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Abstract—When a transmission line close to points of common
coupling (PCCs) experiences a short-circuit (SC) fault, the
fast reactive power control of voltage-source converter-HVDC
(VSC-HVDC) is likely to affect the protective relay operation of
transmission lines. To study the performance of distance relays
on an ac grid with an offshore wind HVDC network, this paper
presents an apparent impedance calculation method, which uti-
lizes the bus impedance matrix (Zbus) to calculate the impedances
viewed by distance relays during a three-phase SC fault. The
proposed method is used to identify the potential miscoordinated
Zone 2 relays in the proposed combined ac/dc system. The analysis
is verified by software simulation results. It is shown that the pro-
posed method results in accurate impedances viewed by distance
relays. It also identifies the protective device settings on the ac grid
that need to be adjusted due to HVDC control of offshore wind
generators.

Index Terms—Decoupling control of VSC, distance relays, off-
shore wind farms, VSC-HVDC, Zbus.

I. INTRODUCTION

W ITH the increasing energy demand and growing en-
vironmental concern, many countries have developed

their targets to significantly increase the integration of renew-
able energy sources, including offshore wind power. A report
from European Wind Energy Association (EWEA) has shown
that the installation capacity of EU offshore wind units will be
increased to 40–50 GW in 2020 from 2 GW in 2009 [1]. The
rapid growth of offshore wind power and its inherent charac-
teristics (e.g., large scale and long distances) make the integra-
tion of offshore wind power to onshore grids a great technical
challenge. It is shown in existing studies that VSC-HVDC is
preferred for offshore wind power transmission due to its ad-
vantages of fast and independent control of active and reactive
power, feasibility of multi-terminal dc grids, and black start ca-
pability [2], [3].
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In an offshore wind HVDC network, the main task of HVDC
link is to collect offshore wind power and deliver it to the ac
grid. Generally, the grid side VSC (GSVSC) uses the constant
dc and ac voltage control mode to independently regulate the
transmitted active and reactive power. When an ac transmission
line close to a PCC undergoes a SC fault, there are technical
requirements for the dc side protection [4]. In such a case, the
PCC voltage is reduced, which in turn affects voltages and cur-
rents of ac transmission grid close to the PCC. Since the capacity
of VSC stations is generally large for the offshore power trans-
mission, their impact on the line voltages and currents will be
significant. It is likely to significantly impact the performance of
existing protection schemes on the ac grid, such as distance pro-
tections. The basic principle of distance relaying is to measure
the apparent impedance using the voltage and current viewed by
a relay, which approximately determines the distance between
the relay location and fault point during a SC fault. The apparent
impedance is compared with pre-set relay operation character-
istics to decide whether the fault is within the protected zone.
Appropriate time delays are used to allow primary and back-up
functions among the distance relays.
The Zone 2 relay is a back up protective function that is usu-

ally located on the remote end of a line adjacent to the pro-
tected line [5]. Due to the impact of VSC fast control (in the
order of milliseconds) on line voltages and currents, impedances
viewed by Zone 2 relays might fail to locate the fault in case of
a SC fault on lines emanating from the remote bus. The error in
the fault distance location will result in miscoordination, e.g.,
a Zone 2 fault is not cleared at the expected time delay. If the
fault clearing time exceeds the critical clearing time (CCT), the
system can suffer instability and potentially trigger a sequence
of cascading events [6].
Studies have been conducted on the effect of flexible alter-

nating current transmission (FACTS) devices on distance re-
lays on an ac grid [7]–[9]. Most of FACTS devices are based on
the full-controlled electronic switch technology that allows de-
vices to fast regulate reactive power exchange with the ac grid.
The study in [7] evaluates the performance of distance relays
on transmission lines compensated by shunt FACTS, including
static var compensators (SVC) and static synchronous compen-
sator (STATCOM). The work of [8] reports the effect of unified
power flow controllers (UPFCs) on distance relays under dif-
ferent fault conditions using an apparent impedance calculation
method based on sequence components. Reference [9] provides
an analysis of the tripping boundary of a distance relay on a
transmission line equipped with UPFC, which is mainly related
to the location and control parameters of a UPFC. In addition,
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Fig. 1. AC/DC system.

the work of [10] analyzes the performance of a distance relay of
a transmission line connected to a wind farm with different con-
ditions. Reference [11] discusses a Zone 2 setting calculation
method, which is based on software simulations of faults on the
reach of Zone 1 with the maximum and minimum generation of
an ac grid. To the best of the authors’ knowledge, the existing
research does not involve the performance of distance relays on
an ac grid with HVDC-connected offshore wind generators.
With the growing penetration of offshore wind power, an

increasing number of VSC stations will be set up for the
integration of offshore wind power. The impact of GSVSCs
reactive control on distance relays on ac grids has become
an important subject. The issue of miscoordination of Zone
2 protection caused by HVDC control needs to be addressed.
This paper proposes an apparent impedance calculation method
for identification of potential miscoordinated relays. By consid-
ering GSVSCs reactive power regulation, the proposed method
uses Zbus method to calculate impedances viewed by distance
relays. It is applied to the proposed combined ac/dc system to
calculate the impedance viewed by a distance relay during a
SC fault at the reach of its Zone 2. The calculation results are
compared with the corresponding Zone 2 settings to identify
miscoordinated relays. The proposed method can be used by
protection/planning engineers to identify protective device
settings that need to be adjusted due to HVDC control.
The organization of this paper is as follows. Section II out-

lines an offshore wind HVDC network and the corresponding
HVDC control. The proposed apparent impedance calculation
method is discussed in Section III. It is applied to all distance
relays on the proposed combined ac/dc system. The potential
miscoordinated relays and the level of impact of offshore wind
HVDC network on distance relays are reported in Section IV.
The results are compared with software simulation results
to validate the accuracy of the proposed method. Section V
concludes.

II. SYSTEM OUTLINE

A. An Overview

Fig. 1 illustrates an example of multi-terminal HVDC grid for
the integration of offshore wind farms: two 500 MW offshore
wind farms based on Doubly Fed Induction Generators (DFIGs)
are connected to an ac grid via an H-shaped VSC-HVDC grid

Fig. 2. Simplified control configuration of GSVSCs.

in the bipolar configuration which is interfaced to ac systems
through four VSCs, i.e., two wind farm side VSCs (WFVSCs)
and two GSVSCs.

B. VSC-HVDC Control

In a VSC-HVDC link, a constant dc voltage can automati-
cally balance the sent and received active power. It does not
require any communication between WFVSCs and GSVSCs.
WFVSCs usually control the magnitude and the frequency
of the offshore ac side voltage to enable the collection of all
offshore wind power [2]. GSVSCs are assigned to control
the voltage of the dc grid. The power-voltage droop control
mode is used to coordinate dc voltage control of GSVSCs.
In addition, GSVSCs provide reactive power support for the
ac grid to maintain PCC voltages at an expected level. In the
proposed ac/dc system, shown in Fig. 1, two GSVSCs use the
same control mode and parameters.
The GSVSC control configuration is shown in Fig. 2. It con-

sists of the outer voltage and inner current control loops. The
outer voltage control loop is to regulate the GSVSC dc side
voltage and PCC voltage by PI controllers with their
corresponding reference values and . The refer-
ence value of the GSVSC dc side voltage is obtained by the
power-voltage droop control

(1)

where is the active power transmitted by GSVSC, the sub-
script “ ” means the reference value and the symbol is
the slope of the voltage-power droop characteristic curve. The
inner current control loop uses a feed-forward current decou-
pling controller to achieve independent control of active and re-
active power. The corresponding control equations are given as
follows [2]:

(2)

where and are d, q axis components of GSVSC ac
side voltage (current), respectively. The symbols and
represent the proportional and integral gains of the PI current
controller. The voltages and are d, q axis components
of the PCC voltage. The symbols and correspond to the an-
gular speed of the synchronous d-q frame and GSVSC commu-
tation reactance, respectively. The symbol is the differential
operator with respect to time.
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Fig. 3. Portion of proposed system.

C. Distance Protection of AC Grid

Offshore wind farms are expected to be connected into trans-
mission levels of ac grids due to their large capacity. In ac trans-
mission systems, distance relaying is commonly designed with
primary and backup protection. Its operation characteristics are
predefined with fixed settings based on detailed offline system
studies. Distance relays are arranged to provide two or three
protective zones for transmission lines. Zone 1 is set to pro-
tect 80%-90% of the line length and operate with no intentional
time delay. Due to the inherent time delay of protective devices,
such as measurement and sampling devices, the operation time
of Zone 1 relay is typically 2 cycles. As a backup protection,
Zone 2 is required to reach 40%-50% of the shortest line ema-
nating from the remote bus with an appropriate time delay (typ-
ically 15–30 cycles) [5], [12]. The reach of Zone 3 exceeds the
adjacent line and its typical time delay is 1 s [5]. Fixed time de-
lays help to coordinate different zones of distance relays.
For this study, it is assumed that transmission lines of the ac

grid with offshore wind HVDC network are protected by dis-
tance relays. Zone 2 is set to reach 50% of the shortest line em-
anating from the remote bus with 20 cycles time delay. Consid-
ering the operation time of relays (2 cycles), the fault clearing
time of Zone 2 is about 22 cycles in the event of a Zone 1 failure.

D. Discussion of Impact of GSVSC Control on Distance Relays

Fig. 3 shows a portion of the proposed ac/dc system, which is
used to discuss the impact of GSVSC control on distance relays.
When line j-k experiences a SC fault F1, the reduction of bus
j voltage triggers GSVSC2 to increase reactive power output
to boost PCC2 voltage. Since relay B and fault F1 are located
in the same transmission line, the reactive power control does
not affect the impedance viewed by relay B. Assuming the fault
impedance is 0, the impedance viewed by relay B corresponds
to the line impedance from the fault point to relay location.
Fault F1 is in the range of Zone 1 of relay B and Zone 2 of

relay A. If the primary protection (Zone 1 of relay B) fails to
clear fault F1, relay Awill work as the backup protection to clear
the fault with Zone 2 time delay. The duration allows the fast ad-
justment of GSVSC2 reactive power. Bus j voltage is increased,
leading to an increased bus i voltage and reduced line i-j current.
As a result, the impedance viewed by relay A is increased and
the fault distance viewed by relay A is overestimated.
It is found that the fault distance viewed by a relay is overesti-

mated when a reactive power source is located between the fault
point and relay location. A Zone 2 fault is likely to be viewed as
a Zone 3 event. As a result, the Zone 2 fault is cleared with the

Zone 3 time delay. The longer fault clearing time reduces the
margin of system stability, endangering system security under
severe conditions.

III. APPARENT IMPEDANCE CALCULATION METHOD
IN AN AC/DC SYSTEM

To find potential miscoordinated Zone 2 relays in an ac grid
with offshore wind HVDC network, an apparent impedance cal-
culation method based on Zbus is presented in this paper. The
calculation procedure consists of three steps:
(1) Calculate PCC voltages based on Zbus method during a

three-phase SC fault located on 50% of the shortest line
emanating from the remote bus of a relay;

(2) Consider GSVSCs reactive power control to modify
PCC voltages;

(3) Use Zbus method to calculate the voltage and current
viewed by the relay based on PCC voltages obtained in
step (2), and compare the obtained apparent impedance
with the Zone 2 setting of the relay.

A. Estimation of PCC Voltages During Fault Based on Zbus

The Zbus approach is used to calculate nodal voltages and the
fault currents during a three-phase SC fault [6]. Since GSVSCs
use the constant ac voltage control mode, the PCC voltage will
be maintained at the nominal value under a normal condition. In
the calculation, GSVSC can be modeled as a constant voltage
source, which is connected to the corresponding PCC. Reac-
tance of the commutating reactor of GSVSC is seen as the reac-
tance of the equivalent voltage source.
Fig. 4 shows a case about the Zone 2 setting evaluation of

relay S. Assuming line n-r is the shortest line emanating from
the remote bus n, the three-phase SC fault k is located at 50%
of line n-r. The voltage at bus p, i.e., PCC voltage, is given by

(3)

where L is the set of all PCCs, and are referred to the
pre-fault voltages of bus p and fault point k, respectively.
can be represented as [12], [13]

(4)

where and correspond to pre-fault voltages of bus n
and bus r, respectively. The transfer impedance between bus p
and fault point and the driving point impedance corre-
sponding to fault point are given by [12], [13]

(5)

(6)

where is the transfer impedance between bus p and
bus n(r), and are the driving point impedance corre-
sponding to bus n and bus r, respectively, is the transfer
impedance between buses n and r, and denotes the
impedance of line n-r.
The proposed method is to estimate PCC voltages at the in-

stant of Zone 2 tripping. The Zone 2 fault clearing time is set to
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Fig. 4. Case of Zone 2 setting evaluation of relay S.

Fig. 5. PCC voltage control loop of GSVSCs.

22 cycles, e.g., 0.37 s in a 60 Hz ac grid. In ac grids, the subtran-
sient open circuit time constant of a synchronous generator is in
the range of 0.01–0.05 s, and the transient open circuit time con-
stant lies between 1.5 and 10 s [6]. The transient impedances of
generators are used to construct Zbus in the proposed method. It
makes the estimated PCC voltages close to actual PCC voltages
at the Zone 2 fault clearing time. The obtained PCC voltages are
the initial value of PCC voltages at the transient state.

B. Change in PCC Voltage Estimation by Considering GSVSC
Reactive Power Control

The GSVSC control configuration is shown in Fig. 2. Due
to coupling of HVDC model in d, q frame, the inner current
controller is used to achieve decoupling of the d, q axis models.
The PCC voltage control loop of a GSVSC can be represented
as Fig. 5.
In Fig. 5, is the reference value of a PCC voltage;

is the inertia block of the voltage sampling and
measurement, where is the corresponding time constant and
its typical value is 0.01 s [14]; is the PI voltage con-
troller, where and refer to the proportional and integral
gains of the voltage controller, respectively. The symbol
corresponds to the limit value of the q-axis component of the
VSC ac side current. Compared with the outer voltage control,
the inner current control demonstrates a faster dynamic response
during a disturbance due to the high switching frequency (gen-
erally over 1 kHz). Hence, inner current control is represented
as an inertia block . The time constant is typically
in the range of 0.5–3 ms [14]. In the d, q decoupling control, the
ac side voltage phasor of the GSVSC is chosen as the d-axis ref-
erence phasor, i.e., the d-axis component of PCC voltage
is the PCC voltage . The GSVSC ac side physical model in
d-axis is based on

(7)

Fig. 6. Simplified PCC voltage control loop of GSVSCs.

Fig. 7. Simplified PCC voltage control loop of GSVSCs.

where R, L and are the resistance and inductance of the com-
mutating reactor, and the ac grid frequency, respectively.
Since , two inertia blocks can be combined

and the equivalent time constant is . To study dy-
namics of the PCC voltage, it is reasonable to ignore the impact
of disturbance variables, and . The simplified control loop
of PCC voltage is represented in Fig. 6.
The open loop transfer function of PCC voltage is given by

(8)

which is an integral-type system. To obtain a fast response in
the control system, the compensator zero is
designed to cancel the plant pole . Thus, the open
loop transfer function can be simplified to

(9)

The simplified control loop is shown in Fig. 7. The PCC
voltage is governed by the following dynamic model:

(10)

Considering the PCC voltage obtained in Section III-A as
the initial value with HVDC control during fault k, the solution
of (10) is given by

(11)

According to the control loop in Fig. 7, current can be
determined by . It can be represented as

(12)

Due to the saturation block in Fig. 7, can fall into one of
the following three conditions:
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(1) If , solve (12). The obtained t is substi-
tuted into (11) to obtain .

(2) If , solve (12). The obtained t is sub-
stituted into (11) to obtain .

(3) If , will be controlled at
the reference value , i.e., .

C. Calculation of Apparent Impedance Viewed By Relay Using
Zbus Method and Comparison With Its Zone 2 Setting

The new PCC voltages obtained in (11) in Section III-B are
used to calculate voltages at buses m and n based on the Zbus
method. The obtained voltages include the effect of GSVSC
control during fault k. They are given by

(13)

(14)

where is the transfer impedance between bus m(n) and
bus p, the driving point impedance corresponding to bus p,

is the voltage of bus m(n) during fault k, which can be
obtained by the Zbus method discussed in Section III-A.
It is obtained that the voltage and current viewed by relay

S are and , respectively, where is
the impedance of line m-n. The apparent impedance viewed by
relay S can be represented as

(15)

The obtained impedance is compared with the Zone 2 setting
of relay S for its operation evaluation. If the apparent impedance
exceeds the Zone 2 setting, Zone 2 of relay S under-reaches its
intended protection range.

IV. SYSTEM STUDIES

The offshore wind HVDC network presented in Section II is
connected to the IEEE 39-bus system for the analysis of mis-
coordinated distance relays. As shown in Fig. 8, GSVSC1 and
GSVSC2 are connected to bus 29 and bus 23, respectively. The
proposed combined ac/dc system is modeled in DIgSILENT
PowerFactory. Each offshore wind farm is composed of 100
standard DFIGs, each rated at 5 MW. The bipolar VSC-HVDC
link consists of four 600 MV, VSCs. Control pa-
rameters of HVDC are shown in the Appendix. The commu-
tating reactance of each VSC is 35 mH and the dc capacitor used
to connect the positive pole and negative pole in the dc grid is

. Ten XLPE dc cables are used to construct the dc grid
for the transmission of offshore wind power.
The IEEE 39-bus system is a 345 kV, 60 Hz ac grid, including

34 ac transmission lines with a nominal voltage equal to 345 kV,
and a rating of 1.5 kA. Two ends of all transmission lines are
equipped with distance relays. Zone 2 protection is set to reach
50% of the shortest line emanating from the remote bus with the
time delay 0.37 s.

Fig. 8. IEEE 39-bus system.

A. Zone 2 Settings of Distance Relays

Two synchronous generators are connected to PCC1 and
PCC2 to replace offshore wind HVDC network, respectively.
The scenario of the modified ac grid is adjusted to ensure that
the ac system will have identical power flow results with the
combined ac/dc system. During an identical SC fault, the two
systems have an identical initial state. Since the excitation
system of synchronous generators (in the order of seconds)
is a much slower voltage control compared with that of the
VSC-HVDC, the comparison between the two models will
clearly demonstrate the impact of the VSC-HVDC control.
The modified ac grid with synchronous generators is used

to identify the Zone 2 settings of distance relays on the IEEE
39-bus system by fault simulations in DIgSILENT PowerFac-
tory. A three-phase SC fault at the Zone 2 reach of a distance
relay is initiated at 0 s on the modified ac grid. At the Zone 2
fault clearing time, i.e., 0.37 s, the impedance viewed by the
relay is set as the Zone 2 setting of the corresponding relay on
the IEEE 39-bus system with offshore wind HVDC network. By
the fault simulation method, the Zone 2 settings of all distance
relays on the combined ac/dc system are individually identified.

B. Calculation of Apparent Impedance Viewed by Distance
Relays by Proposed Method

The proposed apparent impedance calculation method is ap-
plied to distance relays on the IEEE 39-bus system with off-
shore wind HVDC network. The impedance viewed by a dis-
tance relay on the combined ac/dc at the Zone 2 fault clearing
time is calculated during a three-phase SC fault at its Zone 2
reach. The calculation results are compared with their corre-
sponding Zone 2 settings obtained in Section IV-A. Since the
phase angle of the calculated apparent impedance is close to that
of the corresponding Zone 2 setting, the comparison between the
calculated apparent impedance and Zone 2 setting is focused on
the impedance magnitude. The results are shown in Table I. The
calculated impedances of all listed relays have a deviation over
5% of their corresponding Zone 2 settings.
It is shown in Table I that the calculated impedances viewed

by all listed relays exceed their corresponding Zone 2 settings.
It is shown in Fig. 9 that eight of listed relays are on the remote
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TABLE I
COMPARISONS BETWEEN CALCULATED IMPEDANCES VIEWED BY DISTANCE
RELAYS ON COMBINED AC/DC GRID AT ZONE 2 FAULT CLEARING TIME AND

ZONE 2 SETTINGS OF CORRESPONDING RELAYS

Fig. 9. Listed relays on IEEE 39-bus system.

ends of generator adjacent lines. They are marked by triangles
while the other relays are marked by circles, as shown in Fig. 9.
An example is shown in Fig. 10 to analyze the marked relay

by triangles on the remote end of generator adjacent lines.
Relay A is located on the remote end of the adjacent line p-q of
generator G. For the proposed apparent impedance calculation
method, when line q-w experiences a three-phase SC fault F
at 50% mid-line location, the calculated apparent impedance
viewed by relay A is given by

(16)

Fig. 10. Case of relay on remote end of generator adjacent line.

where and are the calculated nodal voltages, respectively;
and is the impedance of line .
As discussed in Section III-A, the transient impedances of

generators are used to construct Zbus for the estimation of PCC
voltages. The calculated nodal voltages correspond to the ini-
tial values of nodal voltages at the transient state. According
to the decay pattern of the generator stator current during a SC
fault on the generator adjacent line [6], it can be found that the
stator current at the initial time of the transient state is larger
than that at Zone 2 fault clearing time 0.37 s. As reported in
Section IV-A, the Zone 2 setting of a relay is determined by the
impedance viewed by the relay at the Zone 2 fault clearing time.
The higher injection current between the fault point and relay
location causes the impedance viewed by relay A at the initial
time of the transient state to increase beyond its Zone 2 setting.
In the analysis of the impact of offshore wind HVDC network

on distance relays, cases on the remote end of the generator
adjacent line are separated. Therefore, relays in Table I marked
by triangles are not included in the following analysis.
The remaining relays marked by circles are shown in Fig. 11.

According to the analysis shown in Table I, the calculated
impedances viewed by marked relays in Fig. 11 exceed their
corresponding Zone 2 settings. It is found that Zone 2 pro-
tections of these relays under-reach due to the impact of
offshore wind HVDC network. The deviation between the
calculated impedance and Zone 2 setting reflects the extent
of the impact of offshore wind HVDC network on distance
relays. Relays with the larger deviation have a shorter Zone 2
reach. According to the location of these miscoordinated relays
in Fig. 11, the level of the impact of offshore wind HVDC
network on distance relays on the IEEE 39-bus system can be
identified. The corresponding boundary is marked by a solid
line, as shown in Fig. 11.

C. Boundary Verification Based on DigSILENT Simulations

A simulation method is used here to validate the analysis per-
formed by the proposed method. To this end, the same ac/dc
system with offshore wind HVDC network injections is mod-
eled in DIgSILENT PowerFactory: three-phase SC faults at the
Zone 2 reach of distance relays are individually simulated in
the simulated combined ac/dc system to identify the impedance
viewed by the corresponding relays at the Zone 2 fault clearing
time. The obtained impedances are compared with the corre-
sponding Zone 2 settings for the identification of miscoordi-
nated relays. Relays with a deviation over 5% of their Zone 2
settings are listed in Table II.
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Fig. 11. Boundary of impact of offshore wind HVDC network on distance re-
lays on IEEE 39-bus system based on proposed method.

TABLE II
COMPARISONS BETWEEN IMPEDANCES VIEWED BY DISTANCE RELAYS ON
COMBINED AC/DC SYSTEM AT ZONE 2 FAULT CLEARING TIME AND ZONE 2

SETTINGS OF CORRESPONDING RELAYS

As shown in Table II, the apparent impedances viewed by the
listed relays exceed the corresponding Zone 2 settings. It leads
to the fault distance being overestimated in case of a three-phase
SC fault experienced in the range of Zone 2. These miscoor-
dinated relays are marked by squares in Fig. 12. The corre-
sponding boundary referred to the impact level of offshore wind
HVDC network is highlighted by a dashed line, as shown in
Fig. 12.
The results using the proposed method in Section IV-B are

also shown in Fig. 12, i.e., relays marked by circles. By compar-
ison of the results obtained by two methods, the nonoverlapping
relays include bus 22 side relay on line 22–23, bus 26 side relay
on 26 line 26–29 and bus 27 side relay on line 17–27. Their re-
sults using both methods are shown in Table III.
It is shown in Table III that all three relays show higher ap-

parent impedances than the corresponding Zone 2 settings by
both of methods. They are not shown as matched in Fig. 12 due
to the pre-set deviation level of 5%. Further analysis in Table III
indicates that the proposed method accurately identifies misco-
ordinated relays and the level of the impact of offshore wind
HVDC network on distance relays.

Fig. 12. Results comparison between proposed method and DIgSILENT
simulation.

TABLE III
RESULTS OF NONOVERLAPPING RELAYS BY PROPOSED METHOD AND FAULT

SIMULATION IN DIGSILENT POWERFACTORY

D. Boundary Identification With Consideration of Actual
Condition

In current power grids, many planned offshore wind farms
are yet to be constructed and integrated into the onshore grids.
It is useful to compare the scenarios with and without the off-
shore wind generations. To this end, Zone 2 settings of distance
relays on the IEEE 39-bus system are identified without off-
shore windHVDC network. Since the transmitted offshore wind
power in the proposed offshore wind HVDC network is 1 GW,
identical loads are reduced in the IEEE 39-bus system to balance
its power flow, including 50 MW of load 03 (the load connected
to bus 03), 100 MW of load 04, 50 MW of load 16, 50 MW
of load 18, 100 MW of load 21, 150 MW of load 23, 100 MW
of load 24, 100 MW of load 25, 50 MW of load 26, 250 MW
of load 29. The obtained new ac grid G’ is used to individually
identify the new Zone 2 settings of the combined ac/dc system
by performing fault simulations in DIgSILENT PowerFactory.
Neglecting relays on the remote end of generator adjacent

lines, the calculated impedances viewed by distance relays
on the combined ac/dc system are compared with the cor-
responding new Zone 2 settings. Since the new ac grid G’
has different power flow from the IEEE 39-bus system with
offshore wind power injection, the different nodal voltages are
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CONTROL PARAMETERS OF VSCS

likely to affect the impedances viewed by distance relays. It is
difficult to judge whether the deviation between the calculated
impedance and its Zone 2 setting is caused by offshore wind
HVDC network. However, the calculated impedance viewed by
relays marked by circles in Fig. 11 still perform higher values
than the corresponding new Zone 2 settings.

V. CONCLUSION

When a transmission line close to PCCs experiences a three-
phase SC fault in a combined ac/dc system, its backup protec-
tion relay tends to overestimate the fault distance due to reactive
power control of VSC-HVDC. An accurate apparent impedance
calculation method is proposed to identify miscoordinated dis-
tance relays in an ac grid with offshore wind HVDC network
injections. The proposed method provides a quantitative mea-
sure of the level of impact of offshore wind HVDC network on
distance relays. The corresponding boundary reflects the mis-
coordinated area in the ac grid with HVDC-connected offshore
wind generators. With the growing penetration of offshore wind
farms, a significant addition of VSC-HVDC links will be con-
nected to the ac mainland grid. For the given HVDC parameters,
the proposed method can be used to find the miscoordinated re-
lays of an ac grid with offshore wind HVDC network that need
to be adjusted.

APPENDIX

The control parameters of VSC are shown in Table IV.
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