

  A Metric-Based Validation Process to Assess the Realism of Synthetic Power Grids




A Metric-Based Validation Process to Assess the Realism of Synthetic Power Grids







Energies 2017, 10(8), 1233; doi:10.3390/en10081233




Article



A Metric-Based Validation Process to Assess the Realism of Synthetic Power Grids



Adam B. Birchfield 1,*[image: Orcid], Eran Schweitzer 2, Mir Hadi Athari 3[image: Orcid], Ti Xu 1, Thomas J. Overbye 1, Anna Scaglione 2 and Zhifang Wang 3





1



Department of Electrical and Computer Engineering, Texas A&M University, College Station, TX 77843, USA






2



School of Electrical, Computer and Energy Engineering, Arizona State University, Tempe, AZ 85287, USA






3



Department of Electrical and Computer Engineering, Virginia Commonwealth University, Richmond, VA 23284, USA









*



Correspondence: Tel.: +1-979-458-5001







Received: 27 July 2017 / Accepted: 16 August 2017 / Published: 19 August 2017



Abstract:



Public power system test cases that are of high quality benefit the power systems research community with expanded resources for testing, demonstrating, and cross-validating new innovations. Building synthetic grid models for this purpose is a relatively new problem, for which a challenge is to show that created cases are sufficiently realistic. This paper puts forth a validation process based on a set of metrics observed from actual power system cases. These metrics follow the structure, proportions, and parameters of key power system elements, which can be used in assessing and validating the quality of synthetic power grids. Though wide diversity exists in the characteristics of power systems, the paper focuses on an initial set of common quantitative metrics to capture the distribution of typical values from real power systems. The process is applied to two new public test cases, which are shown to meet the criteria specified in the metrics of this paper.






Keywords:


synthetic networks; power system analysis; synthetic power grids; validation metrics; power system graph topology; Delaunay triangulation








1. Introduction


Synthetic power grids are test cases that are not based on any real power system. The motivation for building such cases it that real grids are subject to data confidentiality restrictions, and usually real power system cases cannot be shared publicly. Existing public cases, such as the IEEE test cases [1], are relatively modest in size and complexity, and thus do not fully meet the needs of the power systems research community today. A few other cases are available, including the large model introduced by [2], which is only suitable for dc power flow and approximates the real European grid. New synthetic test cases are being developed, and have many benefits for power engineering researchers to spur innovation, encourage reproducibility of results, and enhance peer review, all while respecting the secure nature of actual grid model data.



The network topology of power systems has been the subject of significant study, traceable at least to study [3], where a small-world model was proposed that showed common properties in graph structure with other real world networks. References [4,5,6,7] and others expanded on this topic with particular reference to transmission grid networks, finding applications of the graph theory analysis to system operation, security, and stability. It is certain that power grids, in light of their geographic constraints and design for secure operation, have particular network structure characteristics that are consistently observed across systems. Among the metrics studied, a short average path length, high degree of clustering, exponential degree distribution, and average nodal degree around 2.3–2.8 are documented as typical of power grid graphs.



These topological metrics have been applied in studies [8,9,10,11,12] to synthetic power grids, both as pieces of a network generation algorithm and as validation criteria for networks considered. A pure small-world model or other random graph is not sufficient [4]. After all, power grids are certainly not random; rather, they are carefully planned. The degree distribution is approximately exponential, but with the exception that nodes of degree one (radial) are much less prevalent. The approach of the authors of [8] is to modify the small-world model, producing network topologies. The approach in study [10] use a clustering-connect method to reproduce the local connectivity structures. More recently, studies [11] and [12] consider the importance of geographic location in network structure, since these constraints dominate the actual grid’s planning process.



The driving design standards for synthetic power grids are the actual grid models themselves, since the objective is for synthetic grids to be as realistic as possible. A methodology for generating full transmission system models, including everything needed for full ac power flow solutions, was documented in study [13] and further developed in study [14]. The approach is substation-oriented with a focus on geographic constraints. To reduce the edge search space, it uses the Delaunay triangulation, which is a graph from computational geometry constructed to identify a set of points’ nearest neighbors. The approach also considers nominal voltage levels, to implement the local clustering and long-distance short paths. Systems with size 150 buses and 2000 buses are described and released.



The process begins with public geographic information on generation and population in an area, from which synthetic substations are placed geographically. Then buses are added to these substations, connected by transformers and a network of transmission lines, using an iterative process that considers multiple factors. Base case models can also be extended with additional complexities for a variety of types of studies [15,16,17,18]. To validate these models, the authors of [13,14] give statistics on the typical topological criteria from earlier work as well as new observations about the Delaunay triangulation and the general proportions of load and generation. However, the set of actual systems studied for reference, the acceptable metric qualifications, and the coverage of parameters through validation is preliminary.



Validating full power system models, that is, determining how accurately their features match what is found in the actual grid, is key to ensuring the quality of new synthetic power grids for their use in research and development. This paper presents a systematic approach to validation, and contributes many new validation metrics and their defined criteria to match. These metrics are designed to help quantify the realism of a synthetic grid. Because of the variety in engineering design and modeling practices, actual grids are quite diverse; the interesting challenge in this work is to capture the distribution of network characteristics, in a way that synthetic grids can be adequately evaluated. In addition, the size of a network can affect its statistical properties, since large networks have averaging effects. Each of these issues is addressed in this paper by studying a high-quality, diverse, large set of North American power system models. The initial suite of validation metrics defined here contributes a benchmark for developed cases.




2. Proposed Validation Methodology


Every aspect of the proposed synthetic grid validation is anchored in a thorough analysis of high-quality real power grid models. The actual power system data for which statistics are given in this paper comes from observations of the major North American power grid interconnections, as obtained from the Federal Energy Regulatory Commission (FERC) form No. 715 dataset [19], as well as twelve subset cases created by extracting areas along geographic and utility lines from the full interconnects. From these, statistics are gathered on cases ranging from 400 to 5000 buses, in addition to the 70,000 and 16,000 buses in full eastern (EI) and western (WECC) interconnect cases, respectively. These studied cases are listed in Table 1, with the number of buses shown.



Table 1. Statistics on case substations: voltage levels, load, and generation.







	
Case

	
No. Buses

	
Percent of Transmission Substations with Bus at 69–200 kV

	
Percent of Transmission Substations with Bus at 201+ kV

	
Percent of Substations with Load

	
Percent of Substations with Generation

	
Ratio of Generation Capacity to Load






	
EI

	
62,605

	
93%

	
15%

	
87%

	
11%

	
1.35




	
WECC

	
20,131

	
89%

	
22%

	
76%

	
17%

	
1.56




	
Area 1

	
4939

	
99%

	
7%

	
88%

	
4%

	
1.19




	
Area 2

	
1505

	
93%

	
21%

	
79%

	
14%

	
1.28




	
Area 3

	
3363

	
97%

	
13%

	
81%

	
28%

	
1.37




	
Area 4

	
693

	
97%

	
8%

	
90%

	
8%

	
1.54




	
Area 5

	
4013

	
94%

	
15%

	
79%

	
10%

	
2.04




	
Area 6

	
434

	
98%

	
13%

	
89%

	
18%

	
1.33




	
Area 7

	
2762

	
96%

	
12%

	
83%

	
29%

	
1.49




	
Area 8

	
768

	
56%

	
67%

	
88%

	
15%

	
0.87




	
Area 9

	
3266

	
87%

	
21%

	
67%

	
22%

	
1.45




	
Area 10

	
1453

	
73%

	
38%

	
59%

	
39%

	
1.28




	
Area 11

	
4322

	
90%

	
19%

	
90%

	
4%

	
1.33




	
Area 12

	
1885

	
98%

	
7%

	
90%

	
9%

	
1.25










The framework of this validation process is broad in application, since collecting statistics on system properties and identifying benchmarks is appropriate for many aspects of the power system which may be synthesized. The focus of the metrics selected for this paper, however, is in two categories: the metrics of system proportions and those of system network. Together, these categories cover much of what is needed for a base case power flow solution. The idea in picking metrics is to obtain wide coverage of parameters. Except transmission lines, everything in power system models are contained in substations, so these aggregations are the orientation of the questions answered by selected metrics—How many substations are there? What voltage levels do they contain? How much load and generation do they have? Then more detailed metrics are studied that set the power flow parameters of loads and generators. Covering the branch topology is the objective of the second set of metrics. Here, substation transformers are studied in their impedance and limit parameters. The same is studied for transmission lines, followed by topological observations, which likewise are focused on substations and voltage levels. At each stage, coupling is considered among metrics; clearly nominal voltage level will significantly impact transmission line impedance, for example.



For each metric selected, a quantitative threshold standard is decided, with the expectation that no realistic power system will violate that standard, unless there is an exception that has a justification in engineering design choice. In other words, this validation is a screening process that looks at almost all parts of the grid model and picks out any unusual data for further scrutiny. Exceptions of this type are part of the diversity of engineering practices among many grids. The case size must also be considered when looking at exceptions, as large cases are bound to have a few outliers, but will have much more consistent trends than smaller cases, which are more sensitive to the peculiarities of location.




3. Metrics of System Proportions: Substations, Load, and Generation


Number of buses per substation. Substation aggregation of buses indicates how buses are related to a specific geographic location. While substation grouping and geographic location are not strictly necessary for power flow solutions, they are integral to an understanding of grid topology, since geography is a major driving factor in system design.



The EI averages 2.3 buses at each substation, and the WECC averages 2.5. The subset cases considered vary from 1.7 buses per substation to 4.5. The number of buses represented in each substation can be affected by modeling decisions about how much detail is represented, including generator step-up transformers and sub-transmission network equivalents. Figure 1 shows the distribution of substation size. There are many substations with 1–3 buses, much fewer with 4–10 buses, and fewer still with 10–25. The larger the case is, the longer the tail of this distribution, as Figure 1 shows. For cases on the order of 100 buses, the tail could end at about the 1% threshold, which would make a largest substation of about 8 buses acceptable. The EI and WECC cases (orange and blue in Figure 1) have on the order of 10000 buses; their tail extends to the 1 × 10−4 threshold at about 27 buses.


Figure 1. Probability mass function of substations in a case which have a certain number of buses, for eastern interconnect (EI) (blue), western interconnect cases (WECC) (orange), and 12 subset cases (black).



[image: Energies 10 01233 g001]






Substation voltage levels. The synthetic networks will focus on transmission nominal voltage levels of 69+ kV. Table 1 shows the percentages of such substations with buses in the 69–200 kV range and the 200+ kV range, for each of the fourteen cases. The majority cluster of areas in Table 1 indicates synthetic networks should have a 69–200 kV bus at 85–100% of substations, and 7–25% of transmission substations should have a bus in the range 201+ kV. The two exceptions to this rule, areas 8 and 10, use 230 kV as a system-wide voltage, while the rest of the areas use a voltage below 200 kV for a system-wide network. Synthetic networks could be designed in this way, in which case substations with 230 kV would fall in the lower category rather than the upper one.



Percentage of substations containing load. Categorizing buses or substations as load, generating, or neither plays an important role in synthesis methods and relates to the core energy delivery purpose of power systems. Except for two cases, areas 5 and 9, all of those studied show 75–90% of substations containing load, as shown in Table 1. Load, of course, is an aggregation of sub-transmission, distribution, and customer-level circuits, which for these exceptions appears to be grouped at a higher level than for typical grid cases.



Load at each bus. The selected cases vary from about 6–18 MW of load per bus on average. This excludes a couple of cases, which, because of their large net import or export of power, are outliers. Synthetic networks are often designed as self-contained systems. This average metric is important because it indicates the relationship between the size of a network in buses and the amount of peak load it serves.



Figure 2 shows the distribution of bus loads, for buses which have at least one load. The distribution varies widely, depending on the aggregation decisions used to model the loads at each bus. However, all cases show a large number of smaller loads, with a smaller percentage of larger ones. This distribution should be met in synthetic cases.


Figure 2. Probability mass function of the amount of load at load buses, for EI (blue), WECC (orange), and 12 subset cases (black).



[image: Energies 10 01233 g002]






Ratio of total generation capacity to total load. The EI and WECC and their sub-regions generally have 20–60% more generation capacity than the peak load, as shown in the rightmost column of Table 1. There are two exceptions, one which imports lots of power and has 12% less generation capacity than total load, and one which has 104% more capacity as it exports a lot of power. The other cases fall within the realistic range of 20–60% capacity surplus. For any self-contained system, this metric should be almost inviolable.



Percent of substations containing generation. In the EI, 11% of substations contain generation, and in the WECC, the proportion is 17%. The values are shown in the sixth column of Table 1. Several of these cases tend to be outliers, since this metric is also related to the sort of generators that are used in a particular area and how many small generators are modeled. The defined metrics is that synthetic cases should contain generation in 5–25% of substations, which centers around the aggregate statistics from the full interconnects and includes most of the actual cases studied.



Capacities of generators. The selected cases consistently contain a wide variety of generator MW capacities, and it is important for synthetic cases to contain not only the correct total and average generation, but the spectrum of generator sizes real cases contain. Figure 3 shows these cases, with the range of 25 MW to 200 MW being the most common range for all cases, and most cases containing a few generators larger than 200 MW. Below 25 MW, the modeling varies. Some cases include a sizeable set of small generators, while at least a few areas largely ignore or aggregate them.


Figure 3. Probability density of generator capacity, with height representing area since it is a logarithmic plot, for EI (blue), WECC (orange), and 12 subset cases (black).
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Percent of generators committed. The percent of generating units which are committed, that is, connected to the grid and generating power positive active power, is an important metric of the reserves and economics of the generation fleet. As shown in Figure 4, this value is 60–80% for most of the real cases considered.


Figure 4. Fraction of committed generators for cases and sub-cases studied.



[image: Energies 10 01233 g004]






Generator dispatch percentage. Most committed generators in peak planning cases are operated close to their maximum MW capacity. This is especially true in certain areas of the EI. Recognizing the wide variation of this parameter, as illustrated in Figure 5, the defined criterion is that at least 50% of generators should be dispatched above 80%. The EI and WECC are shown to have diverging distributions, nevertheless, they share the characteristics that the majority of generators are operated close to their MW limit. Parameters closely tied to operational considerations such as this one will change over time and show larger variance, but the focus is on the planning case values and capturing the salient characteristics.


Figure 5. Cumulative fraction plot of generator dispatch percentage for EI (blue) and WECC (orange).



[image: Energies 10 01233 g005]






Generator reactive power limits. Generators’ ratio between maximum reactive power limit and maximum active power limit, MaxQ/MaxP, shows the relationship between the size of a generator and how much voltage support it can give. This parameter also has a wide range of variety, since in actuality these are approximations for the capability curves, since reactive power limits are not the same at each active power operating point. As a basic qualification that seems to meet the data in real cases, for at least 70% of generators, that ratio of maximum reactive power to maximum active power should be between 0.40 and 0.55.




4. Metrics of System Network: Transformers and Transmission Lines


This set of validation metrics focus on the parameters of system branches and their topology. For transformers, the topology is straightforward: they connect different voltage levels within substations. For lines, the Delaunay triangulation metrics are repeated as excellent proxies for many of the network characteristics that previous work has studied. The network parameters are given, with due attention to the coupling that resistance, reactance, line length, and voltage levels can involve.



Transformer per-unit reactance. Transformer reactance X is evaluated on the transformer power base in MVA, [image: there is no content], which is related to the [image: there is no content] value used in the power flow case by the formula:


[image: there is no content]



(1)







Analysis shows in the transformer reactance parameters a rather consistent distribution, when viewed in per-unit on the transformer base values. Figure 6 shows the density functions for each case, along with a normal fit. It is typical for at least 80% of transformers to have a reactance value in the range [0.05, 0.2], and the distribution is roughly normal, centered around 0.12, with some variation as shown in the figure.


Figure 6. Probability density of transformer reactance, for EI (blue), WECC (orange), and envelope of 12 subset cases (black), and normal fit (red).
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Transformer MVA limit and X/R ratio. Transformer MVA limit and X/R ratio statistics include outliers for large cases, because R and MVA limits for transformers are not absolutely essential to power flow studies. Sometimes a default small R value is used, so that the X/R ratio appears to be 10000 or more, which is unlikely to be accurate. However, for many transformers the data is reliable.



It is found that the transformer high voltage level is well correlated with both of these characteristics. Thus the analysis is printed in Table 2 organized by voltage level for both the EI and WECC. The main objective is to see the common range of values for each level of transformer.



Table 2. Transformer Power (MVA: (Mega-Volt-Ampere)) limit and X/R statistics.







	
High Voltage Level (kV)

	
MVA Limit

	
X/R Ratio




	
10%

	
Median

	
90%

	
10%

	
Median

	
90%






	
EI

	
69

	
10

	
42

	
115

	
10

	
20

	
50




	
115

	
22

	
53

	
140

	
16

	
25

	
48




	
138

	
39

	
83

	
239

	
19

	
30

	
54




	
161

	
48

	
100

	
276

	
18

	
32

	
68




	
230

	
63

	
203

	
470

	
25

	
44

	
84




	
345

	
200

	
444

	
702

	
35

	
60

	
157




	
500

	
215

	
812

	
1383

	
44

	
70

	
119




	
WECC

	
69

	
7

	
26

	
83

	
10

	
20

	
37




	
115

	
17

	
37

	
118

	
15

	
25

	
50




	
138

	
15

	
35

	
90

	
18

	
25

	
38




	
161

	
30

	
63

	
125

	
19

	
27

	
46




	
230

	
50

	
162

	
304

	
21

	
37

	
79




	
345

	
160

	
336

	
672

	
33

	
59

	
139




	
500

	
150

	
600

	
1233

	
32

	
70

	
140










The validation criteria for MVA limit and X/R ratio are based on the median value, as well as the 10th and 90th percentile values. Cases should have at least 80% of transformer values within the 10th and 90th percentiles, and at least 40% above and 40% below the median. The less constrained of the EI and WECC values can be used.



Transmission line reactance. Transmission line parameters are organized by voltage level, since many aspects of transmission line design depend on the voltage level. The per-unit reactance depends heavily on the length of the transmission line, which, while not available exactly, can be approximated from the geographic distance between the two substations it connects. This distance will always be shorter than the actual right-of-way length, but serves as an approximation, especially for longer lines. Transmission line per-km impedances at a certain nominal voltage level typically have a unimodal distribution with heavy tails corresponding to outliers, as shown in Figure 7. Some of the outliers may be due to smaller transmission lines for which the per-distance metric is less accurate. Similar to the transformer parameters, the transmission line statistics used are the 10th percentile, the 50th percentile (median) and the 90th percentile. This encompasses most transmission lines. Table 3 shows these percentages. Data on the distribution of transmission line parameters is also significantly impacted by the number of conductors bundled together in a phase, with 2- and 3- conductor bundling reducing the 345 and 500 kV lines.


Figure 7. Discrete probability transmission line impedance characteristics, for 500 kV lines in the EI.



[image: Energies 10 01233 g007]






Table 3. Transmission line per-km, per-unit X, for EI.







	
Voltage Level (kV)

	
90%

	
Median

	
10%






	
500

	
0.000210

	
0.000155

	
0.000121




	
345

	
0.000518

	
0.000360

	
0.000198




	
230

	
0.001550

	
0.000945

	
0.000343




	
161

	
0.003780

	
0.001828

	
0.000517




	
138

	
0.006295

	
0.002471

	
0.000596




	
115

	
0.006387

	
0.003398

	
0.000796










Transmission line X/R ratio and MVA limit. In the same way, the 10/50/90 percentiles were calculated for transmission line X/R ratio and MVA limit, for major voltage levels, as shown in Table 4. Reference [18] has also examined MVA limit for transmission lines. These statistics do not consider transmission lines whose R values or MVA limits are not given. It is noticeable how narrow the 10–90 window is in each statistic, indicating the relatively consistent range in which realistic line parameters fall. The rule-of-thumb for validation, allowing for some variability, is for at least 70% of lines to fall inside the 10–90 window. Synthetic transmission lines are also validated during construction if they are synthesized from actual conductors and tower configurations, as described in [12] and done for synthesized cases in this paper.



Table 4. Transmission line X/R ratio and MVA limit, for EI.







	
Voltage Level (kV)

	
X/R Ratio

	
MVA Limit




	
90%

	
Median

	
10%

	
90%

	
Median

	
10%






	
500

	
26.0

	
17.0

	
11.0

	
3464

	
2598

	
1732




	
345

	
16.0

	
12.0

	
9.0

	
1494

	
1195

	
897




	
230

	
12.5

	
9.0

	
6.4

	
797

	
541

	
327




	
161

	
10.0

	
6.0

	
4.1

	
410

	
265

	
176




	
138

	
9.1

	
5.7

	
3.0

	
344

	
223

	
141




	
115

	
8.3

	
4.6

	
2.5

	
255

	
160

	
92










Ratio of transmission lines to substations, at a single nominal voltage level. The next set of metrics relate to the most-studied aspect of power grid synthesis: the transmission line topology. While the complex network literature has approximated the topology analysis with random models such as small-world [3,5,7,8], others have discussed the limitations of such a model because of its deviations from node distribution and its highly-designed, static topological nature [4,9,12].



It is important to define how the power system is viewed as a graph. Because bus modeling, aggregating circuit nodes, can vary within a substation and be more dependent upon breaker configuration, the focus is on substation topology, where substations are the graph vertices and actual transmission lines connecting different substations are the edges. Since there is a special distinction and connectivity limitation between branches of different nominal voltage levels, most of the transmission line topology statistics are also based on individual networks at a single nominal voltage level. Statistics were created by dividing the studied cases into their line topologies, using substations as the graph vertices at 115 kV, 230 kV, 345 kV, 500 kV, etc.



The first fundamental statistic, ratio of lines to substations, is measured for grids at a certain nominal voltage level, and expresses the expected number of transmission lines present, given the number of substations containing the voltage level. This topological metric encompasses the density and redundancy of the graph, as well as average nodal degree. For actual cases, this was evaluated by looking at subset networks with at least 50 substations at voltage levels of 115 kV and higher, as shown in Table 5. The result was that all networks fall roughly in the range of 1.1–1.4 for the ratio of transmission lines to substations.



Table 5. Ratio of lines to substations and line length to minimum spanning tree (MST) at nominal voltage level.







	
Case

	
Largest Network 201+ kV

	
Largest Network 115–200 kV




	
Lines/Substations

	
Line Length/MST

	
Lines/Substations

	
Line Length/MST






	
Area 1

	
1.26

	
2.07

	
1.41

	
2.57




	
Area 2

	
1.29

	
2.49

	
1.25

	
1.84




	
Area 3

	
1.18

	
1.64

	
1.24

	
2.03




	
Area 4

	
-

	
-

	
1.21

	
1.95




	
Area 5

	
1.21

	
1.99

	
1.20

	
1.70




	
Area 6

	
-

	
-

	
1.15

	
1.43




	
Area 7

	
1.32

	
2.37

	
1.27

	
2.16




	
Area 8

	
1.16

	
1.69

	
-

	
-




	
Area 9

	
1.41

	
2.98

	
1.26

	
2.07




	
Area 10

	
1.36

	
2.12

	
1.3

	
1.84




	
Area 11

	
1.2

	
1.85

	
1.21

	
1.83




	
Area 12

	
1.2

	
1.81

	
1.28

	
2.17










Percent of lines on the minimum spanning tree. The Euclidian minimum spanning tree (MST) is the minimum distance graph which connects all substations at a voltage level. This statistic, along with the following Delaunay triangulation statistics, helps to capture the geographic constraints of transmission line networks. Using the spatial relationships between nodes as key to understanding the topology is central to the approaches of [9,11], and [13]. Reference [13] shows the fraction of actual lines which come from MST, Delaunay, and Delaunay neighbors in EI and WECC, with the MST percentage around 50%.



Distance of transmission lines along the Delaunay triangulation. The Delaunay triangulation is calculated from a set of coordinates, dividing the plane into triangles, in which no triangle’s circumcircle contains another point [20]. As shown in [12], which appears to be the first application of this technique to power grid synthesis, most transmission lines have a very short distance along it, and this is an excellent metric of the geographic constraints of transmission line topologies. This reference shows about 75% of lines are on their Delaunay triangulation, about 20% are second neighbors, and about 5% are third neighbors. The number of lines that are fourth neighbors and higher is consistently below 1%.



There are a variety of topology-related graph theory statistics, including the distribution of nodal degrees, clustering coefficient, and average shortest path length, for which transmission networks have distinguished characteristics that have been explored in previous work [3,4,5,6,7,8,9,10,11,12,13]. References [12,13] have shown that matching the Delaunay triangulation statistics often encompasses the key graph characteristics observed on actual cases, in addition to respecting the geographic constraints of power grids, since transmission lines in general connect nearby substations.



Ratio of total length of all lines to the length of the minimum spanning tree. This metric compares line length at a nominal voltage level to the minimum length needed to connect all the substations, i.e., the length of the minimum spanning tree. These values are shown in Table 5. For networks above 100 kV and larger than 50 substations, most have this ratio between 1.4 and 2.6. In addition to the relative consistency in this ratio, the driving intuition is that it measures the relationship between the actual size of a power grid and the theoretical geographic minimum required.




5. Validating Two Example Cases


The above validation metrics were applied when building two new synthetic test cases described by this section. The methodology used for building the cases is fundamentally the same as that presented in [13], tuned to target the validation tests identified in this paper. These cases are available online [1]. This section uses these cases as an example to show the validation process and verify the realism of these cases.



The 200-bus case ACTIVSg200 was built on the geographic footprint of fourteen counties in central Illinois, an area with a population of about 1.1 million. First, 160 loads based on census data are placed along with 49 generating units coming from public reports, and these are combined into a set of 111 substations. The case has 230/115 kV grids, with buses assigned to substations and the branch topologies generated using an iterative dc power flow selection process, as described in previous work [12]. A one-line diagram of this case can be seen in Figure 8a. Branch ac power flow parameters are defined consistent with the geographic lengths as well as the validation metrics, and four shunt capacitors are added for voltage support. Generator cost curves are added using a method similar to [15], so that an optimal power flow (OPF) solution can be found for this grid.


Figure 8. (a) One-line diagram of the ACTIVSg200 test case, with 230 kV lines in blue and 115 kV lines in black. (b) One-line diagram of the ACTIVSg500 test case, with 345 kV lines in red and 138 kV lines in black.



[image: Energies 10 01233 g008]






The 500-bus case ACTIVSg500 was built on the geographic footprint of 21 counties in western South Carolina, an area with a population of about 2.6 million. There are 208 substations with 206 loads and 90 generating units, and an added 15 switched shunt capacitors. The case has 345/138 kV grids, and its one-line diagram can be seen in Figure 8b. It also has parameters sufficient for an ac power flow solution and an OPF solution.



Table 6, along with Figure 9 and Figure 10, shows the validation of these two synthetic cases according to the criteria in this paper. These cases fully satisfy the metrics defined in this paper, which are derived from actual grid analysis. The table also shows where among the diversity of studied cases these synthetic ones lie. For example, while both cases have their distribution of generator capacities (metric 7) fully matching the realistic metric, they both share similarities with cases that model smaller generators more explicitly (over 30%), and are on opposite ends of the large generator spectrum (ACTIVSg200 has 6% of generators larger than 200 MW, ACTIVSg500 has 16%).


Figure 9. ACTIVSg200 validation plots. (a) Case distribution of buses per substation (red); (b) Case distribution of bus loads (red). The other lines are identical to Figure 1 and Figure 2, respectively.



[image: Energies 10 01233 g009]





Figure 10. ACTIVSg500 validation plots. (a) case distribution of buses per substation (red); (b) case distribution of bus loads (red). The other lines are identical to Figure 1 and Figure 2, respectively.



[image: Energies 10 01233 g010]






Table 6. Validation of ACTIVSg200 and ACTIVSg500 cases.







	
#

	
Validation Metric

	
Criteria

	
ACTIVSg200

	
ACTIVSg500






	
1

	
Buses per substation

	
Mean 1.7–3.5

	
1.8

	
2.4




	
Exponential decay

	
See Figure 9

	
See Figure 10




	
2

	
Percent of substations containing buses in kV range

	
<200 kV, 85–100%

	
100%

	
100%




	
>201 kV, 7–25%

	
15.3%

	
15%




	
3

	
Substations with load

	
75–90%

	
90%

	
90%




	
4

	
Load per bus

	
Mean 6–18 MW

	
11 MW

	
16 MW




	
Exponential decay

	
See Figure 9

	
See Figure 10




	
5

	
Generation capacity/load

	
1.2–1.6

	
1.59

	
1.57




	
6

	
Substations with generators

	
5–25%

	
15%

	
15%




	
7

	
Generator Capacities

	
25–200 MW, 40+%

	
47%

	
44%




	
200+ MW, 5–20%

	
6%

	
16%




	
8

	
Committed Generators

	
60–80%

	
78%

	
62%




	
9

	
Generators dispatched >80%

	
50+%

	
63%

	
93%




	
10

	
Generator MaxQ/MaxP

	
0.40–0.55, >70%

	
86%

	
93% (incl. 0.38)




	
11

	
Transformer per-unit X, own base.

	
80% within [0.05, 0.2]

	
230 kV

	
115 kV

	
345 kV

	
138 kV




	
98%

	
94%

	
100%

	
95%




	
12

	
Transformer X/R ratio and MVA limits, by kV level (Table 2)

	
40% below median

	
50/44

	
59/47

	
45/45

	
46/44




	
40% above median

	
50/56

	
41/53

	
55/55

	
54/56




	
80% within 10–90 range

	
90/84

	
85/88

	
100/100

	
97/87




	
13

	
Line p.u., per-dist. reactance, by kV level (Table 3)

	
70% within 10–90 range

	
71

	
93

	
100

	
100




	
14

	
Line X/R ratio and MVA limits, by kV level (Table 4)

	
70% within 10–90 range

	
100/100

	
100/100

	
100/100

	
100/100




	
15

	
Lines/Substations, by kV level

	
1.1–1.4

	
1.24

	
1.22

	
1.22

	
1.22




	
16

	
Lines on min. spanning tree

	
45–55%

	
52%

	
50%

	
47%

	
50%




	
17

	
Distance of line along Delaunay triangulation, by kV level

	
1, 65–80%

	
71%

	
70%

	
68%

	
70%




	
2, 15–25%

	
24%

	
25%

	
26%

	
25%




	
3+, 3–10%

	
5%

	
5%

	
5%

	
5%




	
18

	
Total line length/MST

	
1.2–2.2

	
1.49

	
1.80

	
1.74

	
1.83











6. Discussion and Future Work


Public test cases allow innovations to be developed, refined, and demonstrated on grid models that do not compromise the confidentiality of the infrastructure. This paper has defined a set of characteristics found on actual grids that can be used to evaluate the realism of a synthetic power grid. While there is wide variety among actual grids, this paper sampled fourteen systems of various sizes from across North America to collect the metrics that are typical of all of them. Then the paper presented two new freely-available test cases that will be useful for power system studies, validated as meeting these metrics of realism.



The metrics in this paper focused on the proportions and distribution of various elements in the power system: substations, buses, loads, generators, transformers, and transmission lines; it also gave statistics about the branch parameters and the geometric graph structure of the voltage networks comprising the network. This set of metrics covers the main components needed for ac power flow solutions. Additional power system complexities such as bus voltage regulation schemes, transformer taps and phase-shifters, and impedance correction tables may be the subject of future work to refine synthetic grid validation. While this paper’s metrics are applicable to small and large systems, additional trends and definable statistical distributions specific to larger systems may appear and be studied in future work as synthetic power grids become larger and more complex.







Acknowledgments


The information, data, or work presented herein was funded in part by the Advanced Research Projects Agency-Energy (ARPA-E), U.S. Department of Energy, under Award Number DE-AR0000714. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.




Author Contributions


Thomas J. Overbye, Anna Scaglione, and Zhifang Wang provided overall vision and guidance during the work, and revisions of the paper. Adam B. Birchfield, Eran Schweitzer, Mir Hadi Athari, and Ti Xu developed the metrics, analysis, data, and figures. The two new test cases were created by Adam B. Birchfield, Ti Xu, and Thomas J. Overbye. Adam B. Birchfield wrote the paper.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	1. 
Power Flow Cases. Available online: http://electricgrids.engr.tamu.edu (accessed on 10 August 2017).

	2. 
Zhou, Q.; Bialek, J.W. Approximate model of European interconnected system as a benchmark system to study effects of cross-border trades. IEEE Trans. Power Syst. 2005, 20, 782–788. [Google Scholar] [CrossRef]

	3. 
Watts, D.J.; Strogatz, S.H. Collective dynamics of ‘small-world’ networks. Nature 1998, 393, 440–442. [Google Scholar] [CrossRef] [PubMed]

	4. 
Cotilla-Sanchez, E.; Hines, P.D.H.; Barrows, C.; Blumsack, S. Comparing the topological and electrical structure of the North American electric power infrastructure. IEEE Syst. J. 2012, 6, 616–626. [Google Scholar] [CrossRef]

	5. 
Pagani, G.A.; Aiello, M. The power grid as a complex network: A survey. Phys. A Stat. Mech. Appl. 2013, 392, 2688–2700. [Google Scholar] [CrossRef]

	6. 
Albert, R.; Albert, I.; Nakarado, G.L. Structural vulnerability of the North American power grid. Phys. Rev. E 2004, 69. [Google Scholar] [CrossRef] [PubMed]

	7. 
Hines, P.; Blumsack, S.; Cotilla Sanchez, E.; Barrows, C. The topological and electrical structure of power grids. In Proceedings of the 2010 43rd Hawaii International Conference System Sciences, Koloa, HI, USA, 5–8 January 2010. [Google Scholar]

	8. 
Wang, Z.; Scaglione, A.; Thomas, R.J. Generating statistically correct random topologies for testing smart grid communication and control networks. IEEE Trans. Smart Grid 2010, 1, 28–39. [Google Scholar] [CrossRef]

	9. 
Cloteaux, B. Limits in modeling power grid topology. In Proceedings of the 2013 IEEE 2nd Network Science Workshop (NSW), West Point, NY, USA, 29 April–1 May 2013. [Google Scholar]

	10. 
Hu, J.; Sankar, L.; Mir, D.J. Cluster-and-Connect: An algorithmic approach to generating synthetic electric power network graphs. In Proceedings of the 2015 53rd Annual Allerton Conference on Communication, Control, and Computing (Allerton), Monticello, IL, USA, 29 September–2 October 2015. [Google Scholar]

	11. 
Gegner, K.M.; Birchfield, A.B.; Xu, T.; Shetye, K.S.; Overbye, T.J. A methodology for the creation of geographically realistic synthetic power flow models. In Proceedings of the 2016 IEEE Power and Energy Conference at Illinois, Champaign, IL, USA, 19–20 February 2016. [Google Scholar]

	12. 
Soltan, S.; Zussman, G. Generation of synthetic spatially embedded power grid networks. In Proceedings of the 2016 IEEE Power and Energy Society General Meeting (PESGM), Boston, MA, USA, 17–21 July 2016. [Google Scholar]

	13. 
Birchfield, A.B.; Gegner, K.M.; Xu, T.; Shetye, K.S.; Overbye, T.J. Statistical considerations in the creation of realistic synthetic power grids for geomagnetic disturbance studies. IEEE Trans. Power Syst. 2017, 32, 1502–1510. [Google Scholar] [CrossRef]

	14. 
Birchfield, A.B.; Xu, T.; Gegner, K.M.; Shetye, K.S.; Overbye, T.J. Grid structural characteristics as validation criteria for synthetic networks. IEEE Trans. Power Syst. 2017, 32, 3258–3265. [Google Scholar] [CrossRef]

	15. 
Xu, T.; Birchfield, A.B.; Gegner, K.M.; Shetye, K.S.; Overbye, T.J. Application of large-scale synthetic power system models for energy economic studies. In Proceedings of the 2017 50th Hawaii International Conference on System Sciences, Waikoloa, HI, USA, 4 January 2017. [Google Scholar]

	16. 
Elyas, S.H.; Wang, Z. A multi-objective optimization algorithm for bus type assignments in random topology power grid model. In Proceedings of the 2016 49th Hawaii International Conference on System Sciences (HICSS), Koloa, HI, USA, 5–8 January 2016; pp. 2446–2455. [Google Scholar]

	17. 
Elyas, S.H.; Wang, Z. Improved synthetic power grid modeling with correlated bus type assignments. IEEE Trans. Power Syst. 2017, 32, 3391–3402. [Google Scholar] [CrossRef]

	18. 
Elyas, S.H.; Wang, Z. Statistical analysis of transmission line capacities in electric power grids. In Proceedings of the 2016 IEEE Power & Energy Society Innovative Smart Grid Technologies Conference (ISGT), Minneapolis, MN, USA, 6–9 September 2016. [Google Scholar]

	19. 
Federal Energy Regulatory Commission. Form No. 715—Annual Transmission Planning and Evaluation Report; Federal Energy Regulatory Commission (FERC): Washington, DC, USA, 2015.

	20. 
Preparata, F.M.; Shamos, M.I. Computational Geometry: An Introduction; Springer: New York, NY, USA, 1985. [Google Scholar]







































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file13.jpg
25%

g 8 ¥

Percent of lines within 1e-5

K

0%

0.0001 0.0003
Line X, per-unit, per-km, for 500KV lines in £l






media/file4.png
Fraction of buses

1E+0

1E-1

1E-2

1E-3

1E-4

1E-5

) )

200 400 600
Amount of Load at Bus, MW

800





media/file18.png
Fraction of substations

1E+0

1E-1

1E-4

1E-5

0

5

10

15 20 25 30 35 40 45 50 G55
Number of buses in a substation

(a)

Fraction of buses

1E+0

1E-1

200 400 600
Amount of Load at Bus, MW

(b)

800





media/file3.jpg
Fraction of buses

1E+0

1E-1

1E-2

1E-3

1E4

1E-5

200 400 600
Amount of Load at Bus, MW

800





media/file19.jpg
Fraction of substations

A
A 5|

Numberofbses 3 sbstation

(a)

r——

Ao ot s, 1w,

(b)





media/file7.jpg
Percent of Generators Committed

100%
0%
s0%
0%

%
so%
a0%
0%
20%
10%

o%

e &

& &
q*v«‘ﬁ‘é‘&v“

S

+

Case





media/file10.png
0.9

0.8
=
L2 0.7
s
T 0.6
e
205
I
= 0.4
S 0.3
o

0.2

0.1

/ /
___._ufé";
0 0.2 0.4 0.6 0.8

Generator dispatched MW / max MW






media/file14.png
Percent of lines within 1e-5

25%

20%

15%

10%

5%

0%

0

0.0001 0.0002 0.0003 0.0004
Line X, per-unit, per-km, for 500 kV lines in El





media/file11.jpg
0 0.05 0.1 0.15 0.2 0.25 0.3
Transformer impedance, on transformer MVA base





media/file6.png
0.35

™
o

—~ 0.25

eaJe) Al|1geqoJd

100 1000 10000

10

0.1

Generator size, MW





media/file15.jpg





nav.xhtml


  energies-10-01233


  
    		
      energies-10-01233
    


  




  





media/file16.png





media/file2.png
Fraction of substations

1E+0

1E-1

1E-2

1E-3

1E-4

1E-5

0

5

10

15 20 25 30 35 40 45 50 55
Number of buses in a substation





media/file20.png
Fraction of substations

1E-2

1E-3

5

10

15 20 25 30 35 40 45 50 55
Number of buses in a substation

(a)

Fraction of buses

1E+0

1E-1

1E-2

1E-3

1E-4

1E-5

200 400 600
Amount of Load at Bus, MW

(b)

800





media/file5.jpg
035

o

S
(eaue) Aujiqeqoid

100 1000 10000

10

01

Generator size, MW





media/file1.jpg
Fraction of substations

1E+0

1E-1

1E-2

1E3

1E4

1E-5

0

5

10

15 20 25 30 35 40 45
Number of buses in a substation

50 55





media/file12.png
[ T =
[ R (N

Probability density

L L R L A I+

_— e "“'h-"-...__

0

0.05 0.1 0.15 0.2 0.25
Transformer impedance, on transformer MVA base





media/file9.jpg
Cumulative fraction
o990 9 9o
[ Y

-

& n e 8
oY ® o

/

o

0

0.2 04 0.6 0.8
Generator dispatched MW / max MW






media/file0.png





media/file8.png
100%

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

P31 1WWO) SJ01eI2UID) JO JU3II3d

Case





media/file17.jpg
. fu ==
£ | —
A " e
A Fi

005 1 m W n 0B 0 s 0
Amouetof i 8,

Numberof bses n 3 sbstation

(@) (b)





media/file21.png





