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Background—Smart	
  Grid	
  
•  Smart	
  grid:	
  gathers	
  info	
  about	
  own	
  opera2on	
  
•  Intelligence	
  required	
  to	
  realize	
  poten2al	
  
•  This	
  talk:	
  organizing	
  agent	
  behavior	
  in	
  
electrical	
  grids	
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Background—Microgrids	
  
•  Electricity	
  genera2on	
  +	
  energy	
  storage	
  +	
  loads	
  
•  Usually	
  operates	
  connected	
  to	
  a	
  centralized	
  grid	
  	
  
•  685	
  MW	
  (2013),	
  4	
  GW	
  (2020	
  projec2on)	
  
•  4	
  GW	
  =	
  2-­‐4	
  million	
  households	
  

3	
  

To generation/
transmission



University	
  of	
  California,	
  San	
  Diego	
  Microgrid	
  

•  Largest	
  in	
  US	
  
•  100	
  buildings,	
  42	
  MW	
  peak	
  load,	
  >50k	
  people	
  
•  >92%	
  annual	
  electricity	
  self-­‐genera2on	
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Problem	
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Problem	
  
•  Efficiently	
  coordinate:	
  
•  Locally-­‐generated	
  and	
  main-­‐grid	
  power	
  
•  Use	
  of	
  private	
  and	
  public	
  infrastructure	
  
•  ….while	
  sa2sfying	
  incen2ves	
  

•  Major	
  effects	
  on	
  realis2c	
  grids	
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Modeling	
  Hybrid	
  Public-­‐Private	
  Networks	
  

Solid	
  edge:	
  
Public	
  link	
  

Dashed	
  edge:	
  
Private	
  link	
  

Link	
  to	
  genera2on	
  
and	
  transmission	
  
(transformer)	
  

Circle:	
  net	
  producer	
  node	
  
(posi2ve	
  value)	
  

Square:	
  net	
  consumer	
  
node	
  (nega2ve	
  value)	
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Objec4ve:	
  Minimize	
  Physical	
  Losses	
  
•  Resis2ve	
  losses	
  (DC	
  approxima2on)	
  
•  Resistance	
  (R),	
  voltage	
  (U):	
  proper2es	
  of	
  infrastructure	
  
•  Current	
  (I)	
  propor2onal	
  to	
  power	
  but	
  current2	
  
propor2onal	
  to	
  resis2ve	
  losses	
  

•  Linear	
  losses	
  at	
  transformer	
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Power	
  from	
  u	
  Power	
  to	
  v	
   Resis2ve	
  loss	
  across	
  (u,v)	
  

U 0
u,vIu,v = Uu,vIu,v � I2u,vRu,v

Current	
  (I):	
  focus	
  of	
  op2miza2on	
  
I2:	
  source	
  of	
  difficul2es	
  

 u  v 



Basic	
  Op4miza4on	
  Problem	
  
•  External	
  power	
  req’d	
  =	
  net	
  demand	
  +	
  losses	
  
•  Minimize	
  external	
  power	
  =	
  minimize	
  losses	
  
•  Control	
  priv.	
  infrastructure	
  to	
  minimize	
  
amount	
  of	
  external	
  power	
  req’d	
  
•  Assump2on:	
  local	
  genera2on	
  from	
  renewables	
  

•  Intui2on:	
  minimize	
  amount	
  of	
  flow	
  and	
  
distribute	
  flow	
  evenly	
  across	
  lines	
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Side	
  Deals	
  
•  Grid	
  prices	
  do	
  not	
  reflect	
  true	
  value	
  
•  Private	
  infrastructure	
  allows	
  agents	
  to	
  trade	
  
outside	
  of	
  the	
  main	
  grid	
  

•  Side	
  deals	
  can	
  reduce	
  overall	
  efficiency	
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Rou4ng	
  Example	
  1	
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T −1 1 −1

Profitable	
  for	
  these	
  agents	
  to	
  trade	
  privately	
  

With	
  Private	
  Edge	
  



Rou4ng	
  Example	
  1	
  

T −1 1 −1

Private	
  network	
  flow	
  
1	
  unit	
  

-ε 0

Note	
  loss	
  

1	
  +	
  ε	
  +	
  L123(ε,	
  0,	
  1)	
  	
   1	
  +	
  L23(0,	
  1)	
   1	
  +	
  L3(1)	
  

Public	
  network	
  flow	
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With	
  Private	
  Edge	
  



Rou4ng	
  Example	
  2	
  

T −1 1 −1

1	
  +	
  L123(1,	
  -­‐1,	
  1)	
   L23(1,	
  -­‐1)	
   1	
  +	
  L3(1)	
  

Public	
  network	
  flow	
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Without	
  Private	
  Edge	
  



Rou4ng	
  Example	
  3	
  

T −1 1 −1

Private	
  network	
  flow	
  
L23(-­‐1,	
  1)	
  

1	
  +	
  L123(1,	
  -­‐1,	
  1)	
   L23(-­‐1,	
  1)	
   1	
  +	
  L3(1)	
  

Public	
  network	
  flow	
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Central	
  Control	
  of	
  Private	
  Edge	
  



Approach	
  
•  Calculate	
  flow	
  that	
  maximizes	
  efficiency	
  under	
  
organiza2onal	
  assump2ons	
  
•  Quadra2cally-­‐constrained	
  quadra2c	
  program	
  in	
  
our	
  model	
  

•  Find	
  payments	
  that	
  support	
  that	
  flow	
  
•  Required	
  because	
  we	
  don’t	
  control	
  the	
  private	
  
infrastructure	
  

•  Coopera2ve/compe22ve	
  game	
  with	
  non-­‐
independent	
  coali2ons	
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Incen4ves	
  
•  Coopera2ve/compe22ve	
  game	
  
•  Agents	
  form	
  coali2ons—only	
  agents	
  in	
  
the	
  same	
  coali2on	
  can	
  trade	
  

•  Coali2ons	
  act	
  strategically	
  
•  Coali2ons	
  pay	
  or	
  are	
  paid	
  by	
  their	
  
members	
  

•  Values/strategy	
  spaces	
  of	
  coali;ons	
  
not	
  independent	
  

•  “Sa2sfy	
  incen2ves”	
  =	
  stabilize	
  grand	
  
coali2on	
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Coali4ons	
  Are	
  Not	
  Independent	
  

T  << 0

−1

Other coalitions

Edge	
  can	
  be	
  blocked	
  

17	
  



Incen4ves	
  
•  Can	
  use	
  proper2es	
  of	
  op2miza2on	
  to	
  compute	
  
suppor2ng	
  payments	
  if	
  they	
  exist	
  

•  Market	
  Games	
  (Shapley	
  and	
  Shubik,	
  1975)	
  are	
  
closest	
  exis2ng	
  game-­‐type	
  
•  Each	
  agent	
  has	
  an	
  endowment,	
  u2lity	
  func2on	
  
•  Core	
  always	
  exists,	
  easy	
  to	
  find	
  if	
  losses	
  between	
  
agents	
  are	
  independent	
  

•  No	
  natural	
  generaliza2on	
  to	
  non-­‐independent	
  losses	
  
•  Open	
  problem:	
  show	
  that	
  suppor2ng	
  payments	
  
always	
  exist	
  or	
  find	
  a	
  counterexample	
  
•  All	
  instances	
  to	
  date	
  have	
  suppor2ng	
  payments	
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•  Ad	
  hoc:	
  self-­‐interested,	
  limited	
  informa2on	
  
•  Private	
  self-­‐interest:	
  self-­‐interested,	
  full	
  
informa2on	
  

•  Coopera4ve:	
  global	
  social	
  welfare-­‐maximizing	
  
assuming	
  no	
  control	
  of	
  public	
  infrastructure	
  

•  Integrated:	
  global	
  social	
  welfare-­‐maximizing	
  
and	
  fine-­‐grained	
  control	
  of	
  public	
  
infrastructure	
  

Models	
  of	
  Agent	
  Behavior	
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Empirical	
  Evalua4on	
  of	
  Impact	
  
•  Public	
  network:	
  IEEE	
  300-­‐bus	
  test	
  system	
  
•  Private	
  network:	
  random	
  graph	
  on	
  same	
  nodes	
  
•  Each	
  edge	
  included	
  independently	
  with	
  equal	
  probability	
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IEEE 300 bus network. 300 nodes, 411 edges.

Figure 1. Topology of the IEEE 300 node system

has 411 branches, and average degree (< k >) of 2.74.
Two of the branches are parallel lines, so the graph size
is: |G300| = {300, 409}. The Eastern Interconnect (EI)
data come from a NERC planning model for 2012. The
NERC EI planning models are known as MMWG (Multire-
gional Modeling Working Group) cases, and are classified
as “Critical Energy Infrastructure Information” by the US
Department of Energy. The authors have obtained permis-
sion to use these data for research purposes. The EI model
has 49,907 buses, though in our model 310 of these are
isolated from the larger sub-components. After removing
the isolates and parallel branches, we obtain a graph (GEI )
with 49,597 vertices, 62,985 links and an average degree
< k >= 2.54.

2.2. Synthetic networks

To show how power grids differ from other network
structures we generate three graphs with similar sizes to the
IEEE 300 and EI graphs: A small-world [3], preferential at-
tachment (PA) [2], and a random graph [1]. Each graph is
generated to have the same number of nodes and nearly the
same number of branches as the power grid.

The random graph is generated using the standard algo-
rithm [1, 4] with a fixed number of nodes and links.

To generate a preferential attachment/scale-free (PA)
graph with roughly n nodes and m links we modify the al-
gorithm described in [2] somewhat. For each new node a
we initially add one link between a and an existing node b
using the standard roulette wheel method. Specifically node
b is selected randomly from the probability distribution
Pa⇥b = kb/

⌅
c kc. After adding this initial link a second is

added with probability m/n� 1. Thus the addition of each
new node results in an average of 1 + (m/n � 1) = m/n
new links, producing a preferential attachment graph with

n nodes and roughly m links.
The small-world model is argued in [3] to bear some re-

semblance to power grids. To test this we generate a regular
lattice with n nodes and approximately m links. The initial
links in the regular lattice are created in roughly the same
way as the modified PA graph above. With each new node,
a link is created to a neighboring node (for node a, the first
link is to a � 1). A second link is then created to node
a� 2 with probability m/n� 1, thus giving approximately
m links in total. Note that a � 1 and a � 2 need to be ad-
justed for the first two nodes in the graph. After generating
the regular lattice in this manner random re-wiring proceeds
according to the method described in [3] until the diameter
is approximately the same as the corresponding power grid.

2.3. Measures of graph structure

There are many useful statistical measures for graphs.
Among the most useful are degree distribution [2], charac-
teristic path length [3], graph diameter [8], clustering co-
efficient [8], and degree assortativity [2]. These measures
provide a useful set of statistics for comparing power grids
with other graph structures.

The probability mass function (pmf) for node connectiv-
ity, or degree distribution, describes the diversity of connec-
tivity in a graph. While the measure has a long history, re-
cent results showing that many real networks have a power-
law degree distribution (so-called scale-free networks [2])
has emphasized the value of the measure. The extent to
which the degree distribution is fat-tailed indicates the num-
ber of hubs within the network. The degree of node i in a
graph with adjacency matrix A is:

ki =
n⇧

j=1

aij (1)

and the degree distribution is Pr(k = x) = nk/n, where nk

is the number of nodes of degree k. Often it is more con-
venient to work with the complementary cumulative distri-
bution function (ccdf). For scale free networks, where the
power-law tail starts at xmin, the ccdf is:

Pr(k ⇤ x) =
x�

min

x�+1

If the degree distribution is exponential, as found in random
graphs, a minimum value Weibull distribution provides a
better fit to the data:

Pr(k ⇤ x) = e�( x�xmin
⇥ )�

Many real networks show substantial clustering among
nodes. Watts and Strogatz [3] report that the network of
collaborations among film actors and the neural structure of

(Hines	
  et	
  al.,	
  2010)	
  



Edge	
  density	
  on	
  private	
  network	
  

•  Losses:	
  smaller	
  =	
  beter	
  

Empirical	
  Evalua4on	
  of	
  Impact	
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Total	
  Losses	
  (%)	
  



Empirical	
  Evalua4on	
  of	
  Impact	
  

Demand	
  

Total	
  Losses	
  (%)	
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Ad	
  hoc	
  

Coopera2ve	
  



Conclusions	
  
•  Contribu2ons	
  
•  Calculate	
  op2mal	
  flow,	
  payments	
  in	
  idealized	
  model	
  
•  Open	
  problem:	
  market	
  games	
  with	
  non-­‐independent	
  
losses	
  

•  Coordina2on	
  is	
  cri2cal	
  
•  Future	
  work	
  
•  Richer	
  agent	
  preference	
  space	
  

•  Time-­‐based	
  decisions	
  
•  Comfort	
  vs.	
  cost	
  

•  New	
  game	
  type—representa2on	
  as	
  poten2al	
  func2on	
  
game?	
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Ques2ons?	
  
Further	
  discussion:	
  poster	
  session	
  at	
  

lunch	
  today.	
  


