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Abstract

This paper presents a method of Traveling Wave Fault location based on the improved Hilbert-
Huang Transform. First, Intrinsic Mode Functions (IMF) of traveling waves are extracted by En-
semble Empirical Mode Decomposition (EEMD). Then Hilbert Transform is applied to calculate the
corresponding instantaneous frequency of the highest frequency component (IMF1), the instan-
taneous frequency and corresponding time-frequency graph are obtained. Second, the arrival time
and speed can be detected by the first instantaneous frequency’s mutational point. Finally, the
improved two-terminal traveling wave fault location principle is used to calculate the fault dis-
tance. Relevant simulation results are performed to verify the correctness of the method by
EMTDC software.
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1. Introduction

The long-distance transmission and complex environment of the transmission line are not only the main charac-
teristics of the HVDC system, but also are the reasons for the shutdown of the HVDC system. Traveling wave
fault location is one of the common used techniques for fault location in a DC line. However, the traveling wave
fault location is affected by the arrival time, wave speed, and other factors [1]-[3].

Wavelet analysis and other signal processing methods are used to extract the fault traveling wave head, and to
improve the accuracy of wave head [4]. In theory, wavelet analysis has several wavelet bases. It’s hard to get a
satisfactory result if wavelet base is selected improperly [5], while wavelet analysis does not have adaptability in
data process [6]. This limits the application of wavelet analysis in the electric power system greatly.

The fault step wave includes a spectrum which contains frequency components from zero to infinity. In the
literature [7], the lower is the frequency components are, the slower the wave speed; The farther the fault dis-
tance is, the more serious are the dispersion characteristics of the fault traveling wave. That means with different
fault distance, the high frequency component of the fault wave head detected in the measuring point is different.
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Then, the corresponding wave speed of the traveling wave fault is changeable rather than a certain value. At
present, in the fault detection of the HVDC system, fixed wave speed is simply selected in fault location [8].

To summarize the relevant literature, the calibration of the traveling wave head and the determination of the
wave speed is independent. It will further increases ranging error.

In this paper, HHT is applied to traveling wave fault location, and also puts forward an algorithm that the
wave head and wave speed are coordinated. Relevant simulations are performed in EMTDC, and the results ve-
rify the correctness of this method.

2. Basic Principle of Traveling Wave Fault Location

The basic principle of the improved double-terminal traveling wave fault location is shown in Figure 1, t,, and t,
represent the arrival time of traveling wave, L is the length of the line.

Xy =[(t,—t,)-v+L]/2 )
X, =[(t,~t,)-v+L]/2 )

Equation (1) and Equation (2) show that the accuracy of the double-terminal fault location is mainly affected
by the wave speed and the arrival time of the initial wave.

The improved double-terminal fault location method is shown in Figure 2, where L is the length of the line, R
and | represent the rectifier and the inverter side of the DC system. x, and x are the distance from the fault
point to the rectifier and the inverter side. The fault occurs at t, t and t; are the arrival time to both sides.
The arrival speed are v, and v, , respectively.

According to the relation of wave speed, transmission time and fault distance we can get the following equa-
tions:

xr =V (tr _t) (3)
Xi =v; (4 —t) (4)
L=X, +X, ®)

The improved double-terminal fault location equation is as follows:
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Figure 1. D type double-terminal traveling wave principle.

Figure 2. Principle of the improved double-terminal fault location method.
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3. Improved Fault Location Algorithm Based on Hilbert-Huang Transform

HHT is an effective method in non-stationary signal analysis [9] [10]. It is mainly composed of empirical mode
decomposition (EMD) and Hilbert Transform. EMD is based on the local characteristic time scale of signal and
decompose the complicated signal into a number of Intrinsic Mode Functions (IMFs). By analyzing, each com-
ponent of IMFs involves the local characteristic of the signal.

Ensemble Empirical Mode Decomposition (EEMD) is used to resolve problems of mixed mode and false
components in the decomposition process of EMD. The white noise is added to the signal so that the signal will
have a better decomposition.

3.1. The Arrival Time of Traveling Wave

When a fault occurs, the fault point would produce a step wave. The step wave spreads along the line. When a
high frequency component arrives at the measuring point firstly, the time can be defined as the arrival time of
the frequency components [6]. At the same time, the arrival of the step wave will cause the change of the singu-
larity of transient voltage and current of the measuring point [11] [12]. The first instantaneous frequency’s mu-
tational point represents the arrival time of the fault wave.

The HHT extracts IMFs of traveling wave through EMD. The Hilbert Transform is applied to calculate the
corresponding instantaneous frequency of the highest frequency component (IMF1). The arrival time of the
traveling wave can be detected by the first instantaneous frequency’s mutational point in the time-frequency di-
agram of IMFL1.

When the monopole grounding fault occurs at a distance of 400 km from rectifier side and its transition resis-
tance is 100Q2, the current is shown in Figure 3. From Figure 3 the singularity time of the current is 2.0014 s,
what means that the arrival time of traveling wave is 2.0014 s.

The time-frequency diagram of IMF1 is shown in Figure 4. From which the first instantaneous frequency’s
mutational point is 2.0014 s. That means the HHT can be applied to define the arrival time of the traveling wave.

3.2. The Speed of the Fault Traveling Wave

Speed v of a frequency component f is shown in Equation (5), which, according to the literature [13]-[15] is:

@
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where @ is the angular frequency of the frequency components. r,, g,, L, and C, are unit length resis-
tance, conductance, inductance and capacitance, respectively, they vary with f.
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Figure 3. current with line faults.
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Figure 4. Time-frequency diagram of IMF1.

Each frequency component of the traveling wave has a different speed of propagation, it is unrealistic to ob-
tain the exact actual parameters. Therefore, this paper proposes the frequency-wave speed graph according to the
parameters of the HVDC line, which is shown in Figure 5. Through which the wave speed is attained. That
means the incoordination of the wave speed and the wave head is solved.

3.3. Improved Fault Location Algorithm

The improved double-terminal algorithm is as follows:

e When a fault occurs, detect the data of positive and negative DC voltage in both sides.

o Make phase-model transformation of the voltage to get the line model data.

e EEMD and the Hilbert Transform are done to get the Time-frequency graph.

e Use the Time-frequency graph to determine the arrival time of the traveling wave at both sides and the cor-
responding instantaneous frequency.

o Use the frequency-wave speed graph (Figure 5) to get the corresponding line mode speeds (vl,vz) .

e Calculate the fault distance through Equation (6).

4. Simulation Test
4.1. Simulation System and Its Parameters

For the simulations in EMTDC, the network, depicted in Figure 6, corresponds to a typical 500 kV line in a
HVDC system. The line length is 1000 km. The fault occurs at 1.5 s. The sampling rate is 1000 kHz.

4.2. The Simulation Results and Analysis

1) Monopole grounding fault

The fault occurs at 100 km from the rectifier side, and the transition resistance is 0 Q. Figure 7 shows the
frequency-time graph. The arrival time of the initial fault wave to the rectifier side is 1.500336 s, and its corres-
ponding transient frequency is 106,111 Hz. Similarly, through Figure 8 the arrival time of the initial fault wave
to the inverter side is 1.503027 s and its corresponding transient frequency is 50,086 Hz. The wave speed of the
initial fault wave to the rectifier side and the inverter side respectively are 2.9734x10°® m/s and. Equation (6)
is used to calculate the fault point, which is 100.1107 km away from the rectifier side, the 2.9722x10® m/s
absolute error is 0.1107 km, and the relative error is 0.1107%.

Monopole grounding fault of different fault distance and different transition resistance, the calculated fault
distance are shown in Table 1.

Table 1 shows that no matter where the fault occurs, the absolute error is within 1%, which is met with the
precision and is less affected by the transition resistance.

2) Inter-electrode fault

If the fault occurs at 100 km away from the rectifier side, and the transition resistance is 0 Q. Figure 9 shows
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the frequency-time graph. The arrival time of the initial fault wave to the rectifier side is 1.500326 s, and its
corresponding transient frequency is 96,124 Hz. Similarly, through Figure 10 the arrival time of the initial fault
wave to the inverter side is 1.503026 s and its corresponding transient frequency is 44,750 Hz. The wave speed
to the rectifier side and the inverter side respectively are 2.9720x10° m/s and 2.9732x10° m/s The calcu-
lated fault point is 98.7999 km from the rectifier side, the absolute error is 0.2001 km, and the relative error is
-1.2001%.
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Figure 7. Time-frequency graph (Rectifier side).
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Figure 10. Time-frequency graph (Inverter side).

Interelectrode fault of different fault distance and different transition resistance, the calculated fault distances
are shown in Table 2.

Through Table 2, the absolute error is basically within 1%, which meets the accuracy requirements. Yet in
the same fault distance, compared with the monopole grounding fault the result is reflected by the transition re-
sistance much more greatly. The relative error is bigger than the monopole grounding fault error. Thus, fault

()
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Table 1. Different fault characteristic (monopolar grounding fault).

Fault distance Transition resistance Measured fault distance Absolute error Relative error
(km) (©) (km) (%) (km)
0 100.1107 0.1107 0.1107
100 100 100.1393 0.1393 0.1393
0 300.0214 0.0071 0.0214
30 100 300.0382 0.0127 0.0382
0 500.1009 0.0201 0.1009
>0 100 500.0084 0.0016 0.0084
0 699.9853 —0.0021 —0.0147
70 100 700.0089 0.0012 0.0089
0 899.8456 -0.0171 —0.1544
%0 100 899.8456 -0.0171 —0.1544

Table 2. Improved double-terminal algoriTHm (Interelectrode fault).

Fault distance Transition resistance Measured fault distance Absolute error Relative error
(km) Q) (km) (%) (km)
0 98.7999 -1.2001 -1.2001
100
100 100.4450 0.4450 0.4450
0 301.9498 0.6499 1.9498
300
100 301.6695 0.5565 1.6695
0 498.6878 —-0.2624 -1.3122
500
100 495.8477 —-0.8305 -4.1523
0 701.7501 0.2500 1.7501
700
100 701.6065 0.2295 1.6065
0 899.9673 —-0.0036 -0.0327
900
100 900.1278 0.0142 0.1279

types have some influence on the fault location result.

5. Conclusion

The paper considered fully the dispersion characteristics of the traveling wave, and proposed the improved fault
location algorithm. Through the improved HHT, and the initial arrival time of the fault traveling wave, the cor-
responding wave speed is determined. It is meaningful to improve the location accuracy of the traveling wave
fault location. From the relevant simulations, wherever monopole grounding fault occurs, the ranging relative
error is within 1%, and the result is less affected by the transition resistance. Yet, when interelectrode fault oc-
curs, the result is relatively larger. Making the algorithm adapt to different fault occasion will be the next em-
phasis for future research.
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