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POWER QUALITY ASPECTS IN A WIND POWER PLANT

E. Muljadi' C.P. Butterfield' J. Chacon® H. Romanowitz’
'National Renewable Energy Laboratory 2 Southern California Edison ¥ Oak Creek Energy Systems Inc.
1617 Cole Blvd. P.O. Box 800 14633 Willow Springs Rd.

Golden, CO 80401

Abstract— Like conventional power plants, wind
power plants must provide the power quality
required to ensure the stability and reliability of the
power system it is connected to and to satisfy the
customers connected to the same grid. When wind
energy development began, wind power plants were
very small, ranging in size from under one megawatt
to tens megawatts with less than 100 turbines in each
plant. Thus, the impact of wind power plant on the
grid was very small, and any disturbance within or
created by the plant was considered to be in the noise
level.

In the past 30 years, the size of wind turbines and
the size of wind power plants have increased
significantly. Notably, in Tehachapi, California, the
amount of wind power generation has surpassed the
infrastructure for which it was designed. At the same
time, the lack of rules, standards, and regulations
during early wind development has proven to be an
increasing threat to the stability and power quality of
the grid connected to a wind power plant.

Fortunately, many new wind power plants are
equipped with state of the art technology, which
enables them to provide good service while producing
clean power for the grid. The advances in power
electronics have allowed many power system
applications to become more flexible and to
accomplish smoother regulation. Applications such
as reactive power compensation, static transfer
switches, energy storage, and variable-speed
generations are commonly found in modern wind
power plants.

Although many operational aspects affect wind
power plant operation, this paper, focuses on power
quality. Because a wind power plant is connected to
the grid, it is very important to understand the
sources of disturbances that affect the power quality.
In general, the voltage and frequency must be kept as
stable as possible. The voltage and current
distortions created by harmonics will also be
discussed in this paper as will self-excitation, which
may occur in a wind power plant due to loss of line.

Index Terms—wind turbine, wind farm, wind power
plant, power quality, wind energy, aggregation,
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power systems, renewable energy, reactive power
compensation, self-excitation, harmonics.

I. INTRODUCTION

In the past 30 years, the size of wind power plants has
increased  significantly. Notably, in Tehachapi,
California, the amount of wind power generation has
surpassed the capability of the infrastructure for which it
was designed. The infrastructure was built to support
small, scattered wind generation. Similarly, because
wind plants were so small in the past, the rules
governing wind generation were more relaxed to
encourage development. For example, in the past, wind
turbines were only required to have capacitor
compensation at each turbine to satisfy the no-load
reactive power generation. But as the amount of wind
generation increases, the lack of rules, standards, and
regulations during early wind development has proven to
be an increasing threat to the stability and power quality
of the interconnected grid.

Although many operational aspects affect wind
power plant operation, in this paper, we focus on power
quality. Because a wind power plant is connected to the
grid, it is very important to understand the sources of
disturbances that affect its power quality. In general, the
voltage and frequency must be kept as stable as possible;
therefore, voltage and current distortions created by
harmonics will also be discussed in this paper. Self-
excitation, which may occur in a wind power plant due
to loss of line, will also be presented.

Section II describes the voltage and frequency
variations, and Section III discusses single and multiple
turbines representation. Section IV presents harmonics
and self-excitation, and Section V presents the summary.

We used Power Systems Simulation for Engineers
(PSSE™) from Siemens Power Technologies Inc., and
Visual Simulation (Vissim) from Visual Solution Inc.

II. VOLTAGE AND FREQUENCY VARIATIONS

A. Overview

This section describes the interaction between the
wind power plant, reactive power compensation, and the
power system network. The Tehachapi power system
network used in this study is based on a power system
diagram from 1999 [1]. Thus, the simulation results



presented in this paper do not necessarily reflect the
current situation. The current power system network has
been improved to accommodate more wind power
generation.

Because the loads and the wind power plants' output
fluctuate during the day, the use of reactive power
compensation is ideal for maintaining normal voltage
levels in the power system network. Reactive power
compensation can minimize reactive power imbalances
that can affect the surrounding power system.

In this section, we will show how the contribution of
wind power plants affects the power distribution
network and how the power distribution network and
reactive power compensation interact when the wind
changes.

About 24 wind power plants are included in the
simulation. The wind power plants represent 1- to 70-
MW wind power plants. The wind power plants are
connected to the rest of the transmission network. Bus
1, which is Antelope Substation, is used as the gateway
to the much larger network outside the area and is
treated as an infinite bus. Each wind power plant
represents the following characteristics:

1. The characteristics of the wind resource (turbulence
level, average speed, air density, etc.).

2. Diversity of the wind speeds with respect to the
locations of each wind power plant in the Tehachapi
area. For a more detailed discussion on simulation of
wind power plant aggregation, see reference [2].

3. The characteristics of the wind turbine (Cp-TSR
characteristics) and induction generator
4.The P-Q (real and reactive power) electrical
characteristic of the individual wind power plants.

When the work presented in this paper was developed,
no wind turbine or wind power plant models were
commercially available, thus, the model presented here
was developed at NREL. Today many wind turbine
models are commercially available and can be
downloaded from the GE website, the Siemens Power
Technologies International website, and other software
vendors.

B. Voltage Variation

This section presents the voltage variations caused by
the wind speed changes and a comparison between an
uncompensated and a compensated system. The term
compensated refers to the use of static reactive power
compensation to improve the voltage characteristics of
the wind power plant. The CalCement substation (bus
22) has 18 MVAR capacitor compensation installed.
Other buses in the area are compensated to a total of
77.3 MVAR. The total load in the area (including
surrounding small towns) is about 259 MW and 46.4

MVAR. The generations at Kern River and Bailey are
24 MW and 20 MW, respectively. The simulation was
fed by non-uniform wind speeds to simulate the entire
area. A total simulation time of 6000 seconds (100
minutes) is used to cover the spectrum of possible wind
fluctuations. For a wind power plant power system, IEC
Standard 61400-21 stated that the 10-minute average of
voltage fluctuation should be within + 5% of its nominal
value [3].

A typical reactive power compensator may be
implemented by using a fixed capacitor, a switched
capacitor, or static compensator [4-5]. The simplest
form of reactive power compensation is the static VAR
compensator (SVC). By choosing the correct size of
inductor and capacitor, the SVC can be operated to
generate reactive power, which varies from -Qpm to
+Quiiim- For example, with a 100-MVAR capacitor and a
200-MVAR inductor, a range of +100 MVAR can be
achieved and adjusted continuously. If negative reactive
power is not required, a combination of a 100-MVAR
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Figure 1. Reactive power from bus 22 to bus 1, and
voltage at bus 22 without reactive power compensation.
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capacitor and a 100-MVAR inductor provides a range of
0 MVAR to +100 MVAR

The reactive power compensation is located inside the
wind power plant at VarWind, bus 40. Figures 1 and 2
compare an uncompensated wind power plant and a
compensated wind power plant. Without reactive power
compensation, the voltage variation at CalCement (bus
22) drops to 0.905 p.u., and with proper compensation,
the voltage drops to 0.95 p.u.,, which is considered
allowable for a wind power plant. Note, that the reactive
power flows from the Antelope drops significantly (from
26 MVAR to 18 MVAR) when the reactive power is
compensated locally. Notice that the voltage traces
follow the reactive power traces closely and the
minimum voltage occurs at the minimum reactive power
flowing from CalCement (or maximum reactive power
flowing from Antelope to CalCement).
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Figure 3. Real power from bus 22 to bus 1, and frequency at
bus 22 without reactive power compensation.
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Figure 4. Real power from bus 22 to bus 1, and frequency at
bus 22 with reactive power compensation.

C. Frequency Variation

Frequency variation is affected by the rate of change
in real power flow. Thus, there is a difference in the
trend between the voltage-reactive power traces
compared to frequency-real power traces relationship.
The reactive power improves the voltage characteristic
of the wind power plant and surrounding area.
Comparing Figures 3 and 4, the real power flow is not
affected by the reactive power compensation. Although
the frequency variation is barely noticeable, it indicates
that there are differences in the rate-changes in the real
power flow between compensated and uncompensated
systems. It shows that there is a reduction in the
frequency swings; however, because the frequency
swing is very small to begin with, it is probably not
warranted to claim that the reactive power compensation
helps reduce the frequency variations. Note, that the
minimum frequency does not occur at the maximum
power flow but rather the maximum rate of change of
the power flow.

III. SINGLE TURBINE AND MULTIPLE TURBINES

A. Single Turbine Representation (STR)

In this section, we look at a wind power plant
represented by one group of wind turbines. This is the
worst-case assumption because we assume that all the
wind turbines in this group are synchronized. Thus, the
same wind fluctuations and tower shadow effects will
affect the output power of the wind power plant and the
power quality at the PCC.

B. Multiple Turbine Representation (MTR)

In this section, we focus on the aggregation impact on
the wind power plant output at the PCC. We use the
same wind turbulence intensity and the same impedance
of the transmission line. We measured the real and
reactive power fluctuations, the voltage fluctuations, and
at the PCC of a wind power plant. We quantified the
difference in power and voltage fluctuations level if we
treat a wind power plant as a single turbine or as
multiple groups of turbines. The flicker level
measurement can be implemented using design
specification in IEC 61000-4-15 [1].

Ideally we would like to model every wind turbine on
the wind power plant. Unfortunately, a large wind
power plant can have more than 100 wind turbines on
site. Therefore, it is not possible to represent all the
turbines simultaneously, because the computing time
would be excessive. To closely represent a real wind
power plant without simulating each wind turbine, we
made the following assumptions:

A large wind power plant (200 turbines) is divided
into several groups of wind turbines.



- The wind speed is uniform for each group of wind
turbines.

- The groups are arranged in sequence.

- Our interest is in the long-term simulation, thus the
start-up of each turbine is not a major concern. Besides,
because the wind speeds are different at each turbine
location, all the wind turbines do not start at the same
time.

- All the turbines in the wind power plant are exposed to
of 18.7 m/s and turbulence level of 19.7%. The time
series wind speed shifts by 1 minute for each group.

- The contribution of each group is chosen randomly.
For example, a wind power plant with 3 groups of
turbines may be proportioned as 35% from the first
group, 25% from the second group, and 40% from the
third group.

- This concept of grouping is repeated for different
numbers of groups, but the total wind turbines in the
entire wind power plant is kept the same—200 turbines.

- Eventually we will compare the impact of wind
turbine distribution by comparing the flicker and the
voltage fluctuations based on groupings (one group only,
two groups, four groups, and eight groups).

C. Comparison between STR and MTR

To start, consider the time series of wind speed shown in
Figure 5. In an STR, the wind speed is applied to a
single turbine and the output of the single wind turbine is
multiplied by the number of the turbines within the wind
power plant. In an MTR, the time series of the wind
speed is subdivided into several sections and each
subdivision is applied to a different group of turbines.
For example, for the figure shown, the time series of
wind speed is divided into four different files with the
starting time (t=0) at wl, w2, w3 and w4. This
assumption is an approximation of the time it takes for
the wind speed to travel from one group of turbines to
another group of turbines down wind. Although this
assumption is not perfect, by assuming that the wind
speed has a characteristic of frozen turbulence, and that
the turbulence does not change as it passes a wind
turbine, we can more closely simulate the real situation.
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Figure 5. Wind speed variation applied to the wind turbines.
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Let us consider the output of STR and MTR and place
the two graphs next to each other for a better
comparison. Figure 6 shows variation of real power for
both representations taken at the point of
interconnection. The time scale is changed to make an
casier observation of the nature of power fluctuations
within a short time frame. In these particular traces, the
trace of tower shadow is very visible. Tower shadow
effect is the effect of power fluctuations due to power
production deficit every time a blade passes the turbine
tower. Usually the tower shadow has a frequency 3 per
revolution. This effect is commonly known as 3 p
effects. Besides the tower shadow, the power variation is
also caused by the wind speed variations with time. For
the STR, the power fluctuation reflects the power
fluctuation of a single turbine. It is amplified by the
number of turbines within the wind power plant. For the
MTR, the power fluctuation is the collective behavior of
several groups of wind turbines with each group fed by a
different time series as illustrated in Figure 5.

The label WP1G is a single-group representation and
WP16G is a 16-group representation. Comparing the two
graphs, it is obvious that there is some smoothing effect
in the power fluctuations if we consider that the wind
power plant consists of sixteen different groups of wind
turbines. Figure 7 shows the voltage fluctuations as the
wind speed varies with two different representations.
The STR obviously shows very large variations of the
voltage at the point of interconnection as the wind speed
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varies while the output voltage for 16 groups
representation shows a much smaller voltage swings.

IV. SELF EXCITATION AND HARMONICS

A. Overview

Traditional wind turbines are equipped with
induction generators. Induction generators are preferred,
because they are inexpensive, rugged, and require very
little maintenance. Unfortunately, induction generators
require reactive power from the grid to operate and some
capacitor compensations are often used. Because
reactive power varies with the output power, the
capacitor compensation is adjusted as the output power
varies. The interactions among the wind turbine, the
power network, and the capacitor compensation (shown
in Figure 8) are important aspects of wind generation
[6]. In this section, we will show the interactions among
the induction generator, capacitor compensation, power
system network, and magnetic saturations and examine
the cause of self-excitation and harmonic currents.

B. Self Excitation

Self-excitation can occur in a fixed-speed wind
turbine equipped with an induction generator. Fixed
capacitors are the most commonly used method of
reactive power compensation in a fixed-speed wind
turbine. Induction generators alone cannot self excite. It

Infinite
Rus
Line Feeder Transformer
| I 1 2;
| T T
Caps Wind
To local loads Turhine

Figure 8. The physical diagram of the system under investigation.

requires reactive power from the grid to operate
normally. The grid dictates the voltage and frequency of
the induction generator.

Although self-excitation does not occur during
normal grid-connected operation, it can occur during off-
grid operation. For example, if a wind turbine operating
in normal mode becomes disconnected from the power
line due to a sudden fault or disturbance in the line
feeder, the capacitors connected to the induction
generator will provide reactive power compensation.
However, the voltage and the frequency are determined
by the balancing of the systems.

One disadvantage to self-excitation is the safety
aspect. Because the generator is still generating voltage,
it may compromise the safety of the personnel inspecting
or repairing the line or generator. Another disadvantage
is that the generator’s operating voltage and frequency
are determined by the balance between the system’s real
power and the reactive power. Thus, if sensitive
equipment is connected to the generator during self-
excitation, the equipment may be subjected to
over/under voltage and over/under frequency operation.
In spite of the disadvantages of operating the induction
generator in self-excitation, some people use self-
excitation for dynamic braking to help control the rotor
speed during an emergency such as a grid loss condition.
Thus, with the proper choice of capacitance and resistor
load (to dump the energy from the wind turbine), the
wind turbine can be brought to a safe operating speed
during grid loss and mechanical brake malfunctions.

In an isolated operation, the conservation of real and
reactive power must be preserved. The equation
governing the system can be simplified by looking at the
impedance or admittance of the induction machine. To
operate in an isolated fashion, the total admittance of the
induction machine and the rest of the connected load
must be zero. The voltage of the system is determined y
the flux and frequency of the system. Thus the level of
saturation plays an important role in sustaining or
collapsing the self-excitation process. A more detailed
description of the self-excitation process in a wind
turbine operating off grid can be found in reference [6].
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a) the rotor speed and output power
b) voltage variation during transient

Figure 9 shows traces of rotor speed, output power,
and voltage of an induction generator compensated with
local capacitors when it was separated from the grid at
about t=3.1 sec, feeding a local load, and reconnected to
the grid at t=6.5 sec. During the transient, the generator
output power and rotor speed varies with the induction
generator slip, the level of saturation, and the load
connected to the island network. The voltage increases
by 11%, and the frequency increases by 4.2%. The
voltage and frequency settle at the balance of real power
and reactive power.

C. Harmonics

We replaced the power network, shown in Figure 8,
with a per phase equivalent circuit, shown in Figure 10,
to represent harmonic components of the circuit. In this
circuit representation, the harmonics is denoted with h to
indicate the higher harmonics multiples of 60 Hz. Thus
h=5 indicates the fifth harmonics (300 Hz). In wind
turbine  applications, the induction generator,
transformer, and capacitors are three phases and either
Wye or Delta is connected. Thus, the flow of even
harmonics, the third, and its multiples do not exist (only
h=5,711, 13, 17. etc.).

1) Infinite Bus and Line Feeder
The infinite bus and the line feeder connecting the wind
turbine to the substation are represented by a simple
Thevenin representation of the larger power system

—MW-—

Rxf/ 2 _] hXXf/ 2 Rxf/ 2
I i hXyi/2
J hXine
[ 1{line
__(] hoC )-1 J then

Harmonic Representation

Figure 10. The per phase equivalent circuit of the simplified model for
harmonic analysis.

network. Thus, we consider a line
representation.

2) Transformer
We considered a three-phase transformer with standard
impedance of 6%. Because the magnetizing inductance
of a large transformer is usually very large compared to
the leakage inductance, only the leakage inductance will
be considered. = Assuming the efficiency of the
transformer is about 98% at full load, and the copper
loss is equal to the core loss (general assumption for an
efficient, large transformer), we can approximate the
winding resistance, which is generally very small for an
efficient, large transformer.

3) Capacitor Compensation
The capacitors representing the compensation of the
wind turbine are switched capacitors. Although the
manufacturer equipped the wind turbine with only 400
kVAR of reactive power compensation, the wind turbine
we considered is equipped with an additional 1.5 MVAR
reactive power compensation. The wind turbine is
compensated at different levels of compensation
depending on the level of generation. The capacitor is
represented by the capacitance C. In series with the
capacitance, is the parasitic resistance (R representing
the losses in the capacitor. This resistor is usually very
small for a good quality capacitor.

4) Induction Generator
The induction generator (1.5 MW, 480V, 60 Hz) used
for this wind turbine can be represented as the per phase
equivalent circuit shown. Figure 8 shows the equivalent
circuit of the induction generator. The operating slip of
the generator at fundamental frequency (60Hz) is around
1%. The slip of induction generator at harmonic
frequency can be computed as:

simple RL

h —
S — ws a)r

' ho,

where

S, = slip for h"™ harmonics

h = harmonics order

s = synchronous speed of the generator
o, = rotor speed of the generator



Thus for higher harmonics (5™ and higher) the slip is
close to one (S, = 1) and for practical purposes is
assumed to be one. From the circuit diagram we can
compute the impedance seen by the harmonic source as:

Z (Ch) = (Zy,+05Z,5, ) /(0.5 Zyg, + Zo1/Z,,)

line

The admittance can be found from the impedance.
Y (Ch) = —+
Z(Ch)
The admittance corresponds to the harmonic current for
a given harmonic voltage excitation. In this section, we
analyze the system admittance from the most dominant
harmonic frequency (up to 23" harmonics, excluding
even and non-triplen harmonics) and vary the size of the
capacitor compensation. Because the data in the field
only consists of the total harmonic distortion, and does
not provide information about individual harmonics, we
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light load condition.
can only compare the trends shown by the admittance.
Figure 11a shows that the total admittance computed for
all higher harmonics of interest up to 23™ harmonics
(odd and non-triplen harmonics) is plotted as a function
of the total reactive power (per unit) as the size of
switched capacitors varied. For a comparison, the
measured data of the total harmonic distortion as a
function of the total reactive power (per unit) is
presented in Figure 11b. Both Figures 11a and 11b
show that when the size of the capacitor compensation is
increased, the circuit admittance (in Figure 11a) or the
total harmonic distortion (in Figure 11b) shows
resonance at different higher harmonics. The two graphs
show the same trend. There are two values of
capacitances that amplify the total harmonic distortions
revealed from the calculation and from the field
measurement. Although the magnitudes do not match
completely, the size of reactive power at which the two
resonance frequencies occur shows a good correlation
between the field measurement and the calculated
values.

From Figure 11, we can say that the circuit will
resonate at different higher harmonics when that
particular harmonics presents or excites the circuit. The
source of harmonics can be traced back from the
saturation level of the magnetizing branch of the
transformer, creating a nonlinear magnetizing inductance
and a distorted line current. Figure 12 shows distorted
current as a result of the transformer operating in a
saturation condition. Note that the deviation of the line
current from sinusoidal wave shape may excite the
harmonics circuit created by the combination of line
inductances and capacitance of the capacitor
compensation in the collector system network.

V. CONCLUSION

This paper describes various aspects of power quality
within the wind power plant. There are many others that



could be included in this paper such as flicker, faults,
start-up transients etc., but, because of the space limit,
those topics are not included in this paper.

In general, the voltage at each turbine within the wind
power plant varies independently because of the
difference in wind speeds, the line impedances, and
compensations among the wind turbines. However, the
most important point is the point of interconnection that
provides a gateway for the wind power plant to the real
world. In this paper, we have shown that the reactive
power compensation, strategically placed, affects the
voltage behavior of a very large area consisting of many
wind power plants. We also show that when studying a
large wind power plant, we cannot represent the plant as
a single turbine. A very large wind power plant should
be represented by groups of wind turbines representing
its unique characteristics with respect to the location, the
type of turbines, the control setting, and the line
impedance. Finally, we show that capacitor
compensation used by induction generators in a wind
power plant can lead to self-excitation and harmonics.
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