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Abstract—The fast determination of internal or external 
fault for the VSC-MTDC is essential for its safety and continu-
ous operation. As very limited time is permitted in an internal 
fault, transient-based protection elements are widely applied to 
locate the fault in a very small-time window. However, with such 
a short time window, location methods based on the wavelet 
transform or the mathematical morphology show limited per-
formance balancing the resolution in the time and frequency do-
mains. In recent years, there has been a novel time-frequency 
domain analysis method, naming the transient extraction trans-
form (TET), with high accuracy in both domains. In this paper, 
a TET-based fast fault-location method is proposed with en-
hanced accuracy. Comparison studies are made to highlight the 
performance of such a method against internal faults for the 
VSC-MTDC. 

Keywords—fault location, transient extraction transform, 
VSC-MTDC 

I. INTRODUCTION 
Voltage source converter-based multiterminal high-volt-

age direct current (VSC-MTDC) is a promising technique in 
response to the need for new power systems. With the help of 
VSC-MTDC, the structure of transmission networks gradually 
changes from the conventional mode of point-to-point to a 
stronger one with multiple sending ends and receiving ends, 
solving the problem of bulk power transmission, large-scale 
centralized delivery of renewable energy, interconnection of 
large-scale systems, etc. Compared with the line-commuted 
converter (LCC) based DC systems, the grid-scale expansion 
is more convenient for the VSC-MTDC [1]. However, in the 
case of DC line fault in such a system, the VSC converters are 
more likely to be blocked due to fault-induced over-current 
that will damage the electronic switch [2]. Therefore, there is 
an acute need to accurately identify faults in a very short time 
window and conduct the fault interruption using a DC circuit 
breaker (CB). Otherwise, more significant failure may be led 
to due to the blocking of the VSC converters [3]. 

At present, many have made generous contributions with 
various types of countermeasures against DC line fault, espe-
cially for single-line grounding fault, since it is the most com-
mon one in terms of industrial applications [4]. In literature 
[5], a fault identification method is proposed based on the ratio 

of the absolute value of pole-voltage derivatives. As the speed 
requirement for the protection element is exceptionally high 
for the VSC-MTDC, say several milliseconds, a very short 
time window should be used, which affects the selectivity and 
reliability of the method. In literature [6], A pilot protection 
scheme based on voltage polarity of the current limiting reac-
tor at the end of the DC line is proposed. Using the local meas-
urement, the requirement for the time-window length could be 
reduced, thereby increasing the selectivity [7]. In literature [8], 
the shortfalls of such type of protection element are further 
discussed in detail. In literature [9], a novel type of local-
measurement-based protection element is proposed using the 
velocity difference of the aerial-modal travelling wave and the 
zero-modal one. The capture of the arrival of the travelling 
wave is based on mathematical morphology (MM). Simula-
tion results indicate that using the method above, a very high 
resistive tolerance could be achieved, and the reach can be as 
high as approximately 85% of the entire length of the DC line. 
However, due to the limitation of the MM algorithm in time-
domain accuracy, a dead-zone is left at the remote end, as long 
as the sampling rate is limited in terms of engineering appli-
cations.  

Recently, the transient extraction transform (TET) has 
been put forward. It is firstly published in the literature [10] in 
the field of rotating machinery, where transient signals usually 
correspond to the failure of the main component, such as a 
bearing or gear. TET can effectively characterize and extract 
the transient characteristics of strong frequency modulation 
signals, especially the pulse-like signals [11]. Based on short-
time Fourier transform, TET can effectively characterize and 
extract transient components from fault signals without the 
need for extended parameters or a priori information, provid-
ing a more concentrated time-frequency representation with 
an increased feature of the transient component. 

The contribution of this paper is to propose a TET-based 
fault location and protection method for the VSC-MTDC with 
enhanced accuracy and very limited remote-end dead-zone. 
Comparison studies are also conducted among TET, the MM, 
and the wavelet transform, highlighting the perfect perfor-
mance of the TET applied in the field of high-speed protection 
elements. In Section II, the basic theory of the TET is intro-
duced. A case is conducted to illustrate the performance of 
TET in detecting abrupt signals. The methodology of the pro-
posed protection is also given. In Section III, Simulation and 
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comparison studies are made. Finally, the contributions are 
concluded in Section IV. 

 

II. THEORETICAL STUDIES AND METHODOLOGY 

A. Introduction to TET 
To accurately find the arrival time when the aerial-modal 

travelling wave and zero-modal travelling wave arrive at the 
local-end protection, based on which the time difference is 
calculated [9], the TET can be close to the ideal time-fre-
quency analysis (ITFA). That is to say, the time-varying char-
acteristics of travelling wave frequency change can be accu-
rately displayed. The theoretical deduction is as follows [12]. 

First, a step-function is given by (1): 
 

 0(t) A (t t )s δ= ⋅ −  (1) 
 

STFT is a time-frequency analysis method with good time 
resolution. The derivation of TET is based on the framework 
of STFT. The mathematical expression of STFT is as shown 
in (2): 

 

 G(t, ) ( t) ( ) i ug u s u e duωω
+∞ −
−∞

= − ⋅ ⋅∫   (2) 

 
where g(u-t) is the window function, s(u) is the signal. As the 
base function of the STFT, g(u-t)e-iωu is moved in the time do-
main and modulated in the frequency domain to detect any 
time-varying changes in the signal. To explore the time-fre-
quency energy distribution of STFT results more specifically, 
(3) can be deduced by substituting (1) into (2): 
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As│e-iωu│=1, therefore, the energy distribution result af-

ter STFT of the step-signal can be expressed as (4): 
 

 
0G(t, ) A ( t )g uω = ⋅ −

 (4) 

 
The window function g(u) is compact-supported in the 

time domain. For this reason, the energy distribution of the 
function │G(t, ω)│ is concentrated in t=t0, and reaches the 
maximum value of A at this moment. In the time domain, the 
energy distribution is the largest at t0, diffuses to the left and 
right, and the diffusion range is the time support region of the 
window function [t0-Δ, t0+Δ], where Δ is the time-domain sup-
port of the window function. These diffused energy regions 
will degrade the time resolution, making the step function 
more challenging to be detected at t0.  

To eliminate the influence of diffusion energy, the time-
frequency expression of t0 is deduced as follows. First, calcu-
late the derivative of G(t, ω) relative to the frequency variable 
according to (5): 
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For any G(t, ω)≠0, in the result of STFT, the expression 
of t0 relative to the time of t and the frequency of ω can be 
deduced by (6): 
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For the STFT of the step signal, the ideal time-frequency 

analysis result should be that the energy should be concen-
trated in t0 rather than diffused in a region. To this aim, it is 
reasonable to erase the coefficient obtained after excluding the 
STFT at t0, and only retain the result of STFT at the moment 
of step. To achieve this goal, a post-processing process called 
transient extraction operator (TEO) is proposed, according to 
(7): 

 
 0TEO(t, ) = t t (t, ))ω δ ω−（  (7) 
 

where δ is a step function. When the result of STFT is multi-
plied by this operator, it means that the values in the neigh-
bourhood of energy diffusion are erased except t0, as given by 
(8): 
 

 (t, ) G(t, ) TEO(t, )Te ω ω ω= ⋅  (8) 
 

According to the above analysis, the feature of time-fre-
quency characteristics of step signal under TET can be shown 
clearly. However, although the travelling wave has the feature 
of a step function, it is not an ideal step signal for DC line 
faults. For this reason, there will be some significant problems 
in terms of practical application. Therefore, it is needed to use 
the differential of the travelling wave signal.  

As Te(t, ω) is a two-dimensional function of time and fre-
quency, it is needed that such a signal only changes with time 
so that the arrival of travelling waves can be sensitively cap-
tured in the time domain. To this aim, all frequency STFT co-
efficients are superimposed, and at the same time, the energy 
distribution is obtained. This process can be described as (9): 
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0
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ω

ω
ω

=
=∑ ∑   (9) 

 
For an illustrative purpose, a step function of δ(t-t0) is 

shown in Fig. 1(a), which is used as a sample of the fault-in-
duced signal at t=5 ms. The sampling rate is set to 200 kHz. 
To better illustrate TET's superior time-frequency analysis 
performance, STFT and TET are employed to analyze the step 
function, where Figs. 1(b) and (d) are respectively from the 
energy spectrum and STFT frequency domain superposition 
obtained after STFT. The energy diffuses from 5 ms to the left 
and good neighbourhoods, and it is not easy to obtain the ac-
curate time of the signal abruption. When using TET, it can be 
seen from Fig. 1(c) that the capacity distribution can be con-
centrated at the signal abruption point, the diffusion energy is 
eliminated, and the interference caused by the energy leakage 
caused by the so-called 'fence effect' is avoided. In Fig. 1(e), 
the superposition amount of TET in the frequency domain also 
rises at the point of 5 ms accurately 

In addition, as shown in Figs. 1(d) and (e), Although STFT 
is similar to TET, all of them can generate a maximum value 
of frequency domain superposition for a step signal. The sig-
nal mutation caused by the arrival of travelling waves is not 



an ideal step signal. As a result, the energy diffusion phenom-
enon will be more severe. It could happen when there is even 
no maximum value of frequency domain superposition, mak-
ing it more challenging to obtain the arrival time. However, 
the capability of the TET is strong enough to eliminate signif-
icantly the interference caused by energy diffusion so that it is 
possible to determine the arrival time of the travelling wave 
within the allowable level of error. 
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(b) STFT spectrogram of step function δ(t-t0)
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(c) TET spectrogram of step function δ(t-t0) 
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(d) STFT superimposed coefficient of step function δ(t-t0) 
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 (e) TET superimposed coefficient of step function δ(t-t0) 

Fig. 1. Compared performance between STFT and TET in a step function 

B. The TET-based fault location method 
According to the frequency-dependent characteristics of 

the DC transmission line, the travelling wave propagation 
coefficient can be expressed by (10): 

 

( )( )( )( ) j ( ) ( ) j ( )k k k k kG C R Lγ ω ω ω ω ω ω= + +  (10) 

 

where k is the mode symbol for zero-modal (k=0) or aerial-
modal (k=1). k ( )G ω , ( )kC ω , ( )kR ω and ( )kL ω represent the 
k-mode conductance, capacitance, resistance, and inductance 
of the faulted transmission line at frequency ω. (10) can be 
written in the form of (11): 
 

 ( ) j ( )k k kγ α ω β ω= +  (11) 
 

where ( )kα ω  is the attenuation coefficient and ( )kβ ω  is the 
phase-shift coefficient. There are apparent differences in 
propagation characteristics between aerial-modal and zero-
modal travelling waves. When a fault occurs in the DC line, 
the initial travelling wave is a signal with a broad spectrum. 
On a long-distance transmission line, due to the influence of 
reactance and other factors, if the travelling wave passes 
through a low-pass filter in the propagation process, the high-
frequency component of the aerial-/zero-modal travelling 
wave will be attenuated. For this reason, obvious differences 
can be observed in the propagation velocity of aerial-/zero-
modal travelling waves under lower-frequency components, 
as shown in Fig. 2. 
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Fig. 2. The characteristic of travelling wave propagation 

Based on the above characteristic, the arrival times of 
aerial-/zero-modal travelling waves can be accurately cap-
tured with the TET algorithm. The time difference between 
them can be captured according to the fault. 

C. Methodology 
The criterion of the main protection can be referred to [9]. 

This non-unit protection element is based on the arrival time 
difference (τ=|t1-t0|) of aerial and zero-mode travelling waves. 
The mathematical expression of primary protection can be 
given by (12): 

 1 0

1 0

t t (1) Internal fault

t t (2) External fault

τ

τ

 − <


− >
 (12) 

 
As discussed above, the detailed flowchart of the proposed 

criterion is shown in Fig. 3. 

III. Simulations 
A 500-kV VSC-MTDC system is established using the 

PSCAD/EMTDC software, as shown in Fig. 4. First, simula-
tion studies are conducted to identify the arrival time differ-
ence when the fault occurs on different Line 12, according to 
which Table 1 is established. Note that Line 12 is 184.4 km, 
and part of the faults are external ones. The sampling rate is 
200 kHz. As indicated, limited by the sampling rate, the sam-
pling interval is 5 μs. 

For this reason, the criterion could not identify the location 
of the fault when the fault is over 180 km from relay B12. 
Therefore, τ is set to 0.075 ms, and the reach is 0-180 km 
(97.6%). Considering the impact of normal operating, starting, 
and blocking of the system, Eset is set to 500 kV2, and Rset is 
set to 50. 
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Fig. 3. The flowchart of the proposed criterion 
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Fig. 4. The topology of the MMC-MTDC system 

A. Internal fault condition 
On DC line 12, a single-line-to-ground fault occurs at Fa , 

100 km from the relay B12. Fig. 5(a) shows the variation of the 
forward traveling wave and the reverse travelling wave. 
Evidently, in Fig. 5(b), the criterion starts up as the energy 
ratio criterion is satisfied, indicating a forward fault. In Fig. 
5(c), the superimposed coefficient of the TET is shown. Using 
the TET, it is detected that the arrival time of the aerial-modal 
wave is t1, and that of the zero-modal wave is t0. As |t0-
t1|=0.030 ms<τ, the fault is determined as internal. 

TABLE 1.  FAULT LOCATION AND TIME DIFFERENCE 

Fault location (km) t1 (ms) t0 (ms) τ(ms) 

100 0.345 0.375 0.030 
140 0.478 0.525 0.047 
170 0.572 0.642 0.070 
180 0.610 0.685 0.075 
190 0.648 0.728 0.080 
200 0.686 0.771 0.085 
210 0.769 0.859 0.090 
220 0.852 0.947 0.095 
230 0.935 1.035 0.100 
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Fig. 5. Energy and time difference criterion under forward internal faults 

B. External fault condition 
On DC line 23, a fault occurs 10 km from the relay B23. 

For relay B12, this is an external fault. Fig. 6(a) shows the 
variation of the forward traveling wave and the reverse 
travelling wave. Evidently, in Fig. 6(b), the criterion starts up 
as the energy ratio criterion is satisfied, indicating a forward 
fault. In Fig. 6(c), the superimposed coefficient of the TET is 
shown. Using the TET, it is detected that the arrival time of 
the aerial-modal wave is t1, and that of the zero-modal wave 
is t0. As |t0-t1|=0.090 ms>τ, the fault is determined as external. 

C. Comparison studies 
From the above analysis and tests, it is evident that the 

reach and accuracy of the main protection are partly 
determined by the sampling frequency and the algorithm used 
to detect the arrival time of the travelling wave. The higher the 
sampling frequency is, the smaller the dead zone will be. For 
a determined sampling rate, the performance of different 
algorithms is studied, and the results are shown in Fig. 7. In 
this paper, conventional algorithms, such as the MM and the 
wavelet transform, are used to capture the arrival of the 



travelling wave under a sampling rate of 200 kHz. According 
to the results, the reach and the performance of the protection 
are also highly related to the algorithm we use. For the wavelet 
transform, the sensitivity should be sacrificed to ensure the 
protection's selectivity. 

For this reason, the reach is merely 70%-80%. By using 
MM, an enhanced performance could be reached, but the 
result is not perfect. Using TET, the reach of the main 
protection can be significantly increased. Over 97% of the 
entire length of the DC line can be covered, even when the 
fault resistance is as high as 300 Ω. 
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Fig. 6. Energy and time difference criterion under forward external faults 
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IV. CONCLUSIONS 
In this paper, a TET-based fast fault location method has 

been proposed, and simulation results have been used to 
demonstrate the enhanced accuracy gained. In particular, 
comparison studies have been used to highlight the better 
performance of such a new method against internal faults for 
the VSC-MTDC. 
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