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Abstract Wind power as a source of green and abundant
energy is proposed as one of the main new world power
sources and has acquired a great momentum across the world.
In the last few decades, wind turbines with different gener-
ators have been developed to increase the maximum power
capture, minimize the cost, and expand the use of the wind
turbines in both onshore and offshore applications. This paper
reviews the development of different types of wind turbine
generator technologies and discusses advantages and disad-
vantages of each type. In addition, a comparison of different
generator designs based on the technical data and market
trends is provided. To better understand the development of
generator concepts on the market, the market trends of cur-
rent large generators with a capacity of 2.5 MW and above
across the world are evaluated.

Keywords Induction generators · Synchronous
generators · Permanent magnet generators ·
High-temperature-superconducting generators ·
Wind power generation · Onshore/offshore wind turbines ·
Power electronics · Power quality · Wind farms

1 Introduction

In recent years, implementing renewable energies has moder-
ate to strong support across the world. Some types of renew-
able energies such as hydropower are considered to be fully

N. Goudarzi · W. D. Zhu (B)
Department of Mechanical Engineering, University of Maryland,
Baltimore County, Baltimore, MD 21250, USA
e-mail: wzhu@umbc.edu

N. Goudarzi
e-mail: navid2@umbc.edu

developed, and others such as solar power are limited to
specific regions [1]. Wind power has been used for more
than two thousand years; windmills were capturing wind
power since 200 bc using a constant speed rotor assembly
[2]. Wind power as a free, abundant, globally available, and
green energy source is an obvious choice among all renew-
able energy sources for generation of electricity [3].

Figure 1 shows the world’s total cumulative installed wind
power capacity between 1991 and 2012, and Fig. 2 shows
the shares of five continents in the total installed wind power
capacity between 2002 and 2012 [1,4–7]. The average annual
growth in the total installed wind power capacity in the last
ten years has been 25 % per year, and it is expected that
the cumulative installed wind power capacity would pass
400 GW by 2015. It is also anticipated that 12 % of the world’s
electricity consumption will be provided by wind power by
2020 [7].

Europe has the most share of the total installed wind power
capacity since 1997, with an increase from 4.6 GW in 1997
[1] to more than 102 GW in 2012. While Oceania and South
America have the minimum wind power capacity increase
from 2002 to 2012, the total installed capacity in Asia has
a remarkable growth from 1.1 GW in 1997 [1] to more than
100 GW in 2012 that will make it the pioneer in the total
installed wind power capacity, ahead of Europe in the fol-
lowing years.

Figure 3 shows the top 12 countries in the world with the
largest wind power capacities among more than 97 countries
that use wind power on a commercial basis as of 2012 [7–
9]. The significant growth in the total installed wind power
capacity in Asia is mainly due to the rapid increase in the
wind power capacity in China, which had an increase from
5.9 GW in 2007 to almost 76 GW in 2012, with a considerable
difference from the second ranked country, the United States
of America (USA). While Germany still has the largest wind
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Fig. 1 World’s cumulative
installed wind power capacity
during 1991–2012

Fig. 2 Continents’ shares of
wind power capacity during
2002–2012

power capacity in Europe, there has been a very low rate of
installed wind power capacity increase since 2007, compared
with China and the USA, and it became the country with the
third largest annual wind power capacity.

A wind turbine converts the captured kinetic energy in the
wind to electrical energy by means of a generator. Generators
with more reliable, efficient, and compact designs should be
used in wind turbines to maximize the wind power capture
and produce a higher quality output power. To determine the
appropriate generator designs for onshore and offshore wind
turbines, different types of wind turbine generators that have
been studied in the literature are discussed in this paper, with
the criteria based on the speed range, cost, weight, size, and
power quality at the grid connection. Also, the wind turbine
generators are compared, and advantages and disadvantages
of different designs are summarized with more extensive cri-
teria. Consequently, a generator concept that has a greater
performance over all other generators can be obtained. In

addition, to evaluate market shares of different generator con-
cepts that are used in large capacity wind turbines, the market
and technology trends of large wind turbine generators with a
capacity of 2.5 MW and above across the world are provided.

2 Electric machines

Electric generators can be classified based on the application
domain that implies the power level and principles of oper-
ation [10]. This work categorizes generators based on the
principles of operation. Figure 4 shows various types of elec-
tric machines, ranging from DC electric generators to new
state-of-the-art high-temperature-superconducting (HTS)
generators [10–12]. The main focus of this paper is on the
AC poly-phase group, which is the main concept used in the
wind power industry.
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Fig. 3 Top 12 countries with
the largest annual wind power
capacities during 2007–2012

Fig. 4 Electric machine diagram

2.1 Induction generator

2.1.1 Squirrel-cage induction generator (SCIG)

A SCIG has been the most popular generator type of fixed
speed stall control wind turbines for a long time [13]. The
advantages of a SCIG are inexpensive mass production of the
generators with a robust and easy technology and its direct
connection to the grid [13–15]. However, the speed of a SCIG
has a limited range of variation and is not controllable. The

SCIG has a multiple-stage gearbox, and it always consumes
reactive power that is not controllable [13].

2.1.2 Doubly-fed induction generator (DFIG)

The increase in the captured power level, the grid requirement
for good power quality, and the requirement for reducing
the noise level and the mechanical stress of the drivetrain
resulted in initiating the variable speed operation in the late
1990’s and introducing DFIGs [2]. The operation principle
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of a DFIG is the same as that of a SCIG, but a DFIG rotor
has a three-phase winding instead of a squirrel-cage rotor
in the SCIG. The DFIG has a sufficient range of variable
speed by controlling the active power flow direction, and the
reactive power can be controlled by the rotor current in the
converter [14]. Brushes and the multiple-stage gearbox in a
DFIG require regular maintenance and have a potential cause
of machine failure. Its output is connected to the grid through
expensive power electronic converters that are very sensitive
to over currents. In addition, the control strategies in case of
grid disturbances are very complex [14,16,17].

2.2 Synchronous generator (SG)

SGs with new state-of-the-art designs are coming back to the
market and become a competitive design for induction gener-
ators [18–20]. Fixed speed SGs have been used in some wind
turbines [21]. Multi-phase SGs with different designs, such
as DC current excited rotors, claw-pole electrically excited
rotors, permanent magnet (PM) rotors, and variable reluc-
tance rotors, have been developed [10]. SGs with a DC cur-
rent excited rotor and a PM rotor are described here.

Variable speed gearless wind turbines usually use low
speed, high torque SGs. The rotor of a direct drive (DD) gen-
erator is directly connected to the hub of the rotor blades [15].
Thus, the DD generator rotates at a lower rotational speed
that makes it necessary to produce a higher torque compared
with a regular generator connected to a gearbox system. To
eliminate the need for a gearbox, a DD machine has been
made with a large number of poles to control the generator
speed over a wide range, even at very low speeds, which
results in a heavier and larger diameter generator. However,
the manufacturing cost and the generated noise and pollution
are reduced, and the required regular maintenance besides the
potential cause of mechanical failure of the gearbox is elimi-
nated [22–29]. Thus, the DD machine becomes a competitive
solution despite a higher start-up cost. Note that either a min-
imum size at the rated power factor with the given efficiency,
or a maximum efficiency at the rated power factor with the
given size are desired in designing a generator with given
mechanical specifications [30].

DD SGs are usually equipped with a three-phase winding
on the stator; they have either a rotor winding supplied by a
DC current from a separate circuit, which are called electri-
cally excited (or wound field) SGs (EESGs), or PMs attached
to the rotor, which are called PM SGs (PMSGs).

2.2.1 EESG

The EESG was first introduced with a 500 kW variable speed
DD wind turbine by Enercon of Germany in 1992 [31]. The
EESG stator is the same as that of the induction machine
carrying a three-phase winding; its rotor may have salient

poles that are usually used in low speed machines or may
be cylindrical [32]. The amplitude and frequency of the volt-
age at the generator side of an EESG converter can be fully
controlled by the converter, independently of the grid char-
acteristics [14]. Compared with a PMSG, an EESG does not
require PMs; it will reduce a large fraction of the generator
cost and makes it the most used generator type of large DD
wind turbines [14]. One drawback of an EESG is the neces-
sity of exciting its rotor winding by a DC current source
using brushes and slip rings or a rotating rectifier without
using brushes. Expensive power electronic components and
the requirement of intensive cooling are among other draw-
backs of an EESG. An EESG usually has a large rotor diam-
eter. For instance, the Enercon E-126 wind turbine, which is
the largest onshore wind turbine (7.58 MW) built to date, has
a rotor diameter of 126 m. The very large diameter makes the
transportation and installation difficult.

2.2.2 PMSG

The most promising PM machine category deals with DD
wind turbines [33]. General Electric (GE), Zephyros, Mit-
subishi, and Siemens are among manufacturers that imple-
ment PMSGs in their wind turbine designs. The rotor in a
PMSG is replaced with PMs; the excitation is provided by
PMs instead of the field winding, but the stator winding is the
same as that of a three-phase EESG [28]. PMSGs have several
advantages over EESGs, including smaller rotor diameters,
higher reliability due to elimination of different mechanical
components such as slip rings, better thermal characteristics,
and lower mass per kilowatt output power [12,31,34,35].
Lower weight in PMSGs is achieved by such modifications
as eliminating the gearbox, and providing a larger airgap
that reduces flux linkage and results in a smaller generator
size with respect to the wind turbine power rating [31]. Other
advantages of DD PMSGs are discussed in the literature [23–
25,28,36–38]. High cost of PMs, manufacturing and assem-
bling, and demagnetization of PMs at high temperatures are
among main drawbacks of a PMSG [12,31,33,39,40]. In
recent years, improvements in the PM performance and the
cost reduction have made them more attractive than before.
In the case of a converter fault in a PM machine, the machine
counter electromagnetic force feeds the fault and causes dan-
gerous torque pulsation [41]. To maintain the transient stabil-
ity of a PMSG and avoid the risk of wind turbine mechanical
runaway during fault conditions, more robust control strate-
gies are recommended [12].

Figure 5 shows the design options for PMSGs used in DD
wind turbines, which can be categorized into three groups:
axial flux (disk type), transverse flux, and radial flux (drum
type) [12,14]. The radial flux design is usually used for DD
PMSGs, transverse flux machines are not available on the
market, and the axial flux design has only been used in low
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Fig. 5 Design options for
PMSGs in DD wind turbines

power machines [12]. Detailed designs of these variations
can be found in the literature [12,25,36,39,42].

Two manufacturers, Multibird of Germany/France [31,
43] and WinWind of Finland [31], have combined a DD PM
wind turbine generator with a single-stage gearbox, which
has a simpler gearbox design and higher efficiency compared
with a three-stage geared wind turbine, with a full converter
that has more flexibility at both 50 and 60 Hz frequencies.

2.2.3 HTS SG

Studying the application of HTS materials in rotating
machines has started since the late 1980s [44,45]. Bulk HTS
materials, HTS wires, and a combination of them can be
used in HTS machines [45–49]. HTS rotating machines with
synchronous, homopolar, and induction configurations have
been proposed and studied in the literature [50,51]. It has
been several years since the second generation of supercon-
ducting materials with HTS wires has been introduced to the
market. Having wind turbines operating at lower rotational
speeds and eliminating gearboxes can be achieved by imple-
menting generators equipped with HTS wires [45]. There
are some wind turbine manufacturers developing HTS SGs.
GE has started developing a 100 MW two-pole SG that uses a
HTS field winding [12]. The Windtec Solution Company has
revealed its goal of designing and manufacturing a 10 MW
wind turbine (SeaTitan) using a HTS generator [52]. Note
that HTS generators have other applications besides wind
turbines; for instance, a 4 MW, 6,600 V synchronous HTS
generator for ship applications has been made by Siemens
[12]. The new generations of HTS wires guarantee lower
cost than the first generation wires (about 25 % of the pro-
jected cost of the first generation wires [12,44]), which is a
key factor in making the second generation of HTS wires eco-
nomically feasible for use in wind turbine generators. HTS
windings can operate at very high temperatures (more than
30 K) and can be cooled with low cost and reliable off-the-
shelf refrigerators [46,47]. Higher power densities can be
obtained due to the use of HTS wires in the field winding

of SGs. HTS wires provide higher current densities (up to
200 A/mm compared with about 5 A/mm in EESGs [12]),
which reduces the space required for the rotor field winding
[12,44–47]. Lewis et al. [44] have studied HTS generators for
DD wind turbines and shown that the ability of placing more
turns of field winding in a small volume makes it possible to
increase the airgap flux density of a HTS generator and con-
sequently allows the airgap shear stress to increase. Thus, the
advantages of a DD wind turbine generator in enhancing the
power rating without any concern in increasing the size and
mass of the generator can be achieved. The higher flux density
of a HTS SG compared with a DFIG and a PMSG results in
a weight reduction by four times and two times, respectively
[12]. More details on the application of HTS wires in rotating
machines can be found in the literature, which indicates that
HTS generators with a more affordable and robust design are
more efficient, lighter, and more compact compared with all
other generators [12,31,32,44–51,53].

3 Generator system comparison

Comparison of various types of wind turbine generators
has been discussed by a number of researchers [14,20,24–
28,31,33,37,42,54–57]. Ameli et al. [20] have studied the
feasibility of replacing induction generators with SGs in wind
farm power stations and shown the advantages of PMSGs
in terms of the efficiency, cost, size, and grid connection
compared with the current induction generators. Compari-
son of induction generators with PMSGs for variable speed
wind turbines has also been studied by Soens [14], Poore
and Lettenmaier [27], Li and Chen [38], and Chen et al. [55].
Gupta et al. [31] have studied various converter options for
PMSGs. Polinder et al. [28] have compared the main perfor-
mance parameters of SCIGs and DD PMSGs at two different
rated powers of 500 kW and 3 MW; the comparison shows
the PMSG concept involves a larger generator size, higher
drivetrain efficiency, and lower drivetrain weight compared
with the SCIG one. Table 1 provides a performance com-
parison of different generators (SCIG, DFIG, multi-phase
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induction generator (MPIG), fixed speed SG, PMSG, EESG,
and HTS generator) for large capacity wind turbine appli-
cations; the comparison is indicated by different symbols
ranging from excellent to poor. There are some factors, such
as the speed range of a generator, that are not a concern in
the new generator design anymore; SCIGs with a limited
speed range were mostly manufactured between the 1980s
and 1990s. The gearbox requirement has been eliminated by
introducing DD wind turbines. While DD wind turbines with
PMSGs or EESGs are more reliable and efficient, and need
less maintenance due to elimination of the gearbox system,
they are larger and more expensive than geared wind turbines.
The DD wind turbines with PMSGs have been designed to
be made in a smaller size with a lower cost compared with
those with EESGs. The results of studying suitable genera-
tor concepts for DD wind turbines by Bang et al. [37] show
the superiority of DD PMSGs with a one-stage gearbox com-
pared with SCIGs, DFIGs, and EESGs in terms of power loss,
the energy yield, and the ratio of the annual energy yield to
the cost of the drivetrain. Lewis et al. [46] have shown that
the high cost of HTS generators for DD wind turbines can
be overcome by using the second generation of HTS wires.
A comparison of the performance and size of an induction
generator with a HTS generator is provided by Schiferl et
al. [45], which shows a higher efficiency and a smaller size
of the HTS generator compared with an induction genera-
tor at the same rated power. The higher efficiency and lower
loss in a HTS machine have been achieved by using less
material.

Based on the performance of different generator concepts
described in Sect. 2, and by comparing the advantages and
disadvantages of different types of generators, it seems that
HTS generators have the best potential compared with all
other generators used in larger capacity wind turbines. The
main concern that is associated with the high cost of a HTS
generator seems to be controllable after introducing the sec-
ond generation of HTS wires, which makes the technology
economically viable for wind turbine applications.

Table 1 should be modified based on the importance of dif-
ferent parameters in certain applications. Different technical,
environmental, and economical aspects should be considered
to better evaluate various types of wind turbine generators
for specific applications. For instance, while factors such as
maintenance-free, smaller size, simpler structure, and higher
reliability are essential in offshore wind turbine applications,
the noise level has less importance compared with onshore
wind turbine applications. The annual wind speed/direction
distribution and the wind turbine hub height are among other
parameters that can affect the performance of a wind turbine.

4 Wind turbine generator trend

The shares of different wind turbine generator concepts are
investigated in the literature [4–9,15,57]. Market interest
in SCIGs has decreased since the 1990s, except for some
temporary intervals, and has had its minimum since 2003
when DFIGs overtook the market [4]. Use of wound rotor

Table 1 Performance comparison of different generator concepts

Factor SCIG DFIG MPIG SG EESG PMSG HTSG

Torque density P − + − P + E

Speed range P + + + E + E

Cost + + − + P − P

Size + − + + P + E

Foot print + + + + P + +

Gearbox requirement − − E − E + E

Converter size + E − + + + +

Efficiency − + + + + + E

Reliability + + + − + + +

Maintenance − − + − + + +

Noise level − + + − + + +

Fault detection − − − − + + E

Power factor − + + + + + E

Power quality − + + + + + E

Power range + − E − E − +

Simple structure + − + + − + +

Reduced head-mass − − + + P + E

E Excellent, + Good, − Fair, P Poor
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induction generator models has declined after 1997 with the
introduction of DFIGs with the variable speed feature. Since
late 2000, DFIGs were the leading concept with 85 % of
the market share reported in 2008 [31,58]. Different types
of SGs, mainly the PMSGs and EESGs, altered little in the
period from 1995 to 2004 [57], but they have had a constant
slow increase in the wind turbine market [31]. The interest
in offshore wind turbines with the requirement of having a
very large capacity, robust, and reliable generator has made
different types of SGs more interesting on the market. As
mentioned in Sect. 2.2.3, the feasibility of using HTS gen-
erators in DD wind turbines has been recently studied and
it is expected to have wind turbines with HTS generators
by 2014 [5,59]. However, PM generators have already been
recognized as being the most efficient choice among the cur-
rent generator designs on the market. The high efficiency of
PM generators comes with a higher cost of materials com-
pared with DFIGs. It has been argued that there is a trade-off
between the high initial material cost of PMs and the low
maintenance and part replacement cost over the lifetime of
a wind turbine. It is seen that PM generators make the most
economic sense among the current market viable generator
concepts.

The worldwide large scale wind turbine generators with
a capacity of 2.5 MW and above are studied to better under-
stand the trends of large wind turbine generators. Tables 2
and 3 show worldwide wind turbine manufacturers with dif-
ferent types of induction generators (including the SCIG and
DFIG types) and SGs (including the EESG and PMSG types),
respectively. The output rated power and rotor diameter of
the wind turbines are written after the name of each manu-
facturer. Note that based on the environmental characteris-
tics, mainly the wind speed/direction distribution at different
wind farms, the wind turbine blades may be built in various
diameters to capture enough wind power. More than 70 %
of the current large capacity (2.5 MW and above) wind tur-
bines with induction generators have rated powers between

2.5 and 3 MW, and the largest capacity induction generator
is the 6 MW DFIG manufactured by Repower of Germany.
More than 65 % of the current large capacity (2.5 MW and
above) wind turbines with different types of SGs have rated
powers larger than 3 MW, and the current largest capacity
synchronous generator is the 7.58 MW EESG manufactured
by Enercon of Germany, which is the world’s largest wind
turbine as of the beginning of 2012. EESGs were the main
generator concept for variable speed wind turbines with a full
scale converter; however, due to the disadvantages of EESGs,
PMSGs have been drawing more attention and interest on the
market [31,60].

DFIGs as the current market leader have been used over
the last decade to increase the average installed turbine size
over time, allowing for higher rated wind turbines to be eco-
nomically feasible. DFIGs are made of low cost steel parts,
which keep the installation cost low, but require the low cost
parts to be switched out often to maintain reliability. The
global market shares of PMSG and EESG concepts have
never exceeded 22 %, but their contributions in the wind
power industry are increasing rapidly in recent years [31].
The requirements for having larger capacity wind turbines
and capturing wind power in regions with lower annual mean
wind speeds, together with the grid connection requirements,
make the PMSG and EESG concepts more interesting. PM
generators mostly use iron magnets that are more expen-
sive than the steel parts of DFIGs, but have higher reliability
because they have fewer moving parts. Iron, however, is not
the most efficient material to use for PM generators. Cop-
per, a much lighter material, provides a better magnetic field
and conductivity. These benefits come at a higher material
cost compared with iron, which is the current barrier for PMs
being the dominant generator topology.

While the largest barrier for PMSGs is the difference in
cost compared with DFIGs, the increase in efficiency has the
potential to justify it, and PMSGs are most extensively used
in large capacity (above 3 MW) commercial-scale onshore

Table 2 Large wind turbines
with induction generators on the
market

Manufacturer Power/rotor diameter Manufacturer Power/rotor diameter

Repower 6.0 MW/126 m Siemens 3.0 MW/101 m

Bard 5.0 MW/122 m Acciona 3.0 MW/100–116 m

Repower 5.0 MW/126 m Creative 3.0 MW/103.4–100 m

Windtec 5.0 MW/127–140 m Guodian 3.0 MW/100 m

Vestas 4.5 MW/120 m Windtec 3.0 MW/91–112 m

Siemens 3.6 MW/107–120 m Vestas 2.75 MW/100 m

Repower 3.4 MW/104 m Vestas 2.6 MW/100 m

Repower 3.2 MW/114 m Fuhrlander 2.5 MW/80–104 m

Vestas 3.0 MW/90–112 m Nordex 2.5 MW/80–100 m

GE 3.0 MW/104 m W2E 2.5 MW/90–113 m

Ecotecnia 3.0 MW/100–110 m Eviag 2.5 MW/90–100 m
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Table 3 Large wind turbines
with SGs on the market Manufacturer Power/rotor diameter Manufacturer Power/rotor diameter

Enercon 7.58 MW/132 m Shandong 3.0 MW/100–113 m

GE 6.0 MW/150 m W2E 3.0 MW/128 m

Alstom 6.0 MW/150 m Lagerway 3.0 MW/90 m

Siemens 6.0 MW/154 m Leitwind 3.0 MW/92.7–101 m

Nordex 6.0 MW/150 m Windtec 3.0 MW/91–112 m

Multibird 5.0 MW/116–135 m GE 2.75 MW/100–103 m

Creative 5.0 MW/126 m Avantis 2.5 MW/93.2 m

Enercon 4.5 MW/114 m Goldwind 2.5 MW/90–100 m

Nordex 4.0 MW/110–113 m Kenersys 2.5 MW/100 m

Creative 3.6 MW/115–126 m Lagerway 2.5 MW/90–93 m

Mervento 3.6 MW/118 m Leitwind 2.5 MW/104.1 m

WinWind 3.0 MW/90–109 m M Torres 2.5 MW/90–109 m

Blaster 3.0 MW/100 m Clipper 2.5 MW/89–100 m

Doosan 3.0 MW/91.3 m Powerwind 2.5 MW/90–100 m

Fuhrlander 3.0 MW/120.6 m Samsung 2.5 MW/90–99.8 m

Guodian 3.0 MW/100–108 m GE 2.5 MW/100 m

and offshore wind turbines. At high rated power levels, the
unscheduled maintenance cost of worn-out generators is too
high with offshore wind turbines, which requires expensive
equipment and additional time, compared with onshore wind
turbines. Under these two scenarios, the initial higher cost of
PMSGs compared with DFIGs is often a justified trade-off for
the increased reliability and efficiency of PMSGs. By com-
paring Tables 2 and 3, it is obvious that PMSGs are the main
concept used in large capacity wind turbines. While more
than 70 % of the current large capacity (2.5 MW and above)
wind turbines with induction generators have a rated power
between 2.5 and 3 MW, the shares of large capacity wind tur-
bines with SGs in the same range is just 35 %. It shows that
different types of SGs, especially PMSGs, are market lead-
ers in very large capacity (above 3 MW) wind turbines. The
other result of comparing Tables 2 and 3 is the difference in
the required rotor diameters for wind turbines with induction
and synchronous generators. It is seen that wind turbines with
output rated powers of 3 MW and above with SGs generally
have larger rotor diameters compared with those with induc-
tion generators. Designing and manufacturing larger, lighter,
and more efficient rotor blades are still one of the challenges
in capturing more wind power.

Table 4 shows market shares of wind turbines in percent
from different manufacturers since 2005 [1,4–7,59,61]. Ves-
tas is the pioneer in the market with its product range from
1 to 4.5 MW. However, its market share has decreased from
34.1 % in 2004 to 12.9 % in 2011. More interest in the wind
power industry in recent years has attracted more companies
to join it, which has made it to be more competitive than
before. There are several companies that have joined the top
ten lists; Sinovel is one of them, and it has increased its mar-
ket share from 3.4 % in 2007 to 9.0 % in 2011. There are

some companies that have kept a constant market portion in
these years. For instance, Siemens has had the least changes
in the market share; 6.1 % in 2005, 7.1 % in 2007, 5.9 % in
2009, and 6.3 % in 2011. However, there are other companies,
such as Mitsubishi, have lost their places in the top ten list
in these years. Finally, amazing increase in the involvement
in the wind power industry by other wind turbine manufac-
turers in these years can be seen from Table 4. These smaller
companies had 5 % of the market in 2005, but this number
is increased to 21 % in 2011. These rapid growth rates make
the short and long term goals in expanding the wind power
industry possible.

New generator technologies with lower cost and more reli-
able and compact design have made it possible to manufac-
ture very large capacity generators, especially for offshore
wind turbine applications. Table 5 shows four large capacity
wind turbines that are expected to be installed in the next
few years. Vestas has proposed its state-of-the-art offshore
wind turbine, V-164 with a PMSG [62]. Gaemsa obtained
its 5 MW offshore wind turbine design certificate in January
2012, and is expected to install the first machines at wind
farms by 2014 [63]; it also plans to design higher capacity
(7–8 MW) offshore wind turbines in the future. Windtec has
introduced a new generation offshore wind turbine, SeaTitan
with a HTS generator with efficiency up to 96 % and a very
large rotor diameter of 190 m [52]. Besides the improvements
in the generator designs, Clipper proposed a new drivetrain
design with multiple smaller generators instead of a large
one to increase the reliability and efficiency [64]. Its 10 MW
offshore wind turbine with four generators in parallel was
expected to be installed in UK by the end of 2012 [65], but
it stopped the development of the project due to financial
crisis.
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Table 4 Top ten and other wind turbine manufacturers and their market shares during 2005–2011

2005 2007 2009 2011

Manufacturer % Manufacturer % Manufacturer % Manufacturer %

1 Vestas 27.9 Vestas 22.8 Vestas 12.5 Vestas 12.9

2 GE Wind 17.7 GE Wind 16.6 GE Wind 12.4 Sinovel 9.0

3 Enercon 13.2 Gamesa 15.4 Sinovel 9.2 Goldwind 8.7

4 Gamesa 12.9 Enercon 14 Enercon 8.5 Gamesa 8.0

5 Suzlon 6.1 Suzlon 10.5 Goldwind 7.2 Enercon 7.8

6 Siemens 5.5 Siemens 7.1 Gamesa 6.7 GE Wind 7.7

7 RePower 3.1 Acciona 4.4 Dongfang 6.5 Suzlon 7.6

8 Nordex 2.6 Goldwind 3.4 Suzlon 6.4 United Power 7.4

9 Ecotecnia 2.1 Nordex 3.4 Siemens 5.9 Siemens 6.3

10 Mitsubishi 2 Sinovel 3.4 RePower 3.4 Mingyang 3.6

Others 5 Others 10.5 Others 18.5 Others 21

Table 5 Four large wind turbines to be installed in the next few years

Manufacturer Power/rotor diameter Year of production

Vestas 7.0 MW/164 m 2015

Gamesa 5.0 MW/128 m 2015

Windtec 10.0 MW/190 m 2014

Clipper 10.0 MW/150 m 2012

Employing larger capacity generators for offshore wind
turbines is limited by structural and power control restric-
tions [23,27,66]. For instance, while a DD wind turbine such
as the Enercon E-126 7.5 MW wind turbine does not have a
gearbox, it has a very large and expensive drivetrain structure
[43]; the poor power quality control and design issues, such
as unbalanced generator torque distribution on the gearbox,
led to the failure of the 2.5 MW Clipper Windpower wind tur-
bines at the 20 MW Steel Winds wind farm in the upstate New
York, as well as in Iowa and Minnesota in 2008 [67]. Recent
studies on multiple-generator drivetrain (MGD) technologies
propose a new MGD with an automatic switch to address the
design issues of the current MGD and provide a better perfor-
mance compared with the current and conventional drivetrain
technologies in terms of efficiency, reliability, and expanded
operational range [68,69]. To expand the operational range of
onshore wind turbines, another variable electromotive-force
generator (VEG) design with an adjustable overlap between
the rotor and stator is investigated [70,71]; wind turbines
with the VEG feature can be employed in areas having a low
annual mean wind speed with high fluctuations throughout a
year [72].

5 Conclusion

By comparing various types of generators, it is found that
DFIGs are the current market leader with more than 80 %

share on the market. However, due to the need of implement-
ing larger capacity wind turbines, PMSGs have been drawing
more attention and their market share has been increasing in
recent years. The advantages of new SGs with the second
generation of HTS wires, in terms of having a smaller size
and higher output power quality, and being more reliable
and cost effective, show the potential of replacing PMSGs
and DFIGs with HTS generators and manufacturing wind
turbines with very large rotor diameters in future years.

The significant increase of smaller company shares in
designing and manufacturing wind turbines (from 5 % in
2005 to more than 21 % in 2011) shows an amazing world-
wide interest in getting involved in different aspects of wind
power production. The rapid growth of wind turbine genera-
tor technologies, together with worldwide support for imple-
mentation of wind energy projects, will produce more green
energy and lead to more independency from conventional
energy sources.
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