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ABSTRACT With the increasing scale of wind farms, the fault characteristics tend to be complex, which
poses a technical challenge to establish the dynamic equivalent model of wind farms. In this paper, a dynamic
equivalent method of DFIG-based wind farm based on the density peak clustering algorithm (DPCA) is
presented. First, under an analysis of short-circuit current (SCC) in single doubly fed induction generator
(DFIG), the clustering indexes are selected. Second, with the selected clustering indexes and DPCA, a more
refined two-stage clustering of DFIGs in wind farm is carried out. Third, the units in the same cluster are
equivalent to one unit, and then the dynamic equivalent model of the DFIG-based wind farm is established.
Finally, the proposed method is validated through the MATLAB/SIMULINK-based simulation results, and
the comparison results also show that the dynamic equivalent model proposed in this paper has a better
performance than two other equivalent models. Moreover, another comparison between DPCA and K-means
clustering algorithm is analyzed, and the result shows that DPCA has a better performance which provides
a better choice for dynamic equivalence of wind farms.

INDEX TERMS DFIG-based wind farm, short-circuit current (SCC), dynamic equivalent, density peak

clustering algorithm (DPCA).

I. INTRODUCTION
With the increase of wind power penetration in power system,
the operation flexibility and security stability of power system
have been greatly affected and impacted, so the require-
ment of analysis and calculation of large-scale wind power
connected to the power system is becoming higher [1], [2].
However, when large-scale interconnected system simulation
is used to analyze the problems, detailed modeling of each
small-capacity wind turbine, transformer and multi-section
relatively short collector lines in large-scale wind farms will
result in difficult simulation or long simulation time [3], [4].
In order to make the simulation of large-scale interconnected
systems run smoothly, a suitable dynamic equivalent model
of a wind farm is indispensable [5], [6].

Doubly-fed induction generator (DFIG) has been widely
used in wind farms because of its relatively lower cost and
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better performance [7], [8]. The research object in this paper
is the DFIG-based wind farm. The dynamic equivalence of
wind farm is based on the fact that the output active power,
reactive power and voltage dynamic response at point of
common coupling (PCC) of the wind farm are consistent
before and after the equivalence [9], [10]. According to
mean wind speeds and positive/negative semi-variances of
wind speeds, incoming winds are classified in [11], and a
group of turbines with similar incoming winds are aggregated
together. By calibrating the post-fault power recovery behav-
iors, an improved single-machine equivalent method for wind
farms is proposed in [12]. The clustering method based on the
growing spanning tree is applied to the dynamic equivalent of
wind farms, and then a simplified dynamic equivalent model
of wind farms is proposed in [13]. A geometric template
matching based time series wind turbines clustering method
is developed in [14]. The Crowbar action conditions (Crow-
bar action or Crowbar non-action) during the low voltage ride
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through (LVRT) of DFIG are used as the clustering indexes
selection in [15]-[17], and the DFIG-based wind farm is
described by two equivalent units finally (two-machine
equivalent model). However, the above single-machine model
and two-machine model are sometimes slightly rough.

Clustering methods and selection of clustering indexes are
the important influence factor to the dynamic equivalence of
wind farm. K-means clustering algorithm is widely used in
computer data mining, distributed energy clustering and other
fields because of its fast, simple and high efficiency for large
data sets [18]—[21]. The units are divided into groups by using
the K-means clustering algorithm, and the units belonging
to the same group are considered equivalent to one turbine
to realize dynamic equivalent modeling of wind farms [22].
K-means is also used to analyze the clusters to segment the
wake effect levels in the wind farms, which results can be used
for wake effect levels segmentation in wind farms [23]. With
an analysis of the steady-state equation and the third-order
transient equation of DFIG, the initial values of 13 state vari-
ables are selected as the clustering indexes selection in [24],
and the K-means clustering algorithm is used to cluster the
units. However, the K-means clustering algorithm is random,
so its equivalent effect is sometimes unsatisfactory. Voltage
dynamic trajectory of the PCC under a short-circuit fault is
presented in [25], [26], to reflect the different degrees of influ-
ence of wind turbines. And the index describing the similarity
of voltage dynamic trajectory is also defined as the clustering
indexes selection of the DFIG-based wind farm. That the
transient characteristic differences of DFIGs in a wind farm
can be reflected by the SCC of DFIGs when short-circuit
faults occur in power grids, is proposed in [27], [28]. And
then from the point of the SCC in DFIG, the characteristics
describing the similarity of the SCC paths between units is
defined and used as a clustering characteristic of wind farms.
Therefore, the density peak clustering algorithm (DPCA) and
clustering indexes selected from the analysis of SCC of DFIG
are applied to the field of wind farm equivalent modeling in
this paper.

Based on the analysis of SCC of DFIG, clustering indexes
are analyzed and selected. With considering the Crowbar
action conditions, and using the selected clustering indexes
and DPCA, a more refined two-stage clustering of DFIGs
in wind farm is carried out. Then with the units in the
same cluster are equivalent to one unit, a dynamic equivalent
method of DFIG-based wind farm is given in this paper.
This dynamic equivalent method can simplify the wind farm
model in large-scale interconnected system simulation under
the premise of ensuring accuracy.

Il. SYMMETRICAL SHORT-CIRCUIT CURRENT

ANALYSIS OF DFIG

A. MATHEMATICAL MODEL OF DFIG

Assuming that the magnetic circuit of the generator is unsatu-
rated, the current and voltage of the stator and rotor windings
are prescribed in the normal direction of the motor, and
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all the electrical quantities of the rotor windings have been
converted to the stator winding side. The electromagnetic
transient (EMT) equations of DFIG in a synchronously rotat-
ing reference frame are given by

. dyr
us = Ryis + jos¥ g + :{ts
.o d
ur = Ry + joy, + ;/;r 1)

¢s = Lgis + Li;
l”r = Lis + Lyi;

where u,i, R, L,y are the voltage and current, resistance,
inductance, and flux, respectively; and the subscripts s and r
represent the stator winding and rotor winding, respectively.
Ly = Ly — Lyand L, = L., — L, Lyx and L,, are
the stator leakage inductance and rotor leakage inductance,
respectively. L, is the magnetizing inductance, w is the slip
angular velocity, and wj is the synchronous speed.

Then, according to the relationship between flux and cur-
rent in (1), the SCC of stator and rotor can be expressed as

. 1 1
{ls = L_é'l’s - er_;Wr

. (2)
L= _ksLir"l’s + L%'/’r

where L;’ and L,’ represent the transient inductance of sta-
tor winding and rotor winding, respectively. L, = Ly +
LyoLin/(Lys + L), and L; = Lys + Lo Lin/(Lso + L)
ks and k,denote the inductance coupling coefficient of stator
and rotor, respectively. ks = L,,/Ls, and k, = L,,/L,.

B. TRANSIENT EQUIVALENT CIRCUIT OF DFIG

Adding Crowbar protection to the rotor winding side is one of
the most common and effective methods in the existing LVRT
technology for DFIG [29]. Crowbar protection is put into
operation when the rotor overcurrent caused by power grid
short-circuit fault exceeds the rated capacity of the converter
by two times. At the same time, the rotor side converter (RSC)
is blocked and the impact large current in the rotor winding
is rapidly consumed and attenuated because of the Crowbar
resistance. So that the RSC and the grid side converter (GSC)
are protected from flowing impact current. Thus, a transient
equivalent circuit is established, which is shown in Figure 1.

FIGURE 1. The equivalent circuit of a DFIG with the Crowbar resistance.

And meanwhile, the converter is still in a working state
when the short-circuit fault of the power grid is insufficient
to put Crowbar protection into operation. At this time, another
transient equivalent circuit can be also established, which is
shown in Figure 2.
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FIGURE 2. The equivalent circuit of a DFIG without the crowbar
resistance.

C. ANALYSIS OF SCC FOR DFIG WITH CROWBAR
PROTECTION CONNECTED

Assuming the symmetrical short circuit occurs at t = fo,
and ignoring the phase jump and transient process of voltage,
the voltage before and after the fault can be expressed as

uo =Uge?, <t
ug = sO sO 0 (3)

uss = kUgg eja’ =1

where Ugg and Uy are the voltage amplitudes of stator side
before and after symmetrical short-circuit occurs, respec-
tively; uso and ug present the voltage of the stator side
in space vector before and after symmetrical short-circuit
occurs, respectively; k is the voltage drop factor of stator side,
k = Ug/Ugo; « is the angle between ug and d-axis.

Then variation rule of stator flux linkage can be
expressed as

Uso
._s, t<ty

Jws
v = - S “
s @ + (l.ﬂe_jws(t_lo)e r; (t tO)’ t 2 tO
Jws Jws
where 73’ represents the transient time constant of stator,
7, = L!/R;.
According to Figure 1 and the relationship between the
rotor current and the flux in Equation (2), the voltage equation
of the rotor circuit is given by Equation (5).

v, . 1., k¥
dt +(Jw+tr*)¢r_ Tr’

=1 &)

where 7’ represents the transient time constant of the rotor,
7/ =L/ /R and R = Rcp + Ry; Rep is the Crowbar resistance.
According to Equations (2), (4) and (5), the space vector
expression of stator current is given by
1)
kug (1 — kuge Iest—10e =

B jwsL;

s

jwsL;
kekskRugg
josLiLyGjo +1/1))

. _ (l*’to)
keks(1 — k)Rugpe 105t =0)e =

josLiLy(—jor — 1 /1, + 1 /7))
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(t—19)

kCre i®t=10)e =
— I

= fi(uso, ust, ws, r, Ls, Ly, L, Rg, Ry, Rep, Pso, Os0)
(6)

kskRugo . ks(1—k)Rugo
josLiGo+1/1)  josLi(—jor—1/to+1/7)"

where C1 = ¥, —

D. ANALYSIS OF SCC FOR DFIG WITHOUT CROWBAR
PROTECTION CONNECTED

When the degree of symmetrical short-circuit fault is insuffi-
cient to put Crowbar protection into operation, the converters
(RSC and GSC) participate in the transient control of DFIG
during short-circuit process. The SCCs in DFIG include the
current fed from stator winding (is) and current fed from GSC,
which are as shown in Figure 2.

Referring to the stator-rotor flux relation and rotor voltage
expression in Equation (1), and considering that the rotor
voltage can accurately track the reference value of rotor volt-
age, then the second-order differential equation of rotor cur-
rent can be expressed as Equation (7).

di? di Tpere” Tl
d_zrt + Md_l‘r + Aip = )&ir,ref + % @)

T
where i, ref iS the reference value space vector of rotor current
in the d-q reference frame, which could be calculated by Py
and Qg [30]; Pso and Qgpare the active power and reactive
power before symmetrical short-circuit occurs, respectively;
e is the DC component of rotor induced induction electromo-
tive force after fault; u = (Ry + kp + jwL,) /Ly, A = ki/L’,
kp and k; are the proportional coefficients and the integral time
constant of PI controller in inner loop of rotor current.
According to the method of solving second-order non-
homogeneous linear ordinary differential equation, the rotor
current can be estimated by solving equation (7), the expres-
sion is given by
Tgnepe” Tnl
L;(ngrl — Tsnt + A)
—0pipe® 1 E=10) 4 gy e —10)

o] —ap

Iy = Iref +

®)

where iy is the initial value of rotor current; oy and oy are
the characteristic roots of the ordinary differential equation,
o) = (—p+ /> —41)/2, and ar = (—p — /1> — 41)/2;

According to the relationship between stator current and
stator flux linkage in Equation (2), the SCC component is can
be expressed by Equation (9).

‘u 1= u ) L) L
B <0 ( Jugo e—st(t—lo)e A o _ —mir,ref

B jwsLs jwsL L

Ls

Ly, 7«’sne2e_rsnt

Ly Lr(fszn — Ton +A)
L —0ainige?10—10) 4 g yijge®(t=10)
—I C))
S o] — o)
The SCC component i is smaller than is. According to the
exchange power balance relationship between the GSC and
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RSC under the steady state of a short circuit fault, the follow-
ing relationship is established

iy = si (10)

where s is the slip ratio of the generator,s = (ws — @)/ ws.

According to Equations (8), (9) and (10), the SCC with-
out Crowbar protection can be approximately estimated by
Equation (11).

i=1i+ ig
1
_ .kus() (1 — kugg e_jws(t_to)e—g(t—to)
JwsLs JwsLs

Ly . Ly
L T ref L

—Tept

) Tsneae
s
Ll (2, — Tsnt + A)

L —apipe®t 1) 4 gy ge®2—10)
~(= -
Ly o) — oo
=f2(u807 usf, wSy a)l‘a LS’ LT5 Ll’l‘h RS’ Rl‘v kp7 k17 PSO? QSO)

(1D

lll. A DYNAMIC EQUIVALENT METHOD OF

DFIG-BASED WIND FARM

A. CLUSTERING INDEXES SELECTION AND CLUSTERING
METHOD OF DFIG-BASED WIND FARM

The SCC of DFIG is a very important index which can
reflect the different operation points of DFIGs in wind farm,
during the transient process after short-circuit fault of power
grid [29], [31]. Therefore, based on the model analysis of
DFIG under a symmetrical short-circuit fault, the clustering
indexes selection used to the division of the different opera-
tion states of the unit are studied in this section.

Equation (6) is used to analyze the factors affecting the
symmetrical SCC of DFIG when Crowbar protection con-
nected, and then the clustering indexes are extracted to
divided different clusters.

For the same type of DFIG, no matter what kind of working
conditions the unit runs, the synchronous speed ws, stator
inductance Lg, rotor inductancel;, mutual inductanceL,, sta-
tor resistance Ry and rotor resistanceR; are equal and fixed,
and the same value of Crowbar resistanceR.p, is used in
all the units in this section. Moreover, in this paper, when
considering the factors affecting the short-circuit current to
extract the clustering indexes selection to divide different
clusters, only the physical quantities which change during
the calculation of SCC and the different physical quantities
between the units are explored. Therefore, according to the
analysis of the expression of DFIG symmetrical SCC with
Crowbar protection connected, the clustering characteristic
parameters used in the cluster division can be extracted as
Uy, Usf, wr, Pyo, and QOyp.

Similarly, Equation (11) is used to analyze the factors
affecting the symmetrical SCC of DFIG when Crowbar pro-
tection is not connected, and then the clustering indexes
selected are also extracted to divided different clusters. For
the same type DFIG without Crowbar protection connected,
ws, Lg, Ly, Ly, Rs, Ry and R}, are also the same, and moreover,
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the proportional and integral coefficients (i.e., k, and k;) of the
PI controller in the RSC are equal and fixed. Thus, the clus-
tering indexes selection in this case can be also extracted as
U0, Ust, r, Pso, and Osp.

When a short-circuit fault occurs in the power grid, there
are probably two types of DFIG, units with and without
Crowbar protection connected, in the large-scale DFIG-based
wind farm. Therefore, the judgment of the Crowbar protec-
tion state is the first step in clustering in this paper. And due
to the different initial operation state of DFIGs, the transient
characteristics of each unit under the fault are also differ-
ent. So secondly, for the units which Crowbar protections
are connected, the selected clustering indexes selection and
clustering algorithm are used to the further divisions. Thirdly,
the same clustering measures are used in units without Crow-
bar protection connected.

B. CLUSTERING ALGORITHM BASED ON PEAK DENSITY
In this paper, using the selected clustering features, a den-
sity peak clustering algorithm (DPCA) is used to cluster the
units. The peculiarity of DPCA lies in its characterization
of clustering centers. It holds that the clustering center has
two characteristics: one is its own large density, that is, it is
surrounded by its neighbors whose density is not larger than
it; the other is that the "distance" from other denser data points
is relatively larger [32]. The definition of DPCA is introduced
as below.

For a data set (S = {x;},i € I = (1,2,...,N)) to be
clustered, is a set of the clustering indexes (ug, Usf, @r, Pso,
and Qy) for each DIFG. Some distance (such as Euclidean
distance) between any two data points (x; and x;) in the data
set is expressed as dj;. Then local density p; and distance §;
can be defined by any data point x; of the data set, to describe
the characteristics of the clustering center.

The definition of p; is expressed as Equation (12).

pi =Y x(dyj—d) (12)
ijel
1,x <0

where x(x) = { ; d. is the truncated distance,

d. >0.
The definition of §; is expressed as Equation (13).

min {dy} L #9
I}lgx {d,j} Is=90

0,x>0

5 = (13)

where Iy = {k € I: px > p;i }.

According to the definition, p; denotes the sum of the
number of data points (not considering x;) whose distance
from the x; in the data set S is less than a certain truncation
distance d, (as a rule of thumb, d_ is set as 0.05 in this paper);
d; denotes the minimum value of a certain distance dj; from
the data point x; to another data point in the specific data sets
(all data are taken from the data set S), which composed of x;,
whose p; is not less than p;; and when the local density p; of
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data points x; in the data set S is the largest, the distance is
obtained, §; = max {dij}.

Thus, for eacjh data point xi in the data set S, there is a
pair of binary data (p;, §;) which describes its characteristics.
All binary data pairs are represented on the two-dimensional
plane with p; as horizontal axis and §; as vertical axis.
The two-dimensional plane is usually called cluster center
decision graph. In order to ensure the number of clustering
centers, a new variable is defined in this algorithm.

Vi = pib; (14)

According to the description of the characteristics of the
clustering center in DPCA, the larger the y in the data point
is, the more likely it is the clustering center. Usually a diagram
of the descending order of values is given, which takes values
as ordinates and the number of data points as abscissas.

Usually a diagram of the descending order of y is given,
which takes y as ordinate and the number of data points nq
as abscissa. The points above the obvious breakpoints in the
graph can be chosen as the cluster center [32].

C. JUDGMENT METHOD OF CROWBAR

PROTECTION ACTION OF DFIG

When the rotor current of DFIG exceeds two times of its
rated value, Crowbar protection action will be performed,
otherwise Crowbar protection will not be put into operation.
If the rotor current of each unit in a large wind farm is
calculated separately, the calculation will be complicated and
the workload will be large. Therefore, this paper proposes a
simple and intuitive way to judge whether Crowbar protection
is connected.

According to the analysis of rotor current before Crowbar
protection action (Equation (8)), the criterion of Crowbar
protection action can be transformed into the function relation
between voltage drop variable AU under certain power factor
condition, active power Py and terminal voltage phase &.
Then through the simulation of the corresponding type of
units, the curved surface function for judging whether the
Crowbar protection works under the typical power factor is
established, which is shown in Figure 3. Here, the curved
surface function is expressed simply by AU = f(Pyo, D).

Terminal voltage drop

1500 ©

Active power

FIGURE 3. The curved surface of crowbar protection operation.

The judging steps are as follows:
Step 1: input the Py and @ of a DFIG;

VOLUME 7, 2019

Step 2: estimate the critical
AU¢r = f(Pg0, P);

Step 3: Compare the critical operating voltage, AU, and
the terminal voltage drop, AU;

Step 4:if AU > AU, the Crowbar protection of this DFIG
will be connected; otherwise, the Crowbar protection will not

be put into operation.

operating voltage,

D. CALCULATION METHOD OF EQUIVALENT

MODEL PARAMETERS

1) CALCULATION OF EQUIVALENT WIND SPEED

In order to calculate the equivalent wind speed, the wind
energy utilization coefficient of the equivalent wind turbine
can be set by [33].

1 m
Cpeg = — D _ Cpi (15)
i=1

where Cp; is the wind energy utilization coefficient of wind
turbines in the same cluster, m is the number of wind turbines
in the same cluster, and the subscript eq means the value under
equivalence.

According to the relationship between the mechanical
power captured by the wind turbine before and after the
equivalence, the input wind speed of the equivalent wind
turbine can be estimated by Equation (16).

m
Xi CPi"gvi .
—(EL____ 3 16
Vweq ( meeq ) (16)

2) PARAMETER CALCULATION OF EQUIVALENT GENERATOR
The units in the same cluster can be equivalent to one unit. Its
parameters can be estimated by Equation (17).

Seq =mS,Req =R/m,Leq = L/m
Ceq =mC,Heq=H,Deq =D
Keq = K. Reb,g = R /m

STog = mST, Z1oy = Z1 [ M

7)

where S is the apparent capacity of the unit; R, L and C are the
nominal values of the resistance, reactance and capacitance
of the unit, respectively; H, D and K are the inertia time
constant, damping coefficient and rigidity coefficient of the
unit, respectively; St and Zr are the nominal values of the
capacity and impedance of each transformer, respectively.

The calculation of parameters can be applied to wind farm
with different topologies and different physical locations, but
the same type of DFIGs.

E. EVALUATION OF EQUIVALENCE EFFECT

In order to measure the accuracy of the equivalent methods
of different wind farms, the indexes of active power error
E, (%), reactive power error Eg(%) and voltage error Ey (%)
are usually introduced [34], [35]. Generally, the descriptions
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of their definitions are given as follows

n
Z |P; — Po;l
Ep(%) = = x 100 (18)
> 1P
i=1
n
Z 210; — Qoil
Eo(%) = = x 100 (19)
> 1S =200l
i=1
n
> Ui = Uil
Eu(%) = = x 100 (20)

> Uil

i=1
where i is the i data point under a certain step in the simu-
lation; P;, Q; and U, are the active power, reactive power and
voltage at the PCC point corresponding to the i data point
under an equivalent method, respectively; Py;, Qo; and Uy; are
the active power, reactive power and voltage at the PCC point
corresponding to the i data point under the detailed model
of the wind farm, respectively.

The computational flow of the presented method is as

shown in Fig.4.

‘ Analyze the SCC in DFIG ‘

'

Estimate the selected clustering
indexes of each DFIG

Input Wind Speed of
Each DFIG Considering —
the Wake Effect

rowbar protection
action

Yes No

—— e e — | —— =

—— e e —— e e | — —_— —

First-stage
Clustering
Reslut

Crowbar Protection
Inaction Cluster

Action Cluster

|
I ‘ Crowbar Protection
|

I___' __________ - — "

', Second-stage ’_ |
I Clustering by Clustering Clustering by
| DPCA Reslut DPCA |
—_— —— e e e | ——

Calculation of Equivalent Calculation of Equivalent
Machine Parameters Machine Parameters

A dynamic equivalent model
of DFIG-based wind farm

FIGURE 4. The computational flow of the presented method.

IV. SIMULATION AND RESULT ANALYSIS

A wind farm network as Figure 5 shown is built in
MATLAB/SIMULINK to verify the proposed dynamic
equivalent method for the DFIG-based wind farms. The units
are arranged in 5 rows and 5 columns. And the wind farm
is under the standard air density, the incoming wind speed is
13m/s and the wind direction is 30°. Other parameters of the
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Main .
Line transformer .Wm.d 9
Power direction |

grid PCC ? speed

FIGURE 5. Topological structure of wind farm before equivalent.

wind farm are shown in Appendix A. According to the wind
speed and direction, and considering the wake effect, the wind
speed of each unit in the wind farm can be calculated as shown
in Appendix B.

The power factor of DFIG is set as 1, when a symmetrical
short-circuit fault occurs at the low-voltage side of the main
transformer, the inter-phase transition resistance is 1.7 ohms
and the fault duration is 500 ms, the voltage at PCC of the
wind farm drops to 63.2%.

Then, according to the wind speed of each DFIG, the active
power can be obtained from the wind speed-power curve in
the technical manual of this type of DFIG, and the reactive
power of each unit can be calculated from the power factor.
According to the power flow calculation, the initial voltage
of each unit in the wind farm can be obtained as shown in
Appendix C. The DFIG unit is equivalent to the sub-transient
potential and the sub-transient reactance, and the steady-state
voltage values of the wind farm units under the short-circuit
fault can be obtained as shown in Appendix D. The rotor
speed of each unit in the wind farm can be found by the
speed-power curve in the DFIG technical manual of this type.
Without considering the effect of voltage phase jump before
and after short circuit fault, the phase ® of each terminal
voltage under short-circuit fault can be estimated as follows,

b= +AD 1)

where, ®; is the phase value of voltage at the low-voltage
side of the main transformer, A® is the difference value
between the unit voltage and the low voltage side of the main
transformer.

According to the method of judging Crowbar protection
state in Section 2.4, the result of judging Crowbar protection
action is shown in Table 1. In this table, “,/”” presents that
the Crowbar protection is connected, ““x”” presents that the
Crowbar protection is not connected.

Using the calculated clustering indexes selection, the fur-
ther divisions of the units with and without Crowbar pro-
tection operation is carried out again. The clustering basis
obtained by DPCA is given in Figure 6 and Figure 7.

Obviously, there are 2 cluster centers for 9 units with
Crowbar protection operation, which can be grouped into
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TABLE 1. Judgment results of crowbar protection operation for different
units.

J 1 2 3 4 5
w, y v J v
W, ~ X X X \/
Wi X X X X N
Wi X X X X N
Ws; X X X X X

06
1.4 P
LX) °
1.2
04
10 N
o N Y .
0.8
0.2 [ ]
L ] L ] L4 LN ]
0.6 °
L] [ ]
.e
04 02 0.4 0.6 % H 10
P n,
a) b)

FIGURE 6. Clustering basis of units with Crowbar protection operation.
a) Decision diagram of the cluster center. b) Schematic diagram of y
descending order.

3.0 L5
25 e %
L]
1.0
20
) td
'Y )
1.5 [ ]
g 05
» [ ]
1.0
‘ 000
05 i) 0 A1)
0 0.2 0.4 0.6 0 10 20
p n,
a) b)

FIGURE 7. Clustering basis of units without Crowbar protection
operation. a) Decision diagram of the cluster center. b) Schematic
diagram of ydescending order.

TABLE 2. Clustering results of wind farms.

Crowbar protection

state Equivalents Clustering results
\ 1 Wil, Wiz, Wi3, Wi, Wis
\ 2 W21, Was, Wis, Was
X 3 W31, W32, Wi, Ws2
X 4 W33, W34, Wa3, Ws3
X 5 W22, W23, W24
X 6 Wai, Wag, Ws1, Wsa, Wss

2 clusters, and the final result is 2 equivalent units; for 16 units
without Crowbar protection operation, there are 4 cluster
centers, which can be grouped into 4 clusters, thus the final
result is 4 equivalent units. Table 2 shows the final clustering
results of wind farms.

According to the equivalent method of the equivalent wind
speed and collector lines, the wind speed of each equivalent
unit is 13m/s, 13m/s, 11.1719m/s, 9.3866m/s, 11.1719m/s
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and 8.1686m/s, respectively. Meanwhile the corresponding
collector line length is calculated to be 0.45km, 1.30km,
0.76km, 0.72km, 0.78km and 1.04km, respectively, where the
impedance of unit length of collector line has not changed.
And the parameters of the equivalent units are estimated using
the method introduced insection 3.3.

DFIG-based wind farm models with different equiv-
alent methods, the equivalent method proposed in this
paper (PEM), the single-machine equivalent method
(SEM) [36], and the two-machine equivalent method
(TEM) [15], are built on the MATLAB/SIMULINK platform
and simulated. The equivalent effect of different equivalent
methods is shown in Figure 8.

Active power MW

Reactive Power/Mvar

Voltagespu
o

Detailed Model

“““ PEM
TEM

””” SEM

1
1(s)

<)

FIGURE 8. Equivalence effect of different equivalent models. a) Active
power of PCC in wind farm. b) Reactive power of PCC in wind farm.
¢) Voltage of PCC in wind farm.

Using the index defined in Section III of this paper to eval-
uate the dynamic equivalent effect of wind farms, the errors
between different equivalent methods and detailed models are
compared, and the results are given in Table 3. It can be found
from table 3 that the wind farm equivalent model proposed
in this paper is closer to the detailed wind farm model than
the two-machine equivalent model and the single-machine
equivalent model.

The comparison results of the current responses are as
shown in Figure 9.

As shown in Figure 9, the proposed model has good results
in current responses. Moreover it can accommodate different
operational scenarios, and the authors hold a positive view on
whether the model can accommodate to asymmetric faults.
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TABLE 3. Errors between different equivalent models and detailed
models.

TABLE 4. Clustering results and equivalence effects of different clustering
algorithms.

Equivalent method E, (%) E 0 (%) E, (%)
PEM 0.57 0.82 0.12
TEM 8.25 4.07 0.53
SEM 15.11 20.70 2.71

Detailed Model

***** PEM

Currents/pu

60 L
0.08 0.1 0.12 0.14 0.16 0.18 02
1(s)

FIGURE 9. Current responses comparison of different equivalent models.

Moreover, the effect comparison between DPCA and
K-means clustering algorithm which is widely used in
dynamic equivalence of wind farms is analyzed in this paper.
There are two ways to select K, which are shown as follows.

“K-means1”’: based on the number of clusters given by the
DPCA method. The units with Crowbar protection operation
are divided into two clusters and the units without Crowbar
protection operation are divided into four clusters. There are
three different clustering results in this method through many
attempts.

“K-means2”’: based on human designation. The units with
Crowbar protection operation are divided into one cluster and
the units without Crowbar protection operation are divided
into three clusters. Similarly, there are five different cluster-
ing results in this method through attempts. The detailed clus-
tering results are no longer listed in this paper. Table 4 shows
the equivalence effect of different clustering results.

Because the cluster result of the in “K-means1” and the
DPCA is the same, it can be seen from table 4 that the error
of the is the same as the error of DPCA in table 3. The
error of the other two results ( and ) of “K-means1” is obvi-
ously inferior to that of DPCA. Meanwhile, the ‘“K-means
2” method-based equivalent effect is also inferior to the
DPCA-based equivalent effect. On the one hand, the effect is
influenced by the subjective will; on the other hand, the effect
is influenced by the random selection of initial clustering
center, which is the inherent defect of K-means clustering
algorithm.

V. CONCLUSION

With the increasing scale of wind farms, a suitable dynamic
equivalent model of wind farm is indispensable. This paper
provides a dynamic equivalent method of DFIG-based wind
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fllg‘s:ir}iﬁi ClusterResuls B, (%)  E, (%)  E, (%)
DPCA @) 0.57 0.82 0.12
® 2.83 1.8 0.25
K-means] @ 1.74 4.04 0.42
® 0.57 0.82 0.12
® 1.24 0.85 0.14
) 0.71 0.77 0.13
K-means2 ® 3.76 2.34 0.27
@ 3.02 1.78 0.27
® 3.38 2.37 036
TABLE 5. Parameters in the wind farm.
Part Parameters Value
Rated Power 1.5 MW
Rated Voltage 575V
Rs 0.023 p.u.
Rr 0.016 p.u.
DFIG Lm 29pu.
Ls 0.18 p.u.
Lr 0.16 p.u.
kp 0.6
ki 8
Terminal transformer Rated capacity L7 MVA
Voltage ratio 25kV /0.575 kV
Main transformer Rated capacity 47 MVA
Voltage ratio 25kV /120 kV
Overhead / collector line K 0-115 @k
L 1.05e-3 H/km
Overhead line Length 30 km
Group row distance Length 0.5 km
Group column distance Length 0.25 km

farms with DPCA and SCC clustering indexes, in which there
are three main contributions:

1) Based on the symmetrical SCC analysis of DFIG,
the clustering indexes for the dynamic equivalence of
DFIG-based wind farms are extracted in this paper. That
is the fault-front terminal voltage uyp, fault-end terminal
voltage ugs, rotor speed w,, active power Pyp, and reactive
power QOgo.

2) A more refined two-stage clustering of DFIGs in wind
farm is carried out. According to the judgment of Crowbar
protection state, the units in wind farms are divided into
two clusters firstly; secondly, the selected clustering indexes
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TABLE 6. Wind speed of each unit in the wind farm (m/s).

] 1 2 3 4 5
w;  13.0000 130000  13.0000  13.0000  13.0000
wy 130000 111719 1L1719  1L1719  13.0000
wy 111719 111719 93866 9.3866  13.0000
w, 93866 111719 93866  7.9655  13.0000
w. 79655 111719 93866  7.9655 7.154 0

TABLE 7. Initial voltage of each unit in the wind farm (p.u.).

i 1 2 3 4 5
W 1.001 0 1.000 7 1.000 2 1.0005  1.0012
w, 10012 1.000 9 1.000 3 10007  1.0014
w;, 1.001 4 1.001 0 1.000 3 10007  1.0016
w, 1.001 4 1.0012 1.000 5 10007  1.0016
w 1.001 2 1.001 2 1.000 5 1.0007  1.0014

TABLE 8. Steady-state voltage of units in the wind farm under the
short-circuit fault (p.u.).

j 1 2 3 4 5
W 0.634 9 0.6333 0.6317 0.6333 0.6349
wy, 06401 0.638 5 0.636 9 0.638 5 0.640 1
Wy 0.6442 0.642 6 0.640 9 0.642 6 0.644 2
W, 0.6469 0.645 3 0.643 6 0.645 3 0.646 9
w. 06483 0.646 7 0.645 0 0.646 7 0.648 3

selection and the clustering method are used to the further
divisions; finally, the same cluster is equivalent to one unit,
which is the final dynamic equivalent model of DFIG-based
wind farms.

3) DPCA is applied to the field of wind farm equivalent
modeling as a clustering method in this paper. And with
the analysis of the effect comparison between DPCA and
K-means clustering algorithm, the DPCA has a better effect.

With the challenges of large-scale interconnected system
simulation, an accurate and efficient dynamic equivalent
model of wind farms is desired. We believe that the proposed
method will serve well in this regard.

APPENDIX
A. PARAMETERS IN THE WIND FARM
See Table 5.

B. WIND SPEED OF EACH UNIT IN THE WIND FARM
See Table 6.
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C. THE INITIAL VOLTAGE OF EACH UNIT
IN THE WIND FARM

See Table 7.

D. STEADY-STATE VOLTAGE OF UNITS IN THE WIND FARM
See Table 8.
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