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In view of the large output of wind power during the load trough time, the peak

regulation cost may increase sharply, and the traditional hourly dispatch may

not be able to accurately track the load fluctuation due to the fluctuation of

renewable energy. In this paper, based on different time granularities, an

adaptive segmented double-layer economic scheduling model of the net

load curve considering reasonable wind abandonment is constructed. The

model can better cope with net load changes while reducing the load peak-

to-valley difference. First, a reasonable wind abandonmentmodel is established

under different time granularities of 5 min, 15 min, 30 min, and 1 h; Then, based

on the static thinking of the net load curve by time period, the load change in the

hourly scale is fully considered without changing the total number of

dispatching periods so that each dispatching period can adaptively select the

duration according to the change of net load gradient, and a self-adaptive

subsection model of the net load curve is established to minimize the total

running cost. Finally, taking IEEE-30 nodes as the example system, the NSGA-II

algorithm and CPLEX solver are used to solve the model. The results verify the

economy and feasibility of the proposed model.
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1 Introduction

As wind power, photovoltaic, and other new energy sources are greatly affected by the

natural environment and have obvious randomness and volatility (Liu Y et al., 2021; Hao

C A et al., 2021; Guo T et al., 2020), full consumption of wind power may cause a peak-to-

valley difference, deep peak regulation, and sharp increase in peak regulation cost (Ming

D A et al., 2021; Liu et al., 2022; Wei H et al., 2022; Wang J et al., 2021; Chen et al., 2021)

and even cause a potential operation risk of the power grid (Zhou Y et al., 2021; Dall’Anese

et al., 2018; Cheng et al., 2019; Deng et al., 2019; Luo et al., 2019). Therefore, when the

wind power output is large and the load is low, selectively discarding part of the wind
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power output can not only reduce the operation risk of the power

grid but also help to improve the flexibility of power grid

dispatching and the overall economic benefits.

At present, based on the reality that appropriate wind

abandonment can improve the economic benefits of the

system, there are many studies that consider abandonment of

wind power (Yang et al., 2020; Chen et al., 2020; Gan et al., 2022;

Wang et al., 2022). Wanla et al. (2021) constructed the steady-

state power flow of the integrated energy system through the

coupling of power grid and heat network and constructs the

collaborative optimization operation model of “source-grid-

load-storage” of the integrated energy system with the goal of

system economic operation to solve the curtailment air volume.

Sun.et al. (2020) proposed an optimization method for the wind

farm access capacity and access location considering the

minimum wind curtailment and combines the minimum wind

curtailment index and the highest reliability level index to

optimize the wind power access capacity. Zang.et al. (2022)

established the optimal energy abandonment constraint

model, considering the characteristics of wind and solar

reverse peak regulation, to improve the economy of wind and

solar absorption of the system and the low carbon of thermal

power peak shaving , and the net load curve is “peak shaving and

valley filling.” The aforementioned literature proposes to realize

the optimal operation of the system by abandoning part of the

wind power and solves the problem of curtailed wind power, but

fails to consider the change of curtailment volume over a

timescale.

For dealing with the uncertainty of wind power, traditional

hourly dispatch cannot flexibly deal with the fluctuations in the

net load data. For this reason, most literatures coordinate day-

ahead, intraday, and real-time dispatching (Dou.et al., 2019;

Liu.et al., 2022), and coordination of multiple timescales is

used to gradually reduce the impact of errors in an operation

(Shi et al., 2019; Yang et al., 2021; Tang et al., 2022). Although

this method can effectively reduce the deviation, the model

usually participates in the day-ahead scheduling operation

with an hour-level time resolution, ignoring the error caused

by the approximate distribution of discrete time (Song.et al.,

2021; Mz et al., 2021; Song.et al., 2021). The discrete time at the

hour level cannot reflect the details of the gradient change of the

net load, and the wind powermay change greatly within the hour.

Therefore, the traditional hour-level model cannot meet the

demand for flexibility, and it is necessary to optimize the time

interval more flexibly to better response to the changes in the

net load.

Ran et al. (2020), according to the slow dynamic

characteristics of cold and thermal energy, adopted the daily

mixed timescale correction method of electric cooling thermal

coupling, optimizes the output of cold and thermal energy-

related equipment at the upper layer with a low time

resolution, and adjusts the power storage device and tie line

scheduling plan at the lower layer with a fine temporal resolution

and the correction results of the upper layer, to build a mixed

timescale economic scheduling model considering the difference

of energy characteristics. Although this method improves the

flexibility of the system, it also increases the computational

complexity. Gan.et al. (2020), to solve quickly, proposed a

renewable energy generation and demand load forecasting

model with a coarse-grained resolution of 15 min or 1 hour

using a single temporal resolution. It can be seen that while

using fine temporal resolution saves operating costs, increasing

the time interval leads to an exponential increase in the solution

time. The model using hourly summarization, while reducing the

computational complexity, does not accurately track changes in

the net load.

In view of the aforementioned problems, first, reasonable

wind curtailment models are established at different time

granularities (Li.et al., 2022; Liu.et al., 2019), and its impact

on the fluctuation of the net load curve and peak regulation

cost is analyzed. Second, to accurately track the net load

change, a segmentation model of the net load curve with an

adaptive selection of scheduling duration is established.

Finally, the impact of reasonable wind curtailment and

adaptive segmentation of the load curve on power grid

peak regulation and overall economy is comprehensively

analyzed.

2 Reasonable wind abandonment
models under different time
granularities

Due to the anti-peak regulation characteristics of wind

power, a few peak wind power output occurs in the low load

period, to absorb more peak wind power output should reduce

the system’s thermal power output, but at the same time lead to

an increase in the cost of rotating backup, this will result in a

sharp increase in the total operating costs of the system. In this

regard, under different time granularities of 5 min, 15 min,

30 min, and 1 h, the optimization goal is to minimize the net

load variance of the system, consider the constraints of wind

power output and wind curtailment, establish an optimization

model, and use the Cplex solver to solve it.

2.1 Objective function

Due to the uncertainty of load and wind power output, the

peak-to-valley difference of the system power load is large, and

the model ensures that the net load variance gradually decreases

at the expense of discarding an appropriate amount of wind

power generation, so that the net load curve is smoother

(Zang.et al., 2022). The objective function is the minimum

variance of the net load of the system, and its expression is

given as follows:
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minF1 � 1
T
∑T
t�1
(PLt − PLave,t)2, (1)

PLt � Pd,t − (1 − λw,t)Pw,t, (2)

PLave,t � ⎛⎝∑T
t�1
PLt

⎞⎠/T, (3)

where F1 is the system net load variance;t, respectively for 5 min,

15 min, 30 min and 1 h time series under different time

granularity first t a period of time; PLt is the net load of the

system in the t-th period; PLave,t is the average value of the net

load of the system in the whole scheduling period; Pd,t is the

initial load in the t-th period; λw,t is the wind abandon rate of the

t-th period, 0≤ λw,t ≤ 1; and Pw,t is the output power of the wind

farm in the t-th period.

2.2 Constraint condition

The solution of the reasonable wind abandonment

optimization model should satisfy the following constraints:

1) Wind power output constraints:

0≤Pw,t ≤Pw,max, (4)

where Pw,max is the maximum output of the wind farm in the t-th

period.

2) Abandon wind rate constraint:

To avoid a large amount of abandonment of wind farms due

to the smoothing of the net load curve, the maximum allowable

abandonment rate constraint is added to this paper, namely,

∑T
t�1
λw,tPw,t/∑T

t�1
Pw,t ≤ kw,max, (5)

where kw,max is the maximum wind abandonment rate allowed

by the wind field.

3 Net load curve self-adaptation
segment optimization model

Based on the abovementioned model, under the different

time granularities, based on the idea of load curve segmenting

into time-segment statics, the continuous typical daily load curve

can be reasonably segmented, which will effectively respond to

the change of net load curve, it has better rationality and

economy. In theory, the more time segments are divided, the

more accurate the tracking of load changes can be but to avoid

the equipment action is too frequent, the impact of equipment

life and economy, so the number of segments is still the original

scheduling time, that is, 24 time slots. Figure 1 shows the

calculation process of the adaptive segmentation optimization

model for the NSGA-II algorithm to solve the net load curve.

3.1 Objective function

The multi-objective optimization method is used to segment

the net load curve, wherein the optimization objective is that the

index representing the dispersion between the average values of

FIGURE 1
Flowchart of the adaptive segmented optimization model for
the net load curve.
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the net loads in different periods is the largest, and the index

representing the dispersion of the net loads in the same period is

the smallest. If the number of segments of the net load curve is, to

make the direction of the optimization target consistent, the

optimization target is treated as the reciprocal, that is, the

objective of the optimization segment of the net load curve is

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

minf1 � 1
M1

� 1

max
1
NL

∑NL

i�1
(Pave,i − Pave)2

,

minf2 � M2 � ∑NL

i�1
⎡⎢⎢⎣ 1
Li
∑Li
j�1
(PLij − Pave,i)⎤⎥⎥⎦,

(6)

where Pave is the average value of the load at all times; Pave,i is the

average net load average in the i -th segment; PLij is the load size

of the j-th load point within the i-th net load section; and Li is the

total number of load points in the i-th segment.

3.2 Constraint condition

The net load value of each time in each subsection after the

optimization subsection takes the average load value of that

subsection. When the net load curve is divided into NL

subsections, there are NL-1 load subsections, the optimal

control variable is t1, t2, . . ., tN−1, where the load staging

points cannot exceed the 24-h all-day range and the staging

points can not be equal, the control variable constraint is

{ 1≤ ti ≤ 24, i � 1, 2, ..., NL − 1,
ti ≠ tj, i ≠ j.

(7)

3.3 Model solving process

This paper is solved by the NSGA-II algorithm (Verma et al.,

2021), which is usually used in the field of multi-objective

optimization, which has high computational efficiency and

good robustness, and the obtained pareto solution set is

evenly distributed, as shown in Figure 1.

4 Considering reasonable abandon
the wind net load curve adaptive
piecewise double-layer optimization
scheduling model

In this paper, under different time granularities, based on the

optimal abandon of the wind rate of each time period, the load

curve is divided reasonably to flexibly respond to load changes, and

finally the start–stop and output arrangements of thermal power

units are solved with the goal of minimizing the total operating

cost. Therefore, a load curve adaptive subsection double optimal

dispatch model considering reasonable wind abandon is

constructed, and the structure diagram is shown in Figure 2.

1) The upper-layer optimizationmodel is 5 min, 15 min, 30 min,

and 1H at different time particles, with the minimum

difference between the net load variance of the end power

grid as the target function to optimize the wind abandonment

rate in each period of time. Therefore, the optimal grid-

connected power of wind power at different time granularities

is obtained. At the same time, on the basis of satisfying the

constraints of control variables, the net load curve after wind

power grid-connected is used to solve the objective function

by using NSGA-II, and the time segment points are used to

obtain the step net load curve.

2) The lower-level optimization model optimizes the output of

thermal power units in each period based on the stepped net

load curve transmitted by the upper-level model, with the goal

of minimizing the total operating cost. A number of costs are

considered in the objective function, including the cost of

peak shaving of thermal power units, wind power, system

spinning reserve costs, and carbon transaction costs. The

solver is used to obtain the optimal output, start–stop

arrangement and minimum operating cost of thermal

power units in the receiving end grid.

4.1 Lower-layer optimization scheduling
model objective function

Many costs are considered in the objective function,

including the peak load regulation cost of thermal power

units, system rotation standby cost, and carbon transaction cost.

minF2 � C1 + C2 + C3, (8)

where F2 is the operating cost of the power grid operating for the

optimization scheduling of the thermal power unit and the wind

power system; C1 is the peak shaving cost; C2 is the system

spinning reserve cost; and C3 is the carbon transaction cost.

1) Peak shaving cost

In the basic peak shaving stage, the peak shaving cost of the

thermal power unit mainly comes from the fuel cost and the

startup and shutdown costs. The calculation expression is as

follows:

C(Pi,t) � ∑T
t�1
∑N
i�1
[ui,tf(Pi,t) + ui,t(1 − ui,t−1)CU

i

+ ui,t−1(1 − ui,t)CD
i ], (9)

f(Pi,t) � aiP
2
i,t + biPi,t + ci, (10)

where Pi,t is the output of thermal power unit I in period t;N is

the total number of thermal power units; T is the number of
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periods in a scheduling period; ui,t is the start–stop state variable

of thermal power unit i in period t, ui,t � 1, indicates that the

thermal power unit I is in operation, ui,t � 0, indicates that the

thermal power unit I is in the shutdown state; CU
i is the thermal

power unit i startup cost; CD
i is the thermal power unit i

shutdown cost; f(Pi,t) is the fuel cost function of thermal

power unit i; and ai、 bi、 ci are the coefficients of the

consumption characteristic function of the thermal power unit i.

Linearize the coal consumption function piecewise and

divide it into m segments, replacing Eq. 10 with the following

equation:

f(Pi,t) � ∑m
s�1
Ki,sPi,t,s + ui,tS0,i , (11)

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

S0,i � aiP
2
i,min + biPi,min + ci,

0≤Pi,t,s ≤
Pi,max − Pi,min

m
,

Pi,t � ∑m
s�1
Pi,t,s + Pi,min,

(12)

where Ki,s is the slope of each segment of the coal consumption

function after piecewise linearization; S0,1 is the coal consumption

FIGURE 2
Structure diagram of the double-layer optimization mode.

FIGURE 3
Schematic diagram of the peak shaving stage of thermal power unit.
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generated by the minimum output operation of the unit after

startup; and Pi,t,s is the segmented output of the unit.

According to the output state of the unit, the peak shaving

stage of the thermal power unit can usually be divided into basic

peak shaving and deep peak shaving stage, and deep peak shaving

can be divided into oil-feeding depth peak-shaving and non-oil-

feeding depth peak shaving stage according to the peak shaving

depth and combustion medium, as shown in Figure 3. Among

them, Pmax is the maximum output of the thermal power unit,

Pmin is the minimum output of the unit in the basic peak shaving

stage, Pn is the minimum output of the unit in the non-oil-

feeding depth peak shaving stage, and Pm is the minimum output

of the unit in the peak shaving stage of the oil-feeding depth.

When the unit operates at the non-oil-feeding depth peak

shaving stage, the rotor metal will produce certain additional loss

due to the influence of alternating stress, which will reduce the

service life of the unit. The life loss cost generated during the

depth of the unit peaks Closs can be calculated as follows:

Closs � βlossCunit/[2Nf(Pi,t)], (13)

where Closs is the life loss coefficient of thermal power unit; Cunit

is the purchase cost of thermal power unit; and Nf(Pi,t) is the
number of rotor fracturing cycles, it can be determined by the

Langer formula.

During the oil-feeding depth peak shaving stage, the peak

adjustment costs of the thermal power unit except for fuel costs,

start–stop costs, and life loss costs, the cost Coil of oil investment

should, the calculation formula is as follows:

Coil � PoilQoil, (14)
where Poil is the oil price of the current quarter, and Qoil is the

fuel consumption of the thermal power unit during the oil-

feeding depth peak shaving stage.

To sum up, the peaking cost of thermal power units can be

expressed as the following piecewise function:

C1 �
⎧⎪⎨⎪⎩

C(Pi,t), P min ≤Pi,t ≤P max,
C(Pi,t) + Closs, Pn ≤Pi,t ≤P min,
C(Pi,t) + Closs + Coil, Pm ≤Pi,t ≤Pn.

(15)

2) System spinning reserve cost

C2 � ∑T
t�1
ρres(Rup,load + Rdown,load), (16)

where ρres is the system spinning reserve cost factor; and

Rup,load/Rdown,load is the positive/negative rotation reserve

capacity, respectively.

3) Carbon trading cost

The carbon trading mechanism restricts greenhouse gas

emissions through market-based trading of carbon emission

rights, which is one of the effective measures to achieve the

“dual carbon” goal. At present, carbon emission trading is mainly

divided into project-based trading and allowance-based trading.

The project-based trading mainly refers to carrying out green

development projects to achieve carbon emission reduction;

quota-based carbon trading refers to the allocation of carbon

emission quotas by relevant government departments to carbon

emission sources. When the actual carbon emission of the

emission source is higher than the allocation quota, the

carbon transaction is positive, that is, the carbon emission

source needs to pay a high fine to purchase carbon emission

rights; and when the actual carbon emission of the emission

source is lower than the allocated quota, the carbon transaction is

negative; that is, carbon emission sources can sell carbon

emission rights.

It can be seen from Figure 4 that the thermal power units

need to purchase carbon emission allowances under the carbon

trading mechanism, which will increase their operating costs and

achieve the purpose of reducing carbon emissions. The sale of

carbon trading quotas in the operation of wind farms will

generate certain income in the grid connection, increase its

grid-connected consumption, and promote the development

of wind power industry. Therefore, with the improvement of

the carbon trading mechanism, it can effectively promote the

development of new energy power generation while reducing the

carbon emissions of the power industry and promoting the

development of a low-carbon economy. That is, the carbon

transaction cost is calculated as follows:

C3 � Ce + Cw, (17)

where Ce is the thermal power unit in t time of carbon trading

cost, and Cw is a wind farm in t time of carbon trading cost.

1) Carbon transaction cost of thermal power unit

Thermal power units will generate a large amount of carbon

dioxide during operation. After taking into account the carbon

transaction cost, the excess carbon emission quota needs to be

purchased in the form of transactions, which will increase the

operating cost of thermal power units, which is called the carbon

transaction cost of thermal power units. The calculation formula

is given as follows:

Ce � σ(Qet − Qqt), (18)

where σ is the carbon transaction price of the thermal crew at the

moment of t, yuan/t; Qet is the carbon emissions of thermal

power units at time t, t; and Qqt is the carbon emission quota of

thermal power units at time t, t.

The carbon emissions of thermal power units are mainly

related to their output. However, due to the randomness of wind

power, when the wind power is connected to the grid, to ensure

the safe operation of the power grid, it is necessary to increase the

rotating reserve capacity of thermal power units, which increases

the carbon emissions from thermal power units. Therefore, the
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formula for calculating carbon emissions Qet of thermal power

units is given as follows:

Qet � ∑N
i�1
li(Pi,t − λPw,t), (19)

where li is the carbon emission intensity per unit electric capacity

of thermal power unit I, t/MW; and λ is a wind power spare

capacity coefficient.

The carbon emission quota is determined according to the

dispatching output of the generating unit. The calculation

formula of the carbon emission quota Qqt of the thermal

power unit is given as follows:

Qqt � β∑N
i�1
Pi,t, (20)

where β is the carbon trading quota per unit of electricity, t/MW.

1) Carbon transaction cost of wind farm

Wind power is a clean new energy power generation. Carbon

emissions are not generated during the operation, but wind

power has strong uncertainty. It will increase the rotating

backup capacity of the system during the grid. The cost of

increasing the mass is defined as the carbon transaction cost

of wind power. The calculation formula is given as follows:

Cw � σ(Qwet − Qwt), (21)

where Qwet is the carbon emissions of the wind farm at time t, t;

and Qwt is the carbon emissions quota of the wind farm at T, t.

Qwet � ∑N
i�1
liPi,t − Qet, (22)

Qwt � βPw,t. (23)

FIGURE 4
Carbon trading mechanism.
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4.2 Lower-layer optimization scheduling
model constraint conditions

1) Equality constraints

The system power balance constraints:

∑N
i�1
Pi,t + Pw,t � Pd,t. (24)

2) Inequality constraints

1) Hot standby:

∑N
i�1
(ui,tPi,max − Pi,t)≥ ρPd,t, (25)

where Pi,max is the maximum output limit of unit i; and ρ is the

hot standby coefficient.

2) Unit force constraint:

ui,tPi,min ≤Pi,t ≤ ui,tPi,max, (26)
where Pi,min is the minimum output limit of unit i; and Pi,max is

the maximum output limit of unit i.

3) Crew climbing constraints:

−Ru ≤Pi,t − Pi,t−1 ≤Ru, (27)
where Ru is the climbing rate of the thermal power unit.

4) Unit start and stop time constraints:

{ (Ti,t−1,off − Ti,off)(ui,t−1 − ui,t)≤ 0,(Ti,t−1,on − Ti,on)(ui,t−1 − ui,t)≤ 0,
(28)

where Ti,on/Ti,off is the minimum start/stop time of thermal

power unit, respectively.

5) Start–stop cost constraints:

{CU
i,t ≥Hi(ui,t − ui,t−1),

CU
i,t ≥ 0,

(29)

{CD
i,t ≥ Ji(ui,t−1 − ui,t),

CD
i,t ≥ 0,

(30)

where Hi is the single startup cost of unit i, and Ji is the single

shutdown cost of unit i.

6) Power flow security constraints:

PL,min ≤Pi,t ≤PL,max, (31)
where PL,min/PL,max is the minimum and maximum power flow

constraints of line L, respectively.

7) Positive and negative spinning reserve constraints:

∑N
i�1
min(Pi,max − Pi,tRu)≥ r1Pw,t + Rup,load, (32)

∑N
i�1
min(Pi,t − Pi,minRu)≥ r2Pw,t + Rdown,load, (33)

where r1/r2 is the coefficient of the up/down rotation reserve

capacity increased by the wind power connection, respectively,

which is generally 0.1–0.2.

5 Case analysis

5.1 Example system description

In this paper, an improved IEEE -30 node system is used to

simulate the power grid. The system consists of six thermal power

units and one wind farm. The structure of the system is shown in

Figure 5. According to the change of the typical daily load curve and

wind farm law, combined with the load of the original system and

the scale of wind farm, the typical daily load curve and wind power

output curve of the system are simulated, as shown in Figure 6.

Parameter settings of the upper model: the rated capacity of

the wind farm is 800MW, and the maximum wind abandonment

rate kw,max is 9.8%.

The main parameters of the lower-level optimization model

are shown in Table 1, and the parameters of the thermal power

units are shown in Table 2.

5.2 Analysis before and after reasonable
wind abandon

The CPLEX solver is used to solve the reasonable wind

abandonment model, and the optimal wind abandonment rate

at different time granularities is obtained, as shown in

Figure 7. The wind power output before and after wind

curtailment is shown in Figure 8, and the net load curve

before and after wind curtailment is shown in Figure 9. The

startup and shutdown statuses of six thermal power units are

shown in Figure 10 indicates shutdown and one indicates

startup. The output arrangement of the thermal power unit is

shown in Figure 11.

It can be seen from Figure 7 that under different time

granularities, the wind abandonment mainly occurs in the

period 0:00–6:00 and 23:00–24:00. During this period, the

load is relatively small, and the wind curtailment rate is

maintained at a high value. The maximum wind curtailment

rate reaches 28.5%, and the optimal wind curtailment rate in

other periods is 0. This is related to the inverse peak regulation

characteristics of the wind power and the objective function of

the model. At the cost of curtailment of more wind power

generation, the net load variance is guaranteed to be

Frontiers in Energy Research frontiersin.org08

Gang et al. 10.3389/fenrg.2022.1057522

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1057522


FIGURE 5
Improved IEEE-30 node system wiring diagram.

FIGURE 6
Wind power forecast output and typical daily load curve.
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minimum, to obtain a relatively gentle net load curve and reduce

the peak valley difference.

Comprehensive analysis of Figures 8, 9 shows that the main

wind curtailment is concentrated in 0:00–7:00, the maximum

peak-to-valley difference of the net load curve of all wind power

consumption is 908.5MW, and after the appropriate amount of

wind curtailment during the low load period, the maximum

peak-to-valley difference of the net load curve is 783.8MW, a

TABLE 1 Main parameters of the lower-layer model.

Parameters and units Value

Rotating backup cost coefficient ρres/(yuan/(MW·h)) 112

Hot stand by coefficient ρ/(yuan/(MW·h)) 0.05

Unit price of coal/(yuan/t) 600

Positive/negative rotation reserve capacity coefficient r1/r2 0.2

TABLE 2 IEEE-30 node system thermal power unit parameters.

Number Node a (t/MW2) b (t/MW) c (t) Climbing up/down
slope rate
(MW/h)

1 1 0.1524 38.5397 786.7988 375

2 2 0.1058 46.1591 945.6332 300

3 5 0.028 40.3965 1049.998 350

4 8 0.0354 38.3055 1243.531 250

5 11 0.0211 36.3278 1658.57 250

6 13 0.0179 38.2704 1356.659 250

FIGURE 7
Optimal wind curtailment rate at different time granularities. (A) Curtailment rate at 5 min time granularity; (B) Curtailment rate at 15 min time
granularity; (C) Curtailment rate at 30 min time granularity; (D) Curtailment rate at 1 h time granularity.
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FIGURE 8
Wind power output curve before and after reasonable wind curtailment.

FIGURE 9
Net load curve before and after reasonable wind curtailment.
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FIGURE 10
Startup and stop states of thermal power unit after reasonable abandoned wind curtailment.

FIGURE 11
Optimal output of thermal power unit after reasonable wind curtailment.
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year-on-year decrease of 124.7 MW. It can be seen that

considering that the reasonable wind curtailment model can

significantly reduce the peak difference between the net loads,

and then it can achieve the purpose of reducing the peak

adjustment cost of the thermal power unit.

It can be seen from Figure 10 and Figure 11 that during the

whole dispatching period, the thermal power units 2, 4, and 5 are

always in the operation state, units 3 and 6 are kept in the startup

state for most of the time, and unit 1 is a peak load unit. When the

load is large, it is started and a relatively continuous and stable

output is maintained. On the basis of ensuring the economic

operation of the unit as much as possible, unit 5 shall be operated

in the mode of minimum output to meet the rotating standby

demand reserved due to load and wind power prediction.

From Table 3, it can be seen that the total operating cost of the

system after reasonable wind curtailment is reduced by 7.27%

compared with before wind curtailment, and the peak regulation

cost is reduced by 6.11%, mainly because after the appropriate

amount of wind curtailment during the low load period, the peak-to-

valley difference and peak regulation difficulty of the load are

effectively reduced, and the number of times the thermal power

unit participates in deep peak shaving, resulting in a reduction in the

peak shaving cost of the thermal power unit.

5.3 Comparative analysis of different
scheduling models

To verify the economy and effectiveness of the double-layer

optimization model proposed in this paper under different time

granularities, this paper selects fourmodels for comparative analysis.

Model 1: Under the time granularity of 5 min, an adaptive

subsection model of load curve considering reasonable wind

curtailment is established.

Model 2: Under the time granularity of 15 min, an adaptive

subsection model of load curve considering reasonable wind

curtailment is established.

Model 3: Under the time granularity of 30 min, an adaptive

subsection model of load curve considering reasonable wind

curtailment is established.

Model 4: Taking 60 min as a fixed time granularity (traditional

hour-level scheduling mode, the optimization scheduling model

considering reasonable discarding wind is established, and

analysis has been made in 4.2).

The Pareto solution set is obtained by using the NSGA-II

algorithm to decompose the load curve adaptive segment

optimization model, as shown in Figure 12. The Pareto

solution set solved under different time granularities, and an

optimal compromise solution is selected from the Pareto solution

set as the segmentation point of the load curve, and the net load

curve is segmented according to the segmentation point, and the

segmentation result is shown in Figure 13. Finally, the lower

optimal scheduling model is used to schedule the net load curve,

and the start–stop state of the thermal power units under

different models is shown in Figure 14, and the unit output

arrangement is shown in Figure 15.

As can be seen from Figure 13, Model 1 divides the original

six times into two at a time granularity of 5 min between 0:00 and

6:00, the net load deviation for the first scheduling period

increased from [-18.43, 9.50] MW in Model 4 (traditional

mode) to [-30.53,47.86] MW, adjusted once per hour in the

traditional mode during this period, the adjusted power is

1.81 MW, 8.54 MW, 12.55 MW, and 9.91 MW respectively,

while Model 1 is only adjusted once, and the adjusted

frequency is 72.44 MW. In fact, the climbing power of the

unit has no obvious change during this period. During 9:

00–12:00, the load changes greatly, and the adaptive

segmenting model of the net load curve divides the three

scheduling periods of traditional mode into five periods at 5-

min time granularity and 30-min time granularity, model

2 divided this period into four scheduling periods, with the

deviation less than that of the traditional mode and slightly

greater than that of the former two, and the net load deviation

reduced from the original [-158.26,103.00] MW to

[-161.58,85.19] MW compared with Model 4. Therefore, the

scheduling model proposed in this paper is more consistent with

the net load curve changes in general, and in each period by

relatively stable and uniform output adjustment.

As can be seen from Figures 14, Figure 15A, four thermal

power units maintain a relatively stable output state under the

condition of 5 min time granularity, while the start–stop of other

units is more scattered and the duration is shorter, this will have

more start and stop costs. It can be seen from Figures 14,

Figure 15B, C that units 2 and 4 remain on in these two

modes under the time granularities of 15 min and 30 min,

while other units are more concentrated than the starting

state of Model 1, among which the number of starts and stops

of the peak load unit is reduced during the day, and the unit

continues to operate stably during the higher load period.

Overall, the number of starts and stops in Model 2 and Model

3 was reduced compared to Model 1.

It can be seen from Table 4 that the total operating cost of

Model 3 is the smallest and that of Model 4 is the largest. From

TABLE 3 Calculation results before and after wind curtailment.

Model Cost/
Yuan

Peak shaving costs/
Yuan

Before reasonable wind
curtailment

4806700 4200900

After reasonable wind
curtailment

4457200 3944300
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all the analysis, it can be seen that although the self-adaptive

scheduling under the time granularity of 5 min can reduce the

net load deviation, the increase in the number of unit startup

and shutdown leads to the increase in the unit startup and

shutdown costs, and the peak shaving cost is reduced by

21200 Yuan compared with the traditional model. The

FIGURE 12
Pareto solution set under different time granularities. (A) Pareto solution set at 5 min time granularity; (B) Pareto solution set at 15 min time
granularity; (C) Pareto solution set at 30 min time granularity.
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FIGURE 13
Segmentation of the net load curve under different time granularities. (A) Segmentation of net load curve at 5 min time granularity; (B)
Segmentation of net load curve at 15 min time granularity; (C) Segmentation of net load curve at 30 min time granularity.
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FIGURE 14
Startup and shutdown statuses of the thermal power unit under different models. (A) The start-stop state of the unit under the time granularity
of 5 min; (B) The start-stop state of the unit under the time granularity of 15 min; (C) The start-stop state of the unit under the time granularity of
30 min.
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FIGURE 15
Output arrangement of the thermal power unit under different models. (A) Thermal power unit output at 5 min time granularity; (B) Thermal
power unit output at 15 min time granularity; (C) Thermal power unit output at 30 min time granularity.
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adaptive scheduling deviation under 15 min time granularity

is greater than that of 5 min and 30 min time granularities, the

number of unit startup and shutdown is relatively small, and

the peak shaving cost is reduced by 43100 Yuan compared

with Model 1; The adaptive scheduling deviation under

30 min time granularity is relatively small, and the number

of unit startup and shutdown is relatively small. The peak

shaving cost is 3. 4,093 million yuan, which is 535000 Yuan

less than the traditional mode, and the rotating standby cost is

78800 Yuan less. Therefore, the economy of Model 3 is the

best. In conclusion, it can be seen that the load curve adaptive

dispatching mode considering reasonable wind curtailment

proposed in this paper is better than the traditional

dispatching mode, which can better adapt to the change of

daily net load and further improve the economy and stability.

6 Conclusion

In this paper, the wind power grid-connected system

caused by the sharp increase in peak-shaving costs and

traditional scheduling is not sufficient to achieve flexible

operation of the system problems; an adaptive double-layer

economic dispatch model of the net load curve with

reasonable exhaust air is constructed. The model makes full

use of the adjustable ability of time granularity to the load

gradient change and effectively responds to the net load

change, while improving the wind power absorption

capacity and ensuring the overall economy and

environmental protection of the system. The following

conclusions are obtained by the case analysis:

1) By comparing the operating results before and after the

reasonable wind curtailment, the system operating cost is

reduced by 7.27%, and the peak shaving cost is reduced by

6.11% compared with before wind curtailment. The

calculation results show that the net load curve after the

reasonable wind curtailment is relatively gentle, which can

effectively avoid the deep peak shaving of the system and

reduce the peak shaving cost of the system.

2) It can be seen from the analysis results that the self-adaptive

subsection optimization model of the net load curve can reduce

the load deviation and better deal with the random fluctuation of

the net load, so that the thermal power unit has a long stable

operation time and less startup and shutdown times, thus

reducing the startup and shutdown costs of the unit.

3) Comparing the net load deviation and the startup and

shutdown statuses of thermal power units in the

dispatching cycle under different time granularities of

5 min, 15 min, 30 min, and 1h, the total operating cost of

the double-layer optimal dispatching model based on 30 min

time granularity is 3. 9,601 million yuan, which is 11.15%

lower than that of model 4. Among them, the peak shaving

cost is 535000 Yuan lower than the total consumption of wind

power. The unit output arrangement is more reasonable, and

the economy is better.

How to model the uncertainty of wind power and load and

how to reduce curtailment using energy storage devices still need

further research.
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