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Abstract—At present, the entire wind farm is regarded as a
large-capacity wind turbine for modeling double-fed wind
farm. The influence of flow field characteristics in the wind
farm has been ignored. In order to reflect the influence in
double-fed wind farm equivalent modeling, an equivalent
modeling method of double-fed wind farm based on the flow
field characteristics has been proposed. A calculation model
of the double-fed wind farm flow field has been built consid-
ering the influence of terrain and wake. The wind speed was
calculated at each wind turbine installed point based on the
flow field calculation model, and using the wind speed as the
input wind speed for each wind turbine, the dynamic char-
acteristics of the wind farm production process has been
studied. The simulation analysis has been done for the pro-
posed modeling method, and the simulation results show
that the proposed modeling method can reflects the dynamic
characteristics of the wind farm production process more
accurately.

Index Terms—Double-fed wind farm, Equivalent modeling,
Wake effect, Flow field characteristics, Dynamic character-
istics

L INTRODUCTION

Because a series of serious environmental events, such
as haze invasion and PM2.5 index explosion, etc, wind
energy as a renewable and non-polluting energy has been
paid increasing attention and developed rapidly [1-2].
Equivalent modeling for the wind farm is the foundation
for studying wind farm grid integration. With the large
scale wind farms connected with power grid in succession,
the key problem needing to be resolved urgently is that
establishing the equivalent model reflecting the wind farm
real production process. At present, the equivalent model-
ing method for wind farm is that the wind turbines in the
wind farm are equal as weighted single machine model,
and ignoring the flow field information of the wind farm.
This modeling method has a deviation when researching
the production process dynamic characteristics of the grid
connected wind farm.

Part of wind energy can be transformed into mechanical
energy by wind turbine to drive the generator work, so the
wind speed will be reduced when the wind passes by wind
turbine. Due to the different location of wind turbines in
the wind farm, the wind speed of wind turbines located
downwind significantly lower than upwind ones[3], which
it’s known as wake effects, and the wind energy loss
caused by this effects will directly affect the economic
benefits of wind power field. The wind farm operating
experience in California shows that according to the dif-
ferent topography and geomorphology, the distance and
wind turbulence intensity between each turbine, the mini-
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mum of wake loss is 2% while the maximum can amount
to 30% [4]. When ignoring the actual location of wind
turbines and the wake effects between each turbine, the
entire wind farm can be equivalent to a single model, and
this method couldn’t reflects the dynamic characteristics
in wind farm production process[5]. A modeling method
based on genetic algorithm of the single turbine equivalent
model for wind farm has been proposed [6]. Compared
with the weighted single turbine equivalent model of wind
farm, this method can better reflect the wind farm opera-
tion characteristics, but ignored the flow field information
of wind farm. A new equivalent modeling method has
been proposed based on auto mutation particle swarm
optimization algorithm for double-fed wind turbines [7].
In this method, wind turbines are classified into different
classification according to the wind turbine type, and its
equivalent model is obtained by simplifying the control
strategy. This method is applicable to the analysis and
calculation for the large-scale wind farm integration.

Above wind farm modeling method does not consider
the effect of the flow field characteristics, which influ-
enced the study of dynamic characteristics of wind farm.
Therefore, an equivalent modeling method of double-fed
wind farm based on the flow field characteristics has been
proposed in this paper. The calculation model of the dou-
ble-fed wind farm flow field has been built considering
the influence of terrain and wake. The wind speed was
calculated at each wind turbine installed point based on
the flow field calculation model, and using the wind speed
as the input wind speed for each wind turbine, the dynam-
ic characteristics of the wind farm production process has
been studied. The simulation analysis has been done for
the proposed modeling method.

II. THE FLOW FIELD CHARACTERISTICS OF WIND
FARM

A. The natural wind speed
The neural wind speed can be calculated by equation

(1). B
U=1U(z)+u(y,zt)
v=v(yzt) )
w = w(y,zt)

In the equation (1), U(z) is the longitudinal average
wind velocity of a point in the flow field; u is the longitu-
dinal turbulent wind velocity; v is the lateral turbulent
wind velocity; and w is the vertical turbulent wind veloci-
ty.

Under the condition of neutral atmosphere, regardless
of the Coriolis Effect, the longitudinal average wind ve-
locity U(z) can be calculated by equation (2).
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U(2) = %1 (z/2) @)

In the equation (2), u, is the friction velocity; k is the

von Karman’s constant; z, is the surface roughness. Un-

der the condition of neutral atmosphere, the value of k is
0.4.

B. The single wind turbine wake model

Figure 1 is the schematic diagram of the fluid flowing
through the single wind turbine. U, is the velocity of the
free wind speed, D, is the rotor diameter of the wind tur-
bine, A is the wake region area at a distance of x after the
turbine, U is the wake speed at this wake region. Assum-
ing there is a cylinder on the outside of the wind turbine
streamline, as the dotted line shows in Figure 1,V is the
volume of the cylinder, A is the surface area of cylinder.
For the cylinder, there is only the inlet and the outlet
planes of the cylinder interaction with the outside fluid,
other planes without any interact with the outside fluid.

Inside the cylinder, the equation (3) can be derived
from conservation of linear momentum.

fvp%dV+fﬁ_pU(Ud2)=—f& pdd+ [ pgdv+T+ [ Tdi
(3)

Assuming the cylinder is sufficiently long, so the inlet
plane and outlet plane are in a steady state with the outside
flow field. When the wind speed is lower than that of
100m/s , air flow can be assumed inviscid flow, in equa-
tion (3), the calculation results of the first item on the left,
and the first item, the second item and the fourth item on
the right are zero, the equation (3) can be simplified to
equation (4).

T = [, pUUs —U)dAd=pU (Uo -U) A “4)

According to the aerodynamic principle, the thrust act-
ing on the wind turbine can be expressed as equation (5).

T = %pAoUoCr ®)

In equation (5), 4 is the swept area of wind turbine, Cr
is the thrust coefficient of wind turbine. The equation (6)
can be derived according to equation (4) and (5).

A _1-a/2 (6)
A 1-a
The relationship between the axial induction factor and
thrust coefficient can be expressed as equation (7).

Cr=a2-a)=a=1-NJ1-Cr (1)
The relationship between the cross-sectional area in

wake and swept area of wind turbine can be expressed as
equation (8) according to equation (4) and (5).

A=A, /3=11+— Vi-G
2 J1-Cr

It is can be known from the equation (8) that the expan-
sion of the wake region is a non-linear variation.

According to the equation (4), (5), (6) and (7), the rela-
tionship between the wake wind speed and the velocity of
the free wind speed can be obtained as equation (9).

U_1. 1) 4. ©)
U 2 2 4

Because the axial induction factor is always less 0.33,
so the sign “+” does not exist in equation (9). So the equa-
tion (10) can be derived.

=D=.pD &
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Figure 1. The control body for fluid flowing through the wind turbine
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The wind tunnel experiment and wind field test have
been conducted for the wake in the far wake field [8], the
nonlinear change process of the wake radius for far wake
field changing with distance has been further amended,
then the equation (11) can be obtained.

k 1
D(x)=(p?+as)*D, ,s=x/D (11)
In equation (11), x represents the distance from the
wind turbine to downstream and the value of a must
be obtained by experiment.

From the reasoning process above, it is known that the
change of the radius and the wake region in far wake re-
gion are nonlinear and change with the distance. The non-
linear model of the flow velocity and radius for far wake
region has been built in this paper according to the equa-
tion (10) and (11).

C. The wake superposition model

The wind turbines on the downstream are interference
with the wake from the wind turbine in different position
on the upstream, which form the wake superposition. The
wake superposition contains three models which are dis-
joint, part disjoint, and contain completely, as shown in
figure 2 and 3.

According to the wake superposition model provided in
paper [9] and the single unit wake model as said above,
the formula (12), (13), and (14) can be derived from for-
mula (10) and (11).

1 4, 1
Uj:U’.(l_E?CT)=Ui(1_2(ﬂmTS)W‘CT) (12)
Aoverta
oU; = (U —UJ)TIP (13)
n=1
SU, = (UL P (14)

In formula (13), §U;; stands for the velocity loss of up-
stream wind turbine i at the downstream wind turbine j,
Apperiap Stands for the area affecting on the downstream
wind turbine j from the wake effect of upstream wind
turbine i, A, is the swept area of wind turbine on the
downstream, §U,, stands for the wake loss of n — 1 up-
stream wind turbines at the n-th wind turbine downstream.

http://www.i-joe.org



PAPER
EQUIVALENT MODELING OF DOUBLE-FED WIND FARM BASED ON FLOW FIELD CHARACTERISTICS

Figure 2. The wind farm wake model
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Figure 3. The wake superposition type of wind farm

III. THE AERODYNAMICS MODEL OF WIND TURBINE

The wind energy has been converted into mechanical
energy by wind turbines in the process of power genera-
tion. According to the Bates theory, the mechanical ener-
gy captured from the air by wind turbines can be shown as
equation (14).

P= % PTRV'C, (A, B) (14)

In equation (14), p is the air density, R is the radius of
the wind turbine, v is wind speed, § is the pitch angle, 4 is
the tip speed ratio, C, is the power coefficient.

In order to describe the status of the wind turbine’s
blades in different wind speed, it is can be measured by
the ratio between the tip blade speed and wind speed
which can be called tip speed ratio 4. If w is the angular
frequency of wind turbine, then the expression of tip
speed ratio 4 shown as (15).

_ @R (15)
%

The power coefficient C,reflects the size of capturing
the power from natural wind, which is an important pa-
rameter to characterize efficiency of wind energy utiliza-
tion. If the wind speed is a constant, the energy captured
by the wind turbine is only relevant with power coefficient
C,. The larger value of C,, the greater active power cap-
tured by wind turbine, and the wind energy conversion
efficiency is higher. Figure 4 is the characteristic curve of
a wind turbine to capturing the power. It is can be seen
from the figure that the power captured by the wind tur-
bine will along the red curve when the wind speed chang-
es.

IV. THE MATHEMATICAL MODEL OF DOUBLE-FED
INDUCTION GENERATOR (DFIG)

A. The basic structure and working principle of double-
fed wind turbine

Double-fed wind power generation system is mainly
composed of wind turbine, speed increasing box, DFIG
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Figure 5.

and back-to-back PWM [11-12], and its structure diagram
is shown in figure 5. The stator winding of DFIG is con-
nected directly with power grid, and the rotor winding is
connected with power grid through AC-DC-AC converter.
When the DFIG is running at different speed, the rotating
speed will make appropriate adjustments, so that the wind
turbine can always runs at its best state to improve the
utilization ratio of wind energy. When the load and rotat-
ing speed of double-fed wind turbine have changed, by
adjusting the feed current of rotor winding not only can
keep the voltage and frequency of stator unchanged, but
also can adjust the power factor of the generator.

According to the principle of the rotating magnetic
fields generating from the stator and rotor winding of
DFIG is relatively static. The relationship between rotat-
ing speed of double-fed wind turbine and current frequen-
cy of stator and rotor windings can be expressed as (16).

Sfi=pn/60xf, (16)

In equation (16), fi, f5, n and p are stator current fre-
quency, rotor current frequency, rotating speed and pole
pairs of generator respectively.

It is can be seen from equation (16) that when the rotat-
ing speed n changes, in order to maintain f; to be con-
sistent with the grid frequency, the rotor current frequency
/> should be adjusted appropriately, which realizes the
variable speed constant frequency control of double-fed
wind turbine. The back-to-back converter consists of two
AC/DC voltage source converter based on IGBT, and the
DC sides of the two converters are provided voltage sup-
port by the common capacitor. If the wind turbine runs at
sub-synchronous state, then the equation (16) takes posi-
tive sign and the rotor will absorb power from the grid by
the converter. If the wind turbine runs at super-
synchronization state, then the equation (16) takes nega-
tive sign and the power flowed into the grid by the con-
verter as well. The bidirectional flow of the active and the
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reactive power from the machine side to the grid side have
been realized.
B. The basic mathematical model of DFIG

In the model of DFIG, the stator winding uses generator
convention while the rotor winding uses motor conven-
tion. The basic equations of DFIG in the dq coordinate
system have been given in [13-14].

The flux equations of stator and rotor winding are
shown in equation (17).

'l/jds
Y,=-Li,+L,i,
J

wdr = Lridr - Lmids
W, =Li, -L,i

m°qs

_Ls lds + Lmldr

(7

The voltage equations of stator and rotor winding are
shown in equation (18).

Uy =—Ri, — py, +0y,
U, =-Ri —py,—oy,
Uy, =Ri, +py, — oy,
u, =Ri, +py,+oy,

The equations of instantaneous active and reactive
power of stator winding are shown in equation (19).

(13)

P =Re(UJi)=u,i, +ui

ds” ds qs qs

0 = Im(Usl'j) =u i, —u,i

q,slds — Has gs

(19)

The equations of instantaneous active and reactive
power of rotor winding are shown in equation (20).

Ps = Re(U;‘IV ) = udridr + uqriqr (20)

Qs = Im(UrI:) = uqridr - udriqr

The equations (17)-(20) are the basic equations of
DFIG. Among them the subscript s, » stand for the stator
and rotor respectively, L;, L,, and L,, stand for stator in-
ductance, rotor inductance, and mutual inductance be-
tween the stator and rotor respectively. w; and w; are
synchronous angular speed and slip angular velocity re-
spectively.

V. CASE STUDY

Figure 6 is the distribution of a wind farm which has 15
wind turbines, and the asterisk represents the wind turbine.
The type of the turbines is GE 1.5s, and its output power
is 1.5MW. The rotor diameter of wind turbine is 70.5m,
and the height of the tower is 67m.

According to the content described above, the wind
speed at the wind turbine installation points can be ob-
tained by calculating the flow field of the wind farm. The
calculated wind speed is shown in figure 7, and the com-
putation time of the wind speed is 300s. Where the red
line is the wind speed measured by mast, the other wind
speed have been calculated considering the influence of
terrain and wake. It is can be known from figure 7 that the
wind speeds at the wind turbine installation points are
different because of the influence of terrain and wake.
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Figure 7. Wind speed at the wind turbine installation points

The wind speeds at the wind turbine installation points
are selected as input wind speed and the production pro-
cess of the wind farm has been simulated and analyzed.
The production process of the wind farm is compared with
the single input speed modeling method.

Figure 8 is the active power output diagram of the wind
farm based on the two modeling methods above, where
the solid line corresponds to the mode of single input wind
speed taking the wind speed measured by mast as an in-
put, while the dotted line corresponds to the mode of actu-
al wind speed at each wind turbine installation points as an
input. Figure 8 shows that there is some difference of the
output active power between two modeling methods, but
the difference is not very significant, this mainly because
that the selected wind farm has relatively flat terrain and
the space between turbines is larger, so that the terrain and
wake have less effect on wind speed, which leads to the
output power of the two modeling methods are relatively
similar.

But on the local details the single input speed modeling
method is affected easily by the wind speed changes,
while the equivalent modeling method proposed is affect-
ed relatively small by the wind speed changes. That is
mainly because there are different wind speeds at wind
turbine installation points, and the sum of their output
power has some smoothing effect which leading to the
output power of the whole wind farm is smoother, it is
consistent with the actual wind farm operation.

Figure 9 is the reactive power output diagram of the
wind farm, where the solid line corresponds to taking the
wind speed measured by mast as an input for the wind
farm modeling method, while the dotted line corresponds
to the mode of actual wind speed at each wind turbine
installation point as an input. It is can be seen from the
reactive comparison chart that there is a larger fluctuation
of the reactive power when using the mast wind speed as
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Figure 8. Active power comparison of two equivalent models
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Figure 9. Reactive power comparison of two equivalent models

an input. That is mainly because the wind farm modeling
method selected the mast wind speed as an input is affect-
ed easily by the wind speed changes. While the wind farm
modeling method selected the actual wind speed at each
wind turbine installation point as an input has smoothing
effect when wind speed changes.

VI. CONCLUSIONS

An equivalent modeling method for double-fed wind
farm based on flow field characteristics has been proposed
in this paper. This method takes the influence of terrain
and the wake into account when modeling the double-fed
wind farm, the calculation model of the flow field in the
wind farm has been established, and the calculation model
is used to calculate the wind speed at each wind turbine
installation point. The wind speed at each wind turbine
installation point is inputted into wind turbines model, the
dynamic characteristics of the wind farm in the production
process has been researched. The simulation results show
that the modeling method based on flow
field characteristics accurately describes the smoothing
effect when the wind speed is changing, and truly reflects
the dynamic characteristics of the wind farm in production
process.
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