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Abstract

Grid-connected operation of large-scale wind turbines (WTs) will have an impact on power quality
of electric power systems. Therefore, on the basis of analyzing the International Electrotechnical standard
IEC 61400-21, we described the measurement, evaluation method of the flicker of WTs and proposed the
method of grey disaster prediction.Active power, reactive power, flicker coefficient and flicker severity of
the WTs were tested on the actual wind farm according to IEC 61400-21 standard. We believed that the
flicker severity was a disaster, so used the grey disaster prediction to predict the occurrence time of
excessive flicker.Analysis of the test data of flicker was necessary, which could determine the Upper
disaster threshold of the flicker.The disaster sequence was made up of the excessive flicker values. The
date sequence was extracted from the disaster sequence. Establishing GM (1,1) model for the date
sequence was to predict the future disaster date sequence.The experimental results showed that the
relative accuracy of the disaster prediction model reached 94.87%, which was suitable for long-term flicker
disaster prediction.
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1. Introduction

As a kind of renewable energy, wind power is one of the important alternative energy
sources of the fossil fuel. Because wind power is random and unstable. With grid-connected
operation of large-scale WTs, power fluctuation of WTs will bring negative effects to power
quality; flicker is one of the main influence [1]-[3].

The purpose of this part of IEC 61400 [4] is to provide a uniform methodology which will
ensure consistency and accuracy in the presentation, testing and assessment of power quality
characteristics of grid-connected WTs. The power quality characteristics here include wind
turbine specifications, voltage quality (emissions of flicker and harmonics), voltage drop
response, power control, grid protection and reconnection time. The research focus was to
measure, assess and predict the flicker of grid-connected WTs under continuous operation.
According to IEC 61400-21 standard the reference [5] proposed a standard evaluation method
which was based on testing the flicker coefficient c(y,,v, ) of a single WTs.The method could

estimate the sum of flickers of more WTs connected to PCC (Point of Common Coupling),which
proved the rationality of WTs flicker measurement and evaluation methods.The reference [6]
established the virtual grid model and evaluated the power quality of WTs from two aspects of
continuous operation and switching operation. The reference [7] proposed the method of
continuous wavelet transform to recognize the power quality disturbances. The reference [8]-
[10] assessed power quality comprehensively based on the theories of grey relational analysis,
grey clustering and optimal combination of weights. The reference [11] used the grey system
theory and radial basis function neural network to predict the flicker values according to the
Japanese Av,,index and obtained the better prediction results. The reference [12] used the

grey model to predict the failure number of wind turbine blades.

This paper described the measurement and evaluation methods of the flicker based on
studying IEC 61400-21 standard. The flicker coefficient of the actual wind farm was measured to
calculate the flicker values. Grey disaster prediction was to forecast the date sequences of the
flicker which exceeded the standard values. First, we identified the upper disaster sequence by
studying the disaster sequence of the flicker. Then we studied the regularity of disaster
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sequence and predicted the date sequences of disaster. Finally, we established the disaster
sequence GM (1,1) model and realized grey disaster prediction of the flicker.

2. Measurement and assessment methods of flicker

The measurement procedures are valid for a single WTs with a three-phase grid
connection. The measurement procedures are valid for any size of WTs, though this part of IEC
61400-21 only requires wind turbine types intended for PCC.Power quality characteristics
measured at for example a test site can be considered valid also at other sites.

2.1. Flicker Measurement Procedures
Under continuous operation of WTs, the measurement and assessment process of
flicker [4] is shown in Figure 1.
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Figure 1. Measurement and assessment procedures for flicker
during continuous operation of WTs

Measurements shall be taken so that at least five 10 min time-series of power are
collected for each 1m/s wind speed bin between cut-in wind speed and 15 m/s.The test should
be taken at least five times.The fifteen 10min time series of instantaneous voltage and current
measurement data u,,(t) and i,(t) are collected, wherein the average wind speed is 10min.

Each set of measured time-series is used as input to simulate the voltage fluctuations, y, ) on a
fictitious grid with an appropriate short-circuit apparent power Sk fc(t)and for four different
network impedance phase angles y, (block 1 in Figure 1).The time series of instantaneous
simulated voltage ug, () is input to the voltage flicker algorithm described in IEC 61000-4-15[13]
to generate the flicker emission value Py ;. ( block 2 in Figure 1).

The flicker meter’s functions can be divided into two parts:
1) It simulates the light-eye-brain response when the instantaneous voltage v, (t) fluctuates by

establishing a mathematical model;
2) It counts the flicker severity online, and calculates the 10min of the short-term flicker value.
Py ficis calculated from the voltage fluctuation of wug,(f) under four different power

network impedance phase angles g, to obtain the flicker value.Each Py, value is normalized to
a flicker coefficient c(y, ) (block 3 in Figure 1).

S

oy, ) = Py M (1)
n

In the equation (1), Sk fic is short-circuit capacity of the virtual grid, S»is rated apparent
power of a single WTs. To ensure the flicker measurement instrument within the range specified

TELKOMNIKA Vol. 13, No. 2, June 2015 : 391 —400



TELKOMNIKA ISSN: 1693-6930 W 393

in IEC61000-4-15,we should adopt the appropriate short-circuit ratio Sk fic/S,,. IEC 61400-21

standard recommends the short-circuit ratio is between 20-50.
For each network impedance phase angle y, ,the weighting procedure calculates the

weighted accumulated distribution functions of the flicker coefficient P, (c < x) ,assuming four
different wind distributions.For each accumulated distribution,the 99% percentile c(y,,v,)is
reported(block 4 and block 5 in Figure 1).

2.2. Flicker Assessment Procedures
If you get a flicker coefficient c(y,,v,), you can calculate flicker P; or P,on any

specified site through the parameters of Sk, w, and va.The flicker emission from a single WTs
during continuous operation shall be estimated applying the equation (2) below.

S
Py =Py =l V) o @
k

In case more WTs are connected to the PCC, the flicker emission from the sum of them
can be estimated from the equation (3) below.

1 Nut
Pys =Pis =S_\/Z (c(w.v,)S,, )? @)
k i=1

If the wind farm uses the same model of WTs, the flicker emission from the sum of them
can be simplified as the equation (4) below.

Sni
Py =P = _S’ C(W, Vo )\ Nyr 4)
K

Where N,, is the number of WTs connected to the PCC.

3. Flicker Test

3.1. System Description

In this paper, the test data were measured on the BAIYUN wind farm in Inner
Mongolia.The wind farm center is located about 109°56'40" east longitude , 41°44'46" north
latitude , with the average altitude of 1565m.The annual wind speed of this site at hub height is
estimated to be 8 m/s.The average wind power density is 523.6W/m”.The total installed capacity
of the wind farm is 49MW, the rated power for a single WTs is 810KW, the output voltage is
0.69KV.The wind farm installed the double armature hybrid excitation WTs,which combine the
advantage of VSCF(Variable Speed Constant Frequency) generator and CSCF(Constant Speed
Constant Frequency) generator.The generator has high power generation efficiency and simple
control features.On the wind farm a step-up transformer substation with 220KV was
constructed. The main wiring diagram of the wind farm is shown in Figure 2.
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Figure 2. Main wiring diagram of the wind farm

Power quality measurements were taken from a single WTs terminal on the low voltage
side of the transformer TR1, which was shown at point A in Figure 2.We could calculate the
flicker of multiple WTs connected to PCC by the equation (4).The measurement was carried out
from 16:10 on November 26,2013 to 12:00 November 26,2013,which had 1200 minutes in total.

3.2. Flicker Test

The measurement data of 10 min time series of instantaneous voltage and current were
collected.The voltage and current sample frequency was 10.24 KHz, the wind speed sample
frequency was 5Hz and accuracy of the anemometer was +0.2m/s. In accordance with IEC
61400-21 standard, the measurement data of three-phase voltage and current were used to
calculate the flicker coefficient.The system was in equilibrium by analyzing the test data, so the
data of phase 1 were used only.

3.2.1. Active and Reactive Power Test

The active and reactive power of the WTs were tested under the continuous operation
state.The trend of the active and reactive power had consistency,which could be seen from
Figure 3.There was a certain proportional relationship between the active power and reactive
power, tanp = Q/P, where ¢ was the power factor angle. Within the range of rated wind speed,

the output power of WTs increased with increasing wind speed.
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Figure 3. Active Power and Reactive Power

3.2.2. Relationship between Wind Speed and Flicker Coefficient
It can be seen from Figure 4 that the function relation between flicker coefficient and
wind speed when the network impedance phase angle y,are 30°,50°,70°and85°, the short-

circuit ratio is 50.The larger grid impedance phase angle is, the greater flicker coefficient is .
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Figure 4. Relationship between Wind Speed and Flicker Coefficient

3.2.3. Measurement of Short-term Flicker

The flicker of WTs can be measured from two aspects of continuous operation and
switching operation. In this paper we studied the measurement of flicker under continuous
operation.The generation of flicker under continuous operation was caused by changes in wind
speed, which caused the changes of reactive and active power.The measurement period of
short-time flicker is 10 minutes,the measurement period of long-time flicker is 2 hours.In the
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continuous operation state, P, andP,have the same flicker value. If the flicker value of WTs
exceeds the limit value (P, =1), it would affect the operation of the power system. The upper
limit values of P, =1 and P, =0.5 were marked in Figure 5. P, =0.5 was the upper disaster limit
value of flicker grey disaster prediction.

Figure 5. Measurements of Short-term Flicker

4. Model of Flicker Grey Disaster Prediction

The thoughts of flicker grey disaster prediction were as follows: The measurement
values of flicker P, were finite,it met that grey system used the "poor information" as the
research object. The threshold value of flicker was set 0.5 according to the measured value.
Because in the stable operation of WTs, and when the measurement time was short, more than
1 of the value of P, was less.The less data could affect the establishment of grey disaster

prediction model, so we chose P, =0.5 as the threshold. If the value of the original sequence

exceeded the threshold, then the disaster points were selected to constitute a sequence that
was called disaster sequence. The disaster sequence was made up of the excessive flicker
value.The date sequence was made up according to the occurrence time of each excessive
flicker value. Establishing GM (1,1) model for the date sequence to predict the future disaster
date sequence[14].

4.1. Method of Grey Disaster Prediction
Time series data of grey disaster prediction are as follows:
XM ={X1),X%02),... X (N)} ()

If the threshold value A are given , the numbers in x©@ ¢ which is lager than A(upper-

disaster value) or less than A(down-disaster value) are regarded as abnormal values.And then
we select the abnormal values which form a new data sequence, which is called the disaster
sequence.

X ()= X fi,), XV(i,),..., X (i, J,m <N ©)

The sequence of disaster time is made up according to occurrence time of each data in
the formula (7).

Q(o) (t) = {Q(O)(1),Q(°) (2),...,Q(0) (m)}’m <N (7)
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We use the Q“(t)date sequence to establish GM (1,1) model to predict the occurrence
time in the future. The GM (1,1) model is described as follows.

Denote the original data sequence as:

XOt)={x“(1),X(2),...., X (n)} (8)

Where n is the number of P, observed.
The AGO formation of x@ () is defined as:

XV (t)={X"(1),X7(2),.... X7 (n)} ©)

Where
k
XM (k)=>" X (i), i=2,3,..,n (10)
i=1

GM (1,1) model can be constructed by establishing a first order differential equation for
X as:

)
K s ax = (1)
dt

The solution of (11) can be obtained by using the least square method. That is,

§<(k+1)=[x(0)(1)-§].e-ak +§ (12)

Where

a=(ab)’ (13)
The values of a and b are given using the least squares method.

a=(B'B)'B’Y (14)
Where

[x@(2)
_| X7 (15)

| X(O) (n )

SO

L@ (16)

-%(x”)(n-1)+x”)(n)) 1

The simulation values of x©@ ) is
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(t 1) (1)

§(0)(k+1)=§({ (k+1)-x (k) (17)

4.2. Flicker disaster date forecast
The data of establishing the disaster prediction model were taken from the test data of
P, . The original data sequence was:

X (t)={0.2534,0.2541,0.2652,0.2727,...,0.7709, (18)
1.1797,0.8404,...,0.2275,0.2443,0.2442}

According to the actual test conditions of the system,the disaster is happened when the
value of P, is greater than or equal to 0.5.The procedures of flicker disaster prediction [15]-[16]

are shown as follows:
1) The value,which is greater than or equal to the threshold of 0.5,are selected from the original
data x@ ) .This disaster sequences are formed as follows:

X% (t)={0.7709,1.1797,0.8404,0.631,0.722, (19)
0.5468,0.6169,0.5929,0.6457,0.506,0.5479}

2) The disaster sequence is:

X' (1) = {X1(32), X (33), X' (34), X* (42), X* (46), (20)
X (55), X (63), X (65), X" (69), X (78), X (79)}

3) The sequence of disaster time is:

Q(t)={32,33,34,42,46,55,63,65,69,78,79} (21)
4) Establishing the GM (1,1) model for the sequence of disaster time. The 1-AGO sequence is:

Q" (t)={32,65,99,141,187,242,305,370,439,517,596} (22)
Next generation sequence is:

Z7(t)={48.5,82,120,164,214.5,273.5,337.5,404.5,478,556.5 } (23)
We use the least-squares method to solve the a and b,then we can obtain:

o2 o]
The GM (1,1) model is:

(1

A1)
Q (t+1)=347.986%% -315.98 (25)

The reducing value is:

A (0)
Q (t+1)=32.04e%% (26)
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5. Results and Discussion
In the paper we measured the flicker coefficient and wind speed wheny, were

30°,50°,70°and85°,which could be seen from Figure 4. P, could be calculated by the equation

(2).The 120 data were obtained as shown in Figure 5. We could predict the occurrence time of
excessive flicker by the equation (26) which could be seen from the Table 1.

Table 1. Error check table

Original Analog Residual Relative error
serial doa)ta data error o ‘g(k )‘
number Q¢ (t) Q?O)(t) g(k)zQ(O) (t)—é (t) A, 77Q(0) (t)

1 32 32.0000 0 0

2 33 35.2914 -2.2914 6.94%
3 34 38.8703 -4.8703 14.32%
4 42 42.8120 0.8120 1.93%
5 46 47.1535 1.1535 2.51%
6 55 51.9353 3.0647 5.56%
7 63 57.2020 5.798 9.20%
8 65 63.0028 1.9972 3.07%
9 69 69.3918 0.3918 0.57%
10 78 76.4287 1.5713 2.01%
11 79 84.1793 5.1793 5.56%

Through analysis of the test data and disaster prediction, we drew conclusions as
follows:
1) The calculation of flicker coefficient is closely related to the network impedance phase
angles and annual average wind speed.
2) In order to improve the accuracy of flicker prediction,we should measure the more data to
establish the disaster prediction model.

11
3) The prediction results showed that the average relative error was A=%ZA,( =5.13% the
k=2

relative accuracy was 94.87%,which the fitting result is satisfactory.
4) The development coefficient of GM (1,1) model was a= -0.0966,The literature [17] concluded
that GM (1,1) model could be used to predict the long-term flicker disaster when -a < 0.3.

6. Conclusion

According to IEC 61400-21 standard,we measured the short-term flicker and flicker
coefficient of a single WTs on the wind farm, and got the flicker values of multi-WTs through the
flicker assessment procedures. We should fully consider the influence of wind speed on the
measurement value, and ensure the reliability of the test. We tested the short term flicker
P, values and predicted the occurrence time of excessive flicker by using the grey system

theory.The relative accuracy of the model was higher. Its fitting result was better, which suited
the long-term prediction for flicker disaster.
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