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Short-Circuit and Ground Fault Analysis and
Location in VSC-Based DC Network Cabl

Jin Yang,Member, |IEEE, John E. Fletcher, and John O'ReilBgnior Member, |IEEE

Abstract—The application of high-power voltage-source
converters (VSCs) to multiterminal dc networks is #racting
research interest. The development of VSC-based dwetworks is
constrained by the lack of operational experiencehe immaturity
of appropriate protective devices and the lack of gpropriate fault
analysis techniques. VSCs are vulnerable to dc cabbhort-circuits
and ground faults due to the high discharge currenfrom the dc-
link capacitance. However, faults occurring along Hhe
interconnecting dc cables are most likely to threan system
operation. In this paper, cable faults in VSC-basedic networks
are analyzed in detail with the identification anddefinition of the
most serious stages of the fault that need to be aded. A fault
location method is proposed because this is a preyeisite for
effective design of a fault protection scheme. Itsidemonstrated
that it is relatively easy to evaluate the distancéo a short-circuit
fault using voltage reference comparison. For the ore difficult
challenge of locating ground faults, a method of &mating both
the ground resistance and the distance to the fauls proposed by
analyzing the initial stage of the fault transient.Analysis of the
proposed method is provided and is based on simulah results,
with a range of fault resistances, distances and emtional
conditions considered.

Index Terms—Fault analysis, fault location, voltage-source
converter (VSC), multiterminal dc network.

I. INTRODUCTION

AULT vulnerability and protection are significargsues
that constrain the development of voltage-sourcevexer
(VSC) based dc networks, especially in high-powsmarios.
This is primarily due to the lack of mature comnigralc
switchgear products. However, VSC-based high-veltdigect

current (HVDC) power transmission is attracting encgsearch

interest as it provides greater operational flditijbivhich suits
renewable energy sources. One typical applicatibry$C-
HVDC is for large-scale offshore wind farm integoat to
onshore utility grids [1]-[3] where a reliable detwork is a
prerequisite.
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Cable faults do occur more frequently compared witter
parts of the system. The most common reason fabée dault
is insulation deterioration and breakdown. Thene loa several
causes [4]: physical damage, environmental stresdestrical
stresses, and cable aging. There have been disesisabout
the influence of dc faults on dc networks at traission and
distribution levels. The following aspects regagdiic system
fault analysis have been reported:

1) Line-commutated, Current-Source Converter HVDC
Systems. HVDC transmission systems based on conventional
line-commutated current-source converters (CSCYatrast to
dc fault overcurrents because of their currentdegd nature
[5]. The overvoltage phenomenon of this CSC-HVDGtam
has been discussed [6]-[8]. Recently, HVDC protecti
research has been focused on specific cable faattibn
approaches. Protection coordination is seldom stubecause
of the lack of development in multiterminal dc netks.

2) Cable Fault Location Techniques: At the current time,
cable fault location research is primarily focused offline
technigues [9]-[13]. Techniques widely used in istiy are
trace methods using acoustic or electromagneticoagpes [9]
which are time-consuming. Traveling wave based ough
have also been researched using different algosifdi®]-[13].
However, when the system structure is complex ékample,
meshed for multiterminal connection) many reflessicoccur
which will influence location results. A detailedlide model is
required for accurate fault location using the $iant response
to a high-frequency pulse. For ac network and tiosxmutated
CSC-HVDC, these methods are adequate becausedialst f
location may not be critical. However, for VSC-béisystems,
a fast and accurate fault location is required dédfective
operation of protective devices [14].

3) VSCs with AC-Sde Faults. VSCs are widely used as
rectifiers or inverters for electrical power corsien. If each
conversion element of a dc wind farm is a VSC,am control
both active power and reactive power. The VSC cbrdan
cope with grid-side ac disturbances, during whipprapriate
control and protection methods can be used to grdtepower
electronic devices [15], [16]. The short-circuit r@nt
contribution of VSC-HVDC systems for ac system faudre
also analyzed in respect of ac system protecti@h [1

4) VSC Internal Faults: In terms of fault-tolerant VSCs, the
research aims are to protect the system from pess@BT
faults (for example, short-circuits) where theree amany
opportunities to allocate backup function or indugdundant
devices [18]-[20].
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5) VSC System DC Faults: In terms of dc network faults,
with parallel-connected VSCs, severe overcurrenig do
discharge of the dc-link capacitances are a majsuei. the
converters’ power electronic devices, particuldhly freewheel
diodes, are subject to overcurrents. Thereforectineverter is
defenseless against dc side faults, such as akisHort-circuit,
dc cable short-circuits and dc cable ground fadltese fault
conditions need to be analyzed and simulated imildédr
effective protection system prior to the developmet
practical high-power VSC-HVDC networks. Relevantrkg
are now summarized:

5.1) VC-Based DC Didribution Systems. For dc
distribution networks with VSCs, the following reseh has
been reported: a) fault simulation of a dc micrimgand
switchgear / fuse allocation [21]; b) fault anadysif a VSC-
based dc distribution system for a shipboard apfitia [22],
[23] - by replacing diodes with controllable gatewer-
electronic devices to provide bidirectional currdatbcking
function; c) dedicated discharge overcurrent ptaiacfor dc-
link capacitors [23], [24].
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Fig. 1. Voltage-source converter with cable skoruit fault condition.

identified to instruct effective fault location. &v for a
multiterminal dc network with loops, the VSCs arargilel-
connected through different cable routes. Therefarterms of
the equivalent circuit, the fault analysis detailexte could be
applied to a complex multiterminal VSC-HVDC syste.
decision-based fault location method is proposedddial dc
system protection and relay coordination withow tieed for
accurate fault distances [28]. However, in a mestedetwork,
an accurate distance evaluation result is requifed
coordination among the dc bus connected powerrelact
CBs, especially for economical, unidirectional iog CBs.

5.2) VC-HVDC Systems: Fault detection and location fortperefore, a location method based on the cirquitysis of

meshed VSC-HVDC systems is discussed in [25], @6ihe
transmission level. The technique in [25] extratite fault
signature by comparing initial current change, ¢herent rise
time interval, or current oscillation pattern affelient switch
locations. Based on that, [26] proposes a faulatioa and
isolation method. This relies on ac-side circugdkers (CBs),
and no dc switchgear configuration is discussed tdueost
considerations. VSC-HVDC cable overvoltage protectinder
line-to-ground faults is analyzed in [27]. Howevethe
protection scheme is not designed specificallydiegrcurrents
flowing through power electronic devices, which #éme most
vulnerable devices of the system.

the first stage is proposed for distance calcufatio

Furthermore, the proposed fault location approactested
under different fault conditions. The large capeeidischarge
through the dc cable is a low frequency responsiehmtioes
not require a detailed frequency dependent cabldeim&rrors
in fault distance estimation and resistance eviaoatare
provided. An iterative calculation is applied toduee
numerical solving errors and improve the distarstarate.

The paper is organized as follows. In Sectionhié, dc cable
short-circuit and ground faults are analyzed inmterof
nonlinear system stages. Fault overcurrent anégeltollapse
expressions are given as the basis for fault lonati Section

5.3) Summary: Most of the research reported on dc faulfj  selected PSCAD/EMTDC simulations are providéd

analysis with VSC configurations are based on nigakr
simulations without a theoretical basis througlewiir analysis.
The speed requirement for dc CBs can only be cordi) after
identifying critical time limits under various fautonditions.
AC-side switchgear is not considered fast enougtofe with
the rapid rise of fault current characteristic dfefwvheel diode
conduction which can damage power electronic dsvice
several milliseconds. In addition, most work focusa the dc
short-circuit faults at the dc rails [23]. Howevarcable short-
circuit fault is potentially more common than ardd fault and
the impact of a dc fault on the freewheel diodethaVSC can
be worse than that of a direct dc rail short circlue to the
increased inductive component in the discharge. gdthough
underground cables are seldom short-circuited mpaison to
overhead lines, it is a critical condition and redd be
analyzed particularly for switchgear relay and gctibn design.
In contrast, ground faults are more common but &s#us.
However, accurate fault location for effective paiton
coordination is required for high-impedance grotedts.

In this paper, theoretical analysis of VSC cablaltfas
performed. From definition of the stages of thisnlimear
system under different fault conditions, criticabhges are

Section 1V for fault location verification.

Il. VSCDC CABLE FAULT ANALYSIS

This section analyzes cable short-circuit and pasib-
ground faults in VSC-based dc systems. Accordingitouit
theory, dc bus faults are the same as dc cabldsfauld
different in protection coordination strategy mgrbecause of
possible complex structured multiterminal connectidhe
theoretical solution of the nonlinear system thegiresents the
faulted network can be defined by different stagh&h assist
in understanding system response. The charactsristithe dc
fault current response are analyzed for accuraleltacation.

A. VSC DC Cable Short-Circuit Fault Analysis

A dc short-circuit fault is the most serious coiaditfor VSCs.
The IGBTs can be blocked for self-protection durifagilts,
leaving reverse diodes exposed to overcurrent. rdlega of
where the dc cable short-circuit occurs, it camxgressed by an
equivalent circuit shown in Fig. 1, wheReandL are theremodel
equivalent resistance and inductance of the pesitid negative
cables from the VSC to the location of the shaudtit. The
cable grounding capacitor is omitted here whictiaminated by



the dc-link capacitance. Multilevel VSCs are espkci
promising for high-power conversion applicationsicts as
diode neutral-point-clamp converters and flying aafor

converters [29], [30]. The main fault charactecistiare in
common with the two-level converter in Fig. 1: asdd loop
via the freewheel diodes is available for capaciadischarge.
Therefore the treatment of these multilevel corersris similar
to the 2-level system analyzed here. In the mukilenodular
converter (MMC), the large dc-link capacitance éplaced
with low-value cascaded capacitors. Therefore different to

the analysis proposed here. With appropriate faoltrol

methods for the converter switches, the MMC catolerant to
dc fault conditions.

To solve the complete response of this nonlineauitj the
different stages of the fault, as it progresses, analyzed
individually. Expressions for the dc-link voltagenda cable
current are provided.

1) Capacitor Discharge Stage (Natural Response):
This stage occurs as the dc-link capacitor disasend the
equivalent circuit represented in Fig. 2(a). Unther condition

@)

(b)
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Fig. 2. Equivalent circuit for VSI cable shortaiit fault: (a) stage 1 eapacito
discharge; (b) stage 2 — diode freewheel; (c) s3aggrid current feeding.

analysis. For phase assume the grid voltage post-fault is

Vga = Vgsin(at + a) (5)
whereV; is the grid voltage amplitudes is the synchronous
angular frequencyg is the phase voltage angle at;. The

R<2,/L/C, the solution of the second-order circuit natureHhase current is

response gives an oscillation. Assuming the faajipens at
time to, the natural response (without inverter-side aurigy)
under the initial conditions ak(tg) = Vo, icane(to) = 1o is

Voo st o lo ot Q)
V. =——2e 7 sin(at + —-——e “ sinat
=5 (wt+p) -
I cabie =C—d(;/t° =—'°%e"" sin(at - ,z3')+\iaj°_e-‘n sinat (@)
where

J=R/2L,a” =YLC-(R/2L), cg, = &% + o/ , B =arctafie/ ) -
The time when capacitor voltage drops to zero is
L=ty +(n-y)/e
where = arctaf(V,e,CsinfB)/(V,a,CcosB - 1,)]-

®3)

2) Diode Freewheel Stage (after vc = 0, Natural Response):

This stage is initiated as the cable current coratestto the
VSI freewheel diodes when the dc-link voltage remchero
and the cable inductance drives current aroundréevheel
path. It is solved using the first-order equivaleirtuit, Fig.
2(b). The cable current has an initial valyge(t;)) = 1%. The
expression of cable inductor current, where eacasgtheg
freewheel diode current carries a third of the enirris
icale =1 0 €, ipg Zicapie / 3. (4)

This is the most challenging phase for VSI freewkigmdes,
because the freewheel overcurrent is abrupt witligh initial
value, which can rapidly damage the diodgs the time of the
pure inductor discharge of one phase before cursdiet] from
the grid-side, see Fig. 3 phase-

3) Grid Sde Current Feeding Stage (Forced Response):
During this stage, the dc-link capacitor and cahbuctor
have a forced current source response (ighwvhen the VSC

i = g Sin(@t +a - @) +[1,4sin@ - @,) - 1, sin(@ - g)le™"

(6)

=l sin@t+a-¢)+1,e""

where ¢ = arctafi, (Lyge + L)/ R]: 7 = (Lyge + L)/ R, Igojand
@o are the initial grid current amplitude and phasgl@, L¢noke
is the grid side choke inductance.

The positiveig, current flows from diod®, to contribute to
the iyg, with those ofig and ig, so the totaliyg is the
summation of the positive three phase short ci@uwitents.

iva =ip1 *ip2 +ips = lga0) +igh,0) T ige,>0) (7

Here only the phasapartig, o) response is analyzed, phase
b andc can be superimposed afterwards. To analyze thé mos
serious condition, the phase that has the highestert
magnitude (phasein this case), with grid voltage angle zero at
the initiation of this stage of the fault. The aaldurrents are
solved as

i e = Asin(t +y) + Be™V" +|Ciape sin(at + B)|/w ®)

+(c,e? sinat)/w

choke

dicable

9)

Ve = Rige tL

where A= [(1-a?LC)? +(RCw)?| ">, y=a—¢ -6,
6 =arctarf(RCw,)/ (L~ «ZLC)|, B=1,|r?/(r? -RCr +LC)|,
C,=—(Asiny+B), C, =B/1 - w,Acosy -

The above analysis is verified by PSCAD/EMTDC
simulations. The simulation system including a @econtrolled
SPWM-VSI and temodel dc cables. Simulation system
parameters, initial values, and calculated stagedtiare listed in

Table I. Fig. 3 shows the PSCAD/EMTDC simulatiosuiés.
The peak overcurrent occurs during stage 1 with rthast

IGBT gate control signals are blocked is not necessarily Severe freewheel diode overcurrent at the stestagfe 2.

zero) shown in Fig. 2(c). To calculate the faultrrent
contribution from the inverter, a three-phase shartuit
current expression is obtained by three-phase stioctit
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Fig. 3. VSC cable short circuit fault and stagénion: (a) dc-link capacitor
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feeding curreniyg (kA); (c) three-phase diode curreiats 23 (kA); (d) grid
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Fig. 4. Calculation and simulation comparison: ¢aple inductor current

iane(kA); (b) DC-link capacitor voltagec(kV).

TABLE | SIMULATION PARAMETERS AND CALCULATED INITIAL VALUES AND

TIMES FOR ASHORT-CIRCUIT FAULT

Simulation system parameters Initial values Times
R=0.12Q Vo = 1.0 kV (DC) t,=0s
L=0.56 mH lo = -0.063 kA (DC) t;=4.52 ms
C=10mF 1= 2.585 kA (DC) t,=12.61 ms
L Vg =0.392 kV (AC)
R=012< aE = 0473 (2] = RejdLaerL)] 22691
Lehoke = 8 MH lg=0.392/2.691 = 0.146 kA

The first two stages of the fault analyzed aboeestwown in
Fig. 4 and compare the simulation and calculatesults. The
first wave front happens during stage 1 and thevftesel effect
happens at the beginning of stage 2, which hasbifgest
impact on the system. From Fig. 4 the simulaticsulte and
the analytical calculations are identical.
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Fig. 5. Voltage source converter with positiveleajround fault condition.
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model can be 10 times the nominal value (from 0.R85t0

0.862 kA) and rises rapidly. The capacitor deliveate

discharge current. This current could be eliminateyd

including a dedicated dc capacitor CB [23], addiagacitor
overcurrent protection [24], or using high-speedefi as for
distribution system capacitor banks [31]. The doles should
be protected from overcurrent but they are moreisbthan the
power electronic devices due to the cable’s themas.

4) Influence of Fault Resistance:
Usually, the fault resistance is such tigat 2,/L/C , where

the circuit will experience oscillation. In casessbhort-circuit
faults, fault resistances are generally small. Sones however
a fault resistance exists and a large fault resigtB; will make
the conditionr, +R> 2\/|_/7c. This is a first order damped

process. The dc-link voltage will not drop to zesm no
freewheel diode conduction occurs. Hence the madftat
phase can sometimes be avoided. The overcurretécpion
relay time setting is not that critical in this ea§he damped
fault response will be shown with the cable grouadit
scenario in which the ground resistance is alwaysiderable.

B. VSC DC Cable Ground Fault Analysis

The ground fault analysis depends on the groundinpe
dc system. Usually, the grounding points in a déwogk
include: the neutral-ground link of the step-umsfarmer and
the dc-link mid-point [22], [32], as shown in Fig. The dc-link
grounding point is used to reduce imbalance betwtwn
positive and negative currents and voltages.

A ground fault will form a ground loop with the gnading
points. The IGBT-blocked-VSI will act like an undooiled
rectifier with the dc-link voltage modified to theectified
voltage, so fault current will flow through the éwgheel diodes.
This current depends on the impedance between the
transformer and the ground fault point. The differe between
faults on the positive and negative side of thdimc-s the
direction of current and the bridge diodes thatdemt. The
ground fault resistance cannot be ignored — it lhswaries
from smaller than ohms to hundreds of ohms. Thevatgnt
circuit is shown in Fig. 6 for the fault calculatiowhich is
divided into three stages.

1) Capacitor Discharge Stage (Natural Response):
This is the dc-link capacitor discharging stageegsesented
by Fig. 6(a). Under the condition <|;q‘f +R/2<2/L/4C, the

The most vulnerable component — the freewheel dicde solution of the second-order circuit natural reggogives a

suffer during the freewheel phase, in which theentrin this

non-oscillating discharge process. The dc-link agdt will not
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Fig. 6. Equivalent circuit for VSI cable groundulla (a) stage 1 -eapacito
discharge; (b) stage 2 — grid current feeding.

drop to zero so no freewheel diode conduction accissume

3) Steady Sate:
The steady-state equations can be determined. dtia¢ t
impedance is

Z=(R +R+ j@ )|/ jwC) + jwlag =Z06  (13)
Then the current through diode is
_Vyba _V, a-0- (14)

ip1 g = ‘Z‘DH’ _E

Simulation results are shown in Fig. 7. System ipatars
and calculation results are shown in Table Il.ilmuation, it is
assumed that the dc power source is tripped imrtedgiafter
the fault to avoid a dc-link capacitor overvoltagae the
negative side. Each phase diode conducts whencthwelthge
drops below its phase voltage, shown as ®hdlong the dc
voltage in Fig. 7. The diode current during thensiant state

the fault happens at timi, the natural response (withoutpeaks at 0.185 kA, Fig. 7, about twice rated curneagnitude.

inverter side curreritg) under initial conditions of c(to) = Vo,
i cable(to) = lo are

Ve = Ae™ + Ae (10)
e = ZC% = Ape® + A,pe® (11)
2
where :_Rf+R/2J_r R, +R/2 _1
12 L L LC
e L e R
P, =Py 20 2C P, =P ve 2C

This stage is afRLC circuit until the positive dc voltage
drops to below any grid phase voltage. It is difficto
determine an analytical expression for the timewhen
capacitor voltage drops below any grid phase velthgt
numerical methods can be used to find the timetisolu

2) Grid Sde Current Feeding Stage (Forced Response):
This transient phase can be expressed by third-catdde-
space equations

0 -1
/! 2C 2C 4
v, v, 0 12
L © 1 R, +R/2 L o (12)
1 = — -—— | \Y
I.cable L /2 L /2 cable gab,.c
I Lehoke _ 1 0 0 Lenoke ]/ Lchoke
L

choke

where v, i‘ape andi

-choke

inductance can also include the transformer andsits-

grounding inductance in case of an arc-distingaghcoil

connected in low or medium voltage situations. Hoguna(12)

provides a theoretical method of determining thertsbircuit

fault response. However, it is difficult to derivanalytical

expressions for the voltages and currents duriedahlt so it is
numerically simulated. There are no particular afeon the
diodes (unlike the freewheel phase during shoctitis). The
capacitor voltage drops to a new steady state imi8i3econds;
meanwhile the inductor current experiences a ltnaygsient of
0.8 KA (11 times rated current), Fig. 7(a).

It cannot be solved continuously because of comtouta
between diodes. Therefore, for each diode condugi&riod,
the status equations of (12) need to be solvedgusie
previous variable as the initial state for the présalculation.

The steady-state amplitude is 0.1661 kA, which lighgy
lower than the maximum.
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Fig. 7. VSC cable ground fault and stage definiti@) grid three-phase voltages
Vgapc (KV), de-link positive voltag®c pes (KV), cable currentepe (kA); (b) grid
three-phase currenitg,pc (kA), three-phase diode currépt, » 3 (kA).

TABLE Il SIMULATION PARAMETERS AND CALCULATION FOR GROUND FAULT

are the state variables. The choke

Simulation system parameters Initial / Calculatiatues Times
R/2 =0.06Q, R =0.5Q Vo =0.5kV (DC) th=0s
L/2=0.28 mH lo =-0.063 kA (DC) t,=3.88 ms
2C =20 mF Vg = 0.392 KV (AC)
R, +R /2= 056> 2y/L/4C = 0237 Z=2.36188.96
Lenoke = 8 MH Iy =0.1661 kA (AC)

For the fault analysis, other components in prattic
application should be considered in the analysis. éxample,
the capacitor protection itself — such as a snulaloéing as a
current limiter [22] can be included. If requirethe ac grid
impedance can also be combined with the choke tadue.
The oscillation and damping calculations from thealgsis
described are still applicable.



I1l. DC FAULT LOCATION

Traditional ac network distance protection usesedgnce
to represent the distance from the relay poinatdtfpoint. The
distance judgment is made with a mho characteristian
impedance circle. However, for a dc system in faahsient
state, the frequency changes abruptly. No grid domehtal
frequency impedance can be defined for distanceéegtion.
Therefore, electrical circuit parameter evaluatian be used to
represent fault distance. Online fault location hoes for
short-circuit and ground faults will be proposedéduh on the
analysis in Section Il

A. Short-Circuit Fault Location

6

so the cable impedance is in proportion to distaaice measured
distancex = x. For high resistance faults, which are more
common in ground faults, the existence Rfand difference
betweeni g, andig make the evaluation of difficult. Equation
(19) presents the real voltage drop between theréday points,
which reflects the real voltage drop excluding itifeience ofR
iqy. However,R; still can not be exactly obtained even with the
source side tripped, i.gu) = i¢. Usually, this kind of fault is not
as serious as the metallic grounding or short-itireo may not
require fast time-response protection and which wardulfilled

by overcurrent setting. [28] proposes a methodstomate the
cable distance without accurate fault resistandes (fault
resistance is equivalent to another length of cabtier fault) by

System short-circuit response is featured by digtanconsidering the backup configuration. In the follegvsection, a

characteristics of overcurrent value and critidaiet for the

freewheel effect. This critical time limit is whehe dc-link

voltage drops to zero and the freewheel diodes wind
assuming that there is no dedicated or effectivelinttc

capacitor protection to prevent the discharge. Thigcal time

should be the upper limit before which both the nmand the
backup dc circuit breakers operate. Using equaf®in in

respect of the distancethe critical time is

t, =t —t, =[n-arctafv,Ca'/(V,CI - 1))/’  (15)
where f = \Jaf /x- 5% (16)

The total freewheel overcurrent is the cable curm@nthis
critical time. The critical freewheel current ariché in respect
to distance are shown in Fig. 8. The critical tirmethe strict
upper limit for the time allowed for the switchgearoperate.
The current—distance curve in Fig. 8(a) can be dsedelay
configuration. As distance increases the fault oweent
reduces and the critical time increases.

Because of the small critical time available, aidafault
location method for short-circuit faults is requirdn [28] a
method using one more reference voltage sensorvoid a
distant communication requirement is proposed. Td®
voltage dividers are used for distance measurenzart
representation. The measurements and distancenslaip are
illustrated in Fig. 9. The fault voltage at switelag relay point
(n) is:

di di
= e * (n) _ : w| . ()
Vi =Vemy + X Ty + X1 (Ttn =Ryl +X (”(n) + dtnj(ﬂ)

wherex’ is the real fault distanc& is the fault resistance.

more accurate online ground distance evaluationhadetis
proposed.

Distance (km)

Fig. 8. Influence of short-circuit fault distanoe the system performance: (a)
initial freewheel current according to the faulstdince; (b) variation of time
for the dc-link voltage to collapse with distance.

Itity Ry

X DC Circuit Breaker / Switchgear and its Relay Syste

Fig. 9. Distance evaluation with two voltage diafidneasurements.

B. Ground Fault Location and Ground Resistance Evaluation

In three-phase ac systems, distance protection uses
symmetrical component analysis to avoid the abodednce
of fault resistance [5]. However, in dc systemsstis not

Another relay voltage sensor uni} (s used as reference foravailable. Ground faults are not as serious ast-siouit

the relative voltage calculation; it is located méree main relay
point on the same section of cable, as shown in&itp avoid

condition as the grounding is always with a largrultf
resistance; however, they occur more frequentlyrtedeer, the

communications over distance. The measured valieg uslarge fault resistance results in inaccurate evianaf distance

voltage dividers ar@myyn = kv, Vi) = KV, wherek, is the
voltage divider ratio. The distance between therkniswn, d,
so the fault distance measured from this refer&nce

Viny Vin(n)

X= d= d (18)
Vio "V Vimm) T Vime

— d H | di(”) .
Vim ™V =G| M F1

For metallic grounding or short-circuit falgsy = Ry i@y = O,

where (19

for protection coordination. Generally, as resiseanand
distance increases the fault overcurrent reduce shentime the
diodes start conducting increases.

Based on the above analysis, a new fault locatapraach
for distance and ground resistance evaluationagpgsed here
for online applications. The results can also bedusr offline
maintenance and fault location without injectingrsils into a
faulty cable, or a prediction before the applicatal the time-
consuming tracing location methods. With the mezment



values ot ¢ mea aNdi tapiemeas @nd the time whent e, drops to
below any phase value of the grid voltaggsgy,c - time the
fault loop total resistanc®, and inductancd.y, can be
solved from

Vé:,mea - Aiepﬂl,rrsa + Azepzh,mea

e = APE™™ + A, p,e"
whereA,, A,, py, P, are functions oRy andLygy as shown in
equations (10) and (11).

For dc cables, assume that the per meter resistande
inductance are andl| respectively. With a given| ratio of the
cable, the grounding resistanReand distance can be solved
from equation (21), if the resistance and induatant other
parts of the circuit can be neglected, such asettddGBTs
and diodes

(20)

{Rotal =R +rix (21)

Ltotal =1 x

IV. FAULT LOCATION EXAMPLES AND VERIFICATION

The proposed location method is applied to diffefenlt
conditions and verified by calculations with PSCERITDC
simulations. For ground fault location, robust ¢e&t various
ground resistance, fault distances and operatiowlitons are
carried out. An iterative method to reduce calcofatrror is
proposed for more accurate evaluation results.

A. Short-Circuit Fault Location

A short-circuit fault is simulated 1 km from the VS he
cableremodel parameters are= 0.06Q/km, | = 0.28 mH/km.
Cable grounding capacitances are omitted. The \A&imeters
are given in Table I. Voltage measurements (Fig.uk&d for

B. Cable Ground Fault Location

The calculation to find the location of the cabteugnd fault
(20) is assessed using relative errors under differonditions:
various ground resistances and fault distancesferdift
operating conditions including system protectioemtion.

1) Distance Estimation under Various Ground Resistances
and Fault Distances:
Ground resistances under test are 0.1, 0.2, 0%,dnd 1@.

VSI and cablermodel parameters are the same as above. The

rectifier side is tripped immediately at the ocemce of the
fault, with the IGBTs blocked instantly at the satimee. This
gives the best stage 1 calculation to test theracguof the
location estimate. Fault distance ranges from 5G08000m.

The calculated distance and ground resistance (@@nare
expressed as relative errors (Table 11l and IV)eDuthe small
inductance compared with large ground resistandhs,
calculation errors for distances increase whenmgaesistance
dominates the system response. That is also whyeslistance
evaluation has much lower errors in Table IV.

The measurement time used for calculation is listed in
Table V, which also shows that the dominant infeeerof a
large resistance on the system time-response. [#fgk ground
resistance, the time response requirement for ¢cr@aitchgear
system is not critical (in milliseconds even foe temallest
ground resistance condition). This is plenty tire dic solid-
state CB (SSCB) to operate.

In Table Ill, when increasing, the calculation error for
distance increases dramatically, however, most fagistance
errors are still within 5 %. Therefore the evaldgaiground
resistances are used in a single-iteration to ingithe error.
From equation (17), considering when the estim&ed large,

distance evaluation are tat 0.5 ms. At this moment after faulti(ﬂt) = i(y, then

occurs, the positive relay point voltagg.s drops to about 0.49
kV, with a reference point measurement voltageat about
0.44 kV. According to the distance evaluation (18),=

_ Vo ~ Rl d
Vim ™V

R (22)

dx0.4914 / (0.49140.4419) = 992.73 m, where the distance It needs to be noted that the error&jmare partially because

between the two voltage measuremedtss known as 100 m.
This evaluated distance is accurate enough (-0.7&4&tive
error), because the short-circuit resistance agpike almost

zero in this case ¢10° Q). Here it is assumed that the

measurements and calculation can be completednwtibitime
in which the overcurrent is reached.

O V_pos

ov_r

0.60
0.50

(kv)

0.40
0.30
0.20
0.10

V_r, V_fit

V_pos,

0.00
-0.10

20 25

Time (ms)
Fig. 10. Relay point voltage measurements undert-lircuit fault: positive
cable relay ., reference voltage ,, and fault point voltage ; (kV).

of the high error in distance. Therefore, by chogsi loweri(,
measurement value in (22), ti& error at distance can be
reduced, hence an improvedcan be obtained. The improved
distance results are listed in Table VI.

Now the improved errors are almost all within 2%etance.
If relay setting using 10% error tolerant for piten tripping,
such as that for most strict dc bus faults, thiscsurate enough.
If this is not the case, another iteration can be&fgimed to
further improve the estimate. The accuracy of datmn also
depends on the initial guess values for solution (20).
Operational experience or prior simulation resulis then be
used to initialize the calculation.

TABLE [l GROUND FAULT DISTANCESESTIMATION RELATIVE ERROR (%)

Distance |R=0.1Q |R=0.X0 |R=05Q [R=1Q |R=5Q |R=10Q
500 m -1.172 -1.558 | -6.258 |-21.642

1000 m 1.329 1611 | 4.264 | 15.114

1500 m | 2.7693 3.1307| 5.7093 | 17.086

2000 m | 0.3395 0.3695 0.5715 1.46920.6695 |51.4305
2500 m | 1.5072 1.5072 1.6644 2.691 21.15 |42.8572
3000 m | -3.8013| -3.6320, -3.365 -3.454 6.6917 | 42.857
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TABLE IV GROUND FAULT RESISTANCEESTIMATION RELATIVE ERROR(%) limit (20 p_u'); source side trips after the 20 B\mjtchgear

Distance |[R =0.10 [R=0.20 |R=05% |[R=1Q |[R=5Q |R =10 periqd. _ . .

500 m 12 04 0.32 055 079 0.4 Simulation results (Fig. 11 and 12) show the défee
1000m | -1.6 05 022 | 066 -261 -4014 between the four operating conditions. Without seuside
1500m | 60 24 | 072 | -1.15]-4404 | -5.367 tripping, the pulsed dc current still feeds inte tregative cable
2000 m -0.6 -0.2 -0.04 -0.09| -0.464 -0.586 . . .

m00m | 24 18 042 | ©026| 0594 0614 which results in the ripple of cable curren@age Il and1V).
3000m | 135 5.55 1.40 054 | -022| -0.746 For Caselll andlV, the VSI IGBTs are blocked after 12.45 ms

at 2 p.u. (0.17 kA). When any IGBT detects an oweent
higher than 2.0 p.u., all the IGBTs are blockethatsame time.

TABLE V CALCULATION TIME WITH FAULT RESISTANCEVARIATION (MS) . . ; N .
The time instants used for fault location are dethin Fig. 12

Dist -0. -0. =0. = = = . . " . .
;che R’zo;f R 207362 R 2: R ﬁz R 25;‘37 R 1;214 (indicated with an %”). The estimated fault resistance and
000 m 264 35 356 370 a9k Eiis distance ungler different cond|t|on§ are I|§ted gbl'é VII, with
1500 m | 3.14 3.36 2.04 9.76| 3060 5122 values obtained through one modifying iterationthdugh the
2000m | 3.40 3.60 4.20 9.82] 30.6p 5124 results are similarCase 11, 111, andlV yield higher percentage
2500m | 364 | 380 | 438 | 988 3064 5126 errors. This is due to the much smaller inductarstative to
3000 m 3.80 3.98 4.54 9.92 30.66 51.36

the resistance: 0.280° compared to 0.5+0.06. However,

using the iterative process reduces this calculagioor to well
TABLE VI IMPROVED GROUND DISTANCE ESTIMATION EXPRESSED AS be|0W 5%
RELATIVE ERROR (%)

Distance [R =0.1Q |[R=0.X0 |R=0.5Q |[R=1Q |R=5Q |R=10Q
500 m -0.084 -0.075 -0.131 -0.228 -2.59 -7.823 66 _©V_pos | OV pos !l &AVposlll ®Vpos IV EVga AVgb ©Vge
1000m | -0.016 | -0.020] -0.020] 0.01 1.39 7.490 (@) S 050 foe
1500 m -0.013 -0.027 -0.040 0.05 0.520 2.787 Eé 0.40 4
2000 m -0.035 -0.040 -0.040 -0.04p 0.125 0.795 ;Iﬁ 0.30 1
2500m | 0004 | -0.004| -0.008] -0.01p 0076 0.400 52 gfg
3000 m -0.253 -0.243 -0.230 -0.23p -0.187 0.377 o:no ]
g o
TABLE VII ESTIMATED FAULT RESISTANCE ANDDISTANCE UNDERVARIOUS (b) E gjsg 1
OPERATING CONDITIONS = a0
|
o 20 4
Fault Fault  |1-lteration Fault Fault 1-teration B 2.23 ]
Cases | Resistance |Distancex | Distance | Resistance | Distance | Distance = 020 1
R (Q) (m) X (m) Error (%) | Error (%) | Error (%) L S £ 20ms
Casel 0.4989 1042.64 |  999.80 022 | 4.264 -0.020 . g‘:gg T S
Casell | 05203 | 117550 994.18] 4.06 17.55 -0.582 @z ]
Caselll 0.5090 751.857 | 978.06 1.80 | -24.8143 -2.194 S tosn
CaselV 0.5330 846.786 993.56 6.60 -15.3214 -0.644 S 0040
0.000 4=
The iteration requires continuous monitoring of teys Ty R TR
operation status and data recording equipment. aBeli @ F o] :
measurement, monitoring and sensor devices arereegfor Z o0y
practical application. E: i
. ) ) ) ) . 0.000 4 '
2) Distance Estimation under Different Operating Conditions: 0,040 ;
The aforementioned analysis is based on ideal tpera 0.200 ALG3 eG4 MIGS 4166
o . . C z «—0.17k
with immediate blocking of the IGBTs and sourceesidpping  (e) £ 3122 ] "
at the instant the fault occurs. The fault resistaand distance g 0.080
estimation is now performed with the IGBT blockifumnction : gg“og ,
at a threshold current limit (2.0 p.u.) and witle iossibility of = o040 ;
slow tripping of the source side. The system pemtorce under 20 e g S ™ 30 o
different conditions 'S_ compared with a fe}ult diste of 1 km Fig. 11. Fault location measurement under diffemgeration conditions: (a)
and 0.5Q fault resistance. The following four cases arg-link positive voltages fo€ase I, II, 111 and 1V V pos iy (KV), and grid
considered: side three-phase voltagega (KV); (b) cable currents caie 1111v (KA); (C)

Casel: IGBTs and source side are immediately blocked afli@de curreni o1 i (kA); (d) diode current o1 v (kA); (€) IGBT currents
tripped, respectively; e122456(kA)

Case Il: The IGBTs are blocked immediately with source
side tripping after an ac CB operation period ohas)

Case lIl: The source side still trips immediately, IGBTg ar
blocked once they reach a threshold current lighid f.u.);

Case IV: IGBTs are blocked once they reach their current



OV_pos_| OV_pos_Il AV_pos_lll @ V_pos_IV ®Vga AVgb ©OVge

@

V_pos_LILIILIV;
Vg a,b,c (kV)
o
w
L
o
L

O |_cable_| A ]_;able_lll ° !_cabIeTIV

(kA)

(b)

1_cable_L,ILIILIV

30 35 40 455 50
Time (ms)

Fig. 12. Zoomed fault location measurement unddferdnt operation
conditions: (a) dc-link positive voltages f@ase I, II, 11 and IV V gos i1,111v
(kV), and grid side three-phase voltagesanc (kV); (b) cable currents
i_cable_l,ll,llI,IV (kA).

For the fast time-response dc protection devidabgi main
protection and backup coordination are capable ealurely
protecting the system, at the protection stageetieno need
to estimate what the exact distance is to the faailit. Rough
distance evaluation is enough for a relay decitioeffectively
protect the system. Therefore, the accuracy ofuetian can be
flexible for different fault protection device reggments. For
example, even if the error is larger than 2% Gase 111 after
one iteration in Table VII, this may still be enduipr effective
protection judgment.
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Even if R is large, theoretically, the dominant feature of

stage 1 of the ground fault is still &.C discharge. Therefore,
more accurate location can be acquired with memations of
the calculation. Although this will take more timgor
calculation and decision, with lardr, the fault isolation is not
as time critical. Other offline/slow location appohes can also
be incorporated to determine a more accurate facghtion
with larger values oR.

V. CONCLUSION

Integration of high-capacity offshore renewablergpeonto
transmission networks is increasing the applicatioh VSC-
HVDC transmission networks. In this paper, shortwt and
ground fault analysis of VSC-based dc systems ifopeed.
Definitions of the stages of the fault responseproided and
assist in identifying the most serious stage ofaltf which
must be avoided through protection. The analysithefmost
serious short-circuit fault provides a critical &mimit for
switchgear operation. Also, it is easier to locatshort-circuit
by measuring reference voltages than to locateoangr fault
which may have a relatively large impedance. Tloeegfa fault
location method is proposed for ground faults wsitfalysis and
simulation provided under various fault distancesistances
and operating conditions. The simulations verifg tperation
of the technique. A method using an additional Iskitgration
is proposed and is shown to improve the accuracyhef
distance and resistance estimate. The proposedodchétha
prerequisite for online determination of fault ldoa in order
to meet the requirements of effective dc systemayrel
coordination and protection.
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