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LCC-HVDC Connection of Off-shore Wind Farms
with Reduced Filter Banks

R. Blasco-GimenezSenior Member, IEEBN. Aparicio, Member, IEEES. Afo-Villalba, and S. Bernal-Perez

Abstract—Despite being more efficient, the LCC-HVDC links However, in spite of the advantages of LCC-HVDC links in
for the connection of large off-shore wind farms have the filter terms of efﬁciency and power Carrying Capabi“ty [10]_[12]
bank size as one of their main drawbacks. This paper shows how they are not being used for the connection of off-shore wind
the HVDC rectifier filter banks can be substantially reduced by f in f f dul ltilevel (MML) VSC-HVDC
taking advantage of the additional control possibilities offered by arms’ In tfavor of modular mu Igve ( ) B
the use of wind turbines with fully rated converters. stations [13]-[15]. One of the main obstacles for the use of

PSCAD simulations validate the operation of the wind farm this, otherwise very successful technology, is the needrgkl
and a diode rectifier HVDC link with a capacitor and filter bank  and costly capacitor and filter banks [16]. Noticeably, the
five times smaller than its usual value. The proposed control h3rmonics produced by the LCC converters are relativetyelar

algorithm allows for good harmonic and reactive power sharing P o
between the different wind turbines. and require filtering [17]. Moreover, the amount of filtering

As the reduced capacitor bank operation leads to a redistri- require_d depends heaviI)_/ on both the active power pe_ing
bution of harmonic and reactive currents, an efficiency study ha transmitted by the HVDC link and the harmonic characterssti

been carried out to evaluate the new power loss distribution with - of the ac network. Therefore, filter design requires a dedail
the reduced filter banks. ac network analysis and represents one of the most difficult
Index Terms—HVDC transmission control, Wind power gener- areas on the development of a LCC-HVDC link and subject
ation, Power generation control, Energy efficiency, Power syste  of ongoing research [18].
harmonics. Additionally, filter and capacitor banks provide the reaeti
power required by the rectifier and its transformer. Evenrwhe
l. INTRODUCTION the rectifier is fired at zero degrees (uncontroll_ed recjifibie
) ] ] _ current displacement caused by the commutation reactamce a
W IND turbines equipped with fully rat_ed converter is thghe |eakage reactance of the rectifier transformer leads to a
favored technology for off-shore wind farms [1], [2].supstantial amount of reactive power, typically in the &g
They effectively contr.|bute to voltage and frequency cohtr 4.6 pu. Even in the case where CSC-HVDC converters
of the off-shore ac-grid [3], .[4].. It has been also shown th%e used, filters rated up 24 pu are required [19].
they can also perform the distributed control of all the @siti - on_shore installations of the considered rating would use
usually carried out by a thyristor based HVDC rectifier [S]g typical of four to five capacitor and filter banks, each one
So it permits the replacement of the thyristor rectifier by aking an area between 400 to 1208.Mherefore, total filter
uncontrolled diode based rectifier [3], [4]. _ area might be several times larger than the valve building
The use of single generators connected to diode basggif. The proposed five-fold reduction on filter area is eacl
HVDC rectifiers has important advantages, including Sma”ﬁdvantage for off-shore applications.
conduction losses, smaller installation cost and higheal¢  The study in [4] introduced a distributed control strategy
ity with respect to thyristor based rectifiers [6]-[8]. B#s$, for the coordinated control of the wind power plant (WPP)
existing distributed control techniques allow for jointesption  and the HVDC link. However, it did assume the use of large
Of Wll’ld turbines and HVDC diode rectiﬁer in a Similar Way a%apacitor and filter bankS, which m|ght be inadequate for off
traditional thyristor rectifier HVYDC links, i.e. HVDC re€i@r ghore applications.
voltage or current control mode of operation, VDCOL fault This paper shows that the aforementioned control strategy
protection, etc. [3]. A similar solution consists on thei&er can be used with little modification with reduced rectifier
connection of individual wind-turbine rectifier modules atapacitor and harmonic filter banks. Adequate operation has
the expense of more stringent isolation requirements on $gen shown when the capacitor and filter banks are reduced
individual wind turbine transformers [9]. from 446 MVA (0.45 pu) to 89 MVA (0.09 pu).
i ) . As the harmonic filter reduction implies larger harmonic
Manuscript received January 31, 2012. Accepted for putidicaOctober distorti detailed stud the h . tent
11, 2012. The present work was supported by the Spanish tkiriEScience Istortuon, a detalled study on € _armomc contents on
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Fig. 1. SG-Based off-shore wind farm with HVDC connection

strategy proposed in [4] for operation with substantiakly r  Vwa = b ;
duced filters, together with a detailed study of its possible o, M {13 i
drawbacks.
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Il. SYSTEM DESCRIPTION i Vi
The system under study is shown in Fig. 1. The wind farm .
consists on 200 wind turbines ratecbaW each one, totaling
1 GW aggregated power. The wind turbines are connected t
the local off-shore grid using fully rated converters [2J@[1].
The off-shore ac-grid is connected to the on-shore trarsams
grid using a 12-pulse diode rectifier HVDC link [3], [4].
Reactive power compensation and harmonic filtering is
carried out by the capacitor and filter banks with parameter: Vf“
Cr and Zr respectively. Their values are obtained from “r
the CIGRE benchmark model [22] (scaled to the appropriate o L Pl O v
voltage level). The baseline case assumes that the capacit 3Ky Vv
and filter banks are rated a total ¢f6 MVA divided into
four equal banks that would be switched on and off dependirg. 3. Off-shore ac-grid frequency control.
on the generated power. The parameters of the HVDC link
have been also obtained from the CIGRE benchmark model.
Finally, the wind farm has been modelled using a total of
five aggregated wind turbine clusters of different rated gow
Sr1 =390 MVA, Ska =300 MVA, Sgs =200 MVA, Sgy = L :
(10151MVA and Sgs —RiQO MVA). The m§§h|ne side convgter of The individual wind turbine d-q currentditq; and i)
each of the wind turbines is used to control the wind turbirfg" be controlled to follow desired step references wittpim
de-link voltage Epc [3], [23]. Pl controllers.
The HVDC link is modelled using &-equivalent of the
DC transmission line, whereas the on-shore inverter stasio A. Off-shore ac-grid voltage and frequency control
based on a standard twelve pulse thyristor bridge. The sisaly |t is clear from (1) that the overall WPP active current
of the off-shore ac grid has been carried out neglectingitiee | (I = 327, Ity can be used to control the off-shore ac-
impedances and wind turbine transformer shunt mpedancegmd voltageV4. Equation (2) can also be obtained from the
Therefore, the off-shore ac-grid dynamics in a synchronogsactive power balance of the off-shore grid. Assuming,
frame rotating atvr and oriented ori’r, i.e. Vry = 0, Can is appropriately controlled, then the overall reactiverent

Fig. 2. Off-shore ac-grid voltage control.

2
Wqi

WFVFd — Z Iqu - IRacq (2)

be written as [4]: supplied by the wind farm 1, = 7, Ijy,.) can be
used to control the off-shore grid frequeney.. The WPP
dVFd — ZIWdz ]Racd (1) voltage and frequency control loops are shown in Figs. 2

and 3, respectively [4]. Note reactive power droop depemds o
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Fig. 4. Start-up operation with original capacitor and filbenks. Fig. 5. Start-up operation with reduced capacitor and fitimnks.

frequency measurement, so adequate sharing can be achiegtituted by a single capacitor bank rated one fifth of the
with relative ease. original capacitor and filter bank size.

During normal operation, the HVDC diode rectifier acts as a The front-end converter current loop bandwidth has been
voltage clamp or/r4. Therefore, the different voltage controldesigned to be around80 Hz, which corresponds to a
loops are saturated and inject a current determined by e&itching frequency oft kHz. In this way, 11", 13", 23
wind turbine optimal characteristic [24]. and 23" harmonics are all above the bandwidth of the current

On the other hand, if the distributed controller is no longe@ops.
saturated, local voltage control will be carried out by thiedv ~ Figs. 4 and 5 show the connection transient of the off-shore
turbines. This is the case when the HVDC line is disconnectgdd with original and reduced capacitor bank, respegfivel
or when the inverter is operating in current control mode. Initially, the on-shore thyristor bridge is blocked and thfé

The voltage control loop is designed to have2@ Hz shore ac-grid voltage referencgy;) is ramped up frond to
closed loop bandwidth, therefore, communication delays dnl pu. When the HVDC link voltageWr,.) reaches 0.75 pu
the centralized integrator in the range ®:10 ms can be (¢ = 1.2 s), the on-shore thyristor bridge is deblocked.
easily tolerated. A detailed description of the controatstgy ~ To ensure a smooth transition, both the wind farm power
can be found in [4]. and the inverter current references are limited to 0.1 pomFr
t = 1.8 s, these limits are gradually increasedltpu.

Both active and reactive currents are shared adequately
between the different wind turbines.

The effects of the filter reduction on the reactive power

It has been previously shown that the proposed conti@glivered by the wind farm and the overall harmonic contents
strategy can successfully operate during the disconmectiean be easily evaluated by comparing Figs. 4 and 5. The con-
and subsequent reconnection of a large part of the capaciiggtion transient is relatively fast, therefore, bank shiitg
and filter banks [4]. This result proves the robustness of th@s not been considered.
control system to changes in filter capacitance. Moreover,Clearly, the current traces show a large ripple due to the
if the voltage and frequency controls are designed takimgcreased harmonic contents when using the reduced capacit
into account the value of the reduced filter banks, then bank. Otherwise, voltages, HVDC current and wind farm
is possible to substantially reduce the reactive powengatiactive power show similar behavior in both cases.
of the capacitor and filter banks. Therefore, the capacitdr a On the other hand, the reactive currents delivered by the
filter banks from the CIGRE benchmark model [22] have beewind farm Iy,; show marked differences. In the original

IIl. DISTRIBUTED OPERATION WITH REDUCED FILTER
BANKS
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Fig. 7. Wind farm reactive power. A. Voltage and Current Distortion

The effects of the filter and capacitor bank reduction on the
harmonic contents of the off-shore ac-voltayig ), the ac-side
case, the wind farm does not deliver reactive current whearrent of the diode rectifie ), the wind farm currentf(),
generating rated power. and the capacitor bank currenis(=) are shown in Figs. 8

Conversely, with the reduced capacitor bank, the wind farta 16. In each case, the 1 13", 23'¢ and 2%" harmonics
injects the reactive power previously provided by the harimo are presented as a ratio to the corresponding fundamental
filters. component.

As a result, the wind farm is required to produi&y MVA Fig. 8 shows the amplitude of the %1 13", 234 and
reactive power at full load. Therefore, the wind turbinentro 25" current harmonics flowing through phase A of each WT
end converters and transformers must increase their powkrster. Clearly, the harmonic contents are shared adelguat
rating by around.5%, as shown in Fig. 6. amongst the different wind turbines.

During normal operation, the baseline capacitor and har-The harmonic contents on the wind farm ac-grid voltage
monic filter banks are switched on and off according to theith original and reduced filter banks are shown in Fig. 9. The
HVDC link delivered power. Fig. 7 shows that, in this casejariation on the 23 and 25" harmonics is almost negligible,
the wind farm reactive power is within a predefined limits ofvhile the 11" and 13" harmonics do increase.

—0.05 to 0.05 pu. However, neither of them are abo9e)3 pu, which is the

In the reduced filter case, the wind farm must inject thglanning level stated in IEC-1000-3-6. These values corre-
reactive power not provided by the capacitor bank, whicspond to a maximum total harmonic distortion of oBl%%,
delivers89 MVA independently of the HVDC link load. There- which is reached at half load and mantained thereafter, as
fore, at low loads, the HVDC rectifier is overcompensated arsthown in Fig. 10.
the wind farm needs to absorb reactive power. For generated’he distortion level of the wind farm ac-grid voltage is
power above).23 pu, the wind farm injects reactive power torelatively small. Therefore, the harmonic contents of the
a maximum of357 MVA. HVDC rectifier ac-side current increase only marginally whe
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a reduced filter bank is used. Fig. 11 shows the small vaniatio'? nd farm ac-gnd current harmonics

on the harmonic components diz with the original and
reduced banks. Hence, tlig total harmonic distortion (THD)

shown in Fig. 12 are very similar in both cases. ¥ \—Original capacitor and filter bank Reduced capacitor bahk
The wind farm current harmonic contents are shown

Fig. 13. Note the 23 and 25%" harmonics remain almos 2.5

unchanged. However, as Fig. 13 clearly shows, thé&" 1

and 13" harmonics substantially increase. Both have tt ol

maximum value at low load and decrease as load increase
any case, the 71 harmonic stays at or below.025 pu and
the 13" harmonic is never abov@013 pu.

As shown in Fig. 14, the harmonic contents bf cor-
respond to a total harmonic distortion up 207% at low
load and1.2% at full load. Opposite to the behavior &fz,
the maximum distortion of bothgz and Ir takes place a
minimum load and decreases as the load increases.

Finally, Fig. 15 shows that even voltage harmonics o 8 ‘ ‘ ‘
1 02 03 04

I THD (%)

relatively small amplitude have an important effect on ! L0203 O e active power (puy ° 00t

currents through the capacitor bank. In both cases, at mimir..
load the 11" harmonic is around.1 pu. The connection of Fig. 14. Total harmonic distortion on wind farm ac-grid cutre
the second bank in the baseline case produces a reduction in




Original capacitor and filter bank . .
A study on transformer harmonic losses is paramount to

03 determine the derating of the wind turbine transformers.
Transformer losses are divided into no-load losses and load
losses. Manufacturers usually provide information abawt n

7 load losses®y ;) and load lossedH, ;) at rated current [26].

77— No-load losses, also known as excitation losses, are mainly

produced in the iron and have a value aront’%. Voltage

harmonic components increase this value since they affect

hysteresis [27].

On the other hand, load-losses, also known as impedance
losses, are mainly produced in the windings and, in multi
megawatt transformers, have values aroufid at rated cur-
rent. IEEE Std C57.110 [28] subdivides load losses into two
parts: 12 R losses and what is called "stray losses”. The latter
is the sum of the winding eddy-current lossé%:{) and other
stray lossesKpsr). Therefore:
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Fig. 15. Filter and capacitor bank current harmonics. 2
g P Pr, =I"R+ Pgpc + Post 3)
45- : ~ : .
| —Original capacitor and filter bank Reduced capacitor bahk Harmonic components affect all three terms of the load
- losses.?R losses increase as the rms value of the transformer
current increases. Moreover, a higher value of the resistan
35 due to the skin effect can also be considered, especially wit

higher harmonic components.

S 30 Eddy-current losses vary with distorted currents accagydin
=) to an expression that is a function of its value under rated
F o conditions Prc_R):
O
B h=hmax /7 N 2
h 2
20 Prpc = Ppo— — | h 4
wo=Prcn > (1) @

=
a

where h is the harmonic order/; is the rms current at
harmonich, and/,, is the rms fundamental current under rated
conditions.

The previous equation can be rewritten in per-unit quaagiti
considering the rated current as the base current/aRdoss
at rated current as the base losses, giving:

! 1 02 03 04 05 06 07 08 09

Wind farm active power (pu)

Fig. 16. Total harmonic distortion on filter and capacitor ks=n

. . . . . h=Nhmax
this 'harmom.c.. However, W.Ith the reduced capacitor bar)k, it Pro(pu) = Peo—r(pu) Z I (puph? (5)
continues raising to a maximum 6f32 pu. This increase in Pyt

harmonic contents has to be taken into account when definin
the current rating of the capacitor bank.

Note theIsr THD, shown in Fig. 16, surpasse8% for
delivered power above.5 pu.

%:inally, similar expressions to (4) and (5) are suggested fo
other stray losses where the power fofis changed by 0.8.
These losses are usually neglected for dry-type transfeime
so they are not considered in this paper. Hysteresis losstis n
o considered either because no-load losses are far lower than
B. Impact on Overall System Efficiency load losses and, in our case, the transformer voltage shows a

Even though the control system permits the operation ofuch smaller distortion than the current.
the wind farm with increased voltage and current harmonics,As a result, the loss increase due to eddy currents is
they would create additional losses in different parts @& trcalculated as an increment in théR and in Prc terms. The
system that must be taken into account. The main elemergsistance of the wind turbine transformers is assumed to be
with increased losses are the different transformersesatd 0.5%, which corresponds to the value BfR at rated current.
wind turbine front-end converters. On the other hand, filter Moreover, load losses at rated current have been considered
bank losses are reduced, as they are strongly dependerst otoitbe P;,;, = 0.6% for each wind turbine transformer. Thus,
MVA rating. Prpc_r needed in (5) is only0.1%. These values are in

1) Wind Turbine TransformerBoth copper and core lossesagreement with [29].
of the wind turbine transformer will increase as the resiilt o In order to calculate the eddy-current losses of each tarbin
the increased harmonic and reactive currents deliveredhdy transformer, the four harmonic components lgf shown in
wind turbines [25]. Fig. 13 are introduced into (5).



After calculation, the new value for the eddy-current l@sse

at rated load is0.106%. This marginal increase with the

reduced filter was expected according to the harmonics com- Location
ponents oflr asi) the higher order components, which are

multiplied by the order squared, are negligible; amyl the
distortion decreases as load increases, being signifjdamter
close to rated power.

Besides the increase in eddy current losses, the transfo
copper losses would also increase, since now the wind
bines have to provide a large portion of the reactive po
compensation required by the HVDC rectifier (Fig. 7). At Ic
power, the reactive current delivered by the wind turbiree:
smaller than that of the base case. However, when the \
farm is delivering rated power, its current will He06 times
the base case current. Hence, rated poidgt losses would
increase fron0.5% to 0.564% (i.e. 0.5 x 1.062).

Therefore, total transformer losses (eddy current pRi3)
at rated power would increase froi6% to 0.67% when the
reduced capacitor bank is used.

2) Capacitor and Filter Banks:Capacitor and filter bant
losses are largely proportional to MVA bank rating. Therefc
the proposed filter reduction would lead to smaller capac
and filter bank losses. A conservative figure for capacital a
filter bank losses would b&04%, assumind).9% total HVDC
rectifier station losses antd4% contribution of the capacitor
and filter banks to total HVDC station losses [30].

Clearly, the power loss reduction would be dependent on t

delivered active power, as the base case includes comuomtal
of the capacitor and filter banks. At rated delivered powes, t
capacitor and filter bank losses will decrease from% to
0.008%.

3) Wind Turbine Front-End ConverterConverter losses

can be classified in switching and conduction losses. More- : .
dis smaller in the reduced bank case. Moreover, capacitde ban

over, for IGBT devices, conduction losses are further diuli
into losses proportional té and proportional ta? [31].
A detailed loss analysis should consider, at least, t

converter topology, the particular device being used armd t

converter switching frequency. Typical figures for congert
losses at rated load range frarf% to 2% [32], [33].

Therefore, a simplified loss calculation approach has be

used here, whereby rated power front-end converter lo
have been assumed to Be&% [32], [33] and proportiona
to the delivered current.

This simplifying assumption implies a small degree of I«
overestimation at medium power, but otherwise reflects
behavior of IGBT front-end converter losses [32].

With this approach, the full power front-end converter &xs
are estimated to increase from6% to 1.86% when the
reduced capacitor bank is used.

Fig. 17 includes the total loss of the systems under ¢
sideration, namely wind turbine front-end converter alaahsr
former, capacitor and filter banks. At full load, the reduc
bank case leads to the increase of total losses @65% to
2.41%.

From Fig. 17, the annual losses for the considered sys
can be calculated with the help of the Weibull distributi

TABLE |
ANNUAL LOSSES

A k  base case losses reduced filter losses
1 9.8 m/s 2.1 1.74% 1.83%
2 11.1 m/s 2.1 1.86% 1.96%
3 7.2mls 2.1 1.31% 1.36%
2.5 PR - - -
\—Ongmal capacitor and filter bank Reduced capacitor bahk
2,
g
815
17
o
ks
E 1
> P
(] 7
0.5 B
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Wind farm active power (pu)

1
Fig. 17. Sum of losses in front-end converter, filter bank Afidtransformer.

H)&ations 1 and 2 are provided in [34], whereas for location
, Which corresponds to Horns Rey, is provided in [35]. The
results are shown in Table I.

For the system elements under consideration, Fig. 18 shows
the relative increase on the total losses as percentagesef ba
case losses.

At low power, the wind turbine reactive current absorption

losses are always smaller with the reduced capacitor bank.

Hderefore, there i§.8% loss reduction at low power.

h For generated power up 5 pu, the filter reduction effect
on the losses is either beneficial or negligible.

For power from0.5 pu upwards, the use of the reduced filter
iéplplies an increase on existing losses, reaching a maxinfum o

Loss increase (%)

0.4 .
Wind farm

0.8 0.9

0.6 7
active power (pu)

of specific sites. Three locations in the North Sea have Lo,

considered. Scale parametdr and shape parametdr for

Fig. 18. Loss increase in front-end converter, filter bantkAfT transformer.



6.4% at rated power. In the three considered locations, these APPENDIX

values correspond to an increasesd?% in location 1,5.6% SYSTEM PARAMETERS

in location 2, and4.2% in location 3. Off-Shore AC Grid:
Base Values: 193.6 kV L-N rms, 1.745 kA rms, 50 Hz
IV. DISCUSSION ANDCONCLUSIONS HVDC Link:

Base Values: 500 kV, 1000 MW, 50 Hz
This paper has shown that the control strategy introducedTransformerT z: 603.73 MVA, 50 Hz, 345/213 kV (L-L
in [4] can be used with little modification when the rectifier rms), X; = 0.18 pu.
harmonic filter and capacitor banks are reduced to one fifth ofHyDC Link ImpedancesRr = R; = 2.5 Q, Lp = L; =
their original value. Moreover, it has been shown that the WRP5968 H, ¢, = 26 uF.
is capable of energizing the HVDC link without the need of Original filter and reactive power compensation bank
additional DC equipment. (according to CIGRE benchmark):
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