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Filter Design for Cable Overvoltage and Power

Loss Minimization In

a Tidal Energy System

with Onshore Converters

MariosC. Sousouni, Jonatha K.H. Shel, andMarkus A. Muelle

Abstract—ByYy moving the back-to-back AC-DC-AC converters
in a tidal current conversion system onshore, maimnance
requirements and cost are reduced significantly. Tis is because
underwater components are not easily accessible angerate in a
harsh environment. In addition to increased maintamability, the
concept of long distance controls offers maximum peer capture
from the tidal currents in the same way that a conerter in the
nacelle would offer. However, a number of challenge are
associated with the concept of controlling electrad machines
through long cables, which include electromagnetidravelling
waves in the cables and system resonance. Thesemgmaena can
induce overvoltages at the generator terminals whitcan lead to
system failure and high harmonics that can inducexra power
losses. The major contribution of this paper is a ew method of
filter design, for systems with long distance conbls, for
minimization of system power loss. The proposed medd is
validated by developing a full resource-to-grid ticl current
conversion system in MATLAB/Simulink. Simulation results
show that using the proposed method overvoltage nigfation can
be achieved the same way as literature based filerbut at the
same time minimize the total system losses. The ws from the
analysis can be used to optimize tidal energy congion systems
with a similar electrical configuration.

Index Terms—Filter design, tidal power generation,
overvoltage protection, electromagnetic transient malysis,
variable speed drives, harmonic analysis, power trzsmission.

I. INTRODUCTION

HE world’s tides have the potential to generatebaar
free energy and contribute to energy sustainabditygl
security. The UK alone has a significant tidal eatrenergy
resource which can supply 29% of the UK electricigmand

a minimum since tidal devices are installed at tioces with
high tidal currents where the windows of opportyridr site
visits are relatively short. Another aspect of tiderays that
affects power transmission is that devices wiltlose enough
to shore, thereby eliminating equipment which would
normally be installed offshore. This consequentiyimizes
offshore maintenance. In this context, it is sugggbshat tidal
energy developers can improve the availability okirt
systems by moving the power electronics from theeha to
the shore. This can reduce offshore visits sinee fHilure
frequency of power converters can be significartedaon
data from onshore wind turbines [2]. Locating thewpr
electronics on land means that the generator hadeto
controlled via long subsea cables and thereforg Wistance
controls are needed. A block diagram of the TCCkzimg
long distance controls can be seen in Fig. 1.
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Fig. 1. Block diagram of the complete TCCS modehe three possik
positions where the system filter can be instadlezl depicted. These are
offshore filter, the onshore medium voltage filtend the onshore Ic
voltage filter.

The literature regarding long distance drives fesusn the
presence of overvoltages at the terminals of etedtr

[1]. Tidal energy developers have started to mewenfsingle  machines with long feeders due to electromagnetivetiing
devices usually rated at 1MW — 2MW to small scal§ayes. In order to mitigate the overvoltages irséheystems
demonstration arrays rated at around 10MW. Thedel ti \ocoarch papers focus on different types of pagitees [3 -
current conversion systems (TCCS), regardlessobin®ogy, 6] |n [3] three different types of filters, insead at the
require continuous reliable underwater operatiothwiigh \ohine terminals, are designed and compared aptSha
availability. This dictates that onsite visits mb&t reduced t0 ond_qrder filter at the inverter output is proposeditifors in
[6] study and compare the effectiveness of filtatsthe
machine terminals and inverter output with respecfilter
losses, changes in cable parameters and contregonse.
The authors are-with the Institte for Energ Sehool of Another aspect of research related to long distaocgrols is

u wi itu y Syste . . .
Engineering, The University of Edinburgh, The Kiaduildings, Mayfield system resonance which can induce extreme harmanids
Road, Edinburgh, EH9 3JL, United Kingdom (e-mail: Overvoltages. In order to study the resonance iwthe
M.Sousounis@ed.ac jik transformer, the cables and the machine, high-gequ
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modeling is required [7-9]. Finally, in [10] an depth
analysis is given regarding the design of"&dtder filter at
the inverter output in a TCCS without transformemntitigate
overvoltages due to electromagnetic travelling gave

Currently, a number of different TCCS configurasoexist
as tidal developers are trying to improve theiraapts. While
most of the designs are bottom mounted with hotedoaxis
rotors and low solidity blades, there are differagproaches
in generator technology. Research regarding tigatesns
focuses on power limitation mechanisms [11], poeagpture
maximization control methods, generator technol®{l®-14]
and grid integration [15].

The paper has the following structure. First, theotetical
background regarding the electromagnetic travelimgyes in
the cables and system resonance is briefly exmlaiime
sections 1l and Il respectively. In addition, iecsion Ill a
way to quantify system resonance is
mathematically. In section IV different parts ofetiCCS
model are presented. Section V compares the literdtased
design process of different types of filters withpeoposed
filter design process based on voltage gain cdionis.
Section VI demonstrates and compares results firomlating
the system model under different cases. Conclusienisred
from the results are summarized in section VII.

Il. WAVE REFLECTIONANALYSIS

Voltage pulses, created by the generator side aitertr
travel from the VSC to the generator through thHdes Their
behavior can be analyzed the same way as traveliavgs in
transmission lines [3]. Voltage waves travellingrfr the VSC
to the generator are reflected at the end of thg tables. The

voltage reflection coefficientl}, is determined by the surge

impedance ratio at node
_Z,~Z,

2ZamZc (1)
Z, +7Z,

Where Z¢ is the cable characteristic impedance at specifieQ(kT +T)= Ax(kT)+ Bu(kT)

frequencyw in rad/s, and, is the impedance at node

, = [(wic+Re
¢ (jwe,)

The impedance at the VSC terminals is very low beeat
is dominated by the dc-link capacitor and theref@sults in

)

establish

Results regarding the two scenarios are given aticse VI.
Fig. 2 shows the voltage waveform at the genenatoninals
for the proposed TCCS when filters are not desigmegderly.

5
2]

EHM\W | MMM *“MWWM A WW M;

Fig. 2. Voltage waveform at the generator termirfalsthe TCCS und
consideration when filters are not designed prgpafbltage peaks up

e2pu appear. The maximum allowable overvoltageZpu..

IIl. SYSTEM RESONANCE

Apart from the voltage reflections, additional oxatages
can be generated by the interaction of cable ctga® and
inductance. This interaction creates frequenciegratthe
system is resonant [4]. If harmonics are generatdhe
resonant frequencies then these harmonics can peified
and lead to overvoltages and increased harmoniorti at
the generator terminals. In addition, when a tramsér is
installed between the VSC and the cables, trangform
inductance interacts with cable capacitance crgat@ditional
resonant frequencies. In order to quantify the phenon of
resonance, voltage gain graphs where created docahles in
isolation and also cables with the transformer aystem, as
shown in Fig. 3. The voltage gain graph is creabsd
assuming that the VSC is sending voltage pulsestlzatdthe
generator terminals are the receiving end of thaskses.
Therefore we can compute the state-space modeedfyistem
using MATLAB in discrete form:

3
y(kT) = Cx(kT)+ Du(kT)

Where T is the sampling intervakT is the time instant,
input vector x represents inductor currents and capacitor
voltages, input vectou represent voltage and current sources
and output vectory represents voltage and current

I'vsc = -1. According to [3] the surge impedance of théneasurements. So, in order to create the voltage ggaph,

generator is very high for low power machines hart High
power machines this can be less than 0.65 [4]hiw paper,
two cases will be explored regarding the generatmge
impedance. Firstly, a worst case scenario is chogere the
travelling waves arriving at the generator termsnare
completely reflected resulting
magnitude of the travelling waves. Based on (13 thads to

I'cen = 1. The second scenario assumes a voltage reflection

coefficient at the generator terminals equal fGen = 0.5
which means that the travelling waves arrivinghat generator
terminals are reflected by 50% resulting in 1.5 esmthe
voltage magnitude of the travelling wave. When geisig
filters only the worst-case scenario will be taketo account.

Copyright (c) 2015 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee

in 2 times the vogda

(3) is simplified to:

(KT +T) = Ax(KT )+ B W, (KT)

Voo (KT) = Cx(KT) + D Vyec (KT)
Manipulating (4) the voltage gain graph can be egped as

in (5).

Vean (8) =

(4)

VVSC(S)
The magnitude of the voltage gain graph shows haghe
frequency component of the voltage pulses generated
multiplied to reach the generator. Therefore, iéréhis a
significant harmonic component generated at a &Bqu
where the voltage gain magnitude is above unitgntthis
harmonic component will be magnified at the germerat

(5)
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terminals. On the other hand, if the voltage gaibélow unity generated is shown in Fig. 4.
at a specific frequency range then the harmonicpoorents at v, (t) = V, ... (t) + Visuence (t: P) + Vaer (1 2 X) (7

these frequencies will be reduced at the genetataninals. \ynerep is the noise levek is the vertical point for the swell
The magnitude of the voltage gain graph and whexgnitude 5ndx is the horizontal point for the swell.

peaks appear are directly related to cable andsfvemer a)
parameters. The voltage gain graph can be seengin3F 3;, A
3
10 A ' t Peak —Cable system 2 5:////
(1327.141.6) esonant Feaks —-Transformer-Cable systel — o L L
, : ‘// \ ) 5 b) 10 15
10° + (4655,137.1) E §,3.5 T T
® 3 3
§ ! (%2.5\/\/\/\A
o 5 D 5 c) 10 15
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>O 3
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— - & 10 15
(6040,0.102) Time (s)
> Resonant Minimum Fig. 4. Tidal current speed used as input to thdehd=irst plot showshe
10 0 5000 10000 15000 mean flow speed (a). The second plot shows the $loged when the sw
Frequency (Hz) effect is considered (b). The third plot showsftbe speed with swell effe
Fig. 3. Voltage gain graptof a system with cables only and for a sy: and turbulence (¢

with cables and transformer. There is a significehange in resone B. Cable Modelin
frequencies when the transfcer is included in the analys ' g
In this paper we have chosen to model the long eaubs

IV. MODELING OF THEPROPOSEDTCCS cables with a network af-sections. In a transmission cable,
the resistanc®c, the inductancéc and the capacitan€&: are
uniformly distributed along the cable. In orderdocurately
represent the uniform distrubution with lumped paeters
and therefore obtain accurate results at the debheinals for

In this section the modeling aspects of the TCCH ba
described. The proposed topology can be seen inlFighe
power output of the medium voltage generator iagmaitted
to shore by long three-phase subsea cables. Théumed X ) § - X )
voltage is transformed to low voltage using an onsh trar_15|ent analysis, several |den_t|ae$_ect|ons_are connected in
transformer. The generator-side converter is ctiattcoy the S€ries- The number of these identigegections depends on

DTC SVM method which allows the SCIG to operatehwit cal:_>le parameters, cable lengtb) (and the frequent_:y range
variable speed. On the grid side, the low voltageut of the WNICh must be accurately representi. An approximation

inverter is first filtered and then a step-up tfan®ser is used of the number oft-sections required to accurately represent

in order to match the high voltage of the grid. Thedeling requency transients is given by the following eltpra

aspects of this system are described in [17].iBghper cable N = 8llc [ Fra (8)

and flow modelling will be described in more depth. Ve

Wherevc is the travelling speed of the waves in the cables

A. Tidal Resource and is defined in (9).

The power potential of a tidal turbine can be dediby the 1 ©)
same formulas as for wind energy systems: Vo = —F——
_1 : ©) Vie [Ce
Price = EDf’waner [Cp(A, B) AV Gren For the purposes of this paper, the analysis hamn be

wherepwater is the sea water density approximately equal tBerformed by agsuming a CQP'e length that_ is sleit_fm mogt
1025kgm?, A is the swept area by the tidal turbine bladeé',dal energy prOJects. In addition, the transiemalgsis of this
Veurent is the fluid speed in m/s, power coefficie@p, tip SYStem lies in the low frequency range and theeefas =
speed ratia. and pitch anglés in degrees. 5kHz. The parameters of the cascadeatetwork are given in
For the purposes of this study the input flow spéed Table | and Fig. 5 depicts the cable as modeled.
chosen to be above 2m/s as we intend to studygéeation of

" Le/N Lo/N Le/N
the system at rated conditions. The mean flow speedes RoN RoN > RoN
from measured data in which a predicted turbulesfc&0%
and swell effects were added. The predicted turimgleis

Ccl(N*2 Ce/N Cc/N Cc/(N*2
modelled by adding white noise to the measured nflean N2 (N°2)

speed. The swell ,eﬁeCt ,Of the tides was COﬂSIdGHﬂG}‘hG Fig. 5. Modaing the cables fgr the TCCS. Thresections are modejed,l‘
resource model using a first-order Stokes modeleseribed 3. Resistance, capacitance and inductance arepiiedtby the cable leng
in [15-16]. Therefore, the tidal flow is composefl three lc, toreceive their final valu

distinct parts, the mean flow speed, the turbuleacd the

swell effect. The flow speed is given in (7) anc thow

Copyright (c) 2015 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee
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4
TABLE | the capacitor behaves as a short circuit and ther¢6]:
SUBSEA CABLE NETWORK PARAMETERS Rmm = real (Zc) = 52570 (11)
Symbol Quantity Value
LV MV A
Rc Cable resistance per unit length 0.197Rm | =
Lc Cable inductance per unit length 0.742 mH/km vdc -
Cc Cable Capacitance per unit length  OpF1km || lﬂ
Ic Cable length 3.5km Y A
Zc Cable characteristic impedance 52.5708 - 19.3389- Generator Side Transformer ~ Subsea Cables Capacitor
N Number ofr-sections 2.12 Converter Resistor
N° Number ofr-sections chosén 3 Terminati
frnax Maximum accurately represented 7000 Hz Y ] |Termination
frequency Fig. 7. Block diagram of the generator side TO@i$ Capacitor Resist
%Since 2r-sections cannot represent the frequency rang@@dz, we | ermination connected in wy )
chose 3r-sections that can actually represipf. Filter capacitance is chosen so that there isthess 20% of
terminal voltage during steady state operation [4].
V. FILTER DESIGNMETHODOLOGY o (— 1)|::3|:(|c O /|_C [C. )  6.374LF (12)
The installation of a filter at the generator sifea tidal fher 2[Z. On(0.8)
energy system with long distance controls must ®NSU The impedance of the CR filter at the generatonieals:
continuous underwater operation, prevent overvekagnd 1
generate the minimum possible losses. At the follgw Z .. = |Rje * ( SO T ) =502 .14Q (13)
sections most filters that appear in the literategarding long ] flter
distance controls are discussed and filter parametze Wheref = 50Hz.
calculated based on the equations provided for TBES ‘ . o
described above. After calculating the parametaseth on the c) Capacitor Resistor Inductor Termination
literature, a new method of calculating filter paeters based In [3] the second-order damped high-pass filter (CK
on the voltage gain graphs is described. proposed in order to mitigate the overvoltageshatrhachine

terminals. The filter is shown in Fig. 8. The matbtmgy to

A. Filter parameters based on Iiterature calculate filter parameters is similar to the Cleefi

1) Offshore filter - - 14
As described in section Il the voltage reflectiarefficient Ruer = 168l (Zc) = 52570 (14)
at the generator terminals can be calculated udihgin the < = 1 O 1 = 60554F (15)

. . fiter —
worst case scenariBicen = 1 Whereas the desirable value for 2Ry 207 Of e

the voltage reflection coefficient at the generagminals is 1 1 2
I'cen = 0. Therefore, by terminating the long cables withL, = EE J = 66.9mH (16)
impedance equal to the cable characteristic impedare can Coer \ 20T e
achieve the desirable value. The capacitance and inductance of the filter argetheon
the tuned frequency which can be derived by (17):
a) . Resistor Termmanon . . . fooo= 1 — 250H7 (17)
Installing a parallel resistor (R) at the machiasttinals is 2 O/L e [T er

suggested [3] to provide voltage overshoot damifiig. 6).

. . . The CRL filter impedance can be calculated:
In order to achieve this, the resistor value mesegual to the P

cable characteristic impedance. = 1 4 Rier N2OTER (e | (1)
liter H .
Riter = |Zc|= 5598Q = Z ., (10) (J RO [C g ) Rier + J 2OTUE [L e,
LvVv. MV
— LV MV A
vdc - — “
vde — .n
1Y A
Generator Side Transformer ~ Subsea Cables —1Y A
Converter Resis_tor _ Generator Side Transformer ~ Subsea Cabld —— Capacitor
Termination Converter Resistor
. . . - - R v Inductor
Fig. 6. Block diagram of the generator side TG@®H Resistor Terminatic Termination

connected in wy Fig. 8. Block diagram of the generator side TO@g Capacitor Resist

Inductor Termination connected in wye.

b) Capacitor Resistor Termination
A first-order damped high pass resistor-capac@R)(filter  2) Onshore filters
at the machine terminals will provide overvoltagéigation Onshore filters have an advantage over offshotersilin

the same way as R [3] but with lower losses (FjgliYorder their use for TCCS since they are easily accessibt the
to choose the CR filter values we have to conghurinitially  operating environment for an onshore filter isridger.
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a) Medium Voltage LCR Filter
The filter design method of a second-ord€R filter for
overvoltage mitigation is described in detail in0JIfor a
converter-cable-generator system:

R, = real (Zc ) = 5257Q (29)
= 2 |:.ﬂtravel |:(rGen + 1) |:II—Gen (20)
Lfilter - Rf D
AV, + 1+ (Moo — 1) MMeen +1)
400 2
Clier = fizu? = 3431uF (21)

f
Where{ = 1.45 is the damping ratidgen = 1 andtiavel iS
the travelling time of the wave front to the redeg end
which is calculated from (22).

Cravel = lc m = 53.08us

(22)

5
10° ---No Filters
! —Resistor
i —Capacitor Resistor
1 i —Capacitor Resistor Inductor|
- 10 LCR MV H
G --LCR LV
[
©
10"
S ;
=
107"
10_2 L L L L L L
0 1000 2000 3000 4000 5000 6000 7000

Frequency (Hz)
Fig. 11. Voltage gain graph for the TCCS when the diffetgpes of filter:
are installec

The proposed algorithm for filter design operates the

The application of the above filter to the proposegy|iowing way:

converter-transformer-cable-generator TCCS is shiowig.
9. To calculate filter impedance only the parafe path is
considered which is similar to (13).

Z e =106 63Q (23)
Generator SideTransformer Onshore Medium
Converter Voltage Filter Subsea Cables
v MV
Vdc - éé
1Y A
Fig. 9. Block diagram of the generator side TG@®H a medium voltac

LCR filter. The LCR filter is composed of an indactconnected in seri
and a resistor-capacitor branch connected in wyaiallel.

b) Low Voltage LCR Filter

Referring the parameters calculated for the medialtage
LCR filter to the low voltage of the transformeeththe LCR
filter can be applied at the output of the VSC lagven in Fig.
10. Filter parameters are based on (19) — (21).

Generator Sidé®nshore Low

Transformer
Converter Voltage Filter Subsea Cables

Lv MV

SRR =G

Fig. 10. Block diagram of the generator side T@@8 a low voltage LCI
filter. The LCR filter is composed of an inductor connedtederies and
resistor-capacitor branch connected in wye in firal

B. Filter design algorithm based on voltage gain graph

A new method is proposed for choosing filter valbesed
on the voltage gain graph described in sectionTiHe main
aims of the algorithm are to choose filter paramsetieat:

1. Reference filter parameters are calculated usiter fi
design equations as described in the literature.

2. A range around the reference parameters is chosen
depending on the filter design equations.

3. For a specific set of filter parameters, within thage
specified above, the voltage gain graph is computed

4. The peak value of the voltage gain graph is st@zd
the worst case overvoltage for that case.

5. Filter impedance is also calculated based on the
specific set of parameters chosen in step 3.

6. A new set of filter parameters is chosen and tloegss
is repeated from step 3.

When the algorithm has chosen all the possibleddiker
parameters in step 3, a decision can be made twsehibe one
that gives better results. In order to quantify a@ednonstrate
the results, contour plots are created in the Willg sections.
The algorithm chooses which set of filter paraneeteill have
better results compared to reference filter paramdiy taking
into account:

» Peak voltage gain; higher peak can cause increased
overvoltages.

 Filter losses; a filter with higher impedance withve
lower losses.

» Voltage gain at 50Hz; the higher the voltage gdin a
50Hz, the higher the voltage compensation proviged
the filter to the generator terminals.

In the next sections, we will show the processhoose a
set of filter parameters in detail for the CR filtEBor the other
filter types, the process is followed in a simihaay.

» Reduce resonant peaks that increase the magnifude o

specific harmonics.

» Maximize filter impedance in order to reduce losses

induced to the system.

In Fig. 11 we plot the voltage gain graphs of theCBs
when the filters described above are being used. cafe
observe that the filters installed at the mediuriage side of
the system reduce the resonant peaks to very ltwesaThe
LCR filter installed at the low voltage side of ttransformer
does not reduce the resonant peak effectively.

Copyright (c) 2015 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee

1) Capacitor Resistor Termination (CR)

The block diagram of the CR filter at the machieenrtinals
is shown in Fig. 6. Based on the data acquired Hey t
algorithm a choice can be made for a set of fl@ues that
fulfill the criteria for overvoltage mitigation angdower loss
reduction. In order to visualize these results we create a
contour graph with the combination of maximum vgéaain
and filter impedance.
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5 10 the algorithm
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500 i \
5 600, 7 5 o 600 e
700 = : ; —— 700 — 7
40 60 120 140 160

80 100

Filter resistance (Q)
Fig. 12. Filter design graph for the CR filtéFhe set of parameters
algorithm has chosen are limited by the 1.2 conlioerand maximum filte
impedance. Reference case maximum voltage gaiB821

2) Resistor Termination (R)

The block diagram for the resistor termination igeg in
Fig. 6. Since resistor termination has only oneia@e the
filter design graph that appears in Fig. 13 comstathe
response at each frequency.

3000
Value chosen by
the algqrithi

25001

n
S
3
==

1500

Frequency (Hz)

1000y,

Reference Case

100 150
Filter resistance (Q)
Fig. 13 Filter design graph for the resistor terminatiofhe set c
parameters the algorithm has chosen are limitethéyl.2 contour line a
the vertical line of filter impedance that is adjatto this line

3) Capacitor Resistor Inductor Termination (CRL)
The block diagram for the CRL filter is given ingFi8.

Based on (15) - (17), by changitig.es We can obtain the &

capacitor and inductor values needed to desigrilthke Fig.
14 depicts the filter design graph for the CRLefilt

1000y
s00f 8
800 —
L 700/ ﬁ\\\\\\
g 600 =
e e
g 500 e o :
3 4”-—‘“\
[ ’1. \

L L -7 L

100 120 140
Filter resistance (Q)

Fig. 14 Filter design graph for the CRL filter. The sétparameters tt

algorithm has chosen are lited by the 1.2 contour line and the maxin

filter impedance along this line.

4) Medium Voltage LCR Filter (MV LCR)

The block diagram for the MV LCR filter is given kig. 9.
The inductor value is kept constant during the ysial at
maximum (0.15pu). The maximum value of inductarsedt
to be 0.15pu because a very large series inductarcesduce
the capability of the generator to produce ratedue. The
filter design graph for the MV LCR filter is given Fig. 15.

1S
ole] T T

Reference Case

(o]
o

[y

225 i
(9]

e

& 20

& N {Areachosenby |

Q ithe algorithm f

g1 e I
o}

= 107

[T

3000 : : ;
80 100 120 140
Filter resistance (Q)

Fig. 15. Filter design graph ftihe MV LCR filter. The set of parameters
algorithm has chosen are limited by the @ditour line and the maximt
filter impedance alcg this line

40 60

160 200

5) Low Voltage LCR Filter (LV LCR)

The block diagram for the LV LCR filter is given kg. 10.
The inductor value is kept constant during the ysial at
maximum. The filter design graph for the LV LCRtdil is
given in Fig. 16.
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Fig. 16. Filter design graph for thé/ LCR filter. The set of parameters
algorithm has chosen are limited by the 1@@8tour line and the maximt
filter impedance along this line.
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6) Combination of Filters

An additional advantage of the proposed algorithrthat it
can take into account a combination of filters when
determining the parameters for overvoltage mitaatiFor
example, additional harmonics are generated arotsd
switching frequency of the controller. In orderremluce these
harmonic components a single tuned filter can edu3he
proposed algorithm can take into account the efédcthe
single tuned filter and calculate the parametergHe filter so
that overvoltages are mitigated and losses are |dast
possible. A combination of a single tuned filterttwia LV
LCR filter is chosen and shown in Fig. 17.
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Fig. 17. Filter design graph for the LV LCR filtand single tuned filter.

Table Il gives a summarized view of the filter pasders,
chosen peak voltage gain from the design graph fiied
impedance for all the types of filters considered.

TABLE II
FILTER PARAMETERS CHOSENUSING PROPOSEDALGORITHM
} . Peak voltage Filter
Filter type Filter Parameters gain impedance
R R = 148.350Q 1.1809 148.3%2
R =111.96Q
CR C = 4.991,F 1.1995 647.262
R =111.96Q
CRL Li=192.6 mH 1.1922 867.79)
Ci= 3.842uF
R =210.28Q
MV LCR Li=11.3 mH 2.6716 2820.20
Ci=1.132uF
R =5.746Q
LV LCR Li=0.2728 mH 10.2242 85.08)
Ci = 37.501uF
LV LCR Ri=10.35Q
and Single Li=0.2728 mt 15.9989 141.8%)
Tuned Ci = 22.50uF
VI. RESULTS ANDDISCUSSION

In this section we will present the simulation fesu
acquired for the different filter cases presentdd.it was
noted in section Ill, two different scenarios Wit considered.
The first scenario, which is the worst case scenauill
assume that the reflection coefficient at the gaioer

terminals is unity/cen= 1. The second scenario assumes thg

the reflection coefficient at the generator terrsna I'cen =
0.5. Different cases regarding the generator rédliec
coefficient can also be considered however, thipepa
considers two cases as representatives to showftbet of
changing thé gen

A. Worst case scenaridicen= 1

The results from simulating the proposed TCCS uradler
the cases discussed above are given in Table Ill.

First of all, a comparison is made between thicieficy
of the proposed algorithm to derive the filter paeders in
each case. Based on the results of Table Ill, weotmserve
that in all cases the proposed filters have fewgsés from the
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filter created using reference parameters. In additall the
proposed filters are able to limit overvoltageshat generator
terminals below 1.2pu, the highest overvoltage dein
1.1659pu. This is not the case for reference §ijteéhe LV
LCR filter has a peak overvoltage above 1.2pu wiizh lead
to insulation damage at the generator. It shouldidied that
the equations to calculate the reference filteapaters were
derived for a machine-cable-converter system wlsertbe
TCCS in this paper also includes a transformer.

TABLE Il
COMPARISON OFFILTER DESIGNMETHODS FOR THEWORSTCASE SCENARIO

_ F||te_3r Peak Filter Losses System Total
Filter type Design overvoltage (%Pser) Losses
Method (pu) Ge (%6Pser)
R Reference 1.0097 56.11 57.15
Proposed 1.1375 21.89 24.25
CR Reference 1.1877 3.91 8.02
Proposed 1.1659 1.74 5.68
CRL Reference 1.1709 4.32 8.01
Proposed 1.1303 1.31 4.81
Reference 1.0611 14.32 17.5
MVLCR Proposed 1.0601 0.17 3.72
Reference 2.4563 0.35 4.02
LVLCR  proposed  1.1231 0.23 4.23
LV LCR
and Single  Proposed 1.0411 0.15 4.07
Tuned

Taking a closer look at the losses from the filtare can
see that the minimum losses are generated by theoged
MV LCR filter and the LV LCR in combination with rgjle
tuned filter. In addition to the very low losselse tmaximum
overvoltage at the generator terminals for thepegyof filters
is close to 1lpu which means that voltage reflesti@amd
harmonic resonance are mitigated effectively. As idt
expected, the proposed MV LCR filter and the LV L@R
combination with single tuned filter also have théimum
total system losses compared to the rest of therdjl up to
0.5% less losses from the proposed LV LCR filtepdssible
disadvantage of the proposed MV LCR filter is thhe
components have to withstand medium voltage arsl ¢hn
increase the capital cost of the filter. The prambtV LCR
filter in combination with a single tuned filter emtes
onshore, at low voltage, has the lowest voltagal tearmonic
distortion (VTHD) and generates minimum losses mgki
ch combination favorable for a TCCS.

Regarding the offshore filters we can observe that R-
filter generates very high losses and so this ty@enot be
considered an option. The proposed CR-filter and.-GRer
generate an acceptable amount of losses for TCZ&%dand
1.31% respectively. Generally, offshore filters éidao operate
underwater and also generate higher losses compared
onshore filters making their use in a TCCS unlikely

B. Second scenaridicen= 0.5

The results from simulating the proposed TCCS urider
second scenario are given in Table IV.
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TABLE IV
COMPARISON OFFILTER DESIGNMETHODS FOR THESECOND SCENARIO
Filter Peak Filter Losses System Total
Filter type Design overvoltage (%Pser) Losses
Method (pu) Ge (%Pser)
R Reference 1.0001 56.09 57.12
Proposed 1.0575 21.79 24.12
CR Reference 1.1471 3.88 7.98
Proposed 1.0935 1.72 5.64
CRL Reference 1.1012 4.29 7.96
Proposed 1.0678 1.27 4.76
Reference 1.0450 14.29 17.15
MVLCR  proposed 1.0411 017 371
Reference 1.5032 0.34 4.05
LVLCR Proposed 1.0014 0.21 4.19
LV LCR
and Single  Proposed 1.0091 0.15 4.16
Tuned

As an overall observation it can be said thatffilbsses are
not significantly affected whehsen changes. In addition, peak
overvoltages are lower for both design methods. él@w, in
the reference case of the LV LCR filter we can thes peak
overvoltage is above 1.2pu even though it is mumkef
compared to the worst case scenario. As for the akshe
filters the trends are similar to the worst casenscio.
Offshore filters generate very high losses andrthse in a
TCCS is unlikely. The least possible losses areegaad by
the proposed MV LCR filter and the combination &f LCR
filter with a single tuned filter. The fact thatgdeovervoltages
are much lower is very important since the secamhario is
more realistic compared to the worst case scen@hierefore,
using the worst case scenario we can design filéddisg into
account the limits of the system but in reality gystem will
operate under more favorable conditions.

C. Simulated operation

In Fig. 18 the comparison of generator voltagesvbeh the
reference and proposed filters of LV LCR and MV L@re
depicted.

a. Comparison of generator voltage with LV LCR filter
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b. Comparison of generator voltage with MV LCR filter
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Fig. 18. Comparison of generator voltages for psegoand referendéter
design for (a) LV LCR filter and (b) MV LCR filter.

It can be seen that in the reference case of theCR filter

13.01

the voltage exceeds the 1.2pu limit. Using the psep
parameters for the LV LCR filter the overvoltages Bmited.
In the case of the MV LCR filter both cases havev lo
overvoltages near 1pu. However the filter of thepmsed case
generates significantly lower losses as given ibldalll and
V.

In Fig. 19 the flow speed, active power, pitch anghd
generator speed can be seen for 70 minutes of taerdhe
proposed LV LCR filter was used.

a. Tidal flow speed with swell effect and turbulence
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Fig. 19.Tidal flow speed, active power, pitch angle andegator speed fi
the TCCS with the proposed LV LCR filter.
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As noted in section IV the TCCS was studied in Highal
flow speeds in order to study filter design undated
operation. In Fig. 19 we can observe the power fitbi
generator that fluctuates at some instances dtleetcudden
changes of the tidal flow speed but overall actpaver is
kept close to 1pu due to the pitch angle control.

VII. CONCLUSIONS

In this paper we propose an electrical configuratior a
TCCS with onshore converters. This configuratiobased on
generator-cables-transformer-converter interactiomch is
advantageous for small distances. It offers redwgestation
and maintenance requirements for the power elacsaand
control of the transmission voltage for reducedgmission
losses. A key contribution of the paper is the dpson,
modeling and system design of a resource-to-gri€CI @ith
long distance controls. In addition, we calculatbe t
parameters for different types of literature-bafittdrs. The
major contribution of this paper is the developmefitan
algorithm to calculate filter parameters so thatatied filters
both mitigate overvoltages and generate the leassibple
losses. In all cases the proposed algorithm wag &bl
generate a set of filter parameters that resulfewer losses
and a peak overvoltage below the limits. Basedhenrésults
from the algorithm both the MV LCR filter and LV IEEfilter
are possible solutions in a TCCS. The filter degpgacess
based on the proposed algorithm can be used fteragswith
a similar electrical configuration and its applioat is not
limited to TCCS.
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APPENDIX
TABLE V
GENERATORPARAMETERS
Quantity Value
Nominal Voltage (V) 6600
Frequency (Hz) 50
Stator resistance (pu) 0.00548
Stator inductance (pu) 0.08716
Rotor resistance (pu) 0.00399
Rotor inductance (pu) 0.08915
Mutual Inductance (pu) 3.99779
Rotor inertia (kg.r§ 90
Pole pairs 3
TABLE VI
DCLINK PARAMETERS
Quartity Value
DC Link Voltage (V) 1100
DC Link capacitance (mF) 11.6
Inverter nominal line voltage (V) 690
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