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ABSTRACT Smart grid with great flexibility requirements will not accommodate high proportion of

distributed generation with uncertainty in the future. Hence, it becomes indispensable to research scheduling

strategy of distributed generation, aiming to reduce serious curtailment of renewable energy. This paper

firstly proposes a virtual power supply, which consists of wind power (WP), photovoltaic (PV) power

and pumped storage (PS) power. Based on that, a scheduling strategy structure considering stochastic

characteristics caused by WP and PV is designed. After that, according to probability distribution of WP

and PV, typical virtual power scenarios are obtained via scenario prediction and scenario reduction method.

Furthermore, based on flexibility of virtual power and guidance of time-sharing electricity price mechanism,

a coordinated scheduling model with optimization objective that maximizes profit is established. Finally,

in simulation, validity of proposed model is verified via comparing with different scheduling models.

Besides, profits of system under various peak-valley prices are analyzed, which can provide guidance

for electricity pricing. The results illustrate that the proposed scheduling strategy can efficiently balance

economy and flexibility in optimizing WP and PV consumption and profits of system are increased with

28% at most.

INDEX TERMS Coordinated scheduling, distributed generation, photovoltaic power, pumped storage power,

wind power, uncertainty.

I. INTRODUCTION

There has been a significant increase in the development of

distributed generation using resources such as wind power

and photovoltaic power [1], [2], especially in China recently.

However, with the gradual growth of renewable energy capac-

ity, curtailment of wind and photovoltaic power occurs in

smart grids. One of the leading causes is that the system lacks

efficient regulation ability, and the distributed generation has

characteristics of uncertainty. As a result of this uncertainty,

the smart grid may not consume the renewable energy com-

pletely [3], [4]. Besides that, wind power and photovoltaic

power in China are mainly installed in the ‘‘Three-North’’

area. Therefore, during the period of heat supply, cogener-

ation units are projected to produce heat. Meanwhile, the
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operational constraint of thermoelectric coupling decreases

the wind power output, which further reduces the regulatory

capacity [5]–[7].

References [8]–[12], which aimed at integrated electrother-

mal scheduling and considered heat storage and electric

heating equipment, provided the additional consumption for

distributed generation according to the demand for heat and

the characteristics of thermal power plants. These researches

proposed strategies which promote the consumption of wind

power and diminish the negative effects brought by the

aforementioned cogeneration units. However, the cogener-

ation units and other generators were considered as an

additional assumption without any profit. As a result of

an increase in installed distributed generation, a combined

heat and power plant may fail to regulate the system effi-

ciently, which influences the development of renewable

energy.
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Energy storage technology has the ability to improve reg-

ulation of the system, which could also help the consumption

of wind power [13]–[18]. Pumped storage power as a cat-

egory of energy storage can efficiently achieve the flexible

requirements of smart grid. Many researchers have discussed

that pumped storage power participates in reducing peaks

and filling valleys and in the consumption of wind power.

Reference [19], based on the applied configuration theory,

distributed the output of wind power and pumped storage

power, achieving the goal of expanding the feasible range

of wind power. Based on the rough set theory, a method

was proposed in [20]. It included coordination of wind, pho-

tovoltaic and energy storage power stations, and achieved

optimization of the financial and environmental benefits of

the system. The proposedmethodwas regarded as an efficient

way to decrease the negative effects of fluctuations in renew-

able energy. Besides that, day-ahead scheduling and real-

time scheduling models of pumped storage power stations

have received increasingly more attention. For example, [21]

considered the operation mechanism of power grid energy

storage and proposed a strategy based on the aforementioned

scheduling model. The strategy guaranteed the operational

safety of renewable energy integration by complementing the

power imbalance provided by pumped storage power. Con-

sidering that pumped storage power has a superior ability for

peak-load shifting, [22] established a joint optimal scheduling

model including pumped storage power and wind power,

which enhanced the consumption of wind power. Some stud-

ies have also investigated the uncertainty of wind power.

In [23], a joint optimal model with wind power, thermal

power, and an energy storage system was built and its opera-

tion mechanism analyzed. This model with uncertainties has

significant meaning for increasing the consumption of wind

power. In brief, most research studies have provided insight

into pumped storage as a peak regulation power source. This

power source cooperates with wind power and photovoltaic

power in power grid scheduling. Energy storage system such

as pumped storage station plays an important role in enhanc-

ing consumption of renewable energy.

In the future smart grid, there will be a higher proportion

of renewable energy. Uncertainty of the renewable energy

could bring serious challenges for system operation. The

aforementioned research only focused on the improvement

of renewable energy consumption or profit of system with-

out considering the coordination of wind, photovoltaic and

pumped storage power or uncertainty of renewable energy.

Both peak regulation service market and regulation ability of

pumped storage still can be improved if scheduling strategy

can be fully studied.

In this paper, a coordinated scheduling strategy is pro-

posed. This strategy develops an energymanagement strategy

for distributed generation including wind, photovoltaic, and

pumped storage power. It guarantees that pumped storage

station can store and utilize energy generated from renewable

energy. The scenario prediction and reduction method are

employed here to cope with uncertainty of renewable energy.

When system operates based on this strategy, each unit will

work to maximize system profit and consumption of renew-

able energy. Via simulation results, a guidance of electricity

pricing is provided based on the proposed strategy. The main

contributions of the paper are presented as: (1) By consid-

ering uncertainty of wind and photovoltaic power, model of

coordinated scheduling strategy for wind, photovoltaic and

pumped storage power are built with an aim to maximize

profit of system and improve consumption of wind and photo-

voltaic power. (2) Based on the proposed scheduling strategy,

different peak-valley prices and reserve price scaling factors,

the system profits are analyzed, which provides a guidance

for electricity pricing.

The rest of this paper is organized as follows. In Section II,

the framework of coordinated scheduling strategy is pre-

sented. In Section III, scenarios of WP and PV are devel-

oped by scenario prediction and scenario reduction method.

In Section IV, coordinated scheduling model is established.

In Section V, simulation testing is provided to demonstrate

the effectiveness of the proposed method. The conclusion is

shown in Section VI.

II. COORDINATED SCHEDULING STRATEGY

The scheduling of wind and photovoltaic power can be

affected by uncertainties [24], [25], so the large-scale inte-

gration of wind and photovoltaic power will have a serious

impact on the smart grid. Considering the complementary

and operational characteristics of wind, photovoltaic, and

pumped storage power, this research applies a coordinated

control method which participates in the electricity market.

The wind, photovoltaic, and pumped storage power can be

seen as a virtual power supply which provides the grid with

several advantages. First, for peak power regulation with

rapid response, a pumped storage power station has the ability

to reduce the curtailment of wind and photovoltaic power

caused by a system with insufficient regulation capacity.

In addition, a pumped storage power station can support

reserve capacity that allows wind and photovoltaic power

stations to cope with the impact of power prediction errors

on system scheduling and operation. It also enhances the

system’s regulation capacity and further improves the grid-

connection characteristics of wind and photovoltaic power,

which benefits the schedulability of the system. Specifically,

the proposed virtual power supply can reduce the competitive

pressure caused by the connection of high-penetration wind,

photovoltaic power, and the power grid, so that coordination

and management of renewable energy sources can be eas-

ily achieved. Figure 1 shows the structure of the proposed

scheduling strategy.

During the coordinated scheduling of virtual power supply,

renewable energy sources will participate in market compe-

tition. According to the virtual power generation plan con-

ducted by the power grid, the outputs of wind, photovoltaic,

and pumped storage power are determined by the objective of

maximizing the income from the virtual power supply, so that
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FIGURE 1. Coordinated scheduling strategy for wind, photovoltaic, and
pumped storage power (virtual power).

power generation companies use their own power or buy

reserve power from the grid to make up the output deviation.

In the proposed coordinated scheduling of virtual power

supply, the pumped storage power station has three differ-

ent operating states on the time scale: (1) Generation state:

characteristic variable is set as Xt . (2) Energy storage state:

characteristic variable can be described by Yt . (3) Standby

state: characteristic variable is set as Zt .

When Xt , Yt , and Zt equal 0, it means that the pumped

storage power station does not work at any operating state;

when Xt , Yt , and Zt equal 1, pumped storage power stations

are working at corresponding operating state. Since a pumped

storage power station can only have one of the operating

states at a certain moment, the characteristic variables have

the following relationship:

X (t) + Y (t) + Z (t) = 1 (1)

III. WIND AND PHOTOVOLTAIC POWER SCENARIOS

This research adopts the scenario prediction method to cope

with the uncertainty and randomness of wind and photo-

voltaic power. First, based on the optimal discrete method of

Wasserstein distance index, the optimal continuous probabil-

ity distribution of wind power and photovoltaic power in each

time period is discretized. Then, the discrete distribution of

wind and photovoltaic power in each time period is combined

to generate multiple scenario sets. Besides that, to simplify

the quantity of scenarios and facilitate the calculation, syn-

chronous back-generation technology is employed to reduce

the typical scenarios.

A. SCENARIO PREDICTION BASED ON OPTIMAL

DISCRETIZATION

The wind and photovoltaic power are random variables in

the system due to natural factors. To obtain a typical power

scenario, it is necessary to discretize the optimal continu-

ous probability distribution of the random variable in each

period firstly. After that, the discrete distribution of random

variables in each time period is combined to obtain multiple

scenarios. The basic principle of optimal discretization can

be described as: firstly, set reasonable points and determine

their probabilities; then, establish the discrete probability

distribution, which minimizes the distance between them and

a continuous probability distribution. To deal with a contin-

uous probability distribution h(x), the Wasserstein optimal

discrete method [26]–[29] for distance index is employed

here. The corresponding discrete probability distribution of

the optimal points zq(q = 1, 2, . . . ,Q) has the following

conditions:
∫ zq

−∞
h1/2(x)dx =

2q− 1

2Q

∫ ∞

−∞
h1/2(x)dx (2)

The probability is further determined as:

pq =
∫

zq+zq+1
2

zq−1+zq
2

h(x)dx (3)

where z0 = −∞ and zQ+1 = +∞.

The forecast error of wind power is assumed in this paper to

conform to normal distribution, namely 1Pw ∼ N (0, σ 2
Pw).

So, the probability distribution of actual wind power can be

expressed as [30]:

f (Pw) =
1

√
2πσPw

exp[−(Pw − Pfw)
2/2σ 2

Pw
] (4)

where p
f
w is the predicted wind power, and pw is the actual

WP power.

Besides that, photovoltaic power is commonly affected by

climate and geography. Therefore, the PV power approxi-

mately conforms to a β distribution. Further, the probability

distribution of actual PV power can be expressed as [31]:

f (Ppv)=
1

Ppv,maxB(α, β)
(
Ppv

Ppv,max
)α−1(1−

Ppv

Ppv,max
)β−1 (5)

where α, β are beta distribution parameters, Ppv is the actual

PV power, Ppv,max is the maximum PV power, and B(α, β) =
[Ŵ(α)Ŵ(β)] / [Ŵ(α + β)].

Accordingly, based on these probability distributions, the

predicted scenarios of wind and photovoltaic power can be

obtained by optimal discretization.

B. OPTIMIZATION OF SCENARIOS

After obtaining the continuous probability distribution for the

optimal discrete wind and photovoltaic power output at each

moment, a large number of output scenarios can be gained for

the entire scheduling period, and the calculation scale will be

seriously complex. Therefore, in order to solve the problem

of dimension disaster and simplify the calculation, this paper

adopts a scenario reduction method based on probability

distance, to reduce the large number of output scenarios

generated; typical scenarios are obtained on the premise of

satisfying the accuracy.

For any two scenarios P if and P
j
f, set their possibilities

as and πi, πj, respectively. Then the probability distance

between P if and P
j
f is defined as:

D(P if,P
j
f) =

∥

∥

∥
P
i
f − P

j
f

∥

∥

∥

2
(6)
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The reduced scenario set can be described as P
j
f, where J

is the set of elimination scenarios, and j ∈ {1, . . . ,C}\J . Sce-
nario reduction is done to minimize the probability distance

between all scenarios in the scheduling period and the typical

reduced scenario set. According to (4), it can be specifically

expressed as:

min{
∑

i∈J
π imin

j/∈J
D(P if,P

j
f)} (7)

In this paper, to achieve the goal expressed in (7), the

synchronous back-generation technique [32] is employed.

The specific process is shown as follows:

Step 1: Set the entire scenario set as C, and the number of

iterations as k = 1. Set the scenario set of the iterative process

as C (k) = C ; the scenario set of elimination is initialized as

an empty set;

Step 2: Determine the probability distance of each pair of

scenarios. Di,j = D(P if,P
j
f), i, j ∈ C (k), i 6= j;

Step 3: Find the scenario closest to scenario i. Determine

the minimum distance between that scenario and the rest of

the scenarios: DJi = minD(P if,P
j
f), i, j ∈ C (k), i 6= j. Then,

find a scenario matching this minimum distance J .

Step 4: Multiply the minimum distance for each scenario

by its corresponding probability to get a scenario that matches

the minimum value determined in the previous step. Then,

based on Zi = π i · DJi = π i · minD(P if,P
j
f), determine the

scenario c1, Zc1 = minZi, i ∈ C (k);

Step 5: Eliminate scenario c1, and at the same time transfer

the probability of scenario c1 to its closest one. The rest of

the scenarios are set as: C (k+1) = C (k) − {c1}. Eliminated

scenarios are set as: J (k+1) = J (k) + {c1}. If scenarios l and
c1 are closest, the possibility of l turns is π l = π l + πc1 .

Step 6: Record the number of remaining scenarios. If the

number of remaining scenarios meets the requirements, con-

tinue to Step 7; if not, return to Step 2. The number of

iterations is set as k = k + 1.

Step 7: Retain the probability corresponding to each sce-

nario in the remaining scenario set C (k+1) and C (k) after

elimination.

IV. COORDINATED SCHEDULING MODEL OF VIRTUAL

POWER BASED ON SCENARIO PREDICTION

In the electricity market, wind, photovoltaic, and pumped

storage power are bundled to form virtual power supply and

participate in grid scheduling based on peak-valley price. The

regulation capacity and flexibility of the system are limited,

so it is difficult to deal with the fluctuation and uncertainty of

high-penetration wind power and photovoltaic power. There-

fore, in order to ensure that high-penetration wind power

and photovoltaic power systems operate safely and stably,

virtual power generators need to purchase reserve capacity

from the grid to copewith output deviation. In the coordinated

scheduling strategy for virtual power supply, the total number

of hours is set as T . The corresponding probability of each

scenario is πs, with I units in total, where I = 3, and

i = 1, 2, 3 represent wind, photovoltaic, and pumped storage

power, respectively.

A. OBJECTIVE FUNCTION AND RESTRICTIONS

The objective function is considered as the maximum

expected profit from the virtual power supply under different

output scenarios:

max

S
∑

s=1

πs

T
∑

t=1

{
I

∑

i=1

[ρtP
s
G,i,t − ρ

up
t f (P

s
grid,t )

− ρdown
t f (−Psgrid,t )]1t − Cs

PG,3,t } (8)

where PsG,i,t is the output of power i in period t; ρt is the

grid-connection electricity price in period t; ρ
up
t and ρdown

t

are positive and negative reserve price, respectively; Psgrid,t is

reserve capacity purchased from the grid by virtual power;

Cs
PG,3,t is the start-up cost for pumped storage during period

t; and the piecewise function f is f (A) = A,A > 0, f (A) =
0,A ≤ 0.

The start-up cost of a pumped storage station can be

obtained by the following:

Cs
PG,3,t = Cs

gen,t + Cs
pum,t = CgenX

s
t (X

s
t − X st−1)

+CpumY
s
t (Y

s
t − Y st−1) (9)

where Cgen is the start-up cost of pumped storage as power

generation, and Cpum is the start-up cost of pumped storage

under pumping conditions. When pumped storage works as

power generation, X st = 1. Otherwise, X st = 0. When

pumped storage works as energy storage, Y st = 1. Otherwise,

Y st = 0.

For the piecewise function f (A), set two non-negative

relaxation variables us and v
s; they represent the positive

and negative reserve capacity, respectively, purchased from

the grid by the virtual power supply in scenario s. Setting

P
s
grid = u

s − v
s, the objective function can be described as:

max

S
∑

s=1

πs

T
∑

t=1

[

I
∑

i=1

(ρtP
s
G,i,t−ρ

up
t u

s
t−ρdown

t vst )1t−C
s
PG,3,t ]

(10)

The constraint condition mainly includes four categories:

(1) Constraint of power balance:
I

∑

i=1

PsG,i,t + Psgrid,t = Pplan,t (11)

wherePplan,t is the power generation plan of the virtual power

source reported by the grid.

(2) Constraint of wind power output:

0 ≤ PsG,1,t ≤ PsG,1,max,t (12)

where PsG,1,t is the output of wind power during period t ,

and PsG,1,max,t is the projected output of wind power during

period t .

(3) Constraint of photovoltaic power output:

0 ≤ PsG,2,t ≤ PsG,2,max,t (13)
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where PsG,2,t is the generation of wind power during period

t , and PsG,2,max,t is the predicted power generation of wind

power during period t .

(4) Constraint of pumped storage power output:

The upper and lower limits of the pumped storage power

station in each period are shown as follows:

Eup,min ≤ Esup,t ≤ Eup,max (14)

Edown,min ≤ Esdown,t ≤ Edown,max (15)

According to the operating state of the pumped storage

power station, the constraint is determined as:

If X st = 1,















Esup,t+1 = Esup,t − 1t(
Psgen,t

ηgen
)

Esdown,t+1 = Esdown,t + 1t(
Psgen,t

ηgen
)

(16)

If Y st = 1,

{

Esup,t+1 = Esup,t + 1tPspum,tηpum

Esdown,t+1 = Esdown,t − 1tPspum,tηpum
(17)

If Z st = 1,
{

Esup,t+1 = Esup,t

Esdown,t+1 = Esdown,t
(18)

where Esup,t and E
s
down,t are the upper and lower water storage

capacity in scenario s during period t; Eup,min and Eup,max are

the upper and lower capacity limits of upper water storage;

Edown,min and Edown,max are the upper and lower capacity

limits of lower water storage; and ηgenηpum are the genera-

tion efficiency and storage efficiency of the pumped storage

power station.

The operating power constraints of pumped storage power

stations are given by:






















Pgen,min ≤ Psgen,t ≤ min[Pgen,max,
Esup,t

1t
ηgen], X st = 1

Ppum,min≤−Pspum,t ≤min[Ppum,max,
Esdown,t

1tηpum
], Y st =1

Psgen,t =Pspum,t = 0, Z st = 1

(19)

where Pgen,min and Pgen,max are the upper and lower output

limits of the pumped storage station, and Ppum,minPpum,max

are the upper and lower capacity limits of the pumped storage

station.

B. MODEL SOLVING METHOD

In the coordinated scheduling model of virtual power, sce-

nario prediction method is employed to deal with uncer-

tainties of wind and photovoltaic power, so this coordinated

scheduling model can be turned from multi- scenario opti-

mization problem to single-target scheduling optimization

problem. When the system operates under the coordinated

TABLE 1. Pumped storage plant parameters.

TABLE 2. Peak-valley price.

scheduling model, the power of wind PsG,1,t , photovoltaic

cells PsG,2,t , pumped storage Psgen,t , and storage Pspum,t , and

the capacity of water storage Esup,t and E
s
down,t are related to

a random scenario of wind and photovoltaic power, which is

a random decision variable, whereas the generation schedul-

ing of virtual power is a deterministic decision variable.

In addition, with an increasing number of wind and photo-

voltaic power scenarios, the coordinated scheduling model

will facemuchmore computation complexity and difficulties.

Hence, the number of predicted power scenarios needs to be

reduced. Based on that, the simulation is conducted consider-

ing the typical scenarios. Subsequently, CPLEX optimization

software is employed to solve the coordinated scheduling

model [33]–[35].

V. SIMULATION AND ANALYSIS

A. BASIC DATA OVERVIEW

This simulation scenario includes a wind power station,

a photovoltaic power station, and a pumped storage power

station, and their distributed generation forms a virtual power

supply which operates as a coordinated scheduling model

based on peak-valley price. The reserve electricity price is

set as follows: ρ
up
t = 0.75 yuan/(kW·h), and ρdown

t = 0.18

yuan/(kW·h). The parameters of the pumped storage power

station are shown in Table 1. The electricity price at differ-

ent times is shown in Table 2. The wind power capacity is

250MW, whereas the photovoltaic power capacity is 50MW.

Here, the standard deviation of wind and photovoltaic power

forecast error is set as 10% of the predicted value.
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FIGURE 2. Typical prediction scenario for wind and photovoltaic power
output.

TABLE 3. Probability values for each typical prediction scenario.

FIGURE 3. Coordinated scheduling results for wind, photovoltaic, and
pumped storage virtual power.

B. DETERMINATION OF PREDICTION SCENARIOS

After reducing the number of scenarios for predicted wind

and photovoltaic power, 20 typical scenarios are obtained and

employed in the simulation. The wind and photovoltaic out-

put power of the aforementioned typical scenarios is shown

in Figure 2. The corresponding probability values for each

typical prediction scenario are shown in Table 3.

C. ANALYSIS OF COORDINATED SCHEDULING

The results of coordinated scheduling in 20 typical scenarios

can be seen in Figure 3.

The results suggest that there is a certain complementary

relationship among wind, photovoltaic, and pumped storage

power. Furthermore, the actual power of wind is remarkably

FIGURE 4. Reserve capacity under coordinated operation of wind,
photovoltaic, and pumped storage power.

less than the projected power when the system works during

peak hours. With the stimulation of high electricity price,

pumped storage power starts to complement the insufficient

wind and photovoltaic power output. Besides that, the system

cannot consume wind and photovoltaic power when the price

is at its lowest. Therefore, to avoid curtailing the wind and

photovoltaic power, pumped storage begins to store energy by

pumping water at the valley electricity price. So, the wind and

photovoltaic power stations can generate electricity accord-

ing to the scheduling of the grid. However, there are still

some deviations between actual power and scheduling power

in virtual power, due to the uncertainties and randomness of

wind and photovoltaic power. To cope with this issue, reserve

capacity is bought to complement the deviation from the grid.

When virtual power operates according to the coordinated

scheduling model, the curves of positive and negative reserve

capacity bought from the grid are as presented in Figure 4.

A difference in reserve capacity bought from the grid can

be seen in different output scenarios, because of the uncer-

tainties and randomness of wind and photovoltaic power. The

system needs to buy positive reserve capacity from the grid

to complement the insufficient power generated by virtual

power when the actual power is lower than the projected

power. In contrast, the system gains a negative reserve capac-

ity which offsets the extra power generated from virtual

power when the actual power is more than the planned power.

Generally speaking, the price of the negative reserve is lower

than that of the positive one, which encourages the system

to reduce the projected power and buy more negative reserve

capacity.

D. ANALYSIS OF SYSTEM OPERATION WITH DIFFERENT

SCHEDULING MODELS

To illustrate the superiority of the proposed coordinated

scheduling strategy, the four categories of scheduling model

shown in Table 4 are compared and analyzed. In Table 3,

‘‘Independent Operation’’ means that wind, photovoltaic,

and pumped storage power operate independently, whereas
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TABLE 4. Scheduling model situation.

FIGURE 5. Operation in each scheduling model.

‘‘Coordinated Operation’’ means that wind, photovoltaic, and

pumped storage power operate in coordination.

The wind and photovoltaic power can be computed by

maximizing the profit, when wind and photovoltaic power

work as independent models. This profit is gained by the

profit from connecting to the grid and the cost of reserve

capacity. Importantly, in this model, pumped storage power

will not buy reserve capacity in the independent model.

Besides that, the maximum projected power is determined by

the maximumwind, photovoltaic, and pumped storage power

when the virtual power works as a coordinated scheduling

model. Figure 5 depicts the profits for scheduling models

in 20 typical scenarios.

Comparing model 1 with model 2, the system generates

more profit when the virtual power works under coordinated

operation, because pumped storage power can complement

the uncertainties of wind and photovoltaic power. This can

efficiently reduce the reserve capacity bought from the grid

and increase the profit obtained from wind and photovoltaic

power connecting with the grid. To be specific, profit is

increased by 28%. So, the results of these two models suggest

that coordinated scheduling can improve the consumption of

wind and photovoltaic power. Besides that, although there is

a decrease in the profit from pumped storage, the trend of

total profit from virtual power rises. Moreover, in model 3

and model 4, uncertainty is not considered here. Profit of

system with coordinated operation is also more than the

system with independent operation. These show that coor-

dinated operation can efficiently cope with fluctuations of

wind and photovoltaic power, and the total profit is increased

remarkably than independent operation model. In summary,

the proposed strategy generally brings more profits than inde-

pendent model.

FIGURE 6. Impact of peak and valley spread on system revenue.

E. ANALYSIS OF THE IMPACT OF ELECTRICITY PRICE

CHANGES ON SCHEDULING RESULTS

The electricity price of grid connection and reserve capacity

will have a direct impact on the system scheduling results.

The following analysis is based on the aforementioned price

of reserve capacity. The profit of the system with different

peak-valley prices and different scheduling models is shown

in Figure 6.

The results shown in Figure 6 suggest that, for each

scheduling model, the profit from wind and photovoltaic

power shows a trend of increasing with growth of the dif-

ference in peak-valley price; the profit from pumped storage

has the same trend. By comparing the expected profit from

pumped storage power and the expected cost of reserve in

model 3 and model 4, the result suggests that the profit differ-

ence between pumped storage power stations in model 3 and

model 4 shows a rising tendency when the difference in peak-

valley electricity price increases. In contrast, the difference

in cost from that expected for reserve capacity gradually

decreases because pumped storage has the ability to achieve

peak-load shifting, which supplies more power for load and

gains more profit when the peak-valley price difference

increases. Meanwhile, regulation of wind and photovoltaic

power fluctuation will be weakened, causing the price of

reserve capacity to increase.

Defining the reserve price scaling factor as the ratio of

reserve price to base value, and the aforementioned reserve

price as the base value, the peak-valley price difference is

set as 500 yuan/(MW·h). Based on this, the influence of

reserve price on system scheduling results is discussed here.

Figure 7 depicts the profits of the system under the four

scheduling models at different reserve prices.

The reserve price reflects the requirement of the system

for controllability of wind and photovoltaic power. To be spe-

cific, when the reserve price scaling factor is smaller than 1,

wind and photovoltaic power has scheduling priority, which
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FIGURE 7. Impact of reserve price on system revenue.

means that the system will purchase more reserve capacity

from the grid to increase the wind and photovoltaic power

output. In contrast, when the reserve price scaling factor is

larger than 1, the extra power which is connected to grid

will increase the cost of reserve capacity. As depicted

in Figure 7, when the reserve price scaling factor is smaller

than 1, the reserve price will have little impact on the

profit from wind and photovoltaic power for each scheduling

model. Although the cost of reserve capacity will increase

with an increase in price, the system puts no limits on

wind and photovoltaic power to reduce the reserve capacity.

Besides that, when the reserve price scaling factor is larger

than 1, the system can decrease the cost of reserve capacity

by reducing the wind and photovoltaic power output. With

coordinated scheduling, pumped storage needs to start and

stop frequently, which aims to cope with the fluctuation of

wind and photovoltaic power and reduce the cost of reserve

capacity. Hence, the profit will decrease with an increase in

reserve capacity price.

VI. CONCLUSIONS

This research focuses on the contradiction between renew-

able energy and the flexibility required from smart grid.

A coordinated scheduling model with virtual power supply

formed by wind, photovoltaic, and pumped storage power is

proposed. Initially, the uncertainty of wind and photovoltaic

power is considered using a scenario prediction method.

Thereafter, a coordinated scheduling model is established to

maximize the profit from virtual power. Finally, the profit for

different scheduling models is analyzed through simulation.

In addition, the effect of changes in electricity price is also

investigated. The following conclusions can be obtained:

1) The proposed virtual power system can efficiently uti-

lize the flexibility of pumped storage power to cope

with the uncertainty of wind and photovoltaic power

under the coordinated scheduling model.

2) Based on a scenario prediction method, the proposed

model of virtual power with coordinated scheduling

can efficiently track the projected power curve to

reduce the cost of reserve capacity and increase the

profit of the system.

3) By considering impact of time-of-use electricity price,

the proposed scheduling model can improve the char-

acteristics of wind and photovoltaic power grid con-

nection from the power supply side, which can reduce

the cost of reserve capacity and increase the profit of

system.

In summary, benefiting by the advanced communication

device and monitoring equipment, the proposed strategy can

be utilized to store and complement renewable energy in

smart grid. Besides, the system can gain more profit, via the

proposed strategy and adjustment of electricity pricing.

REFERENCES

[1] Y. Liu, S. You, and Y. Liu, ‘‘Study of wind and PV frequency control in

U.S. power grids–EI and TI case studies,’’ IEEE Power Energy Technol.

Syst. J., vol. 4, no. 3, pp. 65–73, Sep. 2017.

[2] G. Dehnavi and H. L. Ginn, ‘‘Distributed load sharing among converters

in an autonomous microgrid including PV and wind power units,’’ IEEE

Trans. Smart Grid, vol. 10, no. 4, pp. 4289–4298, Jul. 2019.

[3] Y. Wang, Z. Zhou, A. Botterud, and K. Zhang, ‘‘Optimal wind power

uncertainty intervals for electricity market operation,’’ IEEE Trans. Sus-

tain. Energy, vol. 9, no. 1, pp. 199–210, Jan. 2018.

[4] V. S. Pappala, I. Erlich, K. Rohrig, and J. Dobschinski, ‘‘A stochastic model

for the optimal operation of a wind-thermal power system,’’ IEEE Trans.

Power Syst., vol. 24, no. 2, pp. 940–950, May 2009.

[5] H. Hosseinian and H. Damghani, ‘‘Ideal planning of a hybrid wind-PV-

diesel microgrid framework with considerations for battery energy storage

and uncertainty of renewable energy resources,’’ in Proc. 5th Conf. Knowl.

Based Eng. Innov. (KBEI), Tehran, Iran, Feb. 2019, pp. 911–916.

[6] X. H. Wang, Y. Qiao, Z. X. Lu, L. Ding, G. Shao, X. Xu, and K. Hou,

‘‘A novel method to assess wind energy usage in the heat-supplied season,’’

Proc. CSEE, vol. 35, no. 9, pp. 2112–2119, Sep. 2015.

[7] Z. Gu, C. Kang, X. Chen, J. Bai, and L. Cheng, ‘‘Operation optimization of

integrated power and heat energy systems and the benefit on wind power

accommodation considering heating network constraints,’’ Proc. CSEE,

vol. 35, no. 14, pp. 3596–3604, Jul. 2015.

[8] B. Fang, B.Wang, andD.W. Gao, ‘‘Optimal operation strategy considering

wind power accommodation in heating district,’’ in Proc. North Amer.

Power Symp. (NAPS), Denver, CO, USA, Sep. 2016, pp. 1–5.

[9] F. Xu, Y. Min, L. Chen, Q. Chen, W. Hu, W. L. Zhang, X. H. Wang,

and Y. H. Hou, ‘‘Combined electricity-heat operation system containing

large capacity thermal energy storage,’’ Proc. CSEE, vol. 34, no. 29,

pp. 5063–5072, Jul. 2014.

[10] J. J. Li and L. X. Hu, ‘‘Research on accommodation scheme of curtailed

wind power based on peak-shaving electric boiler in secondary heat supply

network,’’Power Syst. Technol., vol. 39, no. 11, pp. 3286–3291, Nov. 2015.

[11] X. Chen, C. Kang, M. O’Malley, Q. Xia, J. Bai, C. Liu, R. Sun, W. Wang,

and H. Li, ‘‘Increasing the flexibility of combined heat and power for

wind power integration in China:Modeling and implications,’’ IEEETrans.

Power Syst., vol. 30, no. 4, pp. 1848–1857, Jul. 2015.

[12] L. Chen, F. Xu, X.Wang, Y.Min,M. Ding, and P. Huang, ‘‘Implementation

and effect of thermal storage in improving wind power accommodation,’’

Proc. CSEE, vol. 35, no. 17, pp. 4283–4290, Sep. 2015.

[13] P. D. Brown, J. A. Peas Lopes, andM. A.Matos, ‘‘Optimization of pumped

storage capacity in an isolated power system with large renewable penetra-

tion,’’ IEEE Trans. Power Syst., vol. 23, no. 2, pp. 523–531, May 2008.

[14] P. Hu, R. Billinton, and R. Karki, ‘‘Reliability evaluation of generating sys-

tems containing wind power and energy storage,’’ IET Gener., Transmiss.

Distrib., vol. 3, no. 8, pp. 783–791, Aug. 2009.

[15] L. Ju, H. Li, J. Zhao, K. Chen, Q. Tan, and Z. Tan, ‘‘Multi-objective

stochastic scheduling optimization model for connecting a virtual power

plant to wind-photovoltaic-electric vehicles considering uncertainties and

demand response,’’ Energy Convers. Manage., vol. 128, pp. 160–177,

Nov. 2016.

86178 VOLUME 8, 2020



H. Dong et al.: Coordinated Scheduling Strategy for Distributed Generation Considering Uncertainties in Smart Grids

[16] N. Ghorbani, A. Kasaeian, A. Toopshekan, L. Bahrami, and A. Maghami,

‘‘Optimizing a hybrid wind-PV-battery system using GA-PSO and

MOPSO for reducing cost and increasing reliability,’’ Energy, vol. 154,

pp. 581–591, Jul. 2018.

[17] Y. Zilong, S. Zhenhao, P. Jing, C. Zhuo, and W. Yibo, ‘‘Multi-mode

coordinated control strategy of distributed PV and energy storage system,’’

Proc. CSEE, vol. 39, no. 8, pp. 2213–2220, Apr. 2019.

[18] C. Jilin, X. Qingshan, Y. Xiaodong, and W. Xudong, ‘‘Configuration

strategy of large-scale battery storage system orienting wind power con-

sumption based on temporal scenarios,’’ High Voltage Eng., vol. 45, no. 3,

pp. 993–1001, Mar. 2019.

[19] H. Zechun, D. Huajie, and K. Tao, ‘‘A joint daily operational optimization

model for wind power and pumped-storage plant,’’ Autom. Electr. Power

Syst., vol. 36, no. 2, pp. 36–41, Jan. 2012.

[20] H. Guo, P. U. Lei, Y. Zhang, W. U. Jing, Z. H. Rui, and Z. F. Tan,

‘‘Optimization model for integrated complementary system of wind-PV-

pump storage based on rough set theory,’’ J. Zhejiang Univ. (Eng. Sci.),

vol. 53, no. 4, pp. 801–810, Jan. 2019.

[21] F. Xu, L. Chen, H. Jin, and Z. Liu, ‘‘Modeling and application analysis of

optimal joint operation of pumped storage power station and wind power,’’

Autom. Electr. Power Syst., vol. 37, no. 1, pp. 149–154, Jan. 2013.

[22] Z. Guo, R. Ye, R. Liu, and J. Liu, ‘‘Optimal scheduling strategy for

renewable energy system with pumped storage station,’’ Electr. Power

Autom. Equip., vol. 38, no. 3, pp. 7–15, Mar. 2018.

[23] F. Liu, Y. Pan, J. Yang, J. Zhou, and J. Zhou, ‘‘Combination model

of wind power-thermal power-pumped storage combined optimization,’’

Proc. CSEE, vol. 35, no. 4, pp. 766–775, Dec. 2015.

[24] M. J. Sanjari, H. B. Gooi, and N.-K.-C. Nair, ‘‘Power generation forecast

of hybrid PV–wind system,’’ IEEE Trans. Sustain. Energy, vol. 11, no. 2,

pp. 703–712, Apr. 2020, doi: 10.1109/TSTE.2019.2903900.

[25] M. Xu, L. Wu, H. Liu, and X. Wang, ‘‘Multi-objective optimal scheduling

strategy for wind power, PV and pumped storage plant in VSC-HVDC

grid,’’ IET J. Eng., vol. 2019, no. 16, pp. 3017–3021, Mar. 2019.

[26] R. Gao and A. J. Kleywegt, ‘‘Distributionally robust stochastic optimiza-

tion with wasserstein distance,’’ 2016, arXiv:1604.02199. [Online]. Avail-

able: http://arxiv.org/abs/1604.02199

[27] P.M. Esfahani andD. Kuhn, ‘‘Data-driven distributionally robust optimiza-

tion using the wasserstein metric: Performance guarantees and tractable

reformulations,’’ Math. Program., vol. 171, nos. 1–2, pp. 115–166,

Sep. 2018.

[28] R. Zhu, H. Wei, and X. Bai, ‘‘Wasserstein metric based distributionally

robust approximate framework for unit commitment,’’ IEEE Trans. Power

Syst., vol. 34, no. 4, pp. 2991–3001, Jul. 2019.

[29] J. Li, H. Wei, and D. Mo, ‘‘Asymptotically optimal scenario analysis

and wait-and-see model for optimal power flow with wind power,’’ Proc.

CSEE, vol. 32, no. 22, pp. 15–23, Aug. 2012.

[30] Z. Zhang, Y. Zhang, Q. Huang, and W.-J. Lee, ‘‘Market-oriented optimal

dispatching strategy for a wind farm with a multiple stage hybrid energy

storage system,’’ CSEE J. Power Energy Syst., vol. 4, no. 4, pp. 417–424,

2018.

[31] Y. Ying, Y. Wu, Y. Su, R. Fu, X. Liang, and H. Xu, ‘‘Dispatching approach

for active distribution network considering PV generation reliability and

load predicting interval,’’ J. Eng., vol. 2017, no. 13, pp. 2433–2437,

Jan. 2017.

[32] L. Wu, S. Mohammad, and T. Li, ‘‘Stochastic security-constrained unit

commitment,’’ IEEE Trans. Power Syst., vol. 22, no. 2, pp. 800–811,

May 2007.

[33] H. Hamidpour, J. Aghaei, S. Dehghan, S. Pirouzi, and T. Niknam, ‘‘Inte-

grated resource expansion planning of wind integrated power systems

considering demand response programmes,’’ IET Renew. Power Gener.,

vol. 13, no. 4, pp. 519–529, Mar. 2019.

[34] H. Geramifar, M. Shahabi, and T. Barforoshi, ‘‘Coordination of energy

storage systems and DR resources for optimal scheduling of micro-

grids under uncertainties,’’ IET Renew. Power Gener., vol. 11, no. 2,

pp. 378–388, Feb. 2017.

[35] Y. K. Renani, M. Ehsan, and M. Shahidehpour, ‘‘Optimal transactive

market operations with distribution system operators,’’ IEEE Trans. Smart

Grid, vol. 9, no. 6, pp. 6692–6701, Nov. 2018.

HONGZHI DONG received the B.S. and M.S.

degrees from the School of Electrical Engineering,

Southwest Jiaotong University. His research inter-

ests include analysis and control of power systems.

SHOUDONG LI was born in China, in 1994.

He received the B.S. degree from the Shanghai

University of Electric Power and the M.S. degree

from Lanzhou Jiaotong University. His research

interest includes operation optimization of power

systems.

HAIYING DONG received the B.S. degree from

Beihang University, Beijing, China, the M.S.

degree from Lanzhou Jiaotong University,

Lanzhou, China, and the Ph.D. degree from Xi’an

Jiaotong University, Xi’an, China. He is currently

a Professor at the School of New Energy and

Power Engineering, Lanzhou Jiaotong University.

His research interests include optimization and

intelligent control of power systems and optimal

control of renewable energy generation.

ZHONGBEI TIAN received the B.Eng. degree

from the Huazhong University of Science and

Technology, Wuhan, China, in 2013, and the

B.Eng. and Ph.D. degrees in electrical and

electronic engineering from the University of

Birmingham, Birmingham, U.K., in 2013 and

2017, respectively. He is currently a Research

Fellow at the University of Birmingham. His

research interests include railway traction sys-

tem and power network modeling, energy systems

optimization, advanced traction power systems design, and analysis of elec-

tric railways.

STUART HILLMANSEN received the Ph.D.

degree from Imperial College London. He is cur-

rently a Senior Lecturer in electrical energy sys-

tems with the Department of Electronic, Elec-

trical, and Systems Engineering, University of

Birmingham. He is a member of the Birming-

ham Centre for Railway Research and Education,

where he leads the Railway Traction Research

Group, whose portfolio of activities is supported

by the railway industry and government. His

research interests include hybrid traction systems for use in railway vehicles

and the modeling and measurement of energy consumption for railway

systems.

VOLUME 8, 2020 86179

http://dx.doi.org/10.1109/TSTE.2019.2903900

	INTRODUCTION
	COORDINATED SCHEDULING STRATEGY
	WIND AND PHOTOVOLTAIC POWER SCENARIOS
	SCENARIO PREDICTION BASED ON OPTIMAL DISCRETIZATION
	OPTIMIZATION OF SCENARIOS

	 COORDINATED SCHEDULING MODEL OF VIRTUAL POWER BASED ON SCENARIO PREDICTION
	OBJECTIVE FUNCTION AND RESTRICTIONS
	MODEL SOLVING METHOD

	SIMULATION AND ANALYSIS
	BASIC DATA OVERVIEW
	DETERMINATION OF PREDICTION SCENARIOS
	ANALYSIS OF COORDINATED SCHEDULING
	ANALYSIS OF SYSTEM OPERATION WITH DIFFERENT SCHEDULING MODELS
	ANALYSIS OF THE IMPACT OF ELECTRICITY PRICE CHANGES ON SCHEDULING RESULTS

	CONCLUSIONS
	REFERENCES
	Biographies
	HONGZHI DONG
	SHOUDONG LI
	HAIYING DONG
	ZHONGBEI TIAN
	STUART HILLMANSEN


