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Abstract. This paper proposed a probabilistic evaluation method of wind power absorption
capacity considering interregional interaction based on multi-scenario operation simulation.
The time scale of this method is pre-day, and many factors related to wind power absorption
can be considered comprehensively, such as peak shaving capacity, frequency modulation
capacity, load tracking capacity, rotating reserve capacity and network transmission capacity,
which can provide a Multidimensional ratio evaluation of wind power absorption capacity
which could identify the short-board factors that restrict wind power absorption. This paper
provides a general framework for wind power absorptive capacity assessment. In the practical
application of power system, the constraints can be flexibly chosen according to their own
characteristics. The analysis results of the above examples show that the proposed method can
effectively consider the inter-regional interaction, and can simulate and evaluate the system
more accurately.

1. Overview

Wind power consumption means that the power system calls various resources to cooperate with the
operation of wind power, so as to achieve the purpose of effective utilization of wind power. The scale
of power system, the type of conventional unit, load characteristics and wind farm output
characteristics will have an impact on the process of wind power absorption. The randomness and
fluctuation of wind power output also determine whether the system can absorb wind power.

Generally speaking, the goal of wind power absorption in power system is to integrate and
coordinate all kinds of resources in the system to improve system flexibility, which can not only make
wind power be efficiently absorbed, but also make the system run safely, reliably and economically.
Flexibility-related resources in the system include peak shaving capability, frequency modulation
capability, load tracking capability, spinning reserve capability and network transmission capability.
Only when a power system has sufficient system flexibility can there be no wind abandonment in the
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process of wind power absorption. In China, the lack of flexibility in the power system aggravates the
problem of abandonment. The evaluation of wind power absorptive capacity can quantify the capacity
of the system to absorb wind power, and build a bridge between flexibility and absorptive capacity, so
that the power system can quantify the future utilization of wind power in advance and play a
proactive role.

At present, many studies have been carried out worldwide on the evaluation of grid-accommodable
Wind Power Capacity (GWPC).There are many studies on GWPC evaluation in China, literature [1-3]
studies wind power absorption capacity under peak shaving capacity; literature [4] studies wind power
absorption capacity under peak shaving and network constraints; literature [5] studies peak shaving
and frequency shaving capacity constraints and wind power absorption capacity; literature [6]
considers peak shaving constraints and reserve constraints, and studies upper and lower limits of wind
power output that can be absorbed. Some studies have also been carried out abroad about GWPC
evaluation. Literature [7] studies GWPC evaluation considering transmission capacity of transmission
lines in two-node power system; Literature [8] and [9] expand the evaluation method to actual power
system on the basis of this study; Literature [10] and [11] take the reserve constraints into account, and
use reliability-based reserve size determination method to evaluate GWPC. Literature [12-15] adopts
probability evaluation methods, such as chance-constrained unit commitment, and references [16] and
[17] consider load tracking constraints and frequency modulation capability constraints respectively in
GWPC evaluation process.

However, the current research is limited to the evaluation of wind power absorptive capacity under
the constraints of one or two factors. In fact, the size of wind power absorptive capacity depends on
the short board factor of the power system, and that is the buckets effect. The power system truly
needs a method to evaluate the wind power absorptive capacity, which can consider many key factors
synthetically. Only in this way we could find the short-board factor accurately and the wind power
absorptive capacity under the corresponding constraints can be obtained based on this factor.

this paper proposed a probabilistic evaluation method of wind power absorption capacity
considering interregional interaction based on multi-scenario operation simulation. The time scale of
this method is pre-day, and many factors related to wind power absorption can be considered
comprehensively, such as peak shaving capacity, frequency modulation capacity, load tracking
capacity, rotating reserve capacity and network transmission capacity, which can provide a
Multidimensional ratio evaluation of wind power absorption capacity which could identify the short-
board factors that restrict wind power absorption. This paper provides a general framework for wind
power absorptive capacity assessment. In the practical application of power system, the constraints can
be flexibly chosen according to their own characteristics [1].

2. The method of wind power absorption capacity assessment

The probabilistic evaluation model of wind power absorptive capacity based on multi-scenario
operation simulation and considering interregional interaction is presented as follows. Firstly, the wind
power output simulation is carried out based on the analysis results of wind power output
characteristics, and the wind power output scenario library is generated. Then, the wind power output
scenario library and the system load scenario Library are combined to generate the system operation
scenario(Ll-, Wj), Furthermore, based on the results of interregional interaction behaviour modelling,
the system running scenario will be simulated (Unit Commitment and Economic Dispatch, UCED).
Finally, all system running scenarios (Ll-,Wj) will be counted. The final probabilistic wind power
absorptive capacity evaluation results can be obtained from the wind power absorptive situation.

2.1 Probabilistic Scene Generation

Probabilistic scenarios, which is wind power generation scenarios and system load scenarios, can be
generated by two methods: historical statistics and sampling. Because historical data needs a lot of
accumulation and is difficult to obtain, this paper uses sampling method to obtain wind power
generation scenarios and system load scenarios. For the system load scenario, due to the accuracy of
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day-ahead load forecasting is very high, this paper ignores the day-ahead load forecasting error, that is,
there is only one system load scenario, that is, day-ahead load forecasting curve.

For wind power generation scenarios, the method of wind power output prediction is used to
predict wind power output point in the next day. However, due to the high uncertainty of wind power
output, the wind power output curve is generated from the point prediction results and the probability
distribution of wind power prediction error, so that the wind power output scenario database is
obtained. Each wind power output scenario has its own occurrence probability.

When given ®. W and a,,,, , 0%mex could be calculated, by the total probability formula. As
shown in the formula, it can be obtained by the expansion of the probability joint probability formula,
in which the correlation between load and wind power output is neglected. When the wind power
output is related to the load, it can also be considered in the process of generating the system operation
scenario.

6%max = E(utmex (a(L;, W))))
= Sueolp(Le) - Eumex(a(Ly, ¥))ILy)]
= T1co [P - Zw jewlp(wilLo) - utmex(a(Ly, W)

= T1eo|PL0) - Zw,ewlp(W)) - utmex (a(Ly, W))] | (1)

This paper will generate N,,,, wind power generation scenario, whose size is determined by the
accuracy convergence criterion of Monte Carlo methods. When given confidence level is 1 — 8 and

tolerance of errors is &, the samples of Monte Carlo should have no less than V:
ApG

N =( ¢/ gama)? @)

Among them, Ag is the quantiles corresponding to 1-f of bilateral tests under standard normal
distribution, & is the estimation of standard deviation of error.

pa 1 max 1 max 2
a=J;Z’,¥=1(uZ ) — (3 N, upme) 3)

2.2 System Operation Simulation

In order to evaluate the wind power absorption in each system operation scenario accurately, the
system operation simulation technology is used to reproduce the power system operation. The time
scale of operation simulation is hourly, and the objective function of operation simulation is the
minimum wind abandonment. In the objective function, the economy is not considered, because this
paper wants to explore the maximum acceptable wind power capacity of power system. The
constraints of operation simulation can be divided into the following categories: basic constraints
(BCs), Peak-valley Regulation Constraints (PRCs), Frequency Regulation Constraints (FRCs),
Spinning Reserve Constraints (SRCs), Load-Following Constraints (LFCs), and Grid Transmission
Constraints (GTCs).

2.2.1 Objective function
The objective of optimization is to minimize the amount of wind power discarded from the system.

min ZteQT EWEQW C\f/ 4)

Q7 is the sets of unit assembly period, Qy is the sets for wind farms, Cfis the unit abandoned wind
power in period of time T of unit W.

2.2.2 Constraint condition
»  Basic Constraints-Load Balance Constraints

t t _ ot _ t
Zieﬂg P+ ZWEQW(WW Cw) + ZIEQLUQTL Lie= ZnenN Dn,vt € Qr ®)
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In the formula (), Qg+ Qy is the conventional unit set node set respectively, P! is the active power
for the unit i in the period time ¢, unit MW, W{, is the wind power prediction for wind farm w in the
period of time ¢, unit MW, DY, is the node load for node 7 in the period of time ¢, unit MW.

> Basic Constraints-Upper and Lower Power Limit Constraints of Units

P < Pf < PMO* vt € Or,i € Qg (6)

In the formula (), P/™*™ and P/*** are the upper and lower limit output, unit MW.
> Basic Constraints-Abandonment Constraints
Abandoned wind power should not exceed the predicted wind power output.

0<CL <WELVteQnweQy (7)
> Peak-shaving Constraints- Unit Start-Stop Number Constraints in Days
ufyp 2 If = IF71,Vt € Qr,i € Qg (8)
Uf qown = IfTH —If,Vt € Qp,i € Qg 9)
Z lup = ut, up Zteﬂ gdowm = ut,downIVi € Qg (10)
teQr T

If is the unit state for the conventional units i in the period of time ¢, 1 represent power on, 0
represent power off; ufup\ uf down indicating variables for the actual start-up and shutdown of the
unit i during the period time 7, uf o = 1 indicates that the time period ¢ of the unit i has changed from
stop state to start state, otherwise u? up =0, uf 4own = 1 represents the time period t of the unit i from
start-up to shutdown, Uz, U, gown indicates The maximum number of start-ups and shutdown times
in a day respectively.

Peak-shaving Constraints-Minimum Start- Down Time Constraints for Units

(1f -1t 1)t°“+z e 1Ij20,Vt€QT,i€QG (11)
j=

t=1 _ yt\poff - j ,
(I = 1)t + ijt—tpff—l(l —I])=0,vt ey, i€Qq (12)

", Off indicate the Minimum start-up and shutdown time per hour for conventional units.
Network constraints
— G pt w
Lyt = Yeay Jix Zjen a;P; — ZkEQN 9Dk + Tkeay Jik EWEQW ay(Wy —C) L€ -QL(13)
G
_flmin < Ll,t < flmax t e QL

Among them, L, , is the power of the transmission line / at time ¢, f;™®*, f™™ are the maximum

forward and reverse transmission power of transmission line, unit MW; ; is the collection of lines;
I 1s the ranking element in the load transfer distribution factor G of generators. a,(;’j is the row k and
column / element in the node correlation matrix A¢ f conventional units. ay,, is the row k and column
w element in the node correlation matrix of wind turbine A" .

> Load tracking constraints

Pl — P}t 4yt t(pmin — NiupAT) + uf

o (pmax _ pminy < pmax i € (10 € Qg

iup
Pit_l - Pit + udeown(PimL nldownAT) + uldown(Pmax Pimin) = Pimax’ vVt € QT:i € -QG
(14)

AT is the duration of each period in hours, 1,5, Nigown are the maximum rate of power rise and
reduction per hour, unit MW/h.
> Positive and Negative Standby Constraints
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(15)

Among them, rlfp,rjown are The positive and negative reserve rates of the system in the period
time ¢ respectively. 2 iy, VoW 2 ey Vo down Wis ATE the positive and negative reserve provided by the
system to deal with the prediction error of wind power output. v} ;. ¥, 4own are the ratio of positive
conditional reserve and negative conditional reserve prepared by the system to deal with the prediction
error of wind power which is related to the prediction level of wind power output. The research in
reference [19] shows that the probability density function (PDF) of wind power output prediction error
depends on its point prediction results. When the point prediction results are close to the upper and
lower bounds, the prediction error has the characteristics of high deviation and low variance, and vice
versa. Therefore, when the wind power forecast output is high, the system needs to provide more
positive reserve, and when the wind power forecast output is low, the system needs to provide more
negative reserve.

> FM constraints

1

— - 1 -
=5 Den [0 = G0 = O™ = G+ 52 0, (DA =DED S )l Ve € 05(16)

i€
L3 e O = Co) = W = CE ] == 8, (D = D) < Zie% N Mown Ve € Qr(17)

A4, Ay are the hourly-minute variation coefficient of load and the hourly-minute variation
coefficient of wind power.

The results of analysis in reference [20] show that the variation range of load fluctuation in hourly
stage is much larger than that in minute stage, and there is a relationship between 15 and 40 times. 44
represents the ratio of hourly and minute changes. The research in reference [21] shows that the
fluctuation range of the minute output of the wind farm in Jeju Island is about 13% of the installed
capacity of the wind farm, while the fluctuation range of the general hourly output can vary between 0%
and 100% of the installed capacity of the wind farm. Therefore, the ratio of the fluctuation range of the
hourly output to the fluctuation range of the minute output is 13%. In this paper, the fluctuation range
of the hourly output of the wind farm is 13% which is A,,. for large-scale wind power, due to its wind
power output, there exists smoothing effect. Generally less than 13%, so the range of variation A, is
[8,15].When the fluctuation of the equivalent load (the difference between the original load and the
output of wind power) in the minute level exceeds the regulation ability of the minute level of the
system, the system will abandon the wind.

2.3 Model description

Based on the introduction of the above models, the overall model is sorted out as shown in the formula
(25).The optimal variables of the model are {I} ,uf'up,uit, downs P, CLY, Yt € Qr, 1t should be pointed
out that in order to be general, the operation simulation model established in this section takes into
account the common constraints of wind power absorption in power system. But due to different
power systems have different characteristics, the objective functions and constraints of the
corresponding unit commitment and dispatch models are also different. In the practical application of
the operation simulation model, the power system can flexibly consider different objective functions
and constraints according to its own characteristics, that is, the model adopted in this section has
strong generality.
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3. Wind Power Absorption Capacity Assessment Model

The flow chart of the GWPC evaluation model is shown in Figure 1. Based on the load scenario L; to
generate a wind power generation scenario N, ,,, at the same time, it could generate corresponding
system running scenarios (L;, W), The system operation simulation is used to get the wind power
absorption of each system operation scenario. Finally, the calculation results §%maxare obtained.

By using this evaluation model, the wind power absorption capacity can be analysed from multiple
perspectives.

1) By adjusting the output level of wind power, the wind power absorption capacity A;,m“x of the
system can be explored.

2) By adjusting the constraints of the operation simulation system, we can explore the influence of
each group of constraints on the wind power absorption of the system, and find out the key factors that
restrict the wind power absorption. The specific operation method is to evaluate the wind power
absorption capacity considering all constraints and single constraints respectively. The most
proportion factor restricting wind power absorption is the key factor of wind power absorption.

3) Can be adjusted To explore the wind power absorption under different wind abandonment
tolerance.
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Figure 1. Calculation flow chart of GWPC evaluation model

4. Example Analysis

In this paper, we use a IEEE 39-Node Standard Test System, as shown in Figure 2. In this example, all
parameters of the system are taken from Matpower 4.0[22], and the other parameters are set as shown
in Table 1. In the system, the total capacity of 10 conventional units is 2807 MW. On this basis, the
units on #8 node and #13 node are replaced by two wind farms. The installed capacity of wind power
is 804 MW and 933 MW, respectively. The total installed capacity of wind power is 1737 MW,
accounting for 19.1% of the total installed capacity of the system.

At the same time, it is assumed that at node 21, a tie line is shared with the external power system,
and its parameters are the same as those between node 16 and node 21.The external system and the
system agreed to provide 100 MW power to the external system at the low load time, i.e. from 2:00 to
6:00, and to receive 200 MW power from the external system at the peak load time, i.e. from 18:00 to
22:00, while the power of the tie-line at other times is zero.

The UCED model of system operation simulation is solved by CPLEX.[23]

4.1 System Load Scene and Wind Power Output Scene

The wind power generation scenarios based on the probability distribution of wind power prediction
error in reference [19] are generated. As shown in figure 3 is typical wind power generation scenarios
of 8 # wind farm.
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Figure 2. IEEE 39-Node Standard Test System

Table 1. Examples for parameter setting of test system

Parameter typ

[

Parameter value

max pmin
Pi aPi

Installed capacity of 100%, 50%

Tiips Tdown (%o/hour) 5,5
Miup» Midown (Yo/hour) 100, 100
Niup> Midown (Yo/min) 1.67,1.67

Ad, Aw 15,10
£on, tlpff 20, 1
U ups Uidown 1,1
B (%) 99.7
Estop 0.05
Npmax 200

900

800
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500

400

300

#8 Wind farm output

200

100

0

12 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24

Time (hour)

Figure 3 #8 Wind Farm Output Curve

At the same time, the conditions to prepare for wind power prediction errors are reserved which is
(yit,up, yfdown) shown in figure 4.
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Figure 4. Positive and Negative Reserve Ratio of Wind Power under Different Wind Power Output
Prediction Levels

5. Summary of Case Analysis

The analysis results of the above examples show that the proposed method can effectively consider the
inter-regional interaction, and can simulate and evaluate the system more accurately. At the same time,
the evaluation process takes into account the constraints of many factors, and can effectively identify
the key factors that restrict the wind power absorption at different wind power output levels, and can
also be based on the abandoned wind capacity of the system. The tolerance can get the corresponding
wind power absorption capacity.
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