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Abstract—Due to the liberalized energy market Distrib-
uted Generation, DG, is increasing. At this moment, most
of the power produced by DG, is generated by CHP-plants
and variable speed wind turbines. Integration of wind tur-
bines have impact on several aspects of power systems such
as power system stability, protection and power quality.
This paper focusses on the effect of wind farms on power
quality phenomena during and after a grid disturbance. A
dynamic model of a modern wind turbine will be presented
in order to simulate grid disturbances. The results of the
simulations are validated by measurements.
Index Terms–Distributed Generation, Power Quality, Dy-
namic Modeling

I. Introduction

In the past decades the use of electronic equipment have
grown rapidly. Due to the sensitivity of the end-use equip-
ment the quality of the supply voltage becomes more and
more important [1]. However the use of electronic equip-
ment also causes problems such as harmonic distortions.
equipment. Common used terms in this respect are volt-
age quality, current quality and power quality. Voltage
quality is concerned with deviations of the voltage from
the ideal which is a single frequency sine wave with con-
stant amplitude and frequency. Current quality is the
complementary term of voltage quality and is concerned
with the deviation of the current from ideal which is also
a single frequency sine wave with a certain amplitude and
constant frequency. Current quality is fully determined by
the currents (non-lineair) consumer loads taken from the
grid while voltage quality is determined by the utilities.
In Figure 1 the relationship between voltage quality, cur-
rent quality and network quality are shown graphically.
Power Quality is in disrespect the quality the customers
encounter

Power Quality can be divided in a number of phenom-
ena:

• Voltage magnitude

• Supply voltage variations

• Flicker

• Harmonics and inter-harmonics

Figure 1. Relationship between voltage quality, cur-
rent quality and network quality

• Unbalance

• Grid frequency

Power Quality also comprises grid events such as short
and long term voltage interruptions, voltage dips and
transient over-voltages. As stated in [2] distributed gen-
eration can have a significant effect on power quality phe-
nomena as well as grid events. The main potential im-
pacts of embedded generation on power quality are volt-
age flicker and harmonic voltage distortion. For instance,
connection of synchronous machines alters the harmonic
impedance of the grid and respond to other harmonic
sources. Due to the connection of these synchronous ma-
chines the short circuit level is increasing which can im-
prove the power quality of the network. On the other
hand DG-units connected by a power electronic converter
can inject harmonic currents which deteriorate the power
quality of the network. This paper concentrates on power
quality issues of a power system including wind farms dur-
ing and after grid disturbances. In the next section a brief
introduction of the power quality issues is given.
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II. Impacts of Wind Farms on Power Quality

As stated earlier distributed generation influences power
quality issues. In weak grids connection of distributed
generation has to be limited due to exceeding of Power
Quality standards. In this section the effect of wind farms
on main power quality phenomena is described.

A. Voltage Fluctuations and Flicker

Electric flicker is a measure of the voltage variation
which may cause disturbance for the customer. Espe-
cially distributed generation with non-controllable energy
sources can cause flicker. Two types of flicker are associ-
ated with wind turbines [3, 5]:

1. Flicker emission during start-up

2. Flicker emission during continuous operation

Flicker during start-up is caused for instance due to ca-
pacitor switchings and cut-ins of wind turbines. During
normal operation flicker emission is set up by variations
in the produced power due to fluctuating wind-speed and
tower shadow [9]. Partly the problem is solved due to the
change of technology of the wind turbines (variable speed
wind turbines including power electronic converters) [9].
In the past small constant speed wind turbines were con-
nected to the LV-network. Nowadays modern wind tur-
bines are aggregated in wind farms and connected to the
MV-grid or HV-grid with a dedicated connection. In this
case variation in injected power will be less perceptible.

The influence of a wind farm on the grid voltage is di-
rectly related to the short circuit power, S

′′
k , at the point

of common coupling (PCC). In strong grids (high S
′′
k , low

Zgrid) the effect of voltage fluctuations due to varying gen-
erated power is small while in weak grids (low S

′′
k , high

Zgrid) the voltage fluctuations can become quite cumber-
some. In [3] it is stated that the grid can be considered

strong if the ratio S
′′
k

Pwf
is above 20 (Pwf is the total ca-

pacity of the connected wind farm).

B. Harmonics

In modern variable speed wind turbines power elec-
tronic converters are applied. Most of the grid connected
converters are based on Pulse Width Modulation (PWM)
with switching frequencies in the range of a few thousand
Hz. This switching frequency shifts the injected harmon-
ics to higher frequencies where the harmonics can easily
be removed by small filters [3]. For this purpose the out-
put filter of the converter can be used. Manufacturers try
to reduce the cost of the output filter by reducing the size
of the filter inductor. To keep the cut-off frequency the
same the capacitor size have to be increased. This results

in an increasing capacitance of grids where the wind tur-
bines are connected to. The increased grid capacitance
lowers the resonance frequency of the grid which can be
excited by the injected harmonics. In [4] it is shown that
via an active damping controller, which is implemented
in the converter, reduction of the harmonic distortion can
be obtained. In general the harmonic standards can be
met by modern wind turbines.

C. Voltage Dips

Voltage dips occur during grid disturbances. A voltage
dip is a short duration reduction in rms voltage. These
voltage dips can lead to disconnection of loads and gen-
erating units. The propagation of a voltage dip depends
on the location of the disturbance. Severe disturbances
in transmission systems will lead to a voltage dip in the
complete grid connected to the faulted component. How-
ever, disturbances in medium or low voltage grids causes
voltage dips which are noticed in only a small part of the
distribution system and stay undetected in the transmis-
sion system. In [1] it is concluded that in voltage dip
studies not faults all voltage levels have to be taken into
account. Only faults at one voltage level down from PCC
are considered.

To quantify the the voltage dip magnitude in radial
systems, (1) can be used.

Vdip =
Zf

Zf + ZS
· E (1)

This equation is based on the network equivalent of a
radial distribution system which is shown in Figure 2.

Figure 2. Network equivalent for quantifying a voltage
dip

In (1) is stated that the voltage dip becomes deeper for
faults closer to PCC (small Zf ) and for faults for weaker
systems (large Zs).

In grid codes requirements are taken up which dis-
tributed generation have to meet when connected to the
power system. These requirements can affect the normal
operation of the wind turbines. One of those requirements
was immediate disconnection of wind turbines during dis-
turbances in order to prevent malfunction of the protec-
tion system. This can result into a disconnection of the
wind turbines during voltage dips even when the feeders
of the wind turbines are not involved. The disconnection
of wind farms during a voltage dip can lead to grid in-
stability due to a difference in produced and consumed

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on April 07,2010 at 10:24:54 EDT from IEEE Xplore.  Restrictions apply. 



power. To ensure grid stability including large penetra-
tion of wind farms, grid operators have defined various
fault ride-through curves [9]. These curves allows discon-
nection of the wind turbine only when the voltage dip
exceeds a certain level. This means that during a dis-
turbance most wind turbines stay connected to the grid
which influences the grid recovery. In order to determine
grid recovery including large penetration of wind farms,
dynamic simulations are carried out. The modeling, vali-
dation and results are presented in the next sections.

III. Grid Measurements

As a manufacturer of wind turbines and grid operator
it is important to know the behavior of wind turbines dur-
ing grid disturbances. In order to determine the behavior
of wind turbines during voltage dips tests are carried out.
In 3 the test grid is shown. The tests are carried out in

Figure 3. Test grid including a direct drive wind tur-
bine

an existing medium voltage grid and in order to minimize
the voltage dip at the point of common coupling (PCC)
reactors are placed. Reactor 1 mitigates the voltage dip
at PCC and reactor 2 is adjustable in a few taps so the
terminal voltage of the wind turbine is controllable. The
wind turbine in the test system is a direct drive wind tur-
bine. The goal of the test is to determine if the wind
turbine survives voltage dips following the curve defined
by E.on. The voltage dip is created by short circuiting the
three phases of reactor 2. During the tests the grid contri-
bution as well as the voltage and current contribution of
the wind turbine are measured. These measurements are
taken as an input to validate the model of the direct drive
wind turbine which is modeled in MatLab/Simulink.

IV. wind turbine modeling

Three wind turbine types are mostly widely used nowa-
days: squirrel-cage induction generator (SCIG, known
also as fixed speed wind turbine), doubly-fed induction
generator (DFIG) and direct-drive synchronous generator
(DDSG). The structure of generic model for all types of

wind turbines is shown in Figure 4. Black color represents

Figure 4. Generic block scheme of the wind turbine
models

the part, which is common for all wind turbine types (at
the same time, it is complete structure of SCIG model),
green color - DFIG structure, and red color - DDSG struc-
ture. There are the following major differences between
these three wind turbine types:

1. SCIG and DFIG use induction machine as a gen-
erator, while DDSG can be implemented with per-
manent magnet or electrically excited synchronous
machine.

2. SCIG does not contain any power electronics, while
the other concepts use rectifier, DC link and in-
verter: DFIG - in rotor circuits, DDSG - in stator
circuits of the machine.

3. Control circuits of DFIG and DDSG converters are
slightly different due to the reason mentioned in the
previous item.

It is also necessary to mention that certain variations in
the control concepts can be introduced, but they are not
shown in the generic model in order to keep it readable.
The more detailed description of generic model and struc-
ture of converters control blocks for different turbine types
will be given in the full paper.

V. Modeling of Direct Drive Wind Turbine

In this section a brief description of the model of the
direct drive wind turbine is given. Detailed information
can be found in [6, 7]. The model is set up in Mat-
Lab/Simulink. A direct drive variable speed wind tur-
bine is based on a rotor which is directly mounted on the
generator shaft and a power electronic converter which is
placed between the generator and the grid. Due to the
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power electronic converter the wind turbine can operate
at a variable speed. An overview of this concept is shown
in Figure 5. In the subsequent sections the main parts of

Figure 5. Direct-drive wind turbine

the wind turbine model are described.

A. Synchronous Generator

The model of a synchronous machine is normally de-
scribed in a d-q reference frame. For detailed calculations
of stator transients a 7th order model is used . In stabil-
ity studies however, transient phenomena are usually not
considered [8]. By neglecting the stator transients the 7th
order model reduces to a 5th order model. In the d-q ref-
erence frame the stator and rotor voltage equations are:
Stator voltages:

vd = Raid − ωψq

vq = Raiq + ωψd

(2)

Rotor voltages:

vE = REiE +
dψE

dt

0 = RDiD +
dψD

dt

0 = RQiQ +
dψQ

dt

(3)

For completing the synchronous machine model the flux
linkage and mechanical equations are required.
Stator flux linkage:

ψd = (Lhd + Lσ)id + LhdiE + LhdiD

ψq = Lhq + Lσ)iq + LhdiQ
(4)

Rotor flux linkage:

ψE = Lhdid + (LE)iE + (Lhd + LσL)iD
ψD = Lhdid + (Lhd + LσL)iE + (LD)iD
ψQ = Lhqiq + (Lhd + LσQ)iQ

(5)

with for LE and LD:

LE = (Lhd + LσL + LσE)
LD = (Lhd + LσL + LσD)

(6)

The mechanical equations of the synchronous machine
are:

J
dω

dt
= Tt + Te

dϑ

dt
= ω

(7)

B. Power Electronic Converter

The direct drive wind turbine makes use of power elec-
tronic converters. In modern wind turbines the grid-side
converter is normally realized by well known self commu-
tated pulse-width modulated circuits [6]. For the wind
turbine model a build in model of Power Factory is used.
When an ideal DC voltage is assumed the AC and DC
voltage can be related by (8).

|VAC | =
√

3
2
√

2
mVDC (8)

The pulse-with modulation index, m, is the control vari-
able of the PWM-converter and (8) is valid for 0 ≤ m < 1.
The converter model is completed by the power conserva-
tion equation:

VDCIDC +
√

3Re(V ACI∗AC) = 0 (9)

C. Power Electronics Controllers

The controllers of the applied power electronic convert-
ers are based on a current control loop. Each converter
have an own controller which build of two stages:

1. Fast current controller

2. Slow outer control loop

The fast current controller regulate AC currents in an AC-
voltage oriented reference frame. Hence the d-axis current
is the active current and the q-axis current is the reactive
current. A schematic diagram of the both current con-
trollers is depicted in Figure 6. The fast current controller

Figure 6. Power Electronic Converter including con-
trollers [6]

is based on a PI controller and controls id and iq. The ref-
erence currents are obtained from the slower outer control
loop which regulate the active and reactive power. Mod-
ern wind turbines make use of a maximum power tracking
(MPT) strategy. This means that the power dispatched
to the grid is permanently optimized and depended of the
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actual wind speed. The MPT-characteristic determines
the reference value, Pref , of the optimal power generated
by the wind turbine and Pref is used as an input value
of the slower control loop. The output of the slower con-
troller are the reference values for id and iq. The generator
side controller regulates the DC voltage. Here the current
references are defined by the AC and DC voltages. De-
tailed information of the controller concepts can be found
in [4, 6, 7].

VI. Results

The current measured during short circuit from grid
side is represented by the blue curve on Figure 7. From
the curve it appears that parameters of wind turbine con-
trollers were not properly adjusted. Although there is no
DC-component present in the curve, the current is not
symmetrical in respect to axis of abscissas (negative half-
wave of the current is cut). Simulations have been shown
that such a behavior cannot be achieved with simplified
fundamental frequency model of the converters. However,
positive half-wave of the current can be fitted well even
with simplified model. To achieve better approximation,
more elaborate modeling of converters is required. After
readjustment of controller parameters the current mea-
sured from the grid side has symmetrical form (sinusoidal
wave with presence of exponentially decaying component,
positive and negative half-waves are symmetrical). The
analytical expression, which is the best fit of the curve,
was found (see green curve on Figure 7) and shown in
(10).
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Figure 7. Short-circuit current contribution from the
grid and its analytical fitting

ireactor(t) = 0.15 sin(ωt) + 0.7 sin(ωt)e−14t (10)

This analytical expression is an approximation of short-
circuit current through Reactor 2. After that, the current
contribution from the turbine side was estimated by (11):

iturbine(t) = igrid(t) − ireactor(t) (11)

This current is plotted on Figure 8. From the curve it
can be seen that its shape is distorted due to saturation
of converter of the turbine (there appears large amount
of high order harmonics), and significant DC-component
is present in the curve.
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Figure 8. Estimation of short-circuit contribution
from wind turbine side
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