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Abstract: Wind power has features of uncertainty. When wind power producers (WPPs) bid
in the day-ahead electricity market, how to deal with the deviation between forecasting output
and actual output is one of the important topics in the design of electricity market with WPPs.
This paper makes use of a non-probabilistic approach—Information gap decision theory (IGDT)—to
model the uncertainty of wind power, and builds a robust optimization scheduling model for
wind–storage–electric vehicles(EVs) hybrid system with EV participations, which can make the
scheduling plan meet the requirements within the range of wind power fluctuations. The proposed
IGDT robust optimization model first transforms the deterministic hybrid system optimization
scheduling model into a robust optimization model that can achieve the minimum recovery
requirement within the range of wind power output fluctuation, and comprehensively considers each
constraint. The results show that the wind–storage–EVs hybrid system has greater operational
profits and less impact on the safe and stable operation of power grids when considering the
uncertainty of wind power. In addition, the proposed method can provide corresponding robust wind
power fluctuation under different expected profits of the decision-maker to the wind–storage–EVs
hybrid system.

Keywords: information gap decision theory; electric vehicle; V2G; wind power; uncertainty;
robust optimization

1. Introduction

The increasing shortage of traditional energy and the increasing environmental pollution have
prompted people to pay more and more attention to renewable energy. Wind power participation
in power system scheduling has become an effective means to cope with the above problems [1].
In traditional power system scheduling, the optimization model is directly solved usually by using the
wind power as a definite parameter. However, in the context of establishing a competitive electrical
market after implementing electrical reform, decision makers cannot obtain complete wind power data
for the sake of competition secrecy. Moreover, with the large-scale wind power connected to the grid,
the intermittent and randomness of wind power makes wind power output increasingly uncertain [2].
The wind power system scheduling becomes a challenge. If the uncertainty is not properly handled,
it may lead to serious scheduling problems, such as insufficient climbing ability, insufficient rotation
reserve, transmission congestion [3] and demand interruption, which seriously threatens the stable
operation of the power system [4,5].

In recent years, there are two main methods for dealing with the uncertainty of wind power in
power system operation and scheduling. The first method is utilizing energy storage system, which is
used to cooperate with the wind farm to compensate the fluctuation of wind power output. From the
perspective of investors, the optimal configuration model of the wind–storage hybrid system with the
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maximum benefit of wind farm operation and the energy storage system is established, respectively.
The research shows that the combined operation of wind and storage relieves the uncertainty of
wind energy and improves the economic benefits of investors [6,7]. Considering the contradiction
between the operating cost, risk and wind power consumption of the wind–storage hybrid system,
a multi-objective optimization model with the aim at lowest operating cost, minimum operating risk
and maximum consumption of the wind–storage hybrid system is established. Studies have shown
that wind storage integration improves the capacity of wind power consumption and the economy
of system operation [8,9], but the energy storage devices are expensive and economically inferior.
Nowadays, Electric vehicles (EVs) are connected to the grid through Vehicle-to-Grid (V2G) technology,
and they are coordinated as distributed energy storage systems and wind farms, which have received
much attention [10]. In [11], the North China Power Grid and the Northwest Power Grid are taken
as examples to verify that the coordinated operation of electric vehicles and wind farms can reduce
the amount of abandoned wind at night. Aiming at the reliability of the power grid, the wind energy
and the volatility of EVs loads are comprehensively considered to propose a charging and discharging
control strategy for EVs [12].

The second method is to use the math method to improve the accuracy of forecasting wind
power. Under the premise that the wind energy obeys the normal distribution [13], the Monte Carlo
method [14] and Stochastic dynamic programming model [15] are used to obtain the wind power
forecasting value. On this basis, the joint scheduling model of the wind–storage hybrid system is
established, and the optimal scheduling plan in spot market is developed. In [16], on the premise
of that the wind speed obeys the Rayleigh distribution, a cooperative dispatching model for the
hybrid system of EVs, wind power, photovoltaics, and energy storage is constructed. Utilizing a fuzzy
optimization method [17,18], the wind power is processed and the wind power model is solved by
mixed integer programming. However, it is quite difficult to obtain the accurate distribution and
parameters of wind energy. As an optimization method without requiring a probability distribution of
uncertainty variables, IGDT theory can model the deviation between the forecasting and actual value,
and determine the range of variable fluctuation according to decision maker’s acceptance of the threat
caused by uncertainty [19,20],which has been widely used in power system. Based on the IGDT method,
the impact of the uncertainty of load recovery on the safe and stable recovery of power grid [21,22],
the uncertainty of forced stop of generator set on thermal Gencos [23], the uncertainty of load demand
and distributed power output on active distribution network operation [24], the uncertainty of wind
power on power flow calculation of HVDC transmission and voltage management [25–27], and the
uncertainty of the spot market price for EV aggregators to develop scheduling strategy and Gencos to
develop a bidding strategy and allocate trading power rationally [28–31] have been studied. Therefore,
using IGDT robust optimization method to mitigate the uncertainty of wind power is feasible for the
joint scheduling of wind–storage–EVs hybrid system.

In this paper, the IGDT optimization method is used to process the uncertain wind power
forecasting data. With the goal of maximizing the profit of the wind–storage–EVs hybrid system,
the wind–storage–EVs hybrid system day-ahead optimization scheduling model considering the wind
power uncertainty is established. Finally, the mixed integer programming model is solved by CPLEX
software, and the results of case studies verify the effectiveness of the proposed method.

The major contributions of this paper mainly include the following two points: (1) This paper
proposes a novel method based on IGDT which enables the wind–storage–EVs hybrid system to
generate its own optimal scheduling strategies. The proposed method does not solve the scheduling
strategy with the goal of maximizing profit; however, it deals with the strategy based on robustness
coefficient. In this way, the wind–storage–EVs hybrid system can obtain a robust optimal scheduling
strategy against the risk caused by wind power uncertainty. (2) IGDT theory is an optimization
method that determines the range of variable fluctuations based on the degree of threat acceptance of
uncertainty by decision makers. It does not require the probability distribution of uncertain variables,



Energies 2019, 12, 3848 3 of 13

but models the deviation between predicted and actual values. It has been widely used to deal with
the uncertainty of load recovery and the uncertainty of electricity price.

2. Wind–Storage–EVs Hybrid System Joint Scheduling Model

Under economic and environmental constraints, wind farms are widely used because of their
environmental protection and low cost. Demand response resources (storage energy and EVs) can
also be regarded as a rotating standby to participate in wind power system scheduling. In this
section, an optimal scheduling model is established after the wind power and the demand response
being simultaneously used as scheduling participants, and the abandoned wind rate is reduced by
coordinating participants. The model does not consider the uncertainty of wind power output for the
time being.

2.1. Objective Function

First, divide a day into time periods. Then, with the goal of maximizing profit of
the wind–storage–EVs hybrid system, a day-ahead joint optimization scheduling model of the
wind–storage–EVs hybrid system with the participation of EVs is built. In this model, systems with
renewable energy resources directly exchanging the electrical energy with private connections [32].
Energy storage systems and EVs absorb surplus wind power during low valleys and gain revenue by
peaking during peak periods. The total profit of hybrid system is formulated as follows,

f = max
T

∑
t=1

[
πt(Pω

t + Pdis
t − Pch

t )∆t− CDR
t

]
(1)

where πt denotes the on-grid price of the wind–storage–EVs hybrid system at time t; Pω
t is the wind

power at time t; Pdis
t and Pch

t denote the discharging and charging ability of energy storage system
at time t, respectively; ∆t represents the time interval, which usually is 1 h; and CDR

t represents the
demand response costs at the time when EVs participate in the joint scheduling of the wind–storage
hybrid system, shown as follows,

CDR
t = πev

t

T

∑
t=1

G

∑
g=1

Pt,g (2)

where πev
t indicates the price of EVs participating in auxiliary service in the day-ahead market; Pt,g

indicates the charging and discharging power of gth vehicle at time t; and G is the total number of
EVs, which participate in the dispatch.

2.2. Constraints

Usually, the decision variables in the joint scheduling model of the wind–storage–EVs hybrid
system in the day-ahead market include the planned output of the wind power station and the
charging and discharging plan of the energy storage system the EVs. Therefore, this paper considers
the following constraints:

(1) The upper and lower constraint of the wind power:

0 ≤ Pω
t ≤ Pω,max

t (3)

where Pω,max
t is the maximum output of the wind power station at time t, which is the wind

forecast power.
(2) Operating constraints of the energy storage system, which include the safety constraints of the

energy storage devices (Equation (4)), the charging and discharging equation constraints (Equation (5)),
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the energy balance constraints under energy storage period (Equation (6)), and the charging and
discharging state transition constraints (Equations (7)–(11)):

Emin ≤ Et ≤ Emax (4)

Et+1 = Et + Pch
t ∆tηch − Pdis

t ∆t/ηdis (5)

E0 = ET (6)

0 ≤ Pch
t ≤ Pch,maxUch

t (7)

0 ≤ Pch
t ≤ Pch,maxUch

t (8)

0 ≤ Pdis
t ≤ Pdis,maxUdis

t (9)

Uch
t + Udis

t = 1 (10)

T

∑
t=1
|Udis

t + Udis
t−1| ≤ Nbat (11)

where Et denotes the dynamic status at time t of the energy storage; Emax and Emin indicate the
maximum and minimum power limit of the energy storage; ηch and ηdis mean the charging and
discharging efficiency; E0 is the energy content at the initial time; ET is the energy content at the stop
time; Pdis,max and Pch,max denote the maximum discharge and charge power, respectively; and Uch

t
indicates the charging status at time t (0 indicates charge and 1 indicates discharge); Udis

t indicates
the discharging status at time t (0 indicates discharge and 1 indicates charge); and Nbat represents
the limit of charging and discharging conversion frequency. Considering the impact of the charging
and discharging behavior on energy storage life, it is necessary to limit the frequency of charging
and discharging state transitions. As a distributed energy storage system, electric vehicles meet the
operational constraints of energy storage systems.

3. IGDT-Based Robust Scheduling Decision Model

3.1. Overview of IGDT-Based Robust Model

Due to the poor regularity of wind power, it is difficult to simulate the accurate value of wind
power by traditional stochastic optimization methods such as probability prediction or fuzzy planning
method. If the specific probability distribution or parameter of the uncertain variable cannot be
obtained, IGDT is an effective tool which can simulate the deviation between the predicted and actual
value of the uncertain variable. Then, the decision solution under the uncertainty can be obtained.

Considering different decision makers have different acceptance of threats to uncertainty, IGDT
optimization can establish a robust model by maximizing the fluctuation of uncertain variables under
guaranteeing the expected goal of the decision maker. Moreover, the solution from simulation can
guarantee that the decision makers’ expected goal is always satisfied within the allowable fluctuation.
For an optimization model:

max f (X, d)

s.t. H(X, d) = 0
G(X, d) ≤ 0

(12)

where X is the input variable; d is the decision variable; f (X, d) represents the optimization goal;
and H(X, d) = 0 and G(X, d) ≤ 0 denote the equality and inequality constraints that satisfy the
goal, respectively.
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Considering the uncertainty of the input variable X, this paper assumes that the forecasting value
is X̃ and X fluctuates up and down around X̃. Then, based on the IGDT robust optimization method,
the uncertain variable can be formulated as follows,

U(α, X̃) = {X : |(X− X̃)/X̃| ≤ α} (13)

where α represents fluctuation range of the uncertainty variable, which is the robust coefficient and
U(α, X̃) means the set of X.

Assuming when the input variable X equals the forecasting value X̃, the optimal solution obtained
by the optimization model is f0 .When the input variable X is not equal to the forecasting value X̃, it
is difficult for the optimization model to obtain the optimal solution. To achieve the optimized goal,
the decision maker can set an acceptable minimum expected target value fc based on his attitude
towards the threat posed by the uncertainty,

f0 = (1− δ) fc (14)

where δ is the degree of deviation between the expected target and the optimal solution f0, which can
be called as a deviation factor ranging from 0 to 1. The larger is the value of δ, the greater is the risk
aversion of the decision maker to the uncertainty.

At this point, the optimized goal of the original optimization model is changed into the
determination of the maximum fluctuation amplitude of the input parameter when the result is
not lower than the minimum expected target and is formulated as,

max {α : min f (X, d) ≥ fc}
s.t. fc = (1 + δ) f0

H(X, d) = 0
G(X, d) ≤ 0
X ∈ U(α, X̃)

(15)

The maximum fluctuation range α of the uncertain parameter can be obtained from Equation (15)
when the minimum decision solution is not less than the expected target fc. That is to say, when the
uncertain parameter X fluctuates within the range α, the developed decision-making strategy can
resist the threat caused by uncertainty, and the obtained decision solution must be not less than the
expected target fc .

3.2. Derivation of Robust Scheduling Decision Model

The actual wind power fluctuates around the forecasting value. Based on the IGDT theory,
the actual wind power can be expressed as,

U(α, P̃ω
t ) = {Pω

t : |(Pω
t − P̃ω

t )/P̃ω
t | ≤ α} (16)

where Pω
t indicates the actual output of wind power and P̃ω

t indicates the forecasting output of
wind power.

Assuming Pω
t equals P̃ω

t , the profit obtained by optimization scheduling model of the
wind–storage–EVs hybrid system is f0. Then, the expected profit fc belonging to the decision maker
can be formulated as,

fc = (1 + δ) f0 (17)

where δ indicates deviation factor, which is the deviation between actual income and expected profit.
Starting from the subjective factors of the decision maker, δ shows the tolerance degree to the risks
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brought by the uncertainty of wind power. Therefore, based on IGDT theory, the objective function of
the day-ahead scheduling model of the wind–storage–EVs hybrid system is as follows,

max {α : min f (Pω
t , Pdis

t , Pch
t , Pg

t ) ≥ fc} (18)

4. Model Solving

The traditional optimization method is difficult to deal with IGDT robust optimization. Hence,
Lagrangian relaxation algorithm is utilized to calculate the minimum benefit of the wind–storage–EVs
hybrid system.

min f {
T

∑
t=1

[
πt(Pω

t + Pdis
t − Pch

t )∆t− CDR
t

]
}

s.t. |(Pω
t − P̃ω

t )/P̃ω
t | ≤ α

(19)

Since the above is a convex optimization problem, Lagrangian relaxation algorithm can be
expressed as:

∇µ

{
πt(Pω

t + Pdis
t − Pch

t )∆t− CDR
t − µ

[
α2 − (

Pω
t − P̃ω

t

P̃ω
t

)2

]}
= 0 (20)

where µ means the Lagrangian multiplier. The calculation results can be obtained as follows,

Pω
t = P̃ω

t ± αP̃ω
t (21)

Considering that the uncertainty parameter Pω
t is always positive, the wind–storage–EVs hybrid

system would have the lowest benefit when the wind power takes the minimum value [33]. Thus,
Pω

t can be formulated as,
Pω

t = P̃ω
t − αP̃ω

t (22)

Substituting it into Equation (18), the objective function can be converted as follows,

min f (Pω
t , Pdis

t , Pch
t , Pg

t ) =
T

∑
t=1

[
πt(Pω

t + Pdis
t − Pch

t )∆t− CDR
t

]
(23)

In the IGDT robust scheduling model, under an evasive attitude towards the threat caused by
uncertainty, the expected profit that the decision maker can accept is the minimum benefit of the
wind–storage–EVs hybrid system α,

fc =
T

∑
t=1

[
πt(Pω

t + Pdis
t − Pch

t )∆t− CDR
t

]
= (1 + δ) f0

(24)

To obtain Equation (24), the robust coefficient α can be expressed as:

1−
(1 + δ) f0 −

T
∑

t=1

[
πt(Pdis

t − Pch
t )∆t− πev

t ∑T
t=1

G
∑

g=1
Pt,g

]
T
∑

t=1
πt P̃ω

t

(25)
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Thus, Equation (18) can be transformed into,

max

1−
(1 + δ) f0 −

T
∑

t=1

[
πt(Pdis

t − Pch
t )∆t− πev

t ∑T
t=1

G
∑

g=1
Pt,g

]
T
∑

t=1
πt P̃ω

t

 (26)

In summary, the IGDT-based objective function in Equation (18) of the wind–storage–EVs hybrid
system can be simplified as,

min

(1 + δ) f0 −
T
∑

t=1

[
πt(Pdis

t − Pch
t )∆t− πev

t ∑T
t=1

G
∑

g=1
Pt,g

]
T
∑

t=1
πt P̃ω

t

(27)

The constraints defined in Equations (3)–(11) should be satisfied as well.

5. Numerical Results

The optimal scheduling simulation was performed in 24 periods per day at an interval of 1 h.
The rated capacity of the energy storage device is 50 MW, the maximum charging and discharging
power is 10 MW, the charging and discharge efficiency are both 90%, and the state of energy storage
device charging is 20–100% [34]. The system on-grid price is divided according to the peak-to-valley
time-of-use (TOU) price list in Table 1.

Table 1. The table of TOU price.

Time Division Time Purchase Price ($/MW) Sale Price ($/MW)

Peak period 10:00–23:00 106 92

Flat period
23:00–01:00;
08:00–10:00 71 54

Valley period 01:00–08:00 35 18

Considering that the charging and discharging behavior of large-scale EVs is extremely random,
this paper uses the TOU price shown in Table 1 to guide the EVs charging and discharging behavior.
The first travel start time and the last travel end time in one day are approximately expressed as a
normal distribution function, and the daily travel mileage approximates a Lognormal Distribution
Function [35]. Through the function fitting, the probability density function of the first travel start time,
the last travel end time, and the daily travel mileage can be obtained, respectively, and the specific
result is shown in Equations (28)–(30).

fs(x) =


1√

2πσs
exp

[
− (x−µs)2

2σ2
s

]
, 0 < x ≤ µs + 12

1√
2πσs

exp
[
− (x−24−µs)2

2σ2
s

]
, µs + 12 < x ≤ 24

(28)

where µs = 8.92; σs = 3.24.

fe(x) =


1√

2πσe
exp

[
− (x−µe)2

2σ2
e

]
, 0 < x ≤ µe − 12

1√
2πσe

exp
[
− (x−24−µe)2

2σ2
e

]
, µe − 12 < x ≤ 24

(29)
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where µe = 14.47; σe = 3.41.

fm(x) =
1√

2πσmx
exp

[
− (ln x− µm)2

2σ2
m

]
(30)

where µm = 3.20; σm = 0.88.
Assuming that there are 20,000 EVs participating in the joint scheduling in the area, according

to Equations (28)–(30), the orderly charging and discharging power curve of the EVs obtained by
Using Monte Carlo simulation method to simulate the driving behavior of the vehicles [36] is shown
in Figure 1.

Figure 1. Ordered charging and discharging curve of EVs.

Assume there are 100 wind turbines in a certain wind farm participating in system scheduling.
The rated output of each generator is 3 MW, and all wind turbines maintain the same wind effect.
The wind power can be simulated for the whole day by scenario analysis. First, the wind speed is
predicted by the autoregressive moving average model [37], in which the autoregressive parameter
is 0.78 and the moving average parameter is −0.34. Secondly, the Latin hypercube layered sampling
method is used to sample the predicted wind speed. Then, the scene reduction technique is used to
reduce to five scenes. Finally, through the relationship between the wind power and the wind speed,
the wind power forecasting output data and its probability are obtained throughout the day in five
scenarios [38]. The forecasting wind power curve is shown in Figure 2.

Figure 2. Wind power forecast output curve.

5.1. Simulation Results

Considering that the established traditional wind–storage–EVs hybrid system joint optimization
scheduling model is a mixed integer programming problem, CPLEX and YALMIP toolbox belonging
to MATLAB could be used to solve it. The obtained profit of the hybrid system without considering
the forecasting wind power uncertainty is 1.143 million.
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When considering the uncertainties of wind power forecasting output, different expected targets
can be determined by changing the deviation factor firstly. Furthermore, solving the IGDT-based
robust optimal scheduling model, the corresponding maximum fluctuation amplitude of wind actual
power and scheduling scheme can be obtained. The relationship between the robust coefficient and
the deviation factor is shown in Figure 3.

Figure 3. The relationship between the robust coefficient and the deviation factor curve.

To verify the necessity of considering the uncertainty of wind power forecasting data and the
effectiveness of the proposed method, the following three modes are set to solve the wind–storage–EVs
hybrid scheduling optimization model:

Mode 1 is the determined wind power forecasting data. For the sake of simplicity, the wind power
forecasting data scene 1 in Mode 2 was used as the determined wind power forecasting value.

Mode 2 is the wind power output forecasting data simulated by the scene analysis method.
Mode 3 is to optimize the wind power output forecasting data simulated by Mode 2 using IGDT

method. The minimum wind power when the deviation factor is 0.3 and the robustness factor is 0.211
is shown in Figure 4.

Figure 4. Actual output of wind power in three modes.

As an important load in the demand response range, EVs can be used as distributed energy
storage devices to dissipate excess wind power through V2G technology. To verify the optimization
effect, setting Mode 4 is to optimize the wind power output forecasting data simulated by the Mode 2
using the IGDT, but the EVs do not participate in the wind–storage–EVs hybrid system joint scheduling.
When the deviation factor is 0.3 and the robustness coefficient is 0.211, the minimum wind power of
Modes 3 and 4 is as shown in Figure 5.
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Figure 5. The actual output of the wind–storage–EVs hybrid system in two modes.

5.2. Analysis of Simulation Results

It can be seen in Figure 3 that the deviation factor has a positive correlation with the robust
coefficient, which is the robust coefficient increases as the decision maker’s expected profit decreases.
This is because the lower is the expected return of the hybrid system, the lower is the risk of the
uncertainty that the decision maker can accept. At this moment, the decision maker pursues a steady
benefit, thus the range of uncertainty allowed is greater. In other words, the better the is robustness
of the system, the greater is the range of uncertainty that can be resisted. In addition, for different
expected benefits, the wind power forecasting deviation that the hybrid system can tolerate can be
calculated by the proposed method. For example, when the deviation factor is 0.3, the expected
profit is 80.038 million, and the robust coefficient at this time can be obtained as 0.211, which means
that, when the actual output of wind power is within the range of (0.789, 1.211) times the forecasting
output of wind power, the expected profit of the IGDT-based wind–storage–EVs hybrid system can be
guaranteed to be no less than 80.038 million.

As shown in Figure 4, Modes 2 and 3 have a smaller standard deviation of wind power output and
higher stability of grid-connected power than Mode 1. In other words, considering the uncertainty of
forecasting wind power is beneficial to the safe and stable operation of the power system. Substituting
the scheduling schemes of the three modes into the traditional wind–storage–EVs hybrid system
optimization scheduling model, the joint operation profit of the hybrid system can be obtained.
The results of the operation are shown in Table 2.

Table 2. Comparison of optimization effects in three modes.

Mode Joint Operating Profit ($) Wind Power Standard Deviation (MW)

Mode 1 16.00 61.45
Mode 2 16.23 52.79
Mode 3 16.12 48.62

Comparing the results in Table 2, it is known that considering the inevitability of the wind power
forecasting deviation and the use of uncertain wind power forecasting data, both the scene analysis
method and the proposed method have certain economic effects, and the scene analysis method
is slightly better. However, decision makers’ subjective factors are taken into consideration by the
IGDT-based robust scheduling decision model proposed in this paper, and the model can be scheduled
according to threat acceptance level caused by wind power forecasting deviation. That is to say,
when the wind power fluctuates arbitrarily within the corresponding robust interval, the profit of the
wind–storage–EVs hybrid system can be guaranteed to be not less than the expected target value.

As shown in Figure 5, when the EVs participate in the joint scheduling of the wind–storage–EVs
hybrid system, the standard deviation of the overall output of the hybrid system is reduced, and the
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stability of the wind power into the network is increased. The simulation results of the joint
optimization scheduling of the wind–storage–EVs hybrid system in two modes are shown in Table 3.

Table 3. Comparison of optimization effects in two modes.

Mode Joint Operating Profit ($) Wind Power Standard Deviation (MW)

Mode 3 16.22 51.10
Mode 4 15.67 55.69

Comparing the results in Table 3, it can be seen that the joint operation of EVs participating in the
joint scheduling of the wind–storage–EVs hybrid system is higher. This is because, when participating
in the joint scheduling of the hybrid system, EVs can be charged by V2G technology when the wind
power is surplus, and discharged when the wind power output is insufficient, which serves to cut the
peak and fill the valley and improve the economical operation of the system.

6. Conclusions

Aiming at the uncertainty of wind power, a method based on IGDT robust model is proposed.
The Monte Carlo simulation method was used to simulate the actual output of EVs, and the scene
reduction technology was used to simulate the wind power forecasting output. The simulation results
have demonstrated the feasibility and effectiveness of the proposed bidding strategies. Compared
with the mode of deterministic forecasting wind power, forecasting the wind power model considering
uncertainty can achieve better economic benefits, and the stability of grid-connected power is higher.
Thus, the proposed bidding strategies are effective in helping market participants to handle the risks
in day-ahead electricity energy markets.

The IGDT method is used to deal with the uncertainty of forecasting wind power, which can
guarantee that the actual profit of the wind–storage–EVs hybrid system is not less than the expected
profit that the decision maker can tolerate when the wind power is arbitrarily fluctuating within
the corresponding robust interval. The quantitative relationship between the expected cost of the
decision maker and the maximum allowable uncertainty of wind power is given. On the other hand,
the simulation results also show that, when EVs participate in the joint scheduling of the wind–storage
hybrid system, the overall output deviation of the hybrid system is smaller, which effectively improves
the stability of the network power. At the same time, EVs have improved the online profits of the
wind–storage–EVs hybrid system by “peak and off”.
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Nomenclature

t Time index (h)
G The total number of EVs
E0 Energy content at the initial time (MW)
ET Energy content at the stop time (MW)
Nbat Limit of charging and discharging conversion frequency
Emax Maximum power limit (MW)
Emin Minimum power limit (MW)
Pdis,max, Pdis,min Maximum and minimum discharge power (MW)
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Pch,max, Pch,min Maximum and minimum charge power (MW)
ηch Charging efficiency of EVs
ηdis Discharging efficiency of EVs
P̃ω

t Forecasting wind power output at time t (MW)
Pω,max

t Maximum wind power output at time t (MW)
α Uncertainty variable
πt On-grid price ($/MWh)
Pω

t Wind power scheduling at time t (MW)
Pdis

t Discharge power of EVs at time t (MW)
Pch

t Charge power of EVs at time t (MW)
Pt,g Charging and discharging power of vehicle at time (MW)
CDR

t Demand response costs at time t ($)
Udis

t Binary variable, which is equal to 1,if the EV is selected to charge at time t; otherwise, it is 0
Udis

t Binary variable, which is equal to 1,if the EV is selected to discharge at time t; otherwise, it is 0
U(α, P̃ω

t ) “Robustness” function
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