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Abstract As the power control technology of wind farms

develops, the output power of wind farms can be constant,

which makes it possible for wind farms to participate in

power system restoration. However, due to the uncertainty

of wind energy, the actual output power can’t reach a

constant dispatch power in all time intervals, resulting in

uncertain power sags which may induce the frequency of

the system being restored to go outside the security limits.

Therefore, it is necessary to optimize the dispatch of wind

farms participating in power system restoration. Consid-

ering that the probability distribution function (PDF) of

transient power sags is hard to obtain, a robust optimization

model is proposed in this paper, which can maximize the

output power of wind farms participating in power system

restoration. Simulation results demonstrate that the security

constraints of the restored system can be kept within

security limits when wind farm dispatch is optimized by

the proposed method.

Keywords Blackout, Dispatch optimization of wind farm,

Power control of wind farm, System restoration,

Uncertainty of wind energy

1 Introduction

1.1 Motivation and aims

The stability of power systems is constantly increasing

with the development of power system control technolo-

gies. However, the electricity market makes the operating

condition of power systems closer to the operational limit.

Consequently, power systems have a heightened risk of

large-scale blackouts [1], which have happened several

times in the past few years, such as the North American

blackout in 2003 [2], the Japanese blackout in 2010 [3] and

the Indian blackout in 2012 [4].

In the initial stage of power system restoration, it is

necessary to restore a large number of power sources as

soon as possible to improve restoration efficiency [5, 6].

Due to the number and power limits of black-start gener-

ation units, it is difficult to accelerate system restoration by

using traditional thermal units. The installed capacity of

wind power has increased significantly due to environ-

mental concerns and the need for energy supply security

[7–9]. Wind farms can quickly provide power for system
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restoration after being energized, which has the potential to

accelerate restoration speed of the system after a blackout.

However, the volatility of wind power makes it difficult to

participate in power system restoration. Accordingly, this

paper proposes a strategy to handle this challenge.

1.2 Literature overview

In order to accelerate the speed of system restoration,

some new energy sources have been employed. Battery

energy storage systems (BESSs) were employed to par-

ticipate in system restoration in [10]. An optimization

model for power system restoration with the support of

electric vehicles (EVs) is presented in [11]. However, the

duration of power support from energy storage systems is

limited. Additionally, very few energy storage systems

have been deployed in power systems. The huge installed

capacity of wind power makes it an attractive option to

restore the system after a blackout. However, the output

power of wind farms fluctuates when wind turbine gener-

ators (WTGs) operate in the maximum power point

tracking (MPPT) mode. This fluctuating power may

destabilize the fragile restored system, especially in the

initial stage of system restoration. Accordingly, it is diffi-

cult for wind farms with MPPT WTGs to participate in the

initial stage restoration of the power system. On the other

hand, wind farms are employed to provide power in the

load restoration stage [12, 13], because the power system

by this stage is robust enough to endure the fluctuating

wind power.

With the increasing wind power penetration in the

power system, predictions of the output power of wind

farms are collected by system operators to optimize the

forward dispatch schedule for wind farms and traditional

generators for maintaining system security as wind power

fluctuates [14]. The overall control framework of the power

system is illustrated in Fig. 1a. The wind farm control

center, which receives power dispatch instructions from the

system operator, further distributes power reference levels

to WTG controllers, which enables the wind farm to

maintain output power according to the dispatch instruction

from the system operator [15–19]. Consequently, wind

farms with power control capability are able to participate

in the initial stage restoration of power system.

However, due to the uncertainty of wind power, when

the dispatched power is greater than the minimum output

power of the wind farm, the actual output power of the

wind farm may not always reach the dispatched power,

resulting in transient power sag [18]. An example is shown

in Fig. 2. The transient power sag may result in the fre-

quency of the restored system going outside the security

limits. Therefore, it’s necessary to optimize the dispatch of

wind farms periodically according to the available wind

power and the state of the system being restored, to ensure

system security is maintained with uncertain transient

power sags.

1.3 Contribution and structure

The main contribution of this paper is proposing a dis-

patch optimization model for wind farms based on robust
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optimization to ensure system security when wind farms

participate in the initial stage restoration of the power

system. The advantages of the proposed method are sum-

marized as follows.

Firstly, the wind farms with power control capability are

employed to restore the power system in the initial stage,

which can accelerate the speed of system restoration.

Secondly, the optimized dispatch can ensure the system

security is maintained with transient power sags and power

reference adjustment.

Thirdly, compared to stochastic optimization methods,

the robust method employed in this paper doesn’t need the

probability distribution function (PDF) of transient power

sags which is hard to obtain.

The paper is organized as follows: Section 2 describes

the output power characteristics of wind farms participat-

ing in power system restoration. Section 3 presents the

robust optimization model for determining the forward

dispatch schedule of wind farms. Case studies are pre-

sented and discussed in Section 4, followed by

conclusions.

2 Output power characteristics of wind farms
with power control capability

Because the available output power of wind farms is

determined by wind speed, the dispatched power of wind

farms for system restoration must be less than the maxi-

mum available output power.

According to the wind speed, the operating regime of

WTGs can be divided into four parts: the starting area,

MPPT area, constant speed area and constant power area.

The maximum available output power of WTGs at differ-

ent wind speeds is:

PmaxðvÞ ¼

0 v\Vin

0:5qpR2CPmax
v3 Vin � v\Vcon x

0:5qpR2CPðh0;xNÞv3 Vcon x � v\VN

PN VN � v\Vout

8
>><

>>:

ð1Þ

where v is the wind speed; Vin is the cut-in speed; Vcon_x is

the upper limit of wind speed in the MPPT area; VN is the

upper limit of wind speed in the constant speed area; Vout is

the cut-out speed for WTG operation; q is the air density;

R is the radius of the wine turbine rotor; Cpmax is the

maximum utilization coefficient of wind power; h0 is the

initial pitch angle; PN is the maximum output power of the

wind generator.

When the predicted wind speed is vpre, the dispatched

power of the wind farm is limited by the maximum

available output power:

0�Pref � nPmaxðvpreÞ ð2Þ

where n is the number of WTGs in the wind farm, and Pref

is the power reference of the wind farm dispatched by

system operator.

Due to the uncertainty and intermittency of wind power,

when the dispatched power is less than the actual minimum

output power, the output power of wind farm will be

constant; when the predicted average output power is

greater than the actual average output power, there will be

a transient power sag; when the predicted average output

power is between the actual average output power and the

actual minimum output power, there may be a power sag

which is related to the wind conditions. During power

system restoration, a transient power sag represents

uncertainty: it is difficult to precisely predict the start time

and the duration of transient power sags. Therefore, it’s

necessary to optimize the dispatched power to ensure the

security of the restored system.

3 Robust optimization model of dispatched power

In this section, a robust optimization model [20, 21] is

proposed to optimize the dispatched power of wind farms,

in order to ensure the security of the restored system.

3.1 Formulating a robust optimization model

for power dispatch optimization

The control center periodically collects the predicted

output power of wind farms to optimize the power gener-

ation schedule which will be sent back to them. Because

the PDF of transient power sags of wind power is difficult

to obtain, it is difficult to employ common methods to deal

with the uncertainty of transient power sags such as the

stochastic methods or fuzzy methods [22, 23]. Robust

optimization, which does not need the PDF or membership

function of uncertain variables, has been widely applied to

the optimization of power dispatch [14], emission dispatch

[20], and other tasks.

Therefore, a robust optimization model is employed for

optimizing the power dispatched from wind farms in this

paper. It can be formulated as follows:

max f ðy�Þ
st: HðyÞ�C
y 2 ½y; y��

8
<

:
ð3Þ

where y* denotes the dispatched power of wind farms; y is

the minimum output power; y denotes the actual output

power fluctuating in the range between the minimum out-

put power and the dispatched power; H(y)BC denotes

constraints of wind farms participating in system
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restoration, such as power flow constraints and the transient

frequency constraint.

3.2 Detailed robust power dispatch optimization

model

3.2.1 Objective function

For initial stage restoration of the power system, it is

necessary for wind farms to provide as much power as

possible to accelerate system restoration. Because the

output power of wind farms will be equal to the dispatched

power most of the time, the objective function of the robust

power reference optimization can be expressed as:

f ¼ maxfmin
Xm

i¼1

Pref ig ð4Þ

where f is the total output power of wind farms; m is the

number of wind farms; and Pref_i is the dispatched power of

wind farm i.

3.2.2 Constraints

For robust optimization, the feasible solution under the

worst-case scenario can guarantee the security of other

scenarios. Therefore, some of the following constraints

represent worst-case scenarios that should be satisfied to

ensure the system security.

1) Maximum available output power constraint. Accord-

ing to the output power model of wind farms in

Subsection 2.1, the dispatched power cannot exceed

the maximum available output power:

0�Pref i � niPmax iðvpre iÞ ð5Þ

where ni is the number of WTGs in the wind farm i;

vpre_i is the predicted wind speed in the wind farm i;

and Pmax_i is the maximum output power model of

wind farm i.

2) The constraint on transient frequency deviation by

transient power sags. A transient power sag will result

in a transient frequency deviation which should be

kept in the safe range. Suppose that the wind farms are

in the same area and the effects of wind speed on each

wind farm are identical, then the transient power sag

of each wind farm can be added up for the worst-case

scenario. The resulting transient frequency constraint

is:

Xm

j¼1

ðPref j � Pmin jÞ
,

XnG

i¼1

PGi

dfi
�Dfmax ð6Þ

where nG is the number of conventional generation

units; PGi is the active output power of unit i in the

restored system; Pmin_j is the minimum output power

of wind farm j; 4fmax is the maximum variation

allowed which is 0.5 Hz in this paper; and dfi is the

transient frequency response coefficient of unit i [21].

The minimum output power of wind farm j can be

formulated as:

Pmin j ¼ ð1 � aÞPave j ð7Þ

where Pave_j is the predicted average output power of

wind farm, and a is the fluctuation range of output

power.

3) Power flow constraint. The power flow needs to be

balanced:

Pi þ Pref i ¼ PLi þ Vi

XN

j¼1

Vj Gij cos dij þ Bij sin dij
� �

Qi ¼ QLiþVi

XN

j¼1

Vj Gij sin dij � Bij cos dij
� �

8
>>>>><

>>>>>:

ð8Þ

where Pi and Qi are the active and reactive power

injection at node i; PLi and QLi are the active and

reactive load at node i; Vi is the voltage of node i; Gij

and Bij are the conductance and susceptance between

nodes i and j; dij is the phase-angle difference between

Vi and Vj; and N is the number of nodes.

The output power of conventional units and the voltage

of every node need to be within the permissible range:

PGimin �PGi �PGimax

QGimin �QGi �QGimax

Vjmin �Vj �Vjmax

8
>><

>>:

ð9Þ

where PGi and QGi are the active and reactive output

power of conventional unit i, respectively; PGimax and

PGimin are the maximum and minimum active power;

QGimax and QGimin are the maximum and minimum

reactive power; Vj is the voltage of node j; and Vjmax

and Vjmin are the maximum and minimum voltage of

node j.

4) The constraint on transient frequency deviation by

dispatched power adjustment. Besides the transient

power sags of the output power, the dispatched powers

of wind farms are adjusted periodically according to

the available wind power and the status of the system

being restored. Periodic power adjustment by the

dispatched power variation also has a great impact on

the frequency of the restored system which may
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exceed limits. The constraint on transient frequency

deviation caused by the periodic power adjustment
P

4Pref_j is:

Xn

j¼1

DPref j

,
XnG

i¼1

PGi

dfi
�Dfmax ð10Þ

The solutions of the proposed model are the maximum

dispatched powers of wind farms which can ensure

system security even with transient power sags.

3.3 Solution of proposed model

The robust optimization models developed above are

nonlinear and hard to solve. Intelligent algorithms are

commonly employed to solve them. In this paper, the

artificial bee colony algorithm is employed to solve the

optimization model due to its good performance on

searching efficiency [24].

4 Case study

4.1 Test system

The IEEE 39-bus system is used to verify the efficiency

of the proposed model. The population size, maximum

cycle number and predetermined number of cycles in the

artificial bee colony algorithm are set as 20, 100 and 5,

respectively.

The topology of the IEEE 39 bus system is shown in

Fig. 3. As indicated, it is assumed that the power plants

located at node 3, 4, 16, 23, 26, 27, 29 are wind farms, and

that thermal units are located at nodes 30-39. The unit

located at node 30 is the black-start unit, and others are

non-black-start units. The restoration path of all units

during system restoration is given in Table 1, as well as the

capacity of generators and loads at each node.

4.2 Optimal result of proposed model

The system after node 33 is restored is employed to

verify the proposed robust method, and this is marked with

bold-face font in Table 1 and blue lines in Fig. 3. A dis-

patch decision needs to be made at the moment when the

output power of units at node 37 is 51.2 MW, and units at

node 33, 38 and 39 have been restarted but not been con-

nected to the power grid. The capacities of restored loads at

node 25, 26, 29, 39, 27 and 16 are 60 MW, 50 MW,

30 MW, 106 MW, 96 MW and 136 MW, respectively.

The predicted average power of each wind farm and the

dispatched power at the current moment are listed in

Table 2.

When transient power sags are not considered, the

expected optimal dispatched powers for the wind farms are

76.5 MW, 88.5 MW, 90 MW, and 120 MW, respectively,

and the total power output of wind farms is 375 MW.

Considering transient power sags, the robust optimization

model is solved for different fluctuation ranges a, which

result in different dispatched powers listed in Table 3.

The relationship between the fluctuation range and

optimal values of dispatched power are obtained and

shown in Fig. 4. It can be observed that there are negative

correlations between a and the total dispatched power.

When the wind power fluctuation range is less than 0.2, the

actual fluctuating output power is still within security limits

and the optimal result of the robust optimization model is

similar to the result of the deterministic model. As a
increases, the likelihood of transient power sags will induce

the restored system to go over security limits and the dis-

patched powers of wind farms need to decrease to reduce

the range of transient power sags.

4.3 Comparison between different methods

The dispatched powers determined by the deterministic

model (DM), the fuzzy chance constrained model (FCCM)

[23] and the robust optimization model (ROM) are compared

in this section. In the DM, transient power sags are ignored.

The confidence level and risk coefficient of the model are set

as 0.6 and 0.4, respectively. Because a fuzzy model of

transient power sags is hard to obtain, 5 experimental groups

of parameters listed in Table 4 are chosen to select the best
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fuzzy parameter. The fuzzy parameters of group 5 are the

most conservative, having the lowest total dispatched wind

power, so these are selected for simulation.

In this simulation, the fluctuation range of wind power is

30%, and the total output power of wind farms is fluctu-

ating randomly in the range of 280 MW to 520 MW. The

dispatched power values solved by the three methods are

shown in Table 5. The actual wind power fluctuation is

randomly generated 20 times to verify the effectiveness of

the three methods. Simulation results are shown in Fig. 5,

where the brown line shows the results of the DM, the blue

line shows the results of the FCCM and the green line

shows the results of the ROM. For the DM and the FCCM,

the total output power in some cases is 0, indicating that

restored system can’t satisfy the security limits. There are 5

Table 1 Restoration path of all units during system restoration

No. Node id Capacity of unit (MW) Capacity of load (MW)

1 30 350 0

2 2 0 0

3 25 0 224

4 37 640 0

5 26 240 139

6 29 200 283.5

7 38 930 0

8 1 0 0

9 39 1100 1104

10 27 200 843

11 17 0 0

12 16 160 329

13 19 0 0

14 33 750 0

15 20 0 680

16 34 660 0

17 3 150 322

18 4 180 1000

19 5 0 0

20 6 0 0

21 31 1145 9.2

22 24 0 462.9

23 23 150 495

24 36 660 0

25 11 0 0

26 10 240 0

32 32 750 0

28 22 0 0

29 35 750 0

Table 2 Dispatched and predicted output power of wind farms

No. of wind farm 16 26 27 29

Current dispatched power 75 70 100 90

Predicted average output power 100 80 120 100

Table 3 Optimal results for different fluctuation range of wind

power

a Output power Total output power (MW)

16 26 27 29

0 76.5 88.5 90 120 375.0

0.1 97.0 74.6 92.6 110.5 374.7

0.2 94.4 71.9 119.9 88.4 374.6

0.3 89.1 63.2 87.7 106.3 346.3

0.4 79.1 59.3 74.8 93.2 306.3

0.5 59.2 58.0 66.3 82.9 266.4

0.6 50.4 41.1 83.3 51.4 226.2

0.7 50.0 38.2 47.3 50.9 186.3

0.8 31.4 32.9 52.3 29.9 146.5

0.9 25.8 20.5 33.7 26.4 106.4

Fig. 4 Relationship between a and optimal result

Table 4 Optimal results for different fuzzy parameters

Group no. 1 2 3 4 5

Fuzzy parameter

b 0.6 0.6 0.6 0.6 0.6

k 0.4 0.4 0.4 0.4 0.4

l1 0.5 0.6 0.7 0.5 0.2

l2 0.6 0.9 0.8 0.6 0.4

l3 1 1.2 0.9 0.7 0.6

l4 1.1 1.3 1 0.8 0.8

Power reference

16 81 97.5 99 102 102

26 90 121.5 91.5 96 88.5

29 121.5 100.5 117 94.5 105

27 82.5 84 64.5 73.5 69

Total output power 375 403.5 372 366 364.5
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cases exceeding security limits for the DM and 2 cases for

the FCCM. For the robust model, the security of the

restored system is always maintained.

In Table 6, three cases are selected to illustrate the

problem of the DM and the FCCM. The maximum fre-

quency deviation is set as 0.5 Hz during system restoration

[21] and the maximum allowable power variation is

66.34 MW for the restored system. From Tables 5 and 6,

we can infer that the dispatched power adjustments for

each wind farm are all less than the maximum allowable

power variation. However, the transient power sags for the

DM are 67.0 MW, 75.0 MW, and 87.0 MW respectively in

the 3 selected cases. They all exceed the maximum

allowable power variation. The transient power sags for the

FCCM are 56.5 MW, 64.5 MW, and 76.5 MW respec-

tively. The transient power sag for the 3rd case exceeds the

maximum allowable power variation. The transient power

sags for the ROM are 38.3 MW, 46.3 MW, and 58.3 MW,

which are all within the safe range. From these results, we

can conclude that although some potential wind power

output is not used for the ROM, the restored system is

maintained within security limits through transient power

sags of wind power.

4.4 Effect of wind power participating in system

restoration

This section focuses on the effect of wind farms used for

system restoration. The whole restoration path is listed in

Table 1, as well as the capacity of units and loads at each

node. The thermal units, which require time to heat boilers,

can’t immediately provide power for the restored system

when it is energized, while the wind farms with power

control capability can promptly supply power for the

restored system after being energized. The critical mini-

mum and maximum intervals of thermal unit restoration

are not considered in this example, however, the restoration

time of each transmission line is 4 min, which means the

total restoration time of all units is 112 min due to this

constraint alone. In the restoration process, the dispatched

power levels of wind farms are optimized by the robust

model every 5 min according to the states of the system

being restored and the predicted wind speed. The total

dispatched power of wind farms is illustrated in Fig. 6.

From Table 1, it can be seen that the wind farm at node

26 is energized first at 20 min, and its capacity is 240 MW.

The dispatched power of the wind farm is constrained by

the ability of the restored system to withstand power

fluctuations. As the output power of the wind farms

increases, the likelihood of transient power sags becomes

the main constraint for the optimization of the dispatched

power. Taking the output power at 40 min as an example,

although the capacity of energized wind farms is 640 MW,

the output power of wind farms is only 220 MW to miti-

gate the impact of transient power sags. The ability of the

restored system to withstand power fluctuation is gradually

improved due to energized thermal units connecting to the

restoring system, for example, the total output power of

wind farms is improved at 32 min because of the thermal

units in node 37 connected to the restored system.

The effect of wind farms participating in system

restoration is shown in Fig. 7. Compared with the system

Table 5 The dispatched power values solved by three methods

No. of wind

farms

16

(MW)

26

(MW)

27

(MW)

29

(MW)

Total

dispatch

power

Current power

reference

75 70 100 90 335

Dispatch power

DM 76.5 88.5 90 120 375

FCCM 102.0 69.0 105.0 88.5 364.5

ROM 89.0 63.2 87.7 106.3 346.3

Dispatch power adjustment

DM ? 1.5 ? 18.5 - 10 ? 30 ? 40.0

FCCM ? 27.0 - 1.0 ? 5.0 - 1.5 ? 29.5

ROM ? 14 - 6.8 - 2.3 ? 16.3 ? 11.3

Fig. 5 Total output power of wind farms solved by three models

Table 6 Three cases of deterministic model violating frequency limit

Case no. 1 2 3

a - 0.23 - 0.25 - 0.29

Minimum total output power (MW) 308 300 288

If there is security problem

DM H H H

FCCM
9 9

H

RO
9 9 9

914 Yunyun XIE et al.
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restoration without wind farms, the system restoration with

wind farms picks up more loads, especially in the initial

stage of system restoration. Half of the restored power is

supplied by wind farms at 40 min, and 30% of the energy is

supplied by wind farms in the process of restoration.

Because the losses of critical loads become more severe as

the duration of the interruption increases, the extra power

supplied by wind farms is crucial for critical loads in the

initial stage of system restoration.

5 Conclusion

Setting proper dispatched power levels for wind farms is

important and challenging for wind farms participating in

system restoration. Due to the uncertainty of wind power,

the dispatched power of wind farms may not always be

followed, which results in transient power sags. In addition,

any adjustment of dispatched power will also cause power

variation. These two kinds of power fluctuations cause

transient frequency deviations in the restored system which

may exceed security limits. The probability density

function of transient power sags is hard to obtain, so it is

not a trivial task to set the dispatched power of wind farms

during system restoration.

This paper proposes a robust optimization model to

determine optimal dispatched power levels for wind farms

and solves it using the artificial bee colony algorithm.

Simulated case study results based on the IEEE 39 bus

system illustrate that system restoration with the dispatched

powers for wind farms determined by the proposed method

can satisfy the security constraints in the presence of output

power fluctuations. Compared with the deterministic

model, although part of the available wind power is cur-

tailed, the proposed model can ensure the security of the

restored system. Wind power makes a significant contri-

bution, accelerating the restoration speed, and suppling

30% of the total energy during system restoration.
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