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Abstract—To combine the PV generation and household
appliances and realize the energy management for the whole
resident, a smart home energy management system (HEMS)
which contributes to both the utility grid in load shifting and the
customers in cutting electricity bill is proposed. A household
appliances network on the base of ZigBee technology is designed
to realize remote control and monitoring as well as electricity
consumption information gathering. In this system, home
appliances are divided into two types based on their operation
feature and a mathematic model of resident energy consumption
is built, dividing the time of a day into 480 time slots. Combined
with varying electricity price in Shanghai as well as the
real-time power supply from the PV system, the optimal
schedule of appliances operation can be figured out taking
situations both with and without a storage battery into
consideration. A simulation is carried out in MATLAB
environment and the result shows a good performance and a
considerable economic benefit in different situations..

Index Terms—Appliances scheduling, distributed PV
generation, electricity consumption information gathering,
home energy management system (HEMS).

. INTRODUCTION

Nowadays the energy industry is facing a series of
problems such as rising demand for electricity, growing
peak-to-valley ratio of energy demand and environment
pollution due to energy generation [1], [2]. To solve these
problems, renewable energy, like distributed photovoltaic
generation, has been proven to be effective. To the grid,
distributed photovoltaic generation can efficiently cut the
peak demand by offering solar power to the customers. To the
customers, the PV generation system can reduce the energy
cost. Besides, installing the PV generation is a good
investment now since the government announced in 2013 an
encouraging policy that customers who install the PV
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generation system will get a subsidy according to the amount
of PV generation and the grid company will buy the excessive
energy from residents at a certain price.

However, related energy management system and control
strategy have not been carried out yet. Customers who install
a household PV generation can only benefit from the PV
output but not the energy management for the household
appliances.

At noon, when it is the peak time and the electric tariff is
high, the output power of the PV generation system is huge
since the solar radiation is strong. By scheduling the
appliances to shift their operation time from the peak period,
such as the noon, to the off-peak period, such as the morning
or the evening, the total energy cost can be reduced. To cut the
household electricity bill, the paper proposes a home energy
management system which can collect the electric
information and shift the operation time of the appliances.

Il. HOME ENERGY MANAGEMENT SYSTEM WITH A
DISTRIBUTED PV GENERATION

Smart home is a newly-developing appliances energy
management  platform  combined  with network
communication, electric information of appliances, and
devices automation. It contains system, structure, service and
management to ensure the efficiency, comfort, safety and
convenience of the home environment [3]. Based on a home
communication network, the system can collect the operating
condition and electric information of the appliances, which
makes it convenient and intelligent to monitor and control the
appliances in long distance [4]. On this platform, we can take
a further research of household energy consumption model
and find the optimal plan or schedule of using appliances.
Smart home energy management system can also control the
appliances according to the optimal schedule automatically to
minimize the electricity bill.

A. The Structure of Smart Home Energy Management
System with a PV Generation

A smart home with a distributed PV generation system
consists of a solar PV panel, an energy storage system, an
inverter, electricity meters, both sing directional and
bi-directional, home communication network and appliances.
References [5]-[7] present the main technologies of
micro-grid. Fig. 1 shows a structure of the smart home energy
management.

The solar PV panel generates DC energy, which is
connected to the storage battery through a DC-DC converter
with MPPT function. If the PV output is sufficient and the
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battery power is insufficient, the battery will be charged by
the PV output. On the contrary, if the PV output is insufficient
and the battery power is sufficient, the battery will supply the
appliances along with the PV generation [8]. The inverter
output is precisely 220V and 50Hz and the amount of PV
generation can be measured by a smart meter to calculate the
subsidy. The grid is connected to the house through a
bidirectional meter to measure energy trading between the
grid and the resident in both directions. Both the grid and the
PV generation offer power supply to the appliances.

The communication network within the house can be used
to collect the real-time electric information of each appliance,
including operating time and rated power. Technology of
ZigBee becomes a mainstream when it comes to smart home
communication network because the high capacity and
convenience to be installed and expanded. In this system,
every single appliance is connected to a module which can
collect and send the electric information of the appliance to
the central PC with a RF function. Meanwhile, the module can
realize the remote controlling and energy management to
every appliance. The PV generation system can also be
considered as an appliance so we can get the PV output using
the module and all this information is used to calculate the
optimal schedule of appliances operation.

MPPT Module

I

Fig. 1. Structure of smart home energy management.

In this paper, we propose a home energy management
system based on ZigBee technology to connect all the
appliances into a communication network. Within the ZigBee
network, every appliance is a nod point and the central PC is a
coordinate point. Nod points will collect electric information
and send it to the coordinate point through ZigBee
transmission and the coordinate point will send the
information to the central PC, which will analyze the electric
information, the PV output and the tariff to obtain the optimal
schedule of using appliances. According to the schedule, the
coordinate point will send control signal to every nod point,
scheduling every appliance to operate in a set period [9], [10].

B. Hardware Design of Home Energy Management
System

Fig. 2 shows the hardware circuit for communication
network that consists of coordinate point and nod points.

A high accuracy electric energy measurement chip
ADE7755 is the core of electric energy metering module and
a CC2530 manufactured by Tl company with a high
performance RF transceiver is the core of wireless
communication module. With the combination of these two
modules the electric information can be collected and sent to

the central PC.

The plug is connected to the energy measurement module
through a relay with an photo-coupling isolation and the
output of the measurement module offers power supply to the
appliance. The electric information obtained by the
measurement module is displayed on the screen of 1602LCD.
Meanwhile, ADE7755 is connected to CC2530 nod point
through serial port to transfer electric information, which will
then be transferred to CC2530 coordinate point through
ZigBee. CC2530 coordinate point is connected to the central
PC through serial port to transfer the electric information so
the central PC can obtain all the information for appliances
scheduling. After calculation for the optimal schedule is
finished, the control signal will be transferred reversely
through the network channel described above to turn on or
turn off the appliances by controlling the relays. Fig. 3 shows
the system diagram.
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C. Software Design of Central Controller

The software system is built in the environment of VISUAL
STUDIO C++ MFC, including functions of information
display, long distance control, energy efficiency analysis and
energy management. Fig. 4 shows the software interface.
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Fig. 4. Software interface.
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I1l. MATHEMATIC MODEL OF HOUSEHOLD ELECTRICITY

CONSUMPTION

The smart home energy management system makes it
possible to figure out the optimal appliances’ operation
schedule by building a mathematic model for household
energy consumption. To convert continuous issue into
discrete, we need to divide 24 hours of a day into several time
zones with the same duration and the precision can be
promised as long as the resolution is high enough. We have
therefore introduced the concept of time slot, which
represents a small period of time. Mark the time slots from 1
to H and every slot lasts T. We have TH = 24h. t represents
the tth time slot, namely [(t—1)T,tT]. When H is set large

enough, it makes the duration of [(t—1)T,tT] very short and

we can suppose that within a time slot electric information and
operating feature of every appliance stay unchanged. With the
PV output data and the electric information of appliances, a
mathematic model of home energy management can be built.

A. Prediction of PV Output

PV output is necessary for home energy management. We
can get the predictive data of the next day based on the data
and the type of weather of the previous day as well as the type
of weather of the next day using the BP neural network

predictive model [11]. We use P, (t) to represent the PV
output in time slot t of the previous day and B, (t) to

represent the data of the next day. Similarly, 8, and &,

represent respectively the type of weather of the previous day
and the next day, where a =1, 2,3 means sunny, cloudy and

rainy. We can get P., (t) with Poy (t), 8, aswellas o, and

then replace P, (t) and a_a with the data of the next day.

B. Classification of Household Appliances

In general, appliances can be categorized into two types,
deferrable and non-deferrable, depending on their operation
features. For example, cookers, TVs should be activated in a
certain time and are non-deferrable because their operating
time can’t be deferred in order to ensure the comfort of the
user. Others, such as washing machines and water heater, are
deferrable since the delay of their operation won’t cause any
inconvenience. This kind of appliances is flexible and can be
shifted to valley period to reduce the tariff.

We consider the situation of a house with a set of P,

devices and the number is N, including a set of deferrable
devices and a set of non-deferrable devices. i is the ID of the
appliances, i=12,---,N , and P (i) refers to the i th
appliance. To non-deferrable appliances, their rated power,
time to be activated and the duration of operation are all
determined by the feature of their operation. To deferrable
appliances, their rated power, possible time region for
operation and the duration of operation are already
determined by their feature, while the time to be activated is
undetermined yet. The precise start time of the set of
deferrable appliances determines the total electricity bill so
the task of home energy management is to find the optimal
scheduling for start time of every deferrable appliance.
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C. Mathematic Model of Home Energy Management

Mathematic model of home energy management is on the
base of real-time power balance. The total energy demand for
the appliances is satisfied by the sum of the PV output, the
storage battery output and the utility grid supply. The
real-time power balance can be expressed as:

Po (1) + R, (1) + P, (t):ZN:Pu(i,t) (1)

N
where Py(t) , Py () . R () , ZPLt(i,t) refers
i=1

respectively to the grid supply, the PV output, the storage
battery output and the total household electrical power
demand for all its appliances in time slot t and they are all
quantified in W.

Use price(t) to represent the tariff in time slot t and the

minimum electricity bill can be expressed as:

H
min z price(t)Py (t)T

t=1

H N
=T min Y price(t)-() P () - By ()~ Py (1) @
t=1 i=1

H N H
=Tmin[)_ price(t)s(Y_ R (i,t) - Ry (1) - D price(t)+P,, ()]
t=1 i=1 t=1

Since the PV output and the tariff are already determined,
the second part of the formula is a known quantity. So the total
bill is only determined by the scheduling of appliances and the
strategy of charging the storage battery.

We assume a house with the following appliances and
every detail of the appliances are shown in Table I, including
the duration of operation, the time zone possible to be
activated and the rated power.

When D; >C;, the i th appliance is deferrable and its

operation can be deferred for s;. So the start time is T, +5;
and the terminal time is T; +C; +5;. Intime slot t , the power
of the i th appliance can be expressed as:

P (i) = P(i) Ti+s<t<t+1<T;+C;+s
AT 0 t+1<T o+ or t>T,+C +5,
where P_ (i) is the rated power of the i th appliance.

To simplify the model, we first assume the situation
without a storage battery and (2) is equal to:

N

mini price(t); f ()P (i)

0<s <D -G

©)

st.

1
0

T +8 +1<t<T, +s; +C;
others

where f(t)={
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In consideration of the features of the storage battery, we
can make a charging strategy to pursue the optimal output.
During off-peak period we charge the battery with grid supply
and discharge it during the peak period [12]. Assume that the
depth of discharge is B, namely:

D> R(T=8

t=Ngt

(4)

where [N, Ng,] represents the peak period.
Besides, the battery output has a limitation, namely:

Pb (t) < Pbmax (5)

Ignoring the constant section, the model is equal to:

mini price(t){ }T

N

PRICLAOR:Y0

i=1

(6)

N

D> R =8

=Ny
F’b (t) < F)bmax

()

We assume that when the output of PV is sufficient, the
excessive power will be sold to utility grid company at the
same price as the tariff when resident user absorbs the power
from the grid. In that situation, we have Py <0.

IV. SIMULATION AND ANALYSIS

For electricity tariff, we adopt the varying electricity price
of Shanghai. The peak tariff is 0.617 RMB/kWh and the
off-peak tariff is only 0.307 RMB/kWh. For household
appliances, refer to electric information shown in Table I. For
PV output, we adopt the data given by new energy research
center of Huazhong University of Science and Technology in
[13]. Table 11 shows the PV output data.

Simulation is carried out in the environment of MATLAB
and comparison of 3 different conditions is made, including
optimization with a storage battery, optimization without a
storage battery and non-optimization. Fig. 5 illustrates the
electricity bills for all the conditions. X axis represents the
number of time slot. H =480, T =3min. Y axis represents
the electricity bill.

In Fig. 5, the rising of the curves indicates that the resident
absorbs power from the grid so the bill keeps increasing when
the electricity demand of the house cannot be fully supported
by the PV and the storage battery. On the contrary, the falling
of the curves indicates the output of the PV and the storage
battery is sufficient and the system sells the excessive power
to the grid and earns profit. Curve C represents the bill of a
house with distributed PV generation but without a home
energy management system. For condition C, when the PV
output is inadequate and increasing appliances are activated at

7:30 am, the curve begins to ascend. At 10:00, the solar
radiation is strong enough and the PV output starts to increase
and exceed the electricity demand, the curve begins to
descend. At 17:30, the PV output is almost zero and the
resident electricity demand encounters the evening peak with
the curve ascending again. At the end of the day the hill is
close to 0, showing that the PV generation can satisfy the
basic demand of the household appliances. For condition A,
the curve shows the real-time electricity bill of a house with
the PV generation as well as the home energy management.
The curve shows that the operation of some certain appliances
have been limited during peak period at noon and shifted to
off-peak period in the evening.

TABLE I: INFORMATION OF HOUSEHOLD APPLIANCES
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Duration of  Start Deferrable  Rated Power  Appliances
operation Ci time Ti Range Di Pi/W Ni
1 15 60 480 280 Washing machine
Dish-washing
2 30 0 140 1200 .
machine
3 15 380 30 1500 Water heater
4 260 140 260 55 Water fountain
5 480 0 480 35 Smart house system
6 180 180 180 25 Air humidifier
7 480 0 480 30 Refrigerator
8 10 220 10 750 Cooker 1
9 10 390 10 750 Cooker 2
TABLE II: PV OuTPUT DATA
Time t PV output/W
9:00-10:00 181-200 200
10:00-11:00 201-220 1280
11:00-12:00 221-240 2500
12:00-13:00 241-260 2700
13:00-14:00 261-280 2300
14:00-15:00 281-300 1950
15:00-16:00 301-320 2050
16:00-17:00 321-340 1150
17:00-18:00 341-360 350
RMB2
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Fig. 5. Illustration of electricity bills.

This kind of scheduling can both shave the peak load of the
utility grid and decrease the resident electricity bill. In this
paper, the amount of money saved by the home energy
management is small since we only take a few appliances into
consideration. However, it will be of great significance with
an incentive varying electricity price policy which is very
likely to be carried out to encourage the social public to
conserve energy and reduce emission in the future. For
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condition B, the curve shows the real-time electricity bill of a
house with the PV generation and a storage battery as well as
the home energy management. Analysis shows that a storage
battery, which costs a lot, can bring a great profit on the other
hand. Therefore residential users should decide whether to
install a storage battery or not according to their individual
situation.
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