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Abstract— To automatically coordinate between different
converters in a multiterminal HYDC (MTDC) system, droop
control techniques have been adopted as an effeaivmeans
without the need for fast communications between Lts. The
droop control design is mainly dependent on the lia resistances.
Converting existing ac transmission lines to an extended
multiterminal three-wire bipolar HVDC system can be
considered a cost-effective way to interconnect gisrsed
offshore wind farms to onshore ac grids instead djuilding new
bipolar HVDC systems. This paper shows that the equalent
resistance of a three-wire bipolar system changesabed on the
operational mode. Two types of MTDC systems are comtgred
in this work, namely, radial parallel and meshed paallel
systems. Different simulation studies have been cducted to
validate the results of the presented analysis. Thmodification
to droop control design of an MTDC equipped with a lhree-wire
bipolar system is then presented to tackle this résance
variation with the operating condition.

Index Terms— offshore wind power, three-wire bipolar
HVDC, Droop control, multiterminal HVDC.

I. INTRODUCTION

The multiterminal VSC-HVDC system can connecttipld
offshore wind farms with conventional grids via enska
cables. The control of the VSC in MTDC system gdglly
based on appropriate voltage current charactevistiiable
for the operating mode [1]. Different control metisoare
covered in the literature, such as voltage margaster slave,
and dc voltage current droop control. Among thesetrol
techniques, the dc voltage current droop contrptégerable
as it enables power flow control without the need fast
communication between converters which is a sigaifi
advantage over other control methods [2]. The desfghe
corresponding droop constants is successfullytifited in.

The dc voltage current droop control approach hesnb

ex-tensely addressed in literature dc voltage demyrol is
used for balancing power in dc grid consideringjme drops.
In offshore wind generators are used to providetimend
primary frequency control to the onshore gridby nseaf
communication-free control methodology
Thismethodology is based on dc voltage controlgipiower
andfrequency droops at the onshore converter augidéncy

regulation at the offshore converter. A droop colnécheme
for MTDC is presented .The droop gains are selebtesid
on frequency response performance characteristicls as
the desired voltage errors [4]. However, the trassion
efficiency, which is a significant operational factin
transmission systems, was not considered in thgre§the
aforementioned droop gains. Although, the contrethad
presented in is based on optimal power flow in MTIDC
order to minimize line losses, the need for an otiffe
communication system may limit its applicationitiwas also
shown that the droop gain design is mainly dependerthe
line resistances [5] [6]. A methodology to desige tequired
droop controller to ensure maximum efficiency ia t{vDC
system while avoiding communication between diffiére
converters was presented. It has been shown tttiz, power
is shared between offshore feeders in an inversely
proportional fashion to their resistances, the iregwoltages
at the grid side converters will be the same. Toisdition
yields a minimum system copper loss [7].

Il. RELATEDWORKS

A. Three-Wire Bipolar HVYDC Equivalent Resistance

Here, the value of the equivalent resistance ®tlthee-wire
bipolar HVDC system is calculated for the two pbkesi
operational modes (two-wire and three-wire modesgase
of the three-wire mode the dc equivalent circuifstiee
system, where each line is represented by an dgoiva
resistance.

(3].
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Fig: 1 Steady-state equivalent circuit of the thsée bipolar
transmissionLine when (a) and are turned on andr{d)are turned on.

A controlled voltage source is connected in sewéh the
modulating pole to emulate the injected voltagehsyCRC,
which compensates for the voltage difference. Atiastant,
the modulating pole may be connected in paraltbkeito the

positive or the negative poles. Hence, the vol@agess the

parallel lines should be equal.
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The ratio of the power transferred by the threesviipolar
HVDC to the power transferred using conventionglobar
HVDC is 1.366. Thus, the power transfer of the ¢hnére
bipolar structure can be increased by 36.6% owerdgular
bipolar structure without exceeding the systemrtiatimit.

Poyye = 2V 20 1366 Djpnie -

(3)

In power-sharing mode, the converters are operatithiga dc
voltage droop characteristic defined by the dro@ng
provided that their currents are less than theiximam
limits. Thus, the selected droop gains affect troever

transferred by each converter. In the followingsadtions, dc

voltage current droop control
three-terminal radial parallel HYDC system.

B. Droop Gain Design
For the sake of simplicity, a three-terminal HVD@Gtem will

be considered to explore the proposed concept dialra

is employed using

parallel systems. In this system, the power geedriibm an

equivalent offshore wind turbine is transmittedhe onshore

side via an undersea cable. The total power is tiaded
between lines 1 and 2 that transmit power to tliekthrough
two VSCs. Line 1 is assumed to be a three-wire laipline
while line 2 is a conventional bipolar HVDC linen the

proposed droop gain control design methodology effect

of resistance change on the droop gain selectioensure

certain power sharing between the two lines is iciensd.
Three Wire

Equivalent 78 B e AC 1
Offshare Wind Underaea b 1 ;'_
farm  Cable | ]
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Fig: 2 offshore wind farm grid-integration usingttaee-terminal HVDC
system.

C. Smulation Results for Radial Parallel MTDC System

Based on the multiterminal VSC-HVDC system given IN
MATLAB/SIMULINK model is built to simulate the whel
system. The transmission lines and cables are aietilising
the built in models under the Sim Power Systemtbtmo To
avoid long simulation time, averaged models arel Gsethe
VSCs to simulate the power converters. For the gt
converters (VSC1 and VSC2), dc voltage controllers
usually employed under power sharing.

TABLE L
Rapial PARALLEL MTDC SYSETEM PARAMETERS

Line 1 Lime 2

(TWBL') | (BL") Cinble.3
Rl km) .44 00283 IR E
L imH&m) 0,37 0.347 01175
O {nF/km) 323 4.5 Bl
Lemgth (k) [0k (i3] 30
Conductor thermal Limil (A) 1500 20M00¥ 4000
* Three-wire bipolar line.
" Bipolar lime.

A design case study based on the three-terminal EIVD
system shown in Fig. 5 is carried out. The systanampeters
are given in Table I. Both grid-side convertersrated at 500
kv/1000 MW, which gives a maximum dc line curreot f
each converter of 2000 A. Hence, the maximum urmders
cable current will be 4000 A. Line 1 is a threeenbipolar
line. For line 1, the conductor thermal limit curtés assumed
1500 A. For currents less than this limit, the loperates in
the two-wire bipolar mode; however, for currenteab this
limit, three-wire bipolar mode is activated. The xnaum
current carrying capacity will be then equal 1.3G60 2049
A, which approximately equals the current ratingofiverter
%. The thermal limit of line 2 is 2000 A.

D. POBLEM STATEMENT

As the MMC is used in high voltage and high power
applications, the switching frequency must be kaifor safe
operation of IGBTs. At such sampling-to fundamembal
frequency ratios, the dynamic performance of thatrod
loops, i.e. AC side current control, becomes alehgk.
Reduced switching frequency algorithms of curremmtiml
should be used. The applied in HVDC system will be
investigated in this thesis, so AC side currenttrmdrof will
also be studied and the control system mainly hes t
functions:
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« Independent active and reactive power contrgdimulated. In the simulated case study, the pomjecied by
following the desired values. the wind side converters is assumed to vary inssseph that
+ Regulation of the dc-bus voltage at its nominaleal the wind side currents and are first assumed 2drb.s, and
Motivated by the promising future of the MMC and B  currents are increased to 1000 and 600 A, respytiwhich
system for offshore wind power, as well as the nez is the case represented by (two-wire mode). At, ey are
challenges introduced above, this thesis will foousthe increased again to 2000 A and 1000 A, which reptssihe
current control of MMC in HVDC systems especiallyihe case given by shows the injected grid currentsghvare both
wind farm side. The current control methods intrceetliin -~ equal to 800 A, and then after 10 s they are bgtialto 1500
existing academic papers are reviewed first andesofithe A. The corresponding bus voltages are given by. [iifee

algorithms are simulated and compared. currents of different poles of the TWBL are .Befafes, this
line is operating under its two-wire mode, whilésiswitched
. PROPOSELBYSTEM to the three-wire mode when the input wind currests
increased after 10 s. The corresponding equivali@et
A. Meshed Parallel MTDC Systems currents of other connecting lines between buses.
The MTDC system will be considered to explore the
proposed concept in meshed parallel MTDC netwdrkthis IV. RESULTAND DISCUSSION

system, the power generated from wind turbines dwinconverting existing ac transmission lines to anemested
extracted wind power between ac grids (grid 1 and B)  muttiterminal three-wire bipolar HVDC system can be
with a desired ratio, which is controlled by theaping gains  considered a cost-effective way to interconnecpetised

at the grid side buses.It is worth nothing thatdheop gain  offshore wind farms to onshore ac grids insteathlding
selection should be updated based on continuousieonlney pipolar HVDC systems.

measurements of all currents. This entails an #ffedast

communication between differentunits, which is aiehe A. WAVEFORM

main drawbacks of the meshed parallel systemsrddial 5w »ooans ©as

systems, the droop gain selection can be don@effind does
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Fig: 3 Droop Control Design for Multiterminal HVD6f Offshore Wind

Farms . To automatically coordinate between differentvesters in
The meshed parallel system given in is simulateith Wie a multiterminal HYDC (MTDC) system, droop control
same modelling assumptions given in Section. techniques have been adopted as an effective meétmit

the need for fast communications between units. dioep
control design is mdinly dependent on the linestasices.
This paper, sh(avgﬁ that the eq%v@!ent resistanedlokee-wire

I = L.0236pu

o L.O0437pu 5.580 A=6.560 =
4 I AAA— A AN — L bipolar sys on the operationat nidte
1043pu0.180 . 118004 - - 'mp_%fﬁ&g n't"droop control desjgn of an MTDC gped
26004 5.660 K=c480] v, = 1pu with@ three-wirdtbipol &k lis=then presentethckle

this resistance arigtio the operating cdodit Two
types of MJT'DC systems,are considered in this wogknely,
radial parallel ."i‘.'ﬂd meshed parallel systems. Dafier
simulation studies have been conducted to valitheteesults
of the presented analysis.

1800A ¥
1.0233m
[T 4]
Fig: 4 DC power flow for the simulated case studf) Three-wire
operational model. (B) Two-wire operational mode.
The same controller given in is used to controlghid side
voltage converters. As mentioned in the previousssation, V. CONCLUSION
the droop gain design in meshed system not onlgmi#gpon The equivalent line resistance is approximatelyuced by
the network topology, but also is affected by thgut/output 36.6%. The droop gain design is carried out fohbaidial
currents injected to the system. The cases giverfoby parallel and meshed parallel MTDC systems. Thisepap
two-wire operation and for three-wire operation ar@resents a methodology to design a voltage—cudestp
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controller for an MTDC system with a three-wire dligr
HVDC transmission line. It has been shown that cviitg
from two-wire mode to a three-wire mode of the #vére
bipolar line affects the equivalent line resistahtease of
radial MTDC systems, the line currents, mainly depen the

line resistance (in power-sharing mode), the cpording
droop gains of the VSCs should be updated to ensure
distributing of current with the desired sharingtioa
However, their values can be obtained offline. @& dther
hand, a meshed MTDC system necessitates an online
algorithm to update the droop gain constants witly a
variation in input/output current magnitudes andlioe
resistance variation.
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