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a b s t r a c t

Multi-terminal hybrid high-voltage direct current (HVDC) systems have been developed quickly in
recent years in power transmission area. However, for voltage-source converter (VSC) stations in
hybrid HVDC systems, no direct current (DC) filters are required. In addition, the DC reactor is also
not installed at the line end because the DC fault can be limited by the converter itself. This means
that the boundary element at the line end is absent, and the single-ended protections used in line
commutated converter (LCC) based HVDC (LCC-HVDC) systems or VSC-HVDC systems cannot distin-
guish the fault line in multi-terminal hybrid HVDC systems. This paper proposes a novel single-
ended DC protection strategy suitable for the multi-terminal hybrid HVDC system, which mainly
applies the transient information and active injection concept to detect and distinguish the fault line.
Compared with the single-ended protections used in LCC-HVDC and VSC-HVDC systems, the proposed
protection strategy is not dependent on the line boundary element and is thus suitable for the multi-
terminal hybrid HVDC system. The corresponding simulation cases based on power systems computer
aided design (PSCAD)/electromagnetic transients including DC (EMTDC) are carried out to verify the
superiority of the proposed protection.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, there has been widespread application of high-
voltage direct current (HVDC) transmission systems in the field of
power transmission because of its outstanding advantages, such
as large transmission capacity, long transmission distance, and
low power loss [1,2]. However, the traditional HVDC system,
namely, the line commutated converter (LCC) based HVDC (LCC-
HVDC) system, has the essential drawback of commutation failure
because the used thyristor is half-controlled. Differently, the
voltage-source converter (VSC) has no commutation failure prob-
lem because of the application of full-controlled power electronic
switches, for example, the insulated gate bipolar transistor (IGBT)
[3]. Nevertheless, the application of full-controlled power electronic
switches will lead to a significantly higher economic investment.
Therefore, the hybrid HVDC system, which generally applies the
LCC at the rectifier terminal and the VSC at the inverter terminal,
has the potential for widespread application in the HVDC transmis-
sion area, because it can significantly reduce the risk of commuta-
tion failure compared with LCC-HVDC systems, and reduce the
required investment compared with VSC-HVDC systems [4].

Generally, there are four types of hybrid HVDC system, that is,
the pole-to-pole hybrid system, hybrid multi-infeed system,
terminal-to-terminal hybrid system, and multi-terminal hybrid
system [5]. The pole-to-pole hybrid system and hybrid multi-
infeed system can provide reactive power for alternating current
(AC) systems by the introduced VSC, and it can thus significantly
reduce the commutation failure probability of the LCC [5]. The
terminal-to-terminal hybrid system uses the LCC at the rectifier
side, and the VSC at the inverter side, which can completely pre-
vent commutation failure (the commutation failure mainly occurs
at the inverter side) [5]. Furthermore, the multi-terminal hybrid
system can realize the multi-terminal power supply, thus having
wide application potential in the HVDC transmission area. How-
ever, the protection of multi-terminal hybrid HVDC systems is a
challenge for its engineering application.
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The direct current (DC) protections in LCC-HVDC or VSC-HVDC
systems can be considered for using in multi-terminal hybrid
HVDC systems. In general, the single-ended protections are mainly
used as the primary protection for the DC line in HVDC systems
owing to the consideration of operation speed. In LCC-HVDC sys-
tems, the single-ended protections based on the fault traveling
wave are used as the primary protection for the DC line [6,7]. For
example, the company ABB proposed to use the change value
and rate of change of voltage traveling wave to distinguish the
internal fault and external fault in LCC-HVDC systems. The com-
pany Siemens used the change value and rate of change of DC volt-
age in the protection criterion. Both of the above-mentioned
protections distinguish the internal and external faults based on
the obstacle effect of the DC filter on the fault traveling wave. In
addition, in VSC-HVDC systems, DC reactors will be installed at
both terminals of each DC line, which also has an obstacle effect
on the fault traveling wave. Therefore, the single-ended protec-
tions used in LCC-HVDC system are also suitable for VSC-HVDC
systems. Furthermore, considering that the higher the frequency
the greater will be the obstacle effect of the DC reactor [8], the
single-ended protection based on high-frequency transient voltage
(or current) was proposed for the VSC-HVDC system to improve
the ability against high transition resistance [8–11].

However, it should be noted that the above-mentioned single-
ended protections are all based on the obstacle effect of the line
boundary elements on the fault traveling wave, such as the DC
reactor and DC filters [6–11]. However, in the multi-terminal
hybrid HVDC system, DC filters are not required for the VSC station.
In addition, the DC reactor may only be installed at the converter
exit because the multi-terminal hybrid HVDC system primarily
uses converters to eliminate and limit the DC fault current, and
there is a reduced requirement on the fault current limiting reac-
tor. This indicates that the boundary element at the line terminal
is absent. Under this condition, the single-ended DC protections
used in the LCC-HVDC and VSC-HVDC systems are no longer suit-
able. The current differential protection is not dependent on the
line boundary, which, however, is severely affected by the line dis-
tribution capacitor current, and requires the communication facil-
ity. In summary, the DC protection strategy suitable for multi-
terminal hybrid HVDC systems, particularly the single-ended one,
still needs to be researched further.

In this study, a novel DC protection strategy which is based on
the transient variable and active injection concept is proposed for
the multi-terminal hybrid HVDC system. The content of this paper
is organized as follows. In Section 2, the typical topology of the
multi-terminal hybrid HVDC system is introduced, based on which
the applicability of the existing single-ended DC protections is dis-
cussed. Then, the DC protection strategy suitable for the multi-
terminal hybrid HVDC system is proposed in Section 3. In Section 4,
the corresponding simulation cases are performed to verify the fea-
sibility and superiority of the proposed protection. Finally, Sec-
tion 5 presents the conclusions of the study.
2. Challenge of protection in multi-terminal hybrid HVDC
system

2.1. Typical topology of multi-terminal hybrid HVDC system

There has been widespread application of LCC-HVDC systems in
practical engineering. However, the LCC is composed of half-
controlled thyristors. As is commonly known, while the thyristor
can be turned on based on control, its turned-off operation is
uncontrollable. This means that the commutation between the
bridge arms in the LCC is highly dependent on the AC-system volt-
age. When the AC-system voltage drops, the commutation
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between the bridge arms may fail. In engineering practice, the
commutation failure of the LCC has become the core technical
problem of the LCC-HVDC system, particularly at the inverter side
[12].

In contrast, the VSC is composed of full-controlled power elec-
tronic switches, such as the IGBT, and thus have no commutation
failure problem. Therefore, hybrid HVDC systems, where the VSC
is applied to replace the LCC at the inverter side and where the
LCC is still used at the rectifier side, have been applied to the HVDC
transmission technique, because it can prevent the commutation
failure problem and enhance the interconnected AC system stabil-
ity [5].

Fig. 1 shows a typical three-terminal hybrid HVDC transmission
system, which will be quickly put into operation in China [13]. As
shown in Fig. 1, the rectifier station S3 in the hybrid system applies
the LCC, while the converter stations S1 and S2 apply the modular
multilevel converters (MMCs). In this way, the commutation fail-
ure problem can be avoided effectively as most of the commuta-
tion failure problems occur on the inverter side [5].

In addition, the LCC can itself eliminate the DC fault current by
adjusting the trigger angle. However, the conventional VSC, such as
the two-level VSC and the half-bridge MMC, does not have any
fault-handling capability. Therefore, in the hybrid HVDC system,
the hybrid MMC, which consists of half-bridge sub-modules
(HBSMs) and full-bridge sub-modules (FBSMs) [14–17], is applied
to stations S1 and S2, as shown in Fig. 1. After the DC fault, the
capacitors in the FBSMs are inserted into the fault circuit in reverse
to the fault current by turning off the FBSMs. Therefore, the DC
fault current can be eliminated quickly. Then, the fault part in
the system can be cut off by the corresponding switches (SW1–
SW3), which does not have DC fault arc extinguishing capability.
2.2. Challenge of DC line protection in multi-terminal hybrid HVDC
system

In general, the DC protections in LCC-HVDC systems or VSC-
HVDC systems are considered for use in multi-terminal hybrid
HVDC systems. However, they cannot be directly applied owing
to the absence of the boundary element at the line end.

For example, in LCC-HVDC systems, the smoothing reactor and
DC filter are installed at the line end. Owing to the obstacle effect of
the reactor and filter, the fault traveling wave under the external
fault condition is noticeably smaller than that under the internal
fault condition. Therefore, the traveling-wave based protections,
which are widely used in LCC-HVDC systems, can use the ampli-
tude or rate of change of the voltage traveling wave (or of the volt-
age) to distinguish the internal fault and external fault reliably.

In the VSC-HVDC system, the waveform quality of the MMC is
much better than the LCC in the LCC-HVDC system, so the filters
are not required anymore. However, in VSC-HVDC systems, a large
DC reactor will be installed at each line end to limit the DC fault
current. This means that the line boundary still exists, and thus
the DC protection can still distinguish the fault line reliably.

However, in multi-terminal hybrid HVDC systems, the DC fault
current can be limited and eliminated by the converters. This
means that the requirement on the DC reactor for fault current lim-
itation is reduced significantly. As shown in Fig. 1, in the multi-
terminal hybrid HVDC system, the DC reactors are only installed
at the converter exits, and not at the line end. Moreover, for the
VSC, the DC filter is no longer required because the output wave-
form quality is good enough. Under this condition, the traditional
single-ended DC protection cannot distinguish the fault line any-
more. For example, for the protection P2 installed at the exit of sta-
tion S2, the observed fault traveling wave after the fault f1 (Line1
end) is almost the same as that after the fault f4 (Line2 end). This
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means that when only the local-measured traveling wave is used,
the protection P2 cannot distinguish the faults f1 and f4.

In summary, the single-ended protections used in LCC-HVDC or
VSC-HVDC systems cannot be used in multi-terminal hybrid HVDC
systems directly. And the single-ended protection, which is suit-
able for multi-terminal hybrid HVDC systems, should be
researched further.
3. Proposed DC protection strategy for multi-terminal hybrid
HVDC system

3.1. Proposed protection strategy

According to the above-mentioned analysis, the single-ended
protections for the LCC-HVDC and VSC-HVDC systems cannot be
directly used in the multi-terminal hybrid HVDC system owing
to the absence of the boundary elements (such as the DC filter
and DC reactor) at the line end. Therefore, in this study, a novel
single-ended protection strategy that can reliably distinguish the
fault line without a boundary element is proposed, as shown in
Fig. 2 (mainly referring to the protection P1 (in Fig. 1) at the station
S1, which is connected with multiple DC lines). The detailed steps
are as follows.

(1) Measure the DC voltages and currents, that is, the DC voltage
at the line side of the reactor at station S1 (Udc1_l), the DC voltage at
the station side of the reactor at station S1 (Udc1_s), the DC current
from bus to Line1 (Idc12), and the DC current from bus to Line2
(Idc13). If |dUdc1_l/dt| > D1 or |dIdc12/dt| > D2 or |dIdc13/dt| > D2

(t represents the time; D1 and D2 are the threshold values of the
start criterion; and Udc1_l, Udc2_l, and Udc3_l are the DC voltage at
the line side of the reactor at stations S1, S2, and S3, respectively),
the protection is started.

(2) Extract the high-frequency components of the DC voltages
Udc1_l and the DC voltage at the station side of the reactor at station
S1 (Udc1_s), that is, Udc1_l_hf and Udc1_s_hf.
Fig. 1. Typical topology of a three-terminal hybrid HVDC transmission system. S1, S2, S3:
DC voltage at the station side of the reactor at stations S1, S2, S3, respectively; Udc1_l, Udc2_l,
Idc31: the DC current at S3 output; Idc13: the DC current from bus to Line2; Idc12: the DC cu
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If max|Udc1_l_hf|/max|Udc1_s_hf| � kset (kset is the reliability coeffi-
cient, which is a little larger than 1), it indicates that the fault hap-
pens at the converter station S1. Block the converter, then open the
switch SW3 after the fault current is cleared. And the protection
algorithm is ended.

If max|Udc1_l_hf|/max|Udc1_s_hf| > kset, it indicates that the fault
happens at the DC side of the reactor (installed at the converter
exit). Block the converter. But the protection algorithm is not
ended, and the following steps will be implemented.

(3) Delay Dt1, then inject a controlled current from the con-
verter (research into the current injection method will be pre-
sented below). Delay Dt2. Dt1 and Dt2 are threshold values of the
delay times.

(4) The fault line can be distinguished according to the DC
current.

If the DC current on Line1 is larger than the threshold value,
namely, Idc12 > Iset, it indicates that the fault is on Line1. Block the
converter again, then open the switch SW1. After that, restart the
converter. The protection is ended.

If the DC current on Line1 is not larger than the threshold value,
namely, Idc12 � Iset, but the DC current on Line2 is greater than the
threshold value, namely, Idc13 > Iset, it indicates that the fault is on
Line2. Under this condition, block the converter again, then open
the switch SW2. Subsequently, restart the converter. And the pro-
tection algorithm is ended.

If neither Idc12 nor Idc13 is larger than the threshold value Iset, it
indicates that the fault is nonpermanent and has disappeared. The
converter can be restarted directly. The protection is ended.

D1 should be larger than the rate of change of DC voltage that
may occur during system normal operation, and D2 should be lar-
ger than the rate of change of DC current that may occur during
system normal operation. The delay timeDt1 is introduced to guar-
antee the insulation recovery of the fault line under the nonperma-
nent fault condition, which is generally 200–500 ms in HVDC
systems [18]. In the above proposed protection, the used high-
frequency transient voltage is a fast-decay signal. Therefore, the
converter stations; SW1, SW2, SW3: switches; f1–f6: faults; Udc1_s, Udc2_s, Udc3_s: the
Udc3_l: the DC voltage at the line side of the reactor at stations S1, S2, S3, respectively;
rrent from bus to Line1; Idc21: the DC current at S2 output; DCCB: DC circuit breaker.



Fig. 2. Flowchart of the proposed protection strategy for the multi-terminal hybrid HVDC system.
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wavelet transform is applied to extract this high-frequency tran-
sient voltage because the wavelet transform has an outstanding
time-domain resolution in the high-frequency range [8,9]. In addi-
tion, the theoretical basis and corresponding verification of the
fault direction criterion based on max|Udc1_l_hf|/max|Udc1_s_hf|,
which is used to determine on which side of the reactor the fault
occurs, has been studied in Refs. [8] and [10], and is thus not dis-
cussed in detail in this study.

In addition, during the shutdown of the converter, the pro-
posed protection may operate by mistake, because the rate of
change of voltage and current will also be very large. However,
it should be noted that, in the hybrid HVDC system, the shutdown
of the converter is realized by cooperation between different
converter stations, which implies that the shutdown signal will
be communicated between all the converter stations [19].
Therefore, this signal can also be sent to the protection. When
the protection receives the converter shutdown signal, it will be
blocked for a period of time to prevent the protection from
operating by mistake.

3.2. Control strategy of current active injection

In the above proposed protection strategy, the core concept is to
use a controlled current from the converter to distinguish the fault
line (Line1 or Line2), and to identify the fault property (to deter-
mine whether the fault has disappeared or not). In this section,
the control strategy of the converter to inject a controlled current
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is introduced (taking the converter station S1 for instance), as
shown in Fig. 3.

According to the working principle of the hybrid MMC, all the
IGBTs in the FBSMs and HBSMs are blocked to eliminate the fault
current when the DC fault is detected. After a delay time Dt1 for
insulation recovery, the switches connected in parallel with the
starting resistors, which are installed at the converter side in
pactical engineering, are opened to connect the resistors into the
system. Then, the IGBT T1 in each FBSM is turned on, as shown in
Fig. 3.

Based on the above control strategy, the operation state of the
hybrid MMC is the same as that of an uncontrolled rectifier. There-
fore, the AC-side source will feed a current to the AC side when the
DC fault point still exists. Moreover, during this period, starting
resistors (Rlim) with values of several thousands of ohms at the
AC side of the converter are connected, so the current injected to
the DC side can be limited to a controlled level, such that it will
not damage the devices in the DC system.

Furthermore, if the fault is on Line1, Idc12 > 0 and Idc13 = 0 (ignor-
ing the line capacitor current), while if the fault is on Line2, Idc12 = 0
and Idc13 > 0. Differently, if the fault point has disappeared, Idc12 = 0
and Idc13 = 0. Therefore, the criterion for fault line discrimination
and fault property identification can be designed as

Idc12 > Iset the fault is on Line1
Idc13 > Iset the fault is on Line2
Idc12 � Iset and Idc13 � Iset the fault has disappeared

8><
>: ð1Þ



Fig. 3. Control strategy of the converter to inject a controlled current. Rlim: starting resistor; SW: switch; T1, T2, T3, T4: IGBT modules; SM1–SMN: sub-modules.
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It should be noted that, owing to the distribution capacitors of
the transmission line, at the initial stage of the current injection,
a charging current will also occur on Line2 when the fault is on
Line1, and it will occur on Line1 when the fault is on Line2. And this
charging current will occur on Line1 and Line2 when the fault has
disappeared. Therefore, the delay time Dt2 is introduced before
the criterion to guarantee that the charging current for the line
capacitor has disappeared.

In addition, in the above content, the hybrid MMC consisting of
the FBSMs and HBSMs is discussed as an example. In fact, for other
Fig. 4. Applicability of the designed active current injection control strategy under the
consisting of CDSMs and HBSMs, and (b) hybrid MMC consisting of SBSMs and HBSMs.

1068
types of hybridMMCs using different self-eliminating sub-modules,
such as clamp double sub-modules (CDSMs) and self-blocking sub-
modules (SBSMs), the proposed active injection control strategy is
also suitable. For example, for the hybrid MMC consisting of HBSMs
and CDSMs as shown in Fig. 4(a), the IGBT T5 in each CDSM is turned
on during the active injection period. Therefore, the hybrid MMC
operates as an uncontrolled rectifier to inject a controlled current
to the DC side, similar to the condition shown as Fig. 3. Fig. 4(b)
shows the current flowing path during the active injection period
under the condition where SBSMs are applied. Similarly, with the
condition with different kinds of self-eliminating sub-modules: (a) hybrid MMC
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IGBTs T5 and T6 turned on, the hybrid MMC also operates as an
uncontrolled rectifier to inject a controlled current.

3.3. Cooperation with protection at other station terminals

As mentioned above, the protection strategy proposed in
Section 3.1 is configured at station S1 in the three-terminal
hybrid HVDC system shown in Fig. 1. The protections at other
two station terminals, namely protections P2 and P3, can be much
simpler.

For the protections P2 and P3, the steps (1) and (2) in Section 3.1
are also executed. In other words, after the DC fault occurs, the pro-
tection P2 and protection P3 can also be started quickly. Then, the
fault direction criterion based on the ratio of transient voltages
at two sides of the reactor, that is, max|Udc2_l_hf|/max|Udc2_s_hf| for
P2 and max|Udc3_l_hf|/max|Udc3_s_hf| for P3, is started to determine
at which side of the reactor the fault occurs. If the fault is identified
at the station side, the corresponding converter station is blocked,
and the protection is ended. Differently, if the fault is identified at
the DC side of the reactor, the fault current is eliminated by block-
ing the converter, which will be restarted when the line voltage
recovers (described as follows).

For the protection P3, if the local line voltage does not recover
(e.g., Udc3_l � 0.8UdcN, UdcN represents the rated DC voltage), the
converter S2 will not be restarted all the time. Differently, for
the protection P2, if the local line voltage Udc2_l does not recover
for a delay time Dt4, further operations will be carried out.
According to the working principle of the protection strategy
proposed in Section 3.1, only two conditions will cause the line
voltage at S2 terminal (Udc2_l) to not recover during the delay time
Dt4: ① The DC fault occurs on Line1, and the switch SW1 has been
opened; and ② the fault occurs in station S1, and the switch SW3

has been opened.
To distinguish between the above two conditions, the converter

station S2 will be controlled to inject a limited current. If the mea-
sured current Idc21 > Iset, it indicates that the fault is on Line1, and
the station S2 should be re-blocked. If the current Idc21 � Iset, it indi-
cates that the fault is not on Line1 (i.e., it belongs to condition ②),
and the converter should be restarted.

With the proposed protection strategy and corresponding coop-
eration strategy, the DC fault line can be distinguished (for perma-
nent fault) and recovered (for nonpermanent fault) only according
to the local information, which means that the communication is
no longer required.
Fig. 5. Charge current to the line capacitor when the fault has disappeared or is not on th
the line; Lline: the equivalent inductance of the line; Udc: output DC voltage of the conver
charge current.
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3.4. Threshold value selection

For engineering applications, the selection of the threshold val-
ues used in the proposed protection should be determined, and
this is discussed in this section.

(1) Threshold values of the starting criterion: In the proposed
protection, the rates of change of the DC voltage and DC currents
are used to distinguish the fault condition and normal operation
condition, and then start the protection. Therefore, the threshold
value of D1 should be larger than |dUdc1_l/dt| during normal oper-
ation, and smaller than that under the weakest fault (remote
high-resistance fault). Similarly, the value of D2 should be larger
than |dIdc12/dt| (or |dIdc13/dt|) during normal operation, and smaller
than that under the weakest fault. In engineering practice, the
above threshold values should be determined according to the sim-
ulation results.

(2) Threshold value of the fault direction criterion: In the
proposed protection, the fault direction criterion based on
max|Udc1_l_hf|/max|Udc1_s_hf| is used to identify the fault direction,
that is, on which side of the reactor the fault occurs. According to
Refs. [8] and [10], when the fault occurs on the line side of the
reactor, the value of max|Udc1_l_hf|/max|Udc1_s_hf| is larger than 1,
while it is smaller than 1 when the fault occurs on the station side
of the reactor. In the proposed protection, the reliability coefficient
kset is introduced to improve the operation reliability of the
direction criterion. Generally, the selection of kset is an empirical
value, which is a little larger than 1 (e.g., 1.2).

(3) Threshold value of the fault section identification: According
to the analysis in Section 3.2, during the active injection period, the
DC line current is equal to zero if the fault has disappeared or is not
on this line, while the DC line current is greater than zero if the
fault point still exists. Therefore, the threshold value Iset can be
very small, and only help in preventing the influence of measure-
ment error and communication error.

(4) Threshold values of the delay times (Dt1–Dt3): In the pro-
posed protection, the delay time Dt1 is introduced for insulation
recovery of the fault line, which is generally 200–500 ms in HVDC
systems [18].

As analyzed above, the delay time Dt2 is introduced to prevent
the influence of the line-capacitor charging current under the con-
dition that the fault has disappeared. During the active injection
period, the converter operates as an uncontrolled rectifier. If the
fault is still on the line, the DC current fed from the AC side will
occur again, as shown by the blue curve in Fig. 5.
is line. Rline: the equivalent resistance of the line; Cline: the equivalent capacitance of
ter; T: time for one cycle; Ldc: value of inductor at converter DC output; ic: transient



Table 1
Parameters of three-terminal hybrid HVDC system.

Parameter Value

Rated DC voltage (S1–S3) (kV) ±770, ±780, ±800
Rated AC voltage (S1–S3) (kV) 525, 525, 535
DC exit reactor (S1–S3) (mH) 75, 75, 150
Rated power (S1–S3) (MVA) 3 132, 5 100, 9 720
Arm reactor (S1–S2) (mH) 61.2, 41.2
SM capacitor (S1–S2) (lF) 12 000, 18 000
SM number (S1–S2) (per arm) 210, 210
Length of the line (Line1–Line2) (km) 542, 908
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Differently, if the fault has disappeared or is not on this line, the
steady-state DC current is zero, but there will be a transient charge
current to the line capacitor, as shown by the red curve in Fig. 5.
According to the equivalent circuit in Fig. 5, this transient charge
current can be expressed as

ic ¼ 2Udc

x Lline þ 2Ldcð Þ e
�rt sinxt ð2Þ

where r = Rline/(2Lline); x ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2= LlineClineð Þ � r2ð Þp

; Rline, Lline, and
Cline represent the equivalent resistance, inductance, and capaci-
tance of the line, respectively; Udc is the output DC voltage of the
converter (in the uncontrolled rectifier operation mode); Ldc is the
value of inductor at converter DC output; and ic is the transient
charge current. As shown in Fig. 5, during the first half cycle (T/2),
the charge current is a positive value, which may confuse the fault
section and fault property identification, because the DC current
during the condition where the fault still exists is also a positive
value. However, after the first half cycle (T/2), the charge current
will be a very small value or a negative value (in the subsequent half
cycle). Therefore, the delay time Dt2 should be larger than T/2,
that is,

Dt2 > p

, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ðLline þ 2LdcÞCline
� Rline

2Lline

� �2
s

ð3Þ

For the protection P1, the Rline, Lline, and Cline values of the longer
line should be used to determine Dt2, because the longer line has a
larger Lline and Cline, which indicates a longer charge period.

In addition, the delay time Dt3 should guarantee that the pro-
tection installed at station S1 (protection P1) has completed the
corresponding operation. Therefore, Dt3 should be larger than
Dt2 + ts + twave_dif, where ts is the operation time of the switch
and twave_dif is the initial-wave-arrival time difference between
the protection P1 and protection P2. Furthermore, Dt3 should also
include the time for the DC voltage recovery.
ig. 6. Performances of the traditional single-ended DC protections after the faults
and f4 in the multi-terminal hybrid HVDC system: (a) DC voltage Udc2_l, (b) DC

urrent Idc21, (c) voltage traveling wave (TW), (d) ROCOV, and (e) transient voltage.
4. Simulation case study

As shown in Fig. 1, the three-terminal hybrid HVDC transmis-
sion system is built based on power systems computer aided
design (PSCAD)/electromagnetic transients including DC (EMTDC),
whose parameters are listed in Table 1. In the built model, the sta-
tion S1 uses the LCC, while the stations S2 and S3 use the hybrid
MMCs (hybrid of the HBSMs and FBSMs). In addition, the
frequency-dependent model is used for the DC overhead lines. To
verify the working principle and superiority of the proposed pro-
tection, the performances of the protection P1, P2, and P3 with
the sampling rate of 10 kHz are observed under different fault
conditions. As explained in Section 3.4 and the parameters of the
simulated model, the delay times Dt1, Dt2, and Dt3 are set as
200, 10, and 50 ms, respectively. The value of kset used in the fault
direction criterion is set as 1.2. The threshold value Iset is set as 0.3
kA. In addition, it should be noted that the starting criterion based
on the rate of change of voltage and the rate of change of current is
a typical starting criterion used in the DC protection, and is thus
not discussed in the simulation owing to space constraints.

4.1. Applicability of traditional single-ended protections in multi-
terminal hybrid HVDC system

At present, the traveling-wave based protection, rate of change
of voltage (ROCOV)-based protection or transient-voltage based
protection is generally used as the primary protection in HVDC sys-
tems. In this section, the metallic pole-to-ground faults at f1 and f4
are set to happen at t = 6.3 s respectively. The performance of
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the protection P2 is observed as shown in Fig. 6, to verify the
applicability of the traditional single-ended DC protections in the
multi-terminal hybrid HVDC system.

Fig. 6(c) shows the simulation results of the backward voltage
traveling waves observed at the protection P2 respectively after
the fault f1 and f4. As discussed above, the traveling-wave based
protection primarily uses the amplitude of the voltage traveling
wave to distinguish the internal and external faults. However, as
shown in Fig. 6(c), for protection P2, the observed voltage traveling
wave after fault f1 is almost the same as that after fault f4. This is
because there is no boundary between Line1 and Line2, and the
fault points f1 and f4 are the same point in terms of space. This
indicates that the single-ended traveling-wave based protection
cannot distinguish the internal fault and external fault reliably in
F
f1
c
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the multi-terminal hybrid HVDC system, owing to the absence of
the boundary element at the line end. Similarly, as shown in
Figs. 6(d) and (e), the ROCOV based protection and transient-
voltage based protection are also not suitable for the multi-
terminal hybrid HVDC system.

4.2. Performance of proposed protection strategy

In this section, the DC faults at f1 and f2 are set to happen
respectively, to show how the proposed protection strategy distin-
guishes the fault line without the boundary.

(1) Fault f1:
In this case, the fault f1 is set to happen at t = 6.3 s. Fig. 7 shows

the corresponding simulation results. As shown in Fig. 7(a), after
Fig. 7. Performance of the proposed protection strategy after the metallic fault f1: (a) tr
(e) DC voltages.
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the DC fault f1, the ratio of max|Udc1_l_hf|/max|Udc1_s_hf| is 2.99,
which is larger than the threshold value 1.2. Therefore, the fault
is identified as the line-side fault by the protection P1. In addition,
the active injection control strategy is put into operation for con-
verter S1 after the delay time Dt1 (at approximately t = 6.502 s).
As shown in Fig. 7(b), after the active injection, the DC current
on Line1, namely Idc12, is larger than the threshold value Iset
(0.3 kA) after the delay time Dt2. Therefore, Line1 is distinguished
as the fault line, and is thus cut off by the switch SW1.
Subsequently, the station S1 is restarted to build the DC voltage.
Therefore, the line voltage at the station S3 terminal, that is, Udc3_l,
also quickly increases above the threshold value 640 kV, as shown
in Fig. 7(e). The protection P3 measures the recovery of Udc3_l, and
the station S3 is restarted. At the station S2, the line voltage (Udc2_l)
ansient voltages, (b) DC current Idc12, (c) DC current Idc13, (d) DC current Idc21, and
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always does not recover, and the DC current (Idc21) increases to
exceed the threshold value during the active injection (Fig. 7(d)).
Therefore, the protection P2 determines that the fault is on Line1,
and the station S2 is not restarted, as shown in Fig. 7(e).

In addition, it should be noted that, during the active current
injection period, the injected current remains at a controlled level
(below the rated DC current, as shown in Figs. 7(b) and (d)). This is
because the large starting resistor on the AC side of the converter is
connected into the system during this period, and the injected cur-
rent is limited effectively.

(2) Fault f4:
In this case, the fault f4 is set to happen at t = 6.3 s. Fig. 8 shows

the corresponding simulation results. Similarly, the fault is identi-
fied as DC-side fault reliably, as shown in Fig. 8(a). However, differ-
Fig. 8. Performance of the proposed protection strategy after the metallic fault f4: (a) tr
(e) DC voltages.
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ently, after the active injection, the DC current on Line1 (Idc12) is not
larger than the threshold value Iset, while the DC current on Line2
(Idc13) exceeds Iset. Therefore, Line2 is distinguished as the fault line,
which is cut off by the switch SW2. Subsequently, the station S1 is
restarted to build the DC voltage. Thus, the protection P2 measures
the recovery of the line voltage (Udc2_l), as shown in Fig. 8(e), and
the station S2 is also restarted. In addition, the protection P3 cannot
monitor the recovery of the line voltage (Udc3_l) and therefore the
station S3 is not restarted.

The above cases verify that the proposed protection strategy
can distinguish the fault line reliably and realize the fast recovery
of the healthy network, in the multi-terminal hybrid HVDC trans-
mission system. In addition, it should be noted that, owing to the
application of the starting resistor during the active injection
ansient voltages, (b) DC current Idc12, (c) DC current Idc13, (d) DC current Idc21, and
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period, the injected current is limited at an acceptable range, thus
causing no damage to the system.
4.3. Robustness of the proposed protection strategy

In this case, the performances of the proposed protection strat-
egy after the faults at different positions are observed. As shown in
Figs. 9 and 10, either after the fault f2 at the middle of Line1 or after
the fault f3 at the end of Line1 (for the protection P1), the proposed
protection strategy distinguishes the fault line (Line1) and recovers
the healthy network reliably. This indicates that the proposed pro-
tection can reliably operate after the faults at different positions. In
addition, in the case of the fault f3, a 300 X transition resistor is
introduced. As shown in Fig. 10, the correct operation verifies that
Fig. 9. Performance of the proposed protection strategy after the metallic fault f2: (a) tr
(e) DC voltages.
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the proposed protection has strong ability against high transition
resistance.
5. Conclusions

DC protection is an important technique for the engineering
application of multi-terminal hybrid HVDC transmission systems.
However, the typical single-ended protections used in LCC-HVDC
and VSC-HVDC systems are not suitable for multi-terminal hybrid
HVDC systems, owing to the absence of the boundary element at
the line end. This study proposes a novel single-ended protection
strategy suitable for multi-terminal hybrid HVDC transmission
systems. The proposed protection uses the transient voltage to
identify the fault direction (DC side or converter side), then
ansient voltages, (b) DC current Idc12, (c) DC current Idc13, (d) DC current Idc21, and



Fig. 10. Performance of the proposed protection strategy after the fault f3 with a 300 X transition resistance: (a) transient voltages, (b) DC current Idc12, (c) DC current Idc13,
(d) DC current Idc21, and (e) DC voltages.
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distinguishes the fault line according to the active injected current.
Compared with the single-ended protections used in LCC-HVDC
and VSC-HVDC systems, the proposed protection can reliably and
correctly operate without the line boundary. Moreover, the com-
munication is not required by the proposed protection, and the
investment can thus be reduced when compared with pilot protec-
tions (such as the current differential protection).
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