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Abstract: A home energy management system (HEMS) plays a vital role in realizing the efficient and versatile con-
trol of consuming power among home appliances (HAs) in smart homes. In this paper, we present a system model
of smart homes, which consists of smart meters (SMs), HAs, and HEMS. We also analyze the function of HEMS in
computing the power assignment of HAs based on the appliance priority. Simulation results reveal that the stability
criteria of HEMS can be guaranteed even though the existing of limited power supply and time delay.

1. Introduction

A home energy management system (HEMS) plays a vital role
in realizing the efficient and versatile control of consuming power
among home appliances (HAs) in smart homes. Smart home is
an integration of home automation equipment, home securities,
home communication and other attractive features based on ad-
vanced technologies, such as combined automation, combined
networks and communication technologies [1], [2]. Smart home
is a concept that assists control of numerous different systems in
a household (e.g. air conditioning, heating, security, and light-
ing) is acknowledged under the term smart home [3]. The ob-
jective of moving towards to the smart home is enhancing safe,
energy efficiency, comfortable, economical and environment-
friendly unique life style for each individual. In this way, we
have to face the worst situation of energy shortage due to increas-
ing number of consumer electronics and their attractive functions
according to the development of smart home [4]. The reliability,
efficiency and stability of the smart home is expected to be signif-
icantly improved via home energy management system (HEMS)
and smart meter (SM) is the most essential part of the energy
system [5]. The high power required by HAs (like white goods,
audio/video devices, communication equipment and air condi-
tioning systems), makes our homes one of the most critical areas
for the impact of power consumption.The future home should be
smart enough to maintain its stability all the times. So, we need
to introduce a HEMS model that plays a vital role in obtaining
reduction in maximum consuming power by the HAs. HEMS
is a complete system that includes all the important elements to
achieve reduction of power consumption [6]. A HEMS is a net-
worked system which is responsible for monitoring and managing
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the working operation of in-home appliances, according to the
specific set of criteria. The introduction and availability of SM
technologies have introduced a paradigm shift in the analysis of
power system. The real time management of instantaneous con-
suming power of the HAs through SM is a key factor of HEMS.
SMs are gradually adopted due to multiple benefits like the ex-
traction of useful information from SM readings can lead to in-
telligent decision making in power consumption analysis [7]. as
more and more HAs and consumer electronics are used, the over-
all power consumption in smart houses (1) inclines to grow and
(2) leads an increase in the risk of power blackout. This is the
reason that to reduce the power consumption at home, we need
a check and balance system for instantaneous consuming power
of HAs. In order to reduce maximum consuming power, it is first
important to know how power is consumed. Therefore, power
consumption monitoring is needed. The real time monitoring of
instantaneous consuming power of the HAs can be successfully
achieved by SM [8]. Secondly, it is necessary to manage and
control the HAs to apply power reduction strategies.

In our proposed scenario of smart home energy management
system the HAs considered to have different priority levels. The
higher priority HAs can take more power as compare to the lower
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priority HAs from the available power. Though the ON/OFF sta-
tus of the HAs, we need to reassign a part of consuming power
from lower priority HAs to the Higher priority HAs. In this pa-
per, we study the power assignment scheme for the HAs based
on their priorities so that the total power is shared. In overall
scenario, the use of SMs will help us in measuring instantaneous
consuming power levels of the HAs and send this information to
HEMS. HEMS receives the ON/OFF status from the HAs and in-
stantaneous consuming power levels from SMs, along with prior-
ity calculates the target power level for each HA. It is shown that
the dynamics of the behavior of HAs with change in value of sys-
tem parameters introduce critical system events like overshoot.
Simulation results are discussed for the better understanding of
how proposed HEMS model for smart home work with priority.

The rest of this paper is organized as follows. Research back-
ground and motivation that are related to this paper summarized
in Section 2. In Section 3 and 4, we described the system model-
ing and simulation results respectively. Finally, we conclude our
research and future works in Section 5.

2. Research Background and Motivation

2.1 Research Background
2.1.1 Home Energy Management System (HEMS)

As stated in [9], HEMS consists of a group of functions that
facilitate remote monitoring, controlling, planning and repairing
of operations and provide information on the status of installed
devices and the network. In particular, the HEMS have following
four functions:

Auto configuration : Auto-configuration is the most important
function for user of home network services because many homes
have a wrong configuration.

Easy monitoring : Comfort and easy access to real-time informa-
tion in energy consumption help the user in paying attention to
energy saving.

Remote controlling : On-line access to a customer’s usage pattern
and device status enables HAs to be controlled remotely.

Smart planning : automatic peak load management provides
smart planning for reducing energy consumption.

2.1.2 Smart Meter (SM)

SM has following functionalities to help owner in following
ways:
1) Outage Management
2) Automatic meter reading
3) Pre-payment
4) Active load control
5) Sub metering
6) Revenue Protection

SM is a subject that attracts much more attention. Smart meter-
ing is obtaining many benefits in a lot of aspects. Many benefits
are available, especially on improving the energy efficiency. The
smart metering is the combination of power system, telecommu-
nication and several technologies. SM has countless benefits like
it can enhance reliability, remotely read interval meeting, with
the meter capable of daily reads, quality of supply and outage
detection to improve consumer supply services, ability to control
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connection and disconnection remotely and apply supply capacity
limits to manage emergency situations and quicker restoration. In
future electricity distribution grids, SM would play an important
role in monitoring the performance and the energy usage charac-
teristics of the load. Collection of energy consumption data from
all consumers on a regular basis allows managing electricity de-
mand more efficiently and also to advise the consumers about the
cost efficient ways to use their HAs. In addition, integration of
SMs helps utility companies in detecting unauthorized consump-
tion and electricity theft in view of improving the distribution ef-
ficiency and power quality [10].

2.2 Research Motivation

The need for electricity has been growing rapidly in recent
years as a result of addition of HAs at home to make life comfort-
able for the user. These technological advances allow the shortage
of electricity. Additionally, the electricity consumed varies signif-
icantly over time. The future smart home is a self-motivated home
with continual real-time communication between HAs, HEMS
and SM. Embedding intelligence in the form of home energy
management system in smart homes to meet the challenges of
improved reliability, security, efficiency and system dynamics is
a challenging task. Electricity is the basic need for daily life and
its failure will probably paralyze the individual home to the whole
city depending on the scale of the failure. The severe accidents
by large scale failure have been recognized and many efforts have
been done for preventing such a failure [11], [12], and [13]. On
the other hand, when total power consumption of the HAs cross
the power supply limit is also a critical problem, but no research
study has been done to control this situation. It causes mental
stress for the home users and also damages to the HAs. HEMS
often encounter unexpectedly high energy consumed level due to
various reasons. The HEMS need to be continuously balance the
energy available for HEMS and the consumed energy for reli-
able energy delivery across the HAs. As the consumed energy
increased, the available energy limit for HEMS also decreased,
which makes the HEMS susceptible to outage [14].

For controlling and managing the HAs, a number of HEMS
were proposed and developed [15]-[16]. The previous HEMS
monitors and controls the home devices, and display home en-
ergy consumption information. HEMS in [17], is explained in
detail with its overall goals that must be fulfill by HEMS and also
provide guidelines for the system development to reduce power
consumption at home efficiently. In general, priority of the HAs
is also an important study in HEMS [18], but transient behavior
issues for detailed analysis are neglected in many papers. To con-
trol and maintain stability the detailed behavior analysis is very
important. So, we try to consider priority issue in our system.
Communication delay and communication interval between SM
and HEMS are also key factors in system stability and perfor-
mance criteria that we should consider as well.

3. System Model

Main breaker of the house is the breaker that the feeder wire
connects to. Main breaker is designed to trip if the amperage rat-
ing exceeds the value labeled on the breaker. Main breaker is fur-
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ther divided into sub-breakers. Sub-breakers are used to extend
a feed for multiple branch circuits in whole area of house. From
there, the sub breaker connects to outlets, lighting and other loads
via individual circuit breakers.

Main Breaker

[ ‘ Sub-Breaker;

‘ Sub-Breaker;
T

|

‘ Sub-Breaker,

Access Point

Home
Energy
Management
Dy (1) System
(HEMS)

—— Electric link
HA = home appliance -—--> Communication link

SM = smart meter

Fig. 2 System overview considered in this paper.

The aim of the proposed system is to study the power assign-
ment scheme for smart home energy management system based
on HA. The total power available for HAs is shared based on
HA’s priority level defined by the home user. The proposed sys-
tem model consists of HAs, SMs and HEMS. An example is il-
lustrated in Fig.2. We assume that each instantaneous consuming
power D;(7) of HA is modeled by the first order state equation,

Di(t) = —a; - Di(t) + a; - F; (D

where parameter a; decides the response speed, and F; decides
the steady state response (we will call it “target power level”). It
is clear that if we assume

D;(0) = Dini;» @

D;(t) will be given as

Di(t) = (Djnir, — F) - € " + F; €))

The use of SMs will help us in measuring the instantaneous
consuming power levels of HAs called D;(¢) and send this in-
formation to HEMS. Then the functions of HEMS are to collect
ON/OFF status information from each HA and instantaneous con-
suming power level D;(¢) from SM. After collecting information,
along with HA priority, HEMS computes a target power level for
each HA, F;. Upon receiving a message from HEMS, each HA
behave according to the target power level. We additionally con-
sider that a delay 7[s] is the total time of the sending information
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from the SM to the HEMS, the processing time at HEMS, and the
sending information from the HEMS to the corresponding HA.

3.1 Priority

The center notion of our proposed model is a priority. We use
priorities to share available power among HAs. As some HAs
are more important than the other HAs at home, according to this
importance criteria we give priorities to the HAs. At first, all
important HAs are given high priorities and system will choose
the higher priority HAs first to give power as compare to lower
priority ones.

3.2 Appliance Type

In our proposed Scheme, we consider two types of HAs (1)
Controllable HAs and (2) Uncontrollable HAs. The HAs which
belong to Uncontrollable type of HAs, can perform the opera-
tion with only one fixed power level. The HA can be turn ON if
the available power level is equal to fixed power level of the HA,
otherwise HA would be turned off. On the contrary, controllable
HAs can perform operation with more than one power levels. If
the available power level for the controllable HA is less than the
minimum consuming power level of the HA, HA would be turned
off.

3.3 Communication interval

As the proposed system works with message exchanges be-
tween HAs, SMs and HEMS. For this purpose, we define an in-
terval T, of consecutive communications between HAs, SMs and
HEMS. In Figure 3, we define two time variables, one is global
time ¢ and other is local time x in each interval.

An interval starting at n7, and ending at (n + 1)7 is called “in-

Timing of SMto
measure consuming

g B
(<=1 power J{ J/
e | T, (n+ 1)1,
Fa = fa ul t
! T
> ;
T T Timing of HA; to

i receive F; from HEMS

S~ DJ(T;) =D}k for
; next interval

B

i D;—’;,-ti_ for

STk DI (T.— 1) used for
i this interval

computing £+ in
the next interval

F"is constant
in n interval

Fig.3 Time variables considered.

terval n” and all variables related to interval n are denoted with
superscript (), such as:

Dgn)(x) — (Dgn) _ F;n)) Lo 4 an) )

init;
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Note that DS:?“ is the initial value D?")(O) of the interval n, and
is the same with the last value Dl(,”fl)(T(,) of the previous interval
n— 1. T, is a designer’s parameter but 7 < 7, is more realis-
tic and should be considered because if T > 7., HEMS needs to
compute another information which would overlap with the other
information. When the communication interval n starts, each HA
receives the information of target power level F E") from HEMS,
and the last value DE'H)(T(.) is used as DEZ?:, for this interval. Tar-
get power level F ;") would remain constant during this interval.

3.4 Priority Based Power Sharing (PBPS) Scheme

For our proposed system, we have some assumptions, for ex-
ample, we have m total no. of HAs and each HA has its given
priority level (Pri;) defined by the home user, maximum consum-
ing power level (D) and HA response speed (a;). We assume
that all these parameters are positive. The initial values for D;(0)
and F; are assumed zero and remaining power R = P, where P is
the total power available for all HAs.

As HEMS is responsible for calculating the target power level
F; for the HAs based on their priorities. For this purpose HEMS
will compute calculated priority (C,;,) based on ON/OFF status
of the HAs and normalized priority (x;) for re-assigning remain-
ing power to the HAs. The target power level for each HA can be
calculated as:

F;zew — { Dimax’ ifR- X; + F?ld = Dimax (5)

ld : ld
R~xi+Fi”, lfR'X,'-i-F? < Dipax

The given Eq. (5) work with normalized priority, HEMS re-
assigns the remaining power to the HAs according to normalized
priority. Where remaining power R can be calculated as,

R:P—ZF,» ©6)

The normalized priority for each HA can be calculated as:

Cr (7
Xi =
x Cp"l}
The calculated priority can be calculated as:
C. _ 0, if F; = Djmax OR HA is OFF ®)
P Pri;, if F; < Djmae AND HA is ON

If the > Cpy, = 0, shows that all the HA; are OFF or al-
ready reached to its maximum consuming power level. If the
>, Cpyi; > 0, shows that the calculation of target power level con-
tinue calculation. The processing time at HEMS is the calcula-
tion time for Eq. (5), (6), (7) and (8). For each communication
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interval, HEMS calculates the priority of the HA and re-assign re-
maining power to the HAs. The simulation results shows clearly,
the power assignment criteria of HEMS for each HAs.

4. Simulation Results and Discussions

When the total power consumption of HAs is more than the
power supply limit, the situation is considered as a critical issue
in the system design. In our proposed system, each HA has max-
imum consuming power level (D), response speed (a;) and
priority (Pri;), the remaining power is fed back to each HA that
still need to reach its maximum consuming power level. As the
first experiment, we will investigate the basic criteria of power
sharing based on the HA priority.

In home we have many HAs, for the simplicity, we will con-
sider only three kitchen appliances. All three HAs are attached
with SMs. The first attached HA is kitchen fan with Dy,,,, = 5A,
the second HA; is refrigerator with D,,,,, = 8A and third HAj is
the rice cooker with D3, = 10A. The total power available for
the HAs is P = 20A. At first, we consider the case when all
three HAs are turned ON at the same time with system parameter
a; = 2,a; = 5,a3 = 8,(i = 1,2,3) for each HA respectively.
We further assume that HA, and HA3 are uncontrollable HAs
whether HA| is a controllable HA.

(=]
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=
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o
=

wn

Power consumption of HAs (A)

=T e s IO = TN ¥ N o O L N T Y e (N O = B Ty L =
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Fig. 4 Power consumption behavior of three HA; with priorities Pri; = 2

for HA,, Pri = 8 for HA, and Pri; = 10 for HAj3.

From the Fig. 4, we can observe that by giving high prior-
ity to uncontrollable HAs i.e. HA; and HA3, these HAs can take
more power from the total power available. The reason is that
HEMS calculates the normalized priority based on the given pri-
ority levels. The assigned power from HEMS is enough for the
uncontrollable HAs to reach their D,,,,. If HEMS have remaining
power, it is re-assigned to the HAs that still need to reach D,,-

Next, we consider the case when all three HAs are turned ON
at different time with same system parameter values a;, Dijyqx
and pri; which we discuss in Fig.5. As we turn ON HAj3 later
with high priority, high response speed and maximum consum-
ing power level, the HA; starts decreasing its power to give more
power to the high priority HA. The speed of increasing power
is very high than the speed of decreasing power, overshoot occur
(see Fig.5).
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Fig. 5 Power consumption behavior of three HAs with different turn ON
time 7 = 0 for HA{, r = 2 for HA; and t = 4 for HA3.

At last, we consider the case when all three HAs have same re-
sponse speed a; = 5. We noticed that the overshoot did not hap-
pen. The reason is that the speed of increasing the power level
is the same for the HAs with the speed of decreasing. All other
parameters are same with the Fig. 5.

25
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Fig. 6 Power consumption behavior of three HAs with different turn ON
time ¢ = 0 for HA, t = 2 for HA; and t = 4 for HA3 and a; = 5.

As we can see from the simulations, the total power available
for HAs is shared among the HAs based on their priorities. We
also notice that if the time constant for each HAs is the same,
we can keep the maximum consuming power limit. However, if
the time constant for each HA is different, we cannot keep the
maximum power limit because the high priority HA has high in-
creasing speed than the lower priority HA.

We also consider some general cases for the better understand-
ing of system parameter (see Fig. 7 and 8)

From Fig. 7, we can observe the effect of system parameter
a;. The maximum consuming power level and priorities for three
HAs are same as D;,,,, = 8 and Pri; = 5. As all HAs have same
priority level, HEMS assign the power to all HAs equally, it de-
pends on the maximum consuming power level of the HAs that
which are going to satisfy or not.

In Fig. 8, all HAs have different priority level Prij = 2,
Pri, = 8 and Pri; = 15 respectively. All HAs have different
response speed a; = 1, a; = 5 and a3 = 10. So, HEMS will
assign the power to the HAs according to its priority level. The
third HA has the highest value of a, so the increasing speed of
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Fig. 7 Power consumption behavior of three HAs with same turn ON time
anda; = 1,a, = 5and a3 = 10.
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Fig. 8 Power consumption behavior of three HAs with same turn ON time
and same D, = 8.

this HA is more fast than other HAs. Depending on each HA pri-
ority, more power is assigned to the HA3, the HA; has the second
highest priority so second highest part is given to HA;, and the
last remainder of power according to the HA; priority is given to
lowest priority HA.

5. Conclusion

The efficiency, reliability and stability of the smart home is
expected to be significantly improved via home energy manage-
ment system (HEMS), and smart metr (SM) is the most essential
part of the energy management system used to connect individ-
ual home appliance (HA) to the energy system of smart home.
The introduction of SM has brought a paradigm shift in the anal-
ysis of power consumption of HAs in smart home. In this paper,
we study the effect of SM that provides access to power supply
and demand. The main objective of this paper is to study the
power assignment among the HAs based on priorities. To reach
above objective, the analyzed the proposed system design in sim-
ulation environment. The simulation results showed the depen-
dency of system parameter a; (appliance response speed), Dimqx
(maximum consuming power level) and Pri; (appliance priority).
We also conduct experiments to show the effect of turn on timing
to the system behavior results in overshoot. For our future work,
we will try to propose the controlling algorithm for overshoot.
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