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Abstract-This paper describes a preliminary study of a 30 kW
doubly-fed induction generator (DFIG) used for wind turbine
applications. Wind represents a variable-speed intermittent
source of energy in nature and can be controlled to be a nearly
constant speed but variable-torque input to the wind turbine
using blade pitch angle regulation. Wind profile at the installation
site is investigated so as to derive parameterized wind speeds,
more importantly, the annual cubic-mean speed. This is taken
account into the machine design since the machine efficiency
varies with turbine mechanical inputs. By coordinating the loss
components, it is possible at the machine design stage to select the
maximum efficiency to be near the actual optimized load, in a
long run, to maximize the overall energy production of the
generator. The DFIG is modeled in Matlab with a vector control.
The total energy production is used as a key criterion to refine the
machine design.

I. INTRODUCTION

In recent years there has been a growing interest in
exploiting renewable energy sources for the generation of
electrical energy and, at this moment of time, it is wind energy
that is firmly in the spotlight. For wind turbine applications, the
doubly-fed induction generator (DFIG) has proved to be very
popular, especially for large wind farms. As a result, numerous
studies have been conducted to maximize the wind energy
capture [1][2], to optimize the control strategies [3][4], and to
investigate the impact of such machines when connected to an
electricity network [5][6].

Matching machine characteristics of the wind turbine
generators with site-specific wind profiles have been attempted
previously [1][2][7][8]. However, these machines are all oft-
the-shelf products. In essence, site matching is conducted by
predicting the maximum electricity generation from some
commercially available machines. In terms of machine design,
little effort has been made to match machine characteristics
with the site wind profile.

This study incorporates site-specific wind profiles into the
machine characteristics at the design stage by balancing the
loss components and by optimizing the efficiency-torque
characteristic. The ultimate purpose is to select the maximum
machine efficiency to be near the actual optimized load
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condition which corresponds to the cubic-mean wind speed of
the particular site selected.

The DFIG is modeled in Matlab with a typical vector control
for both torque and speed control. The total energy production
is used as a key criterion to refine the machine design.

II. LosS COMPONENTS AND MACHINE EFFICIENCY

In the literature, power losses and efficiency of induction
machines have been extensively investigated. Like other types
of induction machines, DFIGs also have five basic loss
components:

e Stator conductor loss — IR losses in the stator winding.

e Rotor conductor loss — 'R losses in the rotor winding.

e Core loss— power losses in active iron and other metal
parts in the stator and rotor. Stator core loss is a function
of actual magnetization voltage.

e Friction and windage losses — power losses due to
mechanical friction of bearings and internal cooling fans.
These losses are a function of actual shaft speed.

e Stray load loss— all other sources not accounted for by the
above four components. It is generally considered as being
proportional to the load torque squared [9]-[10].

Among these losses, the determination of the stray load loss
has been a challenge for a long time. This is due to its complex
mechanism and small magnitude. Therefore, empirical
methods of quantifying stray load loss are widely adopted [10].

The accurate determination of machine efficiency is a more
difficult task than it would appear. Firstly, the rated efficiency
figure alone is not sufficient for predicting the machine
performance under variable load conditions. This is
particularly the case in wind turbine applications where
machine input power constantly varies with wind speeds.

To make things worse, it is often the case that the maximum
efficiency of induction machines does not occur at the rated
load, nor the most frequently operating load. Previous research
[11] has suggested that the machine efficiency would reach its
peak value where the load-dependent losses equate the load-
independent losses. The former consists of stator conductor
loss, rotor conductor loss and stray load loss, and the latter,
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core loss, friction and windage losses. By coordinating these
loss components, it is possible to shift the maximum efficiency
close to any desired operational condition.

Fig. 1 shows such an example where the efficiency curve of
a 75 kW induction machine has been modified in the process
of machine rewinding, primarily by reducing the length of
stator windings. In effect, the decrease in the stator conductor
loss causes the maximum efficiency to move to a higher load
point. In simpler terms, loss balancing can be generally
considered as an issue of copper versus iron in the machine
design.

III. WIND PROFILE AND ANALYSIS

The long term wind profile provides fundamental
information for evaluation of available wind energy. In this
paper, annual wind speed data for a site in the Northeast
England have been obtained through the UK Meteorological
Office. As shown in Fig. 2 for a period of February 2006 to
January 2007, wind speeds for this site were varying
significantly.
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Fig. 2. Annual wind speed variations for the site

Wind speed data are commonly analyzed using statistical
methods, such as probability density function. Wind speeds can
be characterized as arithmetic mean, root mean and cubic mean
values. It is reported that the cubic mean wind speed is more
realistic compared to the arithmetic and root mean values [1].

The cubic mean wind speed is calculated using the equation
in [12].
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where ¥, is the mean wind speed, N is the number of wind

speed observations, and V; is the observed wind speed sample.
After the mean wind speed is derived, it needs to be

corrected to the hub height at the given site, using the equation

below,
Vm = le (H]
H

M
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where V, is the mean wind speed at the projected height, H is
the projected hub height, H, is the reference height where the
wind data are obtained (usually 10 m), and x is surface
roughness coefficient. For open land, x is usually taken as 1/7
[7].

This mean wind speed is then translated into an suitable
input power to the generator under rated condition, through the
wind turbine, gearbox and drive train. Loss balance is
conducted to shift the maximum efficiency close to this
condition. However, the effectiveness of this technique needs
to be verified by actual annual energy yield.

Energy production calculations are based on probability
density functions. Commonly, Weibull and Rayleigh
probability density functions are two types in use [13] but
Weibull is thought to provide a better approximation for wind
energy calculations [7].

The input power to a wind turbine at a particular site
depends on the wind speeds of the site with respect to its hub
height. More precisely, the power is a cubic function of wind
speeds. This is the reason why the cubic-mean wind speed is
effective to represent the wind profile. However, a wind
turbine can only utilize a portion of this incoming power,
subject to its characteristics, particularly the cut-in speed (V},),
the cut-out speed (V,y), and the rated speed (Viueq) of the wind
turbine. Fig. 3 illustrates the desired generator output
characteristics in relation to the wind speeds.

Ideally, the output power should be smooth and constant.
This is realized only for wind speeds above the rated. The rotor
speed is controlled with adjustable pitch actuators to shed the
aerodynamic power for the high wind speed region.

The overall power yield from the DFIG can be predicted by
multiplying the power produced at each discrete wind speed
and the probability of that wind speed occurring for this
particular site.
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Fig. 3. The DFIG load characteristics

IV. MODELING OF THE DFIG

The machine designed in this paper is a 4-pole 30 kW DFIG
and its specifications are listed in Table I. The nominal speed
of the DFIG is 1500 rpm with a torque of 191 Nm. The
operational speed ranges from 500 rpm up to 3500 rpm. The
target efficiency is at least 90% at rated load which means that
an overall system efficiency of 80% may be achieved, allowing
for some losses in the turbine, gearbox, drive train and power
electronics.

Stator and rotor conductor losses, and core loss are
calculated taking account of stator flux saturation. Friction and
windage losses are estimated using the data from the bearing
and fan manufacturers. Stray load loss is assumed to be 1.8%
of output power as suggested in the IEEE standard 112 method
E [9].

The DFIG is coupled to the turbine through a gearbox. The
stator winding is directly connected to power grid through a
step-up transformer and the rotor winding is connected to
back-to-back power converters through slip rings.

TABLE 1
MACHINE SPECIFICATIONS

Parameter Rated value
Voltage (V) 415V
Current (A) 49 A
Frequency (Hz) 50 Hz
Speed (rpm) 1500 rpm
Torque (Nm) 191 Nm
Stator resistance 0.6 Q
Rotor resistance 0.258 Q
Stator inductance 0.0844 H
Rotor inductance 0.0821 H
Leakage inductance 0.0803 H

The DFIG is controlled by power converters with reduced
power rating through the rotor-side inverter. As shown in Fig.
4, this is a stator flux oriented oaf-frame DFIG model a vector
control. The voltage applied on stator winding is therefore
changed to af-frame. The input is /.4 and /.4 and the output of
the model is the 3-phase current in the stator and rotor.

In the simulation, 14 is set to zero initially and 7,4 is modified
to get proper torque. By changing the I, reference, the desired
torque can be achieved which is proportional to /4. After this,
the current in stator and rotor can be found as well as the stator
and rotor conductor losses.

V. NUMERICAL RESULTS AND DISCUSSION

Having acquired the loss information by Matlab and
empirical data, the machine efficiency is then computed for a
particular input condition. By repeating this process across the
whole load range, a complete efficiency curve can be obtained.
Power loss coordination is then conducted in Matlab and this
provides guidance on which loss component to modify in order
to match the maximum efficiency with the cubic-mean wind
speed. This “best possible” power yield is also used to validate
the machine design.

The efficiency curve at various load conditions is shown in
Fig. 5. It can be seen that the maximum efficiency is achieved
at approximately 90% load condition where the fixed losses
(core and WF losses) are equal to the variable losses (stator,
rotor conductor losses, and stray load loss).

As the winding of the DFIG has great impact on produced
torque. The efficiency data varied with the stator inductance
are also investigated based on the assumption of the equal
utilization of copper. This is conducted by modifying the stator
and rotor inductance which may be subject to the winding
arrangement. In this process, the ratio of stator and rotor
inductance is kept constant. In adjusting the value of /4 to
attain the rated torque, the current in the stator and rotor ([
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Fig. 5. Efficiency varied with load torque
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Fig. 4. Vector control of the DFIG

and /) can be derived as well as the corresponding conductor
losses.

From Fig. 6, it can be seen that the efficiency tends to reduce
as the stator inductance increases in the range of 0.08-0.14
Henrys. This observation is used for refining the machine so as
not to increase the stator inductance when altering the stator
winding design in loss balancing.

VI. CONCLUSIONS

The paper has presented a preliminary study of a site-
specific DFIG for variable-speed wind turbine applications.
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Fig. 6. Efficiency varied with stator inductance

The wind speed characteristics are attained in this study to
derive a parameterized wind model for calculation of input
power to the wind turbine generator. Modeling of the machine
under a particular input condition provides information of
stator and rotor conductor losses and core loss. Friction and
windage losses are based on the manufacturers’ data while
stray load loss is estimated using the empirical factor suggested
by the IEEE 112-E. A full efficiency curve is then used to
derive a total energy production which serves as a refinement
criterion for the machine design. Loss coordination is
conducted in Matlab so as to shift the maximum efficiency to
the desired operational condition corresponding to the cubic-
mean wind speed.

In the further work, the site-matching machine design can be
considered in more detailed variations, such as various stator
and rotor winding types and slot representations. The refined
machine can be validated by calculating the maximum energy
production.
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