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Abstract

Microgrid as an important part of smart grid comprises distributed generators (DGs), adjustable loads, energy
storage systems (ESSs) and control units. It can be operated either connected with the external system or islanded
with the support of ESSs. While the daily output of DGs strongly depends on the temporal distribution of natural
resources such as wind and solar, unregulated electric vehicle (EV) charging demand will deteriorate the unbalance
between the daily load curve and generation curve. In this paper, a statistic model is presented to describe daily EV
charging/discharging behaviors considering the randomness of the initial state of charge (SOC) of EV batteries. The
optimization problem is proposed to obtain the economic operation for the microgrid based on this model. In day-
ahead scheduling, with the estimated power generation and load demand, the optimal charging/discharging
scheduling of EVs during 24 h is achieved by serial quadratic programming. With the optimal charging/discharging
scheduling of EVs, the daily load curve can better track the generation curve. The network loss in grid-connected
operation mode and required ESS capacity in islanded operation mode are both decreased.

Keywords: Microgrid, Day-ahead schedule, Charging/discharging strategy, Electric vehicle (EV), Serial quadratic
programming (SQP)

1 Introduction
LARGE-SCALE applications of Microgrids (MGs) and
Electric Vehicles (EVs) are the best solutions to over-
come the energy crisis and environmental pressure [1].
It is widely accepted that, as an important part of smart
grid, microgrid can provide electricity for either local
loads in nearby areas by optimally allocating local re-
newable generators, small or medium traditional power
generators, and energy storage systems in islanded oper-
ation mode, or a large-scale independent power supply
system in grid-connected operation mode [2–5]. Micro-
grid also acts as a bridge to bring renewable generators
and EVs together. Taking into account of uncertain and
inflexible output of renewable generators, and random
charging demand of EVs, the control strategy for coordi-
nated behaviors of EVs is urgently needed to meet the

autonomous, economic, compatible and reliable require-
ments of microgrids.
Using the renewable generations to charge the electric

vehicles has been accepted as the most economic and
environment-friendly method [6, 7]. In the meantime,
EVs have been proposed to provide energy reserves for
renewable energy sources due to their storage nature, e.
g., for wind energy [8–11], solar energy [12, 13], and
geothermal energy [14]. In these literatures, only power
or energy balancing equations in the steady state of EVs
and renewable generators are applied to describe this
provision in transmission grids.
Since EVs can not only act as “load” but also be uti-

lized as “generator” corresponding to charging (G2V)
and discharging (V2G) modes. However, many existing
literatures have focused on the intelligent charging strat-
egy [15–20] in distribution grids, although discharging
management [21–25] has attracted increased attentions
in recent years. Smoothing the daily load profile is con-
sidered to be the most important issue [15–17, 21, 22]
whereas electricity price and economic benefits of EV
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owners are the main motivating factors to obtain load lev-
eling [17]. Some other studies introduced charging/dis-
charging methods to decrease the operation cost [18], and
power losses [19, 20, 23]. Several management strategies
for EV charging/discharging were established to achieve
this objective [24, 25]. In these discharging strategies
studied in [21–25], EVs were mostly treated as storage
systems while discharging procedure was considered.
Strategies for combined charging/discharging with respect
to the uncertainties such as travel patterns and initial bat-
tery state of charge (SOC), which are more close to the
real condition, have not been investigated to date.
Microgrid is different from traditional distribution grid

in which energy storage system (ESS) is installed to
ensure the reliability with little or no disruption to the
loads during islanded operation. EVs can help the
islanded system to perform better operation and im-
prove the utilization of renewable energy with their stor-
age capacity and controllability [26–28]. The attentions
were closely paid to the voltage and frequency profiles in
these papers while the required capacity of ESS and the
economic operation of microgrids were not considered,
and charging/discharging strategy for EVs has not been
investigated in this area.
The main contributions of this paper are as follows.

(1) Combined charging/discharging model is proposed as
the extension of the strategy in [15], in which only the
scheduling of charging starting time was considered.
The discharging standard is defined and two more
possible scenarios related to discharging characteristics
of EVs are included to describe the charging/
discharging behaviors of EVs at a specified time.

(2) The proposed model is employed in the microgrid
to schedule the charging/discharging starting time
for a better track of the daily renewable generation
curve. Furthermore, network loss and required ESS
capacity are decreased, and an economic operation
of the microgrid is obtained.

The organization of this paper is as follows. In Section
1, the optimal charging strategy proposed in [15] is briefly
reviewed and the discharging method is extended and pre-
sented. Charging and discharging schemes are combined
in Section 2 where the assumptions and constraints are
also described. Section 3 sets the objective of minimum
operation cost in the microgrid where the optimal prob-
lem is solved by Serial Quadratic Programming (SQP).
The information about the example system is described in
Section 4 and in Section 5, four scenarios are simulated.
In grid-connected operation, power is exchanged between
the microgrid and the upstream distribution system to
balance the generation and consumption. Standard devi-
ation of the exchange power is employed to describe the

similarity of the generation and load curves. With less
standard deviation, the load curve better tracks the gener-
ation one, and less exchange power is required. During
islanded operation, ESS is applied to maintain the power
balance. Under these scenarios, maximum value and
standard deviation of the exchange power, network loss in
the grid-connected operation and required ESS capacity
are compared. In Section 6, it concludes that, unregulated
EV charging deteriorates the operation condition, whereas
optimal charging/discharging of EV induces many benefits
and reduces the operation burdens. Both EV owners and
system operators can benefit from the optimal charging/
discharging scheduling proposed in this paper.

2 Methods
2.1 EV optimal charging strategy
The methodology of optimizing power system demand due
to EV charging behavior was presented in [15]. The general
EV charging characteristic determined by the 25kWh lith-
ium-ion battery and four standard charging modes
[29, 30] was introduced and followed. The diversities
among EVs such as the initial battery SOC were considered.
The initial SOC of EV batteries always have an element of
randomness but the general pattern is influenced by the
battery usage. The probability density function (PDF) of the
battery SOC after one day travel was expressed as [15]:

h E; μ; σð Þ ¼ 1

1−Eð Þ ffiffiffiffiffiffi
2π

p
σ
� e− ln 1−Eð Þþ ln dRð Þ−μ½ �2= 2σ2ð Þ0 < E < 1

ð1Þ

The donations of the variables were explained in [15].
The parameters were obtained according to the case of
vehicle travel distance in the U.K. in 2009.
In [15], continuous EV charging power was segmented

into discrete predefined time steps over each hour. The
discrete power demand Pcharj for the jth period during
the charging process and the corresponding discrete
SOC of batteries Echar_j before the start of charging from
each hour were obtained.
Two assumptions were made to simplify model

description, i.e., the charging starting time and initial bat-
tery SOC were two independent variables, and the power
demand at start of the hour lasted for the whole period.

H E char j
� � ¼ Z E char jþ1ð Þ

E char j

h E char j; μ; σ
� �

dE 0 < E < 1

ð2Þ

The mathematical expression of the charging demand
at time l for an individual EV battery is given as [15].
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PEV ¼
XNc

j¼1

Pcharjφ Pcharj; l
� � ð3Þ

where φ(Pcharj, l) is the probability of a battery charging
under power level Pdisj at specified time l, which started
charging at time l with a SOC Echar_j or possible earlier
time k with a lower SOC of Echar_(j-(l-k)). Its detailed ex-
pression was described in [15].
The charging demand of multiple EVs at time l can be

obtained from (3) as:

PEVs ¼
Xn
i¼1

PEV ð4Þ

where n is the number of EVs in the system.
From the example study in [15] which considered the

national demand of the U.K. in 2009, it demonstrated
that the EV charging demand model considering the
random initial SOC of EV batteries was valid to describe
the charging behavior of various EVs. The assumptions
and the PDF were reasonable to be used in the manage-
ment of EV charging.
As discharging provides an opportunity to allow EV

owners to participate in power regulation and share the
benefits from the system operators during the parking
periods of their EVs, it is increasingly welcomed by EV
owners. In the next section, discharging profile is briefly
described and the combined charging/discharging model
of EVs considering diversities among initial SOC of the
batteries is proposed.

2.2 Combined EV charging/discharging strategy
2.2.1 EV battery discharging characteristics
While there is no commonly accepted discharging
standard until now, a simple discharging model is uti-
lized in this paper which neglects the impacts from
battery temperature, aging and other factors. The bat-
teries discharge with constant power first to support
local residential loads and then by constant current in
low SOC [31, 32]. In order to protect EV batteries
and meet the basic travel requirements of EV owners,
the minimum SOC of EV battery during the dischar-
ging process is set.
Because fast charging will shorten battery-cycle life-

time and induce voltage flicker in the system [33],
repeatedly discharging and charging is uneconomic and
harmful to the power quality. Therefore, in this paper,
only EV discharging model with low discharging rate is
considered, which is labeled as Mode 1 or Mode 2 corre-
sponding to the charging model.
Assuming that the minimum SOC for discharging

mode is chosen as 56% in Mode 1 or 52.8% in Mode 2,
which are higher than the break point where the dis-
charging process changes from constant power discharge

to constant current discharge, the discharging model can
be simply considered as:

Pdis tð Þ ¼ Prd 0 < t≤T 3 ð5Þ

where Pdis(t) is the discharging rate at time t, and Prd is the
rated discharging power, which is normally the same
as the rated charging power. T3 is the time that guar-
antees the minimum SOC during discharging process,
which has been confirmed as 3 h in Mode 1 and 2 h
in Mode 2 according to the assumed minimum SOC.
Summarizing the charging and discharging character-

istics, a typical profile of lithium-ion EV batteries is
presented in Fig. 1. The parameters of EV battery char-
ging/discharging profile are listed in Table 1.
Similar to the discrete analysis method used in con-

tinuous EV charging power, for EV discharging:

(1) EV discharging power is segmented into predefined
time steps over a period of 24 h. The discrete power
Pdisj for the j

th period in discharging mode and the
corresponding discrete SOC of the batteries Edis_j
before the start of discharging from each hour can
be obtained, also taking the PDF of the initial
battery SOC into consideration.

Fig. 1 Generic charging/discharging profile of lithium-ion
EV batteries

Table 1 Parameters of EVs battery charging/discharging profiles

Parameters Mode 1 Mode 2

Charging Prc 3.5 kW 6.6 kW

T1 6.3 h 3.6 h

T2 8 h 4 h

Discharging Prd 3.5 kW 6.6 kW

T3 3 h 2 h
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(2) The power supply at the start of the hour will also
last for the whole period. The batteries with SOC
between Edis_(j-1) and Edis_j will have the same
discharging behavior in the specified hour, similar to
the ones with SOC between Echar_j and Echar_(j + 1)

having the same charging behavior.

Fully charged EV will not attend the charging/dischar-
ging process iteratively in this paper.

2.2.2 Combined charging/discharging behavior of an EV
The 4 assumptions for the discussion of combined
charging/discharging behavior of an EV are as fol-
lows [1, 34–36].

(1) Every EV attends charging/discharging schedule
once a day with random initial SOC.

(2) The charging/discharging starting time and
initial battery SOC are two independent
variables.

(3) During charging process, EV batteries are not to
be interrupted until they are fully charged.

(4) In discharging process, the participated EV
discharges until SOC of the battery reaches the
minimum threshold in Mode 1 or 2. It will then
directly transfer to charging process and reach to
full capacity in the following few hours.

(5) The charging/discharging efficiencies of EV battery
are both 80%.

The combined charging/discharging behavior of an EV
at instant time l can be mathematical expressed as:

PEV ¼

XNc

j¼1

Pcharjφ Pcharj; l
� �þXNc

j¼1

Pcharjϕ Pcharj; l
� �

ηchar

−
XNc−Ndis

j¼1

Pdisjθ Pdisj; l
� �

ηdis

ð6Þ

where Nd is the number of equal time period to con-
sider over one day and Nc is the number of period
required for a full charging process. Ndis is the speci-
fied charging period corresponding to the break point
for EV changing from discharging to charging process.
They are determined by the time step T for the
discretization analysis of the charging/discharging pro-
file. In this paper Nd = 24, Nc = 8/4 and Ndis = 5/3 in
both charging mode 1 and 2. ηchar, ηdis are the re-
spective charging and discharging efficiencies of EV
batteries.

Compared with (3), two more scenarios starting from
the discharging process Pcharjϕ(Pcharj, l) and Pdisjθ(Pdisj, l)
are considered in (6). The proposed new scenarios are
presented in details as follows.
Scenario a:

ϕ Pcharj; l
� � ¼

XlþNdis− j−1

k¼lþ2Ndis−Nc− j

g kð ÞH Edis Ndisþl− j−kð Þ
� �

Ndis≤ j < Nc & j≤ l≤NdXl
k¼1

g kð ÞH Edis Ndisþl− j−kð Þ
� �þ

XNmax

kpre ¼ l þ Ndþ
2Ndis−Nc− j

g kpre
� �

H Edis NdisþNdþl− j−kpreð Þ
� �

Ndis≤ j < Nc & 1≤ l < j
when l þ Nd þ Ndis− j−1≥Nd;Nmax ¼ Nd;
otherwise Nmax ¼ l þ Nd þ Ndis− j−1

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

ð7Þ

ϕ(Pcharj, l) in (7) is the probability of a battery charging
under power level Pcharj at time l, which started dischar-
ging from earlier time k with a SOC of Edis_(Ndis + l-j-k).
Under Assumption (4), the battery participating in
discharging will directly charge after the minimum dis-
charging SOC threshold is reached. g(k) is the probabil-
ity of a discharging process starting at time k and H(Edis_
(Ndis + l-j-k)) is the probability of an initial battery SOC
from which the EV charges under power level Pcharj at
time l. In this scenario, the effect caused by the dischar-
ging process starting from the previous night is consid-
ered in the second part.
Scenario b:

θ Pdisj; l
� � ¼

Xl
k¼lþ j− Nc−Ndisð Þ

g kð ÞH Edis jþl−kð Þ
� �

1≤ j≤Nc−Ndis & Nc−Ndis≤ l≤Nd

Xl
k¼Nmin

g kð ÞH Edis jþl−kð Þ
� �þ

XNd

k¼lþNdþ j− Nc−Ndisð Þ
g kð ÞH Edis jþlþNd−kð Þ

� �
1≤ j≤Nc−Ndis & 1≤ l < Nc−Ndis

when l þ j > 4;Nmin ¼ l; otherwise Nmin ¼ 1

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

ð8Þ

θ(Pdisj, l) in (8) is the probability of a battery dischar-
ging under power level Pdisj at time l, which started dis-
charging at time l with a SOC of Edis_j or possible earlier
time k with a higher SOC of Edis_(j + (l-k)). g(k) is the
probability of a discharging process starting at time k
and H(Edis_(j + l-k)) is the probability of an initial battery
SOC from which the EV discharges under power level
Pdisj at time l. In this scenario, the effect caused by the
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process starting from the previous night is also consid-
ered in the second part.
The schematics of the two scenarios are shown in Fig. 2.

2.2.3 Charging/discharging behavior of multiple EVs
The charging/discharging behavior of multiple EVs is the
direct sum of the individual EVs. Thus, the charging/dis-
charging behavior of multiple EVs at instant time l can
also be obtained according to (4).

2.2.4 Microgrid operation optimization
There are many variable sources in the microgrid, for ex-
ample distributed generators (DGs) and EVs. Peak power
produced by the DGs normally cannot match the peak load
around 19:00–21:00, as the peak of solar power generation
is usually at noon and wind power in the mid-night.
Unregulated EV charging will increase the unbalance
between power generation and consumption. In this paper,
the optimal function is established to reduce this unbalance.
The daily operation cost of the microgrid is minimized by
scheduling the EV charging/discharging starting time
during 24 h under the power flow constraints.

2.2.4.1 Standard power flow constraints
The power flow in the microgrid has these constraints [34]:

Pi;l ¼
Xn
j¼1

Y i; j

�� �� � V i;l

�� �� � V j;l

�� �� � cos θi; j þ δ j;l−δi;l
� �� �

ð9Þ

Qi;l ¼ −
Xn
j¼1

Y i; j

�� �� � V i;l

�� �� � V j;l

�� �� � sin θi; j þ δ j;l−δi;l
� �� �

ð10Þ
where the subscripts i and l denote at bus i in
hour l.
The voltage is limited as:

0:9≤ V i;l

�� ��≤1:1 p:u: ð11Þ

The current limitations in the cables are:

Ii; j;l≤ Ii; j; max ð12Þ

where the subscripts i and j denote two terminal buses
of the cable.
The transformer capacity limitations is:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P2
Di;l þ Q2

Di;l

q
≤Smax

i ð13Þ

where subscript D denotes the load.
The network loss per hour is calculated as:

Fig. 2 Schematics of the two scenarios starting from discharging process of a single EV battery
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PLoss ¼ 1
2

Xn
j¼1

Xn
i¼1

Gi; j � ð V i;l

�� ��2 þ V j;l

�� ��2
−2 � V i;l

�� �� � V j;l

�� �� � cos δ j;l−δi;l
� �Þ

 ! !

ð14Þ

2.2.4.2 Optimal function and objective
The optimal function is established mainly to minimize
the exchange power between microgrid and upstream
distribution system, but also partially to reduce the net-
work loss in the microgrid. By following this optimal
function, the load curve including charging/discharging
behaviors of EVs can better track the power generation
curve. The required capacity of ESS in the islanded oper-
ation mode is also reduced due to the better match
between the generation and consumption curves.
The objective is to minimize the result of (15) by opti-

mal scheduling the hourly charging/discharging EV
numbers in a day for lowest required ESS capacity and
network loss.

min z ¼ min Var WTie−linePTie−lineð Þ þWLossPLossð Þ

¼ min

WTie−line

Nd

XNd

l¼1

PTie−line lð Þ− �PTie−lineð Þ2

þWLoss

Nd

XNd

l¼1

PLoss lð Þð Þ2

0
BBBB@

1
CCCCA

s:t:
X24
l¼1

f lð Þ þ g lð Þð Þ ¼ 1; f lð Þ≥0; g lð Þ≥0
X24
l¼1

g lð Þ≤gmax

ð15Þ

In (15) z is the optimal function. PLoss is obtained from
the power flow solution in every optimal searching iter-
ation and PLoad(l) represents the non-EV load demand at

time l. The exchange power PTie-line(l) at time l is equal
to the unbalance between the total consumption PLoad(l)
+ PEVs(l) + PLoss(l) and total generation PGen(l). f(l) and
g(l) are the decision variables which are the percentages
of EVs that start charging and discharging at time l.

�PTie−line is the mean value of the exchange power. WTie-

line, WLoss are the weighting factors for the optimal prob-
lem. In this paper WTie-line = 0.8, and WLoss = 0.2.

2.2.4.3 Sequential quadratic programming (SQP)
The optimal function can be solved by sequential quad-
ratic programming (SQP). It takes z (optimal function)
and f(l), g(l) for l = 1, 2,…, 24 (decision variables) as in-
puts, finds the local minimum of z that satisfies the con-
straints by varying the values of f(l) and g(l), and then
outputs the corresponding optimal values.

3 Results
3.1 System information and assumptions in an example
microgrid
3.1.1 System information
To investigate the impacts of EVs to the operation cost
of microgrids, an example system is given in Fig. 3.
In this paper, the constant output of gas turbine is uti-

lized to cover the base load. Analysis is focused on the
optimal charging/discharging scheduling of EVs in
day-ahead market. Gap between the real and estimate
renewable generations and consumptions can be elimi-
nated by the fast response ESSs though their influence is
not discussed here.
Tables 2 and 3 present the information about buses

and feeder impedances in the example system. The
continuous load curve, gas turbine, wind farm and
photovoltaic output power are also segmented into

Fig. 3 Microgrid example system
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discrete predefined time steps over a period of 24 h, as
well as EV charging/discharging power demand or
generation.
The load and generation curves can be obtained

through one-day-ahead estimation as shown in Figs. 4
and 5. The parameters are given in [37–39].

3.1.2 Assumptions in the example microgrid
In the example microgrid, the following assumptions are
made.

(1) There are 200 EVs connected to the microgrid. The
aggregation units (AU) of EV charging points can
efficiently manage EV charging and discharging
processes to the grid, and in this paper the AU is
connected at Bus 7 [1, 9, 15].

(2) One Doubly Fed Induction Generator (DFIG) with
1.5 MW capacity is newly installed to meet the
charging demand of EVs. The daily estimated output
of the DFIG is shown in Fig. 6 and the detailed
parameters are given in [37–39]. The capacity of
transformer T3 is extended to 6 MW accordingly.

(3) Battery storage system and diesel generator are the
two components of ESS. The generated energy is
stored into the battery during power surplus and is

extracted when the generation is insufficient. The
diesel generator is used once the energy stored in the
battery is reduced to its minimum threshold. Different
connection buses of ESS can affect the required ESS
capacity but are not considered in this paper.

(4) In order to protect the batteries, the minimum
threshold for the battery storage system during
discharging is 0.5MWh. When the remaining
energy in the system reaches 0.5MWh, it is out of
operation until additional energy is re-stored.

(5) The required capacity of ESS is calculated
considering the need for the microgrid to be in
islanded operation for the whole day.

(6) Thirty percent EVs are volunteered to participate in
discharging procedure.

3.2 Case study
The charging/discharging schedule of EVs during 24 h,
the daily exchange power between the microgrid and up-
stream distribution system, the network loss and required
ESS capacity are compared under the following four cases:

Case A: System without EVs;
Case B: Under direct charging strategy by Mode 1;
Case C: Under optimal charging strategy by Mode 1;
Case D: Under optimal charging/discharging strategy
by Mode 1.

3.2.1 Charging/discharging schedule of EVs
In Case A, no EV exists in the system and no scheduling
for EV needs to arrange.
In Case B, EVs are charged instantaneously after the

end of their trips. Each of 15% are assumed to charge at
9:00 and 23:00 respectively, 40% at 19:00, 20% at 20:00
and 0.5% at each of the rest 20 h. The schedule under
direct charging strategy generally shows periodic vari-
ation over a day.
In Case C, the optimal charging strategy is obtained

from (15). Only the first scenario in (6), which denotes
to the charging process, is considered.
In Case D, the optimal charging/discharging strategy

is obtained from (15). Three scenarios in (6), includ-
ing the charging and discharging processes, are all
considered. According to the randomness of initial
SOC, the vehicles scheduled to discharge have small
possibility of SOC lower than the minimum threshold.
These vehicles will not attend the charging process
and they are individually charged in the following
hours. In this case, while the V2G participated level is
29%, the percentage of these vehicles is even smaller
than 5%. Thus, their effects are insignificant and thus
are neglected in this paper.
The charging/discharging schedules for EVs in 24 h

under the four cases are shown in Fig. 7.

Table 2 Bus information of the example system

Bus No. Voltage Load Bus Type

V (p.u.) δ(deg) V (p.u.) δ(deg)

1 1.03 0 0 0 Slack Bus

2 1.01 0 0 0 PV Bus

3 1.03 0 0 0 PV Bus

4 1.01 0 0 0 PV Bus

5 1 0 Fig. 4 – PQ Bus

6 1 0 Fig. 4 – PQ Bus

7 1 0 Fig. 4 – PQ Bus

8 1 0 Fig. 4 – PQ Bus

9 1 0 0 0 PQ Bus

Table 3 Line information of the example system

Line No. Bus No. Impedance (p.u.) Tap Ratio

From To R X

1 1 5 0 0.01667 1

2 2 9 0 0.01667 1

3 3 6 0 0.01667 1

4 4 8 0 0.01667 1

5 5 6 0.003 0.025 –

6 6 7 0.006 0.055 –

7 7 8 0.006 0.055 –

8 8 9 0.003 0.025 1
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3.2.2 Exchange power between microgrid and upstream
distribution system
The charging demands/discharging supplies of EVs in 24 h
under the four cases are shown in Fig. 8, and the exchange
power in 24 h under the four cases are shown in Fig. 9.
From Figs. 7, 8 & 9, the followings can be observed.
In Case A, the line connecting the microgrid and

upstream distribution system needs be designed to
carry the 3.8192 MW maximum exchange power. The
average value is − 0.4111 MW and the standard
deviation is 1.8083 MW, which designates for the
unbalance level between the daily load and gener-
ation curves.
In Case B, the charging demand of EVs under direct

charging strategy is mainly around 9:00, 19:00 and 23:00
which coincide with the daily peak load. EVs’ charging

increases the load burden in the microgrid during 19:
00–20:00. The line needs be designed to carry the 6.
2759 MW maximum exchange power, representing a 64.
32% increase compared with the result obtained in Case
A. The average value is − 0.1624 MW. The energy gener-
ated by the newly installed 1.5 MW wind generator
during 24 h is sufficient for the charging demand of 200
EVs with small energy surplus. The standard deviation is
2.3560 MW, which is an increase of 30.29% compared to
that in Case A.
In Case C, the charging processes for the primary

EVs are concentrated at night in which the wind
power is also high. Around 50 EVs utilized as second-
ary vehicles are scheduled to start charging at 8:00
[40]. The line need be designed to carry the 2.
6517 MW maximum exchange power, a 57.74%

Fig. 4 Daily load curves of the microgrid example system

Fig. 5 Daily generation curves of microgrid example system
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decrease compared with that in Case B. The average
value is − 0.1413 MW and the standard deviation is
1.3465 MW, a decrease of 42.85%.
In Case D, the primary EVs are also started charging at

night whereas 15% secondary vehicles start charging at
8:00. Around 29% vehicles start discharging during 16:
00–18:00 to support the grid during the peak load
period. The line needs designed to carry the 1.8041 MW
maximum exchange power, a 31.96% decrease com-
pared with the result obtained in Case C. The average
value is − 0.1312 MW and the standard deviation is
reduced by 32.41% to 0.9101 MW.

3.2.3 Network loss
The network losses in the microgrid in 24 h under the
four cases are compared in Fig. 10.
From Fig. 10, the network losses under four cases can

be obtained respectively based on (16) as:

WLoss ¼
X24
l¼1

PLoss � Tð Þ ð16Þ

In Case A, the power loss is 1.29MWh, whereas in
Case B, it is increased by 36.2% to 1.6072MWh. In Case
C, the power loss is reduced to 1.2515MWh

Fig. 6 Daily output power of 1.5 MW DFIG

Fig. 7 Hourly charging/discharging schedules under four cases
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representing a 22.1% decrease compared with that in
Case B. The power loss is further reduced in Case D to
0.8986MWh, a 28.2% reduction compared to that in
Case C.

3.2.4 Required ESS capacity
Based on the given Assumption (3)–(5), the required
ESS capacities in 24 h under the four cases are shown in
Figs. 11 and 12.
From Figs. 11 and 12, the followings can be seen.
In Case A, the battery system with the maximum en-

ergy capacity around 9.0MWh is charged during the
night. It discharges to 0.5MWh at 16:00 and is out of
operation until additional energy is re-stored from 22:00.
The diesel generator with the maximum energy capacity
around 11MWh replaces the battery during 16:00–22:00.
In Case B, while the peak wind power generation and

charging demand of EVs appear at different time

periods, more power generation is in surplus at night
whereas more load required to be fed during the peak
load period around 19:00–22:00. The required maximum
energy capacity of the battery system is around 15MWh
to store the surplus wind energy. Diesel generator with
the maximum energy capacity around 5MWh is also re-
quired to balance the load, EV charging demand and
generation during 19:00–22:00.
In Case C, optimal charging of EVs can effectively use

the surplus wind energy at night. It helps to reduce the
required capacity of battery storage system and conse-
quently, only a battery system with the maximum energy
capacity around 4.5MWh is required. During the peak
load period, the capacity of diesel generator increases
while less energy is re-stored at night, and thus the max-
imum energy capacity around 7.5MWh is required.
In Case D, with the support of contracted discharging

EVs, only 1.5MWh capacity of diesel generator is

Fig. 8 Hourly charging demands/discharging supplies of EVs under four cases (Positive power denotes the charging demand of
EVs. Negative power expresses the discharging supply of EVs)

Fig. 9 Hourly exchange power under four cases (Positive power denotes the power delivering from the microgrid to external
system. Negative power expresses the power sending from the external system into microgrid)
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required at 18:00, and around 4.5MWh energy capacity
of battery system is also required.

3.2.5 Optimal discharging number under different
volunteered EVs
Discharging (V2G) is the most promising opportunity to
let the EV owners participate in power regulation and
share the benefits from the system operators. Assuming
that increasing EVs volunteer into this procedure, opti-
mal discharging-participate number obtaining from (15)
with increased gmax is shown in Fig. 13.
Because of the constraints in the assumptions that

every vehicle attends charging or discharging only once
a day and the charging period for the V2G-participated
vehicles is directly after their discharging, the optimal
number of discharging vehicles is set as 74 although
every vehicle has volunteered for V2G process. Too

many EVs discharging to support the peak load can lead
to reduced charging capacity for the utilization of sur-
plus wind energy at night.
EV owners can be invited and contracted to participate

in the discharging process starting from specified hours
through an internet application or SMS messages. The
system operators choose the first contracted EVs accord-
ing to the optimal schedules.

3.2.6 Case E: Under optimal charging/discharging strategy
by mode 2
The charging/discharging schedule for EVs by Mode 2 is
obtained based on (15). EVs finish their charging/
discharging behaviors with smaller time scale and
higher charging/discharging power, which provide
more flexibility in the optimal scheduling and lead

Fig. 10 Hourly network losses under four cases

Fig. 11 Required capacities of battery storage system under four cases
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to improved results over Mode 1 with longer char-
ging/discharging profile.
The primary EVs are also concentrated to start char-

ging at night. Seven percent secondary vehicles start
charging at 8:00, and 20% vehicles during 16:00–18:00 to
support the grid during the peak load period. The line
connecting the microgrid and upstream distribution sys-
tem needs be designed to carry 1.2750 MW maximum
exchange power, which is a 29.33% reduction compared
with the result obtained in Case D. The average value is
− 0.1398 MW and the standard deviation is 0.7225 MW,
a decrease of 20.61%. The total network loss over 24 h is
reduced by 27.14% compared with the result in Case D
to 0.6547MWh. The required capacity of ESS is also
reduced in this case. Only 0.8MWh capacity of diesel
generator is required at 18:00 while the required
maximum energy capacity of the battery system is
around 3.3MWh.

4 Discussions
The comparisons of the exchange power, the network
losses and required ESS capacities under the five differ-
ent cases are listed in Table 4.
From Table 4, the followings can be observed.

(1) In the grid-connected operation, unregulated
charging of EVs increases the maximum exchange
power via the line connecting the microgrid and
upstream distribution system, and the network loss
in the microgrid. The standard deviation of exchange
power is increased which denotes high unbalance
between the generation and consumption curves and
more exchange power required to maintain the
power balance.

During the islanded operation of the microgrid, more
battery storage system is required to store the surplus

Fig. 12 Required capacities of diesel generator under four cases

Fig. 13 Optimal participated number under different volunteered EVs

Cai et al. Protection and Control of Modern Power Systems  (2018) 3:9 Page 12 of 15



wind energy at night. Diesel generator together with the
stored energy is utilized to meet the peak loads.

(2) In the grid-connected operation, both the maximum
exchange power and network loss are decreased
under the optimal charging strategy. The standard
deviation of exchange power is also decreased
indicating a better match between generation and
consumption curves and less exchange power
required to maintain the power balance.

During the islanded operation of the microgrid, while
the load curves with charging demand of EVs can better
match the generation curve at night, less energy is
stored in the battery system and thus, more energy is re-
quired from diesel generator to support the peak load.

(3) In the grid-connected operation, the maximum ex-
change power, the network loss and the standard
deviation of exchange power are further decreased
under the optimal discharging strategy.

During the islanded operation of the microgrid, less
diesel generation capacity is required to meet the peak
load with the help from discharging behaviors of EVs.
The load curve including the charging/discharging of
EVs can track the generation curves well not only at
night but also during the peak load period.

(4) According to the charging and discharging model,
even with 100% EVs volunteering to participate in
discharging process, only the optimal number of
EVs are contracted to participate in the specified
hours. When the price paid to the electricity from
EV batteries is considerable but is still less than the
saving from reduced network loss and ESS back-up
capacity, both the EV owners and system operators
benefit from the optimal scheduling.

(5) Optimal charging/discharging scheduling of EVs by
higher power level leads to further decreased
maximum exchange power and network loss in the
microgrid. Additional reduction of the standard

deviation of exchange power is obtained, and so as
the capacities of battery storage system and diesel
generator required during islanded operation. More
flexibility is provided in scheduling with shorter
charging/discharging profile.

5 Conclusions
Microgrids and EVs are inevitably becoming the future
developing trends. While renewable generators supply
main power in microgrid and they are strongly
dependent on the natural resources, ESS needs be uti-
lized to balance the gap between daily load and gener-
ation curves during islanded operation. Charging/
discharging behaviors of EVs can be used to reduce the
peak demand and increase the minimum load curve, in
order to better match the generation curve. Better
scheduled charging/discharging of EVs can improve the
operation condition of microgrid, whereas unregulated
EV charging induces many challenges.
In this paper, a method with combined charging/dis-

charging behaviors of EVs with respect to the uncertain-
ties of initial battery SOC and travel pattern is proposed.
The optimal scheduling of charging/discharging starting
time of EVs is obtained based on this method, in order to
reduce the operation cost of the microgrid. The results
from the example system verify the effectiveness of the
proposed method. Under the optimal charging/dischar-
ging strategy of EVs, load curve including the charging/
discharging of EVs can track the generation curve well not
only at night but also during the peak load period. Max-
imum and aggregate exchange power through the line
connecting the microgrid and upstream distribution sys-
tem, as well as network losses are decreased. The required
capacities of battery storage system and diesel generator
are also reduced. Higher charging/discharging power
levels can further lead to increased benefit for both the EV
owners and system operators.
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bkNetwork
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ESS Energy Capacity (MWh)

Battery storage system Diesel generator

A 3.8192 1.8083 1.29 9.0 11.0

B 6.2759 2.3560 1.6072 15.0 5.0

C 2.6517 1.3465 1.2515 4.5 7.5

D 1.8041 0.9101 0.8986 4.5 1.5

E 1.2750 0.7225 0.6547 3.3 0.8

(Case A: System without EVs; Case B: Under direct charging strategy by Mode 1; Case C: Under optimal charging strategy by Mode 1; Case D: Under optimal
charging/discharging strategy by Mode 1. Case E: Under optimal charging/discharging strategy by Mode 2)
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