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Abstract: - Effective usage of Information and Communication Technologies (ICT) has started with a
paradigm shift in the energy management and functioning of the conventional power grid. It also aids in the
maintenance of the complete information about consumer usage pattern, power storage, supply and regulation.
Blending of information and communication technologies with energy management creates a smart grid
environment which makes it move to the next horizon. The smart grid environment, uplifts renewable energy
sources and brings out novel strategies in the energy market. The new functioning of the energy market attracts
more utility companies for decentralized power generation and optimizes the power price for the consumer. The
consumer plays an active role in the demand response modelling to maximize the welfare of the utility and to
obtain the optimized price for their demand. In this paper, a novel demand response management scheme is
proposed for multi-utility environment. The utility companies function in a peer to peer manner to
communicate effectively and to select a specific utility from a set of utilities for the power supply. The
selection of single utility is based on a non-cooperative game theory algorithm where the demand and generated
power should be balanced to maximize the welfare of the utility and the residential consumers. The power price
can be updated in an equal interval to allow all the utilities to participate in the Distributed Multi-Utility
Demand Response Management (DMDRM) system. The simulated results justify that the distributed non-
cooperative game theory algorithm certainly maximizes the welfare of the utility companies and residential
consumers.
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1 Introduction economy. The traditional power grid systems need
to be replaced with smart grids which support

Integrating Information and Communication applications of the renewable energy, smart home

Technologies with energy management will and othgr smart services. .In smart grid, the
promote the power industries to bring different kind communication  technologies ~ extends the
of strategies and techniques for the smart grid information services which - will be used to
development and its applications. The existing understand the required power generation bas'ed on
traditional power grid networks does not meet the the demand. The smart grid system goordlnates
challenges in power management such as power among the power generation, transmission, power
quality, reliability, efficiency, ecology and distribution systems, smart metering and billing
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system. The bi-directional communication network
enables the advanced metering infrastructure to
exchange data such as power consumption, outage
awareness and price update to the utility. Naturally
wide range of security enforcement in
communication and data availability are most
important challenges in the smart grid [1].
Demand Response (DR) is one of the foremost
feature in smart grid. This strategy is followed by
the consumers to shift or reduce the consumption
energy from peak hours. Demand response is
defined as the changes in electric use by demand-
side resources from their normal consumption
patterns to induce lower electricity use at times of
high wholesale market prices or when system
reliability is jeoparadized [2]. Different kind of
demand response strategies are followed by the
consumers under the incentive based program and
price based program. To provide incentive based
program to the consumers, the consumers have to
shift their load from the peak period to off-peak
period based on the results from the DR modelling.
When the consumers shift their load to off-peak
period, they are benefited by flexible power price at
different time period of the day. So, when
consumers participate in DR, there are three
possible ways in which they can change their use of
electricity [3,4]. Consumers limit their energy
consumption through load curtailment strategies
such as peak clipping, consumers shift their energy
consumption to different time period of the day
through load shifting or they consume power
through onsite standby generated energy, thus
limiting their dependence on the main grid through
valley filling. In addition, to limit the peak demand
of the residential consumers, demand response is
achieved through the application of a variety of
distributed resource types, including distributed
generation, dispatchable load, storage and other
resources that may contribute to modify the power
supplied by the main grid. Traditionally power
generation, transmission and distribution are
functions of the power system. Electrical power
industry has been dominated by a large utility that
has a complete authority of all the activities in
generation, transmission and distribution of power
within its domain of operation. So, all the three
functionalities are executed by the single utility.
Through the process of unbundling in
deregulation, the task of traditional power system
can open to competition wherever practical and
profitable. The initial step of the restructuring
process of the power industry has been the
separation of the transmission activities from the
electricity  generation  activities. Under the
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deregulation, the activities of vertically integrated
utility has become competitive. Power generation
has to compete in the competitive power generation
market place. Transmission and Distribution have to
operate as an open provider to deliver the services.
The same competitiveness is also present in the
retailing of the electricity at the consumer end. The
consumer have the choice of selecting their utility
based on utility trading. Even, the consumer can buy
a portion of electricity from the first utility and
remaining portion from the second utility. So, the
demand response allows the residential consumers
to reduce their billing tariff by selecting particular
utility for buying the electricity. Consecutively, the
utility is also benefitted through high pay-off in the
competitive environment. This technology will
ensure the power system more reliable, enhance the
transparency and efficiency of the electricity market
and lead to mutual financial benefits for both the
power utility and consumers. In addition to
reliability and efficiency, demand response
strategies will reduce the generating emissions and
alleviate the environmental impacts, by enabling a
more efficient utilization of grid capacity. However,
while consumers are benefited with lower electricity
bills by shifting their load usage, they may be
subject to some discomfort due to the shifting of
their energy usage patterns.

In this paper, a distributed algorithm is designed
among the utility companies which aims to
maximize the welfare of the utilities and consumers.
The competitiveness among the utilities are
established in a distributed environment using the
non- cooperative game theory algorithm.

2 Literature Review

Wide range of works have been carried out to model
the demand response in smart grid environment.
Most of the works are related to vertically integrated
utility and the consumers. Li et al. [5] have
proposed Demand Response approach for the utility
company and the consumers to maximize the
payoff. Datchanamoorthy et al. [6] have presented
an algorithm for finding non-peak hours for the
consumers and recommend them to shift their load
from peak hours to non-peak hours in monopoly
utility markets. Moreover, game theory has been
applied to the DRM problem in smart grid since it is
effective in dealing with complicated interaction.
The residential consumers can shift their usage of
shiftable appliances or reduce the power
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consumption of the non-shiftable appliances to
reduce the tariff. This leads to discomfort among the
consumers participating in the DR program. Ma et
al. [7] have considered the discomfort of the
consumers and designed an optimal scheduling
strategy and achieved the desired trade-off between
the utility and consumers in the single utility
environment. Setlhaolo et al. [8] have developed a
load scheduling of residential consumers using a
mixed-integer nonlinear optimization model. The
Time of Use (TOU) pricing method has been used
in this model for about five time periods with
varying prices. Kinhekar et al. [9] have proposed a
DR procedure for load shifting using the integer
genetic algorithm to benefit both the utility company
and the consumer. This method attempted to fit the
actual consumption power curves and the utility
objective curve at each time period. The consumer
information truthfulness is another important factor
in cooperative load scheduling that are analyzed in
many studies. Samadi et al. [10] have used the
Vickrey Clarke Groves optimization mechanism for
efficient energy consumption. According to the
problem formulation, the payment of one consumer
depends on the other consumer. Thus, consumers

must be honest while declaring their load
consumption information. Many authors have
introduced the Internet of Things (IoT) for

automating the demand response to control the
appliances remotely. Ali et al. [11] have proposed a
pricing policy framework for the DR in smart grid
based IoT networks. According to the prices
announced by the provider, the system controls the
appliances of the user remotely during the peak
hours of the day. Individual users adapt their energy
consumption according to the price signals to
maximize their own benefits. Chai et al. [12] have
designed a two-level game model for demand
response with multiple utilities. Among the utilities,
a specific utility was selected based on the
equilibrium and that utility will serve the power to
the consumers. An evolutionary game was used for
interaction among the residential consumers and
non-cooperative game was used for interaction
among utilities. Deng et al. [13] have determined the
user's demand and utility supply through a
distributed real-time demand response program.
This model does not require any aggregator or a
third party to monitor and control. Fan and Zhong
[14] have designed a distributed demand response
algorithm for novel charging PHEV in smart grid.
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Maharjan et al. [15] have proposed a Stackelberg
game where each utility company and each user
intend to maximize their own benefits. This
approach requires coordination among residential
consumers and utility companies. Since, this
approach is cooperative, it is not practically
realistic.

In case of single utility company in the smart
grid environment, it is the responsibility of that
particular utility company to meet the demand of the
residential consumers. On the other hand, in case of
multi-utility companies, there exist a competition
among them and all the utility companies are
responsible to meet the demand. In this paper, a
distributed = multi-utility = demand  response
management algorithm has been proposed in the
multi-utility environment using the non-cooperative
game theory for the selection of a utility among the
set of utility companies.

3 Distributed Multi-utility Demand
Response management (DMDRM)
model

In this proposed model, a Demand Response
Management (DRM) system is designed for
multiple utility companies and multiple residential
consumers with different category of loads. The
relationship among the utilities is modelled as a
non-cooperative game theory algorithm, which runs
in a distributed environment. Every utility company
decides its price and generation of power based on
the demand of the residential consumers. Each
residential consumer coordinates the power demand
based on the price decided by the utility company.
The advantage of the multi-utility companies in the
system ensures more flexible and lower prices for
the residential consumers, a wide range of tariff
choices and also maintains the balance between the
supply and the demand.
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Fig. 1 : Analytical Framework for Distributed DRM
model
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The figure 1 shows the analytical framework for
the Distributed Demand Response Management
model of a smart distribution power grid with
multiple utility companies and load subscribers or
residential users. In the analytical framework, all the
utility companies are connected through a
communication network as a diagraph. The diagraph
G is a ring consisting of M utility companies,
numbered from 1 to m in the clockwise direction.
The requirement of the game is that, exactly one
utility company should be selected as a leader who
is offering the attractive price to the residential
consumers for the power supply. The number of
utility company in the network can either be known
or unknown to the residential users.

4 System Model

In the smart grid environment, each residential
consumer is assumed to be equipped with an energy
consumption scheduler embedded in the smart
meter. The integrated scheduler module in the smart
meter schedules and controls the energy
consumption of the residential user. It also
coordinates each user with other user and also with
the utility company. Let the smart distribution grid
consists of aset N 2 {1,2,....n} ofusersand M 2
{1,2,....m} utility companies. The residential users
are connected to the utility companies through a
communication network. The intended time period
for the usage of the appliances by the user in a day
is divided into H time slot whereH = {1,2,....h}.

4.1Energy Cost model and welfare of
the utility company

The total power generation of the utility company
m € M at time h € H is defined as [} and the cost
function of the utility company m at time slot h is
CM (L) which is assumed to be increasing and
strictly convex. The quadratic function without loss
of generality is [10,12,17]

CMM = a (M2 + bt + ¢t (D

Where apt > 0and by, c;* >0 are constant
parameters. From micro economics [19] the concept
of utility function is used to model the different
price scenarios. Having various options of utility
function, the behavior of different users can be
modelled [17]. The supply capacity of the utility
company should be greater than its power
generation. Let [, denote the power supply
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capacity of the utility. Thus, the power supply of the
utility is bounded by the constraint

m
S lmax

o< M (2
Let I3}, represents the power generation of utility
company to n users at time slot h and S;;% be the
amount of power sold from utility company m to
user n . If Dy, is the power demand of the user n
from a utility company m and Py} denotes the
power price set by the utility company then
wn = min(ly)y, Dy'y) 3)
Hence, the welfare of the utility company is
defined as the difference between the profit of all its
sold power to the residential users and the cost of
the power generated by the utility. Therefore, the
welfare function of the utility company m for the
user n at time slot h is expressed as

N
U (P » Siin) = ZPrTh an—Chtdy) 4
n=1

4.2 Utility and Welfare function of the
Residential user

The residential users demand behavior varies from
time to time depending on the requirement such
behavior of different users can be modelled through
different choices of utility. The residential users are
assumed to act independently without any
interaction with each other, but they are more
concerned about the power prices from the utility
company. On the residential user side, let x
denotes the total energy demand of the user n from

utility company m at time slot h. The energy
demand is bounded by
Z xnn = b VneN, VheH (5)

meM

where b!* is the baseline demand of the user n at
time slot h, in addition to the elastic demand e, of
the user n. The baseline and elastic demand
requirement are considered to form a user demand
constraint

ZZx,ThZ zb,ﬁl+ e, VneN

€H
heH meM h

(6)

The utility function of the residential user should be
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non-decreasing concave and differentiable [12]
which indicates that the demand satisfaction is
directly proportional to the user satisfaction. This
paper considers quadratic  utility  function
corresponding to linear decreasing marginal benefit
[10,12,17] which is given as,

Unn ; Un,h
(U‘n,h xn,h — % x-,zl'h ) lfO < xn'h < UL
an,h
un,h(xn,h) = i (7)
v V.
n,h ) if xn,h > nh
On,h On,h

where v, , and a,, j, are predetermined time varying
parameters. These parameters clearly picturize the
variation in power demand of different residential
users at different time slot. The larger v, , and
smaller a,, ;, leads to increased power demand as the
users’ main objective is to maximize its utility.

If a residential user n, consumes x,,%amount
of power supply during time h from the utility
company m at a price of p;Y, then it is charged as
Xnn Pnn- Therefore, the welfare function of each
user n can be described as

M
Wn,h(x;{,lh) = un,h(erh) - Z Prn Xnn (8)
m=1
subject to

)]
In the equation (9), X, 4 min 1S the power consumed
by non-shiftable appliances of the residential user
and X, pmax 1S the power consumed by all the
appliances of the residential consumer.

xn,h min < xn,h < xn,h max

4.3 Utility and Consumer Interaction

The need for electricity varies between each user
depending on their consumption pattern. Consider,
there are multiple utility companies with different
power prices. The consumption charge of each user
depends on the selection of the particular utility and
the per unit price, set by that utility. The main
objective of the residential user is to procure optimal
amount of power at lower price to maximize its own
benefit. On the other hand, from the utility point of
view, they always plan to sell the optimal power at
higher price to achieve its welfare. In this regard,
appropriate strategies should be implemented on the
utility and user side to maintain the balance between
the supply and demand. The utility companies set
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and communicate the per unit power price to the
users. The amount of power to be purchased by the
user is based on the price information received from
the utilities. The optimization problem of the user
can be defined as

Maximize (Wnlh (xn,h)),

(10)

subject to the equation (9).

The optimization problem is a concave
maximization problem which can be optimized
using convex programming technique such as
interior point method or efficient set method [20].
The solution of the equation (10), can be defined as

" Xnp if m=argmin (p,’l’_lh)
nh (11)

0, otherwise

where x4, is the optimal demand of the user n from
the utility m during time h. It is clear from the
results that the users’ choice is the utility company
who provide the power at the lowest price as far as
they supply sufficient power. At the time slot h, the
probability of user n choosing the utility m be y,7%.
If the utility supplies enough power to the user then
Ynn can be described as 0 <y, < 1.

According to the equation (8) and (9), the
optimal power consumption of the user n buying
power from the utility m at time h can be obtained
by equating the derivatives of equation (8) with
respect to Xy, to zero.

xm, = arg max wly, (x17) (12)
equation (8) can be simplified as

Win () = Unn (X00) = Phin X (13)
0Wnp a (un,h (xrrznh)) m

ax;y, B ax;y, nh (14)
Using equation (7) in equation (14)

_ fnh 2
_ 0 (vn,h xn,h 2 xn,h ) _.om (15)
axy nh
Vnh = Anp Xnh — Prp =0 (16)
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m
Xn,h an,h Un,h pn,h
m 17
x Un,h pn,h ( )
nh —
an,h
Therefore,
. Unh — p;{,lh
Xn,h min, lf a—h < Xn,h min
n,
Unh = Prn Unh = Prn
x:{,lh = { ’ lf Xn,h min < < Xphmax (18)
i an,h an,h
. Unh — prrlr,Lh
l xn,hmin, lf xn,h max < T
nh

The user cannot get sufficient power from the single
utility due to the restriction on the power generation
capacity. In those situations, the user may get x;%
amount of power from the utility company whose
price is the lowest and then buy the remaining
amount of power from the utility company which
offers the next lowest price. In this way, the optimal
power demand can be calculated for utilities using
the problem formulation given above.

4.4Non — Cooperative game modelling
for utilities

In the multi-utility environment, utility company
will act first and then the user acknowledge on the
basis of the power price. Since the two actions are in
sequence the interaction between the utility
company and residential users are modelled using
game theory. Each utility makes their own decision
and want to maximize their profit. Therefore, each
utility has to compete with other utility to attract
more residential users which is modelled as a non -
cooperative game. So, the game is to maximize the
profit by competing with other utility companies
and attract more consumers.

In the game, nodes in the ring are utility
companies referred to as players. The strategy of the
game is to select a utility from the set of utilities.
The payoff of the game is welfare of the utility
company.

Therefore, the welfare function of the utility is
formulated using equation (1) in equation (4)

Ut = Py S — lapt GG 2 + bt I + ]
(19)
—ar (M- bprir—

m _ pm
Uh_ ,h

m
nh

As introduced in [4][11][16] equation (19) is
reduced to
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{P,:{lh Sm = [alr M2+ b I+ ], if i 20
(20)

P DI — lapt () 2 + b I + ¢j'], Otherwise

where 1}, denotes the difference between demand
and power generation. That is
Ton = Dpn — lun (21)

When 7% = 0 , the power demand of the
n" user from the m" utility company is greater than
the power generation. So, the generated power can
be sold out to the residential users, otherwise the
generated power cannot be sold out. In such case,
the utility company changes the strategy by
reducing the power price to increase the user’s
demand. To maintain the reliability of the system,
the power balance equation must be satisfied. Power
generated by the utility company should be within
the limits which is defined as

m
xn,h min < l

7Th = erh max (22)

As two different variables such as power
price and generation (P}, & l%) are involved in
equation (20) which cannot be solved by any direct
method. So, it is assumed that the power price is
known and the optimal power generation is
calculated as follows

Maximize(U}*) subject to
(23)

m
nh

< %, and equation (22)

The equation (23) is a concave
maximization problem, which has to be optimized.
The results depict that the utility company supplies
power to the residential user with highest demand to
maximize its own welfare. The updated power price
can be calculated based on equation (24).
Prn(i+1) = prp(D) + O 1y () (24)
where 0,, is a constant which subject to increment
size 1. The proper price set by the utility is based on
the balance between power demand and generation.

4.5Algorithm

In a distributed environment,

1. Each utility m is identified by a Unique
Identifier (UID), chosen from ordered space of
identifier.
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All the active utilities store the generated power
nn and set the price by satisfying 7, = 0.
Utilities are arranged in such a way that unit
price ppy set by the utility. The algorithm
flows, as the problem of ensuing that only one
utility at a time to supply the demand. The
intension is that in any distributed environment,
utilities in a communication system may need
to agree on whether or not it has been selected
for supplying the power to the residential
consumers.

To ensure fairness, all utilities update their
prices in steps at every hour. The utility with
the highest quoted price at a given hour then
brings it down to the lowest quote for the
subsequent hour.

The user with the high priority gets the supply
at each supply band followed by the user with
the medium and low priority while demand
satisfied. If Dy — I3 <0, demand is not
met by one utility, it buys from the next utility
from the ordered dataset obtained.

Every action is communicated to other utilities
to maintain the transparency in the system in a

distributed environment.
‘ Start ’

4
Participation of

Power F of
Generation Utility Companies in
Input DR

'
Select an Utility by
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)
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!
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Fig 3: Flowchart for DMDRM

This algorithm benefits the residential consumer
by offering low prices for their demand and also
maximize the welfare of the utility companies to sell
out their generated power. The algorithm is
simulated with a sample data to check the
complexity and ensure the setting to reach the
equilibrium state of the non-cooperative game.

5 Results and Discussion

To simulate the distributed multi—utility demand
response management algorithm, five residential
users where every user has multiple shiftable and
non-shiftable loads and three utilities have been
considered. The demand of the residential
consumers as well as the power generation of the
utility companies are considered for eight hours.
The residential consumers are having two kind of
loads namely baseline load and shiftable load. Both
the loads are considered for the verification of the
proposed system. The following table 1 shows that
the total power demand of the residential consumers
for eight hours

Table 1: Power Demand of 5 Users

Sl.no User details Power Demand in
Watts
1 User-1 5120
2 User-2 3260
3 User-3 2580
4 User-4 3940
5 User-5 2140

The following table 2 shows the power generated by
the three utilities for eight hours. According to the
proposed system, the demand profile of the
residential consumers are estimated.

Table 2: Power Generation of three utilities

SLno Utili_ty Power Demand in
details Watts
1 Utility-1 5270
Utility -2 6510
3 Utility -3 5260

The estimated power profile of each consumer
respective to 8 hours is shown in table 3.

Table 3 : Power demand profile of the consumers in
Watts

‘Hour‘l ‘2 ‘3 ‘4 ‘5 ‘6 ‘7 ‘8
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Users
1 80 | 80 | 1080 | 1080 | 1080 | 40 | 840 | 840
2 870 | 870 120 80 80 | 80 80 | 1080
3 390 | 390 | 390 40 80 | 430 | 430 | 430
4 790 | 830 40 80 80 | 40 | 1040 | 1040
5 80 | 80 40 40 | 790 | 870 120 120

According to the algorithm, each utility sets its
power price independently for their generated power
as non-cooperative game and the price can be
updated in subsequent hours. The initial setting and
updating of price by one utility does not affect the
other utility decision. The utility which sets its price
as the lowest is selected for the supply to the
residential consumer who is having high priority
based on the required demand. The table 4 depicts
the power generated by the utilities with respective
to each hour. Since, the electricity demand of the
residential consumer for each hour is estimated, the
intension of the game theory algorithm is to sell out
the generated power to the residential consumer.

TABLE 4: Utility Power generation in Watts

Hour
Utilities 1 2 3 4 5 6 7 8
1 1000 800 | 900 | 500 110 | 460 | 1050 800
2 800 450 | 400 | 540 | 1000 | 520 850 | 1400
3 410 1000 | 370 | 280 | 1000 | 480 610 | 1310

If the utility does not meet the required demand of
the residential consumer, then the consumer will
purchase the remaining power from the next utility
who is having the lowest price. For the next hour,
the price will be updated at the utility side to allow
all the utilities to participate in the game. The loop
will be continued until the residential consumer
demand is met by the utility companies. Since, the
power generation is based on the estimated power
demand, the utility welfare is also maximized.
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Fig. 4: Comparison of cost benefit with single and
multi-utility for user-1

The figure 4 shows the user-1 benefit in the multi-
utility environment. For the hour 1, 2 and 6, the
demand of the user-1 is 80, 80 and 40 watts
respectively as in table 1. Since, the power demand
is very low, there is not much difference compared
to single utility and multi-utility, but for the
remaining hours the user-1 is benefited considerably
with multi-utilities. Figure 5 depicts the cost
difference between the single and multi-utility
environment for user-2. Here, eight hours have been
considered with different loads at the residential
side. The lowest load starts from 40 watts. In the
normal environment such as 24 hours with different
loads, there will be vast difference between single
utility and multi-utility.
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Fig. 5 : Comparison of cost benefit with single and
multi-utility for user-2

The figure 6 shows the cost benefit comparison of

user-3 with single utility and multi-utility. Hour -1,
2,3,6,7 and 8 justifies that there is a vast difference
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in the demand in the multi-utility environment.
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Fig. 6 : Comparison of cost benefit with single and
multi-utility for user-3

The figure 7 and 8 illustrates, the cost benefit for the
user 4 and user 5 in the multi-utility environment
respectively. As defined in the algorithm, the
purchase of the power started from a utility which
offers lowest price. If the demand is not met then
the consumer will be supplied from the next utility
who is offering the second lowest price. So, the
consumer will purchase power only when the
demand and generation are balanced.
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Fig. 7 : Comparison of cost benefit with single and
multi-utility for user-4
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Fig. 8 : Comparison of cost benefit with single and
multi-utility for user-5

The figure 9 shows the overall benefit of the
residential consumers with respect to cost at each
hour. The comparison shows that the multi-utility
environment is more beneficial to the residential
consumers than the single utility environment.
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Fig. 9: Consumer cost benefit for each hour

The participated utilities in the distributed demand
response management modelling sell out all their
generated power supply to the residential consumer.
In addition, no utility is benefited maximum, when
compared to other utility. So, equal benefit among
all the utilities. All the utilities vary their price
independently in the non-cooperative game and
reach their equilibrium.

6 Conclusion and Future Work

The multi-utility demand response modelling has
reshaped the electricity market to benefit the
residential consumer and to improve the
performance of the smart grid. The proposed
distributed demand response management modelling
in multi-utility environment has been implemented
through non-cooperative game theory algorithm.
The utility companies are coherently functioning in
a distributed atmosphere and maximize the welfare
of themselves as well as the consumer. The

simulated results show that the multi-utility
electricity market benefits the consumer and
maximizes the welfare of all the utilities

participating in the game. The distributed demand
response modelling algorithm can be extended to
PHEV charging stations in the smart grid and the
excess renewable energy generated by the
consumers can be sold out to the utilities.
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