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Abstract— In this paper a review of common wind turbine On the other hand, the latest semiconductor technology
systems and wind farm configurations with AC and DC links is  development has provided modern HVDC transmission
presented first, and then a new structure based on HVDC local systems with fully controllable converters, based on forced
grid is proposed and compared to the existing structures to show commutated semiconductor switches. HVDC technologies are
its effectiveness with respect to the older ones. The most mainly interesting for power transmission over longer

important feature of the new structure is its lower cost, while it distances. The DC cable is less expensive than an AC
preserves controllability of the most flexible configurations like  ransmission cable with the same capacity, but the cost of
DFIG-based wind farms or wind farms with PMSG generators converter stations make the complete HVDC link more

gtr:ﬂc?:rik_itso-itbsaﬂi( ﬁogf‘f’gigg' T\,Cﬁigrt,hg Jﬁgtl:cr,etr?; tl:‘sep;?%?rﬁ? expensive than the corresponding AC link, if the transmission
g Y distance is below a certain threshold [5].

driven multi-pole synchronous generators.
. o . In this paper, common wind turbine systems are briefly
Keywords- Wind farm structure, Cost effective wind turbine,  reviewed in Sec. Il. Different configurations of wind farms are

Direct driven wind turbine-generator, HVDC transmission. then discussed in Sec. Ill. In Section IV a new cost effective
wind farm structure based on HVDC link is proposed which is
I.  INTRODUCTION suitable for offshore wind farms. Also, some advantages of the

Wind turbines are arguably the most developed sources 8V Structure are discussed in these sections. Finally, in
renewable electrical energy with ratings of several MW. | ection V the propose_d structure is compared with some
recent years, many power conversion techniques have beEfmmon structures of wind farms.
developed for integrating with wind turbines. The use of power
electronic converters allows variable speed operation of the Il.  TYPES OF WIND TURBINE SYSTEMS

wind turbine, which in return, makes maximum power - gnce early days of exploitation of wind energy for
extraction of the turbine possible for different wind speeds, anglectricity generation till now, different types of wind turbine

attenuates the mechanical stress that the turbine blades %tems have been designed and used. Early systems were
towers are subjected to [2], [4]. constant speed types, i.e. the wind turbine-generator speed was

As the wind industry develops, there is more interest i€latively constant, regardless of wind speed variations. But the
building large wind farms further offshore. For example,need for higher efficiency wind turbines required the
ambitious energy planning in Denmark has scheduled a level 8gnerators vary in a wide range, depending on the wind speed,
50% wind energy penetration in the year 2030—mainlyn order to implement Maximum Power Point Tracking
covered by large offshore wind farms. This offshore windMPPT) feature. Shortcomings of the constant speed wind
farms might have distances of more than 100 km to the nearddtbines led to development of variable speed types which are
grid connection point. In such a case the charging reactieeing used at new wind farms. A brief review of common wind
power associated with the AC transmission cable capacitanéérbine structures is presented in the following, for the sake of
will be significant and cannot be easily handled. Therefore, #etter introducing the new structure.
may be necessary to use HVDC links instead of HVAC [2],

13].
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A. Multi stage gearbox- squirrel cage induction generator- the grid-side inverter controls the line currents so that the DC-
constant speed wind turbine link voltage of the converter is regulated. The back-to-back

This wind turbine system, as shown in Fig.1, includes gonverter is of full rated power, ie. equal to that of the
squirrel cage induction generator (SCIG) directly connected tgYnchronous generator.

the AC grid. In spite of torque variations and by the use of a |n this system the gearbox can be eliminated by employing
multi-stage gearbox, the SCIG keeps an almost constant spegthigh pole number, low-speed synchronous generator. Since
(variation of 1-2%) and the input power of the system is limited 991 this type of wind turbines has been considered to
aerodynamically either by stall, active stall or by pitch anglesliminate gearbox failures and to reduce maintenance
control of the wind turbine [3]. Fixed speed wind turbines Wef%roblems. But for increasing power levels and decreasing
mostly manufactured until late 1990s with power levels okpeeds the direct driven turbine system becomes larger and
below 1.5 MW [1]. more expensive. By the use of a single-stage gearbox, smaller-
size synchronous generators can be used for the same wind
. turbine rating. This system, as compared to direct-driven
Generator system, has a significant reduction in generator cost and an
increase in generator efficiency [1]. However, addition of
gearbox will introduce losses and will reduce the overall
reliability of system, and therefore, the direct driven system
might be preferred.

Squirrel Cage Induction

Gear

pLID

Synchronous generator of this wind turbine might be
excited either electrically or with permanent magnets.
] ] ] ) ) Permanent magnet excitation is generally favored in smaller
Figure 1. Multi stage gearbox- squirrel cage induction generator- constantg~1a turbine designs, since it yields higher efficiency and
speed wind turbine smaller wind turbine generator diameter, and also, it does not
require any external excitation system. On the other hand, as
B. Multi stage gearbox- doubly fed induction generator- the industry moves to larger scale designs, economics of large
wind turbine volumes of permanent magnet material has limited application
Since the late 1990s manufacturers have changed to s Permanent Magnet Synchronous Generators (PMSGs) in
type with power levels starting from 1.5 MW. In this system Such designs [4].
Fig. 2, the 4-quadrant converter between the generator rot
and the grid is approximately 20~30% of the rated power ¢
wind turbine and is responsible for speed variation an
maximum power point tracking [1].

Permanent Magnet
Synchronous Generator

T | \AC o
Induction —I— DC ﬂE g_
Generator
Gear c;?
(=%
Figure 3. Direct driven- synchronous generator- wind turbine
An example of electrically excited system is TWT1650
wind turbine with a direct driven generator of 1800 kW rating,
AC T AC designed by M. Torres group. First prototype of this wind
DC T DC turbine began operation at Cabanillas wind farm (Spain) in

August 2001 [7]. Also, Enercon and Lagerwey are other
examples of wind turbine manufacturers that have used direct-
driven wound rotor synchronous generators [5].

DFIG has been considered as an economic solution for A major cost benefit in using synchronous generator is the
large, variable-speed wind turbines in spite of its disadvantaggct that a diode bridge rectifier may be used at the generator
of having a brush-slip arrangement. Using this system, speggrminals since no magnetizing current is needed to be
variation of 60% around synchronous speed may be obtaineghsorbed from the grid. In this case, the generator speed is
by the use of a power converter with 30% of nominal winccontrolled through the DC-link voltage where a DC/DC
turbine power [2], [3]. converter can be used to gain more flexible system [4].

Figure 2. Multi stage gearbox- doubly fed induction generator-wind turbine

C. Direct driven or single stage gearbox- synchronous M

generator- wind turbine lthouah diff fi i h b d in wind
Different parts of this scheme are shown in Fig. 3. Thg Although different configurations have heen used I8 win

generator-side AC/DC voltage source converter is controllegal rms, but the variety of them is not that much. Different

throuah MPPT such that for each wind speed. optimum rOtoronﬁgurations differ in the nature of wind farm's local network,
9 ; X 1 speed, op 1,e. AC or DC, and the way they are connected to the AC grid.
speed and maximum electrical power is obtained. In contrast,

COMMON WIND FARM CONFIGURATIONS
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Accordingly, wind farm configurations can be grouped aswind turbines with individual power converters. The frequency

follows. control must set the frequency to an optimum value considering
optimum speed of all individual wind turbines in the farm,

A. Wind farms with AC local network and direct connection because the wind speed is different from one wind turbine to

to the grid another. Therefore, the aerodynamic efficiency will be higher

than fixed speed WTs, but lower than WTs with individual
turbines are connected to a common AC local network withiffOVe" COnverters. Another problem with the common
requency control, which is probably more important, is that it

the farm, in order to collect and transfer the generated POWEE nnot be used to reduce mechanical stresses on the drive train
into the main grid. Usually the local network is coupled to the’”. . °
s individual WT power converters can [5].

main grid through transformers, which match voltage levels of
the two sides. It is obvious that in this configuration the local

In this type of wind farms, as shown in Fig. 4, wind

network has the same frequency as the main grid. C. Wind farms with DC local network

Another way of using HVDC is to have a local DC
o network, as shown in Fig. 6. In this configuration each wind
5'; P : @ e turbine is directly connected to the HVDC local network. Also,

HVDC is used to transmit the generated power to the grid
connection point, where a DC/AC converter rated at full
capacity of wind farm is installed.

One variant of this configuration is to have constant
voltage DC link and to control each wind turbine through its
own forced commutated converter, so that it operates at the

individual optimal speed [3].
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Figure 4. Wind farm with AC local network and direct connection to the gric @08

Configuration of most wind farms is of this type, however,
it is recently preferred to use HVDC links in some cases lik %
offshore wind farms, to benefit from advantages of HVDC.

B. Wind farmswith AC local network and connection to the

grid through an HVDC link @08

In this configuration the AC local network is connected ta
the power grid through an HVDC link, as shown in Fig. 5.

2Ry

Wind @
Turbine

Figure 6. Wind farm with individual wind turbines connected to HVDC link

O = =

%%“ ~ Another method is to use diode bridge rectifiers as
individual wind turbine AC/DC converters and to control the
wind farm through voltage magnitude of the DC link, like

common frequency control discussed in configuration B of this

section. As an example of this approach, ABB has proposed a
new Windformer concept with individual diode rectifier

AC/DC converters for wind turbines (Nielsen 2000). The
i generators are of synchronous type, because they must provide

—Q}Og LQ}C%'\I\lli:'ll(llinc the magnetic field themselves. ABB proposes a multi pole
(gearless), high voltage permanent magnet generator, which

can be connected directly to the rectifier without a transformer.

Figure 5. Wind farm with AC local network and connection to the grid ~ In this case there is no provision for frequency control to
through an HVDC link reduce mechanical stresses on the drive trains, because the

incipl Il wind turbi desianed f . speed control is based on control of the common DC link
In principle, all wind turbines designed for connection 10,,,1age magnitude. A more critical aspect of this wind farm is
AC grid can be used in this configuration, including fixed

4 wind bi ih  directl 4 inducti whether it will be stable with the required blade pitch angles.
speed wind turbines with directly connected Inductiongg, the steady state stability and the dynamic stability must be
generators; provided that voltage source converters (VSCS) alggied. The system is very complicated, with speed dependent
used for the HVDC terminals. Depending on the type of WTgerqqynamic loads and generator AC impedances in the
then, some of the advantages of using power converters in t

. . . : ! . oo ; ividual wind turbines, and only one common DC voltage,
wind turbines are vanished. In this configuration, it is possiblg hich must be controlled with compromise between all the
to control the frequency of the local network in order to; pines [5].

improve the aerodynamic efficiency in the same way as for

4 28
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This configuration along with configuration B is suitable WRSGs consist of DC/DC controllable converters connected to
for offshore wind farms which are too far from the nearesthe HVDC local network. These converters have ratings equal
costal grid connection point at coast. In such cases, due to tteethe excitation circuit of WRSGs and thus are much smaller
large reactive power compensation requirements, use of A@nd cheaper than the converters used in wind turbines with
transmission cables between wind farm and the grid is almoBtMSGs and back-to-back converters or DFIG based wind

impossible. turbines. Yet, this small converter provides the same control
level as the above-mentioned high end wind turbines and can
IV. A NEW CONCEPT FOR WIND EARM CONFIGURATION be used for performing MPPT on each wind turbine and to

. . reduce drive train mechanical stress. The proposed structure for
In offshore wind farms far away from coastline that HYDCthe wind turbine system is shown schematically in Fig. 7.

transmission is the only choice, using AC local network for

wind farm, as in Fig. 5, seems not optimum. Since one AC/Dt( Svnchronous
conversion is needed at the wind farm side of HVDC y
transmission link; and should the wind turbines be of variabl
speed type, another AC/DC/AC conversion has been done |
each WT's converter to perform MPPT and inject the generate
power to the AC local network. Although for DFIG-based wind
turbines the latter conversion has fractional rated power of W1
Thus, one of these conversion steps seems unnecessary.
other words choosing DC local network, which is a part o
HVDC transmission link, as shown in Fig.6, results in the
fewest AD/DC conversions possible and will be more cos
effective for offshore wind farms.

As of the choice between variable voItage HVDC link or Figure 7. The new wind turbine system for HVDC transmission of wind farm
constant voltage one for the wind farm, it must be taken into generation
account that having direct control on each wind turbine can
have significant advantages over group control of windare
turbines. Therefore, it is preferred to have a constant VOItaq%Cti

HVDC local network with its grid-side DC/AC converter , oo o since they can be chosen of high-pole direct driven
responsible for keeping the voltage constant, and to deployt)a}pes_ However PMSG for larger scale wind turbines

means of direct control on individual wind turbines. Up to now, onsidered nowadays is costly [4]. Besides, this structure

gg;&%?gg dha::%nbveeertnergsalgfd tr?g ttr:aerml:ﬁgl ogffulll\-/irr?éedtuf;)brﬁ]e quires more expensive converters compared to new structure,
oth in terms of the type and ratings of the converters.

generators (usually PMSG) to connect them to the HVD
network. In the following a new solution is suggested that As the last point, note that the wind turbine generators of
preserves advantages of the above structure, and reduces ttie proposed structure can be high pole number-direct driven
wind farm cost significantly. WRSGs with improved overall efficiency or single stage
The last point about this structure is that because of D earbpx driven WRSGs With smaller size and (edyced_ cost.
nature of the local network and transmission link, not only b Iso, if the use of brush-slip arrangement for excitation circuit
' s the generators reduces the system reliability, the generators

capacitance of network cables are not a problem, but also thgg simplv equioped with the widelv used brushless AC
big capacitance can be used as a great energy storage b%QEitatiorFl) gystgmpp y

during transients to maintain stable operation of wind farm. For

example, it can help solving the ride through problem of wind
farm when gnd faults occur. V. COMPARISON OF THE NEW CONFIGURATION WITH OTHER

TYPES

Generator

DUAH

The other WT systems possible with HVDC local network
PMSGs or induction generators with full-rated VSC
fiers at their output. Among these two, PMSGs are

In the proposed configuration, each WT is connected to the ' . .

local DC network through a diode bridge rectifier. Therefore, The first comparison is done between the new structure and
the wind turbine generators cannot absorb their magnetizatiGy"chronous generator-based wind turbines with AC local
current directly from the local network. This suggests that th@8twork. The main advantage of the proposed structure is that
wind turbine generators must be PMSGs with self excitation df'® full rated forced commutated rectifier of the generator's
Wound Rotor Synchronous Generators (WRSGs) with extern@ck-to-back converter is replaced with a much cheaper diode
excitation source. Since it is preferred to have direct control opfidge rectifier, and the wind turbine control is done through a
each wind turbine rather than controlling a group of thenPC/DC converter with much smaller rating and cost. Also, AC
simultaneously, use of PMSGs is inappropriate and the wingetwork-side inverters of the generators back-to-back
turbine generators must be of WRSG type. On the other hargPnverters are eliminated and the DC/AC conversion is done
considering this structure for the wind turbines, theby the gr|_d-5|de converter of HYDC I|r_1k. In addltlon, AC local
synchronous generators excitations can be seen as a mean§§¥Vork is replaced by HVDC, an immediate advantage of
direct control on each wind turbine at the cost of a small low/hich is that in the case of offshore wind farms, reactive
cost DC/DC converter fed through HVDC local network. ThusS0MPpensation and capacitive over voltages of the local network
the suggested structure comprises WRSGs which are connectéguld not be an issue anymore. Further, this high capacitance
to the HVDC local network through step up transformers (i€n Pe used to improve dynamic behavior of the farm during
needed) and diode bridge rectifiers. Excitation systems of the§id transients or wind fluctuations. The same advantages apply
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compared to DFIG-based wind turbine-AC local network windturbines and MERSs take care of local controls according to
farm; added that low reliability gearbox can be eliminated irthe locational wind speeds. However, considering the limited

the proposed structure. controllability of MERSS, it is concluded that higher number of
: . ind turbines in the wind farm will make accurate MPPT
The other comparison considers the new structure an

ABB's Nielsen 2000 wind farm [5] which was discussed briefly possible. Comparing this structure with the new structure

. : . Jproposed in this paper, it is evident that the new structure
in Section Ill. The new structure has full control on each WlncEuggests guaranteed MPPT control on each wind turbine with
turbine rather than controlling them collectively throughI

. . wer cost. In fact, the new structure has replaced three MERSs
HVDC voltage magnitude, and therefore suggests Improvegy,” o minal current rating of each wind turbine with one
aerodyn_amlc efficiency, fewer stab|l|ty pr_oblems_ and reduceg)C/DC converter of much lower rating for the generator
mechanical stresses on the turbine drive trains. The Othg&citation circuit. Furthermore more costly PMSGs are
difference between the two wind farms is that costly PMSGgeplaced with bruéhless excitation WRSGS
are replaced with WRSGs. Instead, only a low-cost DC/D '
converter of excitation system rating is added to each wind

turbine. Thus, in spite of higher performance indices, the VI. CONCLUSION
overall cost of the proposed wind farm could be even lower |n this paper a new structure is proposed for offshore wind
than the Nielsen 2000 design. farms which is optimized for HVDC transmission of wind

The last comparison considers one of the most receFﬁ“ms output power. The main idea behind the new structure is

offshore wind farm structures suggested in [8]. This structurc#o have an HVDC local network and transmission link for wind

as shown in Fig.8, consists of PMSG based wind turbine?rm' and to use electrical excitation of WRSG-wind turbines

equipped with Magnetic Energy Recovery Switch (MERS) to control them instead of controlling their terminal currents
transformer and diode rectifier. All wind turbines in the windthrough costly voltage source converters. Excitation systems

farm are connected in series to a single Current Source Inver@i€ also fed through the HVDC local network. According to the

(CSI) through DC link. CSl is installed at a coastal point clos&oMmparisons presented in sections IV and V, this structure can

to the farm. Each MERS consists of four reverse conductiv%'eld a significant cost reduction for offshore wind farms far

semi-conductor switches and a dc-capacitor. By shifting th@waty lrrth tfhe t coast% tr:nalntaltnlr:jg malg :_;\d&/'.;mtages and
gate signal of the switches, the equivalent capacity can H&Nroliabiiity ieatures of the most advanced wind farms.

adjusted. This behavior of MERS is thus regarded as a variable Quantitative analysis of the proposed structure, and
series capacitor that can provide a limited control on each wingvestigating its applicability for land based wind farms is
turbine. underway by the authors, and will be presented in near future.
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