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ABSTRACT Superabundant utilization of electricity in the residential sector is one of the major reasons for
frequent peak demand. Hence, power sector necessitates an appropriate solution to control and monitor the
peak demand. In this regard, implementation of an appropriate home energy management system becomes
mandatory at customer premises to have an effective control over peak demand. Thus, in this research a
simple home energy management using Two-Phase Simplex Method (TPSM) is proposed with an objective
to (i) reduce peak demand, (ii) reduce consumer consumption cost, and (iii) conserve consumer comfort level.
Further, the research proposes detailed investigations on the smart energy-home management model
monitored by IoT. For simulations, different load scenarios are considered and the results are compared with
the existing benchmarks available in the literature. On validations, the proposed TPSM method is found
simple, reliable and efficient. More importantly, the multipurpose objectives has certainly given better results
in consumer consumption cost that can give better control to peak demand. Furthermore, the usage of lucid
simplex method has almost reduced the computational complexity to fasten the response time. In this regard,
consumer comfort is served here is considered as a major accomplishment with the proposed work.

INDEX TERMS Smart grid, Demand-side management, Home energy management, Demand response,
Appliance scheduling

. INTRODUCTION
Modernization with recent technology driven by the
advancement in power electronics has made the common

consumers. To attenuate the problem, an effective Home —
Energy Management (HEM) system is needed. In particular,
the self automated HEM is more aprrorpriate to serve for this

mankind to utilize the electronic home appliances in regular
routines. Thus, excess power usage via modernized and
convetional electric home appliances primes to an increase in
power demand and periodic peak demand [1], [2]. Besides, the
productive advancements in electric vehicle technology is
considered as one of the probable inclusions in home energy
management for battery charging. This again increases the
burden on utility to raise the power demand and peak demand.
Hence, burden on utility becomes monumnetal to supply the
actual power demand for consumers. This uncertain power
demand forces the utility to create frequent power outages for
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purpose [3]. Note that HEM is not only beneficial for utility
but also to the consumer from an economic perspective.
Implementation of much effective HEM can be achieved with
the assistance from smart grid technology. It is important ot
mention here that smart grid system has the provision to merge
distributed renewable energy sources with conventional power
grid. Further, wise usage of smart grid technology and HEM
system, balances the ratio between power demand and
avaiable power generation to attain bidirectional
communication feature [4]. In recent years, many researches
has handled this problem to build an efficient HEM system
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that can overcome peak demand and reduce consumer
electricity cost [2]. Scholarly research in [5] has proposed an
Incentive-based scheduling for home appliances in [5]. Albeit
the algorithm has reduced the cost of operation, the algorithm
was not successful to bring out 100% task completion by the
day-end to affect the consumer comfort. With a primary
objective to provide HEM for multi-residential consumers, a
demand scheduling scheme was introduced in [6]. However,
this method needs to share bulk information data between
consumers and utility and hence it requires expensive
communication infrastructure for implementation. Inspired by
the ability to handle multimodal problems, optimization
algorithm was introduced in [7] to reduce the monthly
electricity consumption cost. Being a non-conventional
method, this algorithm has a target value fixed by the
consumer. Later, the consumption cost is reduced by
compromising the work of appliances. This certainly affects
the consumer satisfaction with task completions by the
appliance.

The HEM algorithms with the integration of renewables
are the recent research attractions found in literature [8]—[10]
to reduce peak demand and there cost. But then, integration of
renewable sources and HEM results in reduction of
consumption cost and monumental increase in installation
cost. In [11], a stepwise approach for a Mixed Integer Linear
Programming (MILP) problem-based HEM is proposed.
Though the method results in successful day-wise scheduling
scheme for the home appliances, 100% task completion is not
attained yet. Similar to [7], Optimization based approach with
a blend of hybrid bacterial forging and particle swarm
optimization algorithm was proposed in [12] for demand side
management. Further, the method uses a heuristic algorithm-
based framework to achieve better task completion. With the
advent of optimization, many scholarly researches has applied
their scheduling algorithm for demand response [13]-[20].
However, all the methods has certainly fall in to any of the
following drawbacks (i) Incomplete task completion (ii)
failure in reducing the consumption cost, (iii) complex coding
structure and (iii) poor performance in peak demand. Thus,
there exist a necessity for a simple, reliable and robust
mathematical model for home energy management system.
On analyzing the merits and demerits of the scholarly research
in literature, a simple Two-Phase Simplex Method (TPSM) is
proposed for HEM. Further, it is seen that usage of simplex
methods is found more appropriate since it is lucid, robust and
easy to implement. It is worth to mention here that the
proposed scheme utilizes two-phase lightweight approach for
implementing an automated demand response program.
Application of IoT to monitor and interface with real-time
pricing scheme is a notable contribution of this research. Few
of the major research contributions that are vital to meet the
research objectives are given in the following:
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(1) A novel and simple HEM system with TPSM is introduced
to reduce the consumption cost.

(ii) HEM system is interfaced to have a compatibility to
control offline and online.

(iii))The task completion of the home appliances by the
proposed method is 100%.

(iv)The system response time is very less compared to other
methods.

The remainder of this paper is organized as follows:
Section II describes the system model considered for the study
and the practical implementation of the proposed TPSM based
HEM. Section III gives the details about problem formulation;
constraint definition; problem statement. Section IV explains
the problem solutions and steps involved in the proposed
TPSM-HEM. Section V set formulation for the simulation and
detailed comparison results. Section VI gives the conclusion.

Il. SYSTEM MODEL

In order to present an accurate system model, an actual real-
time pricing scheme was considered to impement the proposed
TPSM based HEM. Further, a smart grid infrastructure at
consumer permises is needed to implement the automated
demand response program. Therefore, a HEM systems with
Wireless Home Area Network (WHAN) and cloud computing
is considered at the consumer’s premise for applying the
proposed TPSM. Block diagram of the proposed HEM
infrastructure is shown in Fig. 1. The infrastructure is designed
to execute the proposed algorithm by getting input from utility
and consumer. Note that Central Control System (CCS) acts
as a brain for the entire system. For communication, the
ethernet is connected between CCS and utility. Further, the
overall power consumption of every individual home is
measured with an IoT based smart meter and the details are
communicated to the utility. This enables the server to collect
the power consumption data from all consumers to identify the
peak demand hours. With this available information on
servers, a common day-ahead electricity cost for the different
time slot is generated by the utility and transmitted to its entire
consumer’s CCS. It is important to note here that CCS
connects all home appliances in every individual home to an
individual wireless switch via ZigBee to facilitate wireless
ON/OFF control of home appliances. The keypad at CCS
provides consumers to enter or edit appliance details with their
demand. Furthermore, a display is enabled to monitor the
traffic and consumption cost.

Ill. PROBLEM FORMULATION

The problem formulation is made to reduce power
consumption cost of customers without compromising the
consumer comfort. Notably, reduction of cost in peak demand
is wisely handled to resolve the burden impound on utility and
consumers. In general, the power consumption cost is reduced
by shifting the residential electrical load from peak to the off-
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FIGURE 1. Proposed home energy management system.

peak time slot by considering that the electric utility (power
provider). Note that this is an existing scheme implemented in
real-time pricing of the consumers connected to smart grid
technology. To maintain demand in limits, load shifting must
be carried out in such a way that all necessary appliances (non-
shiftable or non- schedulable or real-time appliances) are
ensured to not get affected during its working process. Also,
the appliance (shiftable or schedulable) involved in load
shifting must complete its 100% task between any time of that
day; with or without break. Nonetheless, it is also important to
avoid consumer dissatisfaction. One of the usual problems that
arise in the implementation of real time- demand response
program is that every consumer tends to shift their electric load
from a high-cost time slot to a low-cost time slot to reduce the
power consumption cost. But then, new peak demand is
created due to the aforementioned load shifting. Therefore, it
is necessary to allot total electrical demand within a limited
range to neglect the needless peak demand. To accomplish the
task, a target value constant E is assigned to maintain peak to
average ratio in a limited range and hence the peak demand is
restricted. This ensures the maximum electrical load per house
is limited and not getting exceeded to the target value E. It is
important to note that the target value is assigned by the
electric utility depending upon the climate or seasonal or
festival condition of their consumer. Nevertheless, this target
value E may not change frequently hence, the authors
considered E as constant. By considering the prerequisite
objectives and constraints, the authors formulated a
mathematical model for a residential consumer. Let, set (4) =
{A1,4,,A3,-++,A;, -+, Ay}, be the set of M number of home
appliances, where A; denotes the i*" appliance. Set (D) =
{DA,,DA,,DAs,---,DA;,--, DAy}, be the set of the rated
power of appliances, where DA; denotes the rated power of "
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appliances in kW. The total demand needed by individual
appliances to complete its 100% task per day is given
inset (L) = {Ly,L,, L, =+, L;, =+, Ly}, such that the total
power consumed by DA; of the appliance must be equal to L;
to complete its 100% task. Set (T)=
{T1, T2, T3, ,Tj, -+, Ty}, be the set of ‘N’ number of time
slots and cost set (C) = {C;,C,,C3,++,Cj,-++,Cy} in
cents/kW for time slots. For mathematical formulation, M * N
decision variable (VL j) are introduced in (1). In equation (1),
the variables ‘i’ denote appliances and represents
respective time slot. If the i appliance is scheduled to ‘ON’ at
j™ time slot then V; ; = 1, otherwise V; ; = 0.

(33

V1,1 V1,2 o V1,j V1,N
V2,1 Vz,z Vz,j Vz,N
H H H H 1
Vi Ve v Vi o Vi M
VM, 1 VM,z VM, j VM,N

Power consumed by the i appliance at j” time slot can be
found by using (DA;) X (V; ;) and the total power consumed
by all appliances at j” time slot (PT;) can be referred in
equation (2). The total power consumed by the i”* appliance at
day-end (PA;) is given in equation (3).

PT; = %L, (DA;) x (Vi) (2)
PA; = X)_,(DA) x (Vi ) (3)

To meet out the objective of consumer comfort, all appliances
must complete 100% of the task by day-end. Therefore, the
power consumed by i appliances must be equal to (L;) as
given in the constraint equation (4). To accomplish the
comfort, various loads allotted for a single time slot must be
lesser than or equal to the target value E. This will confirm that
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Ay (DA;) % (V;5) (DA) x (V) (DA} % (Vis) (DA x (V) PA, = EL (DA} X (Vy )
Ay A x () (DA,) % (Vs (DA,) x (Vss) (DA) % (V) - PA, =T (DA,) x (V)
4 DAY x () (DAy) % (V) (DA) % (V) DAY x(Vsj) | PA, = L1,(DA;) x (V)
R R IV EI N O4)x Vi) ©4)x Ci) ORXG) | PATL0A)XE,)

. PTII = Z?ij(.DAi] x (Vn)

FT;' = }:1‘11(0‘4.‘) L {Vn) : PT;; = E‘l‘il(D‘q() * (I"'az)

. Tntn.l.pnwcr consumed per
fime slot by total appliance

PT, = TIL(DA) % (V)

[ . £5 (o Price in Cents/kW for
different time slot.
CEy= BTy X6y CC; = PT, X G, €C; = PT; X G, CC =PI x € Consumed cost per time slot

" Tolal cost at end of the day

Figure 2. Calculation table for the stated problem statement in equation (1)-(7).

the demand is shared within the limit for all the time slots.
Thus, the demand curve is under control and it will not lead to
a peak demand. The constraint for maximum allowed power
per time slot by all the sum of appliances per house is given in
equation (5).

PA; = L,V(i=12-,M) (4)
PT; < E,¥(j=12,-,N) (5)

The consumption cost at j time slot(C Cj) is given in equation

(6)

(CC]) = (C]) x (PT])'V(] = 1'2""1N) (6)
Therefore, the total cost at the day-end (Z) is given in (7)
Z =3 CG (7)

A detailed calculation table for the stated problem formulation
is given in Fig. 2. These calculations in above table can be used
for implementing any optimization method with similar
problem statements. With the obtained mathematical
formulation from equations (1)-(7), the problem statement is
limited as, “To minimize the consumption cost by finding
optimum values for all decision variables, without violating
the stated constraints”. The same problem statement can be
mathematically represented as shown in equation (8).

min(2) = £j21(6) x (PT;) (8
Subject to:

PA; = L, V(i =12, ,M)

PT; <E,V({=12,-,N)

IV. Application of Two-Phase Simplex Method for
demand response system.

As the problem formulation made in equation (8) is a Binary
Linear Programming Problem (BLPP), it is much better to
solve the problem efficiently via simplex method. simplex
method in general finds the optimum value for a Linear
Programming Problem (LPP) by using the systematical
approach with less computational effect [21]& [22]. However,
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equation (8) has equality and inequality constraints and thus it
may not be solved by a conventional simplex method.
Considering the non-linearity with mixed constraints, here
Two-Phase Simplex Method (TPSM) is used. The utilized
TPSM handles the LPP problem in two phases as phase-I and
phase-II. In Phase-I results pertinent to initial basic feasible
solution is evolved and later, in phase-II the obtained solution
is utilized to obtain an optimal solution. Detailed explanations
with mathematical expressions of TPSM method is discussed
in the following.

A. Two-phase Simplex method(TPSM)
Since TPSM is an extended version of simplex method, the
problem formulation to be made is almost identical to problem
formulation made in equation (8). Hence, standard notation of
the simplex method is used hereafter for simplicity, and further
it is ensured to not affect the original problem statement. The
minimization is converted to maximization with ‘negative’
such that, Max = - (Min).
max z = -(cixj+cax27+... +¢cpXy) O]
Subject to

anxij+apxet...tamx. = b;

azixj+azxzt...taxyx, = bz

AmiX 1+ amex2+ ...t AnnXn < b,
Vxi,...,x,> 0.
The above LPP should be in Standard Form (SF). Hence, the
LPP in equation (9) can be converted into SF by adding slack
variable ‘x;’ for the constraints equation having ‘<’ type.
Same slack variables are added to objective function with a
product of ‘zero’, such that ‘Ox;’ to make sure that the impact
of slack variables is zero with an objective function. Then the
SF of the LPP is given in equation (10).

max 7 = -(cixj+c2x2+0x5i+ ... +CpXy) (10)

Subject to
anxi+apx2+a g Xsq .. tamxn = by
6121X1+6122XZ+a252x52 ...+a2nxn = bz
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AmIX 1+ Am2X2+ Qi Xsi T oo T AmnXn= by VX1, Xgj ..., %0 > 0.
Equation (10) in SF, has the vectors x, b, ¢, and from which
matrix ‘A’ can be introduced as follows.

a;; Qg2 0 Ay
Az3 Az -+ Ay
A= : : : :
An1 Am2 Amn mxn

The authors assume that the slack variables are present in the
vectors x, ¢, and matrix A. Hence, the variables are denoted
as x=col(x;,xz,...xn), b =col(by,by,...,b,), c=col(cj,c3, ...,cn).
Where, ‘x’ is the decision variable of the objective function
and ‘b’ in LHS (Left Hand Side) of equation (10) is the
constraint. The coefficient of the decision variable of the
objective function is ‘c’ and its coefficient matrix of the
constraints equations is A. The condition for the aforesaid
vectors are given as follows: x € R", b € R*( Vb = 0),c €
R™, A = (a;) € R™", x; =0,Vj =12, and Rank A =
m (<n). Some of the basic notation used for TPSM are given
below for understanding the implementation procedure with
actual problem formulation. Let, A = [a",a?, ...,a?, ...,a™]
and a¥ = col(ai;azj, ...,anj), then a¥ is j column of matrix
A. Basic matrix B = [b™), b, ..., b™], where bV, b2, ... b™
are basic columns. The (m X 1) vector xp = B~1b gives m
basic variables xg;, xp2,..., xam. TO find the basic feasible
solution for the basic variable, xz = B'b; the value for
objective function z(xg) is calculated by z(xp) = ckxp.
Where cp is coefficient column of basic variables cp =
COI(CB], CB2y.++s CBiyyeuey CBm).

B. Steps involved in TPSM

1) INITIALIZATION

The initialization process starts with obtaining the constraints.
To obtain basic matrix B, the constraints in equation (10)
should contain M X M identity matrix. However, equation
(10) is a mixed constraint type, and hence there is no
possibility of getting the initial identity matrix. Therefore,
artificial variables are added to the constraint in equation (10)
such that matrix A contains M X M identity matrix to select it
as a basic matrix B [31].

2) TPSM PHASE |

The objective function of phase-I should contain only artificial
variables by keeping all main constraints equations with slack
and artificial variables. The mathematical expression for
phase-I objective function and constraints are given in (11).

max zq = -(Xa1+Xa2t ... tx4) (11)

Subject to
ajxj+apxat...tamx, = by
azixj+azxat... tazxx, = b

AmiX1+Am2X2+ Qe Xs T ... FAmpXn+Xai= b
VX1, Xg ., Xn Xai = 0.
Where:
Zq — 1 the objective function of phase .
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Xxqi — 18 the artificial variables.

TABLE I
SIMPLEX TABLEAU
Xg y(I) y(Z) y(j) y(n)
xp = (B'b); yi yi2 Yij Yin
xp1 = (B'b), Y21 V22 Vi Yon
xp1 = (B'b); il Yi2 Yij Yin
XBm = (Br]b)/n Ymi Ym2 ot Ymj ot Ymn
2(xp) (z1—c1) (z2—c2) (zi—cj) (zn—Cn)

a) First iteration

From equation (11), identify the matrix A, basic matrix B
(identity matrix) and calculate the values V xzy?, z(xs). The
value of y7 in Table I is given by B'a”, V (j=1,2,...,n) and
the scalars (z-c;) is relative cost coefficients (z; — ¢;) =

ngj — Cj. Assimplex tableau is given in Table I with the
calculated values. After filling the simplex tableau, the sign
of relative cost coefficient (z; — ¢;) will help the method to
wisely select the current basic feasible (optimal) solution xg;.
However, the search for existence of a new Xz such
that z(Xg) > z(xg) is also performed. The conditions for
optimal value and existing optimal value are given below.

() If all (zj— ¢j) = 0 then the current x3; is optimal.

(ii) If some (z; — ¢j) < 0 and for that some yij> O then there
exists a new Xg, such that z(¥z) > z(xg). If the second
condition is satisfied, then go for pivoting iteration to obtain
the new Xjg,.

b) Pivoting iteration 1
The new Xg, is obtained by pivoting the simplex tableau such
that, taking one column out of B and entering it by another
column of A which is not already a basic column. The rule for
which column a®of A, should be entered in B and which
column b of B, should be taken out by following the set of
rules as given below [31].

-- Rule 1. Column to enter (pivot a*)

Choose a” which has the most negative value of (z; — c;)
which at least one y;> 0.

Such that,(zx — cx)= n}in{(zj - ¢j) : < 0,and some y;; >

0}.

-- Rule 2. Column to leave the basis (pivot b®)
If the pivoting column is a®, then xp, = min {% DY >
14 ik

o}
After calculating the (zx — ¢;) and xp, values, update the B
matrix. Later using B compute Vg y?, z(xz), and(z — ¢;).

The above pivoting iteration must be continued until the
optimal solution is reached.

3) TPSM PHASE I

In phase I, the optimal solution must be ‘zero’ since the
objective function only has artificial variables. Hence, the
value of ‘xp’at the final iteration of phase-I must be the basic
feasible solution for the first iteration of phase-II of TPSM.
Thus, by keeping the original objective function and final B in
phase-I, compute Vxg;y?, z(xg), and(z; — c;) by following the

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3072683, IEEE Access

IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

same procedure of phase-I. Repeat the procedure until optimal
solution in phase-II is arrived. Now, the resultant solution in
phase-II is the optimal value of the original objective function
given in equation (9). The TPSM can be applied to equation
(8) for getting an optimized scheduling scheme without
violating the formulated constraints. For better understanding,
the flowchart for TPSM applied for home energy management
system is given in Fig.3.

Yes
Equation (9) is in SF? Compute Matrix

Aand B
No

l Compute xp; 37, z(xp), 7,
(z-¢;) with final values of
Commn ) Phase |

2(xn). W, (z-¢)) l

¢—l

Fill Table I

. Optimal
Yes-
No
¢

No Go to

Go to Pivoting Pivoting
iteration 1 iteration 1

Add Artificial
Variables xai

Fill Table I

Compute new
——— xey?, 2(xp), 0,
(zc)

y
Compute new
xpiy", z(xp),
W, (z¢)

Figure 3. Flowchart for TPSM applied home energy management system

V. Simulation result

A) Set formulation for the simulation

To validate the efficiency of TPSM, an exclusive
mathematical equation formulated for residential application
in section 4 is utilized. For simulations, four various load
profiles namely LS1, LS2, LS3 and LS4 are considered and
the mandatory data subset like residential load profile and its
corresponding time schedule are referred from [11]. From the
data subset, it is inferred that 10 home appliances (M=10) and
at 8 various time slots (N=8) are considered. Thus, 3 hours of
continuous operation constitute a slot to obtain (8x3) 24 hours
in a day. Details of various load scenarios with the power
demand of individual home appliances and its time duration
are given in Table II and Table III respectively. According to
the data, the subset A = {A,,A,,:*, A1}, home appliances
corresponding to and the subset T = {Ty, T, -+, Tg} , time slot
are wisely determined. Based on the appliance parameters, the
rated power is calculated and presented in Table II. For
brevity, the subset for ‘D’ in kW of LS1 is alone presented as
follows D = {1.5, 1.5, 1.5, 0.5, 1, 1, 1, 2}. Further, basic
understanding with table III can be inferred as: The assigned
load A1l of LS1 only needs 8 optimal slots in a day whereas
A10 require only 2 slots to complete the task. In other words,
A1 has to turned on for all 24 hours and A10 just requires any
6 hours in 2 slots. According to the problem formulation, all
the scheduled load should achieve 100% task within the given
slots ‘L’. ie., the scheduled load of LS1 D=
{1.5,1.5,1.5,0.5,1,1,1,2} should optimally achieve its

VOLUME XX, 2021

100% task in the time slot L = {8, 8, 3, 3,5,5,6,6,2,2}. Itis
worth to mention here that any excess time consumption will
lead to customer discomfort in terms of peak demand and
excess energy consumption.

Since the dataset has 10 home appliance with 8 time slots
(M =10and N = 8), 80 decision variable are found in set
formulation (Vy=1on=g) . These decisions are crucial to
determine the optimal load scheduling and the problem
statement in equation 8 is expected to return this variable for
its wise operation. The control various via TPSM are expected

TABLE II
DEMANDS FOR APPLIANCES AT DIFFERENT LOAD SCENARIOS (LS1-LS4)
[11]

Appliances LS1 LS2 LS3 LS4
Al 15kW 15kW 15kW 15kW
A2 15kW 15kW 15kW 15kW
A3 15kW  1kW 1kW  05kW
A4 05kW 1kW 05kW 1kW
A5 1 kW 1kW  05kW 15kW
A6 1kW  15kW  1kW 1 kW
A7 1kW  15kW 05kW  1kW
A8 2 kW 1kW  05kW 05kW
A9 1kW 1kW  05kW  1kW
Al0 I5kW  1kW  15kW  05kW

TABLE III

APPLIANCES WORKING DURATION (LS1-LS4) [11]

Appliances (No. of Time slots)
PPUANCEs g™ 152 153 LS4
Al 8 8 8 8
A2 8 8 8 8
A3 3 3 3 2
A4 3 3 3 4
AS 5 4 5 4
A6 5 4 3 2
A7 6 4 4 2
A8 6 4 4 3
A9 2 4 3 2
A10 2 3 5 4

to possess a better trade-off between normal and peak load.
For the given input dataset, the cost in cents are estimated and
it is presented in Table IV. Similarly, the total power required
at the day end for different LS is also calculated and tabulated
in Table V.

B) Results and discussion

The data set available in Tables I-IV are utlized to calculate
the datas of table shown in Fig. 2. Further, TPSM is applied to
get an optimized scheduling scheme for all four LS. The
resultant scheduling scheme obtained by TPSM is given in
Table VI. Note that Table VI only possess only a binary value
according as given in equation (1) to indicate the load turn on
and off during the time slot. From the resultant scheduling
scheme, it is possible to calculate/analyze different parameters
like task completion, total cost, response time and peak
demand. For comprehensive comparison, all the aforesaid
parameters are compared with popular methods available in
literature like DijCosMin Algorithm (PRDSol), Low
Complexity Algorithm (LCSol), Sub-optimal solution
(SOPSol), Optimum Solution (OPTSol), and Particle Swarm
Optimization (PSO).
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TABLE IV
COST AT DIFFERENT TIME SLOT (LS1 LS4) [11]
Price in Cents/kW
Time Slot | LS1 LS2 LS3 LS4
Tl 4 8 5 4
T2 5 3 3 9
T3 6 9 7 5
T4 7 4 9 8
TS 6 6 8 6
T6 8 5 4 7
T7 2 7 4 4
T8 5 6 6 6
TABLE V
TOTAL POWER REQUIRED TO COMPLETE 100 % (LS1-LS4)
Appliance Total power (kW)
LS1 LS2 1S3 LS4
Al 12 12 12 12
A2 12 12 12 12
A3 4.5 3 3 1
A4 1.5 3 1.5 4
A5 5 4 2.5 6
A6 5 6 3 2
A7 6 6 2 2
A8 12 4 2 1.5
A9 2 4 1.5 2
Al0 3 3 7.5 2
ng‘l;:;‘:ff for 63 57 47 44.5
TABLE VI

SCHEDULING SCHEME BY TPSM FOR ALL FOUR LS.

OPTsol, PRDsol and PSO are also considered and its data is
presented in Table VII. It is worth mentioning here that the
suitability of any of the methods is preferred only based on
100% task completion. From Table VII, it can be seen TPSM
has achieved 100% task completion for LS1, LS2, LS3 and
LS4 with a total power consumption 63KW, 57TKW and
44 .5KW respectively. Detailed discussion pertinent to Table
VI is given in the following.

i. For LS1, except TPSM, all the methods has scheduled only
62KW as total power which is a notable conclusion in
regard to the methods failing to attain 100% task
completion.

ii. For LS2, TPSM has wisely allocated the load to make the

home appliances to consume the optimal power of S7TKW.
However, SOPcol has consumed only 55KW while the
remaining methods has consumed 52KW. This again gives
the evidence of methods failing to achieve 100% task
completion.

On contrary to LS1 and LS2, all the methods in comparison
has achieved 100% task completion except PRDsol.

With respect to LS4, the power consumed by LS4 via
TPSM is found 44.5KW whereas, the PSO and SOPcol
methods has found to allocate excess load to produce

iii.

iv.

TPSM Resultant Scheduling TPSM Resultant Scheduling 46KW as power consumption. However. LCSol. OPTSol
scheme for LS1 scheme for LS2 P P : ’ ’
o Time Slot o Time Slot and PRDSol methods has consumed only 44KW to match
P T Tt | PP T T TTTTTT the accuracy of TPSM method.
ance nce . . . . .
12345678 1 2 34567 8 Thus, on overall the mathematical intelligence in TPSM is
Al 111 1 11 1 1 Al 1 1.1 1 1 1 11 . . . .1
A2 11111111 A2 11111111 expepmented in all cases to prove its ability tO. schedule home
A3 |1 100001 0 A3 110000 1 0 appliance as per customer need. For clarity, the power
A4 |1 1 00 00 0 1 Ad 1 100 00 0 1 consumed by appliances via TPSM in each slot pertinent to
AS 1 1100 01 1 A5 11100 01 1 . . . .
a6 1110001 1 AS L1 10001 1 |Various load schedule given in Fig. 4.
A7 1 1101 0 1 1 A7 1 1101 0 1 1
A8 |1 1 1.0 1 0 1 1 A8 11101011 TABLE VII
A9 |1 00000T1 0 A9 10000010 COMPARISON OF TOTAL POWER CONSUMED BY THE DIFFERENT
A10 |O O O O O O 1 1 Al10 00 00 O0O0 1 1 SCHEDULING SCHEME
TPSM Resultant Scheduling TPSM Resultant Scheduling Total power consumed by all appliances at jth
scheme for LS3 scheme for LS4 Time Slot time slot Equation (2) for LS1 in (kW)
Apoli Time Slot Aooli Time Slot TPSM  SOPCol LCSol OPTSol  PRDSol PSO
aEfe‘TTTTTTTT EgelaTTTTTTTT T1 11 5 5 9 5 5
1 2 3 45 6 7 8 1 2 3 4 5 6 7 8 T2 10 6 5 8 12 5
Al 1T 11 1 1 1 1 1 Al 1 1 1 1 1 1 11 T3 8 8 6 6 8 6
A2 1T 11 1 11 1 1 A2 1 1 1 1 1 1 11 T4 3 9 8 5 9 8
A3 1 1.0 00 01 O A3 1 1.0 0 0 0 10 TS 6 8 8 8 6 9
Ad 1 1.0 0 0 0 0 1 Ad 1 1.0 0 0 0 0 1 T6 3 12 9 5 5 9
A5 1 1 1.0 0 0 1 1 A5 1 1. 1.0 0 0 1 1 T7 12 5 9 12 8 12
A6 1 1100 01 1 A6 1 1100 01 1 T8 10 9 12 9 9 8
A7 1 1.1 01 0 1 1 A7 1 1101 0 11 Total Power 63 62 62 62 62 62
A8 |1 110101 1| A8 |1 1 101011 (W) ot day end y .
A9 1000001 0 A9 10000010 Tota! power consurfled by all appll‘ances at jth
A10 |0 00 0 0 0 1 1 Al0 0000001 1 Time Slot time slot Equation (2) for LS2 in (kW)
TPSM SOPCol LCSol OPTSol PRDSol PSO
1) Comparison of Appliances task completion E 131 ; i 141 ; 171
To evaluate the proposed method and its effectiveness, it is T3 3 11 5 2 7 8
necessary to compare the results of proposed method other T4 11 4 6 9 11 2
popular literature works. By utilizing the mathematical %2 i(l) 2 ; g ‘9‘ i
formulations via TPSM scheduling, the actual power 7 3 ] 9 5 5 9
consumed at each time slot is wisely calculated and compared T8 5 8 11 7 6 5
with various algorithms as shown in Table VII. For (W) at domend | 57 55 52 52 52 52

comparison, the results of methods like SOPcol, LCsol,
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Total power consumed by all appliances at jth 2) Cost comparison
Time Slot time slot Equation (2) for LS3 in (kW) As performance analysis, the total consumption cost per day
= TP6SM SO‘;C"I LC:“' OFSFS"' PR'3)5°' Pio by different algorithms is calculated by using equation (7) and
™ 9 3 1 9 9 9 the obtained results are tabulated in Table VIII. For better
T3 3 6 5 5 6 5 understading, the cost corresponding to all the mthods are
T4 3 9 5 3 7 8 plotted in Fig.5. From the analysis, the consumption cost of
?Z g i g g g ‘51 TPSM is found comparatively lower than all other algorithms
T7 9 5 8 7 5 6 except in LS2. In this case, it is notable that cost of OPTSol
T8 5 5 9 6 4 3 and PRDSol is lesser as 272 cents and 287 cents since, the
(W) st dend | 47 47 47 47 46 47 methods has not scheduled 100% task. Therefore, TPSM
Total power consumed by all appliances at jth scheduling scheme is found profitable for the consumer
Time Slot time slot Equation (2) for LS4 in (kW) in (kW) compared to other methods available in comparison.
TPSM SOPCol LCSol OPTSol PRDSol PSO
Tl 8 3 3 5 4 8 TABLE VIII
T2 3 8 4 3 3 7 COST COMPARISON (LS1-LS4)
T3 8 5 5 7 6 2 Cost in Cents
T4 3 7 5 4 8 6 LS TPSM SOPCol LCSol OPTSol PRDSol PSO
T5 8 7 6 6 5 4 LSI 297 360 335 304 328 327
T6 3 6 6 5 5 8 LS2 294 365 308 272 287 318
T7 8 4 7 8 6 6 LS3 231 297 269 242 255 263
. mTf 3.5 6 8 6 7 5 LS4 245 301 267 253 268 287
0l ower
(kW) at day end 44.5 46 44 44 44 46
> LS1
=15
S,
£0.5
= 1
Al A2 A3 A4 A5 A6 A7 A8 A9
Appliance
m Time slot 1 = Time slot 2 = Time slot 3 Time slot 4 m Time slot5 m Time slot 6 m Time slot 7 mTime slot 8
s LS2
g 1
5
£ 0.5
[~
0
Al A2 A3 A4 A5 A6 A7 A8 A9 A10
Avppliance
mTimeslot 1 ®m Timeslot2 m Timeslot3 m Timeslot4 mTime slot5 m Time slot6 m Time slot7 mTime slot 8
1.5 LS3
z .
5
£05
. L nmnumati
0 Al A2 A3 A4 A5 A6 A7 A8 A9 Al0
Appliance
B Timeslot 1 ® Timeslot2®m Timeslot3 ® Timeslot4m Timeslot5 = Time slot6m Time slot 7m Time slot 8
LS4
1.5
g 1
5
£ 0.5
: | | 1] 11
0 Al A2 A3 A4 A5 A6 A7 A8 A9 A10

Appliance
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Figure 4. Appliances scheduling split-up (scheme) by TPSM for LS1-LS4
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3) Response time comparison.

System response time is one of the important factors for HEM.
So the response time of the proposed TPSM is compared with
the existing algorithm and the results are tabulated in Table VI.
The response time of the proposed TPSM is 0.047s, which is
the lowest response time compared to any other algorithms in
comparison. Note that the response time listed in Table IX is
the time taken to find an optimum scheduling scheme by the
algorithm. In practical application, the factors for response
time include communication time, the distance between the
central control system and appliances, the speed of the
internet, ZigBee topology, etc.

360 0= ‘\

340
oy R \
320

H
£ 300

== oS
] Y
Zm —
=
hl
210 — pager4
m
LS1 LS82 LS3 LS4

=& TPSM —e—50FS0l —&—L(CS0] —e—O0PTS0l —&—PRDSol —&—P50

Figure 5. Cost comparison graph
TABLE IX
RESPONSE TIME COMPARISON (LS1-L.S4)

Algorithm | Computational Time (s) for LS1
TPSM 0.047

SOPSol 0.534

LCSol 0.483

PRDSol 8.599

OPTSol 179

PSO 18.58

4) Peak demand and peak-to-average ratio reduction
comparison

To experiment the ability of TPSM in handling peak
demand and reduction in peak to average ratio, the case study
of peak demand is performed by considered only TPSM and
other existing algorithms for LS1. For better clarity, the peak
demand reduction comparison of LS1 pertinent to TPSM ann
other algorithms are shown in Fig. 6. In general, the cost of
electricity is high during peak hours and low during off-peak
hours. Therefore, the peak demand can be reduced by shifting
the load from a high-cost time slot (peak hours) to low cost
time (off-peak hours). To expalin the fact, the In Fig. 5, the
time slots are arranged ascending order to cost. The T6 is the
highest cost time slot and T7 is the lowest cost time slot. From
the figure, it is seen that the load scheduled by TPSM is low at
T6 and it's gradually increasing for consecutive time slots.
Further, the highest demand is scheduled by TPSM is found at
T7. The gradual increase in demand shows the effectiveness
of proposed TPSM in reducing the peak demand and the peak-
to-average ratio. On the other, it is crcial to point that several
other algorithms in comparison are certainly faling to maintain
the peak demand.
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Figure 6. Peak demand reduction comparison for LS1.

VI. Conclusion

This research proposes a new TPSM based demand response
program for residential customers (i) to reduce peak demand,
(ii) to reduce the electricity consumption cost, (iii) to maintain
consumer comfort, and (iv) to reduce the computational time.
Further, detailed system model is experimented to implement
the proposed TPSM in real-time. For experimentations, four
different load scenarios are considered and the demand
response program was found highly successful. The results of
TPSM method has less consumption cost for load LS1, LS3,
and LS4 in comparison with the existing methods. Meanwhile,
only for LS2 the consumption cost by TPSM is negligibly
higher than OPTSol and PRDSol. But then, the task
completion of the methods is not up to 100%. On simulations,
the response time of the proposed TPSM is 0.047 s, which is
the lowest among all other algorithms. Based on exclusive
numerical analysis, the proposed TPSM is highly effective to
handle peak demand with better peak-to-average ratio. Further
more, implementation of proposed TPSM scheme is also
recommended for industrial energy management based on
real-time implementation constraints.

REFERENCES

[1] H. T. Roh and J. W. Lee, “Residential demand response
scheduling with multiclass appliances in the smart grid,” IEEE
Trans. Smart Grid, vol. 7, no. 1, pp. 94—104, 2016.

[2] Y. Zhang, P. Zeng, S. Li, C. Zang, and H. Li, “A novel
multiobjective optimization algorithm for home energy
management system in smart grid,” Math. Probl. Eng., vol.
2015, 2015.

[3] Peter Rowles, “The Difference between Demand Response
and Demand Side Management,” Energy Advantage, 2010.
[Online]. Available:
http://www.energyadvantage.com/blog/2010/02/demand-
response-demand-side-management-what’s-difference/.
[Accessed: 09-Jun-2017].

[4] Y.-S. Son, T. Pulkkinen, K.-D. Moon, and C. Kim, “Home
energy management system based on power line
communication,” IEEE Trans. Consum. Electron., vol. 56, no.
3, pp. 1380-1386, 2010.

[S] A. H. Mohsenian-Rad, V. W. S. Wong, J. Jatskevich, and R.
Schober, “Optimal and autonomous incentive-based energy
consumption scheduling algorithm for smart grid,” Innov.
Smart Grid Technol. Conf. ISGT 2010, pp. 1-6, 2010.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3072683, IEEE Access

IEEE Access

Multidisciplinary § Rapid Review : Open Access Journal

[6] N. Gatsis and G. B. Giannakis, “Cooperative multi-residence
demand response scheduling,” 2011 45th Annu. Conf. Inf. Sci.
Syst. CISS 2011, 2011.

[7]1 I JooandD. Choi, “Optimal Household Appliance Scheduling
Considering Consumer’s Electricity Bill Target,” pp. 19-27,
2017.

[8] O. Elma, A. Tascikaraoglu, A. Tahir Ince, and U. S.
Selamogullar;, “Implementation of a dynamic energy
management system using real time pricing and local
renewable energy generation forecasts,” Energy, vol. 134, pp.
206-220, 2017.

91 F. Y. Melhem, O. Grunder, Z. Hammoudan, and N.
Moubayed, “Optimization and Energy Management in Smart
Home Considering Photovoltaic, Wind, and Battery Storage
System With Integration of Electric Vehicles Optimisation et
Gestion de I’Energie dans une Maison Intelligente en
Considérant le Photovoltaique, I’Eolienn,” Can. J. Electr.
Comput. Eng., vol. 40, no. 2, pp. 128-138, 2017.

[10] N. Javaid ef al., “An Intelligent Load Management System
With Renewable Energy Integration for Smart Homes,” vol. 5,
pp. 13587-13600, 2017.

[11] A. Basit, G. A. S. Sidhu, A. Mahmood, and F. Gao, “Efficient
and Autonomous Energy Management Techniques for the
Future Smart Homes,” IEEE Trans. Smart Grid, vol. PP, no.
2, pp. 1-10, 2015.

[12] A. Nawaz et al., “An Intelligent Integrated Approach for
Efficient Demand Side Management with Forecaster and
Advanced Metering Infrastructure Frameworks in Smart
Grid,” IEEE Access, vol. 8, pp. 132551-132581, 2020.

[13] G. Hafeez et al., “A hybrid approach for energy consumption
forecasting with a new feature engineering and optimization
framework in smart grid,” IEEE Access, vol. 8, no. i, pp.
96210-96226, 2020.

[14] K. Aurangzeb, S. Aslam, S. M. Mohsin, and M. Alhussein, “A
Fair Pricing Mechanism in Smart Grids for Low Energy
Consumption Users,” IEEE Access, vol. 9, pp. 22035-22044,
2021.

[15] F. Alfaverh, M. Denai, and Y. Sun, “Demand Response
Strategy Based on Reinforcement Learning and Fuzzy
Reasoning for Home Energy Management,” IEEE Access, vol.
8, pp. 39310-39321, 2020.

[16] S. Aladdin, S. El-Tantawy, M. M. Fouda, and A. S. Tag Eldien,
“MARLA-SG:  Multi-Agent  Reinforcement  Learning
Algorithm for Efficient Demand Response in Smart Grid,”
IEEE Access, vol. 8, 2020.

[17] A.S. Shah, H. Nasir, M. Fayaz, A. Lajis, 1. Ullah, and A. Shah,
“Dynamic User Preference Parameters Selection and Energy
Consumption Optimization for Smart Homes Using Deep
Extreme Learning Machine and Bat Algorithm,” IEEE Access,
vol. 8, pp. 204744-204762, 2020.

[18] Z. Amjad et al., “Towards Energy Efficient Smart Grids Using
Bio-Inspired Scheduling Techniques,” IEEE Access, vol. 8,
pp. 158947-158960, 2020.

[19] S. A. Chaudhry, H. Alhakami, A. Baz, and F. Al-Turjman,
“Securing Demand Response Management: A Certificate-
Based Access Control in Smart Grid Edge Computing
Infrastructure,” IEEE Access, vol. 8, pp. 101235-101243,
2020.

[20] M. Haseeb, S. A. A. Kazmi, M. M. Malik, S. Ali, S. B. A.
Bukhari, and D. R. Shin, “Multi Objective Based Framework
for Energy Management of Smart Micro-Grid,” IEEE Access,
vol. 8, pp. 220302-220319, 2020.

[21] S. Chandar, Jayadeva, and M. Aparna, “Mathematics of
Simplex Method,” in Numerical Optimization with

VOLUME XX, 2021

Applications, New Delhi: Narosa Publishing House, 2009, pp.
16-37.

[22] M. S. Bazaraa, J. J. Jarvis, and H. D. Sherali, “THE SIMPLEX
METHOD,” in LINEAR PROGRAMMING AND
NETWORK FLOWS, Second Edi., New Delhi: Johm Wiley
& Sons, 2008, pp. 81-141.

A. Singaravelan received  his
M.Tech degree in Power Electronics

= =} and Drives in 2013 from Vellore
G} < Institute of Technology (VIT) -

‘ Vellore, India and Ph.D degree from
\ Vellore Institute of Technology (VIT)

v
®

—Vellore, India in 2019. He is currently

\ working as Senior Assistant Professor
in New Horizon College of Engineering, Bangalore, India.
His areas of interest include Optimization techniques, Smart
grid, Demand-side management, Home energy management,
Demand response, Embedded System.

M.Kowsalya (Senior Member, IEEE)
received B. E degree in the year 1995
and M. Tech degree in the year 1997
from Annamalai University,
Chidambaram, Tamilnadu. She
completed her PhD degree in the year
2011 from Vellore Institute of
Technology, Vellore, Tamilnadu. She is
currently working as Professor in School of Electrical
Engineering, VIT University, Vellore, India. Her fields of
interest are Power system Reconfiguration, Power
electronics and drives, Optimization in Micro Grid, Smart
grid.

J. Prasanth Ram received his B.E.
degree in Electrical and Electronics
Engineering in 2012 from Bannari
Amman Institute of Technology,
Sathyamangalam, India., M.E. degree in
Power Electronics and Drives in 2014
from  Kumaraguru  College  of
Technology, Coimbatore, India and
Ph.D degree from Vellore Institute of Technology (VIT) —
Vellore, India respectively. He is currently working as post-
doctoral researcher at Pohang University of Science and
Technology (POSTECH), South Korea. His areas of interest
include Optimization techniques, PV fault diagnosis, PV
maximum power point tracking, Power Electronics and
Applications of power electronics in renewable energy
systems. J.Prasanth Ram is the recipient of Brain Pool
research fellowship for the year 2020-2024, a fellowship
provided by National Research Foundation of Korea (NRF)
funded by the Ministry of Science and ICT (Grant number -
2020H1D3A1A04079991).

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3072683, IEEE Access

IEEE Access

Multidisciplinary § Rapid Review : Open Access Journal

B. Gunapriya received the Master of
engineering and doctoral degree from
Anna University, India. She has almost
20 years of Teaching and Industry
Experience. Currently, she is working
as an Associate Professor in the
department  of  Electrical and
Electronics engineering at New
Horizon College of Engineering, Bangalore. Her research
interests are in Power electronics, variable frequency drives,
Electric vehicles and intelligent control. She is published 35
Technical papers, 6 patents and two book chapters in
springer lecture series and a book, ‘Intelligent Speed
controllers for Permanent Magnet Brushless DC Motor’
(LAP, 2018). B. Gunapriya is a member of ISTE,
SMISEEE, IAENG and IEEE from 2021. She is a recipient
of Innovative technological research award and dedicated
teaching professional award in 2017.

VOLUME XX, 2021

Young-Jin Kim (Senior Member,
IEEE) received the B.S. and M.S.
degree in Electrical Engineering from
Seoul National University in 2007
and 2010, respectively, and his Ph.D.
8 degree in Electrical Engineering from
- Massachusetts Institute of
Technology in 2015. He worked for
Korea Electric Power Corporation as
a power transmission and distribution system engineer from
2007 to 2011. He was also a visiting scholar at the Catalonia
Institute for Energy Research in 2014, and a postdoctoral
researcher for Center for Energy, Environmental, and
Economic Systems Analysis at the Energy Systems Division
at Argonne National Laboratory from 2015 to 2016. He
joined the faculty of the Pohang University of Science and
Technology (POSTECH), where he is currently an Associate
Professor in the Department of Electrical Engineering. His
research fields of interest include distributed generators,
renewable energy resources, and smart buildings.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



