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Comparison of Direct-Drive and Geared Generator
Concepts for Wind Turbines
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Abstract—The objective of this paper is to compare five differ-
ent generator systems for wind turbines, namely the doubly-fed in-
duction generator with three-stage gearbox (DFIG3G), the direct-
drive synchronous generator with electrical excitation (DDSG),
the direct-drive permanent-megnet generator (DDPMG), the
permanent-magnet generator with single stage gearbox (PMG1G),
and the doubly-fed induction generator with single-stage gearbox
(DFIG1G). The comparison is based on cost and annual energy
yield for a given wind climate. The DFIG3G is a cheap solution
using standard components. The DFIG1G seems the most attrac-
tive in terms of energy yield divided by cost. The DDPMG has the
highest energy yield, but although it is cheaper than the DDSG, it
is more expensive than the generator systems with gearbox.

Index Terms—Direct-drive, doubly fed induction generator
(DFIG), permanent-magnet generator, single-stage gearbox, syn-
chronous generator, wind turbine.

1. INTRODUCTION

HE objective of this paper is to compare five different
T generator systems for wind turbines, namely the doubly-
fed induction generator with three-stage gearbox (DFIG3G),
the direct-drive synchronous generator with electrical exci-
tation (DDSG), the direct-drive permanent-magnet generator
(DDPMG), the permanet-magnet generator with single stage
gearbox (PMG1G) and the doubly-fed induction generator with
single-stage gearbox (DFIG1G).

The three most commonly used generator systems for wind

turbines are as follows [1], [2].

1) Until the late 1990s, most wind turbine manufacturers
built constant-speed wind turbines with power levels be-
low 1.5 MW using a multistage gearbox and a standard
squirrel-cage induction generator, directly connected to
the grid.

2) Since the late 1990s, most wind turbine manufacturers
have changed to variable speed wind turbines for power
levels from roughly 1.5 MW, mainly to enable a more flex-
ible match with requirements considering audible noise,
power quality, and energy yield. They have used a multi-
stage gearbox, a relatively low-cost standard DFIG and a
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Fig. 1. Photo of a 1.5-MW direct-drive wind turbine with permanent-magnet
generator of Zephyros. Source: Zephyros BV.

power electronic converter feeding the rotor winding with
a power rating of approximately 30% of the rated power
of the turbine.

3) Since 1991, there have also been wind turbine manufac-
turers proposing gearless generator systems with the so-
called direct-drive generators, mainly to reduce failures in
gearboxes and to lower maintenance problems. A power
electronic converter for the full-rated power is then neces-
sary for the grid connection. The low-speed high-torque
generators and the fully rated converters for these wind
turbines are rather expensive.

Most direct-drive turbines being sold at the moment have syn-
chronous generators with electrical excitation. However, [3]-[7]
claim benefits for permanent magnet excitation, which elim-
inates the excitation losses. In this paper, this difference is
quantified. Fig. 1 depicts an example of a wind turbine with
a permanent-magnet direct-drive generator [8].

For the increasing power levels and decreasing speeds, these
direct-drive generators are becoming larger and even more ex-
pensive. Therefore, it has been proposed to use a single-stage
gearbox (with a gear ratio in the order of 6 or higher) and a
permanent-magnet generator [7]. This system, called the multi-
brid system, is illustrated in Fig. 2.

On the one hand, the resulting system combines some of
the disadvantages of both the geared and direct-drive systems:
the system has a gearbox and it has a special and therefore
expensive generator and a fully rated converter. On the other
hand, compared to direct-drive systems, a significant decrease

0885-8969/$20.00 © 2006 IEEE
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The rotor is combined to the power unit using a custom-made three-row roller bearing (1).
The roller bearing transfers the rotor loads directly to the main casing past the planetary gear
and generator.

The single-stage planetary gear (2) increases the rotating speed from B-25 rpm to 44-146 rpm.
The low speed permanent magnet generator (3) produces the electricity.

The rotational spead of rotor is controllad by three independent electric pitches (4).

Fig. 2. Sketch of the system with a single-stage gearbox. Source: WinWinD.

in the generator cost and an increase in the generator efficiency
can be obtained.

Further, the question arises whether this system with a single-
stage gearbox could be used in combination with a DFIG. Be-
cause the generator torque is still rather high and the speed rather
low, the generator can be expected to have a large diameter
and air gap, and therefore a high magnetizing current and high
losses. However, the rating of the converter could be reduced to
roughly 30%, giving an important benefit in cost and efficiency.
This new system is introduced and further investigated in this
paper.

For both systems with a single-stage gearbox, the use of a
gearbox leads to a significant reduction of the external dimen-
sions, enabling the installation of such a 3-MW wind turbine on
locations that are currently limited from a logistic point of view
to 1.5-MW turbines.

The objective of this paper, therefore, is to compare five wind
turbine generator systems, namely:

1) the DFIG3G as currently used;

2) the DDSG as currently used;

3) the DDPMG;

4) the PMGIG;

5) the DFIGIG.

To compare the five generator systems, a 3-MW, 15-r/min
wind turbine is used. For this turbine, an approximate design
of the generators is made to get indications of weight and cost.
The differences in annual energy yield are calculated for a given
wind climate. This comparison and the proposal to use a DFIG
in combination with a single-stage gearbox are the original con-
tributions of this paper.

An early comparison of the efficiency of three wind turbine
generator systems is given in [9]. In [6] and [7], more genera-
tor systems were compared and more criteria were taken into
account. The contribution of this paper is that it introduces the

TABLE I
MODELING CHARACTERISTICS

Wind turbine characteristics
Rated grid power (MW) 3
Rotor diameter (m) 90
Rated wind speed (m/s) 12
Rated speed (rpm) 15
Optimum tip speed ratio (blade tip speed divided by wind speed) 8
Maximum aerodynamic rotor efficiency (%) 48
Mass density of air (kg/m®) 1.225
Generator material characteristics
Slot filling factor ky 0.6
Remanent flux density of the magnets B,,, (T) 1.2
Recoil permeability of the magnets z,, 1.06
Resistivity of copper at 120° pr, (LQm) 0.025
Eddy-current losses in laminations at 1.5 T and 50 Hz Pp.p. (W/kg) 0.5
Hysteresis losses in laminations at 1.5 T and 50 Hz P, (W/kg) 2
Loss modeling
Maximum losses in a single-stage gearbox Pyearm (kW) 45
Maximum losses in a three-stage gearbox Pgearm (kW) 90
Maximum losses in a 3 MW VSI P, (kW) 90
Maximum losses ina 1 MW VSI P, (kW) 30
Cost modeling
Single-stage gearbox (ratio 6) cost (kEuro) 120
Three-stage gearbox (ratio 80) cost (kEuro) 220
Power electronics cost (Euro/kW) 40
Laminations cost (Euro/kg) 3
Copper cost (Euro/kg) 15
Permanent magnet cost (Euro/kg) 25
Rest of wind turbine cost (kEuro) 1300
Margin for company profit (kEuro) 250

DFIG1G, and compares it with four other generator systems.
It also quantifies the difference between the electrical-excited
direct-drive generator and the PM direct-drive generator.

The paper starts with a section about modeling of the wind
turbine, the gearbox, the converter, and the generator. Next the
five generator designs are briefly described and the resulting
performance is given. The paper concludes with a comparison
of the five generator concepts.

II. MODELING THE GENERATOR CONCEPTS
A. Wind Turbine Modeling

Table I gives the characteristics of the wind turbine that was
used to compare the different generator systems. Using these
characteristics, the available shaft power P can be calculated as
a function of the wind speed as [2], [10]

P= %paiGC()\, 0)mrivd (1)
where p,;- is the mass density of air, r is the wind turbine
rotor radius, vy, is the wind speed, and Cp, (A, ) is the power
coefficient or the aerodynamic efficiency, which is a function of
the tip speed ratio A (tip speed divided by wind speed) and the
pitch angle 6.

Fig. 3 illustrates the rotor speed, which is assumed to be pro-
portional to the wind speed at maximum aerodynamic efficiency
at low wind speeds and equal to the rated rotor speed at higher
wind speeds (above 9 m/s). At wind speeds above the rated
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Fig. 3. Rotor speed and Weibull distribution of the wind as a function of wind
speed.

wind speed, the blades are pitched to reduce the aerodynamic
efficiency and so the power.

For energy yield calculations, an average wind speed of 7 m/s
with a Weibull distribution [10] is used as illustrated in Fig. 3.
Integrating the area below the curve gives a value of 1.

Table I also gives some approximate numbers for the cost of
the rest of the wind turbine. Because the paper concentrates on
the generator system, these numbers are not extensively vali-
dated and must be seen only as indicators.

B. Gearbox Modeling

The gear ratio of the single-stage gearbox is chosen as 6.
Some references suggest higher gear ratios [7]. However, at the
moment, this is not seen as proven technology with a guaranteed
lifetime. From the commercially available gearboxes, it appears
to be cheaper to use gearboxes with more stages for higher gear
ratios. A cost estimate of the gearbox is given in Table I.

According to [11], a viscous loss of 1% of the rated power
per gearbox stage is a reasonable model. This means that the
losses are proportional to the speed

n

Pgearm
Nrated

P, gear — (2)
where Pyearm is the loss in the gearbox at rated speed (3%
of rated power for a three-stage gearbox [11] and 1.5% for a
single-stage gearbox, see Table I), n is the rotor speed (r/min),
and nyateq 1S the rated rotor speed (r/min).

C. Converter Modeling

A back-to-back voltage source inverter is used to ensure that
the generator currents and the grid currents are sinusoidal. A
cost estimate is given in Table 1.

There are various ways of modeling converter losses [12].
The model used here divides them into three parts [13]:

1) a small part that is constant and consists of power dis-
sipated in power supplies, gate drivers, control, cooling
systems and so on [9];

2) alarge part that is proportional to the current and consists
of switching losses and conduction losses;

3) a part that is proportional to the current squared and con-
sists of conduction losses because the on-state voltage of
a semiconductor increases with the current.

Therefore, the losses in the converter P,,,, are modeled as

P, I 12 I I2
Pconv — convm 1 1 7S S 1 7g 7g
a1 + OIsm+513m+ olgm+5lgm

3)

where Ponvm 1S the dissipation in the converter at rated power
(3% of the rated power of the converter, see Table I), I is the
generator side converter current , I, is the maximum generator
side converter current, I, is the grid side converter current, and
Iy, is the maximum grid side converter current.

D. Generator Modeling

The different generators are modeled using equivalent circuit
models. This section describes the equations used to determine
the parameters of the equivalent circuit. The machine parameters
are calculated in conventional ways [9].

The following assumptions are used in the calculations.

1) Space harmonics of the magnetic flux density distribu-
tion in the air gap are negligible; only the fundamental is
considered.

2) The magnetic flux density crosses the air-gap perpendic-
ularly.

Slot, air-gap, and end-winding leakage inductances are cal-

culated as given in [14]. The magnetizing inductance of an AC
machine is given by [14], [15]

L o GMOZSTS(kw]\/vs)2
o P2 gert™

where [y is the stack length in axial direction, ry is the stator
radius, N is the number of turns of the phase winding, ky, is
the winding factor [14], [15], p is the number of pole pairs, and
gest 18 the effective air gap.

The effective air gap of the machine depends on the type of
machine. For all machine types, it can be written as

4

I
Geft = ksatkcskor (g + ) (5)

,U/rm
where kg, is a factor representing the reluctance of the iron in
the magnetic circuit, k¢ is the Carter factor for the stator slots
[14], k¢, is the Carter factor for the rotor slots (if present) [14], g
is the mechanical air gap, 1,1, is the relative recoil permeability
of the magnets, and [, is the magnet length in the direction of the
magnetization (which is zero in a machine without permanent
magnets).
The Carter factor is given by [14], [16]
Ts
Ts — 917

I
g=9+—
I

rm

4 (b beo beo \
v = — | —arctan () —log/1+ ( - > 6)
T\ 201 2q1 201

where 75 is the slot pitch and by, is the slot opening width.
The factor representing the reluctance of the iron of the mag-
netic circuit is calculated as [17]

kc =

lFe

ksat = 1+ Hredlre

)

gdeff Jo

where Hp, is the magnetic field intensity in the iron, estimated
from the BH curve.
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Fig. 4. Sketch of a cross section of four poles of a permanent magnet syn-
chronous machine with full pitch winding.

In permanent-magnet machines, this factor representing sat-
uration is much smaller than in the other machines because the
effective air gap is much larger due to the low permeability of
the magnets.

Using Ampere’s circuital law, the BH characteristic of a rare-
earth permanent magnet and the magnetic flux continuity, the
flux density above a magnet in the air gap of a permanent-magnet
machine (Fig. 4) can be calculated as [15]

Im
Bg - 7Brm (8)
HrmGeff

where B, is the remanent flux density of the magnets (1.2 T).
Using Fourier analysis, the fundamental space harmonic of
this flux density can be calculated as [15], [16]

N m 4
By = —m gL (”bp) )
Hrmeff ™ 27_p

where T, is the pole pitch and by, is the width of the magnet.
The no-load (motional) voltage induced by this flux density
in a stator winding can be calculated as [15], [16]

E, = V 2k Nowmrsls Bg

(10)

where wy, is the mechanical angular speed of the rotor.
The copper losses are calculated from the currents and the
resistances. The phase resistance is calculated as

o pCulCuS
s =
ACus

where pc,, is the resistivity of copper, Acys is the cross-sectional
area of the conductor, and /¢y is the length of the conductor of
the phase winding.

The length of the conductor is calculated as the number of
turns multiplied by the length of a turn, where the length of a
turn is estimated as twice stack length (in the slots) plus four
times the pole pitch (for the end windings)

lous = Ns(2l5 + 47).

D

12)

The cross-section area of the conductor is the available slot
area multiplied by the fill factor divided by the number of turns
per slot:

qusﬁlbsav hs
A us — T aNr
C Ns

where ¢ is the number of slots per pole per phase, kg is the slot
fill factor (60%), b,y is the average slot width, and h is the slot
height.

13)

The specific iron losses (the iron losses per unit mass) are
calculated using [14], [15]

~ 2
fe) BFe
Pro = 2Ppeo, [ 22 .
F F0h<f0 <B0>
£\ Bre )
2Preve | 5 e 14
" “(fo> (BO> (1

where f, is the frequency of the field in the iron, Pgegy is the
hysteresis loss per unit mass at the given angular frequency f,
and flux density By (Table I), and Prege is the eddy current loss
per unit mass at the given angular frequency fj and flux density
By (Table I).

The factor 2 is included in this equation because the flux den-
sities do not change sinusoidally and they are not sinusoidally
distributed, which increases the iron losses. High quality lami-
nations are used to limit the iron losses in the generators with
higher frequencies.

To calculate the total iron losses, the specific iron losses in
the different parts (teeth and yokes) are evaluated, multiplied by
the weight of these parts, and added.

To find out the cost of a generator, the masses of iron, copper,
and magnets are calculated and multiplied by the assumed cost
per kilogram of the material (see Table I).

III. GENERATOR DESIGN AND PERFORMANCE
A. DFIG3G

The number of pole pairs of the DFIG3G is chosen as 3.
Because the stator is directly connected to the 50-Hz grid, the
synchronous speed is 1000 r/min. With a gear ratio of 80, the
rated speed of the generator is 1200 r/min, so that at rated speed,
there is still some margin for control purposes.

The DFIG3G has an air-gap radius of 0.42 m and a stack
length of 0.75 m. Other important dimensions are given in
Table II.

Fig. 5 depicts two induction-machine equivalent circuits. The
rotor side parameters are all referred parameters. The parame-
ters of the second equivalent circuit can be calculated from the
parameters of the first in the following way [15]:

Ls = Ly + Lgm;
R.I2
TR,
LS(TLS LI‘O'LQ
Ly = = 1
L= (15)

To simplify the calculations, the second equivalent circuit
has been used. It is further assumed that the converter controls
the rotor current in such a way that the magnetizing current is
confined to the stator and that the transformed rotor current Ir
is in phase with the voltage applied to the inductance L.

Fig. 6 depicts some results from the model as a function of
the wind speed. Voltage, current, power, generator efficiency,
generator system efficiency (including losses in the converter
and the gearbox), and losses are depicted. The annual energy
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TABLE II
MAIN DIMENSIONS, PARAMETERS, WEIGHTS, COST, AND ANNUAL
ENERGY OF THE FIVE GENERATOR SYSTEMS

DFIG DD| DD| PMG| DFIG
3G SG| PMG 1G 1G
Generator dimensions
Stator radius ry (m) 0.42 2.5 2.5 1.8 1.8
Stack length /s (m) 0.75 1.2 1.2 0.4 0.6
Number of pole pairs p 3 40 80 56 40
Number of slots per pole per phase g 6 2 1 1 2
Air gap g (mm) 1 5 5 3.6 2
Stator slot width bs (mm) 12.9 15 15 15 11
Stator tooth width by, (mm) 11.5 18 18 19 12.5
Stator slot height Ay (mm) 60 80 80 80 60
Stator yoke height A, (mm) 100 60 40 40 50
Rotor slot width b,, (mm) 10 - - - 10
Rotor tooth width b,; (mm) 11.5 - - - 125
Rotor slot height 4, (mm) 60 - - - 60
Rotor yoke height 4, (mm) 100 60 40 40 50
Pole/magnet height %, / [,, (mm) - 140 15 15 -
Rotor pole width b, (mm) - 137 79 82 -
Generator parameters
Main inductance L, (mH) 99 46 4| 0.88 17
Stator leakage induct. Ly (mH) 0.99 8.2 7.3 1.4 1.7
Stator resistance Ry (mQ) 26 119 88 22 44
Rotor leakage induct. L., (mH) 1.2 - - - 1.8
Rotor resistance R, (mQ) 35 - - - 48
Generator material weight (ton)
Iron (ton) 4.03| 325| 18.1| 437| 865
Copper (ton) 121 126 43 133 272
PM (ton) - - 1.7 0.41 -
Total (ton) 525 451 24.1| 6.11| 11.37
Cost (kEuro)
Generator active material 30 287 162 43 67
Generator construction 30 160 150 50 60
Gearbox 220 - - 120 120
Converter 40 120 120 120 40
Generator system cost 320 567 432 333 287
Other wind turbine parts appr. 1300 1300 1300| 1300] 1300
Margin for company costs 250 250 250 250] 250
Total cost 1870 2117| 1982| 1883 | 1837
Annual energy
Copper losses (MWh) 82 456 189 48 232
Iron losses (MWh) 70 40 89 123 123
Converter losses (MWh) 78 243 235 232 79
Gearbox losses (MWh) 533 - - 273 267
Total losses (MWh) 763 739 513 674 701
Energy yield (GWh) 773 7.88| 8.04| 7.84| 7.80
Annual energy yield / total cost
(kWh/Euro) | 413] 372] 405] 416] 425

dissipation, determined from a combination of the losses with
the Weibull distribution, is also depicted in Fig. 6. Table II gives
the annual energy yield and the annual dissipation. It also gives
cost estimates.

The losses in the gearbox dominate the losses in this generator
system: Roughly 70% of the annual energy dissipation in the
generator system is in the gearbox.

B. DDSG

The air-gap diameter of the DDSG is chosen to be 5 m. From
the electromagnetic point of view, larger air-gap diameters are
better, but mechanical design, construction and transportation

J.-S RS LSO' LI‘O‘ RI' I
+
US sm
Fig. 5. IEEE recommended equivalent circuit of the induction machine and

the applied I'-type equivalent circuit [15].
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Fig. 6. Characteristics of the DFIG3G.
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Fig. 7. Sketch of a linearized cross section of two poles of an electrically

excited synchronous machine.

become more difficult. This 5-m air-gap diameter is a compro-
mise between these criteria.

Fig. 7 depicts a cross section of two poles of the machine. The
number of slots per pole per phase is two. Increasing this number
makes the machine heavier and more expensive because of the
increasing dimensions of end-windings and yokes. Decreasing
this number results in a significant increase in the excitation
losses, mainly in part load. Table II gives some other important
dimensions.

Fig. 8 depicts the equivalent circuit of the DDSG and the ap-
plied phasor diagram. The phase current leads the phase voltage
a little in order to reduce saturation and excitation losses while a
larger rating of the converter is not necessary. A more extensive
description of the model for saturation is given in [17].
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Fig. 8. Equivalent circuit of the DDSG and the applied phasor diagram.
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Fig. 9. Characteristics of the DDSG.

Fig. 9 depicts some results from the model as a function of
the wind speed: voltage, current, power, generator efficiency,
generator system efficiency (including losses in the converter),
and losses. The annual energy dissipation, determined from a
combination of the losses with the Weibull distribution is also
depicted in Fig. 9. Table II gives the resulting annual energy
yield and the annual dissipation. It also gives estimated costs.
The generator construction is assumed to cost €160 000.

The main sources of losses in this system are the copper losses
in the stator and the rotor. They could be reduced by using more
material, but that makes the generator more expensive. Iron
losses are small; less than 5% of the annual dissipation in the
system is in the iron. Using cheaper laminations with more
losses will hardly influence the performance.

C. DDPMG

The air-gap diameter of the DDPMG is chosen as 5 m for the
same reasons as for the DDSG.

A cross section of four pole pitches is depicted in Fig. 4. Com-
pared to the DDSG the number of poles is doubled to reduce
the risk of demagnetizing the magnets and to reduce the dimen-
sions of yokes and end-windings. Doubling the number of poles
does not increase the excitation losses as in the DDSG because
permanent magnets are used. Other important dimensions are
given in Table II.

The equivalent circuit of the permanent-magnet generator and
the applied phasor diagram are depicted in Fig. 10. The phase

JXn# X5
R
Vs

IS RS LSO' Lsm
£
+
Ve ( ' )5

Fig. 10. Equivalent circuit of the permanent-magnet synchronous machine
and the applied phasor diagram.
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Fig. 11. Characteristics of the DDPMG.

current is in the middle between the terminal voltage and the
voltage induced by the magnets in order to reduce the saturation
and to get a compromise between the converter rating and the
generator rating.

Fig. 11 depicts some results from the model as a function of
the wind speed: voltage, current, power, generator efficiency,
generator system efficiency (including losses in the converter),
and losses. The annual energy dissipation, determined from a
combination of the losses with the Weibull distribution, is also
depicted in Fig. 11. Table II gives the annual energy yield,
the annual dissipation, and the estimated costs. The generator
construction is assumed to cost €150 000, which is a little
less than the construction of the electrically excited generator
because the generator is lighter.

The largest part of the losses is losses in the converter. Iron
losses are not negligible; at wind speeds up to 8 m/s, they are
larger than the copper losses and over 15% of the annual dissi-
pation in the generator system is in the iron.

D. PMGIG

Although the speed of the PMG1G generator is considerably
higher than that of a direct-drive generator, the rated speed of 90
r/min is still low. Therefore, this generator is also built as a ring
machine with a large radius. The air-gap diameter is chosen as
3.6 m to eliminate the most important transportation problems.
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Fig. 12.  Characteristics of the PMGI1G.

The pole-pitch layout of this machine is kept the same as
the pole-pitch layout of the DDPMG generator of Fig. 9. Other
important dimensions are given in Table II. The control is kept
the same as in Fig. 10.

Fig. 12 depicts some results from the model as a function of
the wind speed: voltage, current, power, generator efficiency,
generator system efficiency (including losses in the converter
and the gearbox), and losses. The annual energy dissipation,
determined from a combination of the losses with the Weibull
distribution, is also depicted in Fig. 12. Table II gives the annual
energy yield and the annual dissipation. It also gives cost esti-
mates. The generator construction is assumed to cost €50 000.

In this system, the losses in the converter and the gearbox
are important. The iron losses in the generator at rated speed
are in the same order of magnitude as copper losses due to the
relatively high frequency of 84 Hz.

E. DFIGIG

For the same reasons as for the PMG1G, the air-gap diameter
of the DFIGIG is 3.6 m. The rated speed of the DFIG1G is
90 rpm.

The rated speed of the induction machine with single-stage
gearbox is 90 r/min. The synchronous speed of the induction
generator is chosen at 75 r/min, so that at the rated speed, there is
still some margin both in speed and power for control purposes.
Because the stator is directly connected to the 50-Hz grid, this
means that the number of pole pairs is 40.

This only leaves space for two slots per pole per phase, both
in the stator and the rotor. In a squirrel-cage induction generator,
this would lead to large additional losses, but in a wound-rotor
induction generator, this should be acceptable.

The magnetizing current of this induction machine is rather
large due to the considerable air gap and the high number of pole
pairs. To reduce the magnetizing current to acceptable levels,
the slots are semiclosed and the air gap is made 2 mm, which
requires a high rigidity of the bearing(s) and the supporting
structures. Other dimensions are given in Table II.
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Fig. 13.  Characteristics of the DFIG1G.

The DFIGIG is controlled in the same way as the DFIG3G.

Fig. 13 depicts some results from the model as a function of
the wind speed: voltage, current, power, generator efficiency,
generator system efficiency (including losses in the converter
and the gearbox), and losses. The annual energy dissipation,
determined from a combination of the losses with the Weibull
distribution, is also depicted in Fig. 13. Table II gives the annual
energy yield and the annual dissipation. It also gives cost esti-
mates. The generator construction is assumed to cost €60 000,
which is 20% more than the generator construction of the single-
stage GPM generator, because the generator is heavier and has
a smaller air gap.

IV. COMPARISON AND DISCUSSION

The DFIG3G is the lightest, low cost solution with standard
components, explaining why it is most widely-used commer-
cially. However, it has a low energy yield due to the high losses
in the gearbox. Because it is mainly built from standard com-
ponents consisting of copper and iron, major improvements in
performance or cost reductions cannot be expected.

The DDSG appears to be the heaviest, and most expensive
alternative. The only commercially successful large direct-drive
wind turbine manufacturer, Enercon, uses this system but they
claim other benefits from the system.

The DDPMG generator seems much more attractive because
the active material weight of the generator for the same air-gap
diameter is nearly halved, while the energy yield is a few percent
higher. It has the highest energy yield. However, compared to the
generator systems with gearbox, it is more expensive. Further
improvements of this generator system may be expected because
the cost of the permanent magnets and the power electronics is
decreasing and because further optimization and integration of
the generator system is possible [3], [18], [19].

The GPMIG is an interesting option, especially if this ma-
chine can also be used in other applications (for example, for
ship propulsion) so that the development cost can be shared.
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Fig. 14.
BV.

Sketch of a Zephyros nacelle with a single bearing. Source: Zephyros

Surprisingly, the DFIG1G seems the most interesting choice
in terms of energy yield divided by cost. This is mainly due to
the lower rating of the converter, resulting in a reduction of the
converter cost and the converter losses. However, this system
may be too special to be attractive for manufacturers.

Very important design aspects for which further work is
needed are reliability and availability [20]. These are increas-
ingly important issues for wind turbines, especially for the off-
shore ones. Manufacturers supplying the DFIG3G use gener-
ator and converter components which are close to industrial
standards yielding benefits in standardization, cost, and reli-
ability. However, this system has wearing components as the
gearbox and the brushes. The DDSG with electrical excitation
used by Enercon claims improved reliability including immu-
nity to problems from voltage disturbances due to grid faults as
a result of the use of a fully rated converter. In principle, the
DDPMG could be the best solution because it does not have
brushes or a gearbox that wears and it has the advantages of a
fully rated converter.

Another aspect that has not been considered in this paper is
that of integral design. An integral design of the turbine and the
generator system including manufacturing, transportation, and
installation may considerably affect the price of a wind turbine.
Fig. 14 depicts an example of a nacelle where attention has been
paid to the integration of the electromagnetic, mechanical, and
thermal functions in the design [8].
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