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Abstract With the development of wind energy, it is

necessary to develop equivalent models to represent

dynamic behaviors of wind farms in power systems. The

equivalent wind method is investigated for the aggregation

of doubly-fed induction generator wind turbines. The

detailed procedures for the calculation of equivalent wind

are analyzed. The necessity of classifying incoming winds is

shown. To improve the performances of the method,

incoming winds are classified according to mean wind

speeds and positive/negative semi-variances of wind speeds,

and a group of turbines with similar incoming winds are

aggregated together. The effectiveness of the method is

verified through simulations in MATLAB/Simulink.

Keywords DFIG, Power curve, Equivalent wind,

Aggregated wind turbine

1 Introduction

With the increasing installed capacities for both indi-

vidual wind turbines and wind farms, it is necessary to

develop suitable models to represent dynamic behaviors of

wind farms in power systems. For engineering applications,

detailed models of all wind turbines in wind farms are

computationally prohibitive. The equivalent wind farm

models can reduce the model order and computation time,

while the impacts of wind farms on power systems are

appropriately represented for studies.

Doubly-fed induction generator (DFIG) wind turbine has

become the most widely used one in wind farms, since it has

noticeable advantages, such as decoupled controls of active

and reactive powers, and the use of a power converter with a

rated power of 25 % of total system power [1]. The equivalent

methods for wind turbines have been studied in [1–5]. The

method proposed in [2] is based on the dynamic simplification

of each wind turbine, and the model of an equivalent wind

turbine is different from that of individual wind turbine. The

method proposed in [1, 3] divides the wind turbine model into

two parts: a simplified model is used to represent the

mechanical part of each wind turbine, and the generator parts

of all wind turbines are aggregated into an equivalent gener-

ation system. The method requires non-negligible computa-

tion burden by solving those differential equations

representing the mechanical parts of wind turbines.

The most commonly used equivalent method is to

aggregate wind turbines with similar incoming winds;

however, two problems arise in the implementation of the

method. First, the criteria to classify incoming winds need

to be defined. Second, incoming winds for equivalent wind

turbines, need to be calculated. References [4, 5] proposed

two methods: the first one is the average wind method,

which sets a criterion, differences in wind speeds \2 m/s,

for the classification of incoming winds, and the average

winds of the ones incident on aggregated wind turbines

(AWTs) are used as equivalent winds. The second one is

equivalent wind method (EWM), which aggregates all

wind turbines into a single AWT, eliminating the need to

classify any incoming winds. With EWM, the equivalent

wind is derived from the power curves of AWT [4, 5]. The

performance of EWM is better than that of the average

wind method since EWM can aggregate wind turbines with

different incoming winds.

Based on built-in DFIG wind turbine models included

in the SimPowerSystems library of MATLAB/Simulink
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[6, 7], EWM is investigated for the aggregation of DFIG

wind turbines. The functions for defining the relationship

between the turbine output power and the wind speed are

derived, and a detailed procedure for the calculation of

equivalent wind is provided. The necessity of classifying

incoming winds is also shown. Besides, incoming winds

are classified according to the mean wind speeds (MWSs)

and the positive/negative semi-variances of wind speeds

(VWSs). A group of turbines with similar wind are

aggregated together. The effectiveness of the method is

demonstrated through simulations.

2 Power curves of DFIG wind turbine

DFIG wind turbine uses a wound rotor induction gen-

erator with the stator connected directly to the grid and the

rotor connected to the grid via two back-to-back IGBT

converters. The dynamic behavior of a DFIG wind turbine

is represented by the following models: rotor, drive train,

induction generator, converter, and protection in systems,

rotor speed controller represented by the power curve, and

blade pitch angle controller in [1, 4]. A detailed description

of these models can be found in [6–9]. This paper only

concentrates on the power curves of DFIG wind turbine.

Fig. 1 shows the power curves of the DFIG wind turbine

model from SimPowerSystems [6, 7]. Each point for the

power curves has three values: turbine output power, wind

speed, and turbine speed. When the incoming wind is less

than the nominal wind speed (NWS), DFIG uses the opti-

mal tracking strategy (OPTS) to capture the maximum

wind energy, which corresponds to the curve between point

B and point C. When the incoming wind is greater than

NWS, the blade pitch control is used to reduce the

mechanical power to the equipment rating, which corre-

sponds to the horizontal line starting from point D. The

curve between point C and point D is to smooth the power

fluctuations occurring near the NWS [10]. When the

incoming wind speed is lower than that of point A, the

mechanical power of the DFIG is zero, and the curve

between point A and point B is to smooth the power fluc-

tuations occurring near point A.

Table 1 shows the statistics regarding to the four points

A, B, C, and D of the power curves.

The derivation of the turbine output power versus wind

speed (PVW) function is shown as follows: at point C, the

wind speed is vNWS, turbine speed is nominal turbine speed

xnom (in p.u. of generator synchronous speed), and the

turbine output power in p.u. is kp. For a given wind speed

vwind pu ¼ vwind=vNWS, the turbine output power in p.u. is

given by [7]:

Pm pu ¼ kpcp puv3
wind pu; ð1Þ

where cp pu ¼ cp=cp max is the power coefficient in p.u.;

cp max ¼ 0:48 is the maximum power coefficient; cp is

defined by

cp ¼ c1 �
c2

k
0 � c3 � b � c4

� �
� e

�c5

k
0 þ c6 � k; ð2Þ

where k is the tip ratio speed, given by

k ¼
xr pu

�
xnom

vwind pu

� knom ¼ Knom

xr pu

vwind pu

; ð3Þ

1

k
0 ¼

1

k þ 0:08 � b � 0:035

b3 þ 1
¼ 1

k
� 0:035; ð4Þ

where b ¼ 0 is the nominal pitch angle; and xr pu is the

turbine speed in p.u. of generator synchronous speed.

In this paper, the following parameters have been used

for the calculation of cp [7]:

c1 ¼ 0:5176; c2 ¼ 116; c3 ¼ 0:4; c4 ¼ 5; c5 ¼ 21;

c6 ¼ 0:0068, and knom ¼ 8:1.

Substituting (2) and (4) into (1), the equation can be

derived as

Pm pu ¼ f ðxr pu; vwind puÞ: ð5Þ

Since xr pu is defined for each part of the power curve, (5)

can be derived as the PVW function.

Fig. 1 Power curves of DFIG from SimPowerSystems

Table 1 Statistics of points A, B, C, and D

Point Wind

speed/(m/s)

Turbine

speed/(p.u.)

Turbine output

power/(p.u.)

A 4.23 0.7 0

B 7.1 0.71 0.151

C 12 1.2 0.73

D 13.48 1.21 1.0
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2.1 PVW function for the power curve between point

B and point C

According to the OPTS, xr pu can be calculated through

the solution of oCp=oxr pu ¼ 0. However, this calculation

is unnecessary since power coefficients cp is cp max for the

OPTS. Therefore, the PVW function for the power curve

between point B and point C is given by

Pm pu ¼ kpv3
wind pu: ð6Þ

2.2 PVW function for the power curve between point

C and point D

In this case, xr pu is given by

xr pu ¼ xD � xC

PD � PC

� Pm pu � PC

� �
þ xC; ð7Þ

where PC and PD are turbine output powers (p.u.) at point

C and point D, and xC and xD are turbine speeds (p.u.) at

point C and point D, respectively.

Substituting (7) into (5), the PVW function for the

power curve between point C and point D can be derived as

Pm pu ¼ gðPm pu; vwind puÞ: ð8Þ

2.3 PVW Function for the power curve between point

A and point B

In this case, xr pu is given by

xr pu ¼ xB � xA

PB � PA

� Pm pu � PA

� �
þ xA; ð9Þ

where PA and PB are turbine output powers (p.u.) at point A

and point B, and xC and xD are turbine speeds (p.u.) at

point C and point D, respectively.

Substituting (9) into (5), the PVW function for the

power curve between point A and point B can be derived as

Pm pu ¼ hðPm pu; vwind puÞ: ð10Þ

3 Equivalent wind method

EWM proposed in [4, 5] is used for the aggregation of

DFIG wind turbines, and its procedures are listed as

follows:

(1) Based on its PVW function, the power Pwt
j generated

by each wind turbine is calculated according to its

incoming wind.

(2) The power generated by the equivalent wind turbine

is equal to the sum of Pwt
j ,

Pwt
eq ¼

Xn

j¼1

Pwt
j : ð11Þ

After that, Pwt
eq is expressed in the equivalent wind

turbine base as Pewt
eq .

(3) Based on the PVW function of the equivalent wind

turbine, which are the same as that of a single wind turbine,

the equivalent wind veq is calculated. Depending on the

value of Pewt
eq , solutions of (5), (8) or (10) are involved.

Newton method can be used for this purpose. For online

applications, a look up table can be calculated offline to

save computational efforts.

The original work of EWM [4, 5], which is referred to as

EWM1, aggregates all the wind turbines into a single AWT.

However, different parts of the power curve have completely

different characteristics, which can lead to poor performance

for EWM1. To overcome this shortcoming, an improved

method is proposed in [11], turbines with MWSs belonging to

the same part of the power curve are aggregated together.

However, if two turbine MWSs are close to each other, but the

VWSs differ significantly, then the aggregation will cause great

errors. Therefore, the effects of VWS cannot be neglected. To

achieve good performance for aggregation, wind turbines

experiencing similar incoming wind should be aggregated

together. Two statistical values of wind speed, MWS and VWS

are used to quantify this similarity. The conventional calcula-

tion of variances [12] only measures the absolute values of the

differences between instantaneous values and the mean values

(DBIMs). To improve the performance of aggregation, two

factors need to be considered in the calculation of variances: (1)

it is necessary to distinguish between positive and negative

values of DBIM; (2) wind speed fluctuates continuously, which

incurs continuous changes under operational conditions of

wind turbines, so DBIMs at different time must be distin-

guished from each other. Positive semi-variance rþ and neg-

ative semi-variance r� are introduced as follows:

rþ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
t2rþ

wtðvt � vÞ2

Ptn
t¼t0

wt

vuut ; ð12Þ

where t 2 rþ includes all the time t, which satisfies the

condition of vt [ v; v is the MWS between t0 and tn. A

weight Wt varying with the time t is given by

wt ¼
1:0

1:0 þ t
K

; ð13Þ

where t=K [ 0 is used to distinguish among DBIMs at

different time, and K = 0.5 is used for demonstration. For

use of the proposed method, a deep investigation is needed

for a more efficient formulation of Wt.

r� is given by

r� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
t2r�

wtðvt � vÞ2

Ptn
t¼t0

wt

;

vuut ð14Þ
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where t 2 r� includes all the time t, which satisfies the

condition of vt \ v; v is the MWS between t0 and tn.

Based on the calculated MWSs, rþ and r�, two

grouping strategies are used for the aggregation: one is

more relaxing (referred to as RS) and the other is stricter

(referred to as SS).

(1) For wind turbines with rþ\rthp1 and r�\rthn1

(rthp1 and rthn1 are thresholds to distinguish between RS

and SS), RS is used for the aggregation. The RS aggregates

wind turbines experiencing MWSs belonging to the same

parts of the power curve. Since large power fluctuations

occur near NWS, the RS aggregates wind turbines into

three AWTs: the first AWT represents wind turbines with

MWS less than vC, the second AWT represents wind tur-

bines with MWSs between vC and vD, and the third AWT

represents wind turbines with MWSs above vD, where vC

and vD are wind speeds at points C and D of Fig. 1.

The equivalent wind for the third AWT is calculated as

the average wind, since the power curve is limited to the

rated power, any wind above vD is the solution [4, 5]. The

RS neglects power fluctuations occurring near vA due to

their small magnitudes. If one of the three AWTs does not

have any associated wind turbines, the AWT will be

omitted in the implementation.

(2) For wind turbines with rþ � rthp1 or r� � rthn1, SS is

used for the aggregation. Any two turbines within a group,

which can be aggregated together, must meet the following

three criteria, we have

vi � vj

�� ��\vth; ð15Þ

where vi is the ith turbine’s MWS; vj is the ith turbine

MWS; and vth is a threshold;

riþ � rjþ
�� ��\rthp2; ð16Þ

where riþ is the ith turbine rþ; rjþ the jth turbine rþ; and

rthp2 is a threshold.

ri� � rj�
�� ��\rthn2; ð17Þ

where ri� is the ith turbine r�; rj� is the jth turbine r�;

and rthn2 is a threshold.

EWM with the proposed grouping strategies is referred

to as EWM2 for convenience. The following parameters of

the EWM2 are used in this paper for demonstration:

rthp1 ¼ 1:0, rthn1 ¼ 1:0, vth ¼ 0:2 ðm=sÞ, rthp2 ¼ 0:2, and

rthn2 ¼ 0:2. For applications of EWM2, further investiga-

tion of these threshold settings is needed.

4 Simulation results

A 9 MW wind farm from SimPowerSystems has been

used for studies. As shown in Fig. 2, the wind farm con-

sists of six 1.5 MW wind turbines connected to a 25 kV

distributed system, and a 500 kW load is connected to the

575 V bus of the wind farm. The parameters of the system

can be found in [6]. To evaluate the EWM1 and EWM2

representing the collective responses of the wind farm in

power systems, the dynamic responses of equivalent

models are compared during a normal operation and a grid

disturbance.

4.1 Normal operations

During normal operations, all the wind turbines in the

wind farm operate on wind fluctuations. Two cases are

presented. Table 2 summarizes the statistics of wind speed

incidents on wind turbines.

Figure 3 shows the incoming wind for all wind turbines.

At T = 5 s, wind ramp occurs for WT6, which causes

large value of r�. Therefore, WT6 needs to be handled by

SS, and the rest of wind turbines are handled by RS. As

shown in Figs. 4 and 5, the dynamic responses of EWM2

are consistent well with those of the detailed models.

Besides, the performance of EWM1 is much worse than

that of EWM2.

Fig. 2 9 MW wind farm connected to a distributed system
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4.2 Grid disturbance

In this case, when t = 2 s, a three phase short circuit of

8 cycle (0.133 s) is applied at bus B25. Because the grid

disturbances are much faster than wind speed variations,

wind incidents on wind turbines are constantly assumed

[4]. Table 3 summarizes the equivalent winds calculated by

EWM1 and EWM2.

Although an accurate correspondence among the detailed

model and both EWMs for the generated reactive power can

be observed in Fig. 6. Fig. 7 shows that the EWM1 fails to

capture active power fluctuations occurring in the detailed

model when t = 3.4 s, while EWM2 successfully captures

Fig. 6 Generated reactive power of the wind farm (with fault)

Fig. 3 Wind fluctuations

Fig. 4 Generated active power of the wind farm (normal states)

Fig. 5 Generated reactive power of the wind farm (normal states)

Table 3 Statistics of winds

WT WT1 WT2 WT3 WT4 WT5 WT6

Wind speed (m/s) 6 6 10 10 14 14

EWM1 veq ¼ 10:59

EWM2 veq1 ¼ 8:43 veq2 ¼ 14

Table 2 Statistics of wind speed incidents on wind turbine (WT)

WT WT1 WT2 WT3 WT4 WT5 WT6

MWS 13.94 14.78 11.99 10.03 9.07 12.9

rþ 0.20 0.18 0.16 0.39 0.67 0.56

r� 0.15 0.50 0.19 0.14 0.18 3.60
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this phenomenon. As shown in Fig. 8, during active power

fluctuations, the turbine speeds of WT5 and WT6 are less

than vD ¼ 1:21, which means that the mechanical outputs of

WT5 and WT6 are less than the rated power. When the tur-

bine speeds of WT5 and WT6 are recovered above

vD ¼ 1:21, the mechanical outputs of WT5 and WT6 are set

back to the rated power to end the active power fluctuations.

5 Conclusion

The equivalent wind method has been investigated for the

aggregation of DFIG wind turbines. The detailed procedures

for the calculation of equivalent wind are analyzed. The

necessity of classifying incoming winds is also illustrated. In

order to improve the performance of the equivalent wind

method, incoming winds are classified according to the

MWSs and the positive/negative semi-VWSs. A group of

turbines with similar wind are aggregated. The effectiveness

of the proposed strategy is verified through simulations in

MATLAB/Simulink. The aggregation technique is appli-

cable for the studies of the impacts of wind farm integration

on power system stability. Future work is needed to inves-

tigate its applications in large scale power systems, thus the

proposed method needs to be studied, which includes a more

efficient formula for the calculation of semi-variances and

threshold settings for incoming wind classification.
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