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ABSTRACT Based on the signum function (sign of magnitudes) of transient energy, this paper proposes a
fault classification approach and algorithm for a monopolar HVDC system. The analytical study here shows
that the signum function of variation in transient energy has a zero value individually at both ends on no-
fault conditions. Moreover, the summation of the signum functions computed for internal DC faults is zero,
whereas the same has a non-zero value for external AC faults. The performance of the proposed algorithm
has been extensively evaluated by simulating faults on a CIGRE benchmark system for HVDC monopolar
configuration using EMTDC/PSCAD software. Three locations of DC line fault, and AC fault at the two ends
of the system have been considered for this evaluation. Five fault resistance values (0, 10, 100, 1000, and
2000 ohms) have been simulated for each fault location. The results conform with the theoretical analysis,
and the fault classification by the algorithm is 100% accurate. The time taken to detect and classify a DC
fault at the mid-point of the 800-km line is 1.5 ms, and that for line-end faults on the DC line is 3 ms for
all values of fault resistance. These results show a marked improvement over those reported earlier in the
literature using other techniques. A comparison table is given in the last section to corroborate it.

INDEX TERMS DC line fault, EMTDC/PSCAD, fault classification, fault detection, HVDC transmission
line, signum function, transient energy.

I. INTRODUCTION
High voltage direct current (HVDC) transmission systems
offer attractive advantages over high voltage alternating cur-
rent (HVAC) transmission systems for long-distance and bulk
power transmission [1], [2], [3]. India is expected to pro-
duce 500 GW of renewable energy by 2030 [4]. Renewable
energy sources are typically far from the load centers [5],
[6]. The role of HVDC technology in transmitting power
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to these load centers is crucial and cannot be overlooked.
Total number of HVDC system installations worldwide
has rapidly expanded in the past two decades. Line-
commutated converter-based HVDC (LCC-HVDC) technol-
ogy is best suited for transmitting bulk power over longer
distances [7], [8].

As higher and higher powers are being transmitted on
HVDC systems, their protection is becoming increasingly
critical. The failure rate of the HVDC transmission line is
much higher than any other component of the HVDC trans-
mission system [9]. Also, most of the DC transmission line
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faults are transient in nature. It is crucial to activate the DC
line protection system only when a fault occurs within the DC
line, rather than in the AC system or at the converters situated
at either end, to prevent unwanted power outages [10], [11],
[12]. This emphasizes the importance of precise fault identi-
fication in ensuring the HVDC transmission system operates
steadily, securely, and reliably.

Conventional protection techniques used with HVDC
transmission lines include protection based on the time
derivative of the voltage and current signals, protection based
on under-voltage, current differential protection schemes, and
protection based on traveling waves [13].
Inrush current generated by the HVDC system converter

transformer may cause unwanted triggering of the HVDC
protection. This problem has been addressed in [14] using DC
under-voltage protection with a current-restrained function.
This approach differentiates betweenDC line faults and trans-
former inrush conditions based on the size and time length of
2nd harmonic component produced by the transformer inrush
current.

A protection principle based on smoothing reactor voltage
(SRV) is put forward in [15]. Since the polarity at the two
ends of the line is equal on internal faults and opposite on
external faults, the polarity of SRV is utilized to differentiate
between internal and external faults. However, the selectivity
and sensitivity of the proposed technique are reduced with
an increase in fault resistance values and the length of the
transmission line.

A fault detection technique employing the voltage change
rate across the DC reactor has been given in [16]. DC reac-
tors installed at the line terminals are among the significant
parts of any HVDC transmission line and are used to limit
the fault current. Also, there is no requirement for telecom-
munication infrastructure, no dependency on power flow
direction, and insensitivity to variation in fault resistance.
However, this method is computationally more complex and
requires a higher sampling frequency based on the second
derivative [17].
A reactive energy-based protection technique has been

proposed in [18]. It is based on the direction of the reactive
energy flow on both ends of the line. Here, the reactive
energy is the integration of the reactive power over a specific
time. Reactive energy calculations are done using the Hilbert
transform. An internal fault on the DC line can be detected
if the flow of reactive energy measured at both terminals is
opposite. However, the protection sensitivity reduces with
increasing fault resistance value. Also, the study has been
made for fault resistance only up to 200 ohms.

Reference [19] proposed a differential current protection
principle that eliminates the influence of capacitor current.
The proposed protection scheme’s sensitivity is much better
than conventional differential current protection schemes.
However, it is suitable only for backup protection principles.

References [20] and [21] proposed two more current dif-
ferential protection schemes based on the compensation of

distributed capacitive current. These schemes lack accuracy
because of the ignorance of the distributed capacitance effect
on the protection principle.

References [22] and [23] present methods for compensat-
ing distributed capacitive current using frequency-dependent
and distributed parameter line models, respectively. However,
because of their complicated calculations, sensitivity to noise,
and parameter errors, these methods are challenging to apply
in practical engineering applications.

Reference [24] proposes a new differential relay algorithm.
The algorithm is implemented in PSCAD/EMTDC using a
frequency-dependent phase model. The authors have vali-
dated the algorithm for fault resistance up to 1000 ohms. The
obtained results show that the protection scheme’s sensitivity
reduces with increase in value of fault resistance. In [25],
a unit protection algorithm is proposed based on the differ-
ence of current signals at both ends of the transmission line.
The drawback of this method is that it can give oscillations,
and the near-end or far-end faults cannot be identified cor-
rectly. Therefore, the protection scheme is found to have poor
accuracy and poor reliability. A protection algorithm using
the Pearson correlation coefficient of the current derivative
has been proposed in [26]. Internal faults were differentiated
from external faults using the current derivative of the DC
filter. However, this protection algorithm is found to be sus-
ceptible to fault resistance values.

Based on the characteristics of the devices at the bound-
ary of the HVDC transmission line, a protection scheme
is proposed in [27]. However, the high sampling frequency
requirement limits the protection algorithm’s real-time
application.

In [28] and [29], pilot safety schemes utilizing flyingwaves
have been proposed. Still, their practical implementation
poses challenges due to their sensitivity to fault transition
impedance and the need for a high sampling frequency.

Reference [30] uses a bagged-tree ensemble-classifier
(BTEC) protection technique for fault detection and classi-
fication in the DC transmission line. A massive set of data
in the form of voltage and current signals is required from
the simulation for training the protection algorithm. More-
over, the training data’s amount greatly affects the protection
algorithm’s accuracy and reliability.

In [31] and [32], at specific tuned frequencies, the signs
of surge impedance and inductive energy were obtained and
used to build two pilot protection schemes, respectively.
However, with the increased value of fault resistance, the
protection scheme’s reliability is reduced. Based on the dif-
ference in voltage values between the positive and negative
poles of the HVDC system, a pilot protection principle is put
forward [33].

In [34], a protection technique for fault detection and clas-
sification based on the measured value of surge impedance
is put forward. Characteristics between amplitude versus fre-
quency of the DC filter are utilized here for differentiating
internal and external faults. However, the sensitivity of the
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protection scheme is reduced with the increase in the value
of fault resistance.

In [35], a pilot protection scheme is proposed based on the
correlation of the current signal of the DC line and DC filter.
Impedance versus frequency characteristics of the converter
station’s reactor, DC filter, and DC line are employed in [36]
for fault identification and classification. The requirement of
high sampling frequency limits the implementation of the
protection algorithm.

With the fast advancement in the field of signal processing
and sampling techniques working on high frequency, the
reliability and applicability of the protection method based
on travelling-wave have improved remarkably during the last
few years in the field of HVDC protection [28], [37], [38].
However, lower accuracy and a decrease in relay sensitivity
during high resistance faults, are the two significant short-
comings of these techniques [39], [40].

Reference [41] proposed another fault detection technique
using the voltage across the DC reactor. The fault detection is
based only on the DC reactor voltage at one of the terminals.
However, the technique is effective only for faults with low
resistance values and requires a special voltage transformer
for the measurement of DC reactor voltage.

Based on the current measurements by optical current
sensors mounted along the transmission line, reference [42]
offers single-ended differential protection. This technology
necessitates a large number of sensors and is uneconomi-
cal [43].

Thus, all the proposed techniques/schemes have either
a poor sensitivity to high-resistance faults or a long oper-
ating time. In addition, in each case, the actual value of
a specific variable (like current, reactive energy, or tran-
sient energy) is transmitted continuously from one end to
the other of the protected line. Transmission of this value,
being several digits in size, takes a long time and has some
probability of communication error. This paper presents a
protection approach that uses the signs (and not the actual
values) of the variation in transient energy at both ends of
the DC transmission line. Therefore, the data transmission
time is reduced, and since the sign has only two values
(+ and -), the chances of transmission error are minimal.
Transient energy is defined here as the integral of the transient
power over a specific time interval. In contrast, transient
power is the product of the incremental values of voltage
and current. Also, the effect of the distributed capacitance
has been considered using the frequency-dependent phase
model of the HVDC transmission line to obtain the current
and voltage signals under transient conditions. Subsequently,
a fault classification algorithm based on this approach is
presented.

A detailed sensitivity study is presented in this paper,
demonstrating that the protection scheme performs well with
high as well as low resistance faults. The rest of the sections
of this research paper are structured as follows. Section II
outlines fault detection and classification principles. The
fault classification algorithm is given in Section III, and its

FIGURE 1. HVDC system and locations of faults.

evaluation in Section V. Simulation and simulation results are
shown in Section IV. The final section summarizes the entire
research work. It compares the performance of the suggested
technique/algorithm with those reported in the literature and
is briefly discussed in this paper.

II. FAULT DETECTION AND CLASSIFICATION: BASIC
PRINCIPLE
Voltages and currents are continuously measured at both
ends of the DC transmission line. Transient energy is then
computed from the measured values of voltages and currents.
Signum function of transient energy is then computed, which
is used here for fault detection and classification.

Fig. 1 shows the single-line diagram of the monopolar
HVDC system used here for the study, where IM and VM
are the current and voltage measured on the rectifier end
(M) of the DC transmission line. Similarly, IN and VN are
the current and voltage measured at the inverter end (N).
The HVDC transmission system used for simulation in this
research is established using PSCAD/EMTDC. It is based
on the CIGRE benchmark system for the HVDC monopolar
configuration [44].

The system is a 500-kV, 1000-MW HVDC link with a
monopolar configuration, using 12-pulse converters on both
the rectifier and inverter sides. AC source 1 and AC source
2 include supply circuits, transformers, and AC filter banks.
The ACfilters are installed to absorb the harmonics generated
by the converter circuits. They also provide a reactive power
supply to the converters. Rectifiers and inverters are modeled
using a six-pulse Graetz Bridge circuit. The DC line is mod-
eled using an equivalent T network with smoothing reactors
inserted on both sides. DC filters are installed at both ends
of the DC transmission line. The DC filter and its design are
shown in the Appendix in Fig. 11. The positive direction of
the current is assumed, as depicted in the figure.

The transient energies at the two ends of the DC line,
evaluated from time 0 to t, are given by

1EM =

t∫
0

1PM (t) .dt (1)

1EN =

t∫
0

1PN (t) .dt (2)
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where,
1EM = transient energy at rectifier end M
1EN = transient energy at inverter end N
1PM = incremental power at rectifier end M
1PN = incremental power at inverter end N
In discrete form, the above expression of transient energy

over one ac power cycle at the rectifier end at any instant j
will become

1EMj =

∑(j−39)

j=j
1PMj.1t

=

∑(j−39)

j=j
1VMj.1IMj.1t (3)

where,

1VMj = VMj − VM(J−40)

1IMj = IMj − IM(j−40)

1t = sampling interval

Similarly, for the inverter end N, we have

1ENj =

∑(j−39)

j=j
1VNj.1INj.1t (4)

The signum function of transient energy is then computed
for both ends of the transmission line using the below
equation [45]:

sgn (1E) =


−1; 1E < 0
0; 1E = 0
1; 1E > 0

(5)

Finally, the value of summation of the signum functions at
two ends of the transmission line (ssgn) is obtained from the
given equation:

ssgn = sgn (1EM) +sgn(1EN) (6)

The signum functions for EM and EN will be zero if no
faults occur in the HVDC system. However, if an internal
DC fault occurs, the signum functions of EM and EN will
produce values with non-zero magnitude and opposite signs.
If an external AC fault occurs in the HVDC system, EM and
EN will have values with non-zero magnitude but the same
sign. In this case, the signum functions of both components
will be either +1 or −1, resulting in a sum of the signum
functions (ssgn) value of either+2 or−2, respectively. On the
other hand, when there is no external AC fault and no faults in
the HVDC system, one of the components will have a signum
function of +1, and the other will have a signum function
of −1. Consequently, the obtained value of the sum of their
signum functions (ssgn) will have a zero value.

III. FAULT CLASSIFICATION ALGORITHM
Fig. 2 illustrates the algorithm for detecting and categorizing
faults according to the abovementioned principle.

Voltages and currents are continuously monitored syn-
chronously at both the terminal ends of the DC transmission
line to monitor HVDC system faults. Based on the measured

FIGURE 2. Fault Classification Algorithm.

values, incremental voltage, incremental current, and tran-
sient energy are calculated.

The signum function of the transient energy is then deter-
mined at each end. If the signum functions computed at both
ends, 1EM and 1EN, are zero, the system has no faults.
In such cases, taking the next set of voltage and current
samples is repeated.

However, if this condition is violated, the value of (ssgn)
is further computed for fault classification. Subsequently,
appropriate measures are taken as mentioned below:
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TABLE 1. System specifications.

a. If ssgn = 2, ac fault at the rectifier side is detected, the
program returns to collect the subsequent samples.

b. If ssgn = −2, ac fault at the inverter-side is detected,
the program returns to collect the subsequent samples.

c. If ssgn = ± 1, the program returns to collect the next
set of samples.

d. If ssgn= 0, fault in a DC transmission line is indicated.
It is a common practice to confirm the existence of an

internal fault for one or two samples for security purposes.
It would be better to verify the presence of an internal fault
for two consecutive samples and thus introduce awaiting time
of 1 ms before triggering the line protection.

IV. SIMULATION AND SIMULATION RESULTS
The performance of the proposed algorithm is evaluated
on the proposed test system. Simulation is done using
EMTDC/PSCAD software. The following two subsections
give details of the simulation and the simulation results.

A. SIMULATION DETAILS
Values of various parameters of themonopolar HVDC system
selected are shown in Table 1. The DC transmission line
is modeled as a distributed parameter system. The HVDC
system includes DC filters placed on the two line ends, which
are not shown in Fig. 1. However, the Appendix provides the
configuration of the DC filter at each end as well as the values
of its parameters. Voltage and current at the two ends were
sampled at 2 kHz.

The system has been simulated for five different fault
locations along the system, as shown in Fig. 1. A line-to-
ground fault was created on the DC line at the sending end
(DF1), at the mid-point (DF2) and the receiving end (DF3).
A 3-phase fault was created on the AC side of the rectifier
(RF) and the AC side of the inverter (IF). For each fault loca-
tion, the test system was simulated for five fault resistance
values (RF), viz., 0, 10, 100, 1000, and 2000 ohms. Fault has
been created at 0.5 sec in each case study.

B. RESULTS OF SIMULATION
The simulation results carried out as above are presented
below under paragraphs (1 to 5).

FIGURE 3. System response for DF1 (a) RF = 0 ohms and
(b) RF = 2000 ohms.

1) RESULTS OF SIMULATION FOR DC FAULT AT THE
SENDING END (DF1)
Fig. 3 presents incremental transient energy curves over
20 ms before and 40 ms after the instant of fault occurrence
(0.5 s) for internal fault near the sending end (DF1). The
response is shown only for the lowest and highest values of
fault resistance, as the response is nearly the same for all
values.

As observed from Fig. 3 (a), the incremental transient
energy at terminal end M remains negative and that at termi-
nal end N positive for a minimum of two AC power cycles
after the occurrence of fault with RF = 0 ohm. Fig. 3 (b)
shows a similar curve pattern for RF = 2000 ohms.

2) RESULTS OF SIMULATION FOR DC FAULT AT THE
MID-POINT (DF2)
Fig. 4 shows the system response curves for the internal fault
at the mid-point of the line (DF2). The nature of the response
is very similar to that for DF1.

3) RESULTS OF SIMULATION FOR DC FAULT AT THE
RECEIVING END (DF3)
Fig. 5 shows the system response curves for the internal fault
at the receiving end of the line (DF3). The nature of the
response is very similar to that for DF1 and DF2.

4) RESULTS OF SIMULATION FOR AC FAULT AT THE
RECTIFIER SIDE (RF)
Response curves for the external fault near rectifier (RF)
for all five values of fault resistance are shown in Fig. 6.
As the fault resistance value increases, the magnitude of the
incremental transient energy reduces. The scale on the axis
has been progressively amplified in these figures to amplify
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FIGURE 4. System response for DF2 (a) RF = 0 ohms, (b) RF = 2000 ohms.

FIGURE 5. System response for DF3 (a) RF = 0 ohms and (b) RF =

2000 ohms.

the changes. The incremental transient energy at both ends of
the line is positive for all fault resistance values.

5) RESULTS OF SIMULATION FOR AC FAULT AT THE
INVERTER SIDE (IF)
The response curves for the external fault at the inverter side
(IF) for the five values of fault resistance are shown in Fig. 7.

FIGURE 6. System response for RF (a) RF = 0 ohms, (b) RF = 10 ohms,
(c) RF = 100 ohms, (d) RF = 1000 ohms, (e) RF = 2000 ohms.

It is seen that the incremental transient energy at both ends
for 0, 10, and 100 ohms of fault resistance is negative. In con-
trast, the same is positive for 1000 and 2000 ohms values.
Moreover, the absolute value of the incremental transient
energy reduces as the fault resistance increases.

V. EVALUATION OF FAULT CLASSIFICATION ALGORITHM
The simulation output described in this section is utilized
as input samples for the protection algorithm outlined in
Section III. This algorithm calculates the signum function
of the transient energy variance at both ends and their sum
for each specified fault location and resistance value. These
signum functions are the basis on which the algorithm clas-
sifies the fault. The algorithm’s performance is covered in
detail in subsections A through C and is summarized in
subsection D below:

A. ALGORITHM PERFORMANCE ON INTERNAL FAULTS
(DF1, DF2, AND DF3)
The algorithm’s performance, in terms of success and time
of classification, for any single fault location was found to
be the same for all values of fault resistance. Therefore, only
one set of results is given in Fig. 8 for each internal fault
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FIGURE 7. System response for IF (a) RF = 0 ohms, (b) RF = 10 ohms,
(c) RF = 100 ohms, (d) RF = 1000 ohms, (e) RF = 2000 ohms.

FIGURE 8. Signum functions and their sum for internal faults (a) DF1,
(b) DF2, and (c) DF3.

location. As seen from Fig. 8 (a), for sending end dc line
fault DF1, sgn(1EM) becomes +1 instantaneously, and sgn
(1EN) becomes −1 after 3 ms delay, and hence their sum
becomes 0 in 3ms (indicating dc line fault). The classification
time in this case is 1.5 ms, as shown for mid-point dc line fault
DF2 in Figure 8(b). Figure 8(c)’s observations for receiving
end DC line fault DF3 show a classification time of 3 ms
for DF3.

The delay of 1.5 ms for DF2 is due to the time the
current and voltage disturbances travel from the fault point
(mid-point of the line) to the relay end, which is 400 km away.
By the same logic, the delay of 3ms for DF1 andDF3 is due to

FIGURE 9. Signum functions and their sum for rectifier side external fault.

FIGURE 10. Signum functions and their sum for inverter side external
fault.

the time taken for the disturbance to travel from the fault point
on one end of the line to the relay location at the opposite end
of the 800 km long line.

B. ALGORITHM PERFORMANCE FOR RECTIFIER-SIDE
EXTERNAL FAULT
Figs. 9 (a) to (e) show that the classification time of
the algorithm increases progressively from 3.5 ms for
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TABLE 2. Summary of performance of protection system.

TABLE 3. Comparative study of present work with recently reported techniques.

RF = 0 ohms to 10 ms for RF = 2000 ohms. However,
the algorithm classifies the fault for every value of RF as an
external rectifier-side fault.

C. ALGORITHM PERFORMANCE FOR INVERTER-SIDE
EXTERNAL FAULT
As given in Figs. 10 (a) to (e), the classification time for
external inverter end faults also increases with an increase in
fault resistance value.

The type of fault indicated for low values of fault resistance
(RF = 0 ohms, RF = 10 ohms, and RF = 100 ohms),
as observed from Figs. 10 (a), (b), and (c), is ‘‘external
inverter end fault (ssgn = −2’’. Fig. 10(d) and Fig. 10(e),
for RF = 1000 ohms and 2000 ohms, respectively, show that
ssgn = +2, indicating an ‘‘external fault’’ though confusing

with rectifier end AC fault. It can be observed that the
protection algorithm fails to differentiate between rectifier-
side AC fault and inverter-side AC fault for higher values of
fault resistance (RF = 1000 ohms and 2000 ohms). However,
it is noted that the classification is still correct as much as
the type of fault indicates external fault. Loss of distinction
between external inverter end and external rectifier end faults
at high values of fault resistance has no consequence because
the protection is not triggered in either case.

D. PERFORMANCE SUMMARY
Table 2 summarizes the performance findings of the pro-
tection algorithm for all specified values of fault locations
and fault resistances. As seen from the last column, the
classification time is typically between 1.5 and 3 ms for
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all internal faults and all values of fault resistance. This
classification time is the time the disturbance wave takes
to travel from the fault point to the relay location. As the
value of fault resistance rises from 0 ohms to 2000 ohms, the
classification time for all external faults gradually increases
from 3 ms to 21.5 ms. The detection and fault classification
time for the mid-point DC line fault is 1.5 ms, and that
for all other fault locations is 3 ms. It can be seen from
Table 2 that the sensitivity of the protection algorithm is
not affected by the value of fault resistance for DC inter-
nal faults. The sum of the signum function (ssgn) is zero
for all values of fault resistance ranging from 0 ohms to
2000 ohms.

VI. CONCLUSION
A new technique and protection algorithm have been suc-
cessfully developed and presented for fault detection and
classification in monopolar HVDC transmission systems.
These are entirely based on the signum function values of
the transient energy variation at the DC transmission line’s
two ends. The total sum of the signum functions, along
with the individual value of signum functions, is used to
classify different faults and the no-fault condition. A com-
prehensive evaluation of the technique and algorithm has
been done by simulating other fault conditions on a monopo-
lar HVDC system. DC line-to-ground faults were simulated
near the line’s terminals and at its mid-point as internal
faults, and three-phase AC faults at the rectifier and inverter
sides as external faults. Five values of fault resistance vary-
ing from 0 ohms to 2000 ohms were used for each fault
location.

The proposed algorithm’s performance can be summarized
as follows:

i. Without fail, the algorithm can categorize no-fault, inter-
nal, and external faults.

ii. All internal faults are detected and classified in 1.5 to
3 ms depending on the location of the fault, irrespective of
fault resistance values.

iii. Rectifier and inverter side AC faults are classified in
3 to 21.5 ms depending on the value of fault resistance (clas-
sification time increasing with an increase in fault resistance
values).

A comparative study of the performance of the proposed
technique with the techniques reported in the literature and
reviewed in this paper is presented in Table 3.
The comparison concerns the operating time, sensitivity to

the value of fault resistance, and the effect of fault distance
from the relay location on the sensitivity. It is concluded that
the proposed technique/algorithm is (a) fastest in detecting
internal faults, (b) insensitive to fault resistance values, and
(c) unaffected by the distance of fault from the relay location.

According to continuing research, a real-time protection
strategy using Field Programmable Gate Arrays (FPGA)
may be built. Then, the suggested protection method
will be a useful advancement in the field of HVDC
protection.

APPENDIX

FIGURE 11. Configuration of DC filter.

L1 = 0.01171H, C1 = 2µF
L2 = 0.005874H, C2 = 9.074µF
L3 = 0.00646H, C3=2 µF
L4 = 0.01135H, C4=3.752 µF
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