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Abstract: Voltage source converter (VSC)-based high voltage direct current (VSC-HVDC)
interconnectors can realize accurate and fast control of power transmission among AC networks, and
provide emergency power support for AC networks. VSC-HVDC interconnectors bring exclusive
fault characteristics to AC networks, thus influencing the performance of traditional protections.
Since fault characteristics are related to the control schemes of interconnectors, a fault ride-through
(FRT) strategy which is applicable to the interconnector operating characteristic of working in four
quadrants and capable of eliminating negative-sequence currents under unbalanced fault conditions
is proposed first. Then, the additional terms of measured impedances of distance relays caused by
fault resistances are derived using a symmetrical component method. Theoretical analysis shows
the output currents of interconnectors are controllable after faults, which may cause malfunctions
in distance protections installed on lines emanating from interconnectors under the effect of fault
resistances. Pilot protection is also inapplicable to lines emanating from interconnectors. Furthermore,
a novel pilot protection principle based on the ratio between phase currents and the ratio between
negative-sequence currents flowing through both sides is proposed for lines emanating from the
interconnectors whose control scheme aims at eliminating negative-sequence currents. The validity
of theoretical analysis and the protection principle is verified by PSCAD/EMTDC simulations.

Keywords: VSC-HVDC interconnector; fault ride through (FRT); distance protection; pilot protection;
fault resistance

1. Introduction

Based on self-turn-off devices such as insulated gate bipolar transistors (IGBTs), voltage source
converters (VSCs) are capable of independent control of active and reactive power in four quadrants of
the P-Q plane [1-3]. With strong controllability and high reliability, the VSC-based high voltage direct
current (VSC-HVDC) technology has broad application prospects in the integration of large-scale
renewable sources, interconnection of AC networks, power supply of islands, long-distance power
transmission and so on [3,4]. Interconnection of high voltage networks via a VSC-HVDC interconnector
can realize power supply among different AC networks without increasing short-circuit currents,
which is helpful to make full use of the power supply capacity of each network and enhance the
reliability of power systems. Under normal conditions, the interconnector can balance loads in different
networks, thus improving the efficiency of the system. When an AC network is under abnormal or
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fault conditions, the interconnector can provide dynamic reactive power and voltage support, thus
enhancing the robustness of the power system [5]. After clearance of faults, fast and effective power
support can be achieved among different networks to avoid cascading failures in power systems.
Based on the advantages above, the demonstration project for interconnection of the Chang-Cheng and
Cheng-Shun-Chao 220 kV AC networks via a VSC-HVDC interconnector will be put into operation in
2018. Therefore, it is very important to study on the applicability of traditional protections to lines
in AC networks connected with VSC-HVDC interconnectors and the improvements in protection,
especially new protection principles for lines emanating from VSC-HVDC interconnectors.

When a fault happens in an AC network connected with an interconnector, the interconnector will
rapidly take corresponding measures according to the severity of the fault. The output characteristics
of the interconnector after a fault are related to the operation state before the fault, fault location,
fault type, fault resistance, and the control scheme of the interconnector, which are greatly different
from those of traditional voltage sources composed of synchronous generators (5Gs). There are
studies on fault characteristics and protection of AC lines connected with a line-commutated current
source converter (CSC)-based HVDC system [6-10]. However, the trigger angle of the thyristor is
the only controllable variable in CSCs, and CSCs can’t realize independent control of reactive and
active power. The CSC at the inverter station of a CSC-HVDC system is prone to commutation
failures and transient power conversion due to faults in the AC network, and the magnitude and
phase angle of the output currents of the CSC are uncontrollable in this situation. During faults,
large amounts of inter-harmonic components are injected into the AC network from the CSC-HVDC
system, which have an undesirable influence on the performance of relay protections based on the
Fourier algorithm [7]. The direct current control method is usually employed in VSCs, and both the
magnitude and phase angle of output currents of VSCs are controllable after faults. Compared with
CSCs, VSCs can mitigate the harmonics in AC currents, especially if multilevel topologies are used [11].
Therefore, power transmission will not be interrupted unless the voltage of the interconnector AC bus
falls to zero, which means VSC-HVDC interconnectors have fault ride-through (FRT) ability. In short,
the control scheme and post-fault output characteristics of VSCs differ greatly from those of CSCs.
The analysis and conclusions that distance protection, directional comparison pilot protection and
differential protection are not applicable in [7-10] cannot be directly applied to the lines emanating
from VSC-HVDC interconnectors. The influence of inverter-interfaced distributed generators (IIDGs)
on distance protection of the AC lines directly emanating from the inverters is investigated in [12],
and solutions are proposed in [13]. However, VSC-HVDC interconnectors and IIDGs are different in
terms of the operation range and FRT strategy. Under normal condition, VSC-HVDC interconnectors
can work in all four quadrants of the P-Q operating plane, while IIDGs only output active power.
When a fault happens in an AC network, IIDGs only output active power or reactive power, but the
fault side converter in the VSC-HVDC interconnector may work as a rectifier or an inverter, which
makes the range of the angle of additional impedance measured by the distance relay larger than
that in [12,13]. Therefore, the fault phase voltage summation-based measured impedance formula
proposed for double-phase-to-ground faults, the fault current and measured impedance based pilot
protection principle proposed for phase-to-phase faults, and the traditional ground distance protection
mentioned in [12,13] are not applicable to AC lines emanating from VSC-HVDC interconnectors.

Distance protection and pilot protection are adopted in traditional high voltage AC lines, and
therefore the influence of VSC-HVDC interconnectors on these protection systems needs to be further
investigated. This paper is composed of seven sections. The model of an AC/DC hybrid system
is introduced and the FRT strategy of the VSC-HVDC interconnector is presented in Section 2. The
applicability of phase-to-phase distance protection, ground distance protection, and pilot protection
to lines emanating from the VSC-HVDC interconnector is studied in Sections 3-5 respectively.
Theoretical analysis shows that these traditional protections are inapplicable to lines emanating from
interconnectors, and simulation results validate this analysis. For lines emanating from interconnectors,
a novel pilot protection principle based on the ratio between phase currents and the ratio between
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negative-sequence currents flowing through both sides of the line is introduced and investigated in
Section 6, and simulation results prove it can correctly recognize internal and external faults. The
conclusions of the paper are given in Section 7.

2. Control System of the VSC-HVDC Interconnector

2.1. An AC/DC Hybrid System

The model of an AC/DC hybrid system is shown in Figure 1, which depicts 115-kV, 50-Hz AC
networks interconnected via a VSC-HVDC interconnector. The back-to-back modular multilevel
converter (MMC) topology [14] is employed in the interconnector. The DC side of the interconnector is
rated at £100 kV. The control mode of MMC-1 is constant DC voltage control and constant reactive
power control, and the control mode of MMC-2 is constant active power control and constant reactive
power control. Direct current control method is employed in MMCs of the interconnector. The control
system of each MMC is composed of two inner positive-sequence current control loops, two inner
negative-sequence current control loops [15], two outer power control loops, real-time symmetrical
components detector based on space vector [16], synchronous d-q frame phase detector [17], carrier
phase shifted sinusoidal pulse width modulation (CPS-SPWM) unit with capacitor voltage-balancing
control [18], and FRT control unit. In order to prevent the performance of converters from deteriorating
under unbalanced faults in AC networks and ensure the security of the interconnector, the inner
negative-sequence current control loops are aimed at eliminating negative-sequence currents, so the
command references of negative-sequence currents Igref— and ig,r— are set as zero [19,20].

V5C-HVDC interconnector 115 kV 50Hz

MMC-1 4100 kY MMC-2

. R6 .
L V4 " 8
X ¢ 40 km 60 km £
'—@—1:»— = — | o Iy )
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Figure 1. Model of an AC/DC hybrid system.

2.2. FRT Control

In order to prevent the voltage of the AC network from dropping further after the outage of the
VSC-HVDC interconnector and maintain the stability of the power grid, the interconnector should be
kept running when a fault happens in an AC network and provide fast reactive power support for
the AC network. Meanwhile, the interconnector should output maximum active currents within the
rated current limitation, to make full use of the capacity of converter and try to maintain the balance of
active power in the network.

To improve the response speed of the control system, the outer power control loops are blocked
during the process of FRT, and the calculated command references iy,r+ and iy, are directly applied
to the inner positive-sequence current control loops. If a fault happens in the AC network connected
with MMC-1 in Figure 1, MMC-2 will be shifted to DC voltage control mode during the process of FRT
of MMC-1 to maintain the DC voltage of the interconnector [21]. In this paper, current flowing out of
the interconnector is specified as positive value. Considering the interconnector can work in all four
quadrants before fault, the FRT strategy of the fault side converter is proposed as follows:

1. Once the positive-sequence voltage of the interconnector AC bus drops below 90% of the rated
voltage, the two outer power control loops of the converter are blocked.

2. The command reference of positive-sequence reactive current iy is adaptively adjusted according
to the magnitude of positive-sequence voltage. Taking a as the ratio of positive-sequence voltage
of the interconnector AC bus to the rated phase voltage. If 0.2 < a < 0.9, iy will increase linearly
from iz to 1.05 times the rated current with the decrease of a, where i, is the command reference
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of positive-sequence reactive current before fault and 7,9 is regarded as zero when iz9 < 0 before
the fault. If 1 < 0.2, iqref+ will be set as 1.05 times the rated current. iqref+ is given by:

1.05x+/2IN—ig)
07

. _ ) (09—-a) ( + 150, 02<a<09
1 = . q 1
aref+ { 1.05 x 21y, <02 @

where Iy is the rated AC current expressed in abc frame, and it should be multiplied by v/2 to be
expressed in the d-q frame. The relationship between iy and a is shown in Figure 2.
3. If the fault side converter works as an inverter before the fault, the command reference of

. . ) . 2 . 2 .
positive-sequence active current Liref+ will be set as \/ (1.05 X ﬁIN) — (lqref+> ; otherwise Ldref+

2
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where ij9 is the command reference of positive-sequence active current before the fault.
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Figure 2. Command reference of positive-sequence reactive current when a < 0.9.

2.3. Output Characteristics of the VSC-HVDC Interconnector after a Fault

In the analysis of the transient process after a fault happens on traditional AC lines, the effects of
the electromechanical transient process of SGs are neglected, and traditional voltage sources can be
modeled as an ideal voltage source in series with the equivalent impedance. The output currents of
traditional voltage sources usually increase significantly after faults.

However, based on Section 2.2, when a fault happens in an AC network, the fault side converter
of the interconnector can rapidly take corresponding measures according to the severity of the
voltage drop and restrain negative-sequence currents under unbalanced fault conditions. If 2 > 0.9,
the converter will maintain the control target the same as that under normal operation; if 2 < 0.9,
the outer control loops will be blocked, and command references will be directly applied to inner
positive-sequence current control loops. Therefore for each AC network under fault conditions, the
system behind the fault side converter transformer can be equivalent to a controlled positive-sequence
current source, and the output currents of the equivalent source are related to the operation state of the
interconnector before fault, fault location, fault type, and fault resistance.

According to the proposed FRT strategy, the magnitude of output positive-currents of the
interconnector is limited and does not increase significantly after fault, while the phase angles of
the currents may change greatly. The output positive-currents are no larger than 1.05Iy when a < 0.9
after a fault. Since the interconnector can work in all four quadrants before the fault, it can still
work in all four quadrants if a > 0.9 after the fault, and the phase angle difference between output



Energies 2016, 9, 400 5o0f 27

positive-sequence voltage and output positive-current of the interconnector can be any value in the
range of 0°-360°; if a < 0.9, the interconnector can work in the first quadrant and the second quadrant
where Q > 0, and the range of the phase angle difference between output positive-sequence voltage
and output positive-sequence current is 0°~180°. Thus, the change of the phase angle of the output
current can be any value in the range of 0°-360° after a fault.

3. Applicability Analysis of Phase-to-Phase Distance Protection

Taking phase-to-phase faults that happen at f1 and f2 as example, the applicability of the
phase-to-phase distance protection to the line emanating from the VSC-HVDC interconnector is
discussed in this section. As shown in Figure 1, f1 is on line mn which emanates from the interconnector
and f2 is on line ng which is adjacent to line mn. R1-R6 are distance relays, and their locations are also
shown in Figure 1. Among them, R1 is installed at bus m side of line mn, and R2 is installed at bus n
side of line mn.

3.1. Applicability Analysis of R1

When a phase B-to-phase C fault with fault resistance 2R happens at f1 on line mn, the impedance
measured by the BC element in R1 is:

Ugy — Uc Ign—Ic
ZRl_BC = M = me + Rf <1 + u (3)
Bm — ICm IBm - ICm
AZR1_Bc

where Up and U are phase B voltage and phase C voltage, Ip and I¢ are phase B current and phase C
current, m and n indicate bus m side and bus n side of line mn, Zy,, is the positive-sequence impedance
between the relay location and the fault location 1, and AZg; pc is the additional impedance caused
by fault resistance. According to Section 2.3, I Bm and I cm are output currents of the interconnector,
and do not increase significantly after fault; I, and I¢, are provided by traditional voltage sources,

and increase significantly after fault. Therefore M" > 1, and the influence of I, — I, on the

BmiICm
measured impedance Zg; pc cannot be ignored. The angle of the additional impedance AZg; pc

depends on the phase relationship between currents flowing through bus m side and currents flowing
through bus n side, which can be any value in the range of 0°-360°. The concrete analysis is as follow.

The fault currents provided by traditional voltage sources contain positive-sequence components
and negative-sequence components under phase-to-phase fault, while the fault currents provided by
the interconnector only contain positive-sequence components since the negative-sequence components
are eliminated. To make it easier to analyze the influence of AZgj pc on Zg; pc, the measured
impedance can be derived using symmetrical component method and nodal voltage method (refer to
Appendix). The measured impedance can be expressed as:

EAn
Zseqs + (Zom = Zpm) T
ZR1 e = 7 . n R eq fm 1 n Seq+‘~j( mn fm) (4)
- f f
Zsoqs + (Zmn - zfm) + Ry Tams
AZR1_sc

where Z,,, is the positive-sequence impedance of line mn, Eap and Zseq+ are phase A voltage of the
equivalent voltage source and equivalent positive-sequence impedance at the back side of bus n, and
I A+ is the phase A current flowing through R1 which only contains the positive-sequence component.

—Em s represented by Lan ¢q in the following analysis. When the AC system at the
Zqu+ +(Zm"_zfm) -

back side of bus n remains unchanged, according to Equation (4), AZg; pc is related to Z fms R, as
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well as the magnitude and phase relationship between I Am- and I An_eq- Assuming that the impedance
angle of Zge,, is the same with line mn, the phase angle of I An_eq 18 not related to fault location,
which means the phase angle of I An_eq 18 @ constant no matter where the fault happens. However, the

phase angle of I 4,,. is influenced by the operation state of the interconnector before fault and fault
conditions including fault type, fault location, and fault resistance. The interconnector can work in
all four quadrants after a fault, and the phase angle of 14,4 can be any value in the range of 0°~360°.
Therefore, the phase angle difference between I Am+ and I An_eq can also be any value in the range of
0°-360°. The magnitude of I An_eq is Telated to Zg,,,, and I g+ does not increase significantly after a fault.
Based on the analysis above, AZg; pc is greatly influenced by the magnitude and phase relationship
between [ Am+ and I An_eq, and the magnitude and impedance angle of AZg;_pc are uncertain. Taking

the simulation model established for this paper as example, the ratio of ‘I An_eq

to ‘1Am+‘ is larger
than 2, and the phase angle difference between I Am+ and I An_eq €an be any value in the range of
0°-360°. Therefore when Ry # 0, AZg;_pc can make Zgy_gc differs greatly from Zy,,, and probably
cause malfunction of distance protection.

For a fault that happens on a line with two-terminal power supply in a traditional AC network, if
the impedance angles of the systems at two sides of the fault spot are approximately equal, the phase
angle difference of the currents at two sides of the fault spot are approximately equal to that of the
pre-fault potentials of the systems at the two sides. Taking the stability of the power system and the
transmission capacity limitation into account, the phase angle difference between the voltages of each
end of the line is usually quite small. Therefore the phase angle difference between currents flowing
through each end is also small, and the angle of additional impedance AZ is within a very small range
around zero. AZ is nearly resistive.

Relay characteristic shapes with relatively large area in the direction of +R in the R-X diagram,
such as quadrilateral relays, are usually employed in distance protection of traditional AC lines to
reduce the influence of fault resistance. A common characteristic shape of quadrilateral relay is shown
in Figure 3.

XA
B —_ —=a,
Z-ik’t A
Qa, :
(I)k Rsef: al >
o A/
a, C

Figure 3. A common characteristic shape of quadrilateral relays.

Line AB represents a reactance relay with a small negative tilt angle o4 to prevent the relay from
overreaching caused by fault resistance, and «4 is usually in the range of 5°-8°; line AC is employed
to avoid malfunctions caused by load impedance; line OC is employed to prevent the relay from
failing to trip when a fault happens near the relay location and AZ is capacitive; the angle of the
measured impedance is probably larger than 90° due to the angle error of potential transformer,
current transformer and so on, and therefore line OB tilts to quadrant II to prevent the relay from
failing to trip.

However, if the characteristic shape described above is applied to R1, R1 may fail to trip or
overreach due to the uncertainty of the magnitude and impedance angle of AZg; pc, as shown in
Figure 4. The dashed circle indicates the scope of the measured impedance caused by AZg; pc. As
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shown in Figure 4a, although the fault is located within the protection range of Zone 1, AZg; pc is
inductive and of large impedance angle, which makes R1 fail to trip. As shown in Figure 4b, AZr; pc
is capacitive and of large impedance angle, which makes the actual reach point of Zone 1 far exceed
the setting range; if there are no branches at bus n in the AC/DC hybrid system shown in Figure 1,
protection miscoordination of R1 and relay installed at the same side of adjacent line may be induced

by AZR]_BC .

—
“TX A ~ 2.5 2R

I 'R1_BC, i et T1
Zsel I A[[ Z AH
/ B, Zone 2 Bll mNAZ gy e Zone 2
[ Zo A, Z, A
Zone
Z.f"f ZRLBC )
\ Zone 1 —

(a) (b)

Figure 4. Failure to operate or overreach of R1 under phase-to-phase faults with fault resistance: (a) R1
fails to trip when fault is located inside Zone 1; (b) R1 overreaches when fault is located outside Zone 1.

If there are branches at bus n, as shown in Figure 1, the fault circuit diagram of a bolted phase
B-to-phase C fault that happens at f2 on the adjacent line of line mn is shown in Figure 5b. The
impedance measured by the BC element in R1 is:

Igy—1
ZR1_BC = Zmn + Ly + Ly Bh _Ch (5)
Igm — Icm
AZ;?]_BC

where Z}m is the positive-sequence impedance between bus n and f2, and I, and ¢}, are phase B
current and phase C current which are injected into line ng from line nh, respectively. The circuit
diagram of a non-bolted phase B-to-phase C fault that happens at f1 is shown in Figure 5a. Comparing
Figure 5b with Figure 5a, it can be observed that the magnitude and phase relationship between the
currents injected into fault circuit by traditional voltage sources and the currents flowing through
R1 are similar. Therefore, the analysis on the bolted phase-to-phase fault at 2 is similar to the above
analysis on the non-bolted phase-to-phase fault at f1. In Equation (5), the additional impedance
AZ'R1 pc is induced by the injected currents of traditional voltage sources and the magnitude and
impedance angle of AZ’'g;_pc are uncertain. Therefore when fault happens on adjacent lines, Zr; pc
cannot reflect the fault location correctly, and R1 may fail to trip or overreach. If the fault at 2 is
non-bolted, the measured impedance will be more complex under the effect of currents injected by
source g, but the conclusion that R1 may fail to trip or overreach is confirmable. Similarly, R2 may
misoperate when a backward fault happens.



Energies 2016, 9, 400 8 of 27

" mn Z[m
UB’” —_— 1 e «—
Iﬁm Bu IH,
kS
irc u I(s
i —n_y o — |
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Figure 5. Circuit diagrams of phase B-to-phase C faults: (a) A non-bolted fault happens at f1; (b) A
bolted fault happens at 2.

3.2. Applicability Analysis of R2

When a phase B-to-phase C fault with fault resistance 2Rr happens at f1, fault currents that flows
through R1 are only provided by the interconnector, and fault currents that flows through R2 are only
provided by traditional voltage sources. The impedance measured by the BC element in R2 is:

Upy — Uc Igw — Ic
ZR2 BC = — = an Jer <1 + =" (6)
IBn_ICn IBn_ICn
AZRy Be

where Zj, is the positive-sequence impedance between the relay location and the fault location f1.
Obviously, AZg, pc is affected by the magnitude and phase relationship between currents flowing
Ipy—lcy, Ipy—Icy,
ABn_‘Cn jBn_1Cn
impedance angle of AZg; pc is in the range of [—arcsinx, arcsinx| whose span is less than 180°. Hence,

when the magnitudes of fault currents flowing through both ends of line mn deviate from each other
greatly, namely x is small, AZg, pc is approximately resistive as a result, as shown in Figure 6. In that

through both ends of the line. Since <1, |AZgo_pc| < 2Ry. Assuming x = , the

case, the influence of the fault current Ip,, — I, which is provided by the interconnector on the
measured impedance of R2 can be neglected. However, when fault happens at the back side of bus n,
for example at £2, the operation characteristic of R2 is the same with R1, and the difference between
the impedances measured by R1 and R2 is Z;;,.

AZy, pe Zone?

25 Zone 1

Figure 6. The measured impedance of R2 when the magnitudes of fault currents flowing through both
ends of line mn differ greatly.
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In Figure 1, currents flowing through R3-R6 are not only provided by the interconnector.
The network at the back of R3 or R5 contains traditional voltage sources and the interconnector,
and there are only traditional voltage sources in the forward direction of R3 or R5; the network back of
R4 or R6 only contains traditional voltage sources, and there are traditional voltage sources and the
interconnector in the forward direction. Since the output currents of the interconnector are limited
and do not increase significantly after the fault, the measured impedances of phase elements in R3-R6
are mainly influenced by the magnitude and phase relationship of currents provided by traditional
voltage sources, and are scarcely influenced by the output currents of the interconnector. Therefore, for
distance relays whose measured currents are not only provided by the interconnector, the impacts of
fault resistances or currents injected from other branches on their measured impedances are similar to
those on the measured impedances of distance relays in traditional AC networks. The analysis on the
phase elements in R1-R6 under two-phase faults is also applicable to three-phase faults.

3.3. Simulation Results

The conclusions on the applicability of phase elements in R1 and R2 which are installed on the line
emanating from the VSC-HVDC interconnector are verified in this section. The model of the AC/DC
hybrid system shown in Figure 1 is built in PSCAD/EMTDC. The rated capacity of the interconnector
is 200 MVA, the equivalent sources of AC networks at the back of bus g and bus h are Eg = 115210° kV
and Eh = 115210° kV, and the equivalent impedances of these networks are Ze=01Zyg and Z), = 0.1Z,,
respectively. The length of line mn, line ng and line nh are 40 km, 60 km, and 40 km, respectively. The
parameters of these lines are summarized in Table 1.

Table 1. Parameters of the AC lines.

Parameter Positive-Sequence Zero-Sequence
R/(€Q2/km) 0.105 0.315
L/(mH/km) 1.258 3.774

Quadrilateral relays with the characteristic shape shown in Figure 3 are employed in R1 and R2.
Rset = 60 Q) and ¢y, is set as 75°, which represents the impedance angle of AC lines. By convention,
a1 =60°, oy =15°, a3 = 30°, and ag = arctanl/s. The reach of Zone 1 is set at 85% of the line length.
When setting Zone 2, injection branches are ignored [22]. The reach of Zone 2 is generally set at
120%-150% of the line length, and it must not cover beyond that of Zone 1 of the relays which are
installed at the same side of adjacent lines [23]. In this paper, the reach of Zone 2 of R1 and R2 is set at
150% of the length of line mn. The setting values of R1 and R2 are as follows:

Zg]a.Rl = Z})p.lu = 0.85Zyun (7)
Zypr1 = Zopre = 1.5Zmn (8)

where the superscripts I and II indicate Zone I and Zone II, respectively.

3.3.1. Case Study

The output power of the interconnector at MMC-2 side is Py = —100 MW and Qg = 0 MVar before
the fault. A phase B-to-phase C fault with 15 () fault resistance happens on line mn at 1 s, and the
distance between R1 and the fault location is 30 km. The magnitudes and phase angles of I, — Icy,
and I, — Ic, are shown in Figure 7. After the fault, Ig, — Ic,, which is entirely provided by the
interconnector, does not increase significantly, while Ig, — Ic, increases dramatically. |1g, — Ic; |
is about 3.8 times larger than |1g,, — Icy |, and Ip, — Ic, leads Ip,, — Ic, by 147.5°. Therefore
Ipn—Icn

B Ien=lon| and the phase angles of In—lcn and len—lon are 147.5° and —147.5°,
Bm—1Cm

IBn_ICn Bm_ICm IBn_ICn

>1 >
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respectively. According to Equations (3) and (6), AZg; pc is inductive, and AZg, pc is capacitive.
In R-X diagram, the measured impedances of BC elements in R1 and R2, which are represented
by Zr1 pc and Zg, pc, locate at two circles respectively, as shown in Figure 8. The centers of the
Ig,—Icy
Igm—Icm

and

circles are O] = Z fm + Ry and O, = Z n+ Ry, and the radii of the circles are r; = R f

Ipm—Icm

|, respectively. In addition, vector Ry (I.B’”_IC’"> and Ry ( M’) have opposite

2= Ry Ig,—I Ig,—I Igy—1I

Bn—1Cn Bn—1Cn Bm—1Cm

phases. Therefore the impact of the interconnector on R1 and R2 is related to the magnitude of the
relationship between fault currents flowing through each side of the line. In other words, it is related
to the relationship between the short-circuit capacity of the traditional AC network and the rated
capacity of the interconnector. In general, fault currents provided by a traditional AC network are
larger than those provided by a VSC-HVDC interconnector, which makes r; > Ry > 5. It can be seen
from Figure 8 that the impact of the interconnector on R1 is greater than that on R2. Under the same
fault conditions including fault type, fault location, and fault resistance, if the rated capacity of the
interconnector increases, the impact of the interconnector on R1 will decrease, and the impact of the

interconnector on R2 will increase.
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Figure 7. Current difference of fault phases at each side of line mn: (a) Magnitudes; (b) Phase angles.
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Figure 8. The operating characteristic of BC elements in R1 and R2: (a) BC element in R1; (b) BC
element in R2.

The actual measured impedances of the BC elements in R1 and R2 are shown in
Figure 9. Zgj pc = —13.21 + 27.65j (), and the additional impedance caused by fault resistance is
Zr1 pc = —16.36 + 15.80] (3 = 22.74/136.0° 0. Rl fails to trip. Zgrp pc = 6.92 + 2.87j (), and the
additional impedance is Zgy pc = —5.87 — 1.08j Q) = 5.97/-10.5° Q). R2 operates correctly. The
simulation results verified the analysis in the paragraph above.
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Figure 9. Measured impedances of the BC elements in R1 and R2: (a) Measured impedance of the BC
element in R1; (b) Measured impedance of the BC element in R2.

3.3.2. Area of Measured Impedance

Taking into consideration that the VSC-HVDC interconnector may operate at different states
before faults, phase B-to-phase C faults with different fault resistances are simulated at different
locations on line mn. The areas of measured impedances of the BC elements in R1 and R2 are obtained
by changing the fault resistance (from 0 to 20 (3) and the distance between relay location and fault
location (from 0% to 100% of line mn). When the output power of the VSC-HVDC interconnector at
MMC-2 side is Py = 200 MW and Qp = 0 MVar before the fault, the areas of measured impedances of
R1 and R2 are shown in Figure 10a,b, respectively. When Py = 100 MW and Qg = 0 MVar, the areas of
measured impedances of R1 and R2 are shown in Figure 11a,b, respectively. The green shaded area
in each figure represents the area of measured impedances when the distance between relay location
and fault location is within 0%—-85% of line length, and the yellow shaded area represents the area of
measured impedances when the distance between relay location and fault location is within 85%-100%
of line length.
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Figure 10. Areas of measured impedances of BC element in each relay under phase B-to-phase C faults
on line mn (Py = 200 MW and Qg = 0MVar): (a) R1; (b) R2.
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Figure 11. Areas of measured impedances of BC element in each relay under phase B-to-phase C faults
on line mn (Py = —100 MW and Qy = 0MVar): (a) R1; (b) R2.
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The influence of the interconnector on the measured impedances of the relays is related to its
operation state before fault. Comparing Figure 11a with Figures 12a, and 11b with Figure 12b, it
can be seen that different operation states of the interconnector before fault will result in different
output characteristics of the interconnector after fault. In other words, the output current I4,+ of
the interconnector is different after fault, which makes the magnitudes and angles of the additional
impedances measured by R1 and R2 different. Therefore the areas of measured impedances of the
relays vary significantly. Comparing Figure 11a with Figures 11b, and 12a with Figure 12b, it can be
seen that the areas of measured impedances of R1 differ greatly from the pre-set area, while the areas
of measured impedances of R2 differ little from the pre-set area. It can also be seen from Figures 11
and 12 that when fault happens on line mn, Zone 1 of R1 may fail to trip under in-zone fault and
overreach under out-of-zone fault, and Zone 2 of R1 may also fail to trip. However, Zone 1 of R2 may
underreach or overreach only when fault happens near the end of the pre-set protection range, where
the distance between the R2 and the fault location is greater than 50% of line mn, and Zone 2 of R2 can
operate correctly. Therefore, the impact of the interconnector on R1 is greater than that on R2, which
verifies the analysis in Section 3.2.

mt 0

i

m 7

Segu

Figure 12. Compound sequence network under a phase-A-to-ground fault at f1.

The simulation results in this section show that when a phase-to-phase fault with fault resistance
happens on line mn, the angles of the additional impedances measured by R1 and R2 may not be
within a very small range around zero, which is different from traditional AC lines with two-terminal
power supplies. Therefore, traditional fixed-setting quadrilateral characteristic cannot improve the
ability of the distance protections which are installed on lines emanating from the interconnector
against fault resistance effectively, especially the protections located at the interconnector side such as
R1. And traditional fixed-setting characteristics can cause significant error in these protections.

4. Applicability Analysis of Ground Distance Protection

Taking single-phase-to-ground faults that happen at f1 and {2 as example, the applicability of the
ground distance protection to the line emanating from the VSC-HVDC interconnector is discussed in
this section.
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4.1. Applicability Analysis of R1 and R2

When a phase-A-to-ground fault with fault resistance Ry happens at {1, the impedances measured
by the AG elements in R1 and R2 are:

I I
ZRl_A = me + Rf M (9)
Iam + Klmo

By

AZRy_a

Zroa = Zpn + Ry Tan* 1A (10)
IAn + KInO

By

AZpo A

where I4,, and 4, are phase A currents flowing through R1 and R2, I,y9 and I, are zero-sequence
currents measured by R1 and R2, K = Z‘Jz_l 21

is the zero-sequence compensation coefficient, and AZg; 4
and AZg, 4 are additional terms of Zg1 4 and Zg, 4 caused by fault resistance, respectively. I 4., which
is provided by traditional voltage source, contains positive-sequence component, negative-sequence
component and zero-sequence component, and therefore it can be expressed as I, = [y+ + [ay— + Ino;
I contains positive-sequence component and zero-sequence component since the negative-sequence
component are eliminated by the interconnector, and it can be expressed as Tam + Lams + I;mg. The
magnitude and phase angle of I4,,,; is controlled by the FRT strategy of the interconnector and therefore
| Ioms | does not increase significantly after the fault. The neutral-points of the converter transformers
are ungrounded at the converter side, as shown in Figure 1, and therefore [0 does not flow through
the converter MMC-2 and is not controlled by the FRT strategy.

The compound sequence network of a single-phase-to-ground fault is the series of positive-sequence,
negative-sequence and zero-sequence networks, and therefore the positive-sequence, negative-sequence
and zero-sequence component of the fault path current meet Equation (11):

1Af+ = 1Af— = 1Afo (11)

where Iny + Iams + Lans, Lo~ = Ian—, and Iaq = I + Ino. The compound sequence network of the
fault is shown in Figure 12. I, represents the output positive-sequence current of the interconnector.
Zy+ and Zy, have the same meaning as Zg, and Zg,, respectively. In a negative-sequence network,
the negative-sequence impedance between R1 and the fault location is nearly infinite, and Z,,_ is the
negative-sequence impedance between R2 and the fault location, which equals to Z;.. Z; is the
zero-sequence impedance between R1 and the fault location, and Z, is the zero-sequence impedance
between R2 and the fault location. Zs+, Zse;— and Zsego are equivalent positive-sequence impedance,
negative-sequence impedance and zero-sequence impedance of the AC network at the back side of
bus n, respectively. Other symbols have been mentioned in the preceding paragraphs. The impedance
of the converter transformer is neglected in this paper. If the line-to-ground admittance is ignored, the
relationship of the sequence currents is:

Tame + Tans = Tan— = Lo + Lno (12)

The negative-sequence network only contains the bus n side of the fault location, and the
zero-sequence network is the parallel circuit of zero-sequence equivalent impedances, Zs,,p and
Zs 0, at each side of the fault location. Assuming that impedance angles of Zy,,,0 and Zy,, are equal,
Lo is in phase with I, and in this case L and L¢— (Ia,-) are also in phase with I, according to
Equations (11) and (12).
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According to Equation (12), By and B, in Equations (9) and (10) can be expressed as Equations (13)
and (14), respectively:

3 (ImO + Ino)
1Am+ + (1 + K) 1m0
3 (ij + jnO)

By = - - - (14)

Lant + Imo + (2 + K) Ino

By = (13)

It is assumed that the zero-sequence impedance angle of AC line is equal to positive-sequence
impedance angle in this paper, and therefore the zero-sequence compensation coefficient K is a real
number. According to the analysis above, Lo is in phase with Ino, Lo+ is directly controlled by the
interconnector, and 14+ is provided by traditional voltage sources. It can be seen from Equations (13)
and (14) that the additional impedances Azr1 4 and Azg, 4 are determined by the magnitude and
phase relationship among 4+, [an+, Imo and Ing.

4.1.1. Analysis of the Phase Relationship between Positive-Sequence Voltage U, at the Fault Location
and Ia,+

Figure 12 is simplified as Figure 13 for the analysis below. It can be observed that the phase
relationship between Uu+ and I4,,+ is related to the active power P’ and reactive power Q’ which are
injected into the fault path from the interconnector side of the fault location, as shown in Figure 14,
and is also related to the output active power P and reactive power Q of the interconnector. According
to Section 2, if a > 0.9 after fault, the interconnector can still work in all four quadrants and the
phase angle difference between U, and I, can be any value in the range of 0°-360°. If 2 < 0.9, the
interconnector can work in quadrant I and the quadrant Il where Q > 0, and the phase angle by which
the output positive-sequence voltage of interconnector leads 4+ is in the range of 0°~180°; if the line
loss between the interconnector and the fault location is ignored, the phase angle by which U,+ leads
Iam+ is also in the range of 0°-180°.

rQ o
m Z 5 f1 z n
IA + I/\;- i At
3R, o
o+
i z
ldwe Z :
Zsq E..
\]

o

Figure 13. Simplified compound sequence network under a phase-A-to-ground fault at f1.

|

P'<0 | P'>0
Q>0 Q>0
e
P'<0 | P'>0
Q<0 | Q<0
|

Figure 14. The relationship between the injected power from the interconnector side and the phase
angle difference between U, and I,,+.
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4.1.2. Analysis of the Range of the Angle of Additional Impedance

It can also be seen from Figure 13 that the phase angle by which U, leads I Af+ equals the
impedance angle of 3Ry + Zy, + Zyz, which is in the range of 0°~75°. Due to the fact I4¢+ = lam+ + Lan+,
the phase angles of the three variables increase or decrease in the sequence of I4y+, [4r+ and 14, +. The
possible phase relationships among Ia+, [4f+ and [4,+ are shown in Figure 15.

Figure 15. Possible phase relationships among positive-sequence component I4,,+ of current provided

by the interconnector, positive-sequence component [4,+ of current provided by traditional voltage
sources, and positive-sequence component A+ of the fault path current: (a)—(c) Tam+ lags Ap+ and i Af+
lags [4,+; (d)~(f) Lam+ leads I4¢+ and 45+ leads [a+.

In Figure 15a—¢, L+ lags [ar and Lyg, lags [a,+, and the phase angle difference between I+
and I Af+ increases from Figure 15a to 15¢; in Figure 15d—f, [4,,+ leads I Af+ and I Af+ leads 14+, and the
phase angle difference between I4,,,+ and I A+ decreases from Figure 15d to 15f. The actual relationship
among Iam+, Laf+ and [y~ is related to the output power of the interconnector and the impedance angle
of 3Ry + Zy,— + Zy shown in Figure 13. It can be seen from Equations (13) and (14) that if [4,+ lags [z«
and I Af+ lags Ian+, AZR1_4 will be inductive and AZg, 4 will be capacitive, and vice versa. According to

the analysis above, the phase angle by which U, leads I Af+ 1s in the range of 0°-75°. If the phase angle

difference between Ua+ and I 4,4 is in the range of 0°-360°, the phase angle difference between Tams
and Iugy (or Iing, Ino) will also be in the range of 0°-360°. According to Iau+ = Iap+ — Lam+, if ams | >
[1 Af+ |, the phase angle difference between 4,1 and I Af+ (or Lo, Ino) will also be in the range of 0°-360°;
if [Tams ! < IfAf+ | and 114,41/ IfAf+ | =d <1, the phase angle difference between [4,,+ and fAf+ (or Ino,
I,0) will be in the range of [—arcsind,arcsind], which is a relatively small range. Therefore in Equations
(13) and (14), if the phase angle difference between I4,,+ and (1 + K) [+ is large, and |14+ | is close
to | (1 +K) Img | or g+ | >> 1(1 +K) Iy |, the impedance angle of AZg; 4 will be probably quite
large; similarly, if the phase angle difference between [ 4,4 and g + (2 + K) L0 is large, and |14, | is
close to | Ig + (2 + K) Iyg | or 11ap+ | >> 110 + (2 + K) [9 |, the impedance angle of AZg, 4 will be
probably quite large. Therefore when a single-phase-to-ground fault happens on line mn, the additional
impedances caused by fault resistance can make the measured impedances of R1 and R2 differ greatly
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from Zg, and Zg,, and probably lead to malfunction of R1 and R2. Based on the analysis above,
traditional ground distance elements in Rland R2 are unreliable. When a single-phase-to-ground fault
with fault resistance happens on line mn and the fault resistance is not very large, the voltage of the
interconnector AC bus drops dramatically, the magnitude and phase angle of its positive-sequence
component change significantly after the fault, and the output characteristics of the interconnector
are related to the operation state before the fault, fault location, fault resistance, etc. In this case, the
output currents and voltages of the interconnector are controllable, and therefore the influence of the
interconnector on the measured impedance of distance relays differs greatly from that of traditional
voltage sources, which confirms the above analysis in this section. However, it is worth pointing out
that if the fault resistance is very large, for example 50 (), the voltage of the interconnector AC bus
drops very little, the output power of the interconnector is almost the same as before the fault, and the
magnitude and phase angle of its positive-sequence component change insignificantly after the fault.
Although the negative-sequence component of the output current is suppressed by the interconnector,
the negative-sequence current is also very small when a single-phase-to-ground fault with large fault
resistance happens on a traditional AC line. Therefore, under single-phase-to-ground fault conditions
with a large fault resistance, there is no obvious difference between the output characteristics of the
VSC-HVDC interconnector and those of the traditional voltage source whose output voltages before
the fault are the same as the interconnector, and the impacts of the interconnector on distance relays
are the same with this traditional voltage source.

When a bolted phase-A-to-ground fault happens at f2, the impedance measured by the AG
element in R1 is:

1Ah+K1h0> (15)

Zri A="2Z +Z’ -‘rZ, - -
ST L + Kl

G

~~

/
ZRLA

where I, is the phase A current which is injected into line ng from line nh, and Iy is the zero-sequence
component of I4;,. Similar to the analysis on the non-bolted single-phase-to-ground fault that happens
at f1, since the magnitude and phase relationship among I+, [4,,+ and other components in Cy
is influenced by the operation state of the interconnector before fault, the FRT strategy of the
interconnector and actual fault conditions, the magnitude and impedance angle of the additional term
AZ'R1_a are uncertain, which may lead to malfunction of R1. Similarly, R2 may misoperate when a
backward fault happens.

The applicability analysis on ground distance elements in R3-R6 is similar to that on phase
elements. Since the currents flowing through R3-R6 are not only provided by the interconnector, the
measured impedances of ground distance elements in R3-R6 are mainly influenced by the magnitude
and phase relationship of currents provided by traditional voltage sources, and are scarcely influenced
by the output currents of the interconnector. Based on the analysis presented in Sections 3 and 4
it can be seen that traditional phase-to-phase distance protection principle and ground distance
protection principle are still applicable to AC lines which are not directly emanating from the
VSC-HVDC interconnector.

4.2. Simulation Results

The simulation model and quadrilateral relays in Section 3.3 are employed to verify the theoretical
analysis in Section 4.1.

4.2.1. Case 1

The output power of the VSC-HVDC interconnector at the MMC-2 side is Py = 200 MW and
Qo = 0 MVar before the fault. A phase-A-to-ground fault with 20 Q) fault resistance happens on
line mn at 1 s, and the distance between R1 and the fault location is 10 km. The positive-sequence
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components, negative-sequence components and zero-sequence components of the currents flowing
through R1 and R2, as well as the impedances measured by the AG elements in R1 and R2, are shown
in Figure 16. As displayed in Figure 16a, the negative-sequence component [, is in phase with
Imo and I,,0, and I4,,— is nearly zero, which agrees with the theoretical analysis in Section 4.1. It can
be seen from Figure 16b that [4,,+ leads I4,— and Ia,— leads L4+, namely that I4,,+ leads Lp and
Lap+ leads [4y+, which matches with the phase relationship shown in Figure 15f. Zg;_4 = 16.654/3.2°
0, Zr1_a =15.866£—10.9° (), and the AG element in R1 operates correctly, as shown in Figure 16c.
ZRro A =50.239439.5° O3, Zro 4 =40.902£29.4° (), and the AG element in R2 fails to trip, as shown in
Figure 16d.
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Figure 16. Sequence components of the fault currents and measured impedances in Case 1: (a) The
sequence components of the currents flowing through R1 and R2; (b) Phase angles of the sequence
components; (c¢) Measured impedance of the AG element in R1; (d) Measured impedance of the AG
element in R2.

Since the magnitude and phase angle of I4,,+ are directly controlled by the interconnector, and
Iams + Lan+ = Iaps = Iap— = Izp0, the magnitude and phase angle of I4, are also influenced by the
control of the interconnector. It can be seen from this simulation that [4,,+ leads 14,— (or L0, Ino) by
29.0°, and therefore Zg1 4 is slightly capacitive with a small impedance angle and R1 operates correctly.
However, 14,4+ lags [4,— (or Lo, [no) by 109.7°, and therefore Zg, 4 is inductive and the impedance
angle of Zr, 4 is large, which makes R2 fail to trip.

42.2. Case?2

The output power of the VSC-HVDC interconnector at the MMC-2 side is Py = —100 MW and
Qo = 0 MVar before the fault. A phase-A-to-ground fault with 10 () fault resistance happens on line mn
at 1s, and the distance between R1 and the fault location is 30 km. The positive-sequence components,
negative-sequence components and zero-sequence components of currents flowing through R1 and
R2, as well as the impedances measured by the AG elements in R1 and R2, are shown in Figure 17.
As shown in Figure 17a, I4,— is in phase with [,;0 and I, and I4,,— is nearly zero, which is the
same as Case 1. It can be seen from Figure 16b that I4,,+ leads [4,— and I4,,— leads I4,,+, namely that
Ian+ leads I A+ and I Af+ leads IAm+, which matches with the phase relationship shown in Figure 15b.
ZRr1 A =38.332454.3° ), Zpy 4 =27.221/45.1° ), and the AG element in R1 fails to trip, as shown
in Figure 17c. Zry 4 = 8.385218.8° ), Zgy 4 = 6.9982—-10.3° (), and the AG element in R2 operates
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correctly, as shown in Figure 17d. In this case, [4,+ lags [4,— (or Lo, I,0) by 138.8°, and therefore
ZR1_4 is inductive and the impedance angle of Zg; 4 is large, which makes R1 fail to trip. [4,+ leads
Lan— (or I;mg, Ino) by 22.5°, and therefore Zg, 4 is slightly capacitive with a small impedance angle and
R2 operates correctly.
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Figure 17. Sequence components of the fault currents and measured impedances in Case 2: (a) The
sequence components of the currents flowing through R1 and R2; (b) Phase angles of the sequence
components; (c¢) Measured impedance of the AG element in R1; (d) Measured impedance of the AG
element in R2.

The simulation results in this section show that under non-bolted single-phase-to-ground faults
on line mn, the magnitude and phase angle of output positive-sequence currents of the interconnector
are controllable, which has a great influence on the magnitude and phase relationship among the
positive-sequence components, negative-sequence components, and zero-sequence components of the
fault currents. Therefore the magnitude and angle of the additional impedances measured by ground
distance elements in R1 and R2 are influenced by the interconnector, which may lead to malfunction of
R1 and R2.

5. Applicability Analysis of Pilot Protection

The analysis in Sections 3 and 4 reveals that due to the internal control of the VSC-HVDC
interconnector, the output characteristics of the interconnector differ greatly from those of traditional
voltage sources, which may lead to malfunctions of phase elements and ground distance elements
in the distance relays installed on lines emanating from the VSC-HVDC interconnector. Traditional
distance protection principles employed in R1 and R2 cannot satisfy the basic requirements of reliability
and selectivity for power system relay protection. As is known, pilot protection is widely applied in
traditional high voltage transmission lines. Common protection principles include the pilot distance
protection principle, pilot directional protection principle, phase differential protection principle,
current differential protection principle, etc. According to the analysis above, pilot distance protection
is inapplicable to line mn. Since the magnitude and phase angle of output currents of the interconnector
are controllable and the interconnector can work in all four quadrants after fault, pilot directional
protection principle and phase differential protection principle are also inapplicable to line mn. There
are many forms of restraint characteristics employed in current differential protection, such as ratio
restraint characteristic and scalar product restraint characteristic, but these characteristics are all based
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on that the phase angle difference of the currents flowing through both sides of the line is different
between internal and external faults. Assuming that the current differential protection with ratio
restraint characteristic is employed for line mn, the operating criterion employed in the protection is:

IVES

‘Idlff) = Kies + Iop (16)

where Ky, is a restraint coefficient which is usually taken as 0.5 or 1 [24], I'diff =I,+I,and represents
the phasor sum of the phase currents flowing through both sides of the protected line, Tres =TIy — I,
and Ky | Ires | is a common restraint current. When fault happens on line mn and the phase angle
difference between the currents flowing through both sides of the line is close to 180°, the operating
quantity | I'dlffl may be smaller than the restraint quantity K | Tos | + fop, which may lead to failure of
the protection.

Take a three-phase fault with 10-() fault resistance that happens on line mn at 1 s as example. The
output power of the VSC-HVDC interconnector at the MMC-2 side is Py = —100 MW and Qg = 0 MVar
before the fault, and the distance between R1 and fault location is 10 km. Phase A currents flowing
through both sides of line mn and their phase angles, as well as I'd,-ﬂr, Iares and their magnitudes are
shown in Figure 18. After the fault the phase angle difference between phase A currents flowing
through both sides of line mn changes from 180° to 153.5°, and this change is not significant. |1 ! is
about 2.02 times larger than | fdiﬁcl , and the relays fail to trip the line.
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Figure 18. [a, [an, i, and Iayes: (a) 4, and Ia,; (b) Phase angles of 14, and Iay; (¢) Iy and Lares
(d) Magnitudes of Igr and Layes.

For AC lines that are not directly emanating from the VSC-HVDC interconnector, the measured
currents of the relays installed on these lines are not only provided by the interconnector, and the
magnitude and phase relationship between fault currents flowing through both sides of these lines after
fault are similar to the relationships in traditional AC system. Therefore traditional pilot protection
principles are still applicable to AC lines that are not directly emanating from the interconnector.
Based on the analysis above, it is necessary to develop a novel pilot protection principle for AC lines
emanating from the interconnector.
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6. A Novel Pilot Protection Principle and Verification

Through the analysis presented in previous sections, traditional distance protection and pilot
protection are not applicable to lines emanating from the VSC-HVDC interconnector. In this section,
a novel pilot protection principle is put forward for these lines, and the validity of the principle is
verified by simulation results. Line mn in Figure 1 is taken as example for the study in this section.

6.1. A Protection Principle Based on the Magnitude Comparison of Currents Flowing through Both Sides of the Line

According to the FRT strategy and output characteristics of the interconnector after a fault which
are presented in Section 2, when an internal unbalanced fault happens on line mn, for example at
f1 in Figure 1, the negative-sequence currents flowing through bus m side of the line are nearly
zero, since the inner negative-current control loops of the interconnector are aimed at eliminating
negative-sequence currents; but the negative-sequence currents flowing through bus n side of the line
are very large. When an external unbalanced fault happens at the traditional AC side, for example
at f2 in Figure 1, the negative-sequence currents flowing through both sides of line mn are close to
zero. When an external unbalanced fault happens at the interconnector side, for example at f0 in
Figure 1, the negative-sequence currents flowing through both sides of line mn are approximately
equal in magnitude and usually large. It should be noticed that the fault located outside of line mn is
called an external fault in this paper. Therefore, if a communication channel is installed on line mn, the
ratio between the negative-sequence currents flowing through both sides of line mn can be utilized to
identify whether an unbalanced fault is an internal fault or an external fault.

When a balanced fault happens, the negative-sequence components of currents and voltages
only exist in the transient process after the fault and decay to nearly zero soon, and there are many
non-integer harmonics included in these transient components. Since the internal control of the
interconnector is based on fundamental frequency, and the control system take a transient process
to respond to the output negative-sequence currents whose speed is related to the parameters of the
controller and actual fault conditions, it is unreliable to identify whether a balanced fault is an internal
fault or an external fault according to the ratio between negative-sequence currents flowing through
both sides of line mn, even though the output negative-sequence currents of the interconnector can
be restrained to some extent during the transient process after the fault. Therefore it is necessary to
develop a separate protection principle to identify whether a balanced fault is an internal fault or an
external fault. When an internal balanced fault happens on line mn, for example at f1 in Figure 1, the
phase currents flowing through bus n side of the line increase significantly since the fault impedance
under balanced fault is usually not very large; while the phase currents flowing through bus m side
of the line are limited due to the FRT strategy of the interconnector. When an external balanced fault
happens, for example at fO or 2 in Figure 1, phase currents flowing through both sides of line are
approximately equal. Therefore, the ratio between the phase currents flowing through both sides of
line mn can be utilized to identify whether a balanced fault is an internal fault or an external fault.

For unbalanced faults, the operating criterion based on the ratio between negative-sequence
currents flowing through both sides of line mn is:

Li—
(Upm— = Uygy— or Lo = Iygor I = Iyy) and (1,1 > Iy,_ and I”— > Kt,ﬂ> (17)
—

where U, _, I'm,, me are magnitudes of negative—sequence Voltage, negative-sequence current and
zero-sequence current which are measured by the relay installed at bus m side, respectively; I,—,and
[0 are magnitudes of negative-sequence current and zero-sequence current which are measured by
the relay installed at bus n side, respectively. U,,— > Uy,—, Lo = Iyo together with I,o > Iy, are
used to distinguish between unbalanced faults and balanced faults on line mn. Uy, — is the threshold
of negative-sequence voltage and it should be larger than the maximum negative-sequence voltage
during initial transient process of balanced faults. The overcurrent criteria ;g > Iy,0 and I,g > Iy, are
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introduced to consolidate the operating criterion shown in Equation (17) when some ground fault
happens on line mn and Uy, — < Uy, —. Iy, is the threshold of zero-sequence current and it should be
larger than the maximum unbalanced current during three-phase faults. Ky;; is the threshold of the
ratio between negative-sequence currents, and it cannot be too large or too small in order to guarantee
the sensitivity and reliability of the protection. When an external unbalanced fault happens at the
back side of bus n, both I, and I,,— are nearly zero, but I,_ /I,,— may be larger than Ky,; due to
the measurement error of current transformers or other factors. Therefore the negative-sequence
overcurrent criterion I, > Iy is introduced to prevent the protection from misoperating in this
situation. I, — is the threshold of negative-sequence current and it should be larger than the maximum
unbalanced current during external unbalanced faults at the back side of bus n.

For balanced faults, the operating criterion based on the ratio between phase currents flowing
through both sides of line mn is:

I
Up— < Uy and Ly < Ly and Iy < Iy and Iﬂ > Kup (18)
om

where ¢ can represent phase A, phase B or phase C; I, and I, are phase currents flowing through
bus m side and bus n side, respectively. K5 is the threshold of the ratio between phase currents, and
it should be set as a constant larger than 1, taking into account the most undesirable situation in which
an internal three-phase fault with fault resistance happens near bus m.

It should be pointed out that when an external grounded fault with high fault resistance happens
at the interconnector side, for example at f0 in Figure 1, or an external phase-to-phase ungrounded
fault happens at the traditional AC side and is far away from bus n, the fault is detected as a balanced
fault because Uy, — < Uy,—, Ing < Iypo and Lo < Iy0. However, I, /I om equals to 1 under these external
faults, and therefore the balanced-fault element based on the operating criterion shown in Equation
(18) does not misoperate. The reliability of the protection can be ensured.

6.2. Verification

The simulation model in Section 3.3 is employed in this section, and the protection principle
proposed in Section 6.1 is applied to line mn. A lot of simulations are carried out to prove the feasibility
of the protection principle. The thresholds of the protection are Uy, = 15KkV, Iig = 0.1 kA, Iy, = 0.1 kA,
Kin1 =5, and Ky,p = 1.5. The sampling frequency is 1.6 kHz, and phasor estimation is performed by the
Fast Fourier Transform (FFT) algorithm [25].

6.2.1. Internal Unbalanced Fault

The output power of the VSC-HVDC interconnector at the MMC-2 side is Py = 200 MW and
Qo = 0 MVar before the fault. A phase-A-to-ground fault with 50-Q) fault resistance happens on line mn
at 1 s, and the distance between bus m and the fault location is 30 km. U, —, Lo, Ino, Im—, In—, In— /I —
and l4, /L4, which are measured by the relays on line mn, as well as the trip signal for unbalanced
fault are shown in Figure 19. As displayed in Figure 19a, U, is below the threshold Uy, all the
time due to the high fault resistance, but it can be seen from Figure 19b that after 20 ms from the
fault inception, both I, and I,,o are larger than the threshold Iy;o. Therefore, the fault is detected as
an unbalanced fault. It can be seen from Figure 19c that I, _ is larger than the threshold I, — after
20 ms from the fault inception. Meanwhile, the ratio I, /I, is larger than 5, as shown in Figure 19d.
Besides, I, /I, — is still increasing after 1.02 s since the output negative-sequence current I, of the
interconnector is still decreasing, as shown in Figure 19c. At 1.04 s, I, — is restrained to nearly zero, and
I, /I, — is larger than 80. The unbalanced fault is correctly detected by the unbalanced-fault element
based on the operating criterion shown in Equation (17), as shown in Figure 19f.

It can be seen from Figure 19e that the ratio 14, /14, is smaller than 1 after the fault, and therefore
the criterion Iy, /Ipm > Ky2 cannot be utilized to identify an internal unbalanced fault. This case shows
that the proposed protection principle has the ability to eliminate the influence of the fault resistance.
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Figure 19. Values detected by relays and the trip signal under an internal phase-A-to-ground fault:
(a) Magnitude of negative-sequence voltage at bus m side of line mn; (b) Magnitudes of zero-sequence
currents at both sides of line mn; (c) Magnitudes of negative-sequence currents at both sides of line mn;
(d) The ratio between negative-sequence currents flowing through both sides of line mn; (e) The ratio
between phase A currents flowing through both sides of line mn; (f) The trip signal for unbalanced fault.

6.2.2. Internal Balanced Fault

The output power of the VSC-HVDC interconnector at the MMC-2 side is Py = —100 MW and
Qo = 0 MVar before the fault. A three-phase fault with 10 () fault resistance happens on line mn at
1 s, and the distance between bus m and the fault location is 10 km. Uy, —, L0, Ino, In—, In—, Ln— /Iy —
and Ia,/Iam, as well as the trip signal for balanced fault are shown in Figure 20. It can be seen
from Figure 20a,b that U,;,_ is below the threshold Uy, during the transient process after fault, and
both I, and I, are zero all the time. Therefore, the fault is detected as a balanced fault. Although
In— > Iiy— and I,— /I, > Ky;q are simultaneously satisfied in a short period after 20 ms from the fault
inception, as shown in Figure 20c,d, the unbalanced-fault element does not misoperate. Meanwhile,
it can also be seen from Figure 20d that I, /I, > Ky, is satisfied only in a very short period after
1.02 s, and therefore it is unreliable to identify an internal balanced fault based on the ratio between
negative-sequence currents at both sides of line mn during the transient process after the fault.

As displayed in Figure 20e, after 20 ms from the fault inception, the ratio between phase A
currents at both sides of line mn is close to the steady state 2.35 and therefore the balanced fault is
correctly detected by the balanced-fault element, as shown in Figure 20f. The fault impedance under
three-phase faults is usually small. The smaller the fault impedance is, the larger I, /I, will be in
this case. Therefore, the proposed protection principle can identify internal balanced faults correctly.
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Figure 20. Values detected by relays and the trip signal under an internal balanced fault: (a) Magnitude
of negative-sequence voltage at bus m side of line mn; (b) Magnitudes of zero-sequence currents at
both sides of line mn; (c) Magnitudes of negative-sequence currents at both sides of line mn; (d) The
ratio between negative-sequence currents flowing through both sides of line mn; (e) The ratio between
phase A currents flowing through both sides of line mn; (f) The trip signal for balanced fault.

6.2.3. External Fault

The output power of the VSC-HVDC interconnector at the MMC-2 side is Py = —100 MW and
Qo = 0 MVar before the fault. An external bolted phase-A-to-ground fault happens at f0, as shown in
Figure 1, and f0 is near bus m. The fault starting time is also 1 s. Uy,—, Lino, Ino, In—, In— and I, — /L, —
are shown in Figure 21.

As displayed in Figure 21a, U;;— exceeds the threshold Uy, — after the fault, and therefore the
fault is detected as an unbalanced fault. As shown in Figure 21c, I, > Iy;— after 20 ms from the fault
inception and the negative-sequence currents flowing through both sides of line mn are approximately
equal. Therefore, I, — /I,;— remains 1 after 20 ms from the fault inception, as shown in Figure 21d, and
therefore the unbalanced-fault element does not misoperate. When a balanced fault happens at 0, the
fault is detected as a balanced fault, but the ratio between phase currents flowing through both sides
of line mn remains 1. Therefore, the protection does not misoperate. Simulation results are omitted
here. The output power of the VSC-HVDC interconnector at the MMC-2 side is Py = 200 MW and
Qo = 0 MVar before the fault. A bolted three-phase fault happens on line ng at 1 s, and the distance
between bus n and the fault location is 10 km. Uy,—, Lo, Ino, and 14, /14, are shown in Figure 22.
It can be seen from Figure 22a,b that U, is below the threshold Uy, all the time, and both ;9 and
I,9 are zero all the time. Therefore, the fault is detected as a balanced fault. As shown in Figure 22c,
the ratio between phase currents flowing through both sides of line mn remains 1, and therefore the
balanced-fault element does not misoperate. When an unbalanced fault happens here, the protection
does not misoperate either. Simulation results are omitted.
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negative-sequence voltage at bus m side of line mn; (b) Magnitudes of zero-sequence currents at
both sides of line mn; (c) The ratio between phase A currents flowing through both sides of line mn.

It can be seen from Section 6.2 that the proposed protection principle can accurately recognize
internal faults and external faults, and has the ability to eliminate the influence of fault resistance.
In addition, many fault simulations are completed when the interconnector works in different operation
states before fault or under different fault conditions. Simulation results show that the operation of the
protection is not influenced by the operation state of the interconnector before fault, and the proposed
protection principle is of high sensitivity and can achieve whole line high speed protection.

7. Conclusions

1.

The output characteristics of the VSC-HVDC interconnector after faults are related to the operation

state before the fault, fault location, fault type, fault resistance, etc. The magnitudes of output
positive-sequence currents of the interconnector are limited after the fault, and the power factor
angle of the interconnector at the fault side is in the range of 0°-360°.



Energies 2016, 9, 400 25 of 27

2. The fault ride-through (FRT) strategy which is applicable to the VSC-HVDC interconnector
operating characteristic of working in all four quadrants of the P-Q operating plane and capable
of eliminating negative-sequence currents under unbalanced faults is proposed.

3.  Theoretical analysis and simulation results show that traditional phase-to-phase distance
protection, ground distance protection, and pilot protection are all inapplicable to lines emanating
from the interconnector, while these protections are still applicable to AC lines that are not directly
emanating from the interconnector. An investigation with a real protection system will be further
conducted to confirm the theoretical analysis.

4. A novel pilot protection principle based on the ratio between phase currents and the ratio
between negative-sequence currents flowing through both sides of the line is proposed for AC
lines emanating from the interconnector. Simulation results shows that the proposed protection
principle can accurately recognize internal faults and external faults including balanced and
unbalanced faults, and has the ability to eliminate the influence of fault resistance.
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Appendix

The compound sequence network under a phase B-to-phase C fault that happens at f1 on line mn
is shown in Figure A1, and the fault resistance is 2Ry.

i m- >Z:AZ»""). fl Z. Zm)< n
!

Anr+
IA!'H Al

R}‘

m n
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I

Af— An

Figure A1. Compound sequence network under a phase B-to-phase C fault at 1.

In Figure Al, Liow represents the output current of the interconnector; Iams and 14, are the
positive-sequence currents flowing through R1 and R2, respectively; I4,_ is the negative-sequence
current flowing through R2; U, and U,_ are the positive-sequence voltage and negative-sequence
voltage at the fault spot, respectively; U 4, is the positive-sequence voltage at bus m; Z,, is the
positive-sequence impedance between R1 and the fault location and is represented by Z,, in this paper;
Zy+ is the positive-sequence impedance between R2 and the fault location and is represented by Z¢,
in this paper; since the negative-sequence currents flowing through bus m side are eliminated by the
interconnector, the negative-sequence impedance between R1 and the fault location is nearly infinite in
negative-sequence network, and u Am— X U,_, where U Am— is the negative-sequence voltage at bus
m; Z,_ is the negative-sequence impedance between R2 and the fault location, and Z,— = Z,,; E An 1S
phase A voltage of the equivalent voltage source at the back side of bus n; Zs,; and Zs;— are the
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equivalent positive-sequence impedance and negative-sequence impedance at the back side of bus n,
respectively, and it is assumed that Zse; 4 = Zs,— in this paper. According to symmetrical component
method and nodal voltage method, the following two equations can be obtained:

: : 1 1 : Ean
u -1 Z + =1 + Al
( Amt+ = SAmt f’”) <25€q+ +Zfn Zoegt + Zpn + 2Rf> A eqt + Zf (A1)
. . A Zseq— + Zn—
_ = —1 Z A2
U, (uAm+ Am+ fm) Zseq— 7+ 2Rf (A2)
The impedance measured by the BC element in R1 is:
Znt se — Ugy — Ucn _ (% — &) Uppy + (2 — a?) Upp _ Uy — U, (A3)
- Igm — Icm (02 — o) Tamy + (0 — &%) Tgp— Lam+
Substitute Equation (A2) into Equation (A3), and Equation (A4) can be obtained:
Unms = Lam+ Zgm 2R;
Z =Zy+ - A4
R1_.BC = Zfm . Zoegr + Zp + 2R, (Ad)

Equation (A1) can also be written as:

; E
IAer + An
. . Zsens +2Z
U = L+ Zgm = —7—— SRR (A5)
Zseqr+Zfn  Zseqr 2 t2Rs

Substituting Equation (A5) and Z¢, = Zuu — Zyy, into Equation (A4), and the impedance
measured by the BC element in R1 can be expressed as:

EAn
Zseqs + (Zmn —Zpm) P
ZR]_BC = me + Rf “ fm 1+ Sf—’lﬁ-f( mn fm) (A6)
Zseq+ + (Zmn — me) + Rf Tams
AZR1_Bc

where Z,,;, is the positive-sequence impedance of line mn.

When a three-phase fault happens on line mn and the fault resistance is Ry, the measured
impedance of R1 can be derived in the same way as described above. And the impedance measured by
the phase element in R1 can also be expressed as Equation (A6). The derivation process is omitted here.
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