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Abstract: Estimation of fault classification and location in a multi-terminal high voltage direct current
(MT–HVdc) transmission system is a challenging problem and is considered to be a fundamental
maneuver of dc grid protection. This research paper critically reviews traveling and non-travelling
wave methods of classification and location of dc faults in multi-terminal HVdc transmission systems.
Detailed mathematical analysis of MT–HVdc systems composed of high grounding resistance, cable
and overhead line segments, and bipolar coupled transmission network under healthy and faulty
conditions, are evaluated. The gravity of this research paper addresses benefits and shortcomings of
traveling and non-traveling wave methods and futuristic techniques of fault classification and location.

Keywords: DC faults; fault classification and location (FCL); MT–HVdc; non-traveling waves (NTW);
traveling waves (TW); transmission system

1. Introduction

Recent trends/researches show that a multi-terminal high voltage direct current (MT–HVdc)
system is an emerging and encouraging option to meet the growing demands of future transmission
networks. MT–HVdc systems not only offer substantial benefits, but have developed some promising
applications [1–3]. Integration of offshore wind farms and solar power plants to ac main lands is
remarkable feature. This feature leads towards the proposal of European super grid and promising
interconnection of North Sea wind farms to Scandinavian hydropower and Mediterranean solar
plants [4–6]. Absence of capacitive current in MT–HVdc system makes it the best replacement of long
cable ac transmission. In the forthcoming years, robustness and intelligently controlled infrastructures
of MT–HVdc grids [7–10] will bring new challenges for power system engineers.

Voltage source converter (VSC) based HVdc is a practical/effective option for multi-terminal
HVdc (M–HVdc) as compared to line commutated converter (LCC) based HVdc technology, as VSC
offer small filter sizes, black start capability, reactive power support, and soft bidirectional dc power
flow [11–15]. An MT–HVdc system is composed of a number of offshore and onshore VSCs. Therefore,
operation, control, and protection of MT–HVdc systems are complex and challenging.

VSC based MT–HVdc systems offer benefits like redundancy, flexibility, and reliability for power
transmission [2,3]. An appropriate protection scheme ensures the reliability of dc grid and apposite
actions are activated in case of abnormalities for averting shutdown of dc grids [7]. However,
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the challenging task is the relatively low impedance of MT–HVdc grid in the event of dc faults. Hence,
the dc fault currents build up enormously and rapidly. Thus, reliable and prompt relaying mechanism
is required along with HVdc circuit breakers to mitigate the effects of sudden building up of large
fault currents and to ensure the continuity of the supply [16]. However, the prototypes of existing dc
circuit breakers (DCCB) have limited current interruption capability or are slow in operation [17–20].
A number of relaying algorithms are proposed for prompt response against dc faults [21–24]. These
algorithms are based on either selective or non-selective fault clearance strategies.

In the selective fault clearance strategy, HVdc breakers operate exactly at the instant of fault,
while HVdc breakers are installed at the ends of the transmission lines (TL) [18]. Non-selective fault
clearance strategy is based on the joint action of multiple components, like converters with current
limiting or interrupting components [25–29]. Typically, an MT–HVdc grid is divided into various
zones of protection to enhance reliability, speed, selectivity, sensitivity, and security [30]. Primary
protection (PP) responds to the fault immediately after occurrence. Backup protection (BP) waits unless
the primary protection fault clearance time is completed. Backup protection operates after the failure
of primary protection. PP may fail due to malfunctioning of DCCB or primary relay. Therefore, it is
always necessary to provide BP to enhance security and reliability. A speedy response from backup
protection is always expected in case of PP failure [31]. However, a time delay is added between PP
and BP operations to avoid incoordination and selectivity issues [32].

Estimation of fault location (FL) is a core constituent of MT–HVdc grid protection. Without
it, relaying strategies and circuit breaker technology cannot be developed and there would be a
question mark over the reliability of MT–HVdc systems. Different traveling waves (TW) based fault
location estimation methods are developed and are available in literature [4,23,33–39]. In this paper,
different methods of fault classification and location (FCL) in MT–HVdc systems are critically and
mathematically analyzed. Limitations of the traveling wave and non-traveling wave (NTW) based
determinations of fault location are identified.

The rest of the paper is organized as follows: a brief explanation of HVdc grid protection is
given in Section 2. Section 3 explains TW. Section 4 covers the application of TW for fault estimation
in MT–HVdc links having high grounding resistance. Section 5 discusses FCL method for hybrid
HVdc systems. Finding of fault location based on natural frequency of TW is provided in Section 6.
Variation in voltage signals at pre and post-fault state is used for fault detection and explained
in Section 7. Section 8 deals with FCL via symmetrical components of TW. Section 9 contains a
morphological gradient based method. Shortcomings of TW based method is covered in Section 10.
The dc fault location detection via non-traveling-based methods, i.e., mode extraction, rate of change
of voltage and current, voltage level detection, under voltage and over current detection are discussed
in Sections 11–15. Transient based fault estimation in MT–HVdc systems is covered in Section 16.
Electromagnetic time reversal-based fault classification and location is discussed in Section 17. Short
comings of non–traveling wave methods are described in Section 18. Sections 19 and 20 cover the
comparison of TW and NTW methods and existing FCL techniques, respectively. Practical realization
of TW based relays for FCL is added in Section 21. Section 22 elaborates on future possibilities for
efficient FCL in MT–HVdc systems. Finally, conclusions are drawn in Section 23.

2. High-Voltage Direct Current (HVdc) Grid Protection

MT–HVdc grid protection is designed in terms of primary and backup protections. Protective
devices, relays, and circuit breakers are installed at ends of transmission lines. When a fault occurs in a
dc grid, fault waves travels towards the VSC stations. Timing diagram for MT–HVdc grid protection is
proposed and is shown in Figure 1 [2]. Here, t0 is the time at which the dc fault occurred. Primary
protection relay starts sensing the fault. At time t1, PP relay send a trip signal to the breaker associated
and at time t2, the breaker responds to the trip signal and its contacts are opened to interrupt dc
fault current.
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Figure 1. Timing diagram for a direct current (dc) grid protection.

Fault is sensed by backup relay at time t2 and a trip signal from backup relay is generated at time
t3. If primary protection fails to interrupt the current in the interval between t2 and t4, backup breaker
initiates its process of interruption at time t4. Fault is completely interrupted by backup protection in
the interval between t2 and t5.

2.1. Malfunctioning of Direct Current (dc) Breaker

The operation time of the existing dc breakers affects the protection time frame. Backup protection
strategy in event of dc breaker malfunctioning is explained in Figure 2. During the malfunctioning
of the dc breaker B1, backup protection will trip all the adjacent breakers (B2, B3 and B4) as shown in
Figure 2. Hence, the operation time of the backup dc breakers have to be added within the protection
time frame.
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Moreover, operation of backup protection can also be explained with the help of voltage current
(V–I) plane as shown in Figure 3 [2,3].
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Figure 3. Variations of direct current (dc) voltage and currents in the event of malfunction of breaker.

Points 1 and 2 represent events of fault inception and tripping of dc breaker. Voltage and
current variations between fault detection by primary protection (PP) and trip action by breaker B1 is
represented by a solid line from points 1 to 2. Faulty line is successfully isolated because of opening
of breaker B1 under the tripping command of primary protection relay. Under this scenario, loci of
voltages and currents are denoted via dashed line from point 2 to 5. Voltage increases to V0

f and fault

current decreases from I2
f to 0 after clearance of fault.

However, in the case of primary protection failure, loci of voltages and currents are represented
by a solid line between points 2 and 4. Both voltage and current attain steady state values of Us

f and Is
f ,

respectively. If the backup protection relay clears the fault, current and voltage variations follow the
path shown by a combination of solid and dashed lines between points 2 to 3 and then to 6.

Further, in the event of dc breaker failure, fault is cleared by backup breakers as tripping command
is sent to them from backup protection relay as shown in Figure 2. In this event, not only current is
reduced to zero, but voltage is also reduced to zero. The loci of dc voltage and current follow the path
represented by the line from points 2 to 3 and then 7. This highlights the effect on protection time
frame during malfunctioning of dc breaker [2,3].

2.2. Overhead Lines and Underground Cables

Principles of protection for overhead lines (OHL) are similar to underground cables (UGC).
However, the behavior of protection methods for overhead lines is different than the underground
cables because of the following technical dissimilarities:

• OHL impedance is greater than UGC impedance [40].
• X/R ratio of OHL is much higher than UGC [40].
• Series inductance of OHL is 30–50% higher than UGC [40].
• Shunt capacitance of UGC is 30–40 times higher than OHL [40].
• Steady-state charging current is lower in OHL compared to UGC [40].
• Transient charging and discharging currents caused by the process of energization and

de-energization of the grid when faults occur is lower in OHL than UGC [40].
• UGCs are more vulnerable to permanent faults than OHL [41].
• Voltage and current transients due to dc fault are different for the OHL and UGC because of

impedance. OHL have large impedance as compared to UGC [42].

2.3. Protection of Line Commutated Converter (LCC) and Voltage Source Converter (VSC) Based High-Voltage
Direct Current (Systems)

Protection methods for VSC based HVdc systems and LCC based HVdc systems are not the
same. Protection methods are entirely different because of the fact that VSC–HVdc systems require
rapid interruption and limitation of dc fault current, thereby reducing operating time of protection
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techniques as compared to LCC-based HVdc systems. Moreover, provisions of bidirectional power
flow without reversal of polarity and extension to multi-terminal girds in VSC–HVdc systems change
the configuration for dc grid protection [43–45].

It is unacceptable for an electric equipment to allow flow of large short circuit currents. High rate
of change of current results in failure of IGBTs because of localized heating losses. Therefore, in real
life applications, if the technique of fault detection is not quick enough to block the converter switches,
these converter switches would be blocked immediately as the dc fault current or rate of change
of current surpassing the threshold values of the self-protection of the IGBTs, results in transients.
Therefore, technique of fault detection must be fast enough to issue a block command to converter
switches before self-protection of IGBTs [46–48].

3. Traveling Waves (TW)

In the event of dc fault on transmission line, transients of high frequency voltage and current
waves are generated which tend to circulate between TL ends and fault point. These transients are
known as traveling waves. Crossley and McLaren presented the phenomenon of traveling waves in
1950 for fault location estimation [49,50]. Practically, TWs based techniques has replaced traditional
reactance and impedance-based methods for fault location estimation because of its accuracy and high
efficiency. However, TW based methods could not be applied on large scale due to shortcomings such
as difficulty in detection of first TW wavefront (containing maximum information), measurement error
in speed of propagated TW wavefront, inaccuracy in detection if dc faults appear near VSCs/terminals,
or amplitude of dc fault TW is close to zero crossings.

Traveling waves are mainly caused by the events of switching, faults, and lightning. Traveling
wave technique is not effective for ac transmission networks due to small amplitude of the TWs [51].

TWs generated by the fault in a dc transmission line are different from the TWs in ac transmission
line due to the dispersion and the attenuation occurring in AC TLs. Attenuation at rising edge
results in reduced amplitude, while dispersion at falling edge makes TW difficult to be detected [52].
Fault location estimation with respect to voltage phase angle is not acceptable because of small fault
angle [33,53,54]. Traveling wave-based protection system was first introduced in 1978, based on
discrimination between forward and reverse waves [55]. Pick-up sequences of discriminant functions
are used to find the direction of fault [56]. Correlation is used to determine the similarity between
traveling waves generated from healthy and faulty locations within dc grid, helps in fault discrimination
and identification [57]. Digital signal processing approaches are used to design a protection based on
direction of propagation of traveling waves [58]. Surges due to faults are distinguished from others by
correlation function-based traveling wave protection algorithm [59].

Precise detection and identification of wavefront arrival time at relays is the key in the assessment
of fault location. High frequency components of terminal voltages are extracted by band-pass filter or
by evaluation of current through the surge capacitors [34,60,61]. These high frequency components are
employed to detect the arrival time of TWs of transients and faults. Required accuracy of results for
detection of arrival time of wavefront is obtained by a high signal sampling rate, achieved through
methods of digital signal processing and this is limitation of traveling wave method. However, this
issue can be addressed through the latest transducer technology [53,62]. Conventional time and
frequency domain methods are not useful for detection of arrival time of wavefronts. However, wavelet
transform is highly applicable for the analysis of wavefronts because of simultaneous localization
capabilities of time and frequency, particularly for multi-terminal dc systems [63–65].

Discrete wavelet transform (DWT) is mostly applied to solve the research problems of dc line fault
location Because of its speed, resolution, accuracy, and selectivity, [65,66]. However, it is noted that
continuous wavelet transform (CWT) is more efficient in generating detailed and continuous analysis
for transients. In CWT, wavelet which is required to be analyzed is shifted precisely over the input
signal domain, whereas in DWT, wavelet which is required to be analyzed is shifted in the dyadic
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grid (grid consisting of tiles of different width and length depending on actual time and frequency
resolution of each partial DWT spectra component in the time scale plane [66–68].

Different dc fault location estimation methods in MT–HVdc systems are discussed in the subsequent
sections, for different configurations, based on the parameters of traveling waves.

4. Fault Location in Multi-Terminal High-Voltage Direct Current (MT–HVdc) Grid Having High
Grounding Resistance

Typically, the traveling wave-based fault location identification technique is affected by the high
grounding resistance of transmission lines because of abrupt and evolutionary changes in the voltage
samples [50]. Therefore, a dc fault detection algorithm is required that can read the short window
voltage samples and take appropriate actions according to the sampling information. For this, time
frequency domain analysis of short window voltage samples obtained via S transform is carried out,
which would help in determining the accurate location of wave front of traveling wave. Further, wave
front position is used to detect dc fault location. As the characteristics of traveling waves are different
for different faults, therefore, separate principles for faults are required for implementation. An S
transform is generalization of short-term Fourier Transform, an extension of wavelet transform. It has
the advantage of fixing modulation sinusoid with respect to time axis. Thus, localization of scalable
Gaussian Window dilation and translation is done [69]. Consequently, a transformation matrix having
complex elements is obtained as follows:

S(t, f ) = A(t, f )e j∅(t, f ) (1)

where A(t, f ) is amplitude and ϕ(t, f ) is the phase function of the matrix. Every moment is acquired
from the integration or by calculation of area under the curve of frequency spectrum at a specific
instant. Therefore:

I[t] =
∫ n

m
A(t, f )d f (2)

Samples of voltage signals at instant of fault are analyzed into the instantaneous frequency
spectrum matrix. Integration of every moment is calculated by instantaneous frequency spectrum
matrix. Accuracy of fault location is found by maximum value of the wave front calculated by
S transform.

Location finding devices need to be deployed at both ends of the transmission line so that time
and voltage signals could be analyzed and saved in a real time buffer memory for a time length t1.
Another voltage signal is analyzed for time t2 with consideration that absolute value of voltage signal is
less than the threshold value. Sum of these two samples of different time lengths forms a long sample
of t = t1 + t2. An S transform is applied to analyze time frequency domain of long sample to achieve
A(t, f ).

4.1. Fault Location Criteria

Typically, fault criterion is different for various faults. Thus, dc fault location criterion for common
kind of faults is defined in following section:

4.1.1. D Type Faults

Synchronized timers are employed to detect arrival of first wave front at relay [70]. Abrupt
changes in electrical characteristics are recorded at time ts. This is the time at which I[t] has maximum
value i.e., I[ts]. Mathematically, it is expressed as:

max
{
i[t], t ∈

[
to − t′1, to − t′2

]}
= i[ts] (3)
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Time is recorded at both ends of the TL via synchronized timers i.e., tsm and tsn and distance is
calculated from one/single end of TL and given by:

l =
L + v(tsm − tsn)

2
(4)

where l is the distance of fault from relaying point. v is the velocity of the traveling wave and L is the
length of TL.

4.1.2. A Type Faults

The concept of time lag is employed here. Typically, dc fault generate two traveling waves which
travels toward both ends of the dc-link. The first traveling wave reaches straight at primary protection
relay while the second traveling wave reaches at PP relay after reflection from second end of the dc-link.
As it is difficult to make a difference between two wave fronts, the local maximum value of integration
is used for identification and mathematically given as;

local max
{
i[t], t ∈

[
to − t′1, to − t′2

]}
= I[tdi] (5)

where i = 1, 2, 3, . . . and tdi are the points of time of reflected and refracted wave fronts.
Magnitude of first transient traveling wave is important because of the attenuation phenomenon

in transmission lines. Thus, the location of fault can be detected easily via the first traveling wave
reaching at relaying point from fault position with time ts1 and traveling wave reflected from the
second end of dc-link with time ts2. The intensity of TW reflected from fault position is higher than
the intensity of wave reflected from second end when fault position is near to the ends containing
detectors or when the resistance is very small [60]. Mathematically, it can be expressed as: I[ts1] > ∀ local max

{
i[t]

}
t ∈

[
to − t′1, ts2

)
∪

(
ts2, to + t′2

] (6)

I[ts2] > ∀ local max
{
i[t]

}
t ∈

[
to − t′1, ts1

)
∪

(
ts1, to + t′2

] (7)

and
ts2 > ts1

The distance of VSC station containing detector from fault point is calculated by:

l = L−
v(ts2 − ts1)

2
(8)

Thus, dc fault location for type A faults in MT–HVdc systems having high grounding resistances
can be found from Equation (8).

5. Fault Location in Direct Current (DC) Grid Having Cable and Overhead Line Segments

Accurate relay measurement is key factor in the fault location estimation. Normally, inverters are
not installed close to the shore; therefore, it is always required to employ a combination of overhead
transmission lines and submarine cables for offshore wind farms integration with onshore grids. Kii
Channel HVdc system [71], Anan Kihoku HVdc system [72], Hokkaido Hanshu HVdc link, Japan [73]
and Basslink HVdc inter-connecter system, Australia [74] are possible examples of power transmission
over hybrid medium. Three-line segment model of dc-link is considered to elaborate the behavior of
cables and OH line for dc fault location estimation with respect to TWs in the following section. Here,
faults are classified as dc cable and dc overhead line faults.
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5.1. Three-Line Segment Model

It is important to measure the traveling wave arrival time precisely because of the involvement of
difference of arrival time of traveling waves at converter stations at two ends.

A three-line segments model of HVdc system is shown in Figure 4.Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 50 
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L1, L2, and L3 are lengths of the segments of a line. F1 is a fault located in segment (overhead line)
L1. Similarly, F2 and F3 are the faults located within segments L2 (cable) and L3 (OH), respectively. xF1,
xF2, xF3 are the distances of faults from the start of each segment L1, L2, and L3, respectively.

Mathematical formulation involved in finding distance of fault from the VSC station in three-line
segment model under different positions of fault is discussed through case-1 to case-3.

5.1.1. Case 1

If the fault F1 occurs at t = 0 in the first section (overhead segment) of dc-link as shown in
Figure 4, then the arrival time of TW at terminal T1 is given by:

t1−F1 =
xF1

v1
(9)

where v1 is the propagation velocity of traveling wave. The arrival time of traveling wave at terminal
T2 is given by:

t2−F1 =
L1 − xF1

v1
+

L2

v2
+

L3

v3
(10)

where v2 and v3 are the propagation velocities of traveling wave in segments L2 and L3, respectively.
And the difference between arrival times at terminal T1 and T2 is given by:

∆t12−F1 = t1−F1 − t2−F1

∆t12−F1 =
2 .xF1

v1
−

L1

v1
−

L2

v2
−

L3

v3
(11)

The distance from the fault point to the start of segment L1 is given by:

xF1 =

(
∆t12−F1 +

L1

v1
+

L2

v2
+

L3

v3

)
×

v1

2
(12)
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5.1.2. Case 2

Let us consider fault F2. It occurs in the middle segment, L2 as shown in Figure 4. If this fault
occurs at t = 0, then arrival times of traveling waves at terminals T1 and T2 are:

t1−F2 =
xF2

v2
+

L1

v1
(13)

t2−F2 =
L2 − xF2

v2
+

L3

v3
(14)

The difference between arrival times is given by:

∆t12−F2 =
2 . xF2

v2
+

L1

v1
−

L2

v2
−

L3

v3
(15)

The distance of the fault location from the start of L2 segment is given by:

xF2 =

(
∆t12−F2 −

L1

v1
+

L2

v2
+

L3

v3

)
×

v2

2
(16)

5.1.3. Case 3

Suppose that a fault F3 occurs in the third OH line segment of length L3 as shown in Figure 4.
If this fault occurs at t = 0, then the arrival times of the traveling waves at terminal T1 and T2 are:

t1−F3 =
xF3

v3
+

L2

v2
+

L1

v1
(17)

t2−F3 =
L3 − xF3

v3
(18)

The difference between arrival times is given by:

∆t12−F3 =
2 .xF3

v3
+

L1

v1
+

L2

v2
−

L3

v3
(19)

The distance of the FL from start of segment L3 is given by:

xF3 =

(
∆t12−F3 −

L1

v1
−

L2

v2
+

L3

v3

)
×

v3

2
(20)

Based on the distance of fault location from the beginning/start of respective segment, particular
faulty segment is identified via algorithm given in subsequent section.

5.2. Identification of Faulty Line Segment

Ideally, the fault location is supposed to be known. However, practically, this is not known.
An arrival time of the TW is measured at two ends of TL. Therefore, an arrival time difference is
calculated. Hence, it is always important to identify the faulty segment to make it possible to find the
location of fault. This is achieved by following the steps as explained in the Figure 5. For instance,
consider an event in which dc fault occurs in the middle segment (L2). The actual difference between
the arrival time of traveling waves at two ends of TL is given by Equation (15). Now the estimated
value of xF1 Is calculated by the substitution of ∆t12 From Equation (15) into (12) and the result is:

xF1 = L1 + xF2 ×
v1

v2
(21)
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Since
( v1

v2

)
> 0, therefore xF1 > L1. Hence, fault is not present in segment L1. Similarly, putting the

estimated value of ∆t12 From Equation (15) into (20) results:

xF3 = (xF2 − L2) ×
v3

v2
(22)

Since
( v3

V2

)
> 0, therefore, x f 2 > L2. Hence, the estimated value of x f 3 would be negative which is

a clear indication that fault is not present in l3. In this way, faulty segment is identified and voltage
samples measured at VSCs are used to trace the fault location in the faulty segment. This method can
be extended to n number of heterogeneous segments and generalized fault location equation for a fault
segment identification is:

xFi = ∆t12−Fi −
L1

v1
−

L2

v2
− . . .−

Li−1

vi−1
+

Li+1

vi+1
+ . . .+

Ln−1

vn−1
+

Ln

vn
(23)

5.3. Fault Arrival Time Identification

Precision of traveling wave-based dc fault location highly depends upon the accuracy of detection
of faulty surge arrival time. Traveling wave front may present in the terminal voltages or it may
flow through the surge capacitors, deployed at the converter stations for VSC protection [61]. For a
permanent fault on dc-link, steepness of voltage profile decreases when a fault propagates along the
length of the line as increase in TW wavelength results in attenuation. Here, if a level detection method
is employed for determining arrival time of surge, then an error may occur due to change in shape of
wave front for a fault location closer to the VSC station. This effect is not considerable in the event of
occurrence of fault in middle of the TL.

In case of high impedance fault, magnitude and steepness of the TW would be small, making
it difficult for classical methods to proceed for analysis. Therefore, time frequency analysis, i.e.,
wavelet transform is employed because of its high efficiency and performance for high impedance
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faults [61,64,66]. Normally continuous wavelet transform is used for transient identification within dc
faults. Continuous wavelet transform of a signal f (t) is given by:

CWT( f (t)) : a, b) =
∫
∞

−∞

f (t)ϕ∗a,b(t)dt (24)

ϕ∗a,b(t) =
1
√

a
ϕ

(
t− b

a

)
(25)

where ψ∗a,b(t) is complex continuous function in time and frequency domains and is known as mother
wavelet. a is a scaling (dilation) factor and b is the shifting (translation) factor. For discrete wavelet
transform, mother wavelet may be dilated and translated in a dyadic block.

Wavelet Based Surge Detection

Transients in the fault can be identified by analyzing the coefficients of CWT of the measured
terminal voltages or coefficients of current signals from surge capacitor [61]. Magnitude of CWT
coefficients are evaluated on different scales: a = 16, 32, 64, and 128 at each terminal (station). These
magnitudes are then compared against pre-determined thresholds to detect the arrival of initial surge.
The instant at which the magnitude of CWT is lying above the threshold is known as arrival time of
the traveling wave.

6. Natural Frequency Based Fault Location Finding in Multi-Terminal High-Voltage Direct
Current (MT–HVdc) Systems

Traveling wave methods for fault locations are based on the time utilized by the generated
traveling wave to reach the converter stations. These methods are highly efficient and are independent
of the effects of parameters of transmission lines [34,62,75,76]. But the velocity of the propagation of
TW and the wave front of the TW are key parameters for traveling wave-based algorithms. However,
it is difficult to detect these parameters for high resistance faults and for gradual change in resistance.
Fault location calculation is dependent on the velocity and traveling time of TW from fault point to VSC
station. However, the velocity of traveling wave is highly influenced by the electrical parameters of the
transmission lines and thus raise concerns on the precision of the result of fault location calculated by
TW based algorithms [77–79]. Therefore, in order to overcome aforementioned shortcomings, natural
frequency of traveling wave is measured to predict and estimate fault location and distance from VSC
station [35]. Traveling wave’s spectrum of faulty voltage signals can be employed for calculation of
fault distance from VSC stations. When system’s impedance is zero or infinite, dc fault distance and
natural frequencies of TW are defined by L = c/4 f and f = 1/4τ, respectively [80–82].

6.1. Natural Frequency of a Traveling Wave

Typically, traveling waves originate from dc fault point and inter-reflect between fault point and
VSCs. Frequency spectrum of traveling waves of the fault is created by the series of fundamental
(dominant) and harmonic components of the frequency. The lowest harmonic order frequency is
characterized by its high amplitude and is designated as dominant frequency while amplitude decreases
as the harmonic order of frequency increases. Surge reflection routes in faulted line and spectrum of
traveling wave at converter stations are shown in Figure 6. Total reflection would be positive when
traveling wave reaches at end of TL and total reflection would be negative when TW strikes the fault
point. This process continues till the time period T1 = 4d/v, where v is the velocity of the propagation
of traveling wave. When the system impedance is zero, the total reflection will be positive on the first
reach of traveling wave at VSC station and total reflection will be negative on the reach of traveling
wave at fault point. The terminal voltage changes with time period T2 = 2d/v.
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This phenomenon of natural frequency is employed for finding the FL in MT–HVdc systems.
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The terminal voltages are expressed in Laplace Transform as:

V1(s) =
Z1(s)

Z1(s) + Zc(s)
W1(s) +

Zc(s)
Z1(s) + Zc(s)

E1(s) (26)

V2(s) =
Z2(s)

Z2(s) + Zc(s)
W2(s) +

Zc(s)
Z2(s) + Zc(s)

E2(s) (27)

where V1(s) and V2(s) are the terminal voltages, respectively. E1(s) and E2(s) are Thevenin’s voltage
sources of systems 1 and 2, respectively. Z1(s) and Z2(s) are the equivalent impedance of system 1 and
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2, respectively. Zc(s) is the characteristic impedance of TL. The state variables W1(s) and W2(s) are
given by following expressions:

W1(s) =
P(s)

1− τ1(s)τ2(s)P2(s)

[
2Zc(s)

Z2(s) + Zc(s)
E2(s) + τ2(s)P(s)

2Zc(s)
Z1(s) + Z2(s)

E1(s)
]

(28)

W1(s) =
P(s)

1− τ1(s)τ2(s)P2(s)

[
2Zc(s)

Z1(s) + Z2(s)
E1(s) + τ1(s)P(s)

2Zc(s)
Z2(s) + Zc(s)

E2(s)
]

(29)

where τ1(s) and τ2(s) are reflection coefficients of TL ends:

τ1(s) = |τ1|e jθ1 =
Z1(s) −Z2(s)
Z1(s) + Zc(s)

(30)

τ2(s) = |τ2|e jθ2 =
Z2(s) −Z2(s)
Z2(s) + Zc(s)

(31)

and P(s) is the delay operator of the line:

P(s) = e−sT (32)

where T is the time required by the TW to reach at second end from first end of the line. The roots of
the natural frequencies of the line is given by:

H(s) =
1

1− P(s)τ1(s)τ2(s)
(33)

Equation (33) can produce infinite roots, which is an indication that traveling wave is composed
of infinite number of oscillatory components. Thus, frequencies of these oscillatory components are
determined by Equation (30). Equating denominator of Equation (33) to zero provides the information
about all natural frequencies induced by the dc fault:

1− P(s)τ1(s)τ2(s) = 0 (34)

Using s = σ + jω in (32) for nth component of natural frequency:

P(s) = e−(σn+ jωn)T (35)

where σn and ωn are the damping constant and angular frequency of the nth component of the natural
frequency, respectively. Substituting the delay operator in Equation (34) results in:

e2(σn+ jωn)T = τ1τ2e j2kπ (k = 0, 1, 2, . . .) (36)

The dominant component of natural frequency possesses largest amplitude among all the
components and therefore, it is used for the evaluation of fault distance. When a fault occurs in an
HVdc transmission line, the reflection coefficient at the point of fault is given by:

τ f (s) =
∣∣∣τ f

∣∣∣e jθ f = −
[
2Zc(s)

−1 + Y f (s)
]−1

Y f (s) (37)

or

τ f (s) =
∣∣∣τ f

∣∣∣e jθ f =
−Zc(s)

2Z f (s) + Zc(s)
(38)

where Yf(s) is an admittance of the fault. Thus, Equation (36) implies:

e2(σn+ jωn)T = |T1|e jθ1
∣∣∣T f

∣∣∣e jθ f e j2kπ (39)
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Since T = d v, using this substitution in Equation (39):

d =

(
θ1 + θ f + 2kπ

)
× v

4π fn
(40)

where fn is component of natural frequency and n = 1, 2, 3, . . . . For dominant component of natural
frequency f1, Equation (40) becomes:

d =

(
θ1 + θ f

)
× v

4π f1
(41)

Since the reflection angle θf due to fault is approximately equal to π, thus Equation (41) becomes:

d =
(θ1 + π) × v

4π f1
(42)

Propagation velocity v in m/s at certain frequency ω (rad) is given by:

v =
ω
β
=

ω

imag
(√

Z( jω)Y( jω)
) (43)

Hence, identification of natural frequency is required for estimation of fault location from
converter station.

6.3. Identification of Dominant Natural Frequency

Identification of dominant component of natural frequency involves the mode extraction and
signal classification.

6.3.1. Mode Extraction

Bipolar HVdc system is considered as in [83]. One transmission tower is erected for two lines of
bipolar HVdc system in order to make it economical. Thus, current coupling exists. There is a need to
decouple the current into an independent modulus by mode transformation matrix [83]. The telegraph
equation of transmission line is: { ∂u

∂x = −L ∂i
∂t −Ri

∂i
∂x = −C∂u

∂t −Gi
(44)

where u =

[
uR+

uR−

]
, i =

[
iR+
iR−

]
, L =

[
Ls Lm

Lm Ls

]
, R =

[
Rs Rm

Rm Rs

]
, C =

[
Cs −Cm

−Cm Cs

]
, Cs = Co +

Cm, Gs = Go + Gm.
Ls and Lm are self and mutual inductances of line, respectively. Rs and Rm are self and mutual

resistances, respectively. Go and Gm are line to earth and line-line conductances, respectively. Co and
Cm are line to earth and line-line capacitance of the TL, respectively. By applying Karenbauer phase
mode transformation matrix, mode form of voltage and current are:

∂um
∂x = −S−1LS∂im

∂t − S−1RSim
∂im
∂x = −S−1CS∂um

∂t − S−1GSum
(45)

where im =

[
i0
i1

]
= S−1

[
iR+
iR−

]
=
√

2
2

[
1 1
1 −1

][
iR+
iR−

]
i0 and i1 are zero mode and one mode currents

of dc transmission line, respectively. iR+ and iR− are the positive and negative line currents, respectively.
Since the transient energy of one mode current is higher than the transient energy of zero mode current,
therefore, information of one mode current is utilized for the extraction of dominant component of
natural frequency. Algorithm of protection based on natural frequency is presented in Figure 8.
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6.3.2. Multiple Signal Classification

Natural frequencies are extracted from complex traveling waves by the application of higher
resolution spectra estimation tool. A parameter-based method known as multiple signal classification
is employed for extraction of higher frequency components of natural frequency. In this method, data
is considered as a sinusoidal component of noise. Higher resolution spectrum is achieved by dividing
the signal eigen vector into signal and noise subspaces. A sampled signal is expressed as:

x(n) =
P∑

i=1

Aie j(2π fin+ϕi) +ω(n)
n = 1, 2, . . . , N

(46)

where p is the number of harmonics. Ai, fi, φi are the amplitude, frequency, and inception angle of the
ith harmonic component. w(n) is noise. Auto-correlation of matrix of X(n) is given as:

Rxx = E
{
X(n)XT(n)

}
(47)

where X(n) is a m×N matrix and given by:

X(n) = [x(n) x(n + 1) . . . x(n + m− 1)]T (48)

The weight of each component of frequency is given by power spectrum and mathematically as:

P( fi) =
1∑m

k=p+1

∣∣∣∣s( fi)
Tvk

∣∣∣∣2 (49)
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where s( fi) =
[
1 e j2π f i . . . e j2π(N−1) f i

]T
.

Peaks of the frequency spectrum is obtained by the expression of power spectrum P( fi). These
peaks help in determination of dominant component of natural frequency. This dominant component
of natural frequency is then employed for determination of distance of fault from converter station in
MT–HVdc systems.

7. Fault Location Method Based on Similarity of Voltage Signals

Several researches are conducted for enhancing the traveling wave methods performance by
considering different topologies and configurations [7,33,34,36,37,84–87]. Some intrinsic problems
like wave front identification and precision are associated with TW method. Machine learning and
pattern recognition approaches played a key role in reducing the inherent problems associated with
TW methods [38].

In this section, learning based method for identification of fault location in HVdc transmission
line is discussed. In this method, samples from a time window of a post fault voltage is referred
as input feature. Pearson correlation coefficient is calculated to find similarity between samples of
the input feature and existing feature. Then this similarity is used to estimate the fault location [88].
The sampling frequency is 80 kHz. Post fault voltage signal depends on the oscillations of the energy
stored in the capacitors and the transients generated by the fault because of the reflection of traveling
waves [80,89,90]. Post fault voltage signal would have considerable correlation with the distance from
fault point. Therefore, Pearson correlation coefficient is employed to measure the similarity of the
voltage signals and expressed as:

r(x, y) =

∑n
i=1(xi −

1
n
∑n

j=1 x j)√∑n
i=1 (xi −

1
n
∑n

j=1 x j)
2
×

(yi −
1
n
∑n

j=1 y j)√∑n
i=1 (yi −

1
n
∑n

j=1 y j)
2

(50)

where r(x, y) is the Pearson correlation coefficient of signals x and y and r(x, y) ∈ [−1,+1]. Correlation
coefficient +1 illustrates positive linear correlation. Correlation coefficient −1 represents negative
linear correlation. No linear correlation present at all correlation coefficient 0.

The voltage signals for fault location are measured at one terminal of the HVdc system. In this
method, whence a dc fault is occurred, one pole (either positive or negative) is selected for voltage
(signal) measurements for determination of fault location. Appropriate voltage samples are collected,
when an absolute value of voltage is less than the threshold value of the voltage. These samples are
employed as feature of the pattern. Similarity of the new pattern extracted from voltage samples is
measured by comparing with the existing patterns available in the database. Fault location is estimated
by the weighted average of the pointed values obtained from the k most similar patterns, which is
called k nearest neighbor principle. Therefore, correlation is converted to positive value distance matrix
and expressed as [75]:

dr(x, y) = 1− r(x, y) (51)

where dr(x, y) is Pearson distance of signal x and y and, dr(x, y) ∈ [0, 2]. Equation (52) is employed to
estimate the fault location obtained via new pattern [75].

FFL(x′) =

∑
x ∈ S (x′) FL(x) × e (− dr (x, x′)) 2∑

x ∈ S (x′) e (− dr (x, x′ ))2 (52)

where FL(x) is corresponding fault location of the existing pattern x and b. FL(x0) is the estimated fault
location corresponding to new pattern x0. S(x0) is set of k patterns similar to new pattern x0. dr(x, x0) is
Pearson distance of existing pattern x and the new pattern x0. Voltage samples are collected for a time
window of length of 10 ms if voltage values are less than the threshold values of voltage in the case of
fault. Features are extracted from these voltage samples and are compared with the samples available
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in data base for the fault. k most similar patterns are determined and weighted average of patterns are
employed to evaluate location of fault. Fault location algorithm is given in Figure 9.Appl. Sci. 2019, 9, x FOR PEER REVIEW 17 of 50 
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8. Symmetrical Component Analysis for Fault Classification in Multi-Terminal High-Voltage
Direct Current (MT–HVdc) Systems

Faults in HVdc circuits generate traveling waves and these waves are compared and computed
with different analytical methods [80]. However, there is a lot of space for researchers to carry out
investigations upon the characteristics of fault for bipolar HVdc lines for efficient designing of protection.
Because of unsymmetrical nature of travelling waves originated from fault location in MT–HVdc
systems, symmetrical component analysis is employed for fault detection in MT–HVdc systems.

8.1. Fault Analysis Based on Symmetrical Components

Voltage vectors ua and ub and, current vectors ia and ib are shown in Figure 10. These vectors
are resolved into their components i.e., zero sequence and positive sequence components and
are represented: {

ua = ua0 + ua1

ub = ub0 + ub1
(53)

{
ub0 = ua0

ub1 = ua1
(54)
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Using Equations (53) and (54), following expression is achieved:[
ua

ub

]
=

[
1 1
1 −1

][
ua0

ua1

]
(55)

and symmetrical components are expressed as:[
ua0

ua1

]
=

1
√

2

[
1 1
1 −1

][
ua

ub

]
(56)

Because of bipolar HVdc systems and its working under normal conditions, nominal rated value
of voltage is given by: {

ua = Udc−
ub = Udc+

(57)

Voltages are assumed to be constant for steady state operation unless rectifier is at constant α
(firing angle) mode and inverter is at constant γ (extinction angle) mode. However, pre-fault condition
at fault location is given by: 

ua1 =
√

2Udc−

ub1 =
√

2Udc+
ua0 = 0
ub0 = 0

(58)

When a fault occurs in a dc grid, fault network is converted into symmetrical two-phase system
according to the superposition theorem as shown in Figure 9.{ √

2Udc− − i f a1Z1
∑ = u f a1

0− i f a0Z0
∑ = u f a0

(59)
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where Z0
∑ and Z1

∑ are zero and positive sequence Thevenin’s impedance at the fault point. Faults are
classified as pole to ground fault, pole to pole fault, and double pole to ground fault in HVdc systems.
These fault scenarios are analyzed based on zero and positive sequence components of TWs.

8.1.1. Pre-Pole to Ground Fault

Instantaneous boundary conditions for grounding resistance Rg as shown in Figure 11, is given by:

i f a = 0 u f a = i f aRg (60)

and its sequence components are: i f a0 − i f a1 = 0
u f a0 + u f a1 =

(
i f a0 + i f a1

)
Rg

(61)

where voltage sequence components are:
u f a0 =

√
2Udc+Z0

∑
Z1

∑+Z0
∑+2Rg

u f a1 =

√
2Udc−(Z1

∑+2Rg)

Z1
∑+Z0

∑+2Rg

(62)
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8.1.2. Pre-Double Pole to Ground Fault

Let us consider the grounding resistances Rga and Rgb for pole a to ground and pole b to ground,
respectively. Figure 12 shows circuit for pole a to ground and its respective instantaneous boundary
conditions are:

u f a = i f aRga u f b = i f bRgb (63)

and sequence components are:  u f a0 + u f a1 =
(
i f a0 + i f a1

)
Rga

u f a0 + u f a1 =
(
i f a0 − i f a1

)
Rgb

(64)
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Similarly, one can write for pole b to ground. However, if Rga , Rgb, then:
u f a0 =

√
2Udc+(Rgb− Rga)Z0

∑
Z∑

u f a1 =

√
2Udc−[(Rga+Rgb)Z0

∑+2RgaRgb
Z∑

(65)

where
Z∑ = 2

(
RgaRgb + Z0

∑Z1
∑)

+
(
Rga + Rgb

)
(Z1

∑ + Z0
∑) (66)

8.1.3. Pre-Pole to Pole Fault

Suppose that the fault resistance is Rga as shown in Figure 13 and boundary conditions are:{
i f a = −i f b

u f a − u f b = i f aRg
(67)

Instantaneous current sequenced components are:{
i f a0 = 0

2u f a1 = i f a1Rg
(68)

and voltage sequence components are:  u f a0 = 0

u f a1 =

√
2Udc−Rg

Rg+2Z1
∑ (69)

Post fault traveling waves are analyzed for the detection and classification of accurate characteristics
of the dc fault. Zero and positive sequence components of TWs are observed at post fault state in
MT–HVdc systems.
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8.2. Post Fault Traveling Waves

Traveling waves travel towards the both ends of TL from fault point. Superposition of transient
sequence components and pre-fault steady state conditions are used to analyze the behavior of the fault:

8.2.1. Post Pole to Ground Fault

Pre and post fault voltage values of zero and positive sequence components of pole to ground
faults are observed. Difference between pre and post fault voltage values are evaluated to determine
the effect of grounding resistance on fault.

∆u f a0 = u f a0 =

√
2Udc+Z0

∑
Z1

∑+Z0
∑+2Rg

∆u f a1 = u f a1 − ua1 =

√
2Udc−Z1

∑
Z1

∑+Z0
∑+2Rg

(70)

and
∆u f a0

∆u f a1
=

Z0
∑

Z1
∑ (71)

where Z0
∑ = Zs + Zm, Z1

∑ = Zs − Zm. Zs and Zm are the self-inductance and mutual inductance,
respectively, of the dc-link and;

Z0
∑ > Z1

∑ (72)

∆u f a0

∆u f a1
> 1 (73)

Hence, it is concluded that single pole to ground fault analysis is independent of
grounding resistance.

8.2.2. Post Double Pole to Ground Fault

Positive and zero sequence components of voltage are observed before and after the faults.
Difference between sequence components are used to find out the impact of fault resistance on system
under fault condition. 

∆u f a0 = u f a0 =

√
2Udc+(Rgb− Rga)Z0

∑
Z∑

∆u f a1 = u f a1 − ua1 =

√
2Udc−[(Rga+Rgb+2Z0

∑)Z1
∑

Z∑
(74)

and
∆u f a0

∆u f a1
<

Z0
∑

Z1
∑ (75)

8.2.3. Post Pole to Pole Fault

In pole to pole fault, sequence components are observed before and after faults to examine the
change in voltage values. This change is used to evaluate the behavior of fault resistance under fault
conditions. This study is used to determine the variations of traveling waves. ∆u f a0 = u f a0 = 0

∆u f a1 = u f a1 − ua1 =
2
√

2Udc+Z1
∑

Rg+2Z1
∑ (76)

and {∆u f a0

∆u f a1
= 0 (77)
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From Equation (77), it is concluded that initial value of positive to zero sequence voltage for
double pole is smaller than that of line to ground fault.

Maximum possible variations in the amplitude of voltage wave is observed at the instant of
origination of first traveling wave due to fault. Therefore, it is essential to observe first travelling wave
because maximum information of fault can be extracted from it.

8.3. Obsevance of the First Traveling Wave

First zero and positive sequence components of traveling waves are observed at converter station
and are: {

b0(t) = ∆u0 −Z0c∆i0 = 2∆u f 0e−α0tε(t− τ0)

b1(t) = ∆u1 −Z1c∆i1 = 2∆u f 1e−α1tε(t− τ1)
(78)

and
b0

b1
=

∆u f 0

∆u f 1
=

e−α0tε(t− τ0)

e−α1tε(t− τ1)
(79)

where ∆u0, ∆u1, ∆i0, and ∆i1 are the superimposed zero and positive sequence voltage and currents at
relay location. Z0c and Z1c are zero and positive sequence surge impedances. α0 and α1 are attenuated
coefficients of zero and positive sequence and τ0 and τ1 are traveling times of TWs from fault to the
VSCs. ε(t) is a step input. When time period equals twice the traveling time of TW, b0 and b1 will
remain constant at 2∆u f 0 and 2∆u f 1, respectively. It is clear from Equation (79) that ratio of positive
and negative sequence waves not only depends on the initial values of the traveling waves but also
depends on the attenuation and the velocity. The polarities of zero and positive sequence TWs for pole
to ground fault are the same at faulty pole and are different at healthy pole, as expressed in Equations
(70) and (78). It is obvious from the Equations (71), (75), (77), and (79) that the ratio of positive and zero
sequence traveling waves is greater for single pole fault than double pole fault after the fault initiation.
This is an important result in designing the identification of fault.

8.4. Protection Scheme for High-Voltage Direct Current (HVdc) Transmission Line Using Symmetrical
Components Method

Ideally, relaying signal x1 as shown in Figure 14, is zero under steady state conditions. When a dc
fault occurs, fault current starts building up immediately. A data window is then achieved which must
obey the criterion given in Equation (80) to select the first sample for integration:

|x1|> M1 (80)

where M1 is preset data window of fault current signal. Smoothing reactors or in some cases harmonic
filters or surge capacitors, are present in HVdc systems and are connected pole to ground. Current
cannot change abruptly because of smoothing reactors and dc filters. This results in the decaying of
traveling waves. Gradient of traveling wave is lower for external fault than for internal faults [91].
Thus, criterion for internal fault detection is described as:

|∆x1|> M2 (81)

where M2 is minimum value of gradient required for internal fault detection. The ratio of positive to
zero sequence components is greater for single pole fault than double pole fault for a small moment of
time after fault initiation. Because of short duration, it is difficult to detect the type of fault in a classical
way. Therefore, integration of sub-durations of the short duration of time is done to set up a criterion
for detection of fault type and to classify faulty pole [92].

k =

∫ τ+τ0

τ0
|x0|∫ τ+τ1

τ1
|x1|

(82)
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where τ1 is the time of protection startup and τ is the data window of fault which is chosen to be
nearly equal to 1 ms. τ0 is the arrival time of the first zero sequence traveling wave and the criterion
for detection of zero sequence traveling wave is given by:

|x0|> M0 (83)

and from Figure 15, if k > k0, fault is single pole to ground, otherwise it would be double pole fault.
Faulty pole can be detected by viewing the polarity of positive and zero sequence backward traveling
waves. If polarity is same in case of single pole to ground fault then it is faulty pole and if the polarity
is different, then it is healthy pole.
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9. Morphological Gradient Based Fault Estimation in Multi-Terminal High-Voltage Direct
Current (MT–HVdc) Systems

Mathematical morphology is a promising approach to highlight the features of the wavefronts
involved in the estimation of fault location and classification. Mathematical morphology involves little
computational efforts and smaller data windows compared to wavelet transform [93–96].

Spatial structures analyzed with theoretical and technical knowledge of mathematical
morphology [83]. It is based on set theory, integral geometry, and lattice algebra. It is a non-linear
technique in contrast to linear Fourier and wavelet transforms. It deals with the waveforms in time
domain rather than in the frequency or time frequency domain. Mathematical morphology is a highly
effective tool for fault identification and classification because of its robustness features involved in the
preservation of waveforms or shapes suppressed by noise [97,98].

Appropriate structure of a set is extracted from the main function of mathematical morphological
operators. Interaction between the set and another set, known as structuring element (SE), is used for
extraction. An a-priori knowledge about the shape of signal is employed to predefine the shape of
structuring element. A pair of dual transformation is formed based on dilation and erosion [96].

Arithmetical difference between dilation and erosion of a signal of structuring element is known
as morphological gradient (MG). It is an effective technique for edge detection. So, it can be employed
to extract features of transient behavior (composed of sharp peaks and valleys) of MT-HVdc system
under faulty conditions [98,99].
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Suppose that signal and structuring element are denoted by x and y, respectively. Length of
structuring element is assumed to be considerably shorter than the length of signal. Dilation, erosion
and morphological gradient are defined as, respectively:

f ⊕ g = max
s

{
f (x + s) + g(s)

∣∣∣(x + s) ∈ D f , s ∈ Dg
}

(84)

f 	 g = max
s

{
f (x + s) − g(s)

∣∣∣(x + s) ∈ D f , s ∈ Dg
}

(85)

MG( f ) = ( f ⊕ g) − ( f 	 g) (86)

where ⊕ is dilation operator and 	 is erosion operator. f (n) is assumed as processing signal whose
domain is D f = 1, 2, . . . , M− 1. g(n) is assumed to be a one-dimensional structuring element whose
domain is Dg = 1, 2, . . . , M− 1. MG( f ) is morphological gradient of signal f (n).

In case of fault in any line of MT–HVdc system, travelling waves are generated which start
propagating towards the converter stations in both directions where fault sensing equipment is
deployed. Voltage and current at converter stations are the summation of backward and forward
travelling waves [97,100]. In a lossless transmission line, voltage and current values are:

u(x, t) = f1
(
t−

x
v

)
+ f2

(
t +

x
v

)
(87)

i(x, t) =
1
z

[
f1
(
t−

x
v

)
+ f2

(
t +

x
v

)]
(88)

where z =
√

L
C and v = 1/

√
LC. f1 and f2 are forward and backward projected travelling waves

respectively. x is the distance from the fault location. z is the characteristics impedance of transmission
line and v is the propagation velocity. f1 and f2 are evaluated by the values of voltage and current at
starting instant of fault. Values of voltage and current at the instant of initiation of fault are dependent
on fault location, fault resistance and other line parameters. Traveling waves are partly transmitted
and reflected back towards the fault point until they are attenuated to a negligible value.

9.1. Multi-Terminal High-Voltage Direct Current (MT–HVdc) Test System

When a dc fault F occurs on transmission line L1 connected to converter station, traveling wave
of voltage at fault instant starts propagating towards the series inductor deployed at both ends of
transmission line. At the converter station, traveling waves are reflected back and transmitted to other
transmission lines connected to this converter station. Therefore, ratio of transmitted wave at line side
of series inductor of a normal line to transmitted wave at line side of series inductor of faulted line
helps to determine the faulted line in MT–HVdc transmission system. For this, equivalent impedance
zt of lines connected to converter station with the exclusion of line L1 is given by:

zt = (sL2 + z2)
∣∣∣|. . .|∣∣∣(sLn + zn)

∣∣∣∣∣∣zconv (89)

where zconv = Rconv + sLconv +
1

sCconv
and Rconv, Lconv and Cconv are the equivalent resistance, inductance

and capacitance of converter, respectively. s is the Laplace operator. Capacitive discharge stage of
MT–HVdc system during dc faults is modelled by RLC circuit. Converter topology helps to determine
the parameters of this circuit.

Figure 16 shows the network of n HVdc transmission lines connected to MT–HVdc converter
station. zk and Lk represent characteristics impedance and series inductor of k transmission lines. F
is dc fault on line L1. uik, urk, and utk denote incident, reflected, and transmitted traveling waves of
voltage, respectively, at the converter station connected to k lines. The ratios of transmitted traveling
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waves of voltage and transmitted traveling wave of current to incident traveling waves of voltage at L1

are given by:

ut1
ui1

=
2(sL1 + zt)

sL1 + zt + z1
(90)

it1
ui1

=
2

sL1 + zt + z1
(91)

The ratio of transmitted traveling waves of voltage to k lines and incident traveling waves of
voltage at L1 is:

utk
ui1

=
2

sL1 + zt + z1
× zt ×

zk
sLk + zk

(92)

The ratio of transmitted traveling waves of voltage to k lines to transmitted traveling waves of
voltage at line L1 is represented by ktkt1 and given by:

ktkt1 =
utk
ut1

=
ztzk

(sL1 + zt)(sLk + zk)
(93)

By considering the basic values of characteristics impedance and series inductor, the ratio ktkt1
works as a low pass filter. This low pass filter is used to attenuate high frequencies. Figure 17 shows the
behavior of ktkt1. It is observed that traveling waves originated due to fault contain higher frequency
components as compared to traveling waves transmitted on normal lines. Therefore, faulted line is
identified with the help of this characteristic behavior and MG. Proposed flow chart of MG algorithm
is shown in Figure 18.
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Figure 16. Multi-terminal high-voltage direct current (MT–HVdc) converter station under
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9.2. Discrimination between Different Cases of Direct Current (DC) Fault Current Rise

Maximum fault resistance is characterized by minimum rate of change of current values, minimum
voltage values and lowest peak values of MGV in the case of an internal fault. Morphological gradient
voltage (MGV) value is an arithmetic difference of dilation and erosion of a signal obtained from the
interaction of voltage sample and threshold value. Table 1 presents cases of rise of dc fault current in
terms of MGV values.

Table 1. Cases of rise of dc fault current in terms of morphological gradient voltage (MGV) values.

Serial Number Fault Type Discrimination/Classification of Fault

1 Internal fault
and external fault

Maximum value of peaks of MGV in
external fault is smaller than minimum
value of peaks of MGV in internal fault

2 Positive pole to ground fault and
Negative pole to ground fault

MGV values are similar because of
symmetrical nature

3 Healthy Pole and Faulted Pole Rise in MGV values is more noticeable
at faulted pole

4 Opening of dc circuit breaker and
internal fault

MGV values in opening of dc circuit
breakers are smaller than minimum
peaks values in internal fault

Reliability of protection algorithm is, therefore, dependent on correct evaluation of margin between
minimum MGV peak value for internal fault and maximum MGV peak value for external fault. This
nullifies inevitable measurement errors and probable signal distortion.
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9.3. Noise Reduction Filter

Robustness and accuracy of MMG are affected by the presence of noise in the signal. Therefore,
noise reduction filters (NRF) should be incorporated into MMG technique to address robustness and
accuracy [101].

MMG term ρa
g is employed in power system protection of MT–HVdc system to identify the arrival

time of wave head of traveling wave generated at sensing terminal of converter station. MMG is
basically an advancement in MG. It employs a series of scalable flat SEs with inverter origins g+ and
g− for each level of decomposition a as shown in following equations:

pa
g+ =

(
ρa−1

⊕ g+
)
(x) −

(
ρa−1

	 g+
)
(x) (94)

pa
g− =

(
ρa−1

	 g−
)
(x) −

(
ρa−1

⊕ g−
)
(x) (95)

ρa
g = pa

g+ + pa
g− (96)

The SEs g+ and g− are defined as:

g+ = [g1, g2, . . . , gl−1, gl] (97)

g− = [gl, gl−1, . . . , g2, g1] (98)

where gl is the origin of the SE with length l = 2l−alg. lg is the length of SE of first decomposition level.
When a = 1, ρo = f .

Noise reduction filters (NRFs) are Morphological Median Filter [94–96], Multi resolution
Morphological Opening—Closing Filter [96,102], Opening—Closing/Closing—Opening [103] and
Opening—Closing maximal/Closing—Opening minimal [103]. In NRFs, signals are countered between
upper and lower edge and average between them is evaluated. Flat line SE is employed to maintain
the feature of original signal. Moreover, length of SE is calculated for each level of NRF as given by:

l = λ1−bl1 (99)

where λ is the dilating factor, b is the level filter and l1 is the length of g at level 1. For b = 1, go is
the SE with length l1 and f 1 is the initial signal. In the level 1, the initial signal is filtered by an NRF
with SE length l1. In the next level, b is updated with b = b + 1. Filtered signal is employed as an input
of NRF. SE length used for filtering is updated by Equation (99). This process is repeated with the
intention of requirement of level of filtration.

9.4. Morphological Median Filter (MMF)

MMF represented by µ, is basically a mean value of dilated and eroded signal as described below
when b = 1, µo = f :

µb =

(
µb−1

⊕ gb
)
(x) +

(
µb−1

	 gb
)
(x)

2
(100)

9.4.1. Multi Resolution Morphological Opening Closing Filter (MMOCF)

MMOCF represented by θ is the mean value of opening and closing filters as given below when
b = 1, θo = f .

θb =

(
θb−1

◦ gb
)
(x) +

(
θb−1

· gb
)
(x)

2
(101)
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9.4.2. Opening—Closing/Closing—Opening (OCCU)

OCCU represented by χ is a combination of opening—closing (OC) and closing—opening (CO)
filters. Positive and negative impulse noises are filtered out simultaneously and given as when
b = 1, OCo = f , COo = f :

OCb =
((

OCb−1
◦ gb

)
· gb

)
(x) (102)

COb =
((

COb−1
· gb

)
◦ gb

)
(x) (103)

χ =
OCb + COb

2
(104)

9.4.3. Maximal Opening—Closing/Minimal Closing—Opening

Maximal Opening Closing/minimal Closing Opening filter represented by Λ is obtained by parallel
combination of opening—closing and closing—opening filters [101–103]. OC filter is calculated at
different SEs and maximal value is given by:

OCmax = max
(

OCSE1 , OCSE2 , . . . , OCSEb

)
(105)

9.4.4. Closing—Opening Minimal

Minimum value is obtained among filters to calculate COmin given by:

COmin = min
(
COSE1 , CO, . . . , COSEb

)
(106)

OCmaxCOmin filter (Λ) is the mean between OCmax and COmin.

Λ =
OCmax + COmin

2
(107)

Figure 19 explains the flow process of OCmax −COmin filter.
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10. Shortcomings of Traveling Waves (TW) Based Methods

As discussed, detection of the wavefront is the key to finding the location of fault. However,
if the wave front does not exist at instant of dc fault occurrence, fault detection and identification
is not possible. For instance, in a high resistive grounded TL, magnitude of the transient TW is too
small to detect the fault location. Similarly, in the event of variations in transition resistance; traveling
transients are too small to be utilized for fault detection [104,105].

In traveling wave method, arrival time of wavefront at the VSC station and speed of the wave
front is used to calculate distance of fault from substation. Therefore, speed and time measurement
is directly related to the accuracy of detection of fault location. These measurements are highly
dependent on the electrical parameters of the faulted line. A very high sampling frequency is
required for accurate finding of fault location as speed of the wavefront is almost equivalent to the
speed of light. Interference signal is another parameter that badly effects the traveling wave. Thus,
non-traveling-based fault detection, location and estimation methods are referred to overcome above
aforementioned shortcomings [86,104–106].

11. Non-traveling Wave (NTW) Based Fault Location Estimation in Multi-Terminal High-Voltage
Direct Current (MT–HVdc) Systems

In non-travelling wave-based technique, fault location is identified and detected by evaluating
voltage and current values after dc fault in any section of the line. This method is based on distributed
parameters of the transmission line model. Current and voltage measurements at both ends are
calculated and voltage distribution over the TL is obtained. Fault is detected with the help of this
voltage distribution but non-traveling-based techniques are slow [39]. Although TW techniques are



Appl. Sci. 2019, 9, 4760 31 of 51

rapid [33,59,63,66,77,78] yet offer aforementioned shortcomings. Non-traveling wave-based method can
be made rapid if fault location algorithm is based on time domain. Short window of the data is sufficient
to achieve satisfactory accuracy and detection [39,91,107]. Data window for non-traveling wave-based
method can be acquired precisely from distributed parameter model of dc transmission lines.

Non-traveling wave-based method is applied on bipolar HVdc transmission line systems.
Schematic diagram of bipolar HVdc transmission line is shown in Figure 20 [39].
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11.1. Mode Extraction

Mode Extraction is required for decoupling of HVdc lines as both positive and negative lines
are insttalled on single transmission tower. Telegraph equations with mutual inductance effects are
written as: { ∂u

∂x = −L ∂i
∂t −Ri

∂i
∂x = −C∂u

∂t −Gi
(108)

where u =

[
uJp

uJn

]
, i =

[
iJp

iJn

]
, L =

[
Ls Lm

Lm Ls

]
, R =

[
Rs Rm

Rm Rs

]
, C =

[
Cs −Cm

−Cm Cs

]
, Cs = Co +Cm,

Gs = Go + Gm.
Rs and Rm are self and mutual resistances of the line, respectively. Ls and Lm are self and mutual

inductances of the line, respectively. Co and Cm are pole to earth and pole to pole capacitances of the
line, respectively. Go and Gm are pole to earth and pole to pole conductances of the line, respectively.
uJp and uJn are positive and negative poles voltage at terminal J, respectively. iJp and iJn are positive
and negative pole currents at terminal J, respectively. By using decoupling matrix: ∂um

∂x = −S−1LS∂im
∂t − S−1RSim

∂im
∂x = −S−1CS∂um

∂t − S−1GSum
(109)
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where um = S−1
× u, im = S−1

× i,

S−1RS =

[
Rs −Rm 0

0 Rs + Rm

]
, S−1LS =

[
Ls − Lm 0

0 Ls + Lm

]
,

S−1CS =

[
C0 + 2Cm 0

0 C0

]
, S−1GS =

[
G0 + 2Gm 0

0 G0

]

And um =

[
u1

u0

]
, im =

[
i1
i0

]
, u1 and i1 are 1-mode voltage and current while u0 and i0 are

0-mode voltage and current, respectively. Because of stability, 1-mode parameters are used for analysis
and parameters of TL are derived as: 

R1 = Rs −Rm

L1 = Ls − Lm

C1 = C0 + 2Cm

G1 = G0 + 2Gm

(110)

And 0-mode parameters are derived as follow:
R0 = Rs + Rm

L0 = Ls + Lm

C0 = C0

G0 = G0

(111)

Therefore, voltage values are required for mode extraction.

11.2. Bergeron Transmission Line Model and Voltage Distribution

When a fault occurs on a TL, current and voltage are measured at both ends of transmission
line. Voltage at the fault point are matched with voltage distribution curves time to time. Voltage
distribution curves are shown in Figure 21 [39,91,107,108]. Generalized voltage distribution curve
equation of mode i at time t and at distance x from terminal J and K is:

uiJ(x, t) = 1
2

(
Zci+

rix
4

Zci

)2

×

[
uJi

(
t + x

vi

)
− iJi

(
t + x

vi

)
×

(
Zci +

rix
4

)]
+ 1

2

(
Zci−

rix
4

Zci

)2

×

[
uJi

(
t− x

vi

)
+ iJi

(
t− x

vi

)
×

(
Zci −

rix
4

)]
−

( rix
4

Zci

)2

× uJi(t) −
rix
4 ×

(
Zci+

rix
4

Zci

)(
Zci−

rix
4

Zci

)
× iJi(t)

(112)

uiK(x, t) = 1
2

(
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rix
4

Zci

)2

×

[
uKi

(
t + x

vi

)
− iKi

(
t + x

vi

)
×

(
Zci +

rix
4

)]
+ 1

2

(
Zci−

rix
4

Zci

)2

×

[
uKi

(
t− x

vi

)
+ iKi

(
t− x

vi

)
×

(
Zci −

rix
4

)]
−

( rix
4

Zci

)2

× uKi(t) −
rix
4 ×

(
Zci+

rix
4

Zci

)(
Zci−

rix
4

Zci

)
× iKi(t)

(113)

where i = 1 or i = 0 is the index of the mode, r1 is resistance per kilometer, Zci is characteristic impedance
and vi is wave speed of i – mode, respectively. iJi(t) and iKi(t) are the i – mode currents at terminals J
and K at time t, respectively. uJi(t) and uKi(t) are the i – mode voltages at terminals J and K at time
t, respectively. uJi(x, t) and uKi(x, t) are the voltage distributions of i −mode at time t and at point x
from terminals J and K, respectively. Hence, voltage values determined at the converter stations are
employed for detection of fault location in MT-HVdc systems.
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11.3. Fault Location Algorithm

Because of the transition resistance, voltage distribution obtained from the evaluation of fault
point and substation is held true only for the section existing between fault point and substation.
Voltage distribution obtained for second end/terminal is held true only for the section between first
end/terminal and faulted point. However, on healthy section of a line, it is not necessary that voltage
distribution should be same [39,91,107,108]. Therefore, fault location criterion can be established as:

f (x) =
t2∑

t=t1

|uiJ(x, t) − uiK(l− x, t)|

x ∈ [0, 1]
(114)

where l is the total length of the line. x is the distance/length from fault point x to terminal J and (t2 − t1)

is the time of the redundant or no longer needed data window. In the case of fault, Equation (114)
would be equal to zero and for no fault, it would be always greater than zero. For approximation,
minima of the function f (x) is calculated:

f
(
x f

)
= min

{
f (x) : x ∈ (0, 1)

}
(115)

where x f is the distance between fault point and the substation. For redundancy, no longer or redundant
data window is added to calculate the total length of data window as double propagation time is
required to calculate the single voltage distribution curve over the entire line.

tω =
2x
v

+ (t2 − t1) (116)

12. Non-Traveling Wave (NTW) Method Based on Rate of Change of Voltage and Current

When a dc fault occurs in MT–HVdc system, voltage and current undergo a decrease and an
increase at a certain rate, respectively [109]. This change is basically a difference between voltage
and current values measured at pre-fault and post-fault conditions of HVdc grid. This difference
is then compared with the threshold or reference value to estimate the health of MT–HVdc system.
If the voltage value is less than the reference value, fault is diagnosed in HVdc system via algorithm
presented in Figure 22. In the similar fashion, if the current sample is greater than the reference value,
fault is detected in the dc system as shown in Figure 23.

Criteria for fault location and detection is given by:

∆V = Vpost − Vpre (117)
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∆V ≤ Vref (118)

∆I = Ipost − Ipre (119)

∆I ≤ Ire f (120)

Information about fault is processed with in milliseconds but is affected by the noise which raise
questions over accuracy of detection [110]. Normally, it is used for primary protection [109]. In a
bipolar topology of HVdc system, this method is applied on each pole as its stable under any kind
of disturbances.

Rate of change of voltage and current methods depend upon the fault loop impedance. Therefore,
in a fault where impedance is high or closer to terminals of converter station, this method does not
provide satisfactory results because of minute rate of changes [110].
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13. Non-Traveling Wave (NTW) Method Based on Voltage Levels

This method is particularly applicable to high impedance faults or the faults closer to converter
stations. In this method, decrease in the voltage is observed over a long interval of time. The algorithm
is explained in Figure 24. Because of longer intervals of time, this method is referred for backup
protection of non-traveling wave method based on rate of change of voltage or current. Selection of
time delays and longer time intervals are made carefully in order to avoid operation of protection
scheme during abnormal transients or load switching [110].
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In this method, setup for fault identification is made with multiple levels and deeper voltage
depressions with shorter response time [110]. Otherwise, this method may fail with the failure of
primary protection.

Accuracy of this method is not questioned because of non-engagement of telecom infrastructure
and multiple voltage depression levels. Therefore, it is suitable for backup protections.
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14. Non-Traveling Wave (NTW) Method Based on Under Voltage

In the event of the dc fault, under voltages are observed [111,112] and if voltage drop below the
threshold value, then fault is detected as shown in Figure 25. Tripping criterion is given as:

Vpost f ault < Vthreshold (121)

This method has a drawback that drop in the voltage is observed on all terminals associated with
MT–HVdc link. Therefore, it is not possible to discriminate between the healthy and faulty part of the
grid. Additional work is required to carry out proper discrimination and distinction [111,112].
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15. Non-Traveling Wave (NTW) Method Based on Over Current

Over current protection is also being used for fault estimation in MT–HVdc systems [112,113].
In this technique, value of the current is measured and observed. If it is found that value of current
is higher than the threshold, fault signal is generated to the HVdc breakers to interrupt the dc fault
current, following the algorithm described in Figure 26.

Ipost f ault > Ithreshold (122)
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In order to attain proper discrimination and tripping, threshold value must be set high. This
technique is relatively slower as threshold value is dependent on the speed of isolation of dc breaker.
Therefore, it results in building of large fault currents which may damage the VSC stations and dc filters.

16. Non-Traveling Wave (NTW) Method Based on Transient

Measurement of transients at the VSC–HVdc stations is another promising approach for fault
estimation. Transient is calculated in terms of rate of change of power. Therefore, both voltage and
current values are observed at the converter stations before and after the occurrence of fault [98]. Rate
of change of voltage and current are calculated to find out the change in power or transient magnitude.
If this rate of change of power is less than the threshold or reference value set for transient, fault is
identified via flow chart shown in Figure 27.
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Figure 27. Non-traveling wave (NTW) method based on transient values in multi-terminal high-voltage
direct current (MT–HVdc) system.

This method is more sensitive and accurate than non-traveling wave methods based on voltage or
current values, only. Tripping criteria is given as:

∆V = Vpost − Vpre (123)

∆I = Ipost − Ipre (124)

∆P = ∆V ∆I (125)

∆P ≤ −Pre f (126)

17. Non-Traveling Wave (NTW Method Based on Electromagnetic Time Reversal (EMTR):

Electromagnetic time reversal (EMTR) method for fault estimation in MT—HVdc offers significant
advantages, such as tolerance of low sampling rate, non-requirement of accurate fault arrival time, and
superiority compared to transient method for high resistance faults [114–121]. This method is based
on reversing the direction of time (t), given as:

t → T − t, tε [0, T]

where T is time delay.
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In this method, electric fields are recorded at terminals (VSCs). Recorded electric fields are flipped
over time and re-transmission of electric fields is achieved from sensing terminals and reflected back to
the sensing terminals are observed [114,117]. Mathematically, electric field E(t) is given as:

EVSC1(LVSC1, t) =
∅

(
t−

(
||LVSC1−LF ||

v

))
||LVSC1 − LF||

(127)

EVSC2(LVSC2, t) =
∅

(
t−

(
||LVSC2−LF ||

v

))
||LVSC2 − LF||

(128)

where ∅(t) is the electric potential depending on the temporal-spatial behavior of the fault current, v
is the propagation speed of the electromagnetic field, L is the length of HVdc line between two VSC
stations i.e., Lvsc1 = 0, Lvsc2 = L as shown in Figure 28 [114–116].
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Figure 28. Electromagnetic time reversal (EMTR) based model of high-voltage direct current (HVdc)
transmission system.

Thus, time reversed electric fields are:

EVSC1(LVSC1, T − t) =
∅

(
T −

(
t−

(
||LVSC1−LF ||

v

)))
||LVSC1 − LF||

(129)

EVSC2(LVSC2, T − t) =
∅

(
T −

(
t−

(
||LVSC2−LF ||

v

)))
||LVSC2 − LF||

(130)

Re-transmission of electric fields is accomplished and total reflected field is [117]:

EX =
∅

(
T−

(
t−

(
||LVSC1−LF||

v

))
−

(
||LX−LF ||

v

))
||LVSC1− LF || ||LX−LF ||

+
∅

(
T−

(
t−

(
||LVSC2−LF||

v

))
−

(
||LX−LF ||

v

))
||LVSC2− LF || ||LX−LF ||

(131)

If a fault is set at the point where total electric field is calculated then, Lx = LF, given as:

EX,max = ∅(T − t)
(

1

||LF − LVSC1||
2 +

1

||LF − LVSC2||
2

)
(132)

There exists a positive correlation between electric field and currents given by:

|I| =
∮
σEds (133)
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Therefore, currents of HVdc systems are measured and converted into 1—mode and 0—mode
components. For bipolar HVdc system, modal components are given by:

iVSC1, 0(t) =
iVSC1P(t) + iVSC1N(t)

√2
(134)

iVSC1, 0(t) =
iVSC2P(t) + iVSC2N(t)

√2
(135)

iVSC1, 1(t) =
iVSC1P(t) − iVSC1N(t)

√2
(136)

iVSC2, 1(t) =
iVSC2P(t) − iVSC2N(t)

√2
(137)

Effects of nonlinear voltage source are eliminated by 0—mode components of current because of
opposite direction. As a result, fault current is:

ix0 = iM0

(
t−

x
v

)
+ iN0

(
t−

x
v

)
(138)

where
v =

w{
1/2

[
w2L2

0C2
0 −R0G0 +

√(
R2

0 + w2L2
0

)(
G2

0 + w2C2
0

)]} (139)

where R0, L0, C0 and G0 are 0—mode resistance, inductance, capacitance, and conductance, respectively.
These modal components of current are employed to classify the fault in terms of pole-ground fault and
pole-pole fault. Digital filtering is applied to choose current at specific frequency. With the assumption
of fault happening for every ∆x, fault current energy along the TL is calculated as:

τiF =

√√√√ N∑
j=1

iF(j)
2, N =

T
∆t

(140)

where N is the number of samples and ∆t is the sampling time. Afterwards, relative maxima of the
fault current energy is calculated to locate the fault in HVdc system as:

τ(iF,real) = max
{
τ(iF)

}
(141)

Fault classification and location algorithm based on EMTR is presented in Figure 29.
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In case of mono-polar faults in MT–HVdc system, harmonics are eliminated by 0-mode currents.
1mode components are used for bipolar faults. High frequency 0/1—m-ode components of current ae
not affected by measurement error [120]. This results in increased accuracy of estimation of fault [121].

18. Shortcomings of Non-Traveling Wave (NTW) Based Method

Following are the shortcomings associated with NTW based fault location methods:
Sampling frequency and interpolation of voltage and current values in non-traveling wave-based

method play a significant role in creating an impact on results of fault estimation through non traveling
wave based method. Accuracy of fault location is improved as sampling frequency increases. Further
interpolation of original samples and values of the fault location function can improve the accuracy of
finding fault location. Bias and difficulty in handling high sampling rate are the drawbacks linked to
these ways of improvement of NTW results.

NTW method requires little modification and sensitivity to attain accurate results of fault location.
Practically, it is not possible that voltage and current values are measured at high synchronism.
Therefore, aligning and matching are required. Thus, fault location function is modified as:

f (x, ξ) =
t2∑

t=t1

∣∣∣uiJ(x, t) − uiK(l− x, t + ξ)
∣∣∣ : x ∈ [0, 1], ξ ∈ [0, T] (142)

where ξ is the time difference between non-synchronized data. T is the maximum time lag between
data at two ends of TL. Minimum function is modified as:

f
(
x f , ξ

)
= min

{
f (x, ξ) : x ∈ [0, 1]; ξ ∈ [0, T]

}
(143)

where f
(
x f , ξ

)
is a function of the fault distance and time difference between non—synchronized data.

There is a possibility that aligning and matching may result in the change of characteristic curve of
fault. Convergence issues are also raised with alignment.

19. Comparison of Traveling Wave and Non-Traveling Wave Based Methods

There is no doubt that traveling wave methods for fault location and classification are found
accurate and rapid as compared to non-traveling wave methods. However, detection of first traveling
wavefront and handling large length of data window are the challenging tasks associated with
the traveling wave methods. Table 2 summarizes the comparison of traveling and non-traveling
wave-based methods for fault location estimation in MT–HVdc transmission system.

Table 2. Comparison of traveling and non-traveling wave-based methods for multi-terminal
high-voltage direct current (MT–HVdc) transmission systems.

Serial Number Parameters Traveling Wave Based
Method

Non-Traveling Wave Based
Method

1 Wavehead/wavefront
detection

First traveling wavefront is
required
Difficult to detect

Not Required

2 Post and pre fault
voltage values

Post and pre fault voltage
values are required.

Only post fault voltage values
are required.

3 Post and pre fault
current values

Post and pre fault voltage
values are required.

Only post fault current values
are required.

4 Length of data window
for fault estimation

Large length of data window
is employed for an accurate
fault estimation

Smaller data window is
sufficient for an accurate fault
estimation.



Appl. Sci. 2019, 9, 4760 41 of 51

Table 2. Cont.

Serial Number Parameters Traveling Wave Based
Method

Non-Traveling Wave Based
Method

5 Transmission line
parameters

Arrival time of traveling wave
is greatly influenced by
transmission lines.

Transmission line resistance
influence the post voltage and
current values.

6 Information of fault
First traveling wave wavefront
contains maximum
information of fault

Only a section of line’s data
from fault transient to steady
state is sufficient to estimate
fault over the entire dc
transmission line.

7 DC faults near converter
stations

Difficult to identify or locate.
This is because of small
variation in amplitude of
traveling wave wavefront.

Significant change in post fault
dc current value enables
identification and location of
fault.

8 DC faults characteristics
closed to zero crossings

Inaccurate detection.
Transformations are required

Post dc fault current increases
rapidly to steady state value.
No such issue exists in this
method.

9 Accuracy in fault
estimation High Low as compared to traveling

wave method

10 Speed of detection with
same data length High Low

11 Time and frequency
domain analysis

Accuracy is increased by time
and frequency domain
analysis for fault estimation
Wavelet transform and DSP
techniques increase accuracy
and speed

Time domain increases
accuracy and speed of fault
estimation

12 Knowledge based
methods

Applicable with both pre and
post fault voltage and current
values

Applicable with only post fault
voltage and current values

13 DC transmission line
model

It works well for both lumped
and distributed parameter line
model

It works well with distributed
parameter line model.

19.1. Traveling Wave (TW) Based Methods for Internal and External Faults

When an internal fault F1 occurs, the process of propagation of TW is shown in Figure 30.
According to the fault superposition principle, a voltage source UF1 is superimposed at F1 from where
TWs spread towards the end terminals of TL. Initial TWs detected by the protection equipment installed
at end terminals are backward TWs i.e., URb and UIb. Later on, these backward TWs are reflected as
forward TWs i.e., UR f and UI f [109–112,122].

However, when an external fault F2 occurs, the corresponding process of propagation of TWs is
presented by solid line in Figure 31. Forward TW UR f is detected at the rectifier station which further
propagates towards the inverter station and is detected as backward TW UIb while at the inverter
station, backward TW UIb is reflected as forward TW UI f . Further, UI f is detected as backward TW
URb at the rectifier station. Hence, first TW is detected as forward TW at rectifier station while first TW
detected as backward TW at inverter station in case of external fault at ac side of rectifier station.
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Figure 31. Propagation of traveling wave in case of external fault.

Similarly, when an external fault occurs at F3, the corresponding process of propagation of TWs is
presented by dotted line in Figure 31. Forward TW UI f is detected by inverter station which propagates
towards the rectifier and is detected as backward TW URb. At rectifier station, backward TW URb is
reflected as forward TW UR f which is then detected as backward TW UIb at the inverter station. Hence,
first TW is detected as forward TW at inverter station while first TW detected as backward TW at
rectifier station in case of external fault at ac side of inverter station.

19.2. Non-Traveling Wave (NTW) for External and Internal Faults

It is difficult to differentiate between external and internal faults with NTW based methods
especially in the case of faults at or near converter stations. This is because of very small difference
in the magnitude of voltages and currents during post fault conditions. Therefore, there is always a
requirement of an additional technique like Fourier transform [123], wavelet transform [55–58], linear
discriminant analysis [124], Naïve Bayes techniques [125], etc. to distinguish between internal and
external faults. However, when an internal fault occurs at some specific distance from VSC station
(sensing point), it can readily be differentiated from external fault based on the variations of dc fault
voltages and currents.
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20. Existing Fault Classification and Location Methods

There are various methods for estimation of faults in MT–HVdc transmission system besides the
methods of traveling and non-traveling waves. Impedance method is found applicable for permanent
faults and is very practical approach to locate and classify faults in long distance HVdc transmission
lines. However, an accuracy is compromised with the increase in the length of transmission lines.
Therefore, voltage and current measurements-based methods are developed to address issues of
accuracy and speed. Further, signal processing and time frequency analysis are incorporated to
enhance performance of voltage and current measurement-based methods. There is a significant
improvement in the speed and accuracy of detection with the embedding of knowledge-based methods.
However, there are some limitations like inaccuracy in case of incomplete information of faults and time
inference in case of bulk power systems. Table 3 gives detailed information about fault classification
and location methods, and their limitations.

Table 3. Fault location methods and their limitations.

Serial Number Fault Location Methods Limitations

1 Impedance Based Method
Only Applicable for Permanent Faults
Error in fault estimation is about 10 percent
of line length

2 Travelling Wave Method
Not Good for Faults Near Terminals
Not Good for Faults Having Waveform Very
Close to Zero Crossings

3 Arrival Time Detection Method Detection of Wave-head is Difficult
Velocity of Propagation Dependent

4 Frequency Based Detection
Method

Band-pass Filters are required for extraction
of high frequency components

5 Transient Current Detection Surge Capacitors are required for
generation of transient currents

6 Digital Signal Processing Based
Method High Sampling Rate is Required

7 Pure Time and Frequency Based
Methods

Fault signal requires both high time and
frequency resolution
Not suited for travelling or non-stationary
waves

8 Discrete Wavelet Transform Based
Method

Less Computational Time (Feature)
Low Time Resolution for Fault Signal

9 Continuous Wavelet Transform
Based Method

Full shifting of analyzing wavelet over the
full domain of input signal (Feature)
Better Accuracy as Compared to DWT

10

Knowledge Based Methods
Neural Networks
Fuzzy Logic
Bayesian Networks

Failure in case of incomplete information of
fault
Time Inference in case of Big System Fault
Analysis

21. Practical Realization of Traveling Wave (TW) Based Commercial Relays

Traveling waves of current are being used to identify the reflections from the fault location, other
end of TL or any discontinuity within TL [126–129]. TWs of the neighboring stations can be eradicated
with the help of reference data train of TWs generated from the external faults, line energization and
auto reclosing and, switching of capacitor banks. This information is employed with TW generated
during fault to find out propagation time and to estimate fault location on TL. The distance between
sensing terminal and the fault point is calculated with the help of propagation time and velocity of TWs.
Arrival time is determined by using differentiator smoother [127,128]. In differential smoother, leading
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edge is tracked by excluding signal distortion and allowing interpolation between samples. When
incident TWs are passed through a junction point (tap) of TL, these TWs are reflected and transmitted
in accordance with the characteristic impedance of TL segments. In a single end measurement-based
method, time difference between first TW and successive reflected TWs are utilized for estimation of
fault location. Sorting out of TWs is required when sensing terminals (VSCs) are closer compared to
the distance between fault and sensing terminal of TL [127,128]. Single end fault locator (SEFL) based
on TWs is developed by Schweitzer et al. for HVdc system in 1984 [128]. SEFL separates the incident
and reflected TWs for dc fault estimation.

Practically, TWs based method of fault location is successfully implemented on Brasada–Harney
transmission system, and Bonneville Power Administration’s field [127], USA with least error.
Attenuation and dispersion are the two phenomena associated with TWs generated in TLs and
are caused by energy losses and variations in the inductances and capacitances of TL. It results in
decaying of TWs magnitude which in turn, challenges the accuracy of fault location. Therefore, long
data window and differentiator smoother filter are required to minimize the effects of attenuation and
dispersion in transmission lines. Thus, TWs based methods of fault location works well for HVdc TLs
because of non-existence of attenuation and dispersion phenomenon [129].

22. Future Trends

With the increased developments in multi-terminal VSC–HVdc systems, estimation of fault
location is becoming more and more complex. It is a need to explore precise fault location algorithms
so that performance in the complex dynamic environment could not be compromised. Therefore, with
an ongoing, never ceasing motivation, research and development especially in the area of protection of
dc grids, spread of dc network is inevitable.

With this intention, intelligent estimation of fault location with the availability or unavailability
of supervision is gaining attraction. This step opens the door of applications of machine learning
and deep learning in the area of dc grid protection. These learning techniques have the ability to
acquire information without being explicitly programmed. Machine learning can have direct impact
on improvements of relaying strategies aiding HVdc circuit breakers. Convergence issues and correct
estimation of fault location in a multi-terminal environment should be addressed because of extracting
features in a multi-dimensional environment.

Support vector machine is a supervised machine learning approach. It is found useful because of
reduction in time of computations. Labeled training data of fault location is less required. Further,
classification of fault with respect to location and type can also be made possible effectively with
this approach.

Neural networks can be considered as an alternate approach for estimation of fault location.
In this technique, intelligent way of fault location estimation and classification is performed. Artificial
neural networks (ANN) can effectively address the nonlinear nature of dc fault current. The learned
features associated with the connections among hidden layers an input and output layers can depict
the information about the location of fault in MT–HVdc systems.

Radial basis function networks (RBFN) can build strong fault location classifiers by the activation
of binomial regression and soft-max regression functions. These fault location classifiers can then be
employed in Pearson Correlation for finding the similarity between these classifiers and untagged data.

23. Conclusions

Traveling wave and non-traveling wave-based methods are reviewed critically under different
circumstances and scenarios. Fault classification and location in dc grid are scrutinized mathematically
and analytically. TW and NTW-based methods for fault classification and location broaden the
traditional use of dc grid and open up new applications in interconnection of weak ac grids,
incorporation of renewable energy technologies and transfer of bulk power to far flung areas with
maximum controllability and handling capacity.
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Accuracy of any fault estimation technique not only depends on the environment of application
but also on the computational time and convergence in the complex multi-terminal environment. Time
inference increases with complex computation and more features for better estimation. Therefore,
estimation of fault is required to be done in an adaptive way so that relaying strategies could originate
an abrupt trip signal to counter rapidly growing dc fault. This intention leads to expansion of dc grid
networks with effective controllability, flexibility, and efficiency.
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