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Abstract—High-voltage direct-current (HVDC) transmis-
sion-line protection is becoming increasingly desirable with the
expanding worldwide popularity of HVDC technologies in recent
years. This paper proposes a transmission-line backup protec-
tion scheme based on the integral of reactive power for HVDC
systems. The directional characteristics of reactive power flow
are theoretically analyzed for internal and external faults, and
these characteristics are used to construct a directional protection
scheme. The Hilbert transform is adopted to calculate the reactive
power, which ensures a continuous output of calculation results
and improves the reliability of the protection. A bipolar 12-pulse
HVDC test system based on the CIGRE benchmark is modeled
using PSCAD/EMTDC, and extensive simulations of various fault
situations are conducted to test the effectiveness of the proposed
scheme. The simulation results show that the proposed protec-
tion scheme correctly identifies internal and external faults and
performs well with different fault distances and fault resistances.
Furthermore, the proposed protection is insensitive to the sam-
pling frequency, making it practical for future applications.
Index Terms—Directional protection, Hilbert transform, HVDC

system, power system protection, reactive energy.

I. INTRODUCTION

W ITH THE rapid development of power systems,
high-voltage direct-current (HVDC) transmission

technology has played an increasingly significant role in
recent years. Compared to high-voltage alternating current
(HVAC) technology, HVDC technology is more competitive
for long-distance power transmission, asynchronous power
grid interconnections, and renewable energy integration due
to its flexible power control and large power transmission
capacity [1], [2]. Among the numerous techniques concerning
HVDC, dc transmission-line protection is an important unit in
HVDC control and protection systems, as it provides fast fault
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clearance and guarantees the operation security of the entire
HVDC transmission system.
Traditional dc transmission-line protection uses the voltage

differential rate to detect the line faults [3], which is sensitive to
fault resistance and cannot correctly identify a high-impedance
fault. Reference [4] introduces high-speed traveling-wave pro-
tection to transmission-line protection, but its performance is
easily affected by disturbance. In addition, it has low sensitivity
in high impedance fault situations. Distance protection provides
another approach to identify the line fault-by-fault distance esti-
mation. References [5]–[7] use the time difference between the
initial wave and reflected wave from the fault point to calcu-
late the fault distance, although it is difficult to distinguish the
reflected wave from the disturbing waves in some cases. Dis-
tance protection based on the Bergeron transmission-line model
is developed in [8]. However, measurement errors cannot be
avoided in this method and, thus, the protection zone cannot
reach the entire length of the dc line. Recently, studies have re-
ported boundary protection using single terminal data [9]–[11].
Internal and external faults are clearly discriminated based on
the frequency characteristics of the line boundary components,
including the smoothing reactor and dc filters. However, most
of these protection methods require a high-frequency sampling
rate, which is not practical in many applications.
Transmission-line backup protection is imperative in cases

when the primary protection fails. DC minimum voltage pro-
tection is widely applied in practice due to its simplicity [3].
However, it has no selectivity between dc line faults and ac
system faults. Current differential protection is another solution
for HVDC transmission-line backup protection [12]. However,
a time delay is essential to prevent maloperation of this type of
protection under external fault situations, due to the fluctuating
transient current at the beginning of the fault. A delay of 0.5 s
is typically introduced to ensure the reliability of the protection
[13], which significantly decreases the operating speed of the
protection.
This paper proposes a novel directional backup protection

scheme based on reactive energy for HVDC transmission sys-
tems. In this paper, reactive energy is defined as the integral of
reactive power during a period of time. The Hilbert transform
is employed to continuously calculate the reactive energy, and
then, the reactive energy flow directions are applied to identify
internal and external faults. Compared to the traditional current
differential scheme, this protection has a smaller time delay, thus
significantly increasing the protection speed. Various simulation
results indicate that the proposed protection performswell under
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various situations, and the sensitivity and reliability of the pro-
tection are satisfactory.
The remainder of this paper is organized as follows. In

Section II, the reactive energy based on the Hilbert transform is
introduced as the key index of the protection, and the features of
the reactive energies during different faults are analyzed based
on the equivalent circuit of an HVDC system. In Section III,
the detailed protection scheme, including the startup compo-
nent, time delay, threshold settings, and fault pole selection, is
presented. A simulation model based on the CIGRE benchmark
is built using PSCAD/EMTDC, as described in Section IV, and
extensive simulations are conducted to test the effectiveness
of the proposed protection. Finally, concluding remarks are
presented in Section V.

II. BASIC PRINCIPLE

A. Index for the Protection Principle

Under normal operating situations, HVDC systems mostly
transmit active power, whereas the reactive power flow on the dc
line is nearly zero except for some small harmonic components.
The quantity of the harmonic reactive power on the dc line de-
pends on the filtering effects of the dc filters and the smoothing
reactors. The total quantities of the harmonic voltage and cur-
rent are typically less than 5% of the rated values [14]. However,
when a line fault occurs, the voltage and current at the terminals
of the DC line will contain a transient component due to the in-
ductive and capacitive components in the system, thus resulting
in significant reactive power flows on the dc line.
In traditional HVDC systems, shunt capacitor banks are com-

monly used for compensating the reactive power which the con-
verters consume. Reactive power control is designed to main-
tain the reactive power balance by switching the capacitor banks
[15]. The consumption of reactive power can only be changed
in steps by switching in or out of the capacitor banks. This dis-
crete kind of control needs to be blocked during the transient
process to avoid frequent switch operations, and the control
speed is typically 10–20 s per step [15]. Thus, the reactive power
is considered to be uncontrolled during the fault period, and it
is primarily affected by the characteristics of the system com-
ponents. As analyzed in this section, the uncontrolled reactive
power flows from the source to the fault point during the fault
transient process, indicating that the reactive power has different
directions in internal and external fault situations.
According to the aforementioned analysis, the reactive power

on the dc line can be utilized to identify the fault occurrence
and distinguish the internal and external faults. Therefore, the
integral of reactive power is selected to construct the HVDC
line protection in this study.

B. Hilbert Transform-Based Reactive Energy

The Hilbert transform is used to calculate the reactive energy,
which is defined as the convolution of with the function

[16], as shown in

(1)

where is the Hilbert transform result of and “ ” is the
operator for time-domain convolution.
The frequency characteristic of is expressed in (2).

induces a 90 shift for positive frequency components and a
90 shift for negative frequency components. Thus, can

be regarded as an all-pass filter except for the dc component
for
for
for

(2)

For real-time calculations, the Hilbert transform can be dis-
cretized as

(3)

where

for even
for odd. (4)

A Hamming window function is used to truncate for
finite calculations in practice.
The instantaneous reactive power is defined as the multipli-

cation of the current signal and the Hilbert transform of the
voltage signal [17], as shown in

(5)

where is the Hilbert transform of the voltage signal .
The reactive energy during a period of time is calculated as

(6)

According to [17], it can be proven that the integration of the
defined instantaneous reactive power during one cycle is equal
to the traditional reactive power definition.
Compared to the traditional calculation method, the algo-

rithm based on the Hilbert transform derives the reactive energy
directly from the original sampled voltage and current signals.
Thus, it is not necessary to calculate the discrete Fourier trans-
form (DFT) of the voltage and current for the magnitudes and
angles of all harmonic components. Furthermore, the proposed
method acquires the reactive energy continuously in real time,
which accelerates the operation of the protection system,
whereas traditional calculation requires a complete cycle of
the measured data. Therefore, the reactive energy based on the
Hilbert transform is used for protection identification in the
following section.

C. Equivalent Circuit of the HVDC System
The HVDC transmission line is connected to ac systems via

dc converters. According to the Thévenin equivalent principle,
the dc converter with the ac system can be modeled using a dc
source and an equivalent impedance at the dc system side, as
shown in Fig. 1. and are the equivalent dc sources,
and and are the equivalent impedances at the recti-
fier side and inverter side. and represent the smoothing
reactor and dc filter, respectively. For a bipolar HVDC system,
the positive pole and negative pole operate independently. Thus,
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Fig. 1. Equivalent HVDC system on the dc side.

the equivalent system for the bipolar system can be considered
as the combination of two monopolar systems.
According to the switch function theory of HVDC converters

[18], [19], the equivalent impedances of the 6-pulse
and 12-pulse converter HVDC systems can be calcu-
lated as

(7)

(8)

where is the commutation angle in radians and is the an-
gular frequency of the ac power. denotes the summation of
the converter transformer impedance and equivalent impedance
of the ac system. According to (7) and (8), is inductive re-
gardless of variations in frequency.

D. Internal Fault
During the fault transient process, the source of the HVDC

system can be regarded as a steady dc voltage source super-
imposed with a varying harmonic voltage source, as shown in
Fig. 2(a), where and are the transient sources gen-
erated during a fault situation. , , , and de-
note the dc transmission-line reactors and resistances, respec-
tively. The harmonic source represents all of the frequency com-
ponents of the voltage, which are time-variant during the fault
transient process. According to the superposition theorem, the
system in Fig. 2(a) can be divided into a dc steady state and
transient fault state, as shown in Fig. 2(b) and (c). Since reac-
tive power cannot be generated by the steady dc source, it only
exists in the harmonic source network.
As shown in Fig. 2(c), regardless of the resistances and ca-

pacitances of the transmission line, the reactive power at the
rectifier side and inverter side can be expressed as

(9)

(10)

where the symbols are defined in Fig. 2.
According to (9) and (10), the reactive power at both sides is

positive and flows toward the fault point, as shown in Fig. 2(c).
Therefore, the directions of the reactive power at both sides

are opposite during internal faults.

E. External Fault
During external faults, the dc voltage and current also contain

transient components and produce reactive energy flow. The ex-
ternal fault network can also be represented by a dc source and a
harmonic voltage source network. Fig. 3(a) shows the harmonic

Fig. 2. Equivalent system during internal faults. (a) The entire network.
(b) The DC source network. (c) The harmonic source network.

Fig. 3. Reactive energy flow during external faults. (a) Inverter-side fault.
(b) Rectifier-side fault.

source network where the fault is located at the inverter side.
The reactive power at both sides can be calculated as

(11)
(12)

where

The reactive power at both sides flows toward the fault point,
which indicates that the reactive power at the rectifier side and
inverter side has the same direction during external fault situa-
tions, as displayed in Fig. 3(a). The same conclusion is obtained
when an external fault occurs at the rectifier side, as shown in
Fig. 3(b).

III. PROTECTION SCHEME

A. Fault Direction Identification
Directional protection is used for internal and external fault

identification in this scheme. In this study, the reference direc-
tion of the reactive energy is from the rectifier side to the inverter
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side. If the reactive energies of each side have different direc-
tions, an internal fault is identified. Otherwise, an external fault
is detected. Thus, the fault direction identification criteria can
be expressed as

internal fault
external fault (13)

where and are the reactive energies measured at the
rectifier side and inverter side, respectively.
In a monopolar HVDC system, single-pole reactive energy is

used for direction identification, whereas in a bipolar system, the
sum of the reactive energies at the two poles is used as follows:

(14)

where and are the reactive energies of the positive
pole and negative pole, respectively.

B. Startup Component
A protection startup component is introduced to ensure the re-

liability of the protection scheme in case of disturbances. Once
the startup requirement is satisfied, the protection scheme is trig-
gered to start the calculation process. In this study, the dc voltage
differential or current differential is used as the
startup component.

C. Time Delay
Due to the frequent energy exchange between the inductive

and capacitive components at the beginning of the fault tran-
sient process, the reactive energy varies between positive and
negative values, which results in unstable directions during this
period. Therefore, a time delay is introduced to prevent fluctu-
ating reactive energy directions. In this study, the time delay is
set to two power frequency cycles, which is sufficiently long for
a stationary direction outcome.

D. Threshold Setting
A threshold for the reactive energy is necessary to avoid mal-

operation during disturbances. When the calculated reactive en-
ergy is larger than the threshold, the fault direction identification
module is activated. The setting value is set as

(15)
where

reliability coefficient;

reactive energy of the harmonic components;

proportion coefficient of the harmonic voltage and
current;

rated voltage and current of the HVDC system,
respectively;

delay time.

E. Fault Pole Selection
In a bipolar HVDC transmission system, fault pole selection

is essential for the protection scheme in single-pole-to-ground

Fig. 4. Flowchart of the protection scheme.

faults to isolate the faulty pole and maintain continuous opera-
tion of the healthy pole. Due to the mutual coupling effect of the
two poles, the healthy pole may also generate reactive energy
during a single-pole-to-ground fault. However, this reactive en-
ergy is considerably smaller than that in the faulty pole. Hence,
the fault pole selection coefficient is defined in (16), where three
types of faults can be classified.When , the fault pole
is determined as the negative pole, whereas a positive pole fault
results when , where is the setting threshold of the
pole selection coefficient. The fault is considered a bipolar fault
when .

(16)

F. Flow Diagram
The integrated flow diagram of the protection scheme is

shown in Fig. 4. When the startup condition is satisfied, the
time variable is set to 0. As time progresses, is incremented.
When the time delay is satisfied, the protection scheme begins
to calculate the reactive energy from the protection startup time
using (6). When exceeds the protection time , the reactive
energy index is reset to 0, and the protection algorithm waits
for the next startup. If the calculated reactive energy is larger
than the setting threshold, an internal or external fault can be
identified according to the reactive energy direction informa-
tion from the other side. Finally, the faulty pole is selected in
the internal fault situation.

G. Discussion
The proposed protection algorithm is a pilot method, which

relies on a remote communication link to obtain the reactive en-
ergy direction from the opposite side. Thus, various drawbacks,
including the signal transfer delay, the cost, and reliability of the
communication link, are inevitable for this type of protection.
Currently, optical ground wires (OPGWs) are widely used in

HVDC transmission systems [20]. The signal transfer delay in
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Fig. 5. Bipolar HVDC transmission system. (a) The entire HVDC system.
(b) DC filters.

an optical-fiber cable is approximately 4.9 s/km [21]. Thus,
for a 1000-km-long transmission line, the delay time is ap-
proximately 5 ms, which is acceptable for a backup protection.
Furthermore, this protection can employ existing communi-
cation links without additional cost. Regarding the reliability
concerns, OPGWs are immune to electromagnetic interference
arising from corona on dc wires or faults in the transmission
system [20], which ensures high communication reliability.
However, the risk of losing the communication link cannot be
completely eliminated. Therefore, protection is blocked if the
communication link is out of service.
Compared to other pilot protections that are currently in

use, for example, current differential protection, the protection
scheme proposed in this paper only transfers the reactive energy
direction. Thus, less information must be transferred, and a
communication link with relatively low speed is acceptable.
This feature makes the directional protection scheme more
practical than the currently used differential protection systems.

IV. TEST SYSTEM AND SIMULATION RESULTS

A. Test System
A bipolar HVDC system based on the CIGRE benchmark is

built using PSCAD/EMTDC in this paper [22], [23]. The struc-
ture of the HVDC system is shown in Fig. 5. DC filters are used
for the 12th, 24th, and 36th harmonic filtering components. The
parameters of the HVDC system are shown in the Appendix. A
frequency-dependent transmission-line model is used [24], and
the sampling frequency of the dc voltage and current is 10 kHz.

B. Performance
Several fault and disturbance situations are simulated to test

the effectiveness of the proposed protection scheme. The pro-
tection setting parameters are set as follows. The reliability co-
efficient is set to 1.5, and the proportion coefficient of the
harmonic components is 0.05. The delay time is set as
0.04 s, which is equal to two ac frequency cycles. Therefore, the

Fig. 6. Simulation results of the dc-line fault. (a) Voltage. (b) Current.
(c) Reactive energy.

TABLE I
SIMULATION RESULTS FOR DIFFERENT FAULT TYPES

reactive energy threshold is calculated as 0.15Mvar s according
to (15). The setting threshold of the pole selection coefficient is
set to 5.
Internal Faults: The dc transmission-line fault is located at
in Fig. 5(a), and a positive pole fault is simulated. The fault

distance is 400 km from the rectifier side. The voltage, cur-
rent, and reactive energies at both sides during the line fault are
shown in Fig. 6. The fault occurs at 0 s, and the calculated re-
active energies of both sides exceed the threshold immediately
after a delay time of 0.04 s. The directions of the reactive ener-
gies from two sides are opposite, as previously analyzed, and the
direction indication lasts for a long period of time, permitting re-
liable identification. A negative pole fault and bipolar fault are
also simulated. The reactive energies at 0.04 s and the fault pole
selection coefficients are listed in Table I. The results show that
the proposed protection is adaptive for different fault types, and
the fault pole selection method correctly selects the fault type.
DC External Faults: The external faults located at and
in Fig. 5(a) are simulated, and the simulation results of both

sides are displayed in Figs. 7 and 8, respectively. The reactive
energies are both positive when the faults occur at the inverter
side, whereas they are both negative for the rectifier-side fault.
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Fig. 7. Simulation results of an inverter-side fault. (a) Voltage. (b) Current.
(c) Reactive energy.

Fig. 8. Simulation results of a rectifier-side fault. (a) Voltage. (b) Current.
(c) Reactive energy.

Thus, the directions of the reactive energies at both sides are the
same in external fault situations, as analyzed in Section II.

TABLE II
SIMULATION RESULTS FOR AC SYSTEM FAULTS

Fig. 9. Simulation results of an ac system fault with a bus voltage of 0.7 p.u.
(a) Voltage. (b) Current. (c) Reactive energy.

AC System Faults: AC system faults with different voltage
dips are further tested. The faults are located at and
in Fig. 5(a), and reactive energy results at 0.04 s are listed
in Table II. The faults are observed as external faults, except
for the 0.7-p.u. voltage dip at the rectifier side, at which the
reactive energy of the rectifier side is less than the threshold at
0.04 s. The simulation results in Fig. 9 further clarify this case.
At 0.049 s, the reactive energy exceeds the threshold, and the
external fault is correctly identified.
Load Variation: Power regulation of the dc line will cause

transient processes that may activate the protection system.
Hence, load variations of the dc line are considered in this
study to test the robustness of the proposed scheme. Different
load current varying ranges are simulated, and the results
calculated at 0.04 s are tabulated in Table III. When the load
fluctuates over small ranges, the reactive energies are less than
the threshold during the entire protection time and, thus, the
variation is regarded as a disturbance. During situations with
large fluctuations in the load, the reactive energy exceeds the
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TABLE III
SIMULATION RESULTS FOR LOAD VARIATION SITUATIONS

TABLE IV
SIMULATION RESULTS FOR DIFFERENT FAULT DISTANCE SITUATIONS

threshold and initiates the fault direction identification proce-
dure. However, the reactive energy directions of both sides are
the same, so an external fault is recognized.
In summary, the proposed protection scheme is adaptive to

various types of faults and disturbances and it is able to correctly
and rapidly identify internal faults.

C. Influence of Fault Distance
Fault distances are set from 1 to 799 km in the 800-km dc line

to test the effectiveness of the proposed protection. The results
in Table IV indicate that when the fault distance varies, the reac-
tive energies at 0.04 s are larger than the threshold, and their di-
rections are opposite. Thus, internal faults are recognized. The
protection still correctly identifies the faults even in close-up
and distant fault situations.

D. Influence of Fault Resistance
Sensitivity is an important factor in evaluating protection

schemes. To verify the sensitivity, fault resistance is set from
0 to 200 at the midpoint of the dc transmission line. The
reactive energies varying with the fault resistances are shown
in Fig. 10. The reactive energies at both sides decrease with in-
creasing fault resistance, indicating that the protection becomes
less sensitive. Nevertheless, the values of the reactive energies
remain larger than the threshold and, thus, the proposed protec-
tion still performs effectively even in conditions of high ground
resistance of 200 .

E. Influence of the Sampling Frequency
Table V shows the simulation results for various sampling

frequencies with a positive pole fault at the midpoint of the
transmission line. As shown, the calculated reactive energies
are not significantly affected by the sampling frequency. The
correct directions of the reactive energies are still derived even
for a low sampling frequency of 1 kHz. Therefore, a high sam-
pling frequency is not necessary under this protection scheme,
making it more practical in implementation.

Fig. 10. Reactive energies for various fault resistances. (a) Rectifier side.
(b) Inverter side.

TABLE V
SIMULATION RESULTS FOR VARIOUS SAMPLING FREQUENCIES

TABLE VI
PARAMETERS OF THE SIMULATION SYSTEM

V. CONCLUSION
This paper proposes a novel protection algorithm based on re-

active energies for HVDC transmission lines. The Hilbert trans-
form is employed to calculate the reactive energy, which ensures
the continuous outcome of the reactive energy and fault direc-
tion during the entire time of protection. The characteristics of
the reactive energy under various fault conditions are analyzed
based on the equivalent circuit of the HVDC system and applied
to construct the direction protection.
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Fig. 11. Tower data of the HVDC transmission line.

Extensive simulations are conducted to verify the effective-
ness of the protection scheme. The proposed protection scheme
correctly distinguishes the faults under all test conditions, in-
cluding internal faults, external faults, ac faults, load variations,
and fault distance variations. Compared to current differential
protection, this protection induces a smaller time delay, thus
significantly accelerating fault detection. Moreover, the protec-
tion is adaptive to fault resistances, which guarantees protec-
tion sensitivity. Moreover, the reactive energy calculation is
not sensitive to the sampling frequency and, therefore, a low
sampling frequency can be used to improve its applicability. In
summary, the proposed protection scheme exhibits good per-
formance under various situations and is feasible for further
applications.

APPENDIX

The parameters of the HVDC system are listed in Table VI.
The tower parameters of the HVDC transmission-line model are
shown in Fig. 11.
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