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Novel Branch Centrality Measures for Electrical
Power Systems Considering Both Load-serving
and Circulating Currents

P. Cuffe, Member, IEEE, and A. Keane, Senior Member, IEEE

Abstract— Recent work on transmission usage charging has
offered compelling new perspectives on how current flows in
electrical power systems. One new insight is that a certain
component of branch current flows solely to serve loads in the
system, whereas another component arises because of voltage
mismatches between generator buses. These circulating currents
affect active power losses and branch congestion, and thus may be
of renewed interest to system operators. This paper presents novel
power system visualizations which better show the separate load-
serving and circulating aspects of a network. A key insight that
emerges is the dual role of the branches in a system: they carry
both load serving and circulating currents, in heterogeneous
proportions. This perspective permits new branch centrality
metrics to be proposed, which separately gauge a branch’s role in
serving these distinct functions.

I. INTRODUCTION

he present work uses recent advances in power flow tracing

to discuss some new perspectives on the structure of power
systems. Early work in power flow tracing was motivated by
market liberalization [1, 2] and was generally notional in
character (e.g [3, 4]), tending to knowingly disregard the
physics of power transmission. Among the earliest
contributions to frame the flow tracing question in more
physical terms was Conejo’s Znys approach [5, 6] This technique
relies on taking the inverse of the Yus matrix, which is a very
fundamental descriptor of a network’s connectivity. Similarly,
the present work relies on a reordering and partitioning of the
Ypus Matrix, such that the connectivity between and among PV
buses and PQ buses is quantified separately.

The equations central to this new understanding were first
presented in [7], and have been applied since to various power
system problems, notably by the prolific Thukuram, who has
used them for, inter alia: voltage stability improvement [8-11];
congestion management [12]; transmission system usage
charging [13, 14]; generator reactive power margin
improvement [15]; siting power electronic devices [16, 17]; and
generator expansion planning [18, 19]. Others have used the
techniques for probabilistic voltage stability analysis [20];
power system reliability evaluation [21]; voltage stability
monitoring with realistic load models [22]; improved load
curtailment [23]; and voltage security monitoring [24]. Sikiru’s
work [25-27], using related matrix partitions and eigen
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decomposition, elucidates a more fundamental understanding
of the inherent structural characteristics of power systems, as
does work in [28].

The work of Abdelkader et al. offers a deeper conceptual
understanding of the matrix partitioning enforced in [7]. In a
culmination [29] of earlier research [30, 31] a compelling new
perspective on how current flows in electrical networks is
articulated. In arigorous way, it is demonstrated that a separable
portion of branch currents are entirely a consequence of voltage
mismatches between generator nodes, whereas the remaining
component of branch current necessarily arises to serve loads.
The direct relationship between these circulating currents, and
the theoretical minimum loss dispatch for a power system, has
latterly been established in [32]. This insight on the origins of
actives power losses has been applied in designing voltage
control schemes for wind generators [33].

The present paper seeks to modestly extend the discussion
of the new paradigm articulated in [29]. To this end, new power
system centrality measures are proposed which separately
gauge a branches’ participation in each function, facilitating
load-serving or circulation currents. Network visualizations are
presented to make this separation more tangible.

These new metrics are related to other proposed measures of
branch electrical centrality [34-36] which may be better suited
to power system structural analysis than naive topological
measures [37, 38]. This work’s new centrality metrics may
open up new ways to approach such difficult problems as
optimal transmission switching [39, 40], where removing a line
from a system can relieve congestion and achieve substantial
cost savings. Identifying such lines, however, is
computationally demanding and poorly understood [41].
Likewise, identifying lines whose removal may trigger
cascading failures is challenging, and simple branch centrality
metrics are not always useful in this role [42].

The matrix manipulations permitting the separation of
branch currents are reviewed and presented in Section 1, some
novel visualizations and tutorial discussions of such current
separations are given in Section Il and conclusions are given
in Section IV.



Il. METHODOLOGY

A. Yuus partitioning

The treatment begins by restating the Ypys partitioning
introduced by Kessel and Glavitsch in [7]. Starting with the Ypys
matrix, nodes are reordered such that generator buses (G index)
and load buses (L) are grouped together. In block matrix form,

this gives:
nl =l vl ®

The motivation for this partitioning of the Yuus matrix is to
separately quantify the connectivity between and among
generator and load buses. Symmetry in the Yyus can be assumed
in the absence of phase-shifting transformers [43], and so Y 6"
= YeL. Note that this partitioning is particular to a specific set of
online generators.

I and I, are complex-valued vectors representing the nodal
currents at generator and load buses, respectively, while Vg and
V_ are corresponding complex nodal voltages. From (1):

le = Ye6Ve +YeV 2
I, =Y,cVe + Y.V, 3)

Rearrange (3) to find that:
V=211, — Z11Y16Ve (4)

Where Z, = Y. Substituting for Vi in (2):
Ie = Yoo — YerZuLYie)Ve + Y Z1Lly (%)

Inspecting (4) and (5) indicates that they can be efficiently
represented in matrix form:

[VL] _ [ZLL Fig HIL] ©)
Ig Ko Yeoml Ve
Where:
Yeem = Yo — Yer.Z11Y16 (7
Fig = ~Z1.Y16 = K¢y ©)

B. Tracing current flows

According to the conceptual framework proposed in [29],
voltage mismatches between generators in a power system
cause circulating currents, IS¢, which flow in addition to the
load-serving currents in the system, 1:°%¢. The authors of [29]
show how these circulating currents components can be
separately traced through the power system. Equations (9) to
(13) are reproduced below from [29], and represent the central
contributions of that work.

Each generator’s circulating current IS is given by:

= YeemVs ©)

The portion of this current component that flows in each
branch (BR) is given by the MSz matrix as follows:

G yCirc
MBRIG

Circ
l G

IClTC (10)

Where Mgy is calculated as:

Z
Mg = YgrAT [_ZL oG ] (11)

LYi6Z6em
Noting that Zeem = Yeem, Yar is the branch admittance

matrix, and A is the system incidence matrix.
Similarly, the M5, matrix describes the portion of each load
node’s (L) current demand that flows in each branch:
I55% = Migl, (12)

With:

Mgg = YprALZy,, (13)

Where A is the incidence matrix partitioned to show just the
connectivity of the load buses.

C. Novel centrality measures

One can readily define two novel branch centrality metrics
by simply summing the rows of the M matrices, taking the
absolute value of each element, denoted by the | - | superscript:

. Gl
CsR¢ = Z Mgy (14)
G
And:
Load Ml
BR (15)

The motivation for the new centrallty definitions in (14) and
(15) is to separately quantify each branch’s structural role in the
power system; does a particular branch tend to redistribute
circulating current between generators, or does it tend to deliver
load-serving currents, or does it perform both roles? The
present work conjectures that, for instance, these new centrality
measures can offer insights into which branches cause
congestion that affects particular market outturns. A branch
with a higher centrality of €€ could be expected to have a
loading that varies a lot with particular dispatch conditions,
whereas a branch with low €7 centrality could be anticipated
to fluctuate less.

I1l. RESULTS

A. Test platform

The matrix calculations were implemented in MATLAB, with
Cytoscape [44] providing network visualization functions. A
notional 19 bus network, case19, is used to show the various
matrices on a small network, and the centrality measures are
portrayed for the larger and well-known IEEE test network,
case118 [45]. These systems and raw results are available
online in a persistent archival repository at [46].
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Fig. 1 Visualizations of the M5, and M§, matrices for the case19 network. The load participation factors are shown in
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in the top left panel, and the remaining

panels show in pink each branch’s participation in a particular generator’s circulating current transactions.

TABLE |
CASE19 GENERATOR DISPATCH

Gl | G2 | G3 | G4 | G5
64.7 | 889 | 67.8 | 93.6 | 875
447 | 889 | 87.8 | 93.6 | 87.5

Optimal Dispatch (MW)
Dispatch in Fig. 2 (MW)

B. Visualizing the M" and M® matrices

The separation of branch currents into load and generator
induced components via Abdelkader’s methods [29-31] offers
an interesting new perspective on power flows in electrical
networks. To make this separation tangible, the M}, and M,
matrices of the case19 system are represented graphically in
Fig 1. The (a) panel shows the absolute value of the M}, matrix
multiplied by the prevailing demands, as in (12). These
participation factors remain static for a given load level. Note
the differing thickness of the load current participation at each
generator’s radial feed in (a): this indicates how the system’s
natural, loss-minimizing load-serving pathways require

differing current injections at each generation site [32].

By contrast, panels (b) to (f) are more dynamic, showing
which branches carry each generator’s circulating current for a
particular dispatch condition. A generator’s circulating current
contribution is proportional to its deviation from its optimal
dispatch level. As such, Fig. 1 maps which branches can
become congested due to the chosen dispatch levels for certain
generators. As may be anticipated, these effects are most
pronounced in the vicinity of the particular generator. These
diagrams show the zone of influence for each generator, by
explicitly identifying the set of branches a generator’s dispatch
can affect.

In Fig. 1 each branch is plotted with a thickness proportional
to the absolute value of its corresponding entry in the M matrix.
A scaling can be inferred by noting that the generators connect
on a radial feed, and these branches have a near-unity M$g
participation, as, logically, they carry the full quantity of
circulating current their generator exchanges.
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Fig. 3 The case118 network, with branch thickness showing C ¢ (left) and Coa

C. Visualizing separable current components

As had been noted by previous authors [14], the KL matrix
can be used to analytically determine an ideal loss-minimizing
dispatch profile for generators [32]. This dispatch level, equal
to the matrix product Kgili, shows the ideal way that load-
serving currents would flow through a system. When a
generator’s actual dispatch deviates from this theoretical
optimal, this difference manifests as circulating current.

To make this idea concrete, in the specific conditions
visualized in Fig. 2, G2, G4 and G5 are all producing their
optimal level of active power, which manifests solely as load
serving current, whereas G3 operates 20 MW above its optimal

Circulating Current

»

. Generator Bus

Load Bus Load Serving Current

87.5
MW

_ L14

L7 "\

e
87.8
MW

,\

L13

9 test network in the dispatch of Table I. Note the transaction of circulating
is below its ideal.

(righn).
level, and so it circulates current to G1, which is 20 MW below
(see Table I, and compare also Fig. 1 (a), where the thickness
of load serving currents from each generator corresponds to the
optimal dispatch level) The circulating current transaction
between these generators is depicted alongside the

in Fig. 2 (arrow thickness denotes the magnitude of the
real component) It is clear that some branches carry only
circulating current (L6—L12, L10—L11), others just load
serving current (L17-—L19), with most carrying varying
portions of each. The circulating current transaction shown in
Fig. 2 can be considered as the combined effect of the
circulating current participations shown in Fig. 1 (b) and (f),



weighted by each generator’s specific circulating contribution.

D. Visualizing C® and C°® centrality

The preceding discussion shows that branches in a power
system may have varying importance in the load-serving and
circulating current aspects of a network. To make this
distinction concrete, Fig. 3 depicts both the CC" and Ctead
centrality measures for each branch in the case118 network
[45]. While Fig. 2 shows the actual separate current flows for
particular dispatch conditions on the case19 network, the C¢ire
and C'°® measures gauge the generalized likelihood that a
branch will carry a certain class of current. Fig. 3 uses a force-
directed layout to show that the case118 system has a distinct
centrality structure with respect to the load-serving and
circulating dimensions of the network. A branch may appear
important for load current, or for redistributing circulating
generator currents, or for both. These separate centralities
indicate distinct functional roles which may be useful in
identifying which branches contribute to congestion, or in
analyzing a system’s robustness against cascading failure,
however this is left for future work.

IV. CONCLUSIONS

This work has sought to extend the discussion around the
seperability of load-serving and circulating currents in power
systems. For instance, this approach, which does not require
iterative load flow calculations, allows the direct identification
of the set of branches whose loading is affected by a particular
generator’s dispatch level. Furthermore, the loading of these
branches can be explicitly linked to how much each generator’s
actual dispatch deviates from its analytically calculated optimal
value. Centrality measures were proposed to gauge each
branches participation in each functional dimension of the
network. Future work will assess the insightfulness of these
centrality measures for specific power engineering problems.

ACKNOWLEDGEMENT

The authors gratefully acknowledge an insightful discussion
with Dr. Sobhy Abdelkader in the conception stage of this work.

V. REFERENCES

[1] A. J. Conejo, J. M. Arroyo, N. Alguacil, and A. L. Guijarro,
"Transmission loss allocation: a comparison of different practical
algorithms," Power Systems, IEEE Transactions on, vol. 17, no. 3,
pp. 571-576, 2002, doi: 10.1109/tpwrs.2002.800894.

[2] P. Jiuping, Y. Teklu, S. Rahman, and J. Koda, “"Review of usage-
based transmission cost allocation methods under open access,"”
Power Systems, IEEE Transactions on, vol. 15, no. 4, pp. 1218-
1224, 2000, doi: 10.1109/59.898093.

[3] J. Bialek, "Tracing the flow of electricity," IEE Proceedings-
Generation, Transmission and Distribution, vol. 143, no. 4, pp. 313-
320, 1996.

[4] D. Kirschen and G. Strbac, "Tracing active and reactive power

between generators and loads using real and imaginary currents,"
Power Systems, IEEE Transactions on, vol. 14, no. 4, pp. 1312-
1319, 1999, doi: 10.1109/59.801890.

[5] A.J.Conejo, J. Contreras, D. A. Lima, and A. Padilha-Feltrin, “Zbus
Transmission Network Cost Allocation,” Power Systems, IEEE
Transactions on, vol. 22, no. 1, pp. 342-349, 2007, doi:
10.1109/tpwrs.2006.889138.

(6]

[7]

(8l

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

A. J. Conejo, F. D. Galiana, and I. Kockar, “Z-bus loss allocation,"
Power Systems, IEEE Transactions on, vol. 16, no. 1, pp. 105-110,
2001, doi: 10.1109/59.910787.

P. Kessel and H. Glavitsch, "Estimating the Voltage Stability of a
Power System," Power Delivery, IEEE Transactions on, vol. 1, no.
3, pp. 346-354, 1986, doi: 10.1109/tpwrd.1986.4308013.

B. D. Thukaram and K. Parthasarathy, "Optimal reactive power
dispatch algorithm for voltage stability improvement," International
Journal of Electrical Power & Energy Systems, vol. 18, no. 7, pp.
461-468, 1996, doi: http://dx.doi.org/10.1016/0142-
0615(96)00004-X.

B. D. Thukaram and K. Parthasarathy, "An expert system for power
system voltage stability improvement,” International Journal of
Electrical Power & Energy Systems, vol. 19, no. 6, pp. 385-392,
1997, doi: http://dx.doi.org/10.1016/S0142-0615(97)00007-0.

A. N. Udupa, D. Thukaram, and K. Parthasarathy, "An expert fuzzy
control approach to voltage stability enhancement,” International
Journal of Electrical Power & Energy Systems, vol. 21, no. 4, pp.
279-287, 1999, doi: http://dx.doi.org/10.1016/S0142-
0615(98)00049-0.

D. Thukaram, K. Parthasarathy, H. P. Khincha, N. Udupa, and A.
Bansilal, "Voltage stability improvement: case studies of Indian
power networks," Electric Power Systems Research, vol. 44, no. 1,
pp. 35-44, 1998, doi: http://dx.doi.org/10.1016/S0378-
7796(97)01208-X.

G. Yesuratnam and D. Thukaram, "Congestion management in open
access based on relative electrical distances using voltage stability
criteria," Electric Power Systems Research, vol. 77, no. 12, pp.
1608-1618, 2007, doi: http://dx.doi.org/10.1016/j.epsr.2006.11.007.
K. Visakha, D. Thukaram, and L. Jenkins, "Transmission charges of
power contracts based on relative electrical distances in open
access," Electric Power Systems Research, vol. 70, no. 2, pp. 153-
161, 2004, doi: http://dx.doi.org/10.1016/j.epsr.2003.12.003.

D. Thukaram and C. Vyjayanthi, "Relative electrical distance
concept for evaluation of network reactive power and loss
contributions in a deregulated system," Generation, Transmission &
Distribution, IET, vol. 3, no. 11, pp. 1000-1019, 2009, doi:
10.1049/iet-gtd.2009.0154.

C. Vyjayanthi and D. Thukaram, "Evaluation and improvement of
generators reactive power margins in interconnected power
systems," Generation, Transmission & Distribution, IET, vol. 5, no.
4, pp. 504-518, 2011, doi: 10.1049/iet-gtd.2010.0553.

D. Thukaram and A. Lomi, "Selection of static VAR compensator
location and size for system voltage stability improvement,” Electric
Power Systems Research, vol. 54, no. 2, pp. 139-150, 2000, doi:
http://dx.doi.org/10.1016/S0378-7796(99)00082-6.

D. Thukaram, L. Jenkins, and K. Visakha, "“Improvement of system
security with unified-power-flow controller at suitable locations
under network contingencies of interconnected systems,"”
Generation, Transmission and Distribution, IEE Proceedings-, vol.
152, no. 5, pp. 682-690, 2005, doi: 10.1049/ip-gtd:20045235.

S. Surendra and D. Thukaram, "ldentification of prospective
locations for generation expansion with least augmentation of
network," Generation, Transmission & Distribution, IET, vol. 7, no.
1, pp. 37-45, 2013, doi: 10.1049/iet-gtd.2012.0211.

D. Thukaram and C. Vyjayanthi, "Ranking of Prospective New
Generation Location for a Power Network in a Deregulated
System," in Power System Technology and IEEE Power India
Conference, 2008. POWERCON 2008. Joint International
Conference on, 12-15 Oct. 2008 2008, pp. 1-8, doi:
10.1109/icpst.2008.4745257.

S. Aboreshaid and R. Billinton, "Probabilistic evaluation of voltage
stability," Power Systems, IEEE Transactions on, vol. 14, no. 1, pp.
342-348, 1999, doi: 10.1109/59.744553.

R. Billinton and S. Aboreshaid, "Voltage stability considerations in
composite power system reliability evaluation,” Power Systems,
IEEE Transactions on, vol. 13, no. 2, pp. 655-660, 1998, doi:
10.1109/59.667396.

J. Hongjie, Y. Xiaodan, and Y. Yixin, "An improved voltage
stability index and its application,” International Journal of
Electrical Power & Energy Systems, vol. 27, no. 8, pp. 567-574,
2005, doi: http://dx.doi.org/10.1016/j.ijepes.2005.08.012.

G. M. Huang and N. C. Nair, "Voltage stability constrained load
curtailment procedure to evaluate power system reliability
measures," in Power Engineering Society Winter Meeting, 2002.


http://dx.doi.org/10.1016/0142-0615(96)00004-X
http://dx.doi.org/10.1016/0142-0615(96)00004-X
http://dx.doi.org/10.1016/S0142-0615(97)00007-0
http://dx.doi.org/10.1016/S0142-0615(98)00049-0
http://dx.doi.org/10.1016/S0142-0615(98)00049-0
http://dx.doi.org/10.1016/S0378-7796(97)01208-X
http://dx.doi.org/10.1016/S0378-7796(97)01208-X
http://dx.doi.org/10.1016/j.epsr.2006.11.007
http://dx.doi.org/10.1016/j.epsr.2003.12.003
http://dx.doi.org/10.1016/S0378-7796(99)00082-6
http://dx.doi.org/10.1016/j.ijepes.2005.08.012

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

IEEE, 2002 2002, vol. 2, pp.
10.1109/pesw.2002.985109.

I. K. Dassios, P. Cuffe, and A. Keane, "Visualizing voltage
relationships using the unity row summation and real valued
properties of the FLG matrix," Electric Power Systems Research,
vol. 140, pp. 611-618, 2016.

T. H. Sikiru, A. A. Jimoh, Y. Hamam, J. T. Agee, and R. Ceschi,
"Classification of networks based on inherent structural
characteristics,” in Transmission and Distribution: Latin America
Conference and Exposition (T&D-LA), 2012 Sixth IEEE/PES, 3-5
Sept. 2012 2012, pp. 1-6, doi: 10.1109/tdc-1a.2012.6319055.

T. H. Sikiru, A. A. Jimoh, and J. T. Agee, "Inherent structural
characteristic indices of power system networks," International
Journal of Electrical Power & Energy Systems, vol. 47, no. 0, pp.
218-224, 2013, doi: http://dx.doi.org/10.1016/j.ijepes.2012.11.011.
T. H. Sikiru, A. A. Jimoh, Y. Hamam, J. T. Agee, and R. Ceschi,
"Voltage profile improvement based on network structural
characteristics,” in 6th IEEE transmission and distribution latin
America conference, Montevideo, Uruguay, 2012.

I. Dassios, A. Keane, and P. Cuffe, "Calculating nodal voltages
using the admittance matrix spectrum of an electrical network,"
Mathematics, vol. 7, no. 1, p. 106, 2019.

S. M. Abdelkader, D. J. Morrow, and A. J. Conejo, "Network usage
determination using a transformer analogy,” Generation,
Transmission & Distribution, IET, vol. 8, no. 1, pp. 81-90, 2014,
doi: 10.1049/iet-gtd.2013.0134.

S. M. Abdelkader and D. Flynn, "A new method for transmission
loss allocation considering the circulating currents between
generators," European Transactions on Electrical Power, vol. 20,
no. 8, pp. 1177-1189, 2010, doi: 10.1002/etep.395.

S. M. Abdelkader, "Characterization of Transmission Losses,"
Power Systems, IEEE Transactions on, vol. 26, no. 1, pp. 392-400,
2011, doi: 10.1109/tpwrs.2010.2052115.

P. Cuffe, I. Dassios, and A. Keane, "Analytic loss minimization: a
proof," IEEE Transactions on Power Systems, vol. 31, no. 4, pp.
3322-3323, 2015.

P. Cuffe and L. F. Ochoa, "A Voltage Control Scheme for
Generation-Dominated Networks to Maximize Power Export,"
IEEE Transactions on Power Systems, vol. 33, no. 6, pp. 7321-7323,
2018.

P. Hines and S. Blumsack, "A Centrality Measure for Electrical
Networks," in Hawaii International Conference on System Sciences,
Proceedings of the 41st Annual, 7-10 Jan. 2008 2008, pp. 185-185,
doi: 10.1109/hicss.2008.5.

K. Wang, B.-h. Zhang, Z. Zhang, X.-g. Yin, and B. Wang, "An
electrical betweenness approach for vulnerability assessment of
power grids considering the capacity of generators and load,"
Physica A: Statistical Mechanics and its Applications, vol. 390, no.
23, pp. 4692-4701, 2011.

W. Zhifang, A. Scaglione, and R. J. Thomas, "Electrical centrality
measures for electric power grid vulnerability analysis," in Decision
and Control (CDC), 2010 49th IEEE Conference on, 15-17 Dec.
2010 2010, pp. 5792-5797, doi: 10.1109/cdc.2010.5717964.

P. Hines, E. Cotilla-Sanchez, and S. Blumsack, "Do topological
models provide good information about electricity infrastructure
vulnerability?," Chaos: An Interdisciplinary Journal of Nonlinear
Science, wvol. 20, no. 3, pp. - 2010, doi:
doi:http://dx.doi.org/10.1063/1.3489887.

E. Cotilla-Sanchez, P. D. H. Hines, C. Barrows, and S. Blumsack,
"Comparing the Topological and Electrical Structure of the North
American Electric Power Infrastructure," Systems Journal, IEEE,
vol. 6, no. 4, pp. 616-626, 2012, doi: 10.1109/jsyst.2012.2183033.

K. W. Hedman, S. S. Oren, and R. P. O'Neill, "A review of
transmission switching and network topology optimization," in
Power and Energy Society General Meeting, 2011 IEEE, 24-29 July
2011 2011, pp. 1-7, doi: 10.1109/pes.2011.6039857.

J. G. Rolim and L. J. B. Machado, "A study of the use of corrective
switching in transmission systems,” Power Systems, |EEE
Transactions on, vol. 14, no. 1, pp. 336-341, 1999, doi:
10.1109/59.744552.

C. Barrows, S. Blumsack, and R. Bent, "Computationally efficient
optimal Transmission Switching: Solution space reduction,” in
Power and Energy Society General Meeting, 2012 IEEE, 22-26 July
2012 2012, pp. 1-8, doi: 10.1109/pesgm.2012.6345550.

761-765 vol.2, doi:

[42]

[43]

[44]

[45]

[46]

P. Cuffe, "A comparison of malicious interdiction strategies against
electrical networks," IEEE Journal on Emerging and Selected
Topics in Circuits and Systems, vol. 7, no. 2, pp. 205-217, 2017.

B. Stott, "Review of load-flow calculation methods," Proceedings
of the IEEE, vol. 62, no. 7, pp. 916-929, 1974, doi:
10.1109/proc.1974.9544.

P. Shannon et al., "Cytoscape: a software environment for integrated
models of biomolecular interaction networks," Genome research,
vol. 13, no. 11, pp. 2498-2504, 2003.

R.  Christie.  "Power System Test Case
http://www.ee.washington.edu/research/pstca/ (accessed.
P. Cuffe. "Raw data from "Novel Branch Centrality Measures for
Electrical Power Systems Considering Both Load-serving and
Circulating Currents"."
https://figshare.com/s/3058079c30ead6654b63

Archive"


http://dx.doi.org/10.1016/j.ijepes.2012.11.011
http://dx.doi.org/10.1063/1.3489887
http://www.ee.washington.edu/research/pstca/
https://figshare.com/s/3058079c30ead6654b63

