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ABSTRACT

The main aim of this paper is the analysis of the doubly-fed induction generator (DFIG). For a Wind tur-
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bines (WTs) application both during steady-state operation and transient operation. In order to analyze the
DFIG during transient operation both the control and the modeling of the system is of importance. Hence, the control and the mod-
eling are also important parts of the thesis. The main contribution of this paper is dynamic and steady-state analysis of the DFIG. And
in this paper an investigation of the influence of the converter’s size on the energy production for a DFIG system is analyzed. A general
rotor current control law is derived for the DFIG system. The grid-fault response of a DFIG wind turbine system is studied. And finally
analyze, dynamically and in the steady state, two different voltage sag ride-through systems for the DFIG.

INTRODCUTION

Computer-aided design (CAD) is the use of computer systems
to assist in the creation, modification, analysis, or optimization
of adesign. CAD software is used to increase the productivity
of the designer, improve the quality of design, improve com-
munications through documentation, and to create a database
for manufacturing. CAD output is often in the form of electronic
files for print, machining, or other manufacturing operations.

The Swedish Parliament adopted new energy guidelines in
1997 following the trend of moving towards an ecologically
sustainable society. The energy policy decision states that the
objective is to facilitate a change to an ecologically sustainable
energy production system. The decision also confirmed that the
1980 and 1991 guidelines still apply, i.e., that the nuclear power
production is to be phased out at a slow rate so that the need for
electrical energy can be met without risking employment and
welfare. The first nuclear reactor of Barseback was shut down
30th of November 1999. Nuclear power production shall be
replaced by improving the efficiency of electricity use, conver-
sion to renewable forms of energy and other environmentally
acceptable electricity production technologies [1]. According
to [2] wind power can contribute to fulfilling several of the na-
tional environmental quality objectives decided by Parliament
in 1991.

Wind turbines (WTs) can either operate at fixed speed or vari-
able speed. For a fixed- speed wind turbine the generator is
directly connected to the electrical grid. For a variable- speed
wind turbine the generator is controlled by power electronic
equipment. There are several reasons for using variable-speed
operation of wind turbines; among those are possibilities to re-
duce stresses of the mechanical structure, acoustic noise reduc-
tion and the possibility to control active and reactive power [2].
Most of the major wind turbine manufactures are developing
new larger wind turbines in the 3-to-5-MW range [3]. These
large wind turbines are all based on variable-speed operation
with pitch control using a direct- driven synchronous generator
(without gearbox) or a doubly-fed induction generator (DFIG).
Fixed-speed induction generators with stall control are regard-
ed as unfeasible [3] for these large wind turbines. Today, dou-
bly-fed induction generators are commonly used by the wind
turbine industry (year 2005) for larger wind turbines [4, 5, 6, 7].

The major advantage of the doubly-fed induction generator,
which has made it popular, is that the power electronic equip-
ment only has to handle a fraction (20—30%) of the total sys-
tem power [8, 9, 10]. This means that the losses in the power
electronic equipment can be reduced in comparison to power
electronic equipment that has to handle the total system power
as for a direct-driven synchronous generator, apart from the
cost saving of using a smaller converter.

Review of Related Research

According to [12] the energy production can be increased by
2—6% for a variable-speed wind turbine in comparison to a
fixed-speed wind turbine, while in [13] it is stated that the in-

crease in energy can be 39%. In [14] it is shown that the gain
in energy generation of the variable-speed wind turbine com-
pared to the most simple fixed-speed wind turbine can vary
between 3—28% depending on the site conditions and design
parameters. Efficiency calculations of the DFIG system have
been presented in several papers, for instance [15, 16, 17]. A
comparison to other electrical systems for wind turbines are,
however, harder to find. One exception is in [16], where Datta
et al. have made a comparison of the energy capture for vari-
ous WT systems. According to [16] the energy capture can be
significantly increased by using a DFIG. They state an increased
energy capture of a DFIG by over 20% with respect to a variable-
speed system using a cage-bar induction machine and by over
60% in comparison to a fixed-speed system. One of the reasons
for the various results is that the assumptions used vary from
investigation to investigation. Factors such as speed control
of variable-speed WTs, blade design, what kind of power that
should be used as a common basis for comparison, selection of
maximum speed of the WT, selected blade profile, missing facts
regarding the base assumptions etc, affect the outcome of the in-
vestigations. There is thus a need to clarify what kind of energy
capture gain there could be when using a DFIG WT, both com-
pared to another variable-speed WT and towards a traditional
fixed-speed WT.

In the literature there are some different methods to modify the
DFIG system in order to accomplish voltage sag ride-through
proposed. In [20] anti-parallel thyristors is used in the stator
circuit in order to achieve a quick (within 10 ms) disconnection
of the stator circuit, and thereby be able to remagnetize the gen-
erator and reconnect the stator to the grid as fast as possible.
Another option proposed in [72] is to use an “active” crowbar,
which can break the short circuit current in the crowbar. A third
method, that has been mentioned earlier, is to use an additional
converter to substitute the Y point of the stator circuit [21, 22].
In [22], Kelber has shown that such a system can effectively
damp the flux oscillations caused by voltage sags. All of these
systems have different dynamical performance. Moreover, the
efficiency and cost of the different voltage sag ride-through sys-
tem might also influence the choice of system. Therefore, when
modifying the DFIG system for voltage sag ride through it is
necessary to evaluate consequences for cost and efficiency. Any
evaluation of different voltage sag ride-through methods for
DFIG wind turbines and how they affect the efficiency is hard
to find in the literature. Consequences for the efficiency is an
important issue since, as mentioned earlier, one of the main ad-
vantage with the DFIG system was that losses of the power elec-
tronic equipment is reduced in comparison to a system where
the power electronic equipment has to handle the total power.
Moreover, it is necessary to compare the ride-through system
with a system that utilizes a full-power converter, since such
a system can be considered to have excellent voltage sag ride-
through performance (as also will be shown in Chapter 7) [23].

WIND ENERGY SYSTEMS
In this section, properties of the wind, which are of interest in
this thesis, will be described. First the wind distribution, i.e., the
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probability of a certain average wind speed, will be presented.
The wind distribution can be used to determine the expected
value of certain quantities, e.g. produced power. Then different
methods to control the aerodynamic power will be described.
Finally, the aerodynamic conversion, i.e., the so-called ¢, 5)
curve, will be presented.

Energy Efficiency of Wind Turbines
This study focuses on

1. Reducing the magnetizing losses of the DFIG system

2. Influence of the converter’s size on the energy production
(i.e., smaller converter implies a smaller variable-speed range
for the DFIG system) and finally

3. Comparison of the DFIG system to other electrical sys-
tems.

In order to make the comparison as fair as possible the base as-
sumption used in this work is that the maximum (average) shaft
torque of the wind turbine systems used should be the same.
Moreover, the rated WT power used in this chapter is 2 MW.

Evaluation of the Current Control of Doubly-Fed Induction
Generators

In this section the current control law derived for the DFIG in
the previous chapter is analyzed with respect to eliminating
the influence of the back EMF, which is dependent on the stator
voltage, rotor speed, and stator flux, in the rotor current. Fur-
ther, stability analysis of the system is performed for different
combinations of these terms in both a stator-flux and grid-flux-
oriented reference frame, for both correctly known and errone-
ously parameters.

Evaluation of Doubly-Fed Induction

Generator Systems.

For example, the rotor current dynamics and the grid-filter cur-
rent dynamics are controlled by a high-gain feedback, it is pos-
sible to force the system to have both slow and fast time scales,
i.e., the system behaves like a singularly perturbed system [57].
This means, that the rotor and grid-filter current can be as-
sumed to follow their reference values accurately.

As pointed out in the Introduction, the flux dynamics of the DFIG
are strongly influenced by a pair of poorly damped poles, with
an oscillating frequency close to 1 pou,, i.e. close to the line fre-
quency. If the current control loop is much faster than the flux
dynamics, it is sufficient to study only the flux dynamics and put
the rotor current to its reference value.

Implementation in Grid Simulation Programs

Some grid simulation programs can handle three-phase instan-
taneous quantities. Examples are EMTDC and Simpow. Other
programs are designed to handle the voltages as phasors, and
for these programs, 50-Hz oscillations in the output quantities
cannot be captured, since the time step is often too large for
these oscillations; an example is PSS/E. However, when handling
simulations of large syste it may not be possible to use such
a short time step (about 5 ) as is required in order to simu-
late the control of the DFIG system. The suggested approach is
to simply ignore the 50-Hz oscillations when the DFIG system
is implemented in simulations with long time steps, as long as
the disturbances are small enough not to cause the rotor to be
short-circuited. For this case, a steady-state model of the DFIG
is sufficient. However, if a disturbance is large enough to cause
the rotor to be short-circuited, the machine will act as a stand-
ard squirrel-cage induction machine which can be adequately
modeled with a fifth-order model of the induction machine [83].

As pointed out in [84, 60], the stator flux transients may be neg-
ligible from the power system stability analysis point of view.
This means that if stator flux transients are negligible a steady-
state model of the DFIG dynamics are sufficient as long as the
rotor circuit is not short-circuited due to a too large grid dis-
turbance.

In this section, simulations and experimental verification of
the dynamic response to voltage sags of a DFIG wind turbine
were presented. Simulations were carried out using a full order
model and a reduced-order model. Both models produced ac-
ceptable results. Perfect correspondence with experiments was
not expected since the simulations were carried out on a ficti-
tious DFIG wind turbine. The response to symmetrical as well
as unsymmetrical voltage sags was verified.

CONCLUSIONS

The electrical energy efficiency of wind turbines systems
equipped with doubly-fed induction generation in comparison
to other wind turbine generator system has been investigated.
It was found that the energy efficiency of a doubly-fed induction
generator system is a few percentage units higher compared to
a system using a cage-bar induction generator, controlled by a
full-power convertor. In comparison to a direct-driven perma-
nent-magnet synchronous generator, controlled by a convertor
or a two-speed generator system the difference in energy effi-
ciency was found to be small. Moreover, the convertor losses of
the doubly-fed induction generator can be reduced if the avail-
able rotor-speed range is made smaller. However, the aerody-
namic capture of the wind turbine is reduced with a smaller
rotor-speed range. This means that the increased aerodynamic
capture that can be achieved by a larger convertor has, thus, a
greater impact than the increased convertor losses. Finally, two
methods to reduce the magnetizing losses of the doubly-fed in-
duction generator system, have been investigated. It was found
that the method, utilizing a Y-A switch in the stator circuit had
the largest gain in energy, of the two investigated methods.

Voltage sag ride-through capabilities of some different variable-
speed turbines have been investigated and compared. A vari-
able-speed wind turbine with a full-power convertor system
can handle voltages sags very well. Two candidates methods
for improving the voltage sag ride-through capability of DFIG
variable-speed wind turbines have been investigated. One o the
methods still suffers, at least initially, from high fault currents,
while the other method seems to have similar dynamical perfor-
mance as the full-power convertor system. However, the control
of the latter method is much more complicated than that of the
full-power convertor system without ride through capability.
The energy production cost of the full-power convertor system
was found to be three percentage units higher than that of the
ordinary DFIG system without ride through capability. The two
DFIG candidates methods have approximately the same energy
production cost, which is approximately 1.5 percentages units
higher in comparison to the ordinary DFIG system.

Finally, a non-linear rotor resistance control law has been de-
rived with the objective of minimizing the flicker contribution
of a stall-controlled fixed-speed wind turbine to the grid. It has
been found that the flicker contribution can be reduced with 40-
80%, depending on the operating condition, with the derived
control law.

Future Research

The following topics are proposed for future research.

- Development of a unified estimator for both stator-flux and
grid-flux field orientation. Since the flux dynamics are poor-
ly damped, a desired property would be a relatively good
damping of the flux dynamics.

More through dynamic, steady-state, and experimental
analysis of the3 voltage sag ride-through systems for the
DFIG wind turbine. In addition, it is essential to study the
hardware configuration of the voltage sag ride-through sys-
tems.

Development of mathematical models of wind turbines
with voltage sag ride-through properties. Experimental
evaluation of the developed models with commercial wind
turbines with voltage sag ride-through properties.
Derivation of analytical expressions for the response of the
DFIG to unsymmetrical voltage sags.
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