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Absgtract—The multi-terminal DC wind farm is a promising
topology with a voltage source inverter (VSI) conngion at the
onshore grid. Voltage source converters (VSCs) amobust to AC
side fault conditions. However, they are vulnerabléo DC faults on
the DC side of the converter. This paper analyses®faults, their
transients and the resulting protection issues. Oveurrent faults are
analysed in detail and provide an insight into progction system
design. The radial wind farm topology with star orstring connection
is considered. The outcomes may be applicable forSCs in both the
multi-VSC DC wind farm collection grid and VSC-basel high
voltage direct current (HVDC) offshore transmissionsystems.

Index Terms—Voltage source converter (VSC), fault overcurrent,
multi-terminal DC wind farm, wind power generation.

|. INTRODUCTION

ULTI-TERMINAL DC wind farm topologies are
attracting increasing research effort. For gridnemtion of
wind farms, the topology uses high voltage direatrent
transmission using voltage source converters (VSODE) [1].
With AC/DC converters on the generator side, thiptogy can
be developed into a multi-terminal DC network fdnavpower
collection, which is especially suitable for larggale offshore
wind farms due to advantages such as: no requiterioen
generator synchronisation; full-rated VSCs are bhpaof
tracking wind turbine maximum power point; DC transsion
avoids the AC transmission distance limitations flistant
offshore wind farms; and system efficiency enharergrf]-[4].
Traditional HVDC systems are robust to DC shorttgis as
they are current-regulated with a large smoothiegctance
connected in series with cables. Therefore, theynatosuffer
from overcurrents due to DC cable faults and thisreno
overcurrent to react to. Hence HVDC protection riyaielies on
DC voltage change detection [5]. Research on HVDSem
protection is mainly focused on specific cable tfdokating
approaches [6], [7], including application of triiwg wave
detection methods [8]. However, HVDC protection met is not
applicable for VSC-based multi-terminal DC systems.
Voltage source conversion (VSC) techniques are ammym
used for AC/DC or DC/AC power conversion. Ideally,a DC
wind farm, each conversion element can be a voltmece,
because of its flexible control of both active powead reactive
power. VSC controllability can cope with grid-sidaC
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disturbances, during which appropriate control g@ndtection
methods can be used to protect its power electidavices [9],
[10]. But due to the overcurrents flowing througieeiwheel
diodes, it is defenceless against DC side fadtsexample, DC-
link short-circuits, DC cable short-circuits, an€ Bable ground
faults. Among them, the DC side short-circuit faslthe most
serious and special protections are required tdetdhis critical
situation. Therefore DC switchgear configurationd aWSC
protection systems need to be properly designeclochted.
There have been discussions about the influen€&Cofaults

on DC distribution systems and possible protectmntions. The
methods include switchgear allocation, metal oxigwistor

(MOV) connected across diodes to protect them from

overvoltage, or replacing diodes with controllalgigte power
electronic devices [11], [12]. DC-link capacitorscharging
overcurrent protection is also analysed [13]. Galhethe most
serious DC short-circuit faults happen at the DiG.rélowever,

no research about the DC cable connected VSCs bes
reported, in which a cable short-circuit fault istgntially more
common than a DC rail fault and the impact of afadt on the
freewheel diodes in the VSC can be worse thandhat direct
DC rail short circuit due to the inductive componém the

discharge path. Although the underground cablessatdom
short-circuited compared to overhead lines, it iscrdical

condition and needs to be analysed particularlysfeitchgear
relay and protection design. The method of trarsomslevel

meshed VSC-HVDC system fault detection and locati®n
discussed in [14], [15]. An economic solution usiAG side

circuit breakers coordinating with DC fast switchegich are
only used for physical isolation instead of arareyishing) are
proposed with a “hand-shaking” coordination apphoablo

detailed fault overcurrent is analysed. MoreovelC Aide

switchgear is apparently not fast enough to cogb thie rapid
rise of fault current characteristic of freewheigldg conduction
which can damage power electronic devices
milliseconds. The basic “cut-and-try” method is moibugh for
system reliability enhancement.

In this paper, DC cable faults, with the cable emted to a
VSC, are discussed to help solve this problem. diakdopology
wind farm collection and transmission system issa®red. A
method without switchgear configuration is propo$ed small-
scale DC wind farms to provide an economic optidmwvever, for
large-scale offshore DC wind farms with HVDC power
transmission, DC switchgear configuration is indiggable.

The paper is organised as follows. In Sectionhig, inulti-
terminal DC wind farm topology background is intnedd with
potential options. Then possible internal DC faalts analysed
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according to type and characteristic. Fault oveerur
expressions are given in detail. Under this charestic analysis,
fault detection and detailed protection methodspaioposed in
Section V. Theoretical analysis and PSCAD/EMTD(
simulations are provided in Section Ill, IV and V.

Il. MULTI-TERMINAL DC WIND FARM

A. Multi-terminal DC Wind Farm Topology

The multi-terminal DC wind farm topology is still raatter of
research and discussion. Current limitations of tRXDsmission
include the lack of operational experience, théntiigst of DC
circuit breakers and the lag in development of D®iaks for
high-power applications. However, DC transmissisrsiill an
economic technique for distant large-scale offshaira farms.
Traditional solutions of AC wind farm collectionidg use either
AC or DC transmission cables [1]. AC distributiomda
transmission is a commonly-used topology, with meatu
technologies. Nowadays, favoured DC wind farm togiels can be
classified in terms of the number and positions/afage level
transform (step-up DC/DC, or AC/DC) and detailednester
topologies. No discussions about other two aspeetgvident: 1)
whether radial or loop connection; 2) each DC elust in star or
string connection as in traditional AC wind farnesario. In this
paper, both star and string connections are camsidéhe meshed
connection could be promising for HYDC transmisderel in the
future but is not discussed.

The illustration of star or string connected DC avfarms are
shown in Fig. 1. Each wind turbine-generator usitdonnected
with an AC/DC converter and collected to the DQeaysthrough
cables. Thereafter power is transferred to the ameshyrid
through voltage source inverter (VSI) and steptamsformer.
The DC voltage level is stepped-up with a cenedli®C/DC
transfer converter, which is discussed in [2] tothe optimal
option for DC wind farms. DC cable grounding cajmuies are
only considered for long transmission cables witeey can be
incorporated into the DC-link capacitors at eitterd. DC
collection cable grounding capacitances are omitkechuse of
the low collection voltage level. Therefore, theblea are
represented by seriéd. impedance. Fig. 1 shows the possibl
DC switchgear configuration as well.

B. DC Distribution System Fault Protection

DC distribution fault protection issues of a statahe Navy
shipboard power systems were discussed in [12]. Sysem
characteristic is different to that of wind farnmlection grid, mainly
in the power sources and power flow direction. ificathl DC
distribution can have generators of its own bgeiserally a load on
the network; a DC wind farm is a power source, hawender DC
fault conditions, it will absorb power from thedyr{14], [15] study a
fault locating and isolation method for a generaltifySC-based
DC system; this is mainly based on AC side citlotgakers, and no
DC switchgear configuration is discussed due tbamssiderations.

For star connection, each turbine-generator-caavartit has its
own collection cable and switchgear that connecta tBC bus.
Whereas for string connection, the turbine-generatets are
connected together with similar cable lengths. His tase, the
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Fig. 1. DC wind farm topology with switchgear cigiration: (a) star collection;
(b) string collection.
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p-0: Positive cable opecircuit fault n-g: Negdive cable groun fault
Fig. 2. Locations and types of DC wind farm intdrfaults.
collection cable rating can change along the stEsigransmitted
power increases. The sectionalised switchgear simokig. 1 (b) are
usually not used in reality. Normally, each strings only one
switchgear: the whole string has to be tripped féudt occurs. To
enhance the reliability, sectionalised switchgezsitjons are shown
here. They are not only for fault isolation, bsalor maintenance to
enhance the wind farm availability even under reaemce.

In this case, the connection can be seen as adictdial wind
turbine-generator-cable section (collection grid, @whown in Fig. 1
(@) and (b) in dotted areas), DC bus and transmisgstem with VSI,
shown in Fig. 2. Hence the analysis can be usdabfbrconnections
as different combinations of these standard conmtene

I1l. DC FAULT TYPES ANDCHARACTERISTICS

The DC faults that may happen to wind farms caoléssified
into different levels: the wind turbine generatgystem level, the
connection grid level, and the transmission letr@lr different
devices, they can also be sorted as: inner-comviaidts, DC
cable faults, and junction faults, i.e. at the DES.b

Wind power generation systems may have differgntltmies
and the power electronic building block has its gwotections,
such as detailled DFIG protection [16], [17], and $®/
protection [18], [19]. Internal faults inside thenwerter, such as
IGBT shoot-through and short-circuit across the s, are
typically managed by the VSC control system [12] ane less
frequent than external faults on the cables or iteis that are
exposed to the environment. Hence the protectionv8C
internal faults is not included in this paper, vwhican also be
solved using traditional differential protectiontimed [5] or that
of HVDC systems [20]. Therefore, this paper wiltéis on the
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collection grid and transmission system faults,clvhére shown
in Fig. 2.

Cable faults happen frequently. The most commosoresor
cable fault is insulation deterioration and breatdoThere can
be several causes [21]: physical damage (the redsuus short-
circuit fault can happen because of this); envirental stresses
such as damp, especially at the terminals of callbere it is
easily exposed to soil or water; electrical stressach as
overload operation or operation at high temperatable aging
and others. These can cause a ground fault. Héee,
characteristics of the DC fault current are analyfee a number of
faults on the DC cable that connects the powercssuo the VSI.

A. VS DC Short-Circuit Fault Overcurrent

A DC short-circuit fault is the most serious coruditfor the
VSI. The IGBTs can be blocked for self-protectiamidg faults,
leaving reverse diodes exposed to overcurrent. tRerfault
shown in Fig. 2, no matter where the DC short dir€ault
happens, it can be represented by an equivalentitcghown in

TIC floa @Stloz tim
LCthe«iga.b‘C

Fig. 3. VSI with cable short-circuit fault conditi.
i R L

Fig. 4. Equivalent circuit with VSI as a curreptsce duringcable short circu
fault (a) immediately after the fault (capacitor disgfireg phase); (b) dioc
freewheel phase; (c) grid current-fed phase.

Fig. 3, whereR and L are the equivalent resistance an.

inductance of the cable from the VSI to the calblertscircuit
point. To solve the complete response of this moeak circuit,
different time periods are analysed individuallyxpEessions for
both the DC-link voltage and diode overcurrent@mvided.

1) Immediately after the Fault (Natural Response):

This is the DC-link capacitor discharging phasetaswn in
Fig. 4(a). Under the condition (FE<2\/|_/70, the solution of

second-order circuit natural response gives anllatson.

circuit current expression is obtained by threesphghort circuit
analysis. For phasa, assume the grid voltage after fault
happens isg = Vgsin(at + a), with Vy as amplitude¢s as the
synchronous angular frequen@hasea voltage anglex at t;,
the phase current is

i = gsin(@t+a—-@)+[l ,sin(@-¢,) -1, sin@@-g¢)le”” (5)
where ¢ = arctafe, (Lyye + L)/R): T = (Lyge + L)/R lgoj@nd

@, are the initial grid current amplitude and phasgle, Lcnoke

choke

Assume the fault happens at tinig the natural responseis the grid side choke inductance.

(without inverter side currentg) under initial conditions of

Ve(to) = Vo, iL(t)) =lois
_ Voo

)

Ve = p e % sin(at +,8)—|Ee sinat
i, e -l e sin(at - [3’)+V° e%sinat (2
dt w al
whereg= ", p- 1 _ 0%+ arctar’s -
1 =i ) VT e

The time when capacitor voltage drops to zero is
t =ty + (- y)/w
where y = arctarf(V,a,C sin 8)/(V,&,C cosf - 1,))-

2) Diode Freewheel Phase (after v = 0, Natural Response):

This is the cable inductor discharging phase wiscolved
using the first-order equivalent circuit, Fig. 4) (where the
inductor current circulates in the VSI freewheebd#is. The
inductor current has an initial valugt;) = 15. The expression
of inductor discharge current, where each phasdrisyvheel
diode current carries a third of the current, is

i =1e® i, =i, /3. (4)

This is the most challenglng phase for VSI freewliézdes,
because the freewheel overcurrent is very abrufit aihigh
initial value, which can immediately damage theddis.

3) Grid Sde Current Feeding Phase (Forced Response):

This is the DC-link capacitor and cable inductodemna
forced current source response (Wit when the VSI control
blocked,vc is not necessarily zero), Fig. 4(c). To calcutae
fault current contribution from the inverter, agbrphase short

3)

The positiveig, current flows from diod®; to contribute to
the iyg, with those ofig, andig, so the totalyg is the positive
three phase short circuit current summation.

ivg =ip1 +ip2 +ipg = iga(>0) + ign,(>0) + Igc,(>0)- (6)

Here phasea partig, - response is analysed, which is chosen
to be the most serious one (with grid voltage plaage zero at
the fault initiation). Phase® and ¢ can be superimposed
afterwards. The inductor currents are solved as

i, = Asin(at + y) + Be'V" + 2120 G e sinfwt + B) & e“’I sinat (7)
w

where A= |g[(1—a)52LC)2 +(RCa)S)2]_% y=a-¢ -6

RCa«, r’ _ ,
f=arctan——=s + B=| ———— C,=—(Asiny +B),
1-a?LC "2_RCr+LC

C,=B/r-a,Acosy-

This fault analysis can also be seen from PSCAD/BRIT
simulation (Fig. 5 and 6) with a vector controllBBWM-VSI and
DC cables. The simulation system parameters, liniéiues, and
phase times are listed in Table |. The serious ¥fimve front
happens during the first phase and the freewhfsadtdfappens at
the beginning of phase 2, which are shown in Figl't& most
vulnerable component - diodes - suffer during theviheel phase,
in which the current is 73 times the normal valfienf 36A to
2619A) in this case within 5ms. The capacitor ssffeom a large
discharging current, which can be solved by opegdtie dedicated
DC capacitor circuit breaker [12], or adding cafmaabvercurrent
protection [13], or simply using fuses as for disttion system
capacitor banks [22].
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4) Influence of Fault Resistance: TABLE | SMULATION PARAMETERS AND CALCULATION INITIAL VALUES FOR
Usually, the circuit will experience oscillation ff< 2,/L/C - SHORT-CIRCUIT FAULT
. . . Simulation system parametefs Initial values Times
Somet|mes_, a ;mall fault resistance eX|sts_ bet\mmtwq fault(_ed R=0.120 Vo= 1.0 kV (DC) ©=0s
cables. This will makey +R>2,/L/C » Which results in a first L = 0.56mH lo = 0.036 kA (DC) t1=4.44 ms
. . . C=10mF 0= 2.
order damping process. The DC-link voltage will daip to zero, R o12<2JIC —0a73 {/0 — g g;g t@ 88
. . . . = 0. < = 0. = VU,
so no freewheel diode conduction occurs. In caSehart-circuit IZI= Igﬂ' lLaaetD)| =2.691
faults, fault resistances are generally small, @ 82. Hence the Lonre = 8MH o = 0.392/2.691 = 0.146 k

most critical phase can sometimes be avoided, ovdycurrent
protection for the DC-link capacitor and cables guired. The
overcurrent protection relay time setting is nett ttritical as well. @
The damping only effect will be shown in cable gmdault, in
which the ground resistance is always considerable.

B. VS DC Cable Ground Fault () £ °F ,g,,,;,,,i,,,;,,,i,,,;,,,;,,;,,,;,,,
The ground fault analysis depends on the groursiistem of P U S S S S S —
the DC wind farm. Usually, the grounding pointsarDC wind 05 w w w w w w w w w
0 10 20 30 40 50 60 70 80 920 100

farm include: the neutral of the step-up transforreed the DC-
link mid-point [11], [23], as shown in Fig. 7. Thedter grounding
point can improve the imbalance between the pesitid negative ©
currents and voltages.

A ground fault will form a ground loop with the aleogrounding
points. The blocked voltage source will act likeuanontrolled rectifier
with DC-link voltage changing to the rectified vage, so the current ()
will flow through the diodes. This current dependsthe impedance | |
between the transformer and the ground fault pdimt difference %0 = w w _ 5w 0 @ w10
between positive and negative faults is the dinectf current and the ome i

. . ) . .~ Fig. 5. VSl with cable short-circuit fault simduta: (a) cable inductor curreit
bridge diodes that conduct. The fault resist&can not be ignored in () pc-link capacitor voltageg; (c) current provided by grid VSivs; (d) grid

this case, usually ground fault resistance vaies bhms to hundreds side three-phase currefgs,).
of ohms [6]. The equivalent circuit is shown in.Fyfor the fault
calculation, which is divided into transient arehsly phases.
1) Transient Phase: (@)
The transient phase can be expressed by a thial-stdte-
space equation

igVSI (kA)
o
N
T

iga,b,c (kA)
o

v, 0 —y2c  y2c| v 0 ®)
i |=| YL -(R+RJL 0 [ i [+ 0 |Vyupe
i'Lcthe _]/ Lchoke 0 0 iLcthe ]/Lchoke (b) 1 | 1
wherev, ii, andj, are the state variables, which can be solved ok __ 1 1 1
-choke 1 1 1
analytically in the time-domain erdomain. There are no particular ° ° ime (ms) 1

effects on the diodes (unlike during the above tstimuit Fig. 6. Diode freewheel effect and fault time ghilisistration: (a) cable inductor
freewheel phase). Example simulation results asenshin Fig. 9. currentii; (b) DC-link capacitor voltage:.
The capacitor voltage drops to zero within 30msamdiile the ROL i ivs
inductor current experiences a large transient.8ifA0 (22 times fic
rated current). Ri 2

2) Seady-state Phase:

The steady-state phase can be calculated to seendbe ~ ' e \
serious overcurrents. The total impedance is x| - ,K} 4@ 4@ =

Z=(R, +R+jw L)@/ jaC)+ jw Ly, =206 )
Then the current through diode is Fig. 7. VSl with positive cable ground fault cotimi.
01 Zlgago) = M/‘Z‘)D”‘g ' (10) [

System parameters and calculation results are simWable |I.
In simulation, it is assumed that the DC power @@gide is tripped
immediately after the fault to avoid a DC-link caifi@ overvoltage
on the negative side. The steady-state diode tumeagnitude in
simulation is 0.1663 kA, Fig. 9, which is close eglo compared with
calculation value of 0.1661 kA (4.6 times of ratingrent).

o TiD3°-| 1iD2°_| fim

Lenoke lgapc
-—

Tig abc
Lchoke

Vgabe

Fig. 8. Equivalent circuit for VSI with cable gradi fault calculation.
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Fig. 9. Simulation results of VSI with cable grdufault: (a) DC-link capacitor
voltagevc; (b) cable inductor current; (c) three-phase diode overcurreiptss 3
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TABLE Il SMULATION PARAMETERS AND CALCULATION FOR GROUND FAULT

Simulation system parameters Calculation values
R=0.06Q Vg =0.392 kV
L = 0.28mH Lchoke = 8mMH Z=2.36188.96
C' =2C = 20mF lg=0.392/2.36 = 0.1661 kA
R =0.5Q

TABLE Il FAULT CHARACTERISTIC SUMMARY

AC - Ground- | Open-
Fault type faults Short-circuit fault circuit
Direction of DC-link N . . .
voltage change
Initial current 0 Up to 73 times of Up to 5 timeg 0
DC side change rating of rating
Rise-time of > 0.25(1fs)
fault ) O <5ms = O
first wave fron =5ms
current —— - -
Oscillation 0 RLC discharging, sinusoidal 0
pattern RL diode freewhegl

fs - the synchronous time frequency.

C. DC Cable Open-Circuit Fault

Open-circuit faults will only influence generatades converters
but not grid side converters, although this caluénfce the online
AC grid system because of the abrupt generatios. ldke
disruption of energy transmission path means reshitndnergy
generated by the turbine-generator system will cavgrvoltage
behind the rectifier and also generator acceleratiw over-speed.
This can be solved by applying dumping load atgémeerator AC
side or a DC-chopper after the rectifier to linfie trectified DC
overvoltage. Energy storage systems (ESS) coutdbasused at
the rectifier DC-link [24].

D. Fault Characteristic Summary

The DC-link voltage change can be used to sepd@te
faults from DC faults. For AC faults, the redundantrgy that
can not be transferred to grid is stored in DC-liapacitor and
results in the increase of DC-link voltage. But foner DC
faults, the DC-link voltage will collapse. Faultereurrent is
characterised in three aspects: initial currenngbafirst wave
rise-time, and oscillation pattern, in Table lllhiesh could be
used for fault type identification and detection.

IV. DC FAULT PROTECTIONMETHODS

The above DC fault analysis and detection can pkegto the
design of the protection system. The main prinsiple the same
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with AC distribution system protection: time-respenselectivity,

and reliability. There are few published works o Bystem

protection with DC circuit breaker and relay coofafion. Most

reported methods avoid using DC circuit breakessabse of the
lag in development and the cost. Moreover, no relk@erience can
be gained from the traditional HYDC systems. In huases, the
DC faults discussed here have similar charactesigtithe DC-link

voltage collapse but with different amplitudes ofei@urrent.

Hence overcurrent protection with a directionairelat can realise
fault location without communication between the switchgears
at the terminals of a long cable. The selectivity be realised by
using relay time delay or time coordination curves.

A. DC Switchgear

There are some options for switchgelarACCB & DC Switch:
AC side circuit breakers are used for fault cureextinguishing,
coordinating with DC fast switches [15R) DCCB: fully-
functioned DC circuit breaker - the optimal opti@hFuse: used
for systems that only requires fast response foteption and no
need for re-energise the system automatically. $-uselld be
used at each generator’s converter output sidaé@srsin Fig.
1. Considering the strict time-response requiremagt circuit
breakers will not be suitable.

DC circuit breakers are required for the collectiand
transmission systems as they require fast respomsr DC fault
conditions. The AC side breaker and DC switch cioatibn
obviously cannot function fast enough; when thét faccurs, the
mechanical arc-extinguishing AC side breakers djmeraime
cannot avoid the diode freewheel effect analysedabhence is
not capable of fast fault clearance. Moreover, atecation of
DC breakers can enhance the system reliabilitecaly for the
loop network topology, in which the AC side breakend DC
switches can only be used for a “cut-and-try” mdthe proposed
in [15].

Detailed design of DC circuit breakers and appatpriuse
selection is required to satisfy issues such asctefé arc-
extinguishing and fault clearance. This is a bigliehge for DC
circuit breaker device design.

B. Measurement and Relaying Configuration

The main protection should operate as fast ashpessiith one
backup protection, operating after a time delagdse the main
protection malfunctions. However, the backup ptaacstill needs
to be fast enough to avoid the freewheel effecichwis less than
5ms in the above example. Therefore the protetitiom response
should be at millisecond level, depending on thetegtion
coordination (selection) method. Distance protecti® usually
applied. The main principle of it is to estimate timpedance
between the relay point and the fault point. I§ tlaills into a given
distance value, the relay system waits for a cpomding time
delay to realise selection.

1) Communication Solution:

If each cable section is not too long, the relajedeg
opposite current flow will communicate with its foer relay. If
their current directions are the same, then thi fes occurred
outside this section. The relay will wait for a ageltime.
Otherwise, the fault is between the relays andréiay operates
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immediately. Because there is no further circudaler at the voltages and currents are rapidly changing (withamd off
terminal of a string or star, the circuit breakethés relay point periods), the division of voltage by current causekulation
will trip instantly. If all the relay delay time sxceeded and thereproblems and false decisions. Moreover, the abchpnhge of
is still overcurrent, the circuit breaker will trips a backup current may cause measurement error, while modeditage
protection. changes along the cable should be easy to deal Wiits

2) Distance Evaluation Solution: discontinuous DC current feature will not influendbe

The traditional AC system distance protection usggdance overcurrent detection unit; the relay only operatesvercurrent.
to represent the distance from fault point to ey point. The The measurements and distance relationship astrditad in
distance judgement is made with mho characteristican Fig. 13. The fault voltage at switchgear relay p@iis:
impedance circle. But for DC systems, during faalbsients, the
frequency changes abruptly, so no grid fundamenggjuency
impedance can be defined for distance protectiothree-phase
AC systems, distance protection uses symmetricaipooent
analysis to avoid the influence of fault resistaj&e However in
DC systems these are not possible. A new distanaliation
solution is proposed.

For a fast time-response protection system, if thain
protection and backup coordination are capable emfurely
protecting the system, at the protection stageetiseno need to
use time-consuming methods to accurately locatelidtance to
the fault point. Rough distance evaluation is ehofay a relay (b)
decision. This relies on the distance charactesistf overcurrent
value and critical time for the freewheel effecheTDC-link
voltage and cable inductor current variation tdfedént fault time (ms)

distances are shown in Fig_ 10. As distance inese#ize fault Fig. 10. Influence of fault distance on the systeenformance: (a) DC-link

overcurrent reduces and the time to peak currerdases capacitor voltages of difference distances; (b)ecatzluctor currents of different

" . o ; dist .
The critical time limit is when the DC-link voltagirops to slances

zero as in Fig. 10(a). At this time, the freewhgiedes conduct.
In respect of the distancethe critical time is
t, —t, =[m-arctafv,Cad/(V,CI - 1))/ (11)

where g = \/af /x- 0% - (12)

The freewheel overcurrent is the cable inductorerurat this
critical time. The critical freewheel current anmhe with respect
to distance is shown in Fig. 11. The critical timsethe strict
upper limit for the total switchgear operation tinide current— :
distance curve in Fig. 11(a) can be used for retayfiguration. ; ;
Examples are shown in Fig. 1f) is the relay time delay curve oo s
at point ). Here the critical time is used to coordinate dbtay

. . . . .. Fig. 11. Influence of fault distance on the systperformance: (a) initial
time of the relays’ shown in Fig. 12(3)’ which sier to apply freewheel current according to the fault distar{bg;DC-link capacitor voltage

di di
—_ * . * (n) —_ . * . (n)
Vi = Viay ¥ X Ty +X | T Rf|(ﬂt) + X (n(n) +I7dt ] (13)

wherex is the real fault distancg is the fault resistance.

iL (kA)

iL (kA)

@

(b)

t critical (ms)

than Fig. 12(b) method. _ _ collapse time change with distance. (Each cablisetan be 1km long.)
For DC cables, assume per km resistance and imdectaer )
. . . . . Delay Time

and| respectively. The grounding capacitor is omittecehdue to t

the relatively low voltage level and short-lengthilection cable to | | Standard seciion delay tintey

between turbines. Even for high-power case wheteingting @ o | |

capacitors are considerable, the capacitors carosdered into t | | |

each side of cable’'s DC-link capacit@uppose each section has Distanct

the same lengtt), and also ignore the possible differerand| A R R R R v5|
7 ® ) @ @

values for different sections due to cable ratipingisation. (The
closer the cable to collection platform, the higter current rating
of the power cable.) Even though each section raseg Kifferent &
length, if ther-l ratio is constant, this will not influence distanc () [\®
selection performance. to \
Here DC voltage dividers are used for distance oreazent S =

. . . . Distance
and repre§e_ntat|or_1. The fault dlstan_ce is evalubyedsing two B .y .y .y = vl
voltage dividers instead of a pair of voltage angrent —ﬁ(fn) @ @ ® @

measurements. Because in a switched-mode DC sy$terl)C Fig. 12. Relay delay time coordination configuati (a) with constant delay
time distance relays; (b) with overcurrent-distasetting relays.

Delay Time

/'




[
<

i
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Fig. 13. Distance evaluation with two voltage dari measurements.
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In practical applications, it is not economicalaitocate circuit
breakers at each collection unit end in a collecsting. For a
string with 10 turbines, the total number of citdueakers can be 3
or 4, so the delay time will be about 4.44/4 m¢him above case.
This requires the DC circuit breakers to operafievat level, which
is achievable. The evaluation decision proceduighdsvn in the
distance estimation table (Table V), used for dowtion, to

Another relay voltage sensor uni) (s used as reference forgllocate both main protection and backup proteciidwe standard

the relative voltage calculation; it is located mee main relay
point on the same section of cable, as shown inldgto avoid
long distance communication issues. The measurie vesing
voltage dividers ar&mm = KVi), Vi = kW), wherek, is the
voltage divider ratio. The distance between thekn@wvn,d, so
the fault distance measured from this reference is

Vg (14)

Vin(y ™ VYim(r)

di
_ - i m 1.
Vo Vi ‘C{”(n) + "

For metallic grounding or short-circuit faulsy = Ry iy = O,
so the cable impedance is in proportion to distaMeasured

where

(15)

distancex = X can be used for the distance relay configuratfon.

the distance calculation is within a given sectit® relay will
operate with a corresponding time delay to readislection as
shown in Fig. 12(a). The delay time of all the ismst should be
less than the critical time to avoid freewheel diogtercurrent.

For high resistance faults, which are more commoground
faults, the existence di& and difference betweely, and i,
make the evaluation of difficult. Usually, this kind of fault are
not as serious as the metallic grounding or shiostit, so may
not require fast time-response protection hencebedulfilled by
overcurrent setting. Considering the backup condition and the
critical time limit shown in Fig. 11(b), a methoad éstimate the
fault distance is proposed by estimating both tiglec distance
and equivalent fault resistance.

The distance measured in (14) in this case is nourate
because the influence of fault resistance, but ithithe only
information that can be used for time delay denisil5)
presents the real voltage drop between the twagy netants,
which reflects the real voltage drop excluding itifeience ofR
i@y But R still can not be exactly obtained even with thaerse

side tripped, i.eigy = ir). One solution is to measure th

reactance to exclude the resistance influencethimiis hard to
achieve. Under the assumption that the DC powercsagide is
immediately tripped, the voltage measurement is

J = Ryigy + X i, 1+ K) (16)
di,

dt J/(ri‘”))

is the equivalent ratio of reactance to resistandtiage drops.
Then definingg = D[ri(n) +l (';tm ]/(n) =Dr1+K) (18)

as equivalent resistance per section. Hence theuneghdistance
d= Rfi(n) +X‘ri(n) (1+ K) Rf D+ (19)

di R,
; (n)
(rl(n) +1 dt]

| di,

Vi = Rf|(n) + X [I’I(n) + ot

where a7

K=|l

Viny

X=

) ~Vin

section delay timg, for coordination is calculated according to the
critical time divided by the corresponding sectimmber.

TABLE IV DISTANCE PROTECTIONRELAY TIME COORDINATION

Relay _Fault Fag It F_ault Cpnfide_:ncg in | Switch
distance | region resistance | Discrimination | Delay
@ x<D (2)-(0) - Yes 0
x>D (1)-0) R >0 Yes 0
x<D 2)-(2) - Yes (0]
(2)-(2) R 2Rp
@ D<x<2D D0) 0=R <R No tsd
(2)-(2) R 2 2Rp
> @0 [ 0=R <R No 2l
x<D 3)-(2) - Yes 0
(3)-(2) R 2Rp
D<x<2D 20 0=R <R No tsd
(3)-(2 R 23Rp
(3) [2D<x<3D | (2-1) | RosR <2Rp No 2
(1)-(0) 0<R <Rp
(3)-(2 R 23Rp
x>3D (2-1) | RrsR <R No Ay
(1)-(0) 0<R <Rp

A three-section example is shown in Table IV. eritelay (1)
at the far end of a string cable, the measuredraistonly falls into
2 conditions. No matter what is the measuredilue, the circuit
breaker will immediately operate when overcurregiected. For
relay (2), itx< D, it is certain that the fault is happened insiaele
between (2) and (1), so delay time is also 0. ButiD, whether it
is smaller than 2 or not, it is hard to decide whether cable (2)-(1)
or (1)-(0) is faulted. But the bigger the evaluatetance, the less
serious is the fault, so the time delay is setsakip standard, with
onety delay or 2, delay wherx > 2D. The closer the relay is to
the inverter, the more possibilities there arestess, and the longer
the time available for distance measurement. Thaluation
é:Jrocedure using different distance calculation eslto set relay
delay times, to distinguish the main and backugeptions. This
ensures that the fault is cleared by at leastdbkup protection.

C. S9mall-scale System Protection Option

A simple method is proposed for small-scale, lowgo
scenarios. Reverse diodes can be used to resteafault current
from flowing into DC cable system. The VSI dioddantp the
voltage after the DC-link capacitor, another pdidiodes can be
used before the DC-link to block the fault currfiotving in the
other direction. In this way, the DCHink voltagellwot change
abruptly. DC-chopper circuit is used in case of lib&-overvoltage.
The reverse diode positions and current flowslaoes in Fig. 14.

PSCAD/EMTDC simulations are carried out. The sitada
system topology is a DC wind farm collection griithadiode-
rectifier and DC/DC boost conversion in paralldiwvthe grid side
inverter. This is economical and practical for dreehle systems.



The simulated DC wind farm system includes two \amjant
parallel connected wind turbine generation systeffe faults
simulated are: 1) a short-circuit fault for 1.0¥;a2cable ground
fault for 1.0s. Both happen on the cable of oneeggion system.
Zero fault resistance is considered to give the tnsesious
condition.

The DC-link capacitor voltage and inverter sidesree currents
are shown in Fig. 15. For a short-circuit faulg tC-link voltage
is clamped to be around pre-fault value and noeatirflows
through the diodes to charge the capacitor, ieeirterter current
is almost zero in Fig. 15(b), compared with thatijptto 2.50kA in
Fig. 15(a). The overvoltage after the recovery afitf will be
reduced by the DC-chopper. For a ground-fault ¢mmgino DC-
chopper is needed. There is an inverter overcutretithis is limited
to 2 times of the normal value, which is tolerdbtedevices.

V. DCWIND FARM PROTECTIONSIMULATION RESULTS

The proposed protection method is applied to sjpeBiC
wind
simulations. The topologies investigated are sswle DC
wind farm collection grids with star and string oentions
respectively. The generators are permanent magnehr®nous
generators (PMSGs). The generator side AC/DC ctargeare
three-phase diode-rectifiers connected
converters for energy conversion and maximum popant
tracking. The simulated DC wind farm system incldeo
equivalent wind turbine generation systems, pdredlanected,
to the DC-link and grid side inverter. The faultadated are: 1)
for star connection, a short-circuit fault on theble of one
collection unit; 2) for string connection, a groingdfault on the
collection cable of one unit near the inverter sitlee generator
and DC cable parameters are provided in the Appendi

A. Short-Circuit Fault Condition
Fig. 16 shows the system performance under a shouit

farm systems and verified by PSCAD/EMTDC

to boost DQC/

111

IL

1]
<
[¢)

an

VSl

DC-chopper

Fig. 14. The reverse diode protection method amckot flow directions.
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Fig. 15. The reverse diode and DC-chopper pratectiethod performance (DC-

fault att = 3.0s at the mid-point of one collection cableaof link capacitor voltagerc and VSI currentvs) simulation: (a) shortircuit faull

generation system. To show the selection validits fault is
applied to star connection and the fault pointrisoae collection
unit cable. The selectivity should make sure thigltfwill not
influence the power transferred to the invertemfrthe other
turbine system. The protection opens the faultefé sircuit
breaker immediately. The total power transmittedhs onshore
grid drops to 0.5p.u.. The VSI control maintaing fAC-link
voltage constant with a slight transient, Fig. )6l Fig. 17, the
currents at the two relay points show that, unddtage control,
the current at the grid switchgear relay pointi(d)drops to a

without protection; (b) short-circuit fault with giection (c) cable ground fat

without protection; (d) cable ground fault with faction.

extinguish the fault current, much less than tlkeevrheel effect
time, 5.1ms for the fault distance of 1.25km (ckdted from
(11) and shown in Fig. 11(b)).

The voltage measurements used for distance ewaluate
shown in Fig. 18(b). After the fault occurs, théayepoint (1)
voltagev;) drops to about 0.1kV, with a reference measure(ient
voltage v,y at about 0.05kV. According to distance evaluation
equation (16)x = 0.1d/(0.1-0.05) = 0.25km, where is known as

power decreases by a half.

In Fig. 18 currents and voltages are scaled to ghewtime
response of protection system. The overcurreny tal@shold is
set to be 1.5p.u. (60A). It takes about 70us tehrehat value
and then immediate switching is carried out. The @fuit
breaker simulated is a self-defined PSCAD model bef
directional IGBT/diode switch, with gate controbifn the relay
system. The actual minimum extinction time for 88T is set
as 10us in this case, which is adequate for IGEdshonly

the overcurrent relay should operate without tirlaylas long as it
detects reverse overcurrent exceeding the 1.3pashold value.
Moreover, the evaluated distance is accurate éatrtid-point of

the 0.5km collection cable), because the shortktiresistance is
zero in this case. Here it is assumed that the ureaents and
calculation can be completed within the time in alhithe

overcurrent is reached — about 60ps in Fig. 18(b).

B. Cable Ground Fault Condition
The cable ground fault protection performance dswshin Fig.

several ys [25]). Hence in total it takes 80us to actuall}9. The ground fault with resistance @& ®ccurs on the second



collection cable in a collection string (also th@l4moint), so the
switchgear trip means there will be no power floathe grid, as
shown in Fig. 19(b). Fig. 20 shows the collectiable (2)-(1) DC
circuit breaker relay (2) current and voltage measents. At the
instant of the faultf = 3.0s, the current direction is opposite;
feeds current into the fault. Although the directielement can
detect the fault current direction change, the aweent threshold
1.5p.u. is not reached, so no trip occurs untildbeky time has
passed. The evaluated fault distance includesnfhgence of
fault resistance, hence it is possible to misjudige fault

location. The fault resistance can restrict the@weent so it is not
as severe as metallic fault conditions. The timydes set as
calculated from the fault distance and delay tinwcept.

Evaluated distance value of relay (R)is intolerable now (an
unreasonably large value, much larger than thed tatitection

9

-ercurrent and DC voltage drop characteristics icatruct DC
switchgear relay design and selection. The studyonfmon VSC
and cable circuit fault can be used for most VS&daDC
topologies. A detailed protection design and retaprdination
inethod is proposed, with a diode clamping methodsriall-scale
systems in which DC circuit breakers are not ecaicaliy feasible.
Simulation results show that the proposed methoelgféective for
system protection.

The transmission system can be meshed to enhamce th

reliability but this is a big challenge for DC protion and relay
design. Although expensive, it is still necessarhdve DC circuit
breakers for a power transmission system. Therebbes much
research about the design of fully-functioned eodoal DC

circuit breakers. In the future, this would notebmitation on DC
power system development. The challenge of protgctieshed

length - 1km) because of the high fault resistaSogthe time delay DC wind farm networks is currently under study anil be

of (2) is set to be that for 1km - 4.44ms in Fig, ¥r (3) is the total
value of critical time for the total 2km cable 88ms. Fig. 21
shows the circuit breaker switch timing at relainp(®).

VI. CONCLUSION

DC system protection for wind farms is a new anéagd by
the potential development of multi-terminal DC wiiagms. In this
paper, internal DC faults are listed and analyseatétail, including
the most critical short-circuit fault and cablewnrd faults. The ov-
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Fig. 16. The wind farm performance under shondtifrfault at one turbine-
generator collection unit cable in star connectiaghDC-link capacitor voltage:
(kV) and VSI currentyg (kA); (b) wind farm total active and reactive poviRys
(p-u.),Qws (p.ui).
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Fig. 17. The relay measurements under short-tifauit at the first wind turbine

(b)

collection unit, star connection: (a) current aratage measurements at relay

point (1) of the faulted cabley) (kA) and vy (KV); (b) current and voltage
measurements at relay point (3) of the transmissadte i 3) (kA) andyv(z) (KV).

reported in future papers. The focus of this shualy been a small-
scale DC wind farm. While the conclusions may ektesuitably
modified, to large-scale DC wind farms, this rerea@m area for
further investigation.
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Fig. 18. The zoomed relay measurements undercitwoiit fault condition: (a) current

measurements; (b) voltage measurements includyy(¢ reference voltagay) (KV).

110 |~ 70 | 30 |

o VC (kV) 0iVSI (KA)
o -

1.00
0.80 1
0.60 1
0.40 1

0.20 1
0.00 TWMMWWWWWMWW
o Pwf (p.u.)

g @
@

-0.20

1.00 7 JQut(pu)

0.80 1
0.60 1
0.40 1
0.20 7
0.00
-0.20 E
2.50

(b)

3.25 3.50 375 4.00

Time (s)
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APPENDIX
TABLE V PMSGPARAMETERS
Parameter Value Parameter Value
Rated poweP, 25 kW Pole pair nd?, 12
Rated stator voltagés, | 450 V Phase resistance| 0.068 p.u.
Rated frequenciy 30 Hz Phase inductance 0.427 p.u.
TABLE VI DC CABLE PARAMETERS
Parameter Value Parameter Value
Resistance 0.08km Collection cable (1)-(0) 0.5 km
Collection cable
Inductance 0.28mH/km (2)-(0) for star / (2)-(1) for string 0.5km
Rating voltage| 1 kV Transmission cable (3)-(2) Kin®
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