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Abstract—This paper studies a three party energy management emphasizes energy trading between two energy entities, i.e
problem in a user interactive smart community that consists two-way energy flow. For example, a considerable number of
of a large number of residential units (RUs) with distributed references that use such models can be foundlin[[7]-[11].

energy resources (DERS), a shared facility controller (SFiCand in thi th t t sch
the main grid. A Stackelberg game is formulated to benefit n this paper, a three party energy management scheme

both the SFC and RUs, in terms of incurred cost and achieved iS proposed for a smart community that consists of multiple
utility respectively, from their energy trading with each other residential units (RUs), a shared facility controller (3r@d
and the grid. The properties of the game are studied and it is the main grid. To the best of our knowledge, this paper is

shown that there exists a unique Stackelberg equilibrium (8).  the first that introduces the idea of a shared facility and
A novel algorithm is proposed that can be implemented in a

distributed fashion by both RUs and the SFC to reach the SE. ansiders a 3-party energy managemen.t pro'?'em in smarlt.grid
The convergence of the algorithm is also proven, and shown to With the development of modern residential communities,

always reach the SE. Numerical examples are used to assess thshared facilities provide essential public services toRlus,
properties and effectiveness of the proposed scheme. e.g., maintenance of lifts in community apartments. Hence,
Index Terms—Smart grid, distributed energy resources, game j; ig necessary to study the energy demand management of
theory, energy management. - " . .
shared facilities for expediting effective community wotk
I. INTRODUCTION particular, for the considered setting, as will be seentshor

energy trading of RUs with the grid and the SFC constitutes

D_ist_ributed energy resources (DERS) have the capability 86 important energy management problem for both the SFC
assisting consumers is reducing their dependence on the d RUs. On the one hand, each RU is interested in selling

grid as their primary source of electricity, and thus, lawgr its energy either to the SFC or to the grid at a higher price

their costs of energy purchadd [1]. They are also critical {8 increase revenue. On the other hand, the SFC wants to
the reduction of green house emissions and alleviation l%f. ’

climate change |2]. As a result, there has been an increaS{BInlmlze its cost of energy purchased by making a price offer

. ; - ) ) €asifi%us to encourage them to sell their energy to the SFC
Interest in deplqymg DERS in the sma_lrt grid. The major!t}/ stead of the grid. This enables the SFC to be less dependent
of recent works in managing energy using DERs have mam(&l expensive electricity from the grid

focussed on two areas: 1) the study of feasibility and céntro As an energy management tool tﬁe framework of a non-
of DE,RS for their use in de3|gn|ng .eff|C|ent mlcro'gr.'ds"e'gcooperative Stackelberg game (NSG)I[12] is considered. In
see [3] and the references therein; and 2) scheduling enefgV, NSGs have been used extensively in designing differ-
consumption of household equipment by exploiting the use '

o . : . oo &ht energy management solutions. For example, maximizing
DERS.K? optimize different grid operatlonal ob;ectwestsas revenues of multiple utility companies and customérs [12],
minimizing the energy consumption costs of users [4], [B]. I%

- . 13], minimizing customers’ bills to retailers while maxin
most cases it is assumed that the users with DERs also POSREESS etailers’ profits [T4], prioritizing consumers’ intsts in
i

storage Qewces. However, there are also some cases in wia gning energy management solutions [15], and managing
users might not want to store energy. Rather, they are mare

inclined t trad it I%ﬁrgy between multiple micro-grids in the smart gfid| [16],
Inclineéd 1o consume or trade energy as soon as 1t Is genera ong many others. However, the choice of players and their
e.g., as in a grid-tie solar system without battery back {p [

Furthermore. the maioritv of research on eneray mana emstr?tegies significantly differ from one game to anotherebas
u ' jonty 9y 9eMEH the system model, the objective of energy management
— . . - design and the use of algorithms. To that end, an NSG is
This work is supported by the Singapore University of Tedbgp and d for th id d . he i
Design (SUTD) under Energy Innovation Research ProgramREBingapore proposed for the considere scena_rlo to capture the 'mmm_ac
NRF2012EWT-EIRP002-045. between the SFC and RUs and it is shown that the maximum

David Smith is also with the Australian National UniversitgNU),  penefits to the SFC and RUs are achieved at the SE of the
and his work is supported by NICTA. NICTA is funded by the Aasitn

Government through the Department of Communications aedAtistralian  9@Mme. The p_ropert|e§ of the game are studied, anq It IS proven
Research Council through the ICT Centre of Excellence Rragr that there exists a unique SE. Finally, a novel algorithmictvh
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Point of highest utility

condition, it is reasonable to assume that the ‘RWould be
more inclined to sellE3*" — ¢,, to the SFC instead of to the

6000 EPSErTRl grid. To that end, the amount of utility that an RU achieves
o 5230 from its energy consumptioa, and trading the rest with the

5500 er=t0 | SFC can be modeled as

_ 5000 — Py =50 Up =k, In(1 + e,) + pH(EI"—¢,), ky, > 0. Q)

45008 g

In (@), £, In(1 + e,) is the utility that the RUn achieves
from consuminge,,, and k,, is a preference parametér [18].
pH(ER" — e,) is the revenue that the RU receives from
35008 © selling the rest of its energy to the SFC. Please note that the
¢ natural logarithmin(-) has been used extensively for utility
oo ] functions [19], and has particularly been shown to be sldtab
for modeling the utility for power consumeris [12]. Frold (1),
the RUn would be interested in selling more energy to the
SFC, e.g., by scheduling its use of devices at a later time, if
Fig. bl Shh'ftSOmeaX'mum ut|||tyhp0|nt as the price r;]er#mtﬂhergy the values ofk,, and p; are high and vice-versa. The effect
?netles)é tc(fnsu':mp:ﬁ)ﬁ?;tg}fgzu ;% 'Céf?;fsap‘ gher pncetses%f P& on the achieved utility by an RU is iIIustr_ated in FE 1
The figure clearly shows that at a highef maximum utility

is achieved by an RU when it consumes less, i.e., it sells more
o he SFC.

n the other hand, the SFC buys all its required energy

9 from RUs and the grid. Due to the choice of prigg,

psf < p;, the SFC is more interested in buying its energy
from RUs and then procuring the rest, if there is any, from the
grid at a pricep;. To this end, a cost function for the SFC is

defined as
Consider a smart grid network consisting of the main grid
Jst = p Z en st (B,

and a smart community withlV' RUs and an SFC, which Eg" Zen sy (2)
are connected to one another via communication and power
lines. Each RU, which is equipped with DERs such as soltr capture its total cost of buying energy from RUs and the
panels or wind turbines, can be a single residential unit grid. In (@), e3 = E5" — e, is the amount of energy that the
group of units connected via an aggregator that acts asS&C buys from RUn. Now if pg is too low it might cause
single entity. All RUs are considered to belong to theset an RU to refrain from selling its energy to the SFC. As a
Here, on the one hand, the SFC does not have any electri¢gult, the SFC would need to buy all if5" from the grid
generation capacity. Hence, at any time of the day, it neegfsa higher rate. On the contrary, jif; is very high, it will
to rely on the grid and RUs for required energi;* to run increase the cost to the SFC significantly. Heneg,should
equipment and machines in the shared facility such as liftge within a legitimate range to encourage the RUs to self thei
water pumps, parking gates and lights that are shared aergy to the SFC, while at the same time, keeping the cost
used by the residences on daily basis. On the other hand, etacthe SFC at a minimum.
RU n € N is considered to have no storage capability, and Now, to decide on the energy trading parametgrs; and
therefore, wants to consume or sell its generated enBfffy pg, on the one hand, the SFC interacts with each/RE N
either to the main grid or to the SFC to raise revenue. It t& minimize [2) by choosing a suitable price to pay to each
assumed that each RU can manage its consumptiorand On the other hand, each RU decides on the amount of energy
thus sell the rest of the generated enefg}" — e, to the e, thatit wants to consume and thus maximize (1). To capture
SFC or to the grid. Clearly, ifE5®" < EMn, where E™" is this interaction, an NSG between the SFC and RUs is proposed
the base load for R, the RU cannot take part in the energyn the next section.
management. Otherwise, which is the considered case, the RU
sells E*" — e,, after controlling its consumption amouag. .
In general, the buying pricpb of a grid is noticeably lower
than its selling pricey; [17]. To this end, it is assumed that the First, the objective of each RU is to decide on the amount
price pg per unit of energy that the SFC pays to each RU is set energye,, that it wants to consume, and thus to determine
between the buying and selling price of the grid. Thereforgﬁ < based on the offered prigg; to sell to the SFC such that
each RU can sell its energy at a higher prige > p% and (T possesses the maximum value. Mathematically,
the SFC can buy at a lower prigé; < p® by trading energy
among themselves rather than t?agéing with the grid. Undsr th max [kn In(1 + en) + pe(ERT" — €n)] - 3)

Utility (U )

4000-

250! . . . . . . . . .
0 30 40 50 60 70
Amount of energy consumed (9

is guaranteed to reach the SE, and can be implemented
distributed fashion by the SFC and the RUs is introduce
The effectiveness of the proposed scheme is confirmed
numerical simulations.

Il. SYSTEM MODEL

N ONCOOPERATIVESTACKELBERG GAME AND ITS
PROPERTIES



Conversely, having the offered energy from all RUs, i.eand
enst V1, the SFC determines the prigg; so as to minimize

the cost captured vidl(2). Therefore, the objective of th€ SF Jsi(e”, p5) < Jeile”, pey), )
is wheree_,, is the strategy set of all RUs iV/{n}.
. s s Ered _ s V| 4 Therefore, according t§1(6) andl (7), neither the SFC nor any
i pszn:en'Sf+ (Esf zn:e“'Sf)pg @ RU in the set(\V' U {SFC}) can benefit, in terms of its total

cost and achieved utility respectively, by unilaterallyanfjing

Here, [3) and[{4) are concave and convex functions reSpﬁg'strategy once the NSG reaches an SE

tively, and are coupled via common parametegsand pg;.
Therefore, it would be possible to solve the problem in dB. Existence and Uniqueness of SE

optimal centralized fashion if private information such/as  The existence of a pure strategy solution is not always

gen i ; ; :
and £~ were available to the central controller. Howevelyarateed in noncooperative ganies [12]. Hence, there isch ne

to protect the privacy of each RU as well as to reduce the investigate whether there exists any SE for the proposed
demand on communications bandwidth, it is useful to develapsG. The following theorem settles this issue.

a distributed mechanism. With these considerations in mind ) . )
we study the problem using an NSG. Theorem 1. There exists a unique pure strategy SE in the

proposed NSQ@" between the SFC and RUs in the §&f U
{SFQ}).

Proof: First, note thatU, 2in (@ is a strictly concave

A Stackelberg game, also known as a leader-follower ganfgnction of e, vn € WV, i.e., (;&Tg: < 0. Therefore, for any
studies the multi-level decision making processes of a rimtprice pg > 0, €ach RUn will have a uniquee,,, chosen from
of independent players, ie., followers, in response to tRebounded strategy s¢Er™, EZ°fl, that maximizesU,,. It
decision made by the leader (or, leaders) of the gdme [15.alS0 noted thal’ reaches SE when all players including
In the proposed NSG, the SFC and each RU are modeledt@ SFC and each R € N have their best cost and utilities
the leader and a follower respectively. Formally, the NS@ cdespectively with respect to the strategies chosen by ajlgrs
be defined by its strategic form as in the game. Thereby, it is indisputable that the proposedega

I' would find an SE as soon as the SFC is able to find an

I'={(NU{SFQ}) {Enen} {Un}nenpsn Jsih,  (5)  optimal priceps; while all RUs play their unique strategy
vectore*.

Now the second derivative dfl(2) with respectyd is

A. Noncooperative Stackelberg Game

which has following components:

i) The set\ of all followers in the game. )
i) The set{SFC} of leaders in the game that has only one g sz _ 2% 0 kn’ 8)
element in our case, i.e., a single leader. Opst (pg)?

iii) The strategy seffl, of each RUn € N to choose an \hich is greater thaf. Therefore,Jg is strictly convex with
amount of energy,, < E, to be consumed during therespect tops,. Consequently, the SFC is able to find a unique

~_game. _ price pS; in response to the strategy vectet. Thus, there
benefit from consuming,,, and the utility from selling proyed. m

en st = E%"_ ¢, to the SFC. o _
v) The priceps; set by the SFC to buy its energy from RUsC. Distributed Algorithm
vi) The cost functionJs of the SFC that quantifies the total In this section, an iterative algorithm that the SFC and
cost of energy purchase from RUs and the grid. RUs can implement in a distributed fashion is proposed to
ach the SE of the game. In order to attain the unique
E, the SFC needs to communicate with each RU. At each
iteration, on the one hand, the RWchooses its best energy

le1,€2,...,€en,...,en] andpg by choosing their appropriate ) _ i
strategies. In this regard, one suitable solution of thgpsed consumption amount, mgrg}sponse to the p”@f set by the
C, calculateg; = En  — e, and sends it to the SFC.

T is the SE, which is obtained as soon as the leader deci(ﬁfs

on its optimal price based on the followers’ best responi;es(an the Sther hand, having Fhe 'F‘for”!a“o” on _the .cho.|ce of
their offered energy. energye;, i Vn, the SFC derives its pricgy to minimize its

cost in [2) and resends it to each RU. The interaction between
Definition 1. Consider the NSQ@ as defined byE) where the SFC and all RUs continues iteratively urffil (6) and (@ ar
U, and J are determined byI)) and (2) respectively. A set satisfied. As soon as these conditions are met, the proposed
of strategies(e*, p%; ) comprises the SE of the proposEdf NSG reaches the SE. Details are given in Algorifim 1.
it satisfies the following set of inequalities:

Throughr", all RUs that want to trade their energy and the SF
interact with each other and decide on the decision vecter

" N 1An RU must consume at least its base load, and cannot consware m
Un(e*,ps) > Unlen, e, 0% ), Vn e N, e, € N, (6) than its generation, at any time.



Algorithm 1 Algorithm to reach the SE

300

1: Initialization: p§ =0 JZ = Py * B9
2: for Buying pricing pg from p, to p; do
3: for Each RUn € NV do

4: RU n adjusts its energy consumptier, according to

2500

2000

e = arg  max [kn In(14en)+ps(ES"—e,)]. (9)
0<en<Ey

Convergence of the Cost to the SE

[
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o
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Number of iterations

5. end for
6: The SFC computes the cost according to

Jst =p% Y (B —en) +; (E;?“ - (B en)> :

neN neN
(10)
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7. if Jst < Jg then
The SFC keeps records of the optimal price and minimi
cost

o

i i i i i i i i i
10 20 30 40 50 60 70 80 90 100
Number of iterations

al

Convergence of price to the SE
=
o

o

PE = %, Ji = Ju (11)
o  endif Fig. 2: Utility achieved by each RU at the SE.

10: end for .
The SE (e*, pg ) is achieved.

[ Proposed 'scheme
Theorem 2. The proposed Algorithil 1 is always guarantee 60- [_JBaseline B
to reach the SE of the game. H

Proof: According to the proposed algorithm, the conflic
between RUs’ choices of strategies stem from their impact
the choice ofpg by the SFC. Due to the strict convexity of
Jst, the choice ofp§ > 0 lowers the cost of the SFC to the
minimum. Now, as the algorithm is designed, in response
the p; , each RUn chooses its strategy, from the bounded
range [EMM", E2°" to maximize its concave utility function 10 : I
U,. Hence, due to a bounded strategy set and the contint I
of the utility function U,, with respect toe,, each RUn 0 =50 70 20 % 100
also reaches a fixed point at which its utility is maximize Required energy by the SFC

for the given pricepg; [12). As a consequence, the proposeg. . 3: Comparison of the cost incurred by the SFC between the

algorithm is always guaranteed to converge to the unique Jfsposed and baseline approaches for different amountsgpired
of the game. B energy.

401

Cost of the SFC (Dollar)

201

IV. NUMERICAL EXPERIMENTS

The proposed energy management scheme is simulateditogan be seen that although the SFC wants to minimize its
considering a number of RUs that are interested in sellitigtal cost, it cannot do so with its initial choice of pricer fo
their energy to the SFC. Typical energy generation of eapayment to the RUs. In fact, through interaction with each RU
RU from its DERs is assumed to bé&) kwh [20] and the of the network the SFC eventually increases its price in each
required energy by the SFC is presumed tdbbé&Wh during iteration to encourage the RUs to sell more, and conseguentl
the considered time. The preference paramegfeis chosen the cost continuously reduces. As can be seen fron{Fig. 2, the
sufficiently large, e.g.k, is chosen from rangg90,150] SFC'’s choice of equilibrium price and consequently also the
for this case study, such thaf, and p; in (I) are always minimum total cost reach their SE after tBé™" iteration.
positive. The grid’'s per unit selling price is assumed to6Bbe  Next, the effectiveness of the proposed scheme is demon-
cents/kWh [[21l] whereby the SFC sets its initial price equatrated by comparing its performance with a standard beseli
to the grid’s buying price oB8.45 cents/kWh [[15] to pay to scheme that does not contain any DER facility, i.e., the
each RU. Nonetheless, it is very important to highlight th&FC depends on the grid for all its energy. In this regard,
all parameter values are particular to this study and may vasonsideringl0 RUs in the system, the total cost of energy
according to the need of the SFC, power generation of ttrading that is incurred by the SFC is plotted in Hig. 3 for
grid and DERs, and the energy policy of a country. both the proposed and baseline approaches as the amount of

In Fig.[2, the SFC’s total cost is shown to converge to thenergy required by the SFC increases. As shown in the figure,
SE by following Algorithm[1 for a network with five RUs. the cost to the SFC increases for both cases as the energy
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Fig. 4: Comparison of social cost obtained by the proposstiibiited

scheme with respect to the centralized scheme as the nuhB&fso

varies in the network.

shared facility, the main grid and a large number of residént
units (RUs). A noncooperative Stackelberg game (NSG) has
been proposed that captures the interaction between thedsha
facility controller (SFC) and each RU and it has been shown
to have a unique Stackelberg equilibrium (SE). It has been
shown that the use of DERs for each RU is beneficial for
both the SFC and RUs in terms of their incurred cost and
achieved utilities respectively. Further, a distributégbathm

has been proposed, which is guaranteed to reach the SE and
can be implemented by the players in a distributed fashion.
Significant cost savings have been demonstrated for the SFC
by comparing the proposed scheme with a standard baseline
approach without any DERs.

The proposed work can be extended in different directions.
An interesting extension would be to examine the impact
of discriminate pricing among the RUs on the outcome of
the scheme. Another compelling augmentation would be to
determine how to set the threshold on the grid’s price. Furth
guantifying the inconvenience that the SFC/RUs face during
their interaction and quantifying the effect of the inctusiof

requirement increases frog0 to 100 kWh. In fact, it is a
trivial result that a greater energy requirement leads th€ S
to spend more money on buying energy, which consequently
increases the cost. Nonetheless, the proposed schemetaeeds)
spend significantly less to buy the same amount of energy due
to the presence of the DERs of the RUs, and thus noticeabﬂ
benefits from its energy trading in terms of total cost coragar
to the baseline scheme. As shown in Elg 3, the SFC'’s cost is
74.9%, on average, lower than that of the baseline approa
for the considered change in the SFC’s energy requirement.

Nevertheless, as mentioned in Secfioh IlI, it is also pdssib
to optimally manage energy between RUs and the SFC vid
a centralized control system to minimize the social Rdft
private information such ak, and E2°" Vn is available to the [5]
controller. In this regard, the performance in terms of abci
cost for both the centralized and proposed distributedraelse [6]
is observed in Figl]4. As can be seen from the figure, the
social cost attained by adopting the distributed schemverng
closeto the optimal scheme at the SE of the game. However,
the centralized scheme has access to the private informati
of each RU. Hence, the controller can optimally manage the
energy, and as a result shows better performance in terms of
reducing the SFC’s cost compared to the proposed schentd.
According to Fig.[#, as the number of RUs changes in the
network from5 to 25, the average social cost for the proposeqo]
distributed scheme is onl§.07% higher than that obtained via
the centralized scheme. This is a promising result conisiger
the distributed nature of the system.

the

[11]
V. CONCLUSION

In this paper, a user interactive energy management schgme
has been proposed for a smart grid network that consists of a

2In contrast to social benefit, social cost is the differenetwben the [13]
total cost incurred by the SFC and total utility achieved HyRs in the
system.

storage devices could be other potential future extensiéns

proposed work.
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