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Abstract—Demand side management is one of the most effective
methods to control the usage of energy so as to achieve reliability
and sustainability in the smart grid. Conventional methods for
generating the management scheme are generally based on one
objective, which represents only the requirements of energy
suppliers or only the energy consumers. In this paper, a
multiobjective genetic algorithm (GA) is proposed for extending
the optimization problems by considering the objectives from the
two conflicting groups and some compromise solutions are
provided. The performance of the multiobjective GA is compared
with its single objective version by three different cases. The
results show that the solutions obtained by the multiobjective GA
are more reasonable and better solutions for a single objective
can even be found.

Keywords- Genetic algorithms, demand side
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multiobjective,

L INTRODUCTION

Smart grid [1][2] is a trend for replacing the existing
electricity grid by using facilities such as intelligent meters,
sensors, and other control techniques to manage the usage of
energy for better efficiency, reliability, and sustainability. One
of the distinguished features of smart grid is the interactions
between the utility companies (suppliers) and the end users
(consumers). The utility companies set the price of electricity
based on the demand load. Higher demand load will induce a
more expansive price for attracting the load demand of end
users to shift to nonpeak hours [3].

The energy demand varies from seasons or even hours but
most of the demand load cannot be scheduled to another time,
especially for commercial areas and industrial areas, for
example the economic markets open at the fixed time and
some noisy or critical production processes can only work at
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daytime. Therefore, the energy consumed by controllable
devices is generally the focus of smart grid management [4].
Demand side management is a way for controlling the usage
of energy by the demand side, i.e. the utility companies and
end users.

Demand side management in smart grid has the methods
such as direct load control, smart pricing, and planned load
shifting, etc [5]. Direct load control requires remote control to
the operations of devices and cannot always be realized. Smart
pricing dynamically adjusts the price of electricity based on
the usage of energy but it may cause confusion to end users.
Since part of the demand load is flexible to be scheduled to
another time, a day-ahead planned load shifting technique is
more reliable to reduce peak demand for utility companies or
the electricity bill for end users.

Previous work of demand side management generally
focuses on only a single objective such as minimizing the
energy cost, minimizing the difference to the objective curve,
or minimizing the peak-to-average ratio, etc [4]-[6]. However,
in view of the electricity supplier, the demand load is better to
be balanced to avoid a demand peak. In view of the consumers,
a cheaper electricity bill is more preferred. These objectives
may be conflicting with each other and the optimal solution to
one of the objectives will lead to the unsatisfactory result to
the other objectives. In this paper, a multiobjective genetic
algorithm (GA) is proposed to address the above problem and
provides a set of optimal solutions to both the suppliers and
consumers.

Genetic algorithms have been successfully applied in
solving various optimization problems [7]-[14]. Since a large
number of optimization problems involve more than one
objectives, which may be conflicting with each other, the
research on solving the multiple objective optimization
problems has became a hot spot. The motivation of this paper
is to extend the traditional single objective optimization
problems in the smart grid to a multiple objective optimization
problem and provides more reasonable compromise solutions.

The remainder of this paper is organized as follows.
Section II introduces the background and the definition of the
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problem. The realization of the proposed algorithm is
described in detail in Section III. A range of experiments are
tested and the performance of the multiobjective GA is
analyzed in Section I'V. Section V concludes the paper.

II.  BACKGROUND

In order to provide optimal schemes to regulate
controllable devices to meet some desired properties, the
demand load is forecasted based on the previous usage. The
period of estimation is a forecasted window. It can be one day,
a week, or even longer. In that case, the algorithm can be run
beforehand so as to generate a scheme for organizing the
energy consumption of controllable devices in the window. In
this paper, the proposed algorithm is designed for one day
ahead planned load shifting, and it can be easily extended to
the other sizes of forecasted windows.

A.  Definition of the Optimization Problem

By collecting energy load demand and referring to the
working pattern in the past, the usage of electricity in the
forecasted window with m hours can be predicted. The
forecasted load demand is denoted as Y;, i = 1,2,...,m. The
devices which consume energy are divided into two groups, i.e.
uncontrollable devices and controllable devices. The
uncontrollable devices cannot be scheduled to start working
earlier or later, so their energy consumption in each hour is
fixed and is denoted as U;, i = 1,2,...,m. On the other hand, the
controllable devices are more flexible to work at another time
mainly due to their high tolerance to the operation time. For
example, a washing machine in a residential house can be
scheduled to work for convenience. Therefore, the scheduling
of the controllable devices is the main focus in this paper.

The objective for shifting the load demand can be various.
In view of the electricity suppliers, the objective is to avoid the
appearance of a high peak load demand and a long demand
valley. Relatively steady energy requirements can increase the
sustainability of the facility and reduce the cost for building
new infrastructure. In view of the consumers, they want the
electricity bill to be minimized. The objectives of different
groups may be conflicting and the best way is to provide them
a range of optimal solutions to these objectives and let the
decision maker to decide.

1) Objective I — Fitting to the Objective Load Curve

For the utility companies, one of the objective is to bring
the energy consumption load curve as close to the objective
load curve as possible. In [4], the objective is to minimize the
utility bill, so the objective load curve is chosen to be inversely
propositional to the electricity market prices. Therefore, the
objective curve for each time step 7 is set as

Vprice(t) "y

Objective(t) = @)

m i=1
_ price(})
j=1

where price(?) is the price per Wh of electricity at time step 7.
The objective curve reflects the way that the electricity bill is
balanced in every hour. If the price is high, the energy
consumption will be small, and vice versa. The objective is to

minimize the difference between the actual energy
consumption curve and the objective curve and it is defined as

Minimize /= z:”l (Pload (1) - Objective(t)) ©)

where Pload(t) is the load after scheduling at time step 7,
Objective(t) is the load in the objective curve at time step 7.

Before scheduling, the load is the forecasted load demand.
Since the controllable devices can be arranged to operate at
another time, some devices will be scheduled earlier or delayed.
Therefore, the load after scheduling is calculated as

Pload(t) = Forcast(t) + Connect(t) - Disconnect(t) (3)

The Connect(t) is the energy which is shifted from the other
time to the time step ¢, whereas the Disconnect(t) is the energy
shifted to the other time step from the time step 7.

2) Objective Il — Minimizing the Electricity Bill

Although Objective I has the intent to reduce the electricity
bill, it is made based on the benefit of the energy suppliers. The
optimal solution in view of the energy consumer is to minimize
the total electricity bill, as defined as

Minimize /= Z;’; cost(t) ()

It can be observed that the optimal solution for this objective is
that all demand load gathers at the time step with the cheapest
price while no energy load at the other step time. Such an ideal
solution is unrealistic because the demand load peak is
maximized and it may exceed the supply capacity of the
electricity grid.

This objective is considered because the optimal solution to
the Objective I may not be satisfactory to the energy consumers.
Compromise solutions are needed to be found.

III. IMPLEMENTATION OF THE PROPOSED ALGORITHM

In this paper, a multiobjective GA is used to address the
optimization problem in smart grid by shifting the controllable
devices to start working at appropriate time. In this section, the
framework of the algorithm, the encoding of the chromosomes,
and the modifications of genetic operations for the demand side
management optimization problem will be described.

A.  Framework of the Multiobjective Genetic Algorithm

In a traditional single objective GA, the operations of
selection, crossover, mutation, and elitist are performed
iteratively on a group of chromosomes to approach the optimal
solution [7]. When solving a multiobjective optimization
problem, more than one objective is considered simultaneously
[15]. The comparison of the chromosomes is based on Pareto
dominance.

Definition 1 (Pareto Dominance): Suppose there are two
chromosomes a; and a,, and n objectives fi, f,..., f,, and
smaller values are preferred to larger ones. We term
chromosome a; dominates chromosome a, if fi(a;) < fia,) for
all i = 1,2,...,n and for at least one i € {1,2,...,n} has f{a,)<

fi{a>). The dominance is denoted as a1 < a2.
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Definition 2 (Pareto Frontier): A Pareto frontier is formed by a
set of chromosomes that are not dominated by any other
chromosomes in the set. If there are no other solutions that can
dominate solutions in the Pareto frontier, the frontier is termed
the Pareto Optimal.

The target of a muliobjective GA is to find the Pareto
Optimal, which is a set of solutions which cannot be dominated
by any other solutions. During the iterations of GA,
chromosomes are sorted and may form some Pareto frontiers.
The chromosomes in different frontiers are comparable, but the
ones in the same frontier cannot be compared directly. In order
to maintain diversity in the population of chromosomes in each
iteration, the crowding distance of a chromosome to all the
other chromosomes in the same frontier is computed as an
attribute. Besides the boundary chromosomes of the frontier,
the chromosome with a larger distance is preferred to be
preserved in the next generation than the smaller one. The
computation of the crowding distance can be referred to [15].

The flowchart of the multiobjective GA is presented in Fig.
1. The initialization step initializes the parameters such as the
number of chromosomes (population size), crossover rate, and
mutation rate, etc, and the population of chromosomes. In each
iteration, the population in the previous generation is reserved
in a set 0, where ¢ denotes the index of generation. Then the
genetic operations are performed. After evaluating the new
population P, the new population and the old population are
combined and sorted by the Pareto dominance and the
crowding distance. The first |P,| chromosomes are chosen as the
solutions for the next generation.

‘ Reserve Py — O, ‘

Selection

Evaluate P,

| Elitist (P+Q) = P, |

~Terminate?

yes

Figure 1. Frowchart of the multiobjective GA.

B.  Encoding of Chromosomes for the Problem

Similar to the encoding methods used in [4], each gene
represents the number of controllable devices which will be
delayed to the corresponding time. The difference is that the
genes are encoded in decimal values rather than binary bits.
The controllable devices are divided into K types, and different
types of devices have different working durations and energy
load demands. Suppose the maximum delay of each type i of
devices is dj, the forecasted window is M hours ( M > di ), then
the number of genes in each chromosome is

K di-1
N:Z[(M-di)di+2j] )
i=1 J=1

For example, suppose there are two types of devices, the
forecasted window is 5 hours, and each device can be delayed
to at most 3 hours. Fig. 2 illustrates an example of a
chromosome (the genes are in the box).

A chromosome

M 210
2150t e
@ |2

M 031

@ [000] Lo
@ |o

Figure 2. An example of a chromosome.

On the first line in Fig. 2, 2 devices with type 1 are shifted
to start from time 1 to time 2, 1 device with type 1 is shifted to
start from time 1 to time 3. No device is delayed to start at time
4. For the second line, 1 device is shifted to start from time 2 to
time 3, 3 devices are shifted to start from time 2 to time 4, and
1 device is shifted to start from time 2 to time 5. For the third
line, only 1 device is delayed from time 3 to time 5. Since the
forecasted window is set as 5, no devices can be delayed to
start later than time 5. Note that the total number of devices to
be delayed to the other time cannot be larger than the number
of controllable devices at the considered time step.

C. Modifications to Genetic Operations for the Problem

Based on the encoding of the chromosomes, traditional
crossover and mutation operations such as the one-point
crossover and random mutation may produce infeasible
solutions that violate the constraints of a solution. In order to
maintain the feasibility of the offspring, modified crossover and
mutation operations are proposed for the algorithm.

1) Modified Crossover

After performing crossover to two chromosomes, the
offspring will be adjusted if they are infeasible solutions. The
pseudocode of the process of adjustment is shown in Fig. 3,
where V; is the number of controllable devices with type 7 at
time step 7. The value of V}; is determined by the forecasted
load demand.

After the adjustment, the total number of delayed devices
from a time step will not be larger than the original number of
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devices at the time step for a specific type of devices in a
chromosome.

l.Fori=1to K

2. Fort=1to M-1

3. Calculate the total number of delayed devices with type i as S

4 IfS; >V, //violates the constraint

5 randomly select a time step to reduce the number of delayed
devices until the violation has been eliminated

6 End If

7.  End For

8. End For

Figure 3. Pseudocode of adjustment for each offspring after crossover.
2) Modified Mutation

In the mutation operation, each gene has a probability of a
mutation rate to be mutated. If a gene is to be mutated, the new
value of the gene will be a random value within the range of the
sum of the gene value and the rest number of controllable
devices at the time for the type of devices.

IV. EXPERIMENTS

In this section, the algorithm is tested by three smart grid
cases, 1.¢., in the residential area, the commercial area, and the
industrial area. The forecasted load demands and wholesale
energy prices can be referred to [4], in which the hourly
consumption of devices in the three areas is also provided.

* In the residential area, 14 types of controllable devices
with the total number 2604 are considered, in which only
two types of devices need the second and the third hour
respectively to complete their work and the others can
finish in one hour.

* In the commercial area, the types of devices reduce to 6
with totally 808 devices but most of them work in two or
three hours and their hourly energy consumption is larger
than that in the residential area.

e In the industrial area, heavy energy consumed devices are
often used and their working durations last the longest,
with the maximum 6 hours. In the experiment, 6 types of
devices with a total of 109 devices are tested in the
industrial area.

For better illustrating the features of the three cases, Table I
listed the attributes of the three cases. The first row is the
average hourly consumption for all types, i.e. each type has
only one device. The second row is the average hourly
consumption by considering the number of devices with
different types. If the value in the second row is smaller than
the one in the first row, it means that the heavier energy
consumed devices are fewer so that the average hourly energy
consumption is below the average value. It can be observed
that the energy consumption of the devices in the industrial
area is the largest and lasts the longest.

In the experiment, 10 randomly generated instances are
tested for each case. The 10 instances have the same amount of
total load demand in the same time step. The difference is their
distributions of the load demand of uncontrollable devices and
controllable devices. Moreover, the generation of the 10

TABLE L. ATTRIBUTES OF THE THREE CASES

Cases
Attributes
1 2 3
Avg. Hourly Consump. (kW)
for All Types 0.80 2.85 57.76
Avg. Hourly Consump. (kW)
for All Devices 081 27 3.9
Workin Duration (Hour) 1~3 1~3 3~6
e Group 1: The -controllable devices are randomly

distributed in the time steps without exceeding the total
load demand in the time step. The rest load demand in
each time step is the consumption by the uncontrollable
devices. Instances: Case 1 instances (a) to (e), Case 2
instances (a) to (e).

e Group 2: Randomly select the time step and then
randomly select controllable devices to fill in the gap
between the forecasted load demand and the objective
curve so that the load demand by the uncontrollable
devices will not exceed the load demand in the objective
curve for the time step. Since the total amount of
controllable devices is limited, some time steps cannot
achieve the above situation. The instance generation
method is for reducing the gap between the optimal curve
for Objective I and the theoretical objective curve, which
may not be applicable for the cases. Instances: Case 1
instances (f) to (j), Case 2 instances (f) to (j), Case 3
instances (a) to (j).

Fig. 4(a)-(j) illustrates the forecasted load and the objective
curves for the ten instances in case 1 the residential area. It can
be observed that for the first five instances the load demand by
uncontrollable devices is randomly distributed, whereas for the
last five instances the load demand by uncontrollable devices is
forced to be smaller than the objective curve as possible.
Among them, instance (f) is a quite special one for most the
load demands by uncontrollable devices are no larger than the
objective curve for the time steps.

1800
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instances for each case can be divided as two groups. (8 o
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Figure 4. TIllustration of the load curves for the ten instances in Case 1. The
solid black line is the forecasted load curve. The red dashed line is the objective
curve. The dotted blue line represents the distribution of load demand by the
uncontrollable devices in the forecasted load demand.

The reason for setting those instances is for better
comparison with the results in [4] and also for analyzing the
performance of algorithms by fixing the total load demand. The
optimal management scheme is different among the instances.
The default parameter settings of GA are the population size
200, the crossover rate 0.9, and the mutation rate 0.1. The
algorithm terminates after 5000 generations and the solutions
forming the optimal frontier are obtained.

In the rest of this section, the results obtained by the
multiobjective GA will be compared with the single objective
GA in [4] for the three cases. For each instance the algorithm is
run 50 independent trials for analyzing the average
performance of the algorithms.

A. Case 1 — Residential Area
For the single objective GA, its objective is to satisfy the
Objective 1. The fitness function of the single objective GA is
set as
. 1
Fitness = (6)
m ) . 2
1+ ZH (Pload(t) - Objective(t))

as in [4] and the larger the fitness value the better the solution
for the objective. For the multiobjective GA, both Objectives |
and II are considered simultaneously.

The best and the mean solutions for the two algorithms are
tabulated in Table II, where the better values are bold. The
values in the table are the fitness values of the solutions,
whereas the values in brackets are the corresponding electricity
bill (cost) of the solution with the best fitness value. For the

TABLEIIL RESULTS OF CASE 1

Single Objective GA Multiobjective GA
Instance Best Mean Best Mean
| Gy | VT | Gataay | 6807
s e | G s
3 ?2";7225%7) 2.93E-07 ?;221]2:1%: 3.07E-07
s e | s
S| o | S i
O | Gavony | 20T | Gy | SU4ET
T s | S s
S| Gouay | SIEU | Gy | 639807
oy e | S o
0| Blotan | | Gy | 62T

algorithms in the 50 trials. For better showing the Pareto
frontiers, the y-axis in the figures is

Diff =——-1 )
Fitness
which actually equals to the Objective I defined in (2) and its
value is the smaller the better.
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multiobjective GA, the best and the mean values are the 22;
solutions with the largest fitness values from the Optimal ’
Pareto Frontier in each trial. . 23
£ 225

It can be observed that in nine of the ten instances, the best o
and the mean solutions obtained by the multiobjective GA are
better than the single objective GA for the Objective 1. The 2
electricity bill (cost) of these best solutions for the Objective I T Zm 2w 2w 2 2d
is also better than those by the single objective GA. Fig. 5(a)-(j) Cost x 1 Cost AT
illustrate the locations of the solutions obtained by the two (8 o8
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1ag 0 oo Objective I by the multiobjective GA are not better than the
' single objective GA still have better cost values.
e 8 Fig. 6 shows the solutions obtained by the two algorithms
£ qes £ 47 for the ten instances in Case 2 in the 50 trials. Most of the
solutions obtained by the multiobjective GA can have smaller
18 16 values for Objective I than the single objective GA. For the
instances that the values for Objective I by the multiobjective
"o 2w zm 21 z2n 212 YT 2m 2w 2w 2m GA are larger, the cost values are still smaller than the single
Cost %107 Eost %10 objective GA.
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Figure 5. Comparisons of the solutions for the ten instances in Case 1 by the 1167 120
single objective GA and the multiobjective GA. The 50 blue hollow points -
represent the locations of the best solutions obtained by the single objective GA 114
in the 50 trials. The solid black and red points are the solutions obtained by the
multiobjective GA in the 50 trials, whereas the red points are the optimal E vz
frontier found by the algorithm.
1.1
Since the Diff and the Cost in Fig. 5 are the smaller the
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Objective I, but the cost values of the solutions are larger. 142 78
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The best and the mean solutions for the two algorithms for 108 - 78 3
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instances the multiobjective GA can get better solutions than 54 34 34 35 351 3W e 34 312 314 396 38
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single objective GA and the multiobjective GA. The 50 blue hollow points
represent the locations of the best solutions obtained by the single objective GA
in the 50 trials. The solid black and red points are the solutions obtained by the
multiobjective GA in the 50 trials, whereas the red points are the optimal
frontier found by the algorithm.

C. Case 3 — Industrial Area

The best and the mean solutions for the two algorithms for
Case 3 are tabulated in Table IV. In this case, the solutions
obtained by the single objective GA have better fitness values
for Objective I than those obtained by the multiobjective GA
for the ten instances. But for the Objective I, the solutions by

the multiobjective GA are always better.

TABLEIV. RESULTS OF CASE 3

Single Objective GA Multiobjective GA
Instance Best Mean Best Mean
AR
2| Gl | M | Gy | 2A1E06
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For better investigating the performances of the two

algorithms, the solutions of the 50 trials for Case 3 by the
algorithms are presented in Fig. 7. The solutions obtained by
the single objective GA always gather at the lower right corner,
where the values for Objective I may be smaller but the cost

value in Objective II is bigger.

=10 # 106
G
53
4
£ E
g4 &
2
2
o 0 —
41 4.z 43 4.4 4.5 425 4.3 425 4.4 445
Cost w 10’ Cost w 10’
(&) o
0
a 10 5 #
4
£
= E
=} a @
2
2 &
0 1 L L !
452 454 456 458 4.5 4.2 4.3 4.4 4.5 4.5
best x 10 Eest %10
(ch (dy
20

3
=10
15
10
£
(=1
g d e
.
0
475 478 48 48z 484 4
Cost wia
(e
5
. o
o o
am 48 4mz 483 4@ 4@ 48 47 472 474 47
best %10 Buost w0
. €1 i 4]
=10 x 10
12 2
y
10 1.5 N,
= g r
& E
&
. 0.5
.
z o
47 475 a3 285 435 43 435 44 448 45
Lot x0T Bost x i

Figure 7. Comparisons of the solutions for the ten instances in Case 3 by the
single objective GA and the multiobjective GA. The 50 blue hollow points
represent the locations of the best solutions obtained by the single objective GA
in the 50 trials. The solid black and red points are the solutions obtained by the
multiobjective GA in the 50 trials, whereas the red points are the optimal
frontier found by the algorithm.

From Fig. 7, it can be observed that in the frontier many
solutions have similar small values for Objective 1 but the
corresponding cost values in Objective II are smaller. Based on
the results, utility companies can choose an acceptable solution
with smaller cost values rather than the one with a larger cost
value but the values for Objective 1 are slightly better. For
solving the smart grid problem, multiobjective solutions are
more applicable and appropriate for making decisions.

V. CONCLUSION

In this paper, the demand side management optimization
problem is addressed as a multiobjective optimization problem
by considering multiple objectives for satisfying the needs of
different interest groups, e.g. the utility companies (suppliers)
and the end users (consumers). A multiobjective genetic
algorithm is proposed for solving the problem. The
performance of the algorithm has been compared with the
solutions obtained by the single objective problems in three sets
of instances. The results show that the solutions found by the
multiobjective algorithms are more reasonable and can better
balance the needs of different interest groups.
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