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In recent years, renewable energy, especially photovoltaic (PV) generation, has been widely applied in commercial and residential
areas, forming the structure of regional microgrids (MG). On the other hand, as large-scale electric vehicles (EVs) are connected to
the regional MG, their disordered charging and discharging will enable extremely bad effects. However, most of the existing
scheduling strategies focused on a single MG or considered the MG as a single node, ignoring the characteristics of different
subareas. To address these limitations, we propose an optimal scheduling strategy considering large-scale access of EVs based on
the typical regional MG composed of commercial and residential subareas, combining the power consumption characteristics of
the two subareas and the travel characteristics of EVs.+is strategy is mainly to dynamically adjust the charging and discharging of
EVs in each subarea, combined with the real-time deployment of excess PV energy, so as to realize the overall scheduling of the
regional MG. Numerical results show that EVs store electric energy during valley hours and output electric energy during peak
hours. Furthermore, compared with no scheduling method, the proposed strategy reduces the whole-day electricity bills of the
regional MG.

1. Introduction

+e extensive use of fossil fuels has caused serious envi-
ronmental problems and energy crises [1]. In order to reduce
the dependence on fossil fuels and build up a low-carbon
energy system, the development and utilization of clean,
renewable energy sources (RESs), such as solar energy, has
growingly big appeals [2, 3]. By collecting, storing, and using
RESs locally, microgrids (MGs) can effectively deal with the
randomness and intermittence of RESs [4, 5], which has
become the most important means to alleviate the problem
with RESs consumption and interact with power grids
friendly. On the other hand, with the growth of the electric
vehicle (EV) industry, the large-scale access of EVs will bring

great negative impacts on the operation of power grids. +e
State Council and the Ministry of Industry and Information
Technology of China foresee that the sales of new energy EVs
in China will reach 20% of the total vehicle sales by 2025 [6].
In Reference [7], it is pointed out that EVs without regu-
lation will lead to an increase in electricity demands, elec-
tricity prices, and greenhouse gas emissions. However, it is
worth noting that civilian vehicles are parking more than
90% of the time each day [8]. +ey have the potential to
participate in MG power regulation as distributed mobile
energy storage.

+e basic idea of Vehicle-to-Grid (V2G) technology is to
integrate battery vehicles (BVs) into power grids to serve as
controllable loads or energy supply/storage facilities [9, 10].
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In Refs. [11, 12], the scheme of EVs providing spinning
reserves is discussed. In Refs. [13–15], the authors present
the strategy for EVs to participate in frequency modulation.
References [16–18] propose the congestion management
mechanism by using EVs. In Ref. [19], the impact of EVs’
charging-discharging behavior on the economic benefits of
MG is analyzed.

In MG operation, EVs are always involved in power
regulation, mainly by such means as peak shaving, valley
filling, and excess renewable energy consumption. In this
regard, the authors in Ref. [20] propose two decentralized
EV charge scheduling schemes for shaping the load curve of
residential communities, which coordinate valley filling and
peak shaving via both EV charging and discharging. In Ref.
[21], the authors propose an integrated management
schedule for EVs to address the issues such as battery
charging, electric price, and availability of electric stations.
Based on a community integrated energy system, Ref. [22]
presents an optimal dispatchingmodel for EVs to coordinate
flexible demand response and multiple renewable uncer-
tainties. +e authors in Ref. [23] propose a real-time EV
charging management scheme for commercial buildings
with photovoltaic (PV) generation and EV charging services,
which can handle the uncertainties of PV generation and EV
parking optimally. In Ref. [24], it is proved that solar V2G
parking lots can reduce the power consumption pressure
during peak hours and provide electric energy when nec-
essary. However, the focus of Ref. [24] is on the instanta-
neous state, and no complete charge-discharge control
strategy is discussed.

When EVs participate in regulation, the electricity
consumption characteristics of residents also need to be
considered. Reference [25] designs a regulation strategy for
adding PV generations and V2G. It points out that in
summer, PV generations can sometimes fully meet the
electricity demands of residents during the daytime. It also
points out that there is a potential for EVs to stabilize the
grid in regard of peak-load shaving. Specifically, the authors
in Ref. [26] propose a demand response algorithm to control
the charging and discharging of EVs within different
districts.

In actual applications, some adjacent areas, such as
residential and commercial areas, may compose a regional
MG. +ese different subareas usually have complementary
power consumption characteristics, and the travel behavior
of EVs will lead to certain coupling relationships between
different subareas, or even different regional microgrids.+e
above studies have deeply analyzed the potential of EVs in
MG regulation. However, all of them are focused on a single
MG, lack consideration of multiple related regional MGs,
and rarely explore the coordination between different
subareas within a regional MG. In order to solve the above
problems, this paper studies the ubiquitous regional MG
composed of residential and commercial subareas and
proposes an optimal scheduling strategy by regarding large-
scale EVs as mobile energy storage. In the proposed strategy,
we consider the issues such as the power consumption
characteristics of different subareas, the travel characteristics
of EVs, and the uncertainties of PV generation. +e system

can realize the complementary optimal scheduling between
different subareas.

+emain contributions of this paper are listed as follows:

(1) For the regional MG composed of commercial and
residential subareas, an optimal scheduling archi-
tecture is developed, under which EVs are regarded
as mobile energy storages. Further, an optimal
scheduling strategy is proposed.

(2) +e power consumption characteristics of two
subareas and the travel characteristics of EVs are
analyzed. EVs store cheap electric energy during
valley hours and discharge the subarea in need for a
short time during peak hours. Combined with the
real-time deployment of PV energy, the comple-
mentary scheduling of the regional MG is realized.

(3) +e power consumption models of two subareas and
the charge-discharge model of EVs are established.
Dynamically adjusting the charging-discharging of
EVs in each subarea according to the PV situation
and specific electricity demand so as to realize peak
shaving, valley filling, and economic operation of the
regional MG.+e discharging of EVs can also reduce
power fluctuations.

+e rest of this paper is organized as follows: Section 2
develops the optimal scheduling architecture. In Section 3,
the power consumption models of commercial and resi-
dential areas and the charge-discharge model of EVs are
established. Section 4 proposes the optimal scheduling
strategy.+e simulations are performed in Section 5, and the
conclusion is reached in Section 6.

2. Regional MG Optimal
Scheduling Architecture

Urban residents’ production, life, entertainment, and other
activities are geographically and temporally concentrated,
creating different types of areas, such as industrial, resi-
dential, and commercial areas. In addition, there is also a
case that residential areas and nearby commercial areas form
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Figure 1: Commercial and residential load demands.
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a regional MG because residential areas and commercial
areas have certain complementary characteristics in terms of
electricity consumption and EV parking, which bring a
possibility for formulating the corresponding optimal
scheduling strategy.

Typical commercial and residential load demands are
shown in Figure 1 [27]. Generally, due to the work needs of
residents, the commercial load demand is significantly
higher during 10 : 00–19 : 00, and the peak periods are 11 :
00–19 : 00. At night, residents return to residential areas, so
the residential load demand rises rapidly; as can be seen, the
peak periods are 18 : 00–23 : 00. From midnight to early
morning (00 : 00–08 : 00), the commercial and residential
load demands are both low.

On the other hand, during the daytime, there are many
EVs parking in commercial areas. In order to avoid the case
that the charging demands of EVs further drive up the power
consumption pressure, the charging of EVs should be
managed and the traditional free charging mode should be
improved. At night, EVs will return to residential areas, and
the charging demands of EVs will also deliver great pressure
without management.

Based on the MG pattern of “commercial area-
s + residential areas,” this paper proposes a regional MG
scheduling strategy considering large-scale access of EVs.
+e scheduling can be optimized by using different control
strategies for different subareas and referring to the mobile
energy storage characteristics of EVs.

When both commercial and residential areas are allo-
cated with PV generations, residential areas with low
electricity demand can provide excess PV energy to com-
mercial areas when a surplus of PV power is available. And
during the peak hours in commercial areas, EVs with a
higher state of charge (SOC) in commercial areas can be
allowed to transmit part of their electric energy into the
regional MG so as to realize peak shaving.

At night, PV generations can no longer work. On the
other hand, residential areas are in night peak hours. Be-
cause private vehicles almost have no travel needs at night,
EVs with higher SOC in residential areas are allowed to
transmit part of their electric energy into the regional MG,
thus realizing peak shaving and reducing electricity bills.
Frommidnight to early morning, the regional MG electricity
demand drops to a low level, while the electricity prices are
low. +rough regulation, the charging demands of EVs in
residential areas would be met as much as possible, and the
energy storage characteristics of EVs can be fully exploited to
deliver the effect of valley filling while being prepared for the
discharging task during peak hours of the next day, finally
creating a virtuous cycle.

Based on the above analyses, the regional MG optimal
scheduling architecture considering large-scale access of EVs
is shown in Figure 2.

3. Mathematical Model

To facilitate modeling and analysis, α and β are used to
represent commercial and residential areas in a regionalMG,
respectively.

3.1. Power Consumption Model of Commercial Areas.
Defining P

(α)
C and P

(α)
O as the power consumed and obtained

by commercial areas, respectively, according to the power
balance:

P
(α)
C � P

(α)
O , (1)

where P
(α)
C includes the power consumed by commercial

buildings P
(α)
Building and the charging power of commercial

parking lots P
(α)
C Lot, that is,

P
(α)
C � P

(α)
Building + P

(α)
C Lot. (2)

Because residential areas can transmit excess PV power
to commercial areas, so P

(α)
O can be expressed as follows:

P
(α)
O � P

(α)
PV + P

(β)

PVex + P
(α)
D Lot + P

(α)
Grid, (3)

where P
(α)
PV is the PV power in commercial areas; P

(β)

PVex is the
excess PV power imported from residential areas, P

(β)

PVex ≥ 0;
P

(α)
D Lot is the discharging power of commercial parking lots;

P
(α)
Grid is the power imported from power grid. Replacing (2)

and (3) into (1) can get the following:

P
(α)
Buiding + P

(α)
C Lot � P

(α)
PV + P

(α)
PVex + P

(α)
D Lot + P

(α)
Grid. (4)

3.2. Power Consumption Model of Residential Areas.
Similarly, the power consumption model of residential areas
can be obtained:

P
(β)

C � P
(β)

O , (5)

where P
(β)

C and P
(β)

O are the power consumed and obtained
by residential areas respectively, which can be expressed as
follows:

P
(β)

C � P
(β)

Building + P
(β)

C Lot, (6)

P
(β)

O � P
(β)

PV + P
(β)

D Lot + P
(β)

Grid − P
(β)

PVex, (7)

where P
(β)

Building is the power consumed by residential

buildings; P(β)

C Lot is the charging power of residential parking
lots; P

(β)

D Lot is the discharging power of residential parking
lots; P

(β)

Grid is the power imported from power grid; P
(β)

PV is the
PV power in residential areas; P

(β)

PVex is the excess PV power:

P
(β)

PVex � P
(β)

PV − P
(β)

C ,

P
(β)

PVex ≥ 0.
(8)

Note that P
(β)

PVex means excess PV power, then P
(β)

PVex and
P

(β)

Grid will not be greater than 0 at the same time. +at is, it is
not economical to transmit power to commercial areas while
importing power from the power grid.

Replacing (6) and (7) into (5) can get the following:

P
(β)

Building + P
(β)

C Lot � P
(β)

PV + P
(β)

D Lot + P
(β)

Grid − P
(β)

PVex. (9)
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3.3. Charge-Discharge Model of EVs

3.3.1. Model of EVs in Commercial Areas. During early
morning and night, the PV generations can not work, and the
EVs are concentrated in residential areas, so the regulation
on commercial areas focused on the daytime peak hours.

+e capacity of each vehicle is L, EVs in the commercial
parking lots are divided into three categories according to
their charging demands, and the classification is updated per
15 minutes. On this basis, a charging queue is sorted by SOC
from low to high. Let SOCL and SOCHα represent two ad-
justable values, respectively. +e classification details are as
follows:

Lv1: EVs in urgent need of charging, i.e., SOC≤ SOCL.
EVs in Lv1 should all be charged and P

(α)
C Lv1 is the total

charging power of the EVs in Lv1.
Lv2: EVs that are not in urgent need of charging, i.e.,
SOCL≤ SOC. When there is a surplus of PV power in
commercial areas: P

(α)
PV + P

(β)

PVex >PBuilding + P
(α)
C Lv1, EVs

in Lv2 can be partly charged to consume the excess PV
power, and P

(α)
C Lv2 is the total charging power of EVs in

Lv2.
Lv3: EVs that can discharge, i.e., SOCHα≤ SOC. Short-
time discharging can be performed during peak hours
to reduce electricity bills in commercial areas. It is
worth noting that Lv3 is a subcategory of Lv2.

Suppose there are n
(α)
1 EVs in Lv1, 1≤ i≤ n

(α)
1 , the

charging power of the ith EV is P
(α)
C Lv1 i; there are n

(α)
2 EVs in

Lv2, 1≤ j≤ n
(α)
2 , the charging power of the jth EV is P

(α)
C Lv2 j;

there are n
(α)
3 EVs in Lv3, 1≤ k≤ n

(α)
3 ≤ n

(α)
2 , the SOC of the

kth EV is SOC(α)
Lv3 k, the discharging power is P

(α)
D Lv3 k.

P
(α)
C Lv1 can be expressed as follows:

P
(α)
C Lv1 � 

n
(α)
1

i�1
P

(α)
C Lv1 i.

(10)

According to the above classifications, we can express
P

(α)
C Lot as follows:

P
(α)
C Lot � P

(α)
C Lv1 + P

(α)
C Lv2 �

P
(α)
C Lv1, Limitα≤P

(α)
C Lv1,

Limitα, P
(α)
C Lv1 ≤ Limitα,

⎧⎨

⎩

(11)

where Limitα � P
(α)
PV + P

(β)

PVex − P
(α)
Building. So P

(α)
C LV2 can be

expressed as follows:

P
(α)
C Lv2 � Limitα − P

(α)
C Lv1 ≤ 

n
(α)
2

j�1
P

(α)
C Lv2. (12)

In order to evenly distribute discharging power during
peak hours and refer to the calculation form of EV charging
-discharging power in Ref. [28], we have the following:

P
(α)
D Lot(t)

�


n

(α)

3
k�1 SOC(α)

Lv3 k − SOCHα  · L

tp d α − t
, t ∈ peak hours,

0, t ∉ peak hours,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(13)
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Figure 2: Regional MG optimal scheduling architecture.
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P
(α)
D Lot ≤ 

n
(α)
3

k�1
P

(α)
D Lv3 k, (14)

where tpd_α is the end of the peak hours in commercial areas.
Meanwhile, in order to avoid grid fluctuations caused by

a large number of EVs being discharged at the same time, it
should be ensured that

P
(α)
D Lot(t)≤P

(α)
Building(t) + P

(α)
C Lv1(t)

− P
(α)
PV(t) + P

(β)

PVex(t) + P
(α)
Grid(t − 1) .

(15)

+at is, in commercial areas, after EVs are discharged at
t, the power P

(α)
Grid(t) imported from power grid at t is not

higher than the power P
(α)
Grid(t − 1) imported from power

grid at the previous time (t− 1).

3.3.2. Model of EVs in Residential Areas. Similarly, EVs in
the residential parking lots are also divided into the above

three categories according to their charging demands, and
SOCHβ is the boundary between Lv2 and Lv3.

Suppose there are n
(β)
1 EVs in Lv1, 1≤ i≤ n

(β)
1 , the

charging power of the ith EV is P
(β)

C Lv1 i; there are n
(β)
2 EVs in

Lv2, 1≤ j≤ n
(β)
2 , the charging power of the jth EV is P

(β)

C Lv2 j;

there are n
(β)
3 EVs in Lv3, 1≤ k≤ n

(β)
3 ≤ n

(β)
2 , the SOC of the

kth EV is SOC(β)

Lv3 k, the discharging power is P
(β)

D Lv3 k.
During the early morning (valley hours), the electricity

prices are low and there is no PV power. It is suitable to use
the power grid to charge all EVs, so

P
(β)

C Lot � 

n
(β)

1

i�1
P

(β)

C Lv1 i + 

n
(β)

2

j�1
P

(β)

C Lv2 i. (16)

During daytime peak hours, P
(β)

C Lot can be expressed as
follows:

P
(β)

C Lot � P
(β)

C Lv1 + P
(β)

C Lv2

�

P
(β)

C Lv1, Limitβ≤P
(β)

C Lv1,

Limitβ, P
(β)

C Lv1 < Limitβ≤ 

n
(β)

1

i�1
P

(β)

C Lv1_i + 

n
(β)

2

j�1
P

(β)

C Lv2_j, 

n
(β)

1

i�1
P

(β)

C Lv1_i + 

n
(β)

2

j�1
P

(β)

C Lv2_j, 

n
(β)

1

i�1
P

(β)

C Lv1_i + 

n
(β)

2

j�1
P

(β)

C Lv2_j < Limitβ,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(17)

where Limitβ � P
(β)

PV − P
(β)

Building, P
(α)
C Lv1 and P

(α)
C Lv2 are the

total charging power of EVs in Lv1 and Lv2, respectively,
which can be expressed as follows:

P
(β)

C Lv1 � 

n
(β)

1

i�1
P

(β)

C Lv1 i, P
(β)

C Lv2

� Limitβ − P
(β)

C Lv1 ≤ 

n
(β)

2

j�1
P

(β)

C Lv2 j.

(18)

When 
n

(β)

1
i�1 P

(β)

C Lv1 i + 
n

(β)

2
j�1 P

(β)

C Lv2 j < Limitβ, it shows
that there is a surplus of PV power in residential areas, the
excess PV powerP(β)

PVex can be calculated as follows:

P
(β)

PVex � Limitβ − 

n
(β)

1

i�1
P

(β)

C Lv1_i + 

n
(β)

2

j�1
P

(β)

C Lv2_j. (19)

In order to evenly distribute charging power, we have the
following:

P
(β)

C Lv2 �

Limitβ−P
(β)

PVex −P
(β)

C Lv1, t∉valleyhours,


n

(β)

2
j�1 SOCstop−SOC(β)

Lv2 j  ·L

tv d β−t
, t∈valleyhours,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(20)

where tvd_β is the end of the valley hours in residential areas;
SOC(β)

Lv2 j is the SOC of the jth EV in Lv2; SOCstop is the
expected SOC of each EV at tvd_β.

During night peak hours, PV generations stop working,
and EVs in residential areas can realize peak shaving by
discharging. For P

(β)

D Lot, in order to evenly distribute dis-
charging power during night peak hours, we have the
following:

P
(β)

D Lot(t)�


n

(β)

3
k�1 SOC(β)

Lv3 k −SOCHβ ·L

tpd β−t
, t∈peakhours,

0, else,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(21)
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P
(β)

D Lot≤

n
(β)

3

k�1
P

(β)

D Lv3 k, (22)

where tpd_β is the end of the peak hours in residential areas.
Meanwhile, in order to avoid grid fluctuations caused by

a large number of EVs being discharged at the same time, it
should be ensured that

P
(β)

D Lot(t)≤P
(β)

Building(t) + P
(β)

C Lv1(t) − P
(β)

PV(t) + P
(β)

Grid(t − 1) .

(23)

+at is, in residential areas, after EVs are discharged at t,
the power P

(β)

Grid(t) imported from power grid at t is not
higher than the power P

(β)

Grid(t − 1) imported from the power
grid at the previous time (t− 1).

4. Regional MG Optimal Scheduling Strategy

Assuming that both commercial and residential areas are
equipped with PV panels, the PV power is preferentially
used; and EVs in commercial and residential areas are
parked centrally and can accept charging-discharging reg-
ulations. According to the load characteristics of the regional
MG, the following optimal scheduling strategy is
formulated:

(1) Any subarea should ensure the load of buildings and
the charging demands of EVs in Lv1, i.e.,

P
(α)
C ≤P

(α)
Building + P

(α)
C Lv1,

P
(β)

C ≤P
(β)

Building + P
(β)

C Lv1,

⎧⎪⎨

⎪⎩
(24)

(2) For any subarea, when the PV power is still surplus
on the basis of (1), charging as many EVs in Lv2 as
possible. +e charging queue is sorted by SOC from
low to high and updated per 15 minutes.

(3) When the PV power in residential areas has a surplus
on the basis of (2), that is, when


n

(β)

1
i�1 P

(β)

C Lv1 i + 
n

(β)

2
j�1 P

(β)

C Lv2 j < Limitβ, it is allowed

to transmit the excess PV power P
(β)

PVex to com-
mercial areas according to equation (8).

(4) For any subarea, when it is not in peak hours and the
available PV power cannot meet the electricity de-
mand, it should import power from the power grid.
For commercial areas, if
P

(α)
PV + P

(β)

PVex <P
(α)
Building + P

(α)
C Lv1, importing power

from the power grid. For residential areas, if
P

(β)

PV <P
(β)

Building + P
(β)

C Lv1, importing power from the
power grid.

(5) For commercial areas, only during peak hours, when
the available PV power can not meet the electricity
demand, EVs still in the area with high SOC are
allowed to discharge according to equations
(13)–(15), and the power imported from the power
grid is calculated according to equation (4). For

residential areas, only during night peak hours, EVs
still in the area with high SOC are allowed to dis-
charge for a short time according to equations
(21)–(23), and the power imported from the power
grid is calculated according to equation (9). +e
discharging electricity price is set to be the same as
the flat hours.

(6) In valley hours, making full use of cheap electric
energy to charge EVs in residential areas, according
to (16). If possible, make the SOC of each EV reach
the expected value before the next day.

According to the above optimal scheduling strategy, the
calculation flowcharts per 15minutes of commercial and
residential areas are shown in Figures 3 and 4.

5. Model Simulation

5.1. EV Behavior Analysis. In a regional MG, the distance
between residential areas and commercial areas is short,
generally only 1–3 km. From the perspective of work, only a
small part of EVs leaving residential areas during the day-
time will go to nearby commercial areas, and most of the rest
will go to other commercial areas 10 km or even 20 km away.
Similarly, only a small part of EVs returning to residential
areas at night come from nearby commercial areas. In order
to explore the effect of the proposed scheduling strategy, it is
assumed that the strategy is not only implemented in a single
regional MG but is widely used in an MG cluster.

As shown in Figure 5, the controlled area is simplified
into three regional MGs with the same power consumption
characteristics but at a distance from each other, namely
three regional MGs: MG A, B, and C. +en, if there are
several commercial areas or residential areas in a regional
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Figure 3: Calculation flowchart of commercial areas.
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MG, they are regarded as one commercial area and one
residential area in a broad sense.

+e simulations do not consider the physical distance
between the three regional MGs but consider the com-
muting mileage of EVs. According to the “2018 China Urban
Commuting Research Report,” 2.5 km, 10 km, 20 km, and
30 km are set as the four commuting mileages in the sim-
ulations. For the 2.5 km mileage, it is considered that the
commuting destination of EVs is the nearby commercial
area. +e specific description is as follows:

(1) EVs working in the nearby commercial area have a
2.5 km commuting mileage. Subordinate EVs in the
MG A, B, and C all include this type. +at is, the
commuting mileages of A-A, B-B, and C-C are the
same. 10 km, 20 km, and 30 km correspond toA-B/B-
A, B-C/C-B, and C-A/A-C mileages, respectively;

(2) +e subordinate EVs in the MG A includes three
commuting mileages: A-A: 2.5 km, A-B: 10 km, and
A-C: 30 km;

(3) +e subordinate EVs in the MG B includes three
commuting mileages: B-B: 2.5 km, B-A: 10 km, and
B-C: 20 km;

(4) +e subordinate EVs in the MG C includes three
commuting mileages: C-C: 2.5 km, C-B: 20 km, and
C-A: 30 km;

Suppose there are 300 households in each residential
area. +ere are 900 EVs in the entire controlled area.
According to the “2018 China Urban Commuting Research
Report,” approximately 31.8% of EVs (288 EVs) are allocated
as A-A, B-B, and C-C mileages; 30.8% of EVs (276 EVs) are
allocated as A-B/B-A mileage; 20.3% of EVs (182 EVs)
are allocated as B-C/C–B mileage; 17.1% of EVs (154 EVs)
are allocated as C-A/A-C mileage.

We assume that every morning, all EVs are fully charged
after the last night’s valley hours, and leave the residential
areas in the morning, then go to the commercial areas al-
located above. In order to reflect the uncertainties of EVs’
leaving and parking, random sampling is used. At the
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beginning of each simulation, sampling a working time (the
time to arrive in the commercial area in the morning) and a
closing time (the time to return to the residential area at
night) for each EV.

Referring to the “2017 Beijing Transportation Devel-
opment Annual Report,” [29] Tables 1 and 2 are formulated,
as shown in Tables 1 and 2, set the time distributions of EVs
arriving in the commercial and residential areas as target
distributions π1(t1) and π2(t2), respectively, and take
proposal densities q1(t1)∼N(8.25,1.4) and q2(t2)∼
N(18.25,1.4) for π1(t1) and π2(t2), respectively. Introducing
the constant M1�M2�1, so that M1q1(t1) and M2q2(t2)
meet the rejection sampling principle [30]:

π1(t1)≤M1q1(t1),

π2(t2)≤M2q2(t2),
(25)

where t1 and t2 can only take the values in Tables 1 and 2,
respectively. TakingMGA as an example, the number of EVs
in the commercial area A and the residential area A is
obtained by random sampling, as shown in Figure 6.

Suppose every day starts at 04 : 45 AM and ends at 04 : 30
AM the next day. Updated at an interval of 15 minutes,
the commuting mileages of 2.5 km, 10 km, 20 km, and 30 km
are considered to be 1, 2, 3, and 4 intervals, respectively.
All controlled EVs refer to Nissan LEAF 2018, which is
equipped with 40 kWh battery, 3 kW charging power,
and maximum mileage of 240 km [31]. According to the
above travel assumptions, the SOC of each EV can be
calculated.

5.2. Power Consumption Characteristics and Time-of-Use
Prices. Citing the power consumption data in Ref. [27],
combined with the time-of-use prices of Beijing in 2018 and
[32], Table 3 is obtained. +e electricity prices in valley
hours, flat hours, and peak hours are marked with different
colors, and the peak power consumption periods in the
commercial and residential areas are highlighted.

Assuming the PV electricity price is 0, and the EV
discharging price is between the valley price and the flat
price, taking 0.6 RMB/kWh.

5.3. PV Simulation Data. Selecting the PV power data of a
regional MG every 15 minutes on October 10, 2018 (suffi-
cient PV power) and September 14, 2018 (fluctuating PV
power) (both the commercial and residential areas are
equipped with 6500m2 PV panels) as shown in Tables 4 and
5.

Table 1: Time distribution of EVs arriving in the commercial area.

Arrive time (t) 5 : 45 6 :15 6 : 45 7 :15 7 : 45 8 :15 8 : 45 9 :15 9 : 45 10 :15
Probability (p) (%) 1 1.5 4 14.5 23.5 26.5 15 9 2 3

Table 2: Time distribution of EVs arriving in the residential area.

Arrive time (t) 16 : 45 17 :15 17 : 45 18 :15 18 : 45 19 :15 19 : 45 20 :15 20 : 45
Probability (p) (%) 5 13.5 18.5 26.5 14 11.5 5.5 3.5 2
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Figure 6: Number of EVs in commercial area A and residential
area A.

Table 3: Power consumption characteristics.

Time i ii iii
00 : 00 475.7 404.0 0.3748
01 : 00 412.3 375.2 0.3748
02 : 00 364.7 375.2 0.3748
03 : 00 348.8 404.0 0.3748
04 : 00 269.6 432.9 0.3748
05 : 00 269.6 432.9 0.3748
06 : 00 412.3 432.9 0.3748
07 : 00 539.1 432.9 0.8745
08 : 00 729.4 923.5 0.8745
09 : 00 713.5 1154.4 0.8745
10 : 00 713.5 1443.0 1.4002
11 : 00 808.7 1558.4 1.4002
12 : 00 824.5 1673.9 1.4002
13 : 00 761.1 1673.9 1.4002
14 : 00 745.2 1673.9 1.4002
15 : 00 681.8 1587.3 0.8745
16 : 00 666.0 1558.4 0.8745
17 : 00 951.4 1673.9 0.8745
18 : 00 1220.9 1818.2 1.4002
19 : 00 1331.9 1500.7 1.4002
20 : 00 1363.6 1298.7 1.4002
21 : 00 1252.6 1096.7 0.8745
22 : 00 1046.5 923.5 0.8745
23 : 00 761.1 577.2 0.3748
i: power consumption of the residential area (kW); ii: power consumption
of the commercial area (kW);iii: electricity prices (RMB/kWh).

8 International Transactions on Electrical Energy Systems



As shown in Table 4, the PV power on October 10 is high
and stable, and reach the maximum at noon.

As shown in Table 5, compared with October 10, the PV
power on September 14 is lower, unstable, and fluctuates
obviously.

5.4. Analysis of Simulation Results. Each commercial area
(residential area) is similar, so only select the simulation
results of the MGA for analysis. It should be noted that since
the commuting time of 900 EVs will be randomly sampled at

the beginning of each simulation, although similar results
can be obtained, there will be a little difference in specific
values.

5.4.1. Case 1: Regulation Effect with Sufficient PV Power.
+e PV power on October 10 is stable and sufficient. +e
regulation effect of the proposed strategy is shown in
Figure 7. In Figure 7(a) and the following figures, the
“Without PV and EV” curve represents the power
consumption (in the simulation analysis of this paper,
power consumption is regarded as the power imported
from the power grid) when neither PV generations nor
EVs is added, the “With PV only” curve represents the

Table 4: PV power (10.10).

Time P (kw)
5 :15 24.7
5 : 30 36.3
5 : 45 61.1
6 : 00 99.2
6 :15 141.3
6 : 30 184.5
6 : 45 210.2
7 : 00 208.7
7 :15 314.7
7 : 30 479.4
7 : 45 563.8
8 : 00 591
8 :15 535.5
8 : 30 607.7
8 : 45 645
9 : 00 647.7
9 :15 699.4
9 : 30 737.3
9 : 45 759.6
10 : 00 780.3
10 :15 805.4
10 : 30 815.6
10 : 45 824.3
11 : 00 833
11 :15 841.9
11 : 30 842.1
11 : 45 843
12 : 00 821.7
12 :15 822.9
12 : 30 798.8
12 : 45 788
13 : 00 768.5
13 :15 756.2
13 : 30 664.4
13 : 45 607.7
14 : 00 535.5
14 :15 591
14 : 30 563.8
14 : 45 479.4
15 : 00 314.7
15 :15 208.7
15 : 30 210.2
15 : 45 184.5
16 : 00 141.3
16 :15 99.2
16 : 30 61.1
16 : 45 36.3
17 : 00 24.7

Table 5: PV power (09.14).

Time P (kw)
6 : 30 8.4
6 : 45 11.9
7 : 00 25
7 :15 74.2
7 : 30 132.7
7 : 45 173.9
8 : 00 110.6
8 :15 82.2
8 : 30 119
8 : 45 150
9 : 00 247.5
9 :15 450.2
9 : 30 455.2
9 : 45 511.6
10 : 00 560.6
10 :15 558.9
10 : 30 364.3
10 : 45 469.4
11 : 00 242.7
11 :15 392.1
11 : 30 563
11 : 45 183.8
12 : 00 113.1
12 :15 137.4
12 : 30 199.1
12 : 45 138.1
13 : 00 146.3
13 :15 272.2
13 : 30 370.9
13 : 45 445.7
14 : 00 334
14 :15 368
14 : 30 496.3
14 : 45 450.2
15 : 00 247.5
15 :15 150
15 : 30 119
15 : 45 82.2
16 : 00 110.6
16 :15 173.9
16 : 30 132.7
16 : 45 74.2
17 : 00 25
17 :15 11.9
17 : 30 8.4
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power consumption when only PV generations added
without EVs, the “With PV and EV control” curve
represents the power consumption after PV generations
and EVs are added, and the “Impact of EV control” curve

represents the regulation effect of EVs charging and
discharging.

Figure 7(a) shows that the addition of PV generations
greatly reduces the power consumption of the residential
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Figure 7: Regulation effect with sufficient PV power (10.10). (a) Regulation effect in the residential area. (b) Excess PV power in the
residential area. (c) EV charging-discharging effect in the residential area. (d) Regulation effect in the commercial area. (e) EV charging-
discharging effect in the commercial area. (f ) Total power consumption before and after regulation.
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area during the daytime (06 : 00–16 : 00). However, due to
the PV panels can not work at night. So it has no effect. By
adding EVs, the peak power consumption at night (18 :
00–22 : 00) is reduced. On the other hand, the orderly

charging of EVs during 00 : 00–08 : 00 in the residential area
effectively realizes valley filling.

Figure 7(b) shows that the local PV power has exceeded
the load demand, which is the part less than 0 in the “With
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Figure 8: Regulation effect with fluctuating PV power (09.14). (a) Regulation effect in the residential area. (b) EV charging-discharging
effect in the residential area. (c) Regulation effect in the commercial area. (d) EV charging-discharging effect in the commercial area. (e)
Total power consumption before and after regulation.
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PV only” curve in Figure 7(a). +is part of the power will be
transmitted to the nearby commercial area. In about 2 hours
at noon, due to the high output of PV panels, the residential
area provides some PV power to the commercial area, and
the highest instantaneous power exceeds 100 kW.

Figure 7(c) shows the EV charging-discharging effect on
the power consumption of the residential area. During 00 :
00–08 : 00, after valley filling, the power consumption is
close to that during daytime flat hours. During 18 : 00–22 :
00, the discharging of EVs also realizes peak shaving. During
08 : 00–18 : 00, EVs are concentrated in the commercial area,
so there is almost no regulation effect.

Figure 7(d) shows the regulation effect of the proposed
strategy in the commercial area. +e PV power effectively
reduces the power consumption during the daytime (05 :
00–17 : 00). +e part less than 0 in the “With PV only” curve
before the 8th hour represents that the local PV power has
exceeded the load demand at this time. +is part of the
power will be used to charge EVs in the commercial area,
which is reflected in the “With PV and EV control” curve.
+e “With PV and EV control” curve shows the orderly
discharging of EVs further reduces the power consumption
during daytime peak hours (10 : 00–18 : 00). At night, PV
panels stop working, at the same time, EVs leave the
commercial area and return to the residential area, so the
regulation effect decreases.

Figure 7(e) shows the EV charing-discharging effect on
the power consumption of the commercial area. During 10 :
00–18 : 00, the orderly discharging of EVs realizes a certain
degree of peak shaving. +is part of discharging power
mainly comes from the electric energy stored by EVs in the
residential area from 00 : 00–08 : 00. During 00 : 00–10 : 00
and 18 : 00–24 : 00, EVs are concentrated in the residential
area, so there is almost no regulation effect.

Figure 7(f ) shows the comparison of the total power
consumption of the MGA before and after regulation,
which are represented by the “Total Power” curve and the
“Total Power with PV and EV control” curve, respectively.
From 00 : 00 to 07 : 00, the orderly charging of EVs in the
residential area realizes valley filling. Due to the PV power
and EV discharging, the power consumption during the
daytime decreases significantly. During night peak hours
(18 : 00–22 : 00), EV discharging also has a certain effect on
peak shaving.

In terms of economy, after the regulation, the whole day
electricity bills in the residential area were reduced by 33%
and that in the commercial area by 27%. +e strategy
proposed in this paper can effectively improve the economy
of the regional MG.

5.4.2. Case 2: Regulation Effect with Fluctuating PV Power.
+e PV power on September 14 is low and fluctuates, ob-
viously. +e regulation effect of the proposed strategy in the
residential area is shown in Figure 8.

Figure 8(a) shows that although PV power significantly
reduces the power consumption of the residential area, it has
obvious fluctuations compared with Figure 7(a). Due to the
low output of PV panels, there is no excess PV power all day.

Figure 8(b) shows the EV charging-discharging effect on
the power consumption of the residential area. Figure 8(b) is
similar to Figure 7(c), which shows that during 00 : 00–08 :
00 and 18 : 00–22 : 00, because PV generations can not work,
so the peak shaving and valley filling effects of EVs are less
affected.

Figure 8(c) shows the regulation effect of the proposed
strategy in the commercial area. +e “With PV only” curve
shows that although PV power reduces power consumption
during the daytime, it causes obvious fluctuations due to its
own instability. From the 11th hour, EVs begin to discharge,
so the power consumption of the commercial area is further
reduced. On the other hand, the “With PV and EV control”
curve is more stable than the “With PV only” curve
because equation (17) has the function of reducing
fluctuations. +is result also points out that EV charging-
discharging can effectively reduce power fluctuations and
improve stability.

Figure 8(d) shows the EV charging-discharging effect on
the power consumption of the commercial area. +e dif-
ference between Figures 8(d) and 7(e) is that on September
14, the discharging power of EVs fluctuated significantly,
which shows that the discharging power can make adjust-
ments to the fluctuations caused by the instability of PV
power.

Figure 8(e) shows the comparison of the total power
consumption of the MG A before and after regulation. +e
effects of valley filling during 00 : 00–06 : 00 and peak shaving
during 18 : 00–22 : 00 are similar to Figure 7(f). However,
due to the instability of PV power on September 14, total
power consumption during the daytime has obvious fluc-
tuations. Since in the commercial area, the discharging of
EVs during the daytime has suppressed the fluctuations to a
certain extent, the fluctuations in total power consumption
mainly comes from residential areas. In terms of the
economy, after the regulation, the whole day electricity bills
in the residential area were reduced by 13% and in the
commercial area by 16%. +e regulation strategy proposed
in this paper can improve the economy of the regional MG
when PV power fluctuates.

6. Conclusions

EVs have exhibited promising potential in power regulation.
We propose a regional MG optimal scheduling strategy
considering EVs as mobile energy storage. Further, power
consumption models of commercial and residential areas and
the charge-discharge model of EVs are, respectively, estab-
lished. +e simulations are performed under two cases: stable
PV power and fluctuating PV power, and we use random
sampling to imitate the behavior characteristics of EVs. +e
results from two case studies have been analyzed, which show
that the charging-discharging of EVs can be flexibly adjusted
to realize peak shaving and valley filling. Meanwhile, PV
energy deployment between different subareas can better
consume renewable energy. Case 2 shows that the discharging
of EVs can also stabilize power fluctuations. In two cases, the
proposed strategy can improve the economic benefits of the
regional MG.
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+is paper assumes that all EVs are allowed to participate
in optimal scheduling without considering the influence of
EV owners on EVs charging and discharging. Future re-
search will focus on how to analyze the impact of human
factors on the charging-discharging of EVs.

Nomenclature

MG: Microgrid
EV: Electric vehicle
RES: Renewable energy source
V2G: Vehicle-to-grid
BV: Battery vehicle
PV: Photovoltaic
SOC: State of charge.

Indices

α: Commercial area
β: Residential area
t: Time.

Parameters

P
(α)
C (P(β)

C ): Power consumed by commercial area
P

(α)
O (P(β)

O ): Power obtained by residential area
P

(α)
Building (P

(β)

Building): Power consumed by commercial
(residential) buildings

P
(α)
C Lot (P

(β)

C Lot): Charging power of commercial
(residential) parking lot

P
(α)
PV (P(β)

PV): PV power in commercial (residential)
area

P
(α)
D Lot (P

(β)

D Lot): Discharging power of commercial
(residential) parking lots

P
(α)
Grid (P(β)

Grid): Power imported from power grid by
commercial (residential) area

P
(β)

PVex: Excess PV power in residential area
L: Capacity of each vehicle
P

(α)
C Lv1 (P(β)

C Lv1): Total charging power of EVs in Lv1in
commercial (residential) area

P
(α)
C Lv2 (P(β)

C Lv2): Total charging power of EVs in Lv2in
commercial (residential) area

n
(α)
1 (n(β)

1 ): Number of EVs in Lv1 in commercial
(residential) area

n
(α)
2 (n(β)

2 ): Number of EVs in Lv2 in commercial
(residential) area

n
(α)
3 (n(β)

3 ): Number of EVs in Lv3 in commercial
(residential) area

P
(α)
C Lv1 i (P

(β)

C Lv1 i): Charging power of the ith EV in Lv1
in commercial (residential) area

P
(α)
C Lv2 j (P(β)

C Lv2 j): Charging power of the jth EV in Lv2
in commercial (residential) area

SOC(α)
Lv3 k (SOC(β)

L3 k): SOC of the kth EV in Lv3 in
commercial (residential) area

P
(α)
D Lv3 k (P(β)

D Lv3 k): Discharging power of the kth EV in
Lv3 in commercial (residential) area

tpd_α(tpd_β): End of the peak hours in commercial
(residential) area

tvd_β: End of the valley hours in residential
area.
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