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Electric Energy & Power Network
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* Challenges: multiple scales, nonlinear,
& complex system, growing number of
renewables & deregulation

Largest man made machines
Synchronization for a whole
Continent is required



Some recent large-scale blackouts in the
world and their consequences

No. Country Year Load loss (GW) Economic loss People affected [*Million) Duration (howrs) Reterence
1 [ran 2003 ~7 Naot available 22 8 10, 13]
2 USA, Canada 2003 G1.8 5 6.4 hillion 50 16-72 (USA), up to 192 (Canada) 10-12)
3 ltaly 2003 24 Ower €120 million ~ 5l Upto ~18 10, 12]
4 Russia 2005 ~35 5 1-2 hillion 4 -4 46, 50]
5 Western Europe 2006 ~14 Mot available 15 2 12)
[ USA and Mexico 2011 43 Up to $118 million Over 5 ~11 50]
7 India 2012 ~48 Mot available 670 2-8 13, 51]
8 Turkey 2015 32.2 Mot available 70 Maore than 7 13)
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Scale-free blackout size distributions
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107 7 "f-‘.‘_"' R B. Carreras et al, Proceedings of Hawaii
. .f‘- ] International Conference on System
) {'“‘\, ' Sciences, Jan. 4-7, 2000, Maui,
_:} am
107 ¢ l 3 Hawaii. 2000 IEEE
: \}_ T Extreme events occur more frequently
107 ¢ L than by Gaussian model prediction
L I-:'". TABLE I. Observed and simulated power law exponents in the noncumulative pdf of blackout size. The power
— " 4 nv-0.98 o law exponent is often calculated by subtracting one from an estimate of the slope of a log-log plot of a
l U_T P: [} . U [}4 5 5 (P\’[E‘H\"I h) \\I complementary cumulative probability distribution.
l Dl 1[}2 1 03 1 04 Source Exponent Quantity
North America data (Ref. 6) -1.3to =20 Various
MW]]UUI' llI]SE‘I'VEd North America data (Refs. 19 and 20) =20 Power
Sweden data (Ref. 21) -1.6 Energy
Figure 4. Probability distribution function of energy unserved :::';: j::; T::q’ tjl;: £ 29) ::z E[r:rr;.
for North American blackouts 1993-1998. China data (Ref. 24) 18 Encrg;-'
. .y . -19 Power
Self-Organized Criticality (SOC) OPA model on tree-like 382-node (Ref. §) “16 Power
. . Hidden failure model on WSCC 179-node (Ref. 9) -1.6 Power
deSCHbeS thIS' Manchester model on 1000-node (Ref. 10) -1.5 Energy
T CASCADE model (Ref. 11) -14 No. of failures
Competltlon Of Supply and demand Branching process model (Ref. 12) -15 No. of failures

Universality (in grid characteristics) ?
Dobson et al Chaos 17 (2007) 026103



Outage durations with PL tails
Universality ?

Electrical outages # Blackout cascades, still they show PL duration tails:
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FIG. 2. Probability distributions (black dots) of generation outages measured in terms of the unavailable duration. For the
ENTSO-E data, we show the generation outage data for the control areas “DE AMPRION”, “GB", and “FR", as well as the
generation and production outage data from all control areas. The fitted power laws and their corresponding x,;, values are

marked by solid red lines and vertical black lines, respectively.

Following power-spectral analysis we proposed SOC and HOT models to understand

See our recent paper :



The EU 2016 HV network
SciGRID project based on ENTSO-E & OpenStreetMap data

EU16
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Adjacency Matrix
FIG. 9. All nodes of the European power-grid 2016 data sep

arated into 12 communities, taking into account admittance
using a giant component of 13 478 nodes connected by 18 39
links, maintaining the modularity score close to the maximun

Q =~ 0.795.

Graph dimension: (N,) ~ 14,

Modular HV network, with graph dimension d = 2.6(17)



The EU 2022 HV network
SciGRID project based on ENTSO-E & OpenStreetMap data
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FIG. 11. All nodes of the European power-grid 2022 data

giant component, separated into 10 communities, taking into Adi Matri
account the admittances and 7411 nodes connected by 10912 jacency atrix
edges without smaller voltage level edges, maintaining the

modularity score ¢ = 0.854.

Modular HV network, with graph dimension: d = 1.8(2)



The US 2016 HV network

SciGRID project based on ENTSO-E & OpenStreetMap data
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FIG. 12. All nodes of the USA power-grid 201t uava giou
component, separated into 12 communities, taking into ac-
count the admittances and 14 990 nodes connected by 20 880
edges, maintaining the modularity score () =~ (.859 with res-
olution I' =1 x 1074,
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Modular HV network, with with graph dimension d = 2.4(7)




Summary of community results

Community Size (k) Siz.e {F_ﬁ} Size _{k} =- :tnﬁur_ ﬂ JQ-E:::::
Y (EU22) (EU22) (EU16) (EU16) (US16) (US16) Ao -
1 024 272 4285 283 3511 2.79 10° e
2 479 270 2526 2066 2829  2.98 _ = USAL6. =104, 9= 0402
3 2016  2.84 1527 267 1640 2.72 . A
4 608  3.06 1461 272 1484  2.69 W
5 505  2.04 1455 269 1396  2.93 . Vo e
6 1050 266 966 277 1165 2.58 o 1 AR e
7 1237 2.68 638 257 T6R  2.97 \ 5, !
8 16 281 289 206 TI0  2.57 5
0 332 218 27T 299 673 270 ot
10 55 274 26 307 390 2.84 ]
11 - - 22 331 230 243 ',
12 - - 6 266 194  2.69 . : . . : .
| 5 10 15 20 25

Community

TABLE I. Community sizes and average degrees for different
data-sets, for the resolution I' = 107*. We refer to sizes
here as number of nodes in the respecting community. These
structures correspond to the maps plotted on Figs.9, 11, 12.

FIG. 8. Community size distributions at different I resolutior
parameters for different networks shown in the legend.

Louvain algorithm used with resolution 1 kk.
g Q= “J(k}z (Al-:,-—[‘w,{;})t‘?{gi,yj],
Parameter I” : T :

Similar size distrinutions



Summary of network invariants

Graph: G=(V,E) N nodes, E edges
1 X
k) ==1Y% k;
Average degree (k) = ;=Z1 i
i
Cumulative degree distribution Pk >K)=C-e 7
1
Shortest path-length  L=__— Y 4(i,j), j . InN-05772 .,
N(N—l); J *‘ kT
[ [ - 1
Clustering coefficient C =52 2ni/ki (ki = 1)
I
. kik i
Small world coefficient _ /G Modularit _ 1 A — T ) 5(0: o
Network  E N (k) Ye Q Community# L Ly C Cr o4
EU1l6 18393 13478 2,729 1,504 0,924 28 4950 9,396 0,099 0,000203 92,702
EU22 10298 7411 2779 1,640 0,849 12 46,83 8,653 0,098 0,000375 48,420
USA16 20880 14990 2,786 1,548 0,927 22 47,50 9,321 0,02 0,000186 107,785

Similar invariants, small world networks <-> d < 3
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FIG. 5.

[20...300] MW range in the inset figure. The exponents of
the fits are: y = 1.16(5) both for generation and load curves.
respectively. The load data shows an earlier size cutoff, whick
is an important characteristic of traditional power systems.
where energy is produced in a centralized manner by large
power plants to increase efficiency, and energy is consumed in
a distributed manner. The main figure shows the same data.
with stretched exponential fits, according to Eq. (7) in the

Load and generator power distributions
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Distribution of nodal generations and loads of the
ENTSO-E 2016 database. Power-law fits were applied to the

range [10...1000] MW

[20...500] MW.

p(k) o exp(—(k/B)?)

FIG. 6. Distribution of nodal generations and loads of the
2021 US [69] database. Inset: different power-law fits were
applied to the [5...200] MW for generators and [50...200] MW
for loads. The load data shows an earlier size cutoff as for the
European case. The main figure shows the same data with
stretched exponential fit according to Eq. (7) in the range

B~ 0.25 Universal ?




Admittances (interaction weights), calculated
from cable lengths and specific resistances

U.\* TABLE II. Characteristic values of relevant physical quanti-
Ry = (Uéj) - Li; - Re, Py; =F,, ties in the modeled European power grids.
P Voltage [kV| R [Q/km| X, [Q/km| C; |[oF/km| P. [MW]|
Xij = <Y> 120 0.0293 0.1964 9.4 170
220 0.0293 0.2085 9.0 360
- 380/400 0.0286 0.3384 10.8 1300
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FIG. 14. Probability distributions of the inverse of cable 10° ! L - !
lengths of the European and North- American SciGRID net- 10° 10’ 107 107 10°
works. Left inset: the same data plotted on the —In(p) scale Y[1/0hm]

to compare with the stretched exponential assumption, that
would correspond to a straight line tail, Right inset: proba-

hility distributions of the line lengths in meters. PL eXpOnentS ~ 2, Unive rsal ?



Conclusions

Empirical power-grid networks are heterogeneous, still for N - «,
i.e. on continent level, show ~ universal graph, electric measures

Short (~7m) HV cable lengths — fat tailed, power-law admittances

as graph edge weights
Self Organized Criticality ?
Cascade failures exhibit
Universal PL duration statistics

Thank you for the attention!
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