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Abstract—In this paper an efficient energy curtailment scheme
is studied, which enables the power users of a smart grid network
to decide on the reduction in energy supplied to them in the event
of a power outage in the system. Considering the advantages of
a two-way communications infrastructure for any future smart
grid, a non-cooperative generalized Nash game is proposed where
the players are users of power in the network. They adopt a
strategy to choose the amount of reduction in energy supplied to
them based on their energy requirements so as to minimize the
total cost incurred to the system due to the power outage (i.e.,
social optimality). The game is modeled as a variational inequality
problem, and it is shown that the socially optimum solution is
obtained at the variational equilibrium of the energy curtailment
game. An algorithm that enables the users to efficiently reach
this equilibrium is proposed. Simulation results show that the
proposed game yields an improvement of about 15% on average,
in terms of average total cost reduction, compared to a standard
equal power curtailment scheme.

Index Terms—Smart grid, energy curtailment, outage man-
agement, game theory, variational inequality, variational equilib-
rium.

I. INTRODUCTION

Increased expectations of customers, limited energy re-
sources and the expensive process of exploiting new resources
have put the reliability of the power grid in danger [1].
Especially in the event of a power outage in the grid system,
lack of “situational awareness” is often the main reason
that leads to a large scale fault event which may causes an
extensive cost to the whole system [2]. For instance, the
annual cost of power outage in United States in 2002 was
estimated to be on the order of $79 billion [3], rising to $100
billion in 2007 [4]. Therefore, the study of an efficient outage
management scheme in the event of a power disruption in
the grid (e.g., a scheme for optimal curtailment of electricity
from the customers) to reduce its catastrophic impact on the
whole grid system is of paramount importance to improve the
system’s reliability.

It is envisioned that a smart grid will transform the current
power grid into one that functions more intelligently, giving
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better situational awareness and providing resilience against
component failures and disastrous impacts on the grid [3]. In
a smart grid network energy consumers are able to actively
take part in the decision making process regarding various
grid management issues, and then agree on parameters that
better protect the grid from any undesirable fault event [5].
Hence in recent years, extensive research has been devoted to
system reliability and pre and post-failure protection of the
smart grid, e.g., [2,6-10].

One of the key challenges for reliable smart grid operation
is the post-outage management of power among the users
immediately after a power disruption in the network. A power
outage may occur due to a fault in the power line or due
to the intermittent nature of renewable energy sources [5].
Hence, there is a need of curtailment of power from the users
in the network so as to manage the activities of the grid
effectively during the outage time until the whole system can
operate normally again. Of foremost importance is efficient
curtailment of energy so there is minimum total cost to the
whole system. It is important to note that even a reduction in
the total cost by 1% can significantly benefit the users in the
system. For example, the annual cost of outage in the U.S.A.
in 2002 would be reduced by up to $790 million with only
1% reduction in total cost of outage [3]. Thus, there is a need
to develop solutions that will be able to optimally reduce the
total cost incurred to a system during periods of power outage,
and thereby to benefit the power system users.

The main contribution of this paper is to model an efficient
outage management scheme for smart grid taking the advan-
tage of its two way communications infrastructure. An efficient
energy curtailment scheme for cutting off energy from the
users in the event of a power outage is proposed to minimize
the total cost incurred to the system for this outage. We study
an energy curtailment game (ECG) where the users play a
generalized Nash game amongst themselves to decide on the
amount of energy to be curtailed from them in the event
of a power disruption. We investigate the properties of the
game and show that there exists a socially optimal solution.
The socially optimal solution is where the total cost incurred
reaches a global minimum. An algorithm is proposed to obtain
this optimal solution. Through simulation, the performance of
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the game is assessed and the effectiveness of the scheme is
demonstrated by comparing it with a standard equal energy
curtailment scheme.

The rest of the paper is organized as follows: the system
model is presented in Section II. A non-cooperative general-
ized Nash game is formulated and its properties are studied
in Section III. In Section IV, the solution method of the
game is discussed and an algorithm is proposed to reach
the equilibrium. Numerical results for the proposed scheme
are given in Section V. Finally, Conclusions are drawn in
Section VI.

II. SYSTEM MODEL

Consider a smart grid system consisting of a single energy
source (ES) and multiple energy users (EUs). The ES can be
a single energy generating unit or an aggregation of multiple
distributed renewable energy generating units in the network
such as wind farms, smart homes, solar farms, bio-gas plants
and plug-in hybrid electric vehicles (PHEVs) acting as a single
virtual power plant in the system. It is assumed that each EU
is equipped with a smart meter that has a decision making
capability on the amount of energy to be curtailed and each
EU is also connected to the ES by means of a power line [11].
The smart meters are also connected to the ES through a local
area network (LAN). All communications between the ES and
EUs take place using an appropriate communication protocol
(e.g., Zigbee [12]).

Throughout the paper, it is assumed that A denotes the set
of EUs in the network where the number of EUs is N = |N/].
Each EU n € N is a single user in the network, for instance
a smart home. Renewable energy generation is subjected to
wide fluctuations and the available energy for the consumers
may vary significantly with time [13]. In the event of an
unfavorable circumstance, e.g., a cloudy day making solar
energy generation unproductive, or the failure of a few energy
generating units, a power disruption may occur in the smart
grid system. Therefore, the ES would be unable to meet the
total energy demand of its customers in the network for a
particular period of time, e.g., before restoration of full service.
Let us assume that for a particular duration of time of the day
F, is the total energy demand of the consumers and F, is
the available energy to the ES at the event of power outage. If
E4 > E,, the ES will be unable to meet the excess demand,

E, :Ed_Eaa (D

of the power users in the network for that period of time. So
this amount of energy must be curtailed from the EUs and
the users will experience a black-out. If e,, is the amount of
energy which is to be curtailed from user n, the curtailment of
energy e, from each user n needs to maintain the constraint

> en = E,. )

According to constraint (2), the total deficiency of energy F,
is overcome by suitable curtailing of energy from all users and

is necessary for reliable power distribution in the smart grid
network.

Energy requirements of EUs may vary based on different
factors, such as the time of the day or the type of EU. For
example, a school requires less energy, and maintaining full
energy supply is less important, during vacation than during
term time. Hence, such factors must be taken into account
when designing an energy curtailment scheme for the EUs.
Thus, the main challenges faced during the decision making
process for energy curtailment in a smart grid in the event of
a power outage are:

1) modeling the decision making process of energy curtail-
ment from the energy users given the constraint in (2);

2) capturing the EUs’ requirements for energy during the
decision making process for curtailment; and

3) developing an algorithm that enables the EUs to optimize
the amount of energy to be curtailed from them so as to
minimize the total cost incurred to the system.

To address the above challenges, first we define a cost function
for each EU in Section II-A and then formulate the decision
making process as a constrained optimization problem in
Section II-B.

A. EU’s cost function

To capture the effects of energy outage on the overall
smart grid system, we define a cost function ¢,, for each EU
n € N in the network, which represents the cost incurred by
the EU n due to the curtailment of e, from it. The choice
of cost function is based on a linearly decreasing cost with
decrease in energy supply, which has recently been shown to
be appropriate for users of power [1]. The cost function ¢,
for EU n is defined as, [14],

Cn(en’ en) = klei + k2(en - enen)a (3)

where k1, ko > 0 are the scaling factors and 6,, is the customer
preference parameter (CPP) of EU n [14]. The CPP, 6,,, is a
measure of each EU’s preference for the amount of energy
to be curtailed from it. For example, curtailment of 1 kWh
of energy may have far worse impact on industry than on a
residential home. Thus, the CPP could be very different for
a residential home than for an industry for the same energy
curtailment. As from (3), a higher CPP leads to a lower cost
for an EU and hence, an EU with higher CPP would be able
to endure the cost of more curtailment of energy than the EU
with lower CPP. The cost function in (3) is assumed to possess
the following properties:

m the cost for EU n increases as the amount of energy to
be curtailed from it increases. That is

ocy,

den

m an EU with higher CPP will experience less cost com-
pared to an EU with lower CPP for the same energy
curtailment. Therefore,

cn(en,an) < cn(emgn)7 \ gn > §n 5)

> 0. “4)
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B. Problem formulation

It is clear from (3) that, for a fixed amount of energy
curtailed from an EU, the cost incurred by the EU changes as
the CPP of the EU changes. Hence, each EU n in the smart
grid network needs to optimally choose an amount of energy
e, to be curtailed from it so as to minimize the overall cost
incurred to the whole system. Thus, the objective of each EU
is

min § Cn(eny€n) =
en
n

subject to Zen =

n

€n

minz (k’lei + k2(6n - 9n6n)> )
E,., YneN. (6)

The optimization problem in (6) can be solved by the ES
in a centralized fashion if the ES knows all the parameters.
However, in smart grid the ES may not have full control
over the decision making process of the EUs [15], and in
particular the ES may not know the preference parameter 6,
when EUs keep 6,, as confidential. Therefore, a decentralized
decision making scheme is required for the EUs to voluntarily
choose an amount of energy to be curtailed from them for
the whole system’s social benefit. Next we will show that the
optimization can be achieved with limited coordination by the
ES and without letting the ES know the e, that each EU
contributes.

III. GENERALIZED NASH GAME

To study the energy curtailment scheme for outage manage-
ment in a smart grid, we use the framework of a generalized
Nash game [16]. A generalized Nash game (GNG) is a type of
game that allows joint constraints for all players involved in the
game [16]. In the proposed game, the players are the energy
users in the network, which choose the amount of energy to
be curtailed from them subject to the joint constraint in (2).
The game is formally defined by its strategic form

X = {N,Eq,c}, (M

which has the following components:

(i) the set of energy users in the smart grid network N.
(ii) the strategy vector E, of each player n € N, which
refers to the amount of energy to be curtailed e,, € E,
from n satisfying the constraint Zn en = F,.
(iii) the total cost incurred by all the EUs ¢ due to the
curtailment of energy e,, from the EU n for all n € N.

It is important to note that the action of each EU n, to optimize
(6), affects the choice of actions of other EUs in the network
due to the presence of (2). Thus, the proposed GNG is a
jointly convex generalized Nash equilibrium problem (GNEP)
with coupled constraint (2) [16]. To solve this jointly convex
GNEP, we formulate the game as a variational inequality
problem (VIP) and investigate the existence of the variational
equilibrium (VE) of the game [17]. The VE is the socially
optimal outcome of a GNEP and a valuable target solution for
the proposed energy curtailment scheme. This is due to the
fact that a socially optimal solution leads to the minimum total

cost for the whole system. Thus the socially optimal solution
is the main target of the proposed game. In the following we
investigate the existence of a socially optimal solution of the
proposed GNG.

A. Existence of a socially optimal solution

A pure strategy solution in a non-cooperative game is
not always guaranteed [18]. Therefore, we investigate the
existence of a solution of the proposed GNG and study its
optimality, if it exists. Now, the joint cost function in (6) of
the proposed game can be expressed as, [19],

N
C(e) = Z Cn(en7 en)a (8)
n=1
where
€1
€2
e= . cE )
en

and E is included in the definition of joint convexity [16].
Due to the jointly convex nature of the GNEP, the proposed
GNG can be formulated as a variational inequality problem
VIP(E,F) [16] where F = (V.c,(e))N_; is the pseudo-
gradient of (8). Now, to show the existence of an optimal
solution, we will prove the following theorem:

Theorem 1: A variational equilibrium (VE) exists for the
proposed VIP(E,F) and the VE is unique.

Proof: To prove this, we need only to prove that the

pseudo-gradient of c¢(e) monotonically increases with e,, for
fixed k1, ko and 6,, [19]. The pseudo-gradient of c(e) is

2k161 + kg(l — 91)
2k1ea + ko(1 — 603)

F= (10)
2kien + ko(1 — 0N)
and the Jacobian of F is [17],
2k 0 ... O
0 2k ... O
JF = ) . ) (1)
0 0 2k

In (11), the scaling factor k; is always positive. Now consid-
ering the i" leading principal minor (LPM) JF; of the leading
principal sub-matrix! JF, it can be shown that JF; is always
positive (i.e., [JFy| > 0,|JF2| > 0, and so on). Hence, JF
is positive definite on E, and thus, F is strictly monotone. So,
VIP(E,F) admits a unique VE solution [16]. |

Remark 1: An important result of Theorem 1 is that the VE
is the socially optimal solution of the proposed GNG. This can
be explained as follows: from Theorem 1, the VE is unique
for the proposed VIP(E, F'). On the other hand, the proposed

IThe i order principal submatrix A; can be created by deleting the last
g — i rows and last g — ¢ columns from g X g matrix A.
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Algorithm 1 Algorithm to reach VE

1. The ES announces E, to the EUs in the network.
2. Each EU n estimates an amount e, to be curtailed using the S-S
method [20]:
S-S method
a) At iteration k, EU n € N computes the hyperplane projection r(ek )
and updates X1 = r(ek).
b) The EU checks: if 7(ek) = 0
if r(ef) =0
a) The EU chooses the energy e, to submit to the ES.
else
a) the EU n determines the hyperplane sz and the
half space HF from the projection.
b) the EU updates the amount efﬁ'l from the
projection of its previous energy eX on to X N HE and
choose to submit to the ES.
end if
3. The EU n calculates A, using Proposition 1 and submits it to the ES.
4. The ES checks Ay, Vn € N.
fAdi=X=..=Ay=2A
The ES determines the VE energy vector e* of all
the EUs in the network.
else
The ES directs the EUs to Repeat step - 2 and Step - 3.
end if
The VE energy choices of all the energy users in the network e* are
obtained.

GNEP has already been shown to be a jointly convex GNEP.
Hence, the VE is the unique global minimizer of (8) [16].
Thus, in other words, it is also the socially optimal solution
of the proposed GNG. We will use VE to indicate the solution
of the proposed GNG for the rest of the paper.

IV. GAME SOLUTION AND ALGORITHM

Each EU plays a GNG, to choose an amount of energy to be
curtailed, by solving the variational inequality problem. Each
EU n wants to minimize the total cost incurred to the system
by suitably choosing its strategy e,, subject to (2). The total
cost is minimized as soon as the solution of the game reaches
the VE.

Definition 1: Consider the GNG y given in Section III
where the joint cost function c is defined as in (8). A vector
of strategies e* constitutes the VE of the game if and only if
it satisfies the following set of inequalities:

c(e*) < c(e), Ve, €EEn, n €N, (12)

T

where e* =

ey, e5,....eN] and e =
le},e5,....el_1,en,en1,..,ex] for one or more n € N.
Thus, the VE defines a state of the game in which the total
cost incurred by the system cannot be reduced if any EU
deviates from its VE strategy and chooses a different amount
of energy to be curtailed from it, given other EUs are playing
their VE strategies.

To find the VE of the game the EUs in the network have to
solve a VIP. As shown in Section III, the VIP of the proposed
scheme is strictly monotonic and thus, the EUs can reach
the VE of the game by solving a monotone VIP. To find the
solution of the proposed monotone VIP, it will be useful to
state the following proposition which characterizes the solution
of a strictly monotone VIP [16].

Proposition 1: For a strongly monotone VIP, the slack
variable \,, = d¢, /e, possesses the same value A at the

VE solution for all the EUs in the smart grid network. That
is, \{ = Ao = ... = Ay = A, Vn e N.

This property is used to determine the VE of the proposed
GNG. We use a hyperplane projection method?, particularly
the iterative S-S method [20], to solve the proposed mono-
tone variational inequality problem to determine the EUs’
decisions on the energy vector. The algorithm, as detailed
in Algorithm 1, requires limited communication between the
EUs and the ES in the network®. The algorithm starts with
an announcement by the ES of the total energy deficiency in
the network and the EUs play a GNG amongst themselves
to reach an optimal solution. Each EU n solves the S-S
hyperplane projection method to choose its energy curtailment
and calculates \,, from its choice using Proposition 1. The
EUs submit these \,,, Vn € N, to the ES. The ES checks
A, for each EU n and informs the EUs as to whether all
An’s are equal. The algorithm converges to the optimal VE
and the curtailment of energy takes place as soon as A\,
converges to the single value A\, = X\, Vn € N. For a
strongly monotone VIP, the hyperplane projection method is
guaranteed to converge to a non-empty solution [21] and
thus, the proposed algorithm always converges to a non-empty
optimal solution.

V. NUMERICAL SIMULATION

To simulate the proposed energy curtailment scheme, we
consider a number of EUs in the network and simulate the
scheme for different scenarios. The consumer preference pa-
rameter is chosen from a uniform random distribution between
0 and 1 [14]. The value of k; and k5 is chosen in such a way
that % = 0.5 is maintained [14]. The minimum deficiency in
energy is chosen as 2 kWh and the maximum deficiency is
chosen as 10 kWh for the duration of the power outage*.

To show the convergence of the proposed algorithm to
the VE, we assume a network with five EUs in which they
are playing a generalized Nash game amongst themselves
to reduce the effect of a total energy outage of an amount
of 10 kWh on the system. In Fig. 1 and Fig. 2, we show
the convergence of the amount of energy that has to be
curtailed from each EU to the VE and also the convergence
of the cost due to this curtailment. From Fig. 1 and Fig. 2
it can be seen that as the amount of energy to be curtailed
reduces, the cost incurred to the corresponding EU decreases
and vice versa. This is due to the variation in the customer
preference parameter, CPP, or each EU, as the choice of
energy curtailment is highly dependent on the CPP. Hence,
by choosing more curtailment by the EU with higher CPP
and lower curtailment by the EU with lower CPP, the total
cost incurred by the system can be reduced to a minimum at
the VE. Both the choice of energy and the cost incurred by

ZProjection 7(z) = arg min{||w — z||,w € E}, Vz € R"™.

3For instance, a single bit can be sent by the ES to the EU n if the EU’s
strategy does not satisfy (2) given the strategies of other EUs.

4Clearly this energy deficiency range is highly variable and could be
different for many scenarios.
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Fig. 1: Convergence of the amount of energy to be curtailed from
each EU to the variational equilibrium.
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Fig. 3: Convergence of the total cost of the system to the variational
equilibrium.

each EU converges to the VE after the 10" iteration of the
algorithm.
The total cost incurred by the system at VE is shown in
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Fig. 4: Effect of the total energy deficiency on the cost of each EU.

Fig. 3, where we see that the total cost is reduced to its
minimum value after 10 iterations. Although the cost, incurred
at variational equilibrium, to each EU does not achieve a
minimum value for all EUs, as seen in Fig. 2, the total cost
to the system is minimized at equilibrium. This is due to a
preference based choice of energy by the EUs in the network.
An EU with higher CPP can endure the impact of more energy
curtailment (i.e., more costs) compared to the other EUs with
lower CPP. Thus, higher cost to an EU with higher CPP does
not affect the system, due to its higher tolerance to reductions
in energy supply.

The performance benefit of the proposed scheme is assessed
in Fig. 4 and Fig. 5. The effect of total energy deficiency on
the average cost incurred by any EU in the network is shown
in Fig. 4. The effect of the number of EUs on the total average
cost of the system is shown in Fig. 5. In both Fig. 4 and Fig. 5
we compare our proposed scheme with a standard equal energy
curtailment (EEC) scheme [22] in which an equal amount of
energy is curtailed from each of the users in the network to
mitigate the effect of total system energy deficiency.

In Fig. 4, for a fixed number of EUs in the network, the
effect of variation in total system energy deficiency on the
average cost per EU is observed. It is shown for both the EEC
and the proposed case that the average cost per EU increases
as the system’s total energy deficiency increases. Because of
more energy curtailment allowed by the EUs the average cost
incurred per EU increases. However, the average cost per EU is
less for our scheme than for the EEC scheme. As shown in the
figure, the average costs per EU for the proposed case are 0.76,
0.86, 0.78, 0.85 and 0.88 times the cost of the EEC scheme
for energy deficiencies of 2, 4, 6, 8 and 10 kWh respectively.
Therefore, there is an average reduction in cost of 17% for
our scheme. The CPP of each EU enables it to decide on the
amount to be curtailed to reduce the total cost to the system
and thus obtain performance benefit in terms of average cost
per EU relative to the EEC scheme.

The effect of the number of EUs on the average total cost
for the system is shown in Fig. 5. Assuming a total 10 kWh
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energy deficiency, we increase the number of EUs in the
network from 5 to 25 and observe impact on total cost for
both the proposed scheme and the EEC scheme. In Fig. 5 the
total cost for the system decreases as the number of EUs in
the network increases. The reason behind this phenomenon
is that as the number of EUs in the network increases less
energy can be curtailed from each EU to address the total
system energy deficiency, and consequently the average total
cost decreases. It is also observed in Fig. 5 that the average
total cost for our proposed scheme is between 5.6% and 26%
less than the EEC scheme, and on average 15% less than
the EEC scheme, with increasing performance benefit for our
scheme as the number of EUs increases. The performance
benefit is due to the fact that in the proposed scheme the
EUs decide on their energy curtailment amount based on their
preferences, and optimally choose the amount to be curtailed
from them. On the other hand, in the EEC scheme the energy
is curtailed uniformly from all the users in the network. Hence,
this optimal selection of the energy leads to an improvement
for the proposed scheme in terms of total cost incurred to the
smart grid system compared to the EEC scheme. Furthermore,
such improvement in total cost becomes more pronounced as
the number of EUs increases.

VI. CONCLUSION

In this paper we have introduced an approach for outage
management in smart grid to address power disruption in the
system. We have formulated a non-cooperative generalized
Nash game among the energy users in the network. In the
game each user strategically chooses an amount of energy to
be curtailed from them based on their preference parameter.
We have studied the properties of the game and showed that
the game leads to an optimal solution for curtailment. By
formulating the game as a variational inequality problem we
have proposed an algorithm that enables the users of energy
in the network to choose their strategies of energy curtailment
and reach the optimal solution for the game. With simulations,
it has been shown that the total cost to the smart grid system
due to this energy outage converges to a minimum at the

variational equilibrium. We have compared our scheme with
an equal energy curtailment scheme and have demonstrated
improvement in terms of reduction in average total cost and
reduction in average cost per user in the system. Considering
the proposed scheme, potential future extensions of this work
include determining computational complexity, for any number
of EUs, and determining optimal network sizes.

REFERENCES

[1] P. Samadi, A. H. M. Rad, R. Schober, V. W. S. Wong, and J. Jatskevich,
“Optimal real-time pricing algorithm based on utility maximization for
smart grid,” in Proc. IEEE International Conference on Smart Grid
Communications, Gaithersburg, MD, Nov. 2010.

[2] M. He and J. Zhang, “A dependency graph approach for fault detection
and localization towards secure smart grid,” IEEE Trans. Smart Grid,
vol. 2, pp. 342-351, Jun. 2011.

[3] K. Moslehi and R. Kumar, “A reliability perspective of the smart grid,”
IEEE Trans. Smart Grid, vol. 1, pp. 57-64, Jun. 2010.

[4] NETL, “Modern grid benefits: The NETL modern grid
initiative powering our 2lst-century economy,” website, 2007,
http://www.netl.doe.gov/smartgrid/referenceshelf/whitepapers/Modern%
20Grid%20Benefits_Final_v1_0.pdf.

[5] X. Fang, S. Misra, G. Xue, and D. Yang, “Smart grid - the new
and improved power grid: a survey,” IEEE Communications Survey &
Tutorials, vol. 99, pp. 1-37, Nov. 2011.

[6] V. Calderaro, C. N. Hadjicostis, A. Piccolo, and P. Siano, “Failure
identification in smart grids based on petri net modeling,” IEEE Trans.
Ind. Electron., vol. 58, pp. 4613-4623, Oct. 2011.

[71 T. M. Overman, R. W. Sackman, T. L. Davis, and B. S. Cohen, “High-
assurance smart grid: a three-part model for smart grid control systems,”
Proc. IEEE, vol. 99, pp. 1046-1062, Jun. 2011.

[8] M. Cherkov, F. Pan, and M. G. Stepanov, “Predicting failures in power
grids: the case of static overloads,” IEEE Trans. Smart Grid, vol. 2, pp.
162-172, Mar. 2011.

[9] M. Kezunovic, “Smart fault location for smart grids,” IEEE Trans. Smart
Grid, vol. 2, pp. 11-21, Mar. 2011.

[10] B. D. Russel and C. L. Benner, “Inlettigent systems for improved
reliability and failure diagnosis in distributed systems,” IEEE Trans.
Smart Grid, vol. 1, pp. 48-56, Jun. 2010.

[11] A. H. M. Rad, V. W. S. Wang, J. Jatskevich, R. Schober, and A. L. Gar-
cia, “Autonomous demand-side management based on game-theoretic
energy consumption scheduling for the future smart grid,” IEEE Trans.
Smart Grid, vol. 1, pp. 320-331, Dec. 2010.

[12] R. Igbal, Y. Kenichi, and T. Ichikawa, “The flexible bus system using
zigbee as a communication medium,” in Proc. International Conference
on New Technologies, Mobility and Security, Paris, France, Feb. 2011.

[13] A. Molderink, V. Bakker, M. G. C. Bosman, J. L. Hurink, and G. J. M.
Smit, “Management and control of domestic smart grid technology,”
IEEE Trans. Smart Grid, vol. 1, pp. 109-119, Sep. 2010.

[14] M. Fahrioglu, M. Fern, and F. Alvarado, “Designing cost effective
demand management contracts using game theory,” in Proc. IEEE Power
Eng. Soc. 1999 Winter Meeting, New York, NY, Jan. 1999.

[15] C. Wang, A. H. Mohsenian-Rad, and J. Huang, “Vehicle-to-aggregator
interaction game,” IEEE Trans. Smart Grid, vol. PP, pp. 1-1, Oct. 2011.

[16] F. Facchinei and C. Kanzow, “Generalized nash equilibrium problems,”
40R, vol. 5, pp. 173-210, Mar. 2007.

[17] D. Arganda, B. Panicucci, and M. Passacantando, “A game theoretic
formulation of the service provisioning problem in cloud system,” in
Proc. International World Wide Web Conference, Hyderabad, India, Apr.
2011.

[18] T. Basar and G. J. Olsder, Dynamic Noncooperative Game Theory.
Philadelphia, PA, USA: SIAM Series in Classics in Applied Mathe-
matics, Jan. 1999.

[19] J. B. Krawczyk and M. Tidball, “A discrete-time dynamic game of
seasonal water allocation,” J. Optim. Theory Appl., vol. 128, pp. 411—
429, Feb. 2006.

[20] M. V. Solodov and B. S. Svaiter, “A new projection method for
variational inequality problems,” SIAM J. Control Optim., vol. 37, pp.
765-776, 1999.

[21] A. Nedic and U. V. Shanbhag, “Lecture 21: algorithms for monotone
VIs projection methods,” website, 2008, https://netfiles.uiuc.edu/angelia/
www/ie598ns_lect21_2.pdf.

[22] C. E. Costa, F. Granelli, G. B. Franceco, and D. Natale, “Optimal
energy distribution in embedded packet video transmission over wireless
channels,” in Proc. IEEE Workshop on Multimedia Signal Processing,
Siena, Italy, Sep. 2004.

3085



