over the ideal production the DG unit would generate if it was operating all the time at its installed power. Due to the variability of DG units, a probabilistic methodology should be used, in order to propagate uncertainties on the loads and generations, on the grid model, while using an Optimal Power Flow (OPF) to estimate the most economical curtailment resolving a case of congestion when observed. The congestion risk will be reflected by our proposed probabilistic Risk Indices (RI), associated with power curtailment and the probability of congestion occurrence. Therefore, the impact of a new DG unit integration to the existing power grid with an ANM scheme is evaluated by the evolution of these indicators: RIs and UFs (to be compared with the CFs) for all DG units. If the UF value of each generator still lies within a pre-defined guaranteed range, the operator will accept this smart connection strategy for a new DG unit incorporation; otherwise, the network reinforcement will become unavoidable, what always leads the TSO in practice to reject the connection request of the new DG unit.

Consider an existing power grid operated with an ANM scheme, where there are q DG units connected to n substations. The following assumptions on the current power grid are introduced: 1) the bulk power system is assumed to be fully available and capable of supplying at any time what is not produced by DG units; 2) all DG units are connected to the MV side; 3) no lack of energy supply is expected (as in reliability assessment), only curtailment costs of solving congestions due to too high production with respect to load ; 4) DG units are assumed 100% available (no scheduled maintenance or outages for the DG units are considered, as the assessment is done from the TSO standpoint); only N-1 contingencies as a result of an outage of transmission elements, e.g. the lines and the transformers in the substations or between different substations. Technical reliability issues are therefore not considered. From the viewpoint of TSOs, they want to get a quick evaluation on how much installed capacity of this new DG unit is most suitable to a given node in their present grid, while not affecting too much the economic benefit of Distribution System Operators (DSOs) and DG unit owners. Along this line of consideration, there will give rise to some potential questions of interest:

• What is the impact of a (q+1)th DG unit, of a given type and of given installed capacity, to be connected to a specific node of the grid, on the previous value of the risk indices of the grid with q DG units?

• What is the connection capacity at a given node of the grid of a specific type of DG unit? Such questions should be treated while accounting for each season (summer, winter, inter-season) associated to different ratings of the grid elements, and for each grid topology considered (N and N-1 conditions on the grid elements).

Consequently, a methodology was proposed [START_REF] Labeau | Mathematics of PRA applied to Distributed Generation curtailment in saturated grids[END_REF][START_REF] Faghihi | Probabilistic curtailment analysis for transmission grid planning using Active Network Management[END_REF] for the fast assessment of the impact of connecting a given type of DG unit with given capacity to the existing grid without any network reinforcement or upgrade, under an ANM scheme. A typical grid loop is considered, to which wind farms (WFs) and CHP (Combined Heat and Power) units are connected. Probability density functions (pdf's) for their respective generation as well as for the loads at the different nodes of the grid are first elicited. As a direct Monte Carlo Sampling (MCS) of these pdf's turns out to be prohibitively time-consuming, an alternative approach is used: possible congestions have to be analyzed, not on the basis of the detailed generations and loads, but on the Net Balance (NB) at each node of the grid. This net balance is the algebraic sum of all productions minus the total load in a substation. A domain of the NB space that is free from any congestion risk can be identified. In order to do so, the net balance space is discretized, and safe and unsafe cells resulting from this discretization are then obtained, by checking if an acceptable solution of the Load Flow equations exists at each corner of those cells. The optimal curtailment of DG units must on the contrary be calculated using the detailed variant of generations and loads associated with any unsafe net balance variant. This is achieved based on a targeted (systematic) importance sampling of only those detailed variants (all individual productions and loads) likely to lead to congestion, i.e. those corresponding to NBs belonging to unsafe cells [START_REF] Labeau | Mathematics of PRA applied to Distributed Generation curtailment in saturated grids[END_REF][START_REF] Faghihi | Probabilistic curtailment analysis for transmission grid planning using Active Network Management[END_REF]. This work provides foundation for our research. Hence, risk indices can be calculated efficiently for a given situation of the grid with q connected DG units.

However, this method provides only an assessment of the ANM scheme performance for an existing situation. If a new DG unit is likely to be connected to the grid, its impact on the performance indicators mentioned above is much harder to estimate. Let us denote the case with q+1 DG as reference case, while the initial case without any new DG integration (i.e. with q DG units) will be the perturbed scenario. In order to estimate e.g. the evolution of the UF of each unit caused by the addition of one specific DG unit at a given node, it would be necessary to independently compute estimations of the indicators for both the reference and perturbed scenarios with a high accuracy, as the difference between those indicators might be small. This leads to a significant increase in computing load. But resorting to a Correlated Sampling (CS) method, a unique computation will simultaneously bring the risk estimations for the reference case and for the perturbed case (q+1 and q DG units, resp.), with an acceptable accuracy. This idea can be generalized: by considering a fictitious new DG unit to be connected to a given node with a variable installed power, the connection capacity can be derived from the same type of computations in a limited amount of time.

The paper is organized as follows. Section II defines the risk indices and the mathematical theory supporting risk estimation for different scenarios. Section III presents the application of this methodology to a grid test case with realistic data in order to illustrate the approach. Results and analyses are given in Section IV and conclusion is provided in Section V.

II. DEFINITION AND CALCULATION OF RISK INDICES

A. Definition of Risk Indices

We adopt the classical definition of risk as the product of the probability of occurrence of the undesired event (i.e. contingency) and the related consequence (i.e. severity) [START_REF] Rocchetta | Risk assessment and risk-cost optimization of distributed power generation systems considering extreme weather conditions[END_REF]. To take into account all undesired events, the definition is extended by summing all contributions as: ( ) ( )
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Where P(Ei) is the probability of occurrence of the undesired event Ei and f(Ei) is the severity of the related consequence. In probabilistic risk assessment, contingency frequencies are used as probabilities and severity functions as consequences. In the context of power systems, a contingency is defined as the unexpected loss of one or more electric elements (e.g. line, cable, or transformer) in the power system [START_REF] Gooding | Probability analysis of distributed generation for island scenarios utilizing Carolina's data[END_REF]. Overload, influenced by seasons, related with the feeders' thermal limits, and bus voltage magnitude, related with frequency and system balance, are both indicators of power system stress and and are used to represent the consequences for the risk calculation [START_REF] Rocchetta | Risk assessment and risk-cost optimization of distributed power generation systems considering extreme weather conditions[END_REF]. Thus, the total risk index (i.e. sum of all seasons) associated with one contingency can be expressed as follows for the whole power network:
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where χ is the set of all seasons conditions (e.g. summer, inter-season, winter). Ck is the kth contingency (e.g. N/N-1 configuration). ql is the probability of the lth season. fl(Ck,χ) is the performance function under congestion (e.g. the amount of power to be curtailed) for each generator in the conditions of the lth season. Pl(Ck ̸ χ) is the probability of occurrence of congestion in the lth season. ns is the total number of seasonal conditions, nc is the total number of configurations. Let pk be the probability of configuration k. The total risk indices due to all contingencies are then obtained as:
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An estimation of RI can be done by using Monte Carlo sampling to propagate uncertainties on loads and productions on the OPF calculation module in all possible cases, as depicted in Fig. 1. Yet a direct Monte Carlo algorithm turns out to be inefficient given the dimensions of the problem and the unlikely situations where curtailment has to be carried out.

B. Application to a Given Grid with Given Connected Units

If our power grid comprises n substations, to which WFs and/or CHP units are connected, the total load in substation i is denoted Li. ni is the total number of DG units connected to node i. The production of the jth DG unit connected to node i is denoted Pij. The dimension of these production and consumption vectors is related to the total number of DG units and substations. The more DG units connected, the higher the dimensions of the problem to be analyzed, what will increase the computational burden. We use the concept of Net Balance (NB), defined as the algebraic sum of all generator productions minus the total load in a substation, and calculated with (4) at node i. These NBs correspond to the power possibly exported to the main grid at each substation. They correspond to the quantities likely to cause congestions in the HV grid, independently of the details of the productions and load behind. Identifying possible congestion situations based on the NBs will therefore dramatically decrease the dimension of the problem analysis, and the dimensionality will be only related to the total number of substations. These NB variants will naturally form the NB space, where a boundary between uncongested and congested regions appear. In order to estimate where this boundary lies, the NB space will be discretized into cells, approximating both safe (i.e. no congestion occurrence) and unsafe regions (i.e. congestion region). The congestion region in the NB space is identified by load flow calculations at each corner in those cells, and a cell is deemed unsafe as soon as the NB variant of one of its corners leads to congestion. In a second stage, only those detailed variants (all individual productions and loads) likely to lead to congestion, i.e. those corresponding to NBs belonging to unsafe cells, will be sampled as inputs of OPF calculations providing the total curtailment cost minimization. The curtailed power of each DG unit under specific configuration will be deduced from the OPF for each sampled variant. These variant samples are generated through a targeted (systematic) importance sampling approach. At last, the congestion risk in a given configuration will be estimated by averaging the curtailment power weighted by the probability of congestion occurrence.

Accordingly, the performance function fkl will be the curtailment power of each DG unit in a specific season and a specific configuration (e.g. N/N-1 configuration), and evaluated by OPF computation, which are associated with different PoA arrangements and the curtailment cost of each DG unit, illustrated in Fig. 1. Pkl is the probability of congestion happening in a specific season and a specific configuration (e.g. N/N-1 configuration), which are related with the joint pdf of WF generation, CHP production and load consumption.

Thus, the total risk under all contingencies under consideration in a grid can be expressed as [START_REF] Faghihi | Probabilistic curtailment analysis for transmission grid planning using Active Network Management[END_REF]. 

where 𝑃 ̅ and 𝐿 ̅ are the vectors of the productions of the DG units and of the loads connected to the grid nodes, respectively. These two vectors compose the so-called variants of the problem, i.e. the various cases of production and consumption in the grid. 𝜑 𝑘𝑙 (𝑃 ̅ , 𝐿 ̅ )is the joint pdf of the variants in configuration k and season l. 𝑓 𝑘𝑙 (𝑃 ̅ , 𝐿 ̅ ) represents the severity function associated to the curtailment solving the possible congestion associated with this variant. For a given situation kl, (5) can be simplified as: 

where 𝜃(𝑁𝐵 ̅̅̅̅ ) is as an indicator function: if 𝑁𝐵 ̅̅̅̅ causes a grid congestion, it is equal to 1; otherwise it is 0. This function divides the NB space into two regions, a safe region where there is no congestion and an Unsafe Region (UR) where congestion exists. As mentioned above, the UR is delimited based on a discretization of the accessible region in the NB space. Hence the UR consists of ncel Unsafe Cells (UC). Replacing the integral on the NB space by the summation (8) on all UCs, equation ( 7) can be written as ( 9) and ( 11). 
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where Pw,i is the total production of WFs connected to substation i; PCHP,i is the total generation of CHP units located in node i; Li is the total load at substation i. 𝑁𝐵 𝑖,𝑚𝑖𝑛 𝑈𝐶 and 𝑁𝐵 𝑖,𝑚𝑎𝑥 𝑈𝐶 are the extreme values of net balance for unsafe cell UC for the dimension corresponding to node i.

The loads at the different nodes are correlated, and so are the wind productions, but correlations between wind productions and loads are negligible. CHP productions are independent of the other variables. Therefore, the total joint pdf of the full variant, i.e. 𝜑(𝑃 ̅ 𝑤 , 𝑃 ̅ 𝐶𝐻𝑃 , 𝐿 ̅ ), consisting of the product of the joint pdf 𝜑(𝑃 ̅ 𝑤 )of all wind productions, the individual pdf's 𝜑(𝑃 𝐶𝐻𝑃,𝑖 ) of the CHP units connected to substation i, and the joint pdf 𝜑(𝐿 ̅ ) of all loads, is represented by (12). Then our risk index is calculated as follows, , 1
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An estimate of RI is obtained when loads and wind generations are sampled from their respective joint pdf, i.e. 𝜑(𝑃 ̅ 𝑤 ),𝜑(𝐿 ̅ ), while the sampling of the CHP generations is forced to take place from the truncated intervals inside a given UC. The CHP production samples are generated from each UC reachable from the partial variant made of wind generation and load. However, it is still likely that many samples of 𝑃 ̅ 𝑤 and 𝐿 ̅ will not be compatible with any output of the existing CHP productions, for specific UCs [START_REF] Faghihi | Probabilistic curtailment analysis for transmission grid planning using Active Network Management[END_REF]. Yet a set of CHP productions could be compatible, for the sampled values of 𝑃 ̅ 𝑤 and 𝐿 ̅ , with other UCs. Therefore, after sampling wind production and load, CHP contributions in various UCs can be obtained. The risk index estimate will write as:
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where the sampling size is N; 𝑃 ̅ 𝐶𝐻𝑃,𝑗 is the CHP variant forced to fall into this UC, given 𝑃 ̅ 𝑤,𝑗 and 𝐿 ̅ 𝑗 ; PCU,i means the probability of the existing CHP production falling into a given UC at the ith substation. In this way, each variant 𝑃 ̅ 𝑤,𝑗 and 𝐿 ̅ 𝑗 might lead to contributions in all UCs: either the CHP variant is incompatible with the UC, or it leads to a congestion case that contributes to the estimate with the output of the OPF evaluation, i.e. 𝑓(𝑃 ̅ 𝑤,𝑗 , 𝑃 ̅ 𝐶𝐻𝑃,𝑗 , 𝐿 ̅ 𝑗 ) , weighted by ∏ 𝑃 𝐶𝑈,𝑖 (𝑃 𝑤𝑖,𝑗 , 𝐿 𝑖𝑗 ) 𝑛 𝑖=1

.

C. Impact of a New Given Connection to a Given Node

A trend towards a growing integration of DG units will urge the operators to consider when a new DG unit is likely to be connected to a substation, and its impact on the previously assessed risk indices for the existing power grid should be estimated. Suppose the existing power grid is managed with an ANM scheme, where there is a total number of q DG units connected to n substations. If a new DG unit is connected to the power grid, this case is treated as reference case (i.e. ref case) in our study, with a total number of DG units equal to q+1. The initial case without any new DG integration will be seen as perturbed scenario (i.e. per case). The reason for this counter-intuitive qualifications will appear below. The UR related to (q+1) DG units is an extension of that obtained with q units, in the dimension corresponding to the node where this new unit could be connected. Of course, the joint pdf's of the uncertain variants, i.e. 𝜑(𝑃 ̅ 𝑤 , 𝑃 ̅ 𝐶𝐻𝑃 , 𝐿 ̅ ), are affected by the addition of the new DG unit.

We will resort to Correlated Sampling (CS) in order to more accurately assess the supposedly small difference in the risk indices between two situations (ref and per) in one single simulation. CS consists in applying the same sequence of random numbers for the two simultaneous estimations (ref and per) and to introduce compensations in the results of the per case with weighting factors, in order to keep its estimate unbiased [START_REF] Faghihi | Probabilistic curtailment analysis for transmission grid planning using Active Network Management[END_REF]. CS will not only ensure the estimation accuracy (rather than summing the statistical uncertainties of two independent estimates on the estimation of their difference), but it also avoids repeating the whole estimation process and reduces the computation burden. So with the help of CS, we can simultaneously obtain the results in the ref and per scenarios.

It means that all runs of the OPF module, i.e.𝑓(𝑃 ̅ 𝑤 , 𝑃 ̅ 𝐶𝐻𝑃 , 𝐿 ̅ ), can be just calculated once, both for the ref and the per cases. The risk indices for the ref case will thus be estimated according to (13) and ( 14), as described in ( 15) and (17), if the sampling size is N; while the indices associated to the "q situation" (per case) can be derived from the ref case based on CS, changed as in ( 16) and ( 18 
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Indeed, the risk indices assessment for the per situation are computed from the ref case with the correction factor φ per (P ̅ w,j ,P ̅ CHP,j ,L ̅ j ) φ ref (P ̅ w,j ,P ̅ CHP,j ,L ̅ j )

. The correction factor is the ratio between the probability of the jth sampled variant in the per case over that in the ref case. In the detailed calculation process of the correction factors, the correlated DG production sampling vector in the ref case with q+1 units corresponds to that with q DG units in the per scenario.

For the sake of completeness, the previous developments and the estimation procedure of the risk index implicitly assume that there is a load and at least a WF and a CHP unit connected to each node of the grid. The sampling procedure and the calculation of the correction factors can however be adapted when these assumptions are not met.

For instance, assuming there are WFs, CHP units, and load consumption installed in this given connection node, the correction factor calculation is specially defined for two scenarios:

• the added DG unit is CHP, the corresponding correction factor will be represented by .

Once a new CHP unit is connected to a given substation without any previous CHP generator, the corrector factor between the per and ref cases will be equal to 1. As a consequence, the risk indices for the per scenario, i.e. the present power grid before new CHP unit integration, will be estimated in accordance with (19). 
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D. Assessment of the Connection Capacity of a New DG unit

In order to select the optimal installed capacity of a generator incorporated to the current power grid, we take a fictitious DG unit of a given type, to be connected to a given node in the existing power grid and consider various values of its installed capacity. Resorting to the CS algorithm, we can estimate the evolution of these indicators (i.e. the RI, UF of each DG unit) in presence of this new varying installed capacity. Ultimately, at some point, we decide, based on the evolution of these indicators, which installed power is acceptable in the present power grid with the ANM scheme.

For example, could a 8 MW of WF be accepted to a given node of the existing power grid without any network reinforcement? From the TSO standpoint, we are still trying to look at the connection capability, i.e. whether a new project of 5, 10 MW of a given type could be connected without too much additional impact to the existing power grid and DG units, so that they have an idea of how much capacity could still be connected to the grid at a node if a request is sent to them. Accordingly, the case with a new 10MW WF integration is taken as ref case, evaluated through (15) and (17), while the projects of 8, 5 MW are considered as per scenarios, i.e. the impact of a smaller nominal capacity DG unit, connected to the existing grid, could be derived from the ref case by ( 16) and (18). So far, the best optimal capacity generator will be selected under the flexible strategy of ANM considering a specific PoA arrangement.

III. APPLICATION OF THE METHODOLOGY

The structure of the proposed methodology mainly consists of three parts: preprocessing, sample generation and risk estimation [START_REF] Sun | Probabilistic Impact of the Connection of a New DG unit in a Power System Subject to Active Network Management[END_REF], as shown in Fig. 2. The accuracy criteria of the results will be also provided. The preprocessing is actually for the network constraint event analysis in the ref case in order to identify the UR based on the discretization of the NB space; then the corresponding systematic power production and load consumption samples from these congestion areas (or URs) in the NB space are generated through a systematic sampling approach, for curtailment calculation by OPF, considering the seasons, N/N-1 configurations, the PoA options, and the curtailment cost of each DG unit. In parallel with the OPF evaluation, the weighting factors in each UC (i.e. the probability of CHP samples falling into each UC), i.e. the correction factors calculation in each situation, will be computed; finally we can obtain the risk indices in the ref case in different conditions, as well as in per scenarios to determine a suitable capacity for a newly installed DG unit to the existing power grid. Each part is explained in details in the following paragraphs. 

A. Preprocess

As shown in Fig. 2, the preprocessing stage, structuring the variants sampling, aims to identify the UR based on the discretization of the NB space, and to partition the NB space into safe and UCs. In this way, the UR in the different configurations may be constructed through these corresponding UCs. At this stage, three steps need to be handled.

• Data collection. A SCADA system performs the network monitoring, which collects every 15 minutes the actual generations and loads. In this way, the NB domain can be determined, based on ( 4) and [START_REF] Shayne | Handbook of toxicologic pathology[END_REF]. Fig. 3(a) shows the NB space with 2 substations. The dots are NB variants (either safe or unsafe situation).

• Identification of possible congestions. A mesh is defined on the NB domain, see Fig. 3(a), and the space is then divided into a set of hyper-cubes (cells). The situations associated to the corners of the generated cells are analyzed by an AC -load flow so as to identify possible congested cases.

• Determination of the UCs. If all the corners of a cell are safe (i.e. if they cause no congestion on the grid), then this cell is considered as a safe cell; otherwise it is considered as a UC. The UR in the NB space consists of the corresponding UCs, as shown in Fig. 3(b). In the meantime, we obtain the discretized approximation of the security border by checking the corners of the cells in the mesh. As shown in Fig. 3(a), a security boundary divides the NB space into the corresponding safe and unsafe regions. Adding a DG unit capacity to node 1 corresponds to extending the NB domain, without affecting the security boundary.

B. Sample Generation Process

Once the congested region has been identified and discretized in the NB space, how to make sure, in the estimation of risk indices, that enough sampled variants go into these unsafe We present a validated systematic sampling scheme for estimating the probabilities of 23ème Congrès Lambda Mu de l'IMdR au 13 octobre 2022, EDF Lab Paris Saclay violation of operating constraints due to congestions in grid elements.

As illustrated in Fig. 4, from the DG production measurement data, we find the stochastic dependence structure of wind units through correlation coefficient matrix, and we model Weibull marginal distribution probability density function (pdf/PDF) for wind speed. Based on these marginal distributions, their joint pdf is constructed thanks to a Gaussian Copula. Since Gaussian copula is easy to implement for high-dimensional variables, it seems to be a good choice for modeling multivariate wind distributions [START_REF] Leuthod | When the wind blows over Europe -a simulation analysis and the impact of grid extensions[END_REF]. Then, a Monte Carlo sampling approach is applied to generate a large number of correlated wind speed samples, and sampled wind speeds are converted to electric power using the power curve. As for the load model, it is obtained by normalizing the historical load data of each year to the maximum consumption of the corresponding substation in that year. After sampling wind and load from the corresponding joint pdf's, significant values of CHP productions correspond to values likely to make the NB fall in a UC [START_REF] Labeau | Mathematics of PRA applied to Distributed Generation curtailment in saturated grids[END_REF][START_REF] Faghihi | Probabilistic curtailment analysis for transmission grid planning using Active Network Management[END_REF][START_REF] Sun | Probabilistic Impact of the Connection of a New DG unit in a Power System Subject to Active Network Management[END_REF]. So we check the possibility of CHP samples that can contribute to each UC. For each UC, shown in Fig. 5, a compatible value of the CHP production at each node i is sampled from the corresponding truncated pdf, if possible, denoted by (20). Finally, all related samples under each configuration (i.e. seasons, N/ N-1 contingencies) will be produced. represents the joint pdf of the CHP generation at node i. P CU,i is probability of having the CHP production at node i in the right range. At this step, all related production and consumption samples under each configuration have been generated.

C. Risk Estimation

In parallel with the sample generation, the weighting factors in each UC, i.e.𝑃 𝐶𝑈,𝑖 , will be computed. It actually means the probability of CHP samples taken from its truncated pdf inside this specific cell. And it is inevitable to take the weighting factor calculation of each situation (e.g. season condition, N/N-1 contingency) into account.

An OPF tool, whose objective is the curtailment cost minimization, is applied to the generated variants in order to calculate the (possible) curtailments of all DG units. The curtailment calculation of each DG unit considers seasons (for line ratings), N-0/N-1 contingencies, the curtailment cost of each specific DG type as well as its type of contract (PoA).

As for the correction factor calculation, it is expressed in these 4 steps, adopted to decrease the curtailment computation time for the per case.

• Identify the scenarios of perturbation (perturbed pdf's); the type of the added DG unit (i.e. WF or CHP) and the type of connected substation (i.e. no WF, no CHP unit or no load consumption) must be specified in order to generate the correlated sample in the per case;

• Sample variants from the joint pdf of the reference case;

• Calculate the corresponding correction factors for each ref variable;

• Estimate the risk indices of the per case in the different situations (i.e. seasons and N-0/N-1 configuration).

Finally, the risk indices in the ref case can be estimated by averaging the corresponding curtailments weighted by the probability of congestion occurrence. The risk indices for the per case are then expressed from (18) as: , , ,
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D. Stopping Criteria

A Student's t-test is most commonly applied when the test statistics would follow a normal distribution if the value of a scaling term in the test statistics were known. Every t-value has a p-value to go with it. A p-value is the probability that the results from your sample data occur by chance, from 0% to 100%. In most cases, a p-value of 5% is accepted to mean the data is valid. Seen from Fig. 6, the confidence level is 95%, i.e. 1-α=95%, that means the t-value under some interval (i.e. 𝑡 ∈ [-𝑐, 𝑐]) corresponds to a p-value of 95%, denoting c as the 97.5th percentile of this distribution, which are obtained by the t test table. Fig. 6. 95% confidence interval by Student's t-test [START_REF] Shayne | Handbook of toxicologic pathology[END_REF] In power system reliability assessment, the coefficient of variation an index is often used a convergence criterion or stopping rule for MCS methods [START_REF] Jonnavithula | Composite System Reliability Evaluation Using Sequencial Monte Carlo simulation[END_REF]. The simulation break occurs if the coefficient of variation reaches the pre-specified tolerance value. We used ε as the coefficient of variation and it is the ratio between the variation from the average RI and the RI mean. Once the coefficient of variation will be less than 10%, the fluctuation on the mean of the risk will decrease and can stop this simulation, that will ensure the accuracy of risk indices results. Thus, the definition of ε, and its values in different scenarios are estimated from:

() c D RI N RI  =  (22)
Where there is sample size N; D(RI) represents the variance of RI; the RI sample mean is RI. To test the validation of this application method, a threenode system with 5 wind farms (2 non-firm wind generation, WF2A and WF2B), 2 CHP units and 1 PV unit is used as a case study. The simplified topology of this reference case (i.e. Ref. Case) is shown in Fig. 7, that corresponds to connecting a new 20MW wind generation (i.e. WF2C) to the NODE 2, while consider two PoA arrangements: LIFO and Pro Rata.

IV. RESULTS AND ANALYSIS

A. Three-node System

The detailed installed capacity of DG units and the range of gross of load consumption in each substation are listed in TABLE І. The previous situation of the power grid (i.e. Per 1. case) and another scenario of a new 10MW installed capacity wind unit accepted at NODE2 (i.e. Per 2. case), both are per cases, in which could be assessed the congestion risk from the ref case based on CS. In addition, the solar generation here is assumed to be constant. Actually, after the analysis of preprocessing, the overload constraint happens in Node 2 due to DG outputs exceeding the total ratings of the T8 and T9 transformers in normal situation. If the additional installed wind unit (i.e. WF2C) is NFG, it will abide by the priority order of the generation curtailments under LIFO scheme, where WF2C will be firstly curtailed and followed by WF2A, and finally WF2B, depending on the total amount of curtailment needed. By contrast, with Pro Rata arrangement, all flexible wind units will be at the same time curtailed based on the size of their own output. TABLE II lists the conditional curtailment risk values of the ref case in summer under different N-1 configurations with the LIFO PoA. In addition, if the system loses one transformer connected to NODE2, i.e. (N-1)8 or (N-1)9 contingency, it will need more curtailment than for the other N-1 situations. Analyzed from Fig. 8, the last connection NFG of WF2C is the first and most curtailed under LIFO arrangement, be it in the ref case or in the Per 2. Case. But with the Pro-Rata rule, three NFGs are allocated fairly to relieve the constraint. By the way, the results of total curtailment risk are multiplied by the probability of different seasons (summer, inter-season and winter) and different N/N-1 contingencies on the foundation results of conditional curtailment risk. It seems that the 10MW wind unit (i.e. Per 2. case) is more suitable to connect to the existing grid, either in the LIFO or Pro-Rata schemes.

TABLE III provides the decrease of the CF of each unit, resulting in their UF, under the LIFO and Pro-Rata rules in the Per 2. Case. The highest difference, obtained for WF2C, is 0.0692% in the LIFO scheme. And under the Pro-Rata rule, WF2B and WF2C display the largest curtailment. Their reduction are both 0.02%. Since the TSOs would like less DG units to participate in the curtailment control, they would in this case prefer continuing to apply LIFO contracts for the extra 10 MW wind unit given the lower decrease in CF, which is between the predefined range of allowable values for which they do not need to give compensation for the power curtailment. ) is about 12%. λ is the variation from the average RI. If the initial reference sample size is increased, the fluctuation on the mean of the risk index can decrease and the convergence will be improved. For example, if the sample size of the ref case is set to 5000 and 15000, resp., then in the Per 2. case, the sample size is 3139 and 9394, resp., and the coefficient of variation of the RI mean is decreased to 7.2% and 4.5%, resp. This satisfies the criterion for the accuracy and the convergence of the risk indices calculation. The Belgian local TSO launched a programme in the Eastern part of Belgium, where there is a high potential for DG deployment. A typical loop network of such an area is represented in Fig. 9. The objective is to enable new DG units to be incorporated in the base network by using feasible ANM solutions without any network reinforcement/upgrade, whilst preventively addressing congestion problems caused by connecting some new power injections into the initial transmission system designed to meet lower rural demand.

B. Typical Loop Network

The current situation without accounting for new DG unit incorporation is defined as Per 1. case, where there is a total of 9 WFs, 12 CHP units and 9 other generators (e.g. solar photovoltaic generation and hydro generation plant) installed at 7 substations. Given the limited share of these other production types, the latter are treated as a constant value in each substation. Via the load flow calculation analysis in each PoA Factors configuration (i.e. seasons and N/N-1 configurations), the locations of active constraints in the Per 1. case are identified and marked in Fig. 9 by ①, ②, ③, ④, ⑤, ⑥, ⑦. Actually, there is only one constraint occurrence under normal/N-0 conditions and in some seasons (i.e. summer and inter-season), that is at location ① marked with dark yellow. The remaining constraints signaled with light yellow ② ~ ⑦ can only occur in some N-1 configurations in specific seasons. Particularly, the constraints located in ① ~ ④, where these branches are connected to the mainland bus, all NFGs, may participate in the curtailment estimation (or OPF calculation process) within the Pro-Rata rule.

Let us select a new 10MW WF unit (that is WF10) added to bus 13 as Ref. case. The constraint analysis identifies a new possible congestion at place ⑧under some N-1 conditions in a given season, in addition to the existing constraints at ① ~ ⑦. TABLE V exhibits the priority order of these flexible generators for power curtailment under a LIFO arrangement in case of a NFG WF10 incorporation. TABLE VI presents the expected values of the power curtailment risk of WF10 in different seasons under each N/N-1 configuration, and these values imply the average power to be curtailed from the DG units in each situation/condition. Due to high electricity demand from users and customers in winter, the risk of power curtailment in winter is the least. Fig. 10 shows the total energy curtailment of these generators undergoing possible curtailment. In the LIFO scheme, WF10 will encounter almost 16 MWh/year energy curtailment, while all the others curtailed DG units will share a 7.5 MWh/year cut. Nevertheless, for the Pro Rata rule, each of the WF4, WF7, WF10 and CHP16 units will undergo approximately 2 MWh/year of energy curtailed. The remaining 2 MWh /year is shared by the other units, based on the ratio of their power output to the total power curtailment. With the help of the CS approach, we could estimate the congestion risk in Per.1 case from that in the Ref. Case. As for the computation time, if set 30000 wind-load pattern samples under the LIFO scheme, it will take 5 days to complete the whole process for both the ref and per scenarios in one computation. If the network operator switches to the Pro-Rata rule, it will be another 2.5 days to run the remaining processes after the step of sample generation. Thanks to the importance sampling scheme with CS, results for both the ref and per scenarios are simultaneously obtained in one computation, resulting in a significant reduction of the computational burden. The key contribution of this research is to propose an efficient methodology for the probabilistic assessment of the risk of connecting a new DG unit to an existing grid, using an ANM scheme. Furthermore, the use of correlated sampling allows significantly reducing the computation time so that one computation is able to simultaneously provide the risk estimation for both the reference case and other perturbed scenarios. For instance, if the TSO needs a quick reply to a possible request of connecting a new DG unit of a given type and installed capacity to a given substation in the current grid, we could provide a whole feedback analysis and flexible strategy related to a possible candidate DG unit integration. Besides, the congestion level due to a new DG unit connection into the current grid is reflected by risk indices and the revenue of each generator could be reflected by its UF, which contains the economic benefits. Last but not least, if the operator needs to implement other PoA arrangements, they could easily insert additional constraints or logical commands to this general methodology.

From the perspective of investors and grid operators, this methodology does not only satisfy the economic expectation of the investment assessment, but it also gives practical information about the export and transmission of the distributed generation in excess. And it also analyzes the impact of the possible acceptance of new DG units, what provides foundation for the future grid planning and its reinforcements.
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 1 Fig.1. Schematic diagram for risk index estimation[START_REF] Faghihi | Probabilistic curtailment analysis for transmission grid planning using Active Network Management[END_REF] 
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 9 Fig. 9. East Loop simplified topology

  Fig.10shows the total energy curtailment of these generators undergoing possible curtailment. In the LIFO scheme, WF10 will encounter almost 16 MWh/year energy curtailment, while all the others curtailed DG units will share a 7.5 MWh/year cut. Nevertheless, for the Pro Rata rule, each of the WF4, WF7, WF10 and CHP16 units will undergo approximately 2 MWh/year of energy curtailed. The remaining 2 MWh /year is shared by the other units, based on the ratio of their power output to the total power curtailment. With the help of the CS approach, we could estimate the congestion risk in Per.1 case from that in the Ref. Case. Fig.11compares the expected values of the total energy curtailment in the Ref. and Per 1. cases.
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 10 Fig. 10. Total energy curtailment under the two rules
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TABLE I .

 I CAPACITY AND CONSUMPTION AT EACH NODE

	Substation	Load (MW)	Production (MW) WF CHP Solar
	Node 1	Maximum Minimum	2.5 13.5	10	5	╳
	Node 2	Maximum Minimum	1.6 11.4	52	10	1
	Node 3	Maximum Minimum	0.9 12.2	15	╳	╳

TABLE II .

 II CONDITIONAL RISK OF REF. CASE UNDER LIFO (IN KW)

		DG Units			
			WF2A	WF2B	WF2C
		(N-1)0	0	0	9.14
		(N-1)1	6.48	0	407.44
		(N-1)2	6.48	0	404.99
		(N-1)3	0	0	214.94
		(N-1)4	0	0	8.85
	Summer	(N-1)5 (N-1)6	0 0	0 0	8.85 11.35
		(N-1)7	0	0	11.35
		(N-1)8	183.99	1.88	2420.87
		(N-1)9	183.99	1.88	2420.87
		(N-1)10	0	0	9.79
		(N-1)11	0	0	9.79

TABLE III .

 III CAPACITY AND UTILIZATION FACTORS IN PER 2.

CASE LIFO Pro-Rata WF2A WF2B WF2C WF2A WF2B WF2C

  

	CF(%)	23.793 24.692 24.562 23.793	24.692	24.562
	UF(%)	23.791 24.692 24.545 23.789	24.687	24.557
	Down	0.0084	0	0.0692 0.0168	0.02	0.02

TABLE IV .

 IV CONDITIONAL RISK OF PER 2. CASE UNDER LIFO (IN KW)

	Sample Size	Expected Value	λ	Upper Bound	Lower Bound	λ / RI (%)	per
	1284	675.87	78.76	754.63	597.1	12	
	3139	651.14	46.92	698.06	604.22	7.2	
	9394	644.38	28.85	673.23	615.52	4.5	

  TABLE IV shows the WF2C curtailment risk with a 95% confidence interval in the Per 2. scenario (i.e. a 10 MW wind unit added to the grid under the LIFO rule). When generating 2000 initial samples in the ref case, the sample size of the Per 2. case variants, where more than 10 MW wind power should be filtered, will be decreased to 1284. Then the coefficient of variation of RI mean in the Per 2. case (i.e. ε=λ / RI per

TABLE V .

 V NFG CAPACITY AND INSTALLATION SEQUENCE

	Priority Order	Generator Name	Installed Capacity
	1	CHP12	1
	2	CHP15	0.2
	3	WF6	12
	4	WF3	10
	5	WF8	10
	6	CHP18	2.8
	7	WF9	0.7
	8	CHP22	4.5
	9	CHP19	4.6
	10	WF4	12
	11	CHP16	25
	12	WF7	10
	13	WF10	10

TABLE VI .

 VI WF10 POWER CURTAILMENT IN LIFO RULE (IN KW)

Seasons/(N-1)i