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Virtual Difference Voltage Scheme for Fault
Detection in VSC-HVDC Transmission Systems
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Abstract—In this paper, a fast fault detection scheme for volt-
age source converter based high-voltage direct current (VSC-
HVDC) transmission systems is proposed. Based on Bergeron
model equations, the remote terminal voltage of an adopted
transmission system is calculated in terms of the local measured
current and voltage signals. Subsequently, the computed voltage
of the remote terminal is compared with the corresponding ac-
tual measured-communicated value. Provided that the consid-
ered transmission system is functioning well, the difference be-
tween the computed and measured voltages is almost zero. How-
ever, a considerable virtual voltage arises for fault conditions.
When the voltage difference exceeds a predetermined threshold,
a fault condition can be detected. Although a reliable communi-
cation link is required, the delay for detecting the fault is not
caused by the communication time. For evaluation purpose, a
detailed simulation is developed using PSCAD/EMTDC with
various fault locations, including the cases near the inside or
outside of the protected transmission system. The results corrob-
orate a fast detection scheme depending on a moderate sam-
pling/processing frequency level. A high security level is verified
even with the worst external faults, or with the misaligned mea-
sured samples at the terminals. This corroborates the suitability
of the proposed scheme for protecting multi-terminal HVDC
systems.

Index Terms—Fault detection, high-voltage direct current
(HVDC), voltage source converter (VSC), transmission system.

I. INTRODUCTION

IGH-VOLTAGE direct current (HVDC) transmission

systems are considered to be a promising scheme for
connecting unsynchronized power systems or transmitting
bulk power over long distances [1], [2]. Voltage source con-
verter (VSC) based schemes are more distinctive compared
with conventional current source converter (CSC) based
schemes. They are characterized by their decoupled control
features between active and reactive power components, the
non-requirement for reactive power compensation, and the
feasibility of multi-terminal operation [3]-[7].
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Regarding protection issues, VSC- and CSC-based
schemes are different. Unlike most VSC types, CSC units
can control the current into the DC side under DC fault con-
ditions. Hence, DC fault cases with the VSC schemes should
be detected quickly [8], [9]. Moreover, reliable approaches
are still required to discriminate the faulty line in multi-ter-
minal systems [10]-[12].

Different schemes have been proposed to provide fault de-
tection with the capability of localizing faulty lines in multi-
terminal DC systems [13], [14]. These schemes are based on
the derivative of the local measured voltage at the line side
of current-limiting inductors. These schemes cannot be ap-
plied without reactors at the terminals.

To realize a selective fault detection approach, some
schemes have been proposed depending on the differential
protection concept based on communication channels be-
tween line terminals [15], [16]. The most typical problem in
using the communication system is the delay for transferring
data between terminals.

Other methods require high sampling frequencies, such as
those depending on wavelet analysis [17]-[19]. The require-
ment of high-frequency handling is not recommended owing
to the need for processing units with high-frequency capabili-
ties.

The proposed scheme is based on the Bergeron model of
the transmission system. This model has been utilized suc-
cessfully in different applications for protection, particularly
with HVDC systems [20], [21]. As reported in [20], the fault
location can be determined using model equations. It in-
volves the calculation of voltage distribution along the
length of the transmission system based on monitored sig-
nals at the end. Two voltage distribution profiles are ob-
tained based on the calculations at both terminals of the
transmission system. The fault location is the point at which
the voltage distributions from both ends are identical. How-
ever, this approach is inappropriate for online fault detection
owing to its long execution time.

Another current differential protection principle has been
presented in [21] based on the current distribution along the
transmission system through Bergeron line modeling. A spe-
cific point should be selected appropriately along the trans-
mission system. Subsequently, the current at this point is cal-
culated in terms of the measured signals at each end of the
transmission line. When the current difference between the
calculated currents exceeds the predetermined threshold, a
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fault condition is recognized. This scheme is suitable for
CSC systems, where a large tripping time is included. How-
ever, it is not suitable for VSC schemes as the fault detec-
tion should be rapid.

This paper presents a fast detection approach for DC
faults in VSC-HVDC transmission systems. It has been vali-
dated that there is no requirement for high sampling or pro-
cessing frequency, where 10 kHz is adopted. Moreover, the
proposed approach is the unit type, which does not operate
for external faults even if it is immediately beyond the line
terminals. Consequently, the proposed approach can be ap-
plied to multi-terminal systems with the capability of dis-
criminating the faulty line only. Moreover, the proposed ap-
proach is suitable for systems with or without boundary in-
ductors. Although it is based on a communication system,
the data transfer time does not represent a delay for detect-
ing the fault. This is primarily because the proposed ap-
proach is designed such that the data transfer time does not
represent a delay, particularly with underground cable sys-
tems.

II. PROPOSED FAULT DETECTION APPROACH

A. Fault Detection Criterion

The proposed approach has been derived considering the
representation of the transmission system with the Bergeron
line model. The voltage of one terminal of the transmission
system is calculated as a function of the monitored current
and voltage signals at the other terminal. The calculated volt-
age is equal to the measured value provided that the trans-
mission system is functioning well. If a fault exists in the
transmission system, the calculated voltage would be virtual,
which differs from the actual measured value. This is be-
cause the calculations are based on a well-functioning line
equivalent circuit. Based on this criterion, the proposed fault
detection approach is designed.

For the selected line or cable segment, the two terminals
are designated by J and K. Taking terminal K as an example,
the voltage difference would be:

AV, =V,

L calculated

y

K, measured

M

where AV is the voltage difference of terminal K Vi e
is the calculated voltage of terminal K obtained through the
Bergeron model equation as a function of the monitored sig-
nals at terminal J; and V... 1S the measured voltage of
terminal K, which represents the actual value. Furthermore,
AV,=0 implies that the line or the cable is functioning well.
With the occurrence of fault, AV, would be a certain value
depending on the fault condition.

Both terminals of the transmission system are considered
with two voltage differences, one for each terminal, AV, and
AV, The proposed fault detection approach depends on the
monitoring of both values to verify the condition of the
transmission system.

B. Transmission System Model

The Bergeron model for calculating the voltage of termi-

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 8, NO. 5, September 2020

nal K in terms of the voltage and current at terminal J is giv-
en as:

7l
L+ 4 ¥l
Vl(,calculated (t - T) = E ZC |:VJ (t) - iJK (t) (Zc + 4):| +
7 A%
o . rl
5 7 4 [V,(t—2r)+z,K(t—21)(Zc_ 4)}_
vl ’ rlZC+erZC_LZ (2)

TZC V,(t—1)— Z zZ 2 [(t—7)

where Z, is the characteristic impedance of the transmission
line or cable; r is the resistance per unit length; / is the
length of the transmission line or cable; 7 is the traveling du-
ration for the traveling wave to propagate along the entire
length; V, is the measured voltage at terminal J; and i, is
the measured current at terminal J flowing toward the other
end.

Considering the other terminal (terminal J), (3) is used to
calculate the voltage of terminal J in terms of the measured
signals at terminal K.

[ Vie@)—ig, (?) (Z(, + rlﬂ +

4 t-7)= =
J.calculated ( T) 2 4
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7l rl
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a7 | Ty T

c c

3)

As mentioned previously, the Bergeron model represents
the core of many algorithms developed for transmission sys-
tems. The Bergeron model is based on the traveling wave
equivalent circuit. The transmission system is represented by
two sections of ideal circuits. The losses are considered by
including the resistance as a lumped parameter element with
four parts, as shown in Fig. 1. Based on the traveling waves
along the lossless sections, the model equations can be de-
rived [20]-[23].

i rl rl

e A ixy
— 4 Lossless circuit 4

b
"4 Lossless circuit 4 <«
v, Vi

Terminal J Terminal 7(

Fig. 1. Equivalent circuit of Bergeron model.

It is noteworthy that all the calculations herein are execut-
ed by employing the aerial mode parameters of the transmis-
sion system (l-mode). The aerial mode topology has been
utilized as it provides a decoupled circuit without the mutual
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coupling effect between positive and negative poles [20] -
[23]. To obtain 1-mode signals as a function of the positive
and negative signals, the following calculation is performed.

s ol
Vy V., 2 L1 11L7p,
where V, and V, are the positive voltage and negative volt-
age, respectively; §' is the transformation matrix for calculat-
ing the modal components; and V7, and V, are the 1-mode
and 0-mode voltage components, respectively. It is the same
equation for calculating the modal currents. All processing
for calculating the voltage difference value are performed

based on the 1-mode components, which are more stable
than the 0-mode components [20]-[23].

4)

C. Location of Relaying Units

The paper focuses on the strategy of the proposed ap-
proach considering one terminal of the transmission system.
For terminal K, its voltage can be calculated according to
(2). Subsequently, the required voltage and current samples
monitored at terminal J are as follows:

1) V,(¢) and i,/(¢) represent the latest monitored samples at
the processing instant 7.

2) V,(t—1), i(t—1), V,(t—27), and i,(t—27) represent the
previously monitored samples before the moment of process-
ing, i.e., at instants #—7 and ¢— 2z, respectively.

Owing to the need for the previously monitored samples,
storage data windows have been assigned to save the cap-
tured voltage and current samples at terminal J with a win-
dow size of 2tz. Figure 2(a) presents the data windows for
the measured signals 7, and i .

New monitored
voltage sample

ATATATEFAVATATA f\f\f\l
L] [ 1] ] [ 1 1]
W e
B A 4 W BT
Lk t
— —— ;
(a)
(Measured) V, {,,; 777777777 ] :l: — 77 77777 ,),L}
(Measured)i ;i = I
2) Present
Vi time instant
(Calculated) [ [ [ | [ T |
T Time axis
(b)

Fig. 2. Calculation process of V. (a) Storage data windows for voltage
and current signals at terminal J. (b) Corresponding time instants for the em-
ployed samples of ¥, and i, and the calculated sample of V.

At each time step, the new monitored sample is assigned
in the most recent location in the window, and the previous-
ly stored samples are shifted back by one sample. Through
the calculation process of the voltage of terminal K, the pre-

ceding samples of V, and i, at instants t—7 and /—27 can be
fetched from these data windows. Figure 2(b) shows the cal-
culation of Vy in terms of the captured samples of the volt-
age and current signals V, and i, respectively. By conduct-
ing the processing at time instant #, the calculated voltage
sample corresponds to the preceding instant of #—7 prior to
the instant of processing by the traveling wave time dura-
tion .

After obtaining the calculated voltage, its value was com-
pared with the actual measured value. Therefore, the voltage
difference AV, is determined. The processing or relaying
unit used to calculate AV is located near terminal J. The cal-
culated voltage sample Vi et —7) 1S obtained as a func-
tion of the local measured signals V,(¢) and i,(¢f). The mea-
sured voltage sample Vi, .ue(f—7) 1s transmitted via the
communication channel because it is monitored at the other
remote end, which is shown in Fig. 3(a). As depicted in the
corresponding table in Fig. 3(a), the measured voltage sam-
ple Vi asweat —7) 1s available at terminal J at time instant ¢
after being transmitted via the communication channel, as it
has been measured before the instant of processing in dura-
tion 7. The time span between moments ¢—7 and ¢ is exploit-
ed for transmitting the data via the communication system.
Accordingly, the problem of communication time delay is
mitigated. Provided that the communication time is equal to
or shorter than the duration of the traveling wave time 7z, a
delay will not occur owing to the communication for calcu-
lating AV, (¢) and detecting the fault. This point will be clari-
fied in the subsequent section, where a study regarding the
relative speed between the communication system and travel-
ing wave along the power transmission system is provided.
Although both V, ....(t—7) and V_,....(t—7) correspond
to a previous instant, i.e., —7, the later is obtained in terms
of the voltage and current samples at instant ¢, i.e., V,(¢) and
ix(?). This implies that any recent disturbance at instant ¢
would be reflected on the calculated voltage sample
V wiewaeat —T), Which consequently affects the voltage differ-
ence value AV, (7). Although the voltage difference AV, is
calculated in terms of the samples that correspond to the pre-
vious instant 71—z, a delay would occur when monitoring the
system condition .

It is noteworthy that GPS receivers are recommended so
as to capture the signals at the line terminals simultaneously.
Hence, the time stamping of the monitored samples at the
terminals would be with reference to a common clock [24].
Furthermore, the proposed approach has been tested with an
alignment error existing between the monitored samples at
the line ends. This is presented in Section VII-B.

The aforementioned discussion is with respect to the volt-
age difference AV,. The other voltage difference value AV,
can be calculated similarly using a devoted processing unit
located at terminal K, which is shown in Fig. 3(b). The relay-
ing unit installed near terminal K is responsible for calculat-
ing AV, by AV,=V, eutaed t =)=V easrea (t = 7)), Where
Vs eatewarea(t = T) 1s calculated based on local measurement
(3), and V,uumea (t — 7) is received via the communication.
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Fig. 3. Proposed approach. (a) Calculation of voltage difference AV,. (b) Required relaying units at terminals J and K for calculating AV, and AV, respec-
tively.

D. Communication Delay

To verify whether the communication system would result
in delay, the relative speed between the communication sys-
tem and the traveling waves has been analyzed. Both the un-
derground cables and overhead lines are tested. Regarding
the recommended communication system, the fiber optic
based systems are the most typically used, which require ap-
proximately 0.5 ms per 100 km length for data transfer [25],
[26]. To determine the speed of the traveling wave along the
transmission line or cable, the line constant program in
PSCAD environment is utilized. The time required for the
traveling wave to propagate along the same length (100 km)
is determined for both the underground cable and overhead
transmission systems. The configurations of the transmission
systems are described in Fig. 4. It is discovered that the trav-
eling time is approximately 0.34 ms for the overhead trans-
mission line and 0.64 ms for the underground cable along
the 100 km length, respectively. This means that the data
transfer time by the fiber optic scheme is shorter than 7 in

the underground cable and longer than 7 on the overhead
line. If an underground cable is utilized, the communication
signal will spend less time than 7 to reach the other end.
Consequently, the required processing for fault detection will
not be delayed owing to the communication. This is consid-
ered as a unique advantage of the proposed approach.
Meanwhile, if an overhead line is utilized, a slight delay
will occur, which is estimated by the difference between the
communication time and the traveling time. For example, it
would be 0.16 ms per 100 km (0.5-0.34=0.16 ms) accord-
ing to the overhead line. This time represents a waiting dura-
tion until the required samples to be processed are received,
which is acceptable for detecting faults in HVDC systems.

III. EVALUATION OF VIRTUAL VOLTAGE DIFFERENCE

To validate the proposed scheme, a bipolar VSC-HVDC
system (400 kV) is simulated using the PSCAD/EMTDC
program shown in Fig. 5.
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Fig. 4. Employed configurations of transmission systems. (a) Overhead
line. (b) Underground cable.
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Fig. 5. Two-terminal HVDC system.

The system details are given in Table I. A frequency-de-
pendent model for the employed transmission system is uti-
lized to obtain accurate simulated results. The underground
cable configuration in Fig. 4(b) is adopted to represent the
transmission system with a 100 km length. The converter
units are two-level-based types and represented by their de-
tailed models. It is noteworthy that the boundary inductors
are not included in this test system. This will be described in
Section VII-C. The virtual voltage differences AV, and AV,
are calculated through a MATLAB program. The signals are
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monitored with a 10 kHz sampling rate, whereas the solu-
tion time step within the simulation is 20 ps.

TABLE I
DETAILS OF VSC SYSTEM

Component Item Detail
Type Two-level
DC Capacitance at each converter unit 150 pF
VSC unit AC reactor inductance 0.072 H
Control mode at terminal J P-0
Control mode at terminal K Vpe-O
Core conductor resistivity 2.82x10™ Qm
Length 100 km
DC cable . o .
Relative permittivity of 1* insulator 4.1
Relative permittivity of 2™ insulator 2.3
Power rating 250 MVA
AC Leakage reactance 0.1 p.u.
transformer  Ratio of each transformer at terminal J 420 kV/230 kV
Ratio of each transformer at terminal K 500 kV/230 kV
Nominal voltage 420 kV
AC system Impedance 2645 Q
at terminal J Impedance phase angle 80°
Operation frequency 60 Hz
Nominal voltage 500 kV
AC system Impedance 26.45 Q
at terminal K Impedance phase angle 80°
Operation frequency 50 Hz

To validate the proposed approach, a severe positive-pole-
to-ground fault condition is applied at the middle of the
transmission system at F1, as depicted in Fig. 5. Figure 6
show the virtual voltage difference values AV, and AV, con-
sidering the fault case. It shows the response of the actual
voltage signal along with the calculated one. The inception
instant of the applied fault is at 0.6 s. As shown in the re-
sults, the calculated voltage signal deviates from the actual
measured signal owing to the fault condition. It is notewor-
thy that both voltage differences yield similar responses, be-
cause the selected location of this fault is at an equal dis-
tance from both ends of the transmission system.

The response is also performed considering the negative-
pole fault condition at the same point (50 km away from ter-
minal J). As shown in Fig. 6(c), the response under a nega-
tive-pole-to-ground fault condition is similar to that obtained
at a positive faulty pole. This is because the voltage differ-
ence is calculated considering the 1-mode parameters. The
same response is obtained in the aerial mode analysis regard-
less of the polarity of the pole.

A. Faults Near Terminals

To investigate the selectivity of the proposed approach,
the voltage difference values are monitored with the faults,
which are extremely close to the line ends, i.e., near the in-
side and outside of the line zone. As shown in Fig. 5, the
zone boundaries are determined by the points at which the
signals are monitored, particularly at the current measuring
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transducers. First, the proposed approach is tested by consid-
ering an internal fault at /2, which is severe and near the in-
side of the line zone. Figure 7 shows both of the voltage dif-
ferences under this fault case. The calculated voltage of ter-
minal K deviates significantly from the measured one, result-
ing in an extremely discriminative voltage difference value.
As this fault is near terminal J, the voltage difference AV,
does not change significantly. As depicted in Fig. 7(b), the
calculated voltage follows the measured one without a signif-
icant difference. This means that detecting such fault condi-
tions would be flagged by only one of the voltage differenc-
es. The same response is obtained with the internal fault con-
dition at F3, and the fault would be detected via monitoring
the other voltage difference AV, which will be discussed in
detail in Section VI.
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Fig. 6. Transient response of virtual voltage differences with pole-to-
ground fault at F1. (a) Voltage and voltage difference of 1-mode compo-
nents at terminal J. (b) Voltage and voltage difference of 1-mode compo-
nents at terminal K. (c) Responses to both positive- and negative-pole-to-
ground faults.

The voltage differences are verified for external severe
faults near the outside of the line zone (i.e., F4 or F5). Fig-
ure 7(c) and (d) present the response to the fault at F5. As
depicted from the results, both difference values do not dif-
fer significantly as the calculated voltage is similar to the
measured one. This is a unique advantage of the proposed
approach as it facilitates in providing a highly secure
scheme, where maloperations are avoided even with severe
external faults.
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Fig. 7. Voltage difference response considering faults near terminals. (a)
Voltage difference of terminal K with internal pole-to-ground fault at F2.
(b) Voltage difference of terminal J with internal pole-to-ground fault at 2.
(c) Voltage difference of terminal K with external pole-to-ground fault at
F5. (d) Voltage difference of terminal J with external pole-to-ground fault at
F5.

B. Voltage Difference Profile Versus Fault Location

From the obtained results shown in Fig. 7(a) and (b), it
can be concluded that the voltage difference value is affect-
ed by the fault location with respect to the terminals. The
value of AV, is higher or lower if the fault is near terminal
J or K, respectively. Different fault cases are investigated at
various locations to clarify the voltage difference profile. Fig-
ure 8 presents the obtained maximum value of the voltage
differences AV, and AV, versus the fault locations, i.e., 0,
25, 50, 75, and 100 km with reference to terminal J.

Moreover, the voltage difference depends on the fault
type. Its value is higher in the pole-to-pole fault condition
compared with that in the pole-to-ground fault condition.
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This is because the degree of divergence associated with the
calculated voltage signal is higher in the pole-to-pole fault
condition.
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Fig. 8. Voltage difference maximum value versus fault location with pole-
to-pole and pole-to-ground faults. (a) AV, versus fault location. (b) AV, ver-
sus fault location.

IV. PICKUP SETTING OF PROPOSED APPROACH

The proposed approach is profiled precisely such that the
faults within the adopted line or cable could be detected suc-
cessfully, and that the maloperations with external faults
near the outside of the line zone are avoided. The pickup set-
ting of the proposed fault detection scheme is designed
based on a threshold level for the voltage difference value.

The pickup setting is regulated to attain a good security
level. If a low level of the pickup setting is selected, the
fault detection scheme may over-reach the protected line
zone. The pickup threshold is regulated such that only ap-
proximately 80% of the transmission line length is covered.
This accounts for inaccuracies owing to the variations of pa-
rameters or unsynchronized signals at the terminals. The re-
maining 20% of the line or cable is protected through the
other voltage difference value at the other terminal.

Figure 9 shows the pickup setting and the corresponding
protected area of the transmission system based on the val-
ues of AV, and AV, Based on both differences AV, and
AV, the entire length of the transmission system is well in-
cluded. As shown in Fig. 9(c), the relaying unit installed at
terminal J would cover approximately 80% of the line
length with reference to the Zone I of terminal J, and the op-
eration variable is AV,. Similarly, the other relaying unit at
terminal K is adopted to encompass 80% of the line length
with reference to the Zone II of terminal K, where AV, is
the operation variable. Furthermore, it is apparent that 20%-
80% of the area is overlapped by the jurisdiction areas of
both relaying units.

To determine the pickup setting level, the following criteri-
on is proposed:
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Fig. 9. Pickup settings for voltage differences and corresponding protected

areas. (a) Pickup settings of AV and corresponding protected area. (b) Pick-
up settings of AV, and corresponding protected area. (c) Jurisdiction areas
of both relaying units.

AV kuppp = 1.4 x min {AVP—Rﬁmlt} (5)
AV rupp-c = 1.4 xmin {A VP-G,/?Ault}

This criterion provides an approximate value for the volt-
age difference with the fault at approximately 80% of the
transmission system length. As the profile of the voltage dif-
ference depends on the fault type, the pickup setting is adap-
tive.

Two pickup settings are proposed in (5). AV, » » and
AV . p-c are the pickup thresholds for the pole-to-pole and
pole-to-ground faults, respectively. It is not appropriate to de-
pend on one setting to guarantee a secure performance. Uti-
lizing only AV, »., may result in an unprotected area for
pole-to-ground faults. Meanwhile, depending on the setting
of pole-to-ground faults only may result in the length of the
protected transmission system with pole-to-pole faults that
are over-reached, thereby causing maloperations with exter-
nal faults.

As two different pickup settings exist, a preliminary step
should be performed to select the appropriate pickup setting.
The voltage difference value is to be compared with the
pickup setting AV, ».¢ if the fault is recognized as a pole-
to-ground fault. The other pickup setting AV, » 1s consid-

pickup, P -
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ered for pole-to-pole fault cases. The pole-to-ground faults
are discriminated by the imbalance between the positive and
negative poles. Hence, the current or voltage imbalances are
verified as a preparatory step before verifying the voltage
difference value. As shown in Fig. 10(a), this verification de-
pends on the asymmetry between the positive and negative
signals (V,, V,, 1,, and 7). If an imbalance occurs between
the positive and negative voltages or currents, AV,

pickup,P-G
will be adopted as a reference before verifying the voltage
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difference value AV. As depicted in Fig. 10(a), the verifica-
tion of the imbalance between the positive and negative sig-
nals is not the main fault detection criterion. The main crite-
rion depends on the verification of the voltage difference val-
ue AV. If an imbalance without fault occurs, A} maintains at
zero. Meanwhile, if the fault is pole-to-pole type, an imbal-
ance will not occur between the positive and negative sig-
nals.

New time step

Preparatory check ‘

External pole- | N [L,+1,>1.0 pu.? Y
p T 1n Up.u. 1

to-pole fault :
or healthy |
condition |Vt Val>0.2 pu.? |

pole-to-ground
fault condition
or imbalance

| Pole-to-ground fault condition |

External

| Identifying faulty pole |

operation

Fault
I detection
! main AV>AV g, p-p?
| criterion
Pole-to-pole Pole-to-ground
fault condition fault condition
Fault clearing stage | | Identifying faulty pole |
T T
End
(a)
Fig. 10.

|Negative pole-to-ground fault |

[
Fault clearing stage

(b)

Verification of signal imbalance for both selecting appropriate pickup setting and identifying faulty pole. (a) Selection of appropriate pickup set-

ting before verifying voltage difference value. (b) Identification of faulty pole after confirming a pole-to-ground fault type.

It can be concluded that AV will be compared with
AV . r.c 1if an imbalance occurs between the positive and
negative voltages/currents. Meanwhile, verification with ref-
erence to AV, »., must be performed if the imbalance con-
ditions are not satisfied. It is noteworthy that the proposed
approach should be tested if the power delivered through the
poles are not balanced prior to the fault. This aspect will be
discussed in the following section.

After confirming that the fault is a pole-to-ground fault,
the faulty pole can be determined as either a positive-pole or
negative-pole fault. This is performed by verifying the rela-
tive values of the positive and negative currents. If the ratio
(I7,1/I,]) is higher than two, the fault condition is recognized
as a positive-pole-to-ground case, where the positive-pole
current is significantly higher than the negative-pole current
under this condition. Meanwhile, this ratio is reduced if the
fault is a negative-pole fault, where the negative current is
increased. This is clarified in Fig. 10(b).

In conclusion, the imbalance between the positive and neg-
ative signals is verified in two separate steps. First, the cur-
rents or voltages are verified according to the conditions in
Fig. 10(a) as a preparatory step to select the appropriate
pickup setting level. Next, after confirming that the fault
type is a pole-to-ground fault, the faulty pole can then be
identified as either a positive or negative pole by verifying

the ratio of the currents of the poles shown in Fig. 10(b).

V. RESPONSE UNDER IMBALANCE OPERATION PRIOR TO
FAULT

The proposed approach should be tested if an imbalance
operation occurs before the fault. This can be performed by
controlling the delivered power through poles prior to the
fault. Three test cases have been examined: positive-pole-to-
ground, negative-pole-to-ground, and pole-to-pole faults. In
the worst condition, these tests are performed with an ex-
tremely high imbalance before the fault occurrence. The ra-
tio of the positive-pole current to the negative-pole current is
approximately two prior to the fault.

The tested fault cases are at the middle of the transmis-
sion system length, whereas the fault instant is at 0.6 s. The
results obtained for the three cases are presented in Figs. 11,
12, and 13, respectively.

Figure 11 shows the positive-pole-to-ground fault case.
The following findings are obtained from the results.

1) As shown in Fig. 11(a), a significant current imbalance
occurs prior to the fault. However, the voltage difference AV
maintains at zero before the fault occurrence. This confirms
that the proposed scheme is not negatively affected by imbal-
ances in well-functioning operations.
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Fig. 11.  Response under positive-pole-to-ground fault with a significant im-
balance prior to fault. (a) Signal imbalance and voltage difference value. (b)
Logical values of conditions.

2) Once the fault occurrs, the imbalance between the posi-
tive and negative currents/voltages becomes highly signifi-
cant. Hence, the appropriate pickup setting can be accurately
selected, i.e., AV, p g

3) As shown in Fig. 11(b), the current imbalance provides
a slightly faster response than the voltage imbalance.

4) After confirming the fault by verifying the voltage dif-
ference value (AV>AV, ... ».¢), the faulty pole is identified
by verifying the ratio of the pole currents (|7,|/|,]). Currents
are preferred over voltages owing to their faster response.

5) The obtained results have proved that no problems are
encountered by adopting the current imbalance in verifica-
tions, even when an imbalance operation occurs prior to the
fault.

The negative-pole-to-ground fault condition has been test-
ed as well. The results obtained are presented in Fig. 12. As
shown in Fig. 12, a similar response is obtained and the
faulty pole is finally identified by verifying the relative val-
ues of the currents of poles.

In addition, a test case for the pole-to-pole fault has been
performed with the same imbalance condition prior to the
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fault. The obtained results are presented in Fig. 13. Although
a current imbalance occurs prior to the fault occurrence, this
imbalance does not increase significantly after the fault oc-
currence. This is because the fault is a pole-to-pole fault.
Hence, AV,,,».» is selected appropriately. After detecting
the pole-to-pole fault, the relative values of the currents of
poles do not need to be verified because it is a pole-to-pole

fault case.
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Fig. 12. Response under negative-pole-to-ground fault with a significant
imbalance prior to fault. (a) Signal imbalance and voltage difference value.
(b) Logical values of conditions.

Finally, it can be concluded that the imbalance operation
does not affect the performance of the proposed approach.
This is because the voltage difference value AV maintains at
zero in well-functioning conditions. In addition, with the ad-
opted processing and conditions in Fig. 10, the faults can be
detected successfully and the faulty pole defined appropriate-
ly even with a significant imbalance prior to the fault.

VI. DETECTION TIME AND CLEARING STRATEGY

A. Characterization of Detection Time

Using the simulated system, the fault detection time can
be recorded with the tested pole-to-ground and pole-to-pole
fault cases at various locations. The results obtained for the
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fault detection time are illustrated in Table II.
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Fig. 13. Response to pole-to-pole fault with a significant imbalance prior
to fault. (a) Signal imbalance and voltage difference value. (b) Logical val-
ues of conditions.
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For each fault case, the detection time is measured with
reference to the arrival moment of the fault-generated waves
at the terminals. The table presents the time consumed by
the generated traveling wave from the fault point to reach
the terminal along with the detection time. These results are
clarified as follows:

1) The proposed fault detection approach does not malop-
erate with severe external faults, even if they are located ex-
tremely close to the outside of the cable ends.

2) The fault detection process is rapid, as it only takes a
sub-millisecond after the arrival of the incident-traveling
wave from the fault point at the transmission system termi-
nals. The fault detection times remain at the same level for
faults in different locations because the detection time is
measured with reference to the arrival moment of the fault-
generated waves at the terminals. Changing the fault location
affects primarily the wave arrival delay time. However, the
detection time does not change significantly.

3) Based on AV, the faults in Zone I can be detected.
Similarly, faults in Zone II can be discriminated successfully
based on AV,

4) Those faults located at one of the terminals of the ad-
opted cable at either 0 or 100 km are detected within a short
detection time of 0.1 ms, equal to the sampling time step em-
ployed. Hence, by utilizing a shorter time step with a higher
sampling frequency, the detection of such faults could be fa-
cilitated within a time duration of less than 0.1 ms.

TABLE 11
FAULT DETECTION TIME

Pole-to-pole fault

Pole-to-ground fault

Fault AV >AV, AV,>AV,

AV >AV, AV, > AV iup.p-a

pickup,P-P pickup, P-P pickup,P-G
location Delay time at J Detection Delay time at K Detection Delay time at J Detection Delay time at K  Detection time
(ms) time (ms) (ms) time (ms) (ms) time (ms) (ms) (ms)
F4 X X X X X X X X
2 0 0.1 x X 0 0.1 X X
Fo 0.16 0.1 0.48 0.3 0.16 0.1 0.48 0.3
Fl1 0.32 0.1 0.32 0.1 0.32 0.1 0.32 0.1
F7 0.48 0.3 0.16 0.1 0.48 0.3 0.16 0.1
F3 x x 0 0.1 x x 0 0.1
F5 X X X X X X X X

Note: x means that the fault detection scheme does not operate.

The delay times of the traveling waves are determined
based on detecting the first change in the currents or voltag-
es by referring to the instance at which the fault occurs. To
determine accurate values for these times, the sampling fre-
quency at which the signals are monitored is increased with
a reduced time step of 20 us.

B. Fault Isolation Strategy

The results obtained imply that the proposed fault detec-
tion approach can be considered as a unit protection ap-
proach. After detecting the fault, the faulty zone should be
isolated. Hence, a direct current circuit breaker (DCCB)
must be set at each terminal of the adopted transmission sec-
tion. Various technologies are associated with the selected

DCCB. Solid-state-based types provide a fast clearing pro-
cess, but the high conduction loss is a limitation [27], [28].
Hybrid circuit breakers (CBs) distinguished by fast clearing
and low conduction losses are recommended within the pro-
posed approach [29], [30].

The triggering signals for these CBs would be provided
by the relaying units at the line ends. As shown in Fig. 14
(a), both of the processing units at the line ends may trigger
both CBs. The remote breaker is triggered by the distant re-
laying unit via the communication system. Based on this
strategy, both of the breakers are correctly triggered to iso-
late the faulty line even if the faults are detected by only
one relaying unit, as in the case of F2 or F3.
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Fig. 14. Triggering strategy for DCCBs and behavior under remote fault
condition. (a) Triggering strategy for DCCBs. (b) Performance under remote
fault F3 with underground cable system to trigger CB at terminal J. (c) Per-
formance under remote fault /3 with overhead line system to trigger CB at
terminal J.

It is noted that for Fig. 14(b), the fault detection time by
relaying unit at terminal K is 0.1 ms; the fault traveling
wave time to reach terminal J with underground cable is
0.64 ms; and the communication time to transfer the trip sig-
nal to CB at terminal J is 0.5 ms. For Fig. 14(c), the fault
detection time by relaying unit at terminal K is 0.1 ms; the
fault traveling wave time to reach terminal J with overhead
line is 0.34 ms; and the communication time to transfer the
trip signal to CB at terminal J is 0.5 ms.

If the fault is detected by only one relaying unit, as in the
case of F3, the remote CB at terminal J will be triggered via
the communication, as shown in Fig. 14(a). Although the
communication time is included, a significant delay will not
occur in triggering the remote CB. This aspect is depicted in
Figs. 14(b) and (c), where underground and overhead line
systems are considered, respectively. The figures are intro-
duced in the form of a lattice diagram representation. Since
the fault is far from terminal J and close to terminal K, as
shown in Fig. 14(b), it is detected within a short time by the
relaying unit at terminal K, and the fault-generated wave
consumes the traveling time duration to reach terminal J. Af-
ter detecting the fault, the relaying unit sends a trip signal to
CB at terminal J. As depicted in the figure, if the communi-
cation system is relatively faster than the traveling waves, as
in the case of underground cables, the trip signal would be
received before the arrival of the incident fault traveling

1001

wave. Therefore, the remote CB is triggered without delay.
This is considered as an advantage of the proposed scheme.

If the transmission system is an overhead line, as in Fig.
14(c), the trip signal would be received by the remote CB af-
ter the arrival of the fault incident traveling wave in 0.26
ms, which is considered acceptable. Therefore, the communi-
cation time does not represent a delay, particularly with un-
derground cable systems, although the communication is em-
ployed to trip the CB under remote fault conditions.

VII. PERFORMANCE EVALUATION WITH MULTI-TERMINAL
SYSTEMS

A. Response Under Fault Near A Typical Busbar

The applicability of the proposed protection system can be
extended to multi-terminal systems, where each transmission
element has its own separate zone. To investigate the securi-
ty of the proposed detector, a three-terminal 200 kV symmet-
ric-monopole system is simulated by the PSCAD program,
as described in Fig. 15. The converter station (VSC1) is the
slack terminal, whereas the other two terminals operate in a
constant power control mode. A severe pole-to-pole fault
case is conducted near the typical busbar as a worst condi-
tion, as shown in Fig. 15(a).

B21 B12 B13 Line 13 B31

(100 km)

Line 12

Y Y Y
VSC2 VSC1 VSC3
Relaying unit Relaying unit for Relaying unit
for AV, , AV, and AV; for AV, 5
()
20000 Faulty line
15000 — Normal line
= 10000
=2
N
= 5000
0
-5000 - : : . :
0.595  0.600 0.605 0.610 0.615 0.620
Time (s)
(®

Fig. 15. Proposed approach applied in a multi-terminal system. (a) Simulat-
ed three-terminal system. (b) Voltage differences for faulty and non-faulty
lines.

The fault inception instant is at 0.6 s. The voltage differ-
ences considering both faulty and non-faulty lines are moni-
tored, as shown in Fig. 15(b). The voltage difference value
with the faulty line AV, is significant, and therefore, the
fault is detected successfully. Meanwhile, the voltage differ-
ence with the non-faulty line AV, does not exceed the pick-
up setting and maloperation is avoided. This implies that the
security of the proposed scheme is confirmed even when the
worst fault conditions are included.

B. Response Under Misaligned Samples at Terminals
This section investigates the response when synchroniza-
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tion errors are included within the signals measured at the
terminals. This is investigated by considering the applied
fault condition according to Fig. 15(a) as the worst case. Fig-
ure 16 shows the responses of the voltage differences AV,
and AV, respectively. The voltage difference value with the
faulty line, i.e., AV,, is not negatively altered. The same re-
sponse has been obtained regardless of the misalignment.
This is because the measured voltage signal is specified at a
certain DC level without the negative effects of the asynchro-
nization condition, which is a unique advantage of the pro-
posed scheme.

20000y 1800 7'7 T Synchronized
15000 | ; 600 ﬂ i; }‘k"-wmh.\,,l | ---Unsynchronized by 10 ms
_ 140 iV A Unsynchronized by 20 ms
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Fig. 16. Effect of unsynchronized samples at terminals. (a) Voltage differ-

ences for faulty line with unsynchronized samples at terminals. (b) Voltage
differences for non-faulty line with unsynchronized samples at terminals.

Meanwhile, the response of AV, is also monitored to veri-
fy the security of the proposed approach if the samples are
misaligned. Figure 16 shows how AV, is affected by the
asynchronization condition. The voltage difference is present-
ed with reference to the corresponding pickup setting with
the simulated system. It is discovered that maloperation
could be avoided if the samples are unsynchronized with a
duration less than 20 ms. Therefore, the security of the pro-
posed scheme is corroborated.

C. Boundary Inductors at Line Terminals

Boundary inductors are recommended to be used with
VSC-HVDC systems to limit the increase rate of the current
in fault cases. This is an important aspect, where the DCCB
can be selected with reduced current breaking capability.
The response of the proposed scheme is verified by consider-
ing the boundary inductors. The behavior is not affected, as
the measurement devices are installed at the line side of the
boundary inductors, as shown in Fig. 15(a). In other words,
the Bergeron equations are still applicable because the induc-
tors are excluded at the ends of the transmission system.

The same multi-terminal system shown in Fig. 15(a) has
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been tested for this condition. The profile of the voltage dif-
ference is elaborated considering the inductors at the termi-
nals, as shown in Fig. 17(a). Two different values for the in-
ductances, 110 mH and 45 mH, have been adopted. The val-
ues are selected such that the increase rate of the fault cur-
rent can be limited to 3.5 and 7.5 kA/ms, respectively [30].
As depicted in Fig. 17, the profile of the voltage difference
is lowered with higher inductance values owing to the damp-
ing effect of the inductance. However, the proposed ap-
proach is not affected. The profile of the voltage difference
is still discriminative for detecting the fault. Using boundary
inductors will only cause the employed pickup setting to be
updated according to the profile of the voltage difference.
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—— Boundary inductance is 110 mH
-e-- Boundary inductance is 45 mH
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Fig. 17. Effect of boundary inductors on proposed scheme. (a) Effect of
boundary inductance value on voltage difference profile. (b) Response with
boundary inductors in multi-terminal system under fault near a typical termi-
nal.

The security of the proposed approach is tested and the
abovementioned inductors are adopted. Considering the fault
case shown in Fig. 15(a), which is a severe pole-to-pole
fault near the typical terminal at VSCI, the voltage differ-
ence values for both the faulty and non-faulty lines are
shown in Fig. 17(b). The difference values deviate signifi-
cantly such that the fault is successfully detected and that
the maloperation is avoided using the healthy line.

VIII. VOLTAGE DIFFERENCE PROFILE IN LONGER
TRANSMISSION SYSTEMS

The length of the employed transmission system in the
previous analysis is 100 km. However, in future practical
conditions, the transmission system may be slightly longer.
Therefore, the proposed scheme is verified using a longer
transmission system of 400 km. The voltage difference pro-
file is investigated in different fault cases, including pole-to-
pole and pole-to-ground cases at different locations (0, 100,
200, 300, and 400 km). The results obtained are presented in
Fig. 18 for AV, and AV, As shown in Fig. 18, the voltage
difference profile is still discriminative with the increased
length of the transmission system. This confirms that the pro-
posed scheme is applicable in long transmission systems.
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Fig. 18. Voltage difference profile for 400 km transmission system. (a)
AV, versus fault location under pole-to-pole and pole-to-ground faults. (b)
AV, versus fault location under pole-to-pole and pole-to-ground faults.

IX. CONCLUSION

A fast fault detection scheme is proposed herein for VSC-
HVDC transmission systems by computing the virtual differ-
ence in the terminal voltages of a protected line. A communi-
cation system is required for transferring data between the
line terminals. However, the proposed detector does not have
an intended delay owing to the communication system. The
proposed approach successfully detects the fault and identi-
fies the faulty pole in pole-to-ground fault cases. The high
immunity of the proposed approach to maloperations has
been verified in different worst-case scenarios such as severe
and extremely close external faults, misaligned samples at
terminals, and significant imbalance operation prior to fault
occurrence. Furthermore, it has been discovered that the pro-
posed scheme can be utilized successfully in multi-terminal
systems. The results reveal the reliability, versatility, and ac-
curate fault detection capability of the proposed approach for
VSC-HVDC transmission systems.
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