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AbstractWith the development of smart grid, 

residents have the opportunity to schedule their 
household appliances (HA) for the purpose of reducing 
electricity expenses and alleviating the pressure of the 
smart grid. In this paper, we introduce the structure of 
home energy management system (EMS) and then 
propose a power optimization strategy based on 
household load model and electric vehicle (EV) model 
for home power usage. In this strategy, the electric 
vehicles are charged when the price is low, and 
otherwise, are discharged. By adopting this combined 
system model under the time-of-use electricity price 
(TOUP), the proposed scheduling strategy would 
effectively minimize the electricity cost and reduce the 
pressure of the smart grid at the same time. Finally, 
simulation experiments are carried out to show the 
feasibility of the proposed strategy. The results show 
that crossover genetic particle swarm optimization 
algorithm has better convergence properties than 
traditional particle swarm algorithm and better 
adaptability than genetic algorithm. 

 
 

Index TermsEMS, smart grid, scheduling space, 
state of charge, time-of-use electricity price, 
vehicle-to-grid technology (V2G) technology. 

1. Introduction 
With the development of power grid technology, 

residential demands for high-quality and reliable electrical 
energy increase day by day. The smart grid has undergone 
significant innovation in respect of demand response[1]. The 
demand response refers to the users’ behavior of the normal 
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electricity consumption according to market information, so 
as to promote the stability and reliability of the electricity 
market. The smart grid is equipped with new technologies 
in communication and advanced metering equipment, 
which can reduce energy consumption[2]-[5]. The emergence 
of the smart grid allows the residents to schedule HA 
reasonably, according to the market price, to reduce 
electricity consumption. In the face of growing 
environmental and energy issues, the electric vehicle (EV) 
has been widely concerned. It is considered to be an 
effective strategy to solve the problems about vehicle 
emissions and oil shortage. At present, there are a lot of 
electric vehicles in the market, including pure electric and 
hybrid vehicles. By their nature, electric vehicles will 
become the next major traffic tools. Due to the rapid 
development of the electric vehicle technology, an electric 
car has become an important member of the household 
appliances (HA). Power consumption can be greatly 
reduced with the electric vehicles involved in the 
scheduling of HA. Currently, vehicle-to-grid technology 
(V2G) technology in energy management system (EMS) 
plays an important role in grid stabilizing, load shifting, and 
energy consumption saving[6]. The main principle of V2G 
technology is to use a large number of energy storage 
devices of the electric vehicles as a buffer between the 
smart grid and renewable energies to ensure the stability of 
the grid and restrain the voltage deviation caused by the 
reverse power flow[7],[8]. Residents can reduce their 
electricity costs by scheduling the pattern of their home 
electricity usage, based on the real-time electricity price 
(RTEP) or time-of-use electricity price (TOUP). Power 
operations of China are still in the stage of demand-side 
management (DSM), and RTEP strategy has not been 
popular yet. There are two main sections of DSM: One is 
TOUP, and the other is load control. Based on this idea, 
some scheduling schemes for household electrical 
equipment have been proposed. With this approach, there is 
a shift of peak load, but the peak load itself is not 
significantly reduced. In [9], the authors found the optimal 
start time of the appliances in a system with multiple users, 
under the assumption that all the appliances’ energy 
consumption was known. In [10], the authors proposed an 
optimal and automatic residential energy consumption 
scheduling framework which attempted to achieve a desired 

Power Optimization Strategy Considering Electric 
Vehicle in Home Energy Management System 

Yu-Xiao Huang, Feng Yang, Yang Luo, and Cheng-Long Xia 



HUANG et al.: Power Optimization Strategy Considering Electric Vehicle in Home Energy Management System 

 

235

trade-off between minimizing the electricity payment and 
the waiting time for the operation of every appliance in 
household in presence of a real-time pricing tariff combined 
with inclining block rates. In [11], the authors proposed a 
distributed framework for the demand response based on 
cost minimization, they solved the problem with an 
approximately greedy iterative algorithm that can be 
employed by every user to schedule appliances, but the 
article did not consider the case of the repeated usage of the 
electrical appliances. In [12], the authors scheduled the 
loads for both interruptible and non-interruptible appliances 
to reduce the electricity cost. However, peak demands from 
the users may emerge when the electricity price is low. In 
[13], the authors used the genetic algorithm to solve a 
multi-objective model to minimize the electricity bill and 
the end-users’ dissatisfaction, but they did not consider the 
participation of EV. 

In this paper, we introduce EMS network structure, and 
then propose a method combining reasonable load dispatch 
of family with the electric vehicle technology to achieve the 
best electricity consumption. Finally, the simulation results 
show the efficiency and feasibility of this method in EMS. 
The algorithm proposed in this paper reflects its superiority 
in the following areas: 

Complete the structure of AMI which ensures 
equipment scheduling and information exchange. 

Perfect home the electrical equipment model with 
TOUP and take the case into account for the reuse of HA. 

Introduce the V2G concept and apply it to EV model 
with autonomous V2G mode. 

Enhance the convergence and global search 
capabilities with the crossover genetic particle swarm 
optimization algorithm. 

 
Fig. 1. Architecture of IPS in the home. 

2. Structure of EMS 
The load optimization and the scheduling to reduce 

electricity consumption needs a complete intelligent power 
system (IPS) of family. IPS is a system for residential users, 
based on the smart EMS, supported by advanced metering 
infrastructure (AMI), intelligent acquisition and intelligent 

interaction techniques and so on. The entire architecture of 
IPS with the help of wireless home area network (HAN) is 
shown in Fig. 1. 

In this paper, the HAN is based on some smart devices, 
such as smart meters, smart appliances, home intelligent 
interactive terminals and so on, which can enable the 
distributed energies and electric vehicles to be accessed[14]. 
The AMI is a key factor in the smart grid, which is treated 
as a central nervous system of EMS architecture. It is the 
architecture for automated and two-way communication 
between the smart meter and the utility company[15]. In 
addition to the function of the traditional electricity meter, 
the smart meter can also implement other functions, such as 
two-way measurement, two-way communications, and user 
load control. The smart meter is usually installed outside 
residential homes between AMI and EMS. 

In this paper, the whole HA is divided into two parts: 
the controllable equipments and the uncontrollable 
equipments. The uncontrollable appliances refer to basic 
loads, for example, an electric lamp. They do not 
participate in the scheduling process when left unchanged. 
The controllable equipment is usually categorized as 
interruptible and non-interruptible[16]. For the interruptible 
equipment, for example, a rice cooker, if it is stopped 
halfway at runtime, the extra cost will be payed to start it 
again and get the work done. The interruptible load refers 
to the appliances which can temporarily interrupt the power 
supply depending on their actual needs. For example, a 
mobile phone charger can end charging when a phone is 
ringing. In this paper, we simply consider the 
non-interruptible load, only in exceptional circumstances 
will we terminate our appliances temporarily. 

3. System Model 
3.1 Family Loads Model 

In this paper, we assume that every end-user wants to 
optimize the power consumption in the next h hours. We 
define the energy scheduling vector H=[1, 2, , h]. It is 
assumed that A is the matrix of all the electrical equipment 
that can be scheduled including washing machines, 
refrigerators, hybrid electric vehicles, etc. For arbitrary 
electrical equipment aA, in TOUP environment, the price 
is adjusted by the hour, but in real life, most of the 
equipment does not work by the hour. For example, a 
washing machine works about 45 minutes for one time 
laundry process, which is less than one hour. There is an 
upper limit of the household power supply, so you cannot 
add the new electrical load until the current electrical load 
finishes its work. Even if the price of the period when the 
washing machine is running is low, you have to arrange 
other electrical equipment to work after the washing 
machine finishes its work. In this paper, we divide 1 hour 
into 5 equal time slots, which means the time resolution is 
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Δ=0.2 h, namely 12 minutes. As a result there are 120 time 
slots every day. We use the symbol lL=[1, 2, , 120] to 
denote the time slots, where L is the set of all the time slots. 
It is assumed that all the equipment operates at the 
beginning or the end of the time slots, in other words, the 
operation time is calculated as the slot number multiples by 
12 minutes. For every appliance, aA, we define energy 
consumption scheduling vector ea: 

1 120[ , , , , ]n
a a ae e eae                 (1) 

where ea
n denotes the power consumption value for 

appliance a during the time slot n, the unit kWh, and the 
scope of time of the electric equipment is h hours. There are 
l=h/Δ time slots. It is easy to know ea

n≥0, nL and aA. 
Considering that there is a specification for each electric 
appliance, we assume that the power consumption values 
per hour for all appliances are all fixed. If the power 
consumption value per hour of the appliance a is denoted 
by xa, then we use pa

(n) to denote the power consumption 
value in slot n, which can be stated as the following 
expression: 

( )

5
n a

a

x
p  .                  (2) 

Our purpose is to optimize the power consumption 
scheduling vector to make the electrical appliances capable 
of operating at low price periods. 

The users need to set up the demand electricity for 
every appliance in the interactive terminal in advance. For 
the appliance a, there exists a length of operation time 
(LOT) ta, the start time slot is denoted by αa and the end 
time slot is denoted by βa, therefore, αa, βaL, βa≥αa and 
the scheduling space (SS) of the appliance a are [αa, βa]. 
For example, a user expects the washing can operate when 
he leaves for work. It is assumed that the user’s working 
hours are from 9:00 to 17:00, you can set the working time 
schedule space of the washing machine from 9:00 to 17:00 
in the control panel. In the above example, the time from 
9:00 to 17:00 is converted to SS[αa, βa]=[45, 85]. On the 
other hand, for the appliance a, its SS must be greater than 
or equal to its LOT, so as to ensure the appliance finishes 
its work successfully even in the beginning of the time slot 
αa. For example, the normal charging time for a plugged-in 
hybrid electric vehicle (PHEV) is 3 hours, so its      
SS(βaαa)Δ≥3. If the user sets the SS(βaαa)Δ=3, this 
means the PHEV will continue to be charged in 3 hours to 
finish the requirement without energy optimization SS. We 
define the variable Sa as the start time of appliance a and 
then we can easily obtain from the previous definition that 
αa ≤Sa ≤βa. Because all the HA in this paper we considered 
are uninterrupted, that is to say, when the device begins to 
work, it will stop working after LOT ta. The relationship of 
the start time Sa, the LOT ta and the SS[αa, βa] among 

different HA is shown in Fig. 2. 
In this figure, every HA owns its SS[αa, βa], ta, and Sa, 

since ta is a constant, so when to schedule the device is 
determined by the start time Sa. Because SS must be greater 
than or equal to its LOT, Sa should be less than or equal to 
βa αa. As is shown in Fig. 3, the range of the start time of 
the appliance a is: 

[ , ]a a a aS t   .               (3) 

 
Fig. 2. Relationship among all parameters for every appliance. 

 
Fig. 3. An illustration for the range of Sa of the home appliance a: 
(a) the earliest start time and (b) the latest start time. 

We define [S1, S2, , Sa] composed by the start time of 
all the appliances and the power consumption scheduling 
matrix P can be expressed as: 

( )

( )

, , [ , ]
5
0, , \ [ , ]

n a
a a a a

n
a a a a

x
p a n S S t

p a n S S t

        
      

A
P

A L
    (4) 

In (4), nL\[Sa, Sa+ta] indicates that n belongs to L 
excluding the range [Sa, Sa+ta] while P denotes a matrix in 
which every row stands for the power schedule of a certain 
appliance and n is the index of the column. From the 
definition above, we can give all the power consumption of 
every time slot denoted by Ptot as 

( )( )
tot tot tot ,

nnp p n     P P L         (5) 

where P(n) stands for the n column in the power 
consumption scheduling matrix. 

The current electricity price of the smart grid in most 
places is TOUP, so the electricity price model in this paper 
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is TOUP. TOUP refers to the time of day which is divided 
into several periods by the smart grid. And every period 
stands for different price levels respectively, which is based 
on the actual load demand at different times of the grid to 
encourage users to allocate their loads reasonably and 
reduce the grid load. 

We define prc(n) to denote the electricity price in time 
slot n and the electricity price could be the same within the 
same time slot. 

We clarify the power consumption scheduling problem 
without EV as the following optimization problem: 

120
( ) ( )

1 tot tot
1

( ) prc n n

n

F p


 P .             (6) 

3.2 EV Model 

EV scheduling strategy involves the distribution system 
capacity, load balancing and other factors typically, and the 
cost and battery loss need to be considered[17]. We define 

( )
ev

np  to denote the power consumption of the electric 

vehicle in time slot n. It is worth noting that the power 
consumption of the electric vehicle and the ordinary HA is 

different because of V2G mode. The value of ( )
ev

np  is 

positive when EV is charging, but negative under V2G 
mode. Studies have shown that the idle time of the electric 
vehicle is about 95% in a day[8],[18], and then we consider 
the electric vehicle as a full-time runner taking part in the 
scheduling. Therefore, the charge and discharge state of the 
electric vehicle have a relationship with the electricity price. 

And ( )
ev

np  can be stated as 

( )ev
min

( ) ( )
ev min max

( )ev
max

,     prc <prc     
5

0,         prc prc prc

,   prc prc
5

n

n n

n

x

p
x



  

 


       (7) 

where prcmin and prcmax denote the threshold for the 
charging and discharging electric vehicles, both of which 
are decided by the users. xev is the power rating of the 
electric vehicles. 

Combining the TOUP with the V2G mode, we take the 
minimum power consumption of the electric vehicles as the 
objective function 

120
( ) ( )

2 ev ev
1

( ) prc n n

n

F p p


  .             (8) 

The greatest impact on the electric cars is the battery 
capacity. The available battery capacity constraints are 
generally expressed by the state of charge (SOC), which is 
usually defined as the ratio of the remaining capacity of the 
battery with the maximum capacity. In this paper, we use 
the following expression to limit SOC: 

min maxSOC SOC SOC              (9) 

where SOCmin and SOCmax represent the lower and upper 
SOC of the electric vehicles. Generally, we set SOCmin=0.2, 
SOCmax=0.9 to ensure the safety of the battery and demand 
for driving. 

Since the device operates only in the SS, the power 
consumption of the appliance a in the SS is denoted by Ea 
and then Ea can be expressed by the following formula: 

, [ , ]
a

a

n
a a a a

n

e E n



 



   .          (10) 

From this expression, we know that ea=0 when n≤αa or 
n≥βa. As the total power consumption of each family HA 
has a certain upper limit, so the constraint household 
electricity in each time period is: 

max 5,
a

E n


  
A

L .           (11) 

In the above formula, Emax denotes a household electricity 
power limit in an hour and then we can know the total 
power consumption of every time slot should not exceed 
Emax/5 among all the appliances. We can conclude the final 
minimum power consumption from the above results as the 
following problem: 

1 tot 2 evminimize ( ) ( )F F PP           (12) 

s.t. 

min max

max

[ , ]
SOC SOC SOC

/ 5,

a a a a

n
aa

S t

e E n

 



 
 
   A

L
 

where 
120

( ) ( )
1 tot tot

1

( ) prc n n

n

F p


 P            (13) 

120
( ) ( )

2 ev ev
1

( ) prc n n

n

F p p


  .          (14) 

4. Crossover Genetic Particle Swarm 
Optimization Algorithm 

The particle swarm is an algorithm for finding the 
optimal regions of complex search spaces through the 
interaction of individuals in a population of particles. 
Particle swarm optimization (PSO) is widely used in linear 
optimization problems with its characteristics such as easy 
to implement, a few parameters, and fast convergence. In 
the process of PSO, every particle HA owns its position and 
speed. After initialization, the particles complete the update 
by tracking their optimal solutions and global solutions in 
each iteration. The position and velocity update their values 
as the following equation: 

1
Id Id 1 and1 Id Id 2 and2 Id Id( ) ( )k k k k k k k kv wv c r q x c r g x         (15) 

1 1
Id Id Id
k k kx x v                 (16) 
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where Id
kv  indicates the position of the particle I in the kth 

iteration in dimension d, w is inertia weight and c1, c2 are 
learning factors. Normally, c1=c2=2, rand1, and rand2 are the 

random numbers within the range [0, 1]. Id
kx , Id

kq , and 

Id
kg  are respectively the current position, the best position 

and the global best position of the particle I in the kth 
iteration in dimension d. 

However, the standard PSO is easy to fall into the local 
optimum when dealing with high dimensional problems. 
Therefore, in this paper, we use the cross heritage improved 
PSO algorithm to enhance the convergence and global 
search capabilities of the algorithm[19]. The position of the 
particles of the improved PSO algorithm can be expressed 
as 

(child1) (parent1) (parent2)( ) ( ) (1 ) ( )x x x    p q p q p   (17) 

(child2) (parent2) (parent1)( ) ( ) (1 ) ( )x x x    p q p q p   (18) 

where x indicates the particles in dimension D, P(childk)(x), 
P(parentk)(x) are the position of child particles and the 
position of parent particles, k=1 and 2, q is the vector of 
random numbers uniform distributed in [0, 1] in dimension 
D. At the same time, the speed of the particles can be 
expressed as 

parent1 parent2
child1 parent1

parent1 parent2

( ) ( )
( ) ( )

( ) ( )

v v
v v

v v






p p
p p

p p
    (19) 

parent1 parent2
child2 parent2

parent1 parent2

( ) ( )
( ) ( )

( ) ( )

v v
v v

v v






p p
p p

p p
.   (20) 

In the formula, v denotes the velocity vector in 
dimension D, P(childk)(v) and P(parentk)(v) are the speed of 
child particles and parent particles, where k=1, 2. 

5. Simulation Results 
In this section, we present the simulation results to 

show the superior performance of our proposed approach 
for in-home power scheduling considering the electric 
vehicles. In the simulation, we assume seven kinds of HA. 
However, some of HA may be used more than once, so the 
number of the devices is no more than ten, not including EV. 
The parameters of the appliances are shown in Table 1. 

In this case, we assume that the battery capacity of EV 
is 30 kWh, and the rated power for charging and 
discharging is 3 kWh. We also assume that the initial state 
of SOC is set to 0.3, and the upper limit of the total power 
consumption is 4 kWh. In order to avoid the premature 
convergence of the standard particle, we use the crossover 
genetic particle swarm algorithm to solve this problem. We 
make the number of particles N=20 and the inertia weight 
of the crossover genetic particle swarm algorithm is 0.9; the 
maximum number of iteration is 1000; the range of the 

speed valve is [0.4, 0.4]; the crossover probability is 0.7 
and the size of hybridization pool is 0.2. 

Table 1: Parameters of HA used in the simulation process 

Table 2: Information of TOUP used in the simulation 

Time (h) TOUP (CNY/kWh)

0-7 0.462 

7-10 0.687 

10-12 1.070 

12-15 0.824 

15-18 0.687 

18-19 0.824 

19-20 1.070 

20-21 0.824 

21-23 0.687 

23-0 0.462 
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Fig. 5. TOUP profile on every time slot. 

5.1 Simulation Analysis under the TOUP1 

The TOUP model used in this example is based on the 
electricity price from Beijing in 24 hours and the fine-detail 
information is shown in Table 2. 

In this paper, all simulations are implemented in 
MATLAB. We divide each hour into five time slots and 
show the relationship of TOUP and every time slot in   
Fig. 5. 

HA SS LOT Power (kWh ) 

Air conditioner1 [61, 85]  5 1.00 

Air conditioner2 [86, 120] 10 1.00 

Electric radiator1 [1, 30] 5 1.80 

Electric radiator1 [91, 115] 10 1.80 

Rice cooker1 [41, 60] 2 0.50 

Rice cooker2 [71, 90] 2 0.50 

Water heater [86, 105] 3 1.50 

Washing machine [1, 60] 5 0.38 

Electric kettle [66, 85] 1 1.50 

Clothes dryer [71, 91] 5 0.80 
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Fig. 6. Comparison between the power consumption profile: (a) 
without scheduling strategy and with scheduling strategy without 
EV and (b) with scheduling strategy without EV and with both 
scheduling strategy and EV. 

5.1.1 Impact of the Scheduling Strategy 

Now we focus on the comparison about the electricity 
cost between the states of being with and without our power 
optimization strategy. In this simulation, we only consider 
minimizing the electricity consumption. From the results in 
Fig. 6, we find that, the daily electricity cost is ¥6.9652 
without power scheduling in the home. However, this value 
becomes ¥6.7989 with our scheduling scheme without EV. 
In a month, the resident could save about ¥4.989 with the 
proposed approach without EV. In this paper, we transfer 
the operation time of the electrical equipment from peak 
periods to the low price time slots to reduce the power 
consumption. The time slots [90, 105] are illustrated, for 
example, the power total consumption is 6.5 kWh without 
power scheduling in the home, but the value is 4.6 kWh 
with our scheduling scheme without EV, reducing the 
power consumption of 29.23%. In the peak load period, the 
endurance capacity of the grid is limited, after using the 
proposed scheduling strategy, it can relieve the pressure on 
the grid. 

5.1.2 Impact of EV Taking Part in the Scheduling 

In order to ensure higher efficiency optimization, we 
consider the participation of EV and the V2G technology. 

When the power is negative, it indicates that EV is 
discharging. Due to the high power of EV, it has the priority 
of charging. In the simulation, the SOC changing curve of 
EV is shown in Fig. 7. The initial state SOC of EV is 0.3 
and the minimum value of SOC to ensure users can be used 
normally. The EV is charging at low electricity price at time 
slots [5, 35] to make the upper limit of its SOC be 0.9, and 
then discharging in periods of the high electricity price. Not 
only does EV consume electricity in the high price periods, 
but injects power into the smart grid, So this method can 
greatly ease the pressure on the grid. At the same time, the 
users also obtain larger profits through the use of V2G 
technology. From Fig. 6 (b) we can figure out the daily 
electricity cost is ¥6.7989 with the power scheduling 
without EV. However, the electricity consumption drops to 
¥6.0622, and the daily electricity consumption reduces to 
some extent. The maximum power consumption with 
scheduling without EV is 3.8 kWh close to the upper limit. 
However, after considering EV and V2G technology, the 
value becomes 3.38 kWh, reducing the maximum power 
consumption of 11.05%. The V2G technology of EV 
contributes to the grid load shifting and injects power into 
the grid in the peak load period. The power total 
consumption is 1.5 kWh with the scheduling scheme 
considering EV in time slots [90, 105], which means in this 
peak load period, EV provides about 1.5 kWh to the grid in 
order to reduce the pressure. 
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Fig. 7. SOC changing curve of EV. 

At the same time, this optimization strategy has also 
brought in a negative impact. In the Fig. 6 (a), the 
maximum power consumption has reached 3.8 kWh in an 
hour and in the time, slot the value becomes 0.76 kWh. The 
upper limit of the total power consumption is 4 kWh and it 
is dangerous for us to have a margin of only 0.2 kWh. 

5.2 Simulation Analysis under the TOUP2 

In order to verify the effectiveness of the algorithm，we 
propose another TOUP in the United States in August, 2012 
which is shown in Table 3. From the table, we know that 
the electricity price within the 16th to the 20th time slots on 
that day is 1.646 cents/kWh, which is the lowest during the 
day. And the TOUP profile in the United States in August, 
2012 on every time slot is shown in Fig. 8. 
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Table 3: TOUP in the United States in August, 2012 

Time (h) TOUP (cents/kWh) 

0-2 1.852 

2-5 1.646 

5-7 2.021 

7-10 2.580 

10-13 3.625 

13-15 4.420 

15-17 5.332 

17-19 4.698 

19-21 3.680 

21-24 3.851 

 
Fig. 8. TOUP profile in the United States in August, 2012 on every 
time slot. 

5.2.1 Impact of the Scheduling Strategy 

The comparison between the power consumption 
profile without scheduling strategy and with scheduling 
strategy without EV is shown in Fig. 9 (a). The electrical 
equipment is the same with Table 1 and every device can 
finish its job successfully. Under this circumstance, the 
operation time of the electrical equipment is transferred to 
lower price periods. The electricity consumption is 35.9387 
cents totally in a day with the scheduling strategy, which 
decreases to 14.92% compared with that without scheduling 
strategy. There is almost no devices operating in the peak 
load hours. Therefore the burden on the grid during the 
peak hours may decrease when plenty of families optimize 
their HA. However, the strategy fails to lessen the total 
power consumption. For the residents, the strategy 
decreases the electricity consumption to some extent. For 
the smart grid, the strategy transfers a part of the power grid 
pressure during the peak load time.  

5.2.2 Impact of EV Taking Part in the Scheduling 

With the above-mentioned optimization strategies, the 
smart grid and residents can obtain useful results, but the 
load shift is not thorough because the device is still working 
near the peak hours. Now we consider EV taking part in the 
scheduling strategy and the comparison between the power 
consumption profile with the scheduling strategy without 
EV and with both the scheduling strategy and EV is shown 
in Fig. 9 (b). The electricity consumption is 30.5513 cents 

in a day with both the scheduling strategy and EV, which 
reduces 27.68% electricity consumption comparing with no 
use of the scheduling strategy. For the smart grid, the EV is 
charging at 0 to 5 h and discharging at 15 h to 17 h. Because 
of the different electricity prices, this is equivalent to 
transfer the peak load devices to the valley periods. At this 
time, the SOC of EV is 0.6, which is adequate for the 
residents. If V2G technology is adopted in the scheduling 
strategy, both the smart grid and residents will obtain more 
benefits. 
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Fig. 9. Comparison between the power consumption profile: (a) 
without the scheduling strategy and with the scheduling strategy 
without EV and (b) with the scheduling strategy without EV and 
with both the scheduling strategy and EV. 

6. Conclusions 
In this paper, we first introduced the structure of EMS, 

and then discussed the system model which included 
household electricity load model and EV model in TOUP 
environment. Finally we presented an approach and 
demonstrated its correctness with the simulation results. For 
residents, the beneficial feature obtained by applying our 
proposed approach is the reduction of the electricity cost. In 
addition, the benefit rewarded to utility companies is to 
reduce the power consumption in peak load periods and 
ease the pressure of the smart grid with V2G technology. 
The simulation results show that our power scheduling 
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approach has been proved to be a better way with the V2G 
technology. Surely, the proposed approach can be a reliable 
solution for the energy saving in EMS and the peak load 
shifting of the smart grid. 

Acknowledgments 

The authors would like to thank our colleagues Li Zhou and 
Dong-Qin Zhang, who helped to test and run the software and 
solve various optimal control problems. 

References 

[1] Benefits of demand response in electricity markets and 
recommendations for achieving them. [Online]. Available: 
http://eetd.lbl.gov/ea/emp/reports/congress-1252d.pdf 

[2] L. Peretto, “The role of measurements in the smart grid era,” 
IEEE Instrumentation & Measurement Magazine, vol. 13, 
no. 3, pp. 22-25, Jun. 2010. 

[3] M. H. Albadi and E. F. El-Saadany, “A summary of demand 
response in electricity markets,” Electric Power Systems 
Research, vol. 78, no. 11, pp. 1989-1996, Nov. 2008. 

[4] P. Faria and Z. Vale, “Demand response in electrical energy 
supply: An optimal real time pricing approach,” Fuel & 
Energy Abstracts, vol. 36, no. 8, pp. 5374-5384, Aug. 2011. 

[5] P. Palensky and D. Dietrich, “Demand side management: 
Demand response, intelligent energy systems, and smart 
loads,” IEEE Trans. on Industrial Informatics, vol. 7, no. 3, 
pp. 381-388, Apr. 2011. 

[6] I. Cvetkovic, T. Thacker, D. Dong, et al., “Future home 
uninterruptible renewable energy system with 
vehicle-to-grid technology,” in Proc. of Energy Conversion 
Congress and Exposition, 2009, pp. 2675-2681. 

[7] C. Guille and G. Gross, “A conceptual framework for the 
vehicle-to-grid (V2G) implementation,” Energy Policy, vol. 
37, no. 11, pp. 4379-4390, Apr. 2009. 

[8] J. Li, C.-G. Du, and H. Zhang, “Summary on the two-way 
interaction between smart grid and the electric vehicle,” 
Distribution & Utilization, vol. 27, no. 3, pp. 12-14, 2010. 

[9] C. Chen, S. Kishore, and L. V. Snyder, “An innovative 
RTP-based residential power scheduling scheme for smart 
grids,” in Proc. of IEEE Intl. Conf. on Acoustics, 2011, pp. 
5956-5959. 

[10] A. H. Mohsenian-Rad and A. Leon-Garcia, “Optimal 
residential load control with price prediction in real-time 
electricity pricing environments,” IEEE Trans. on Smart 
Grid, vol. 1, no. 2, pp. 120-133, Sep. 2010. 

[11] P. Chavali, P. Yang, and A. Nehorai, “A distributed algorithm 
of appliance scheduling for home energy management 
system,” IEEE Trans. on Smart Grid, vol. 5, no. 1, pp. 
282-290, Jan. 2014. 

[12] T. T. Kimand and H. V. Poor, “Scheduling power 
consumption with price uncertainty,” IEEE Trans. on Smart 
Grid, vol. 2, pp. 519-527, Sep. 2011.  

[13] A. Soares, C. H. Antunes, C. Oliveira, et al., “A 
multi-objective genetic approach to domestic load 
scheduling in an energy management system,” Energy, vol. 
77, pp. 144-152, Dec. 2014.  

[14] C. Chen, K. G. Nagananda, G. Xiong, et al., “A 

communication-based appliance scheduling scheme for 
consumer-premise energy management systems,” IEEE 
Trans. on Smart Grid, vol. 4, no. 1, pp. 56-65, Mar. 2013. 

[15] A. Aggarwal, S. Kunta, and P. K. Verma, “A proposed 
communications infrastructure for the smart grid,” in Proc. 
of Innovative Smart Grid Technologies, 2010, DOI: 
10.1109/ISGT.2010.5434764 

[16] T. T. Kim and H. V. Poor, “Scheduling power consumption 
with price uncertainty,” IEEE Trans. on Smart Grid, vol. 2, 
no. 3, pp. 519-527, Sep. 2011. 

[17] R. Garcia-Valle and J. A. P. Lopes, Electric Vehicle 
Integration Into Modern Power Networks, Springer Science 
& Business Media, 2012, ch. 3. 

[18] Y. Huang, J. Liu, J. Chen, et al., “Load frequency control 
considering vehicle to grid,” Automation of Electric Power 
Systems, vol. 36, no. 9, pp. 24-28, 2012. 

[19] M. Lvbjerg, E. P. Group, T. K. Rasmussen, et al., “Hybrid 
particle swarm optimiser with breeding and 
subpopulations,” in Proc. of the Genetic and Evolutionary 
Computation Conf. San Francisco, 2001, pp. 469-476. 

 
Yu-Xiao Huang was born in Hubei Province, 
China in 1991. He received the B.S. degree 
from the Wuhan Polytechnic University, 
Wuhan in 2013 and will get the M.S. degree 
from the University of Electronic Science and 
Technology of China (UESTC), Chengdu in 
2016, majoring in automation engineering. His 
research interests include electric vehicle, 
intelligent control, etc. 

 

Feng Yang received the B.S. and M.S. degrees 
in microelectronics and solid-state electronics 
from UESTC in 1994 and 1998, respectively, 
and Ph.D. degree in computer science & 
engineering from UESTC in 2003. Dr. Yang is 
currently an associate professor with the 
School of Automation Engineering, UESTC. 
His research is primarily focused on intelligent 

energy system, energy internet, smart grid and electric vehicle. 
 

Yang Luo was born in Sichuan Province, 
China, in 1991. He received the B.S. degree 
from the Hubei University of Technology, 
Wuhan in 2013 and will get the M.S. degree 
from UESTC in 2016, majoring in automation 
engineering. His research interests include 
intelligent control, information processing, 
energy management, smart grid and electric 
vehicle. 

Cheng-Long Xia was born in Jiangsu 
Province, China, in 1991. He received the B.S. 
degree from the Wuhan Polytechnic University, 
Wuhan in 2013 and will get the M.S. degree 
from UESTC in 2016, majoring in Automation 
Engineering. His research interests include 
power system, digital signal processing, etc. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


