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Fault location method for hybrid
MTDC system based on LCC signal
Injection strategy

Junjie Hou'™, Chao Gao?, Yanfang Fan?, Guobing Song’?, Xiaofang Wu? & Chaowang Mu?

A fault location method based on line commutation converter (LCC) signal injection strategy for hybrid
multi-terminal direct current (MTDC) system is proposed to deter-mine the fault location after the
permanent fault occurs and facilitate the line inspection and maintenance by the staff. Firstly, using
the fault control ability of LCC, the additional control strategy is applied to the trigger angle of LCC to
realize signal injection. The frequency, duration and amplitude of the injection signal are analyzed and
determined, and a signal injection strategy based on LCC is proposed. Secondly, In the injection signal
mode, the fault location equations for pole to ground fault and pole to pole fault in the distributed
parameter model are derived respectively. The hyperbolic function in the fault location equation is
replaced by Taylor series, and the multi order fault location equation is written. Using Ferrari method
to solve the analytical solution of fault location equation to realize fault location. PSCAD/EMTDC
simulation results show that the proposed fault location method only uses single terminal data, the
location error is less than 1%, has high location accuracy. It can withstand 400 Q fault resistance and 40
dB noise interference, and does not have the problem of iterative convergence.
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The traditional high voltage direct current (HVDC) system uses line commutation converter (LCC), which can
enable high-performance power transmission with three defining characteristics: long-distance transmission
capability, large-capacity power transfer and seamless cross-regional grid interconnection. However, as the
receiving end, it is prone to commutation failure!. With the emergence of turn off devices, voltage source
converter (VSC) with high controllability has developed rapidly. Compared with LCC, VSC does not need
to consider commutation failure’.. Among many VSC topologies, modular multilevel converter (MMC)
has become the preferred technical scheme for flexible DC transmission projects due to its highly modular
design, easy expansion, and less harmonic voltage. However, MMC has high cost and large loss’. Therefore, the
hybrid MTDC system, which synergistically combines the complementary advantages of both technologies,
demonstrates significant potential for wide-spread adoption and future development*~’.

Long-distance and large-capacity DC transmission projects generally use overhead lines for power
transmission, with high failure probability. After a permanent fault occurs, it is necessary to determine the fault
location for the convenience of staff maintenance. The existing fault location methods based on signal injection
strategy can be divided into traveling wave method, fault analysis method, AI method and impedance method.

The traveling wave fault location method mainly depends on the principle of traveling wave refraction and
reflection and the extraction of traveling wave head. References®!! inject traveling wave signals into the line,
and realize fault location according to the time difference between the incident wave and reflected wave of
traveling wave reaching the measuring end. Reference!? used the solid-state circuit breaker to inject signals with
different pulse widths. Detection of first and last arrival time of pulse using improved adaptive modulus maxima
method. The fault location is realized according to the propagation time interval of the injected signal. However,
the above fault location methods need to accurately capture the arrival time of traveling wave head. Reference!?
injects current signal into the line. The fault location is achieved through an iterative computational algorithm
that leverages the precise mathematical relationship be-tween traveling wave frequencies (primary/secondary)
and fault distance. The effectiveness of this method varies with the sampling rate.

The fault analysis method constructs the fault location equation according to the system model and the
relationship between electrical quantities to realize the fault lo-cation. References'®!> injects characteristic
signals into the line, and then constructs the ranging equation according to the distribution characteristics of
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electrical quantities along the line to realize fault location. However, the above method needs iterative calculation
when solving the equation, which has the problems of large amount of calculation and iterative convergence.
Reference!® solves the fault distance by unlocking the injection cur-rent of DC/DC converter station and using
the relationship between fault resistance and high-frequency impedance. Reference!” injects a small current into
the line, constructs the ranging equation by analyzing the electrical quantity characteristics of the fault circuit
in the time domain. The fault location is realized by using the least square method. This method is suitable for
DC distribution system with controllable current limiting reactor. References!®! respectively inject harmonic
voltage and current into the line, and use the pure resistance property of the grounding impedance at the fault
point to carry out fault location. Reference? used the injection current signal to calculate the ratio of the positive
and negative line inductance from the fault point to the VSC outlet. The accurate solution of fault distance is
realized. However, this method requires additional hybrid quick disconnectors. Reference?! used hybrid MMC
to inject characteristic signals into the line and uses the idea of parameter identification to realize fault location.
Only a few of the above methods discussed the fault location method based on LCC signal injection.

For method based on AI, Ref?2. considers the physical structure of the power grid as an important constraint
factor for training deep graph learning models. Then, a special spatiotemporal convolutional block is utilized to
enhance the waveform feature extraction ability. Finally, a multi task learning framework is constructed for fault
location. This method requires precise modeling of actual engineering models. Reference?® adopts the adaptive
time-frequency signal processing method (EMT) to extract signal features, and uses the Teager energy operator
(TEO) to capture the instantaneous amplitude and frequency changes of the signal, thereby obtaining fault
features. Afterwards, neural networks are used to train the data and obtain accurate fault distances.

For impedance method, Ref?. injects two signals of different frequencies at the first end of the grounding
electrode and measures the amplitude of impedance change Distinguish the distance interval of the fault
occurrence based on the value and phase angle information. Afterwards, calculate the fault distance based on
the distance measurement expression and boundary phase angle values. This method requires a higher sampling
frequency and additional wave blockers. Reference!'® unlocks the DC/DC converter station injection signal,
constructs the fault distance measurement equation using the fault resistance expression, and solves to obtain
the fault distance.

To sum up, on the one hand, fault location method based on active injection of characteristic signals are
mostly based on hybrid MMC or full bridge MMC with fault self-clearing capability and DC circuit breakers,
which are suitable for flexible DC transmission systems. On the other hand, research on fault location methods
for hybrid MTDC systems remains limited, with most existing approaches failing to adequately address several
critical challenges. Conventional methods often neglect the influence of distributed capacitive currents in
transmission lines, particularly for long-distance applications. Furthermore, these methods are susceptible to
multiple interfering fac-tors, including sampling rate variations, DC boundary effects. Many algorithms also
rely on iterative numerical solutions for solving fault location equations, introducing convergence issues. These
limitations underscore the urgent need for advanced fault location methodologies specifically designed for
hybrid MTDC systems.

This paper proposed a fault location method for hybrid MTDC system based on the LCC strategy. The main
contributions of this paper are as follows:

1. The proposed method uses LCC to inject signal without PI regulation, and has faster response speed.
The proposed fault location method utilizing only single end data, eliminating dependence on communica-
tion channels and their associated latency or synchronization issues. In addition, this paper used the Ferrari
method to solve the analytical solution of the location equation to achieve fault location, there is no iterative
convergence problem.

3. The applicability of the proposed method under the influence of fault resistance, noise, sampling rate, and
DC boundary was verified in PSCAD/EMTDC.

The main contents of the paper are as follows: In “Signal injection strategy”, the signal injection strategy based on
LCC is proposed. In “Injection signal selection”, the selection of injection signal length, frequency and amplitude
is discussed. In “Fault location method”, the fault location equation is con-structed in the injected signal mode,
and the fault location method is proposed. In “Simulation verification”, the performance of the proposed method
has been verified under different fault scenarios. Section “Conclusions” concludes this paper.

Signal injection strategy
The topology of hybrid MTDC system is shown in Fig. 1. It is composed of sending end LCC and receiving end
half bridge MMC in parallel.

In Fig. 1a, b are the protection installations of the positive pole, &, b’ are the protection installations of the
negative pole, L_is smoothing reactor.

Under normal operating conditions of the hybrid MTDC system, the LCC station implements constant
current control to maintain DC current stability, while the MMC stations employ dual control modes: constant
DC voltage control to regulate system voltage, and constant active power control for precise power dispatch.
In case of DC line fault, LCC will conduct emergency phase shifting or change the reference value of constant
current control to realize fault current limiting?>. MMC side will adopt fault current limiting strategy for fault
isolation.

At present, there are few researches on using LCC to realize characteristic signal injection, but there are also
some papers that have carried out preliminary exploration. References'*!® inject current signal through LCC,
Ref?. injects voltage signal through LCC. The control block diagram is shown in Fig. 2.
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Fig. 2. Existing LCC signal injection control strategy.

In Fig. 2, I, is the DC current reference value of constant current control DC current during normal
operation, I;_is the measured value of DC current, I deset 1 the set value of DC current in!4- [15 injection signal
stage, I, .. is the set value of DC current in'* fault current limiting stage, a_, is the reference value of trigger
angle, a_, is the set value of trigger angle in'>?® fault current limiting stage, a,,, is the set value of trigger angle
in® injection signal stage, « is the trigger angle of final output.

As shown in Fig. 2, LCC adopts constant current control during normal operation. After the fault occurred,
Reference! set the constant current control reference value to 0 to realize fault current limiting. Reference!®
achieved fault current limiting by increasing the trigger angle to more than 90° through emergency phase
shifting. After that, both inject current signals by changing the reference value of constant current control.
Considering the unidirectional conductivity of the thyristor, in the current injection stage, to ensure the constant
current direction, the DC component should be added to the DC current reference value of the above injection

method. As shown in the following Eq.

setl

Ticset = A + Bsin(wt + ¢) (1)

where A is the DC component; B is the injection signal amplitude; w is the angular frequency of the injection
signal; ¢ is the initial phase of the injection signal.

Reference® realizes fault current limiting by emergency phase shifting, and then realizes voltage signal
injection by short-time step changing trigger angle.

When the LCC side adopts the constant current control, the PI control is driven by the deviation between
the DC current reference value and the measured value to adjust, to obtain the corresponding trigger angle
a. Therefore, this paper realizes characteristic signal injection by changing the trigger angle of LCC. Since the
response characteristics of the AC signal system injected into the DC system are more obvious. The AC signal is
injected by changing the trigger angle sinusoidally. For the fault current limiting strategy, Ref'. set the current
reference value to 0 to achieve fault current limiting, and then get the trigger angle through PI control. The
control function is shown in (2).

d(Idcref - Idc) 1

do
_E - PT + T(Idcref - [dc) (2)

where P is the proportional coefficient of PI regulator; T is the integral time constant of the PI regulator.
References!'>? realizes fault current limiting by directly changing the trigger angle, saves PI control time, and
can limit the fault current to 0 faster. The effects of the two different fault current limiting strategies are shown
in Fig. 3.

According to Fig. 3, the fault current limiting strategy by changing the trigger angle can limit the current to 0
faster. Consequently, the paper achieves effective fault current limitation through emergency phase-shift control.

To sum up, the LCC injection signal strategy adopted in this paper is shown in Fig. 4.

In Fig. 4, a,,, is the trigger angle setting value in the fault current limiting stage, «
setting value in the injection signal stage.

For LCC converter, pole to ground DC voltage U, _can be expressed as:

o 18 the trigger angle

U4qc = N(1.35U1 cos ¢ — §Xr1dc) )
™
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Fig. 3. Fault current limiting effect of different control strategies.

([Signal injection strategy | |
I[Signal inj gyl

- i DI
Tde Tt ‘
L

Current limiting strate gy|

Fig. 4. Signal injection strategy of LCC.

where N is the number of 6 pulse converters in each pole, in this paper, 12-pulsae converters are used, taking
N=2,U,is the effective value of no-load line voltage at the valve side of converter transformer, which is 210 kV
in this paper; a is the trigger angle; X, is commutation reactance; I, is DC current.

According to (3), the voltage signal can be injected by changing the trigger angle.

When a fault occurs, the LCC side triggers the fault current limiting strategy to limit the fault current to 0. In
this paper, the trigger angle a is set to 150 °, as shown in (4).

Q= Qsetl = 1500 (4)

After the fault occurs, the system enters the system recovery stage after a fixed delay of 150ms (i.e. the deionization
time, generally 100ms ~ 300ms)?!. Currently, LCC switches from fault current limiting control strategy to signal
injection control strategy, that is, signal injection is realized by changing the trigger angle.

Injection signal selection
The injection signal selection needs to be considered from three aspects: injection length, injection frequency
and injection amplitude. The following is a detailed analysis.

Length of injection signal
The length of the injection signal needs to consider factors such as signal trans-mission delay, signal sampling
period, transformer transmission delay, etc. Specific analysis is as follows:

(1) Signal transmission delay. The wave speed of signal transmission is as follows!*.

w

\/% [W2mem — Tmgm + /(12 + w2l (g3 + wich)]

Vm =

(5)

where r_ is the resistance parameter per unit length; [ is the inductance parameter per unit length; ¢ is the
capacitance parameter per unit length; g is the conductivity parameter per unit length.

According to (5), considering the total length of the line used in this paper is about 1500 km, the signal
transmission time in the line is about 7.5ms. The injection signal duration shall be greater than the signal
transmission delay.

(2) Signal sampling period. According to Nyquist theorem, to accurately extract the signal, it needs at least
twice the length of the characteristic frequency. Considering that the injection signal frequency selected is 20 Hz
in this paper, a sampling period is 50ms, and the double length is 100ms.

(3) Transformer transmission delay. The current Chinese national standard GB/T 26,217 —2019 stipulates
that the transmission delay of DC electronic voltage transformer shall not be greater than 500 ps?’. And the
injection time shall be greater than the transmission delay of transformer.
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Fig. 5. Line transmission attenuation.
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Fig. 6. Effect of different frequency injection signal.

(4) Filter delay. This paper employs a 50th-order FIR low-pass filter for precise time-domain waveform
extraction, with the corresponding filter group delay calculated as (6):
n

t= —
2 ©

where 7 is the filter order; f is the system sampling rate. According to (6), to ensure accurate signal extraction
at a sampling rate of 10 kHz, the injection signal length must be greater than 5ms to compensate for filter delay.

(5) The system recovers for a short time. To enhance power supply reliability and minimize outage duration,
the system should be recovered in a short time to reduce the power failure time, so the injection signal time
should not be too long. During the recovery process of the project, the deionization time is generally set to
100 ~300ms, and the number of restarts is set to 0~ 5. The system recovery takes several seconds or even longer.

(6) Impact on the system. When the converter operates with an excessive trigger angle (a>50°), significant
operational degradation occurs in critical converter station equipment. The service life will be reduced
accordingly, and the interference level of the converter station will also increase?®. Therefore, the signal injection
time should not be too long.

To sum up, to ensure the effect of the injection signal, the length of the injection signal is set to 150 ms.

Frequency of injection signal
When selecting the injection signal frequency, factors such as signal transmission effect, converter frequency
output capability, DC filter resonance and so on should be considered. The following is a detailed analysis.

(1) Signal transmission effect. The attenuation factor in the transmission process of injection signal shall be
considered, and the line transmission coeflicient is shown in (7).

A(jw) = exp[—y(jw)]] 7)

Considering that the length of the line used in this paper is about 1500 km, the typical transmission attenuation
curve under 1500 km overhead line is drawn according to (7), as shown in Fig. 5.

According to Fig. 5, the signal attenuation exhibits a frequency-dependent characteristic which increased
injection signal frequency leads to greater attenuation. So, the injection signal frequency should not be too high.

(2) Converter frequency output capability. In this paper, a 12-pulse converter is used, and the effect of signal
injection at different frequencies is shown in Fig. 6.

According to Fig. 6, due to the limitations of the converter’s output capacity, the quality of the injected signal
gradually worsens as the frequency increases. At the same time, considering that the 12-pulse converter will
output 12-times integer harmonics, the injected signal frequency should avoid the harmonic frequency.
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Fig. 8. Amplitude frequency characteristics of hyperbolic function.

(3) DC filter resonance. The injection signal frequency shall avoid the resonant frequency of the DC filter to
avoid affecting the operation of the DC filter. The amplitude-frequency characteristic curve of the DC filter of
the system shows in Fig. 7. in this paper.

According to Fig. 7, the DC filter has multiple series and parallel resonant frequencies, and the injection
frequency should avoid the series and parallel resonant frequencies shown in the Fig. 7.

(4) Sampling rate of protection installation. In the actual project, the sampling rate of the protection
installation is generally between 10 and 50 kHz?, and the injection frequency should be much lower than the
sampling rate of the protection installation to ensure that the device can effectively obtain the injection signal.

(5) Considering that the distributed parameter model is used for analysis in this paper, the line length is
1500 km, so the amplitude-frequency characteristics of hyperbolic function under 1500 km are analyzed, and
the amplitude-frequency characteristics are shown in Fig. 8.

According to Fig. 8, the hyperbolic function changes linearly in the low frequency band. In addition, when
using the distributed parameter model to calculate the electrical quantity at the remote end, only 100 Hz and
below of the line parameters can be accurately calculated®. Therefore, the injection signal frequency should not
be too high.

(6) Considering that this paper needs to calculate the voltage at the remote end from the voltage at local end,
it is necessary to consider the distribution error along the voltage, as shown in (8)3%.

E =1— cos(wl/2v) (8)

where w is the angular frequency of the injection signal; [ is the line length; v is the wave velocity. From (8), the
error curve when the line length is 1500 km is shown in Fig. 9.

According to (8) and Fig. 9, at a length of 1500 km and a frequency of 30 Hz, the error reaches 10.2%, and the
error increases with the increase of frequency. So, the injection frequency should not be too high.

(7) Impact on the system. The higher frequency of sine change trigger angle may cause the equipment to
overheat for a short time and affect the stability of the system. Therefore, the frequency should not be too high.

To sum up, the frequency of the injection signal is 20 Hz.

Amplitude of injection signal
The amplitude of the injection signal needs to consider the measurement accuracy of the transformer, the impact
on the injection equipment. Specific analysis is as follows:

(1) Measurement accuracy of transformer. It must be ensured that the amplitude of the injection signal is
greater than the lower limit of the measured value of the transformer. Taking the electronic transformer as an
example, the amplitude of the injection signal should be greater than 0.05p.u®. According to (3), the change
range of trigger angle should be less than 87 °, and the smaller the trigger angle, the higher the injection voltage
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Fig. 10. Rated DC current and Rated AC current at LCC side during normal operation of the system. (a)
Rated DC current; (b) Rated AC current.
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amplitude, which will affect the system operation. So the trigger angle should not be too low. It is recommended
to set the change range of trigger angle sine to 83 °~85 °.

(2) Impact on injection equipment. Injection current will be generated in the DC line when the voltage
signal is injected, resulting in the injection current component in the bridge arm. Because the smaller the trigger
angle is, the higher the injection voltage amplitude is, the higher the injection current component amplitude is
when the system resistance is constant. The bridge arm current component is composed of the injection signal
component and the original AC current. It shall be ensured that the bridge arm current does not exceed its
maximum bearing range to avoid secondary impact on the equipment. The overload capacity of the thyristor for
5s can reach 1.3 times the rated current?®. The expression of bridge arm current is shown in (9).

Taem < 103X
Tae  Tac )
3 2

Torm =

When the system operates normally, the simulation results of rated DC current and rated AC current at LCC
side is shown in Fig. 10.

According to Fig. 10, the rated DC current is 1.535 kA and the rated AC current is 2.346 kA during normal
operation of the system. According to (9), the rated current of the bridge arm is about 1.685 kA. Because the
overload capacity of the thyristor for 5s can reach 1.3 times the rated current, the maximum current that the
bridge arm can withstand is about 2.191 kA.
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When the sinusoidal change range of trigger angle is 83 °~85 °, the simulation results of DC current and AC
current at LCC side in the stage of signal injection under the most serious fault condition (i.e., DC line first end
fault) are shown in Fig. 11.

According to Fig. 11, when the DC current is 3.131kA and the AC current is 0.7169kA, the bridge arm
current reaches its peak. According to (9), the bridge arm current is about 1.463 kA, within its acceptable range.
When the trigger angle continues to decrease, the DC peak current will increase, which may exceed the current
bearing range of the bridge arm. Therefore, the trigger angle should not be too low.

To sum up, to ensure the effect of injection signal, the sine change range of trigger angle is 83 °~85 °.

The trigger angle and DC voltage response obtained by using the above injection signal length, frequency and
amplitude are shown in Fig. 12.

From the above analysis, the injection method proposed in this paper does not need to be adjusted by PI, and
has faster response speed.

Fault location method

Response characteristics analysis of injection signal parameters

For accurate fault analysis in bipolar systems, decoupling of the coupled positive and negative DC lines is
essential through modal domain transformation. The decom-posed current and voltage components at the
protection location are calculated as follows.

Hﬂzg[ll_ll]“‘j} (10)

[%}zg[lﬁl}[gﬂ (11)

where the 1-mode and 0-mode are represented by subscripts “1” and “0” respectively; the electricity quantites of
the positive and negative electrodes is represented by p and n, respectively.

The response characteristics of fault point parameter changes under permanent pole-to-ground (PTG) fault
and permanent pole-to-pole (PTP) fault are analyzed as follows.

(1) Pole-to-ground fault.

In PTG fault, the fault pole LCC triggers the signal injection strategy. Currently, the fault pole emergency
phase shift limits the current to 0 and then injects the characteristic signal. The sound pole LCC will not trigger
the signal injection strategy and will not inject the characteristic signal. Therefore, the sound pole injection
characteristic signal is 0. Taking the positive PTG fault as an example, the system topology is shown in Fig. 13.

In Fig. 13, U, is the injection voltage at the positive fault point; I is the injection current at the positive fault
point. Currently, the injection voltage and current at the positive fault point meet the following relationship:

Ur = ItRy (12)
35 _
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Fig. 11. DC current and AC current at LCC side during signal injection stage. (a) DC current; (b) AC current.
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Fig. 12. Trigger angle and DC voltage response. (a) Trigger angle response; (b) DC voltage response.
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Fig. 13. Permanent PTG fault system topology.

Using (10) and (11) to decouple the positive and negative voltages and currents at the fault point, the modulus
expression can be obtained as (13).

U;
Un =Up = 7%
(13)
Iy = Iro = It
V2
From (12) and (13):
Un + U = V2Us = V2I: Ry (14)

From (13) and (14), it can be concluded that the 0-mode current, voltage and 1-mode voltage at the fault point
meet the following relationship:

Ui + Un
I = o (15)
From the above analysis, the 0-mode voltage at the fault point is equal to the 1-mode voltage, and the 0-mode
current is equal to the 1-mode current when the signal is injected. Taking the 0-mode voltage and 0-mode
current at the fault point under the permanent PTG fault through 100 Q fault resistance as an example, the
response waveform is shown in Fig. 14.

From Fig. 14 that the 0-mode voltage and current at the fault point change sinusoidally under the permanent

single pole grounding fault under 100 Q fault resistance, and its response characteristics conform to (15).
(2) Pole-to-pole fault.
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Fig. 14. Response to parameter change of permanent PTG fault under 100 Q fault resistance. (a) Voltage
response of 0-mode; (b) Current response of 0-mode.
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Fig. 15. Permanent PTP fault system topology.

Both positive and negative LCCs trigger the signal injection strategy in case of PTP fault. Both positive and
negative LCCs inject characteristic signals after emergency phase shifting limits the fault current to 0. The system
topology is shown in Fig. 15.

Currently, the positive voltage, current and negative voltage, current at the fault point meet the following
relationship.

{Upf — Unt = ItR¢ (16)

I = Ir = =1yt

where U . and U, are positive fault point voltage and negative fault point voltage respectively; I ; and I ; are
” . : : . p n
positive Fault point current and negative fault point current respectively.
Using (10) and (11) to decouple the positive and negative voltages and currents at the fault point, (17) can
be obtained.

ItR
Un = %
21
Iy == 7% (17)
U =0
I(p =0
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Fig. 16. Response to parameter change of permanent PTP fault under 100 Q fault resistance. (a) Voltage
response of 1-mode; (b) current response of 1-mode.
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Fig. 17. Mode domain equivalent network for permanent PTG fault.

From (17), it can be concluded that there is no 0-mode component in case of PTP fault, and the relationship
between the 1-mode voltage and current at the fault point meets the following.
2Un
Ry

I = (18)

The response of the 1-mode voltage and current at the fault point under the permanent PTP fault under 100 Q
fault resistance is shown in Fig. 16.

It can be seen from Fig. 16 that the 1-mode voltage and the 1-mode current at the fault point change
sinusoidally under the permanent inter pole fault with 100 Q fault resistance, and their response characteristics
conform to (18).

Construction of fault location equation based on distributed parameter model
(1) Pole-to-ground fault.
According to the analysis in Sect. 4.1.1, the mode domain equivalent network in case of PTG fault is shown
in Fig. 17.
In the Fig. 17, U,p L, are the 0-mode voltage and 0-mode current at side a respectively; Upo Lo 2r€ 0-mode
voltage and 0-mode current at side b respectively; U, ;, I, are the 1-mode voltage and current at side a respectively;
op> Lop» Co; are 0-mode

U, I, are the 1-mode volt-age and 1-mode current at side b respectively; R, L., Co» R
and 1-mode resistance, inductance and capacitance respectively; Ly Lo L Ly are 0-mode current and one

Scientific Reports |

(2025) 15:31769

| https://doi.org/10.1038/s41598-025-17375-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

mode current upstream and downstream of the fault point respectively; Uy, I, are 0-mode voltage and 0-mode
current at the fault point respectively; U, I, are the 1-mode voltage and current at the fault point respectively.
According to Fig. 17, the 0-mode voltage and the 1-mode voltage at the fault point under the distributed

parameter model are shown in (19).

Ufo = Uao COSh(’Y().II) — aOZCO sinh('yom) (19)
Urr = U1 cosh(v1x) — Ia1 Ze1 sinh(y1z)
I, and I, are shown in (20).
UaO .
Do = Iao cosh(yoz) — 7 sinh(yox)
UcO (20)
Iy = Iay cosh(miz) — Zal sinh(vy1z)
cl

By introducing (19) and (20) into (15), I is the function of fault resistance R, and fault distance x, as shown in
(21).

_ Uao cosh(yox) — Tao Zeo sinh(yox) 4 Ua1 cosh(y1z)

Iro

2R¢
21
 TaZa sinh(y17) @D
2Ry
From Kirchhoff current law (KCL) at fault point, I ; is shown in (22).
Lito = Lo — Ito
- U.o . Uao cosh(vo0x) — Ia0Zco sinh(yox)
=TI,0 cosh(yozx) — 7o sinh(yoz) — 3R (22)
Uai cosh(v1z) — Ia1 Zei sinh(vy1x)
Jr
2R¢

Since the remote end is in open circuit state at this time, the remote end current I,=0,50 (23) can be obtained.

U,
I'no = Lo cosh(yo(l — z)) — Zfz

sinh(yo(l —x)) =0 (23)

Combining (19) and (22), (24) can be obtained.

al al h — la ZC i h
Ivo = | Iao cosh(yox) — Uao sinh(yoz) — o coshot) oo
Zeo 2R¢
a h - Ia ZC inh
+U 1 cosh(y1z) 1Zc1 sinh(y12) cosh(yo(l — )) @)

2R

) Uso cosh(yox) —Z 20Zc0 sinh(yox) sinh(y0(l — x)) =0
c0

After finishing the above equation, I, , can be obtained as shown in (25).
Ivo = AoUao + A1Ua1 + A2lao+Aslan (25)

ApAL A, A in (25) is shown below.

Ao = 725351%;1(701) — cosh(7ol)cosh® (yoz) (26)
+ sinh(vo!) sinh(yoz) cosh(vox)
A1 = — cosh(rol)cosh(yoz)cosh(y1z)+ 27)
sinh(yol)sinh(vyox)cosh(vy1x)
Az = 2R¢cosh(vol) + Zcocosh(vyol)cosh(yox)sinh(yox) (28)
— Cgsinh(fygl)sinhQ('yoac)
Az = Zci cosh(vol) cosh(yoz) sinh(y12)— (29)

Z.1 sinh(7yol) sinh(vox) sinh(y1z)

To address the convergence challenges of iterative methods for solving the non-linear fault location Eq. (25),
Taylor series is used to replace the hyperbolic function term with unknown x in this paper. To ensure model
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accuracy while enabling non-iterative solutions, this paper strategically truncates Taylor series expansions be-
yond 4th-order terms due to the small y,x and p,x terms. The fault location equation is obtained as shown in

(30).
R¢Bo + B1 + Box + Bsa® 4+ Baz® + Bsz* =0 (30)
B, B,, B,, B, B, B, in (30) is shown below.
inh :
By = ,M + 2 cosh(vol) Iao (31)
ZCO
Bi1 = — cosh(70l)Uao — cosh(yol)Uaz (32)
By = Sinh(’}/QZ)’YOUaO + Sinh(’}/ol)’}/anl (33)
+ Zeocosh(yol)yolao + Zeicosh(vol)viTar
2 2
Bs = — cosh(y0l)y2Uao — 22 ;71 cosh(yol) U G
— Zeo sinh('yol)’yglao — Ze1 sinh(yol)yoy1 a1
9 3 2
By = gygsinh('yol)Uao + WSinh(%l)Uﬂ
(35)
3 2
+ gngcocosh(yol)Iao + Wchosh(%l)Ial
4 4 4 2.2
Bs = _,%0 cosh(yol)Uao — W cosh(yol)Uaz
(36)
4 3 3
- %Ozco sinh(yol) Tao — Wstmh(%l)Ial
If the real part and imaginary part of (30) are 0 respectively, (37) can be obtained.
RiRe(By) + Re(B1) 4+ Re(B2)x + Re(Bs)z® + Re(Bs)x® + Re(Bs)z* =0 G7)
RiIm(Bo) + Im(B1) + Im(Bz)x + Im(B3)z® + Im(Ba)x® + Im(Bs)z" = 0
Using (37) to eliminate the fault resistance R, the fault location for PTG fault can be obtained as (38).
maz® + msz® + max? + miz+mo =0 (38)

where m; = Im(Bo)Re(B;) — Re(Bo)Im(B;),i=1,2,3,4,5.

The fault distance x can be obtained by solving (38), and the value range of xis 0< x<1.

(2) Pole-to-pole fault.

According to the analysis in Sect. 4.1.2, the model domain equivalent network in case of PTP fault is shown
in Fig. 18.

From Fig. 18, the expressions of the 1-mode voltage at the fault point and the 1-mode current upstream of
the fault point are shown in (39).

Usi = Ua1 cosh(v1x) — Ia1 Ze1 sinh(y1z)
39
{Im = I.1 cosh(yiz) — % sinh(y1z) (39)
cl
Substituting (39) into (18), I, is a function of fault resistance R.and fault distance x, as shown in (40).
2Ua1 cosh(viz) — 2141 Zc1 sinh(v1x
I = 2Ua (m1z) 1Ze1 sinh(y1x) (40)

Ry

Based on KCL at fault point, the downstream current at fault point is shown in (41).

Fig. 18. Mode domain equivalent network for permanent PTP fault.
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Iey = I — I

_ ) “
Ut sinh(yi1z) — 2Ua1 cosh(y1) — 2141 Zey sinh(y12) (41)

=1, h -
a1 cosh(y17) 70 e

Since the remote end is in open circuit state at this time, the remote end current I,,=0,50 (42) can be obtained.

U
Iy = Lip cosh(n (I — z)) — Zﬂ

cl

sinh(y1(I —z)) =0 (42)

Combining (41) and (42), (43) can be obtained.

U
Iy = Lip cosh(y (I — z)) — Zfl

cl

sinh(y1 (I — x))

= [Ial cosh(y1z) — % sinh(%x)} cosh(y1(l — x)—
cl

B . (43)
[2Ua1 cosh(y1z) — 2Ia1Zc1 smh(’ym)] cosh(y1 (1 — )
Ry
_Uai cosh(712) — Ta1 Zea sinh(y12) sinh(y1 (1 — ) = 0
ch
After finishing the above, I, ; can be obtained as shown in (44).
Ini = AgUar + A1l (44)
Ay A in (44) is shown below.
Ao = —Rfs’%lt(jll) — cosh(y10)cosh® (1) + (45)
sinh(y11)sinh(vy1z)cosh(y1x)
A = Rfc%h(%l) + Zcicosh(yil)cosh(yiz)sinh(y1x) (46)

— Zeisinh(y11)sinh? (y1 z)

Using Taylor series instead of hyperbolic function and ignoring the higher-order term of more than four times,
(47) can be obtained.

R¢Bo + By + Box + B3a? + Bya® + Bsz* =0 (47)
B, B, B,, By, B,, B; in (47) is shown below.
_sinh(’yll)Ual n cosh(y1l) a1

= 48
Bo 271 2 “8)
By = —cosh(v11)Uar (49)
By = Zci1 cosh(y1l)y11a1 + sinh(v10)y1Uar (50)
Bs = — cosh(y11)ViUa1 — Zea sinh(y11)7; Lax (51)

3 3
By = 2% c1 cosh(y1l)la1 + 2% sinh(y11)Ua1 (52)
Bs = — (7?/3) cosh(y1)Ua1 — (7?/3) Zey sinh(y11) I (53)

If the real part and imaginary part of (47) are 0 respectively, (54) can be obtained.

RiRe(Bo) + Re(Bi1) + Re(Bs)x + Re(Bs)z” + Re(Ba)xz® 4+ Re(Bs)z' =0 s

RiIm(Bo) + Im(B1) + Im(Bz2)x + Im(Bs)x® + Im(Ba)z® + Im(Bs)z" = 0

Using (54) to eliminate the fault resistance R, the fault location equation for PTP fault can be obtained as follows:

maz® + msx® + max? + miz + mo =0 (55)

The fault distance x can be obtained by solving (55), and the value range of xis 0<x< I

The above derived fault location equations are all univariate quartic equations, and the iterative solution
method has convergence problems. Therefore, this paper us-es the Ferrari method to obtain the analytical
solution. In addition, this paper uses LCC to inject the characteristic signal, so the filter algorithm is used to
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Method Advantage Shortcoming

Ferrari method Strong versatility, applicable to all forms of unary quartic equation | A little more calculation

Poor versatility, need to guess the factor, limited

Descartes method | Intuitive and easy to understand with less calculation A
scope of application

Considering the symmetry of the equation, the

Euler method Strong theoretical basis, suitable for theoretical research calculation is complex and the applicability is limited

Table 1. Comprehensive comparison of analytical solutions of quartic equation with one variable.

Method Solution time
Ferrari method 0.037s

Descartes method | 0.045s
Euler method 0.067s

Table 2. Solution time performance comparison.

extract the line parameters at the injection frequency (20 Hz), which can mitigate the impact of line frequency
variation parameters to a certain extent.

Solution of fault location equation for distributed parameter model based on Ferrari method
For solving the quaternion equation in one variable, the numerical method has the problem of iterative
convergence, and the analytical solution can avoid this problem. At present, there are three most representative
methods for solving analytical solutions, namely, Ferrari method, Descartes method and Euler method.

The Ferrari method was proposed by the Italian mathematician Lodovico Ferrari. Its core advantage is that
through the ingenious variable substitution and order reduction strategy, the univariate quartic equation is
transformed into a cubic auxiliary equation and a combination of two quadratic equations to solve. Thus, a
complete theoretical framework of analytical solutions is constructed. This method is applicable to all forms of
quaternion equation with one variable and has strong generality, but the amount of calculation is slightly larger.

Descartes’ method was proposed by the French mathematician René Descartes. Based on the idea of
factorization, Descartes’ method decomposes the unary quartic equation into the product of two quadratic
equations. By assuming the decomposition form and comparing the coeflicients, the analytical solution of the
unary quartic equation is obtained by the elimination method. This method has a small amount of calculation,
but it depends on whether the quartic equation can be decomposed into the product of two quadratic equations.
There is an applicability problem for the equation that cannot be decomposed. In the actual solution process, it
may need to guess or try the form of factorization, which increases the uncertainty.

Euler method was proposed by the Swiss mathematician Leonhard Euler. Its specific idea is to convert the
quaternion equation of one variable into a simplified form, then introduce new variables. Using symmetry to
transform the equation into a de-composable form, solve the transformed equation, and obtain the root of the
quaternion equation. Based on the theory of symmetric polynomials and algebraic equations, this method has
high mathematical value, but the requirement for the symmetry of the equation is too high. It has no advantage
for the general form of monadic quartic equation. In practical application, its computational complexity and
limitations make it less practical than the Ferrari method.

The advantages and disadvantages of the above three methods are comprehensively compared as shown in
Table 1.

Taking the unary quartic equation x*+2 x®+ 3 x 2+ 4x+5=0 as an example, the time re-quired for solving the
above three methods is further verified as shown in Table 2.

From Table 2, Descartes method needs to bring in the guessing factor of equation coefficient, while
Euler’s method considers the symmetry of the equation and the calculation is complex. Therefore, the above
two methods take longer time to solve than the Ferrari method. Therefore, considering the advantages and
disadvantages of the above methods, considering that the fault location equation in this paper is a general form,
the applicability of Descartes method and Euler method may exist. In this paper, the Ferrari method is used to
solve the quaternion equation of one variable and generate the algebraic closed form expression, which avoids
the inherent convergence test requirements of the iterative method.

To further illustrate the advantages of the Ferrari method over iterative methods, simulations were conducted
from two aspects: solution time and memory usage. The specific results are shown in Table 3.

According to Table 3, the solution time used by the iterative method is about four times that of the Ferrari
method, and the memory consumption of the iterative method is also greater than that of the Ferrari method.
Therefore, using the Ferrari method to solve a univariate quartic equation not only avoids convergence problems,
but also outperforms iterative methods in terms of computational speed and memory usage.

The specific steps of solving quartic equation with one variable by Ferrari method are as follows:

Both sides of (38) are divided by m4, (56) can be obtained.

4 m3 .3 | ma,2  my mo
ot 4 TAat + T2at 4 e+ 08 =0 (56)
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Method Solution time | memory usage (%)
Ferrari method | 0.037s 11.04
iterative method | 0.149s 15.32

Table 3. Comparison results between Ferrari method and iterative method.

where m, = 0.
Equation (56) is simplified as follows:

rtard +b’+cx+d=0 (57)

Transform (57), as shown in (58).
2t axd=-ba?—cx—d (58)

First, convert the left side of (58) to the complete square equation, as shown in (59).

(m2 + 1aac)2 = (la2 — b) 22 —cx—d (59)
2 4

The auxiliary variable y is introduced to make the original equation equivalent to (59), as shown in (60).

1 2 2
<x2+ iam) +2 <w2 + 1aas) g + yz

: 2 2 X I (60)
2 2 2

= — — — — 2 — - _—

(4(1 b)a: cr —d+ (Jc +2a1‘)2+4

The equation is processed on the left side of (60) and simplified on the right side to obtain:

2
($2+%ax+%y) = (%a2 —b—|—y) >+

(61)

2
(chr%ay)xfderZ

For ease of solution, at this time, we want the right side of the equation to be a complete square, so we need to
make the equation A on the right side of the equation equal to 0, and (62) can be obtain:

(—c+%ay)2—4<%a2—b+y) (—d+zf> =0 (62)

Equation (62) is the univariate cubic equation of y, which can be solved by Kardan formula, and will not be
repeated here.

When solving the descendant into the original equation, both sides of the original equation are complete
square expressions. After that, two monadic quadratic equations can be obtained. It can be calculated by the root
formula of quadratic equation of one variable, and will not be repeated here. Finally, the root seeking formula of
the quaternion equation of one variable can be obtained as shown in (63).

2
ms 1 ms 2m2
Ti2 = ——— — 5 5 = + A+
4dmy 2 4dmy 3ma
3
__m3 4dmzmo _ 8my
1 m32 _ 47’)’7,2 A mas + my? my
2 27’)7,42 31714 4 mg? _ 2mo +A
4my? 3ma

(63)

ms 1 m32 2m2
=_3 4= - A+
T3, 4m4 + 2\/4TTL42 3m4 +

m33

4 8
1 m32 41712 *m43+%*%
2 2m42 3may ma?2 2m
4 477342 - Smi +A
A in (63) is shown below.
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V24, N i’/Az +V —4A° + A2

A= (64)
3
3my i/Az +V/—AA P+ AP 3V/2m,
A, A, in (64) is shown below.
{A1 = TTL22 — 3mzmi + 12mamo (65)
Ag = 2m23 — 9mszmaom1 + 27m4m12 + 27m32m0 — T2mamomyg

By introducing the coefficients of each degree in the fault location equation into the above rooting formula, the
analytical solution of the quaternion equation of one variable can be obtained without iteration and consideration
of convergence.

Implementation process of fault location method
The fault location method is constructed from the fault location equation con-structed above and the Ferrari
method. The specific process is shown in Fig. 19.

As shown in Fig. 19, the specific process of fault location is as follows:

(1) If theline is judged to be a permanent fault, the polar electrical quantity is de-coupled into analog electrical
quantity using the decoupling matrix shown in (10) and (11), and the analog electrical quantity is collected;

(2) The FIR band-pass filter is used to extract the line parameters under the injection signal (20 Hz);

(3) FFT is used for time-frequency domain transformation to obtain frequency domain information;

(4) The coefficient of the fault location equation is calculated according to the fault type, and the fault location
equation is constructed;

(5) The Ferrari method is used to solve the fault location equation under the corresponding fault type;

(6) According to the actual fault distance, it should meet 0<x </ to remove the pseudo root and output the
fault distance.

Permanent fault? !
Decoupling matrix

Decoupling pole electric quantity /2 1 -1
Electrical quantity of extraction mould —_—

211 1
!

Extracting line parameters by filtering|- — — — { FIR bandpass filter

FFT obtains frequency domain

2 information
o Lmy 2m
2\4m}? 3m, l
m?  Amm, 8m, Constructing fault location equation ——— A 2 -+ =0
2 ) 2
S Amy o oom omE m Il
2m,*  3m m?  2m
4 4 4 3 5 ——2+A | ___| Solving faultlocationequation by
4m,;  3m, Ferrari method
2
1 \mS  2m, TAL
2\ 4m;? 3m,
m.  4mgm, 8m, 0< <] N
5 _Amy m>  m} om,
2
. 3m, m; 2m, A Y y
2
4m;  3m, Output fault distance Pseudo root
< ]
End

Fig. 19. Flow chart of fault location method.
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Fig. 20. The hybrid MTDC system. (a) Topology of hybrid MTDC system; (b) the frequency-dependent
parameter model.

Parameter name Parameter value
LCC rating capacity 800 MVA
MMC rating capacity 400 MVA

Rated voltage of the DC side | 400 MVA

Smoothing reactor (LCC) 300 mH

Smoothing reactor (MMC) | 150 mH

Length of L1 950 km

Length of L2 550 km
Parameter name Parameter value
LCC rating capacity 800 MVA
MMC rating capacity 400 MVA

Table 4. Parameters of hybrid MTDC.

Simulation verification
The electromagnetic temporary model of hybrid MTDC system is established in PSCAD/EMTDC, and the fault
location method is verified by MATLAB. The line is the Frequency-dependent parameter model, and the system
topology and specific parameters are shown in Fig. 20; Table 4 respectively. The sampling rate of the system is
10 kHz.

The definition of fault location error is shown in (66).

. fault actual distance — fault measurement distance
location error= - (66)
fault actual distance

Performance of fault location method

The proposed fault location method is simulated and verified by taking PTG metallic fault and PTP metallic fault
as examples. Takef1 on line L andf2 on line L,as examples. The fault of line L, is15 km, 250 km, 475 km, 700 km
and 935 km away from a-end respectively(f, ., f, »<0 fi_475 1700 f1.035)- The fault of line L, is 15 km, 140 km,
275 km, 410 km and 535 km away from c-end respectively(fz_w,fz_140,]‘2_275,1‘2_410,]‘2_535). The fault location results
are shown in Table 5, and the fault location error is shown in Fig. 21.

The fault location results are shown in Table 5; Fig. 21. On the one hand, the distributed parameter model
considers the influence of the line distributed capacitance current. On the other hand, the line parameters at
the injected signal frequency are extracted by filtering algorithm, which avoids the influence of line frequency
variation parameters to a certain extent. Furthermore, the analytical solution of the quaternion equation of one
variable also avoids the problem of iterative convergence. Therefore, the error of the proposed fault location
method is low. The simulation results validate that the proposed fault location method achieves sub-1% relative
error across test scenarios.
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Fault location | Fault type | Fault measurement distance (km) | Error distance (km)
PTG 14.97 -0.03
Sioss PTP 14.98 -0.02
PTG 251.63 1.63
Sz PTP 249.13 -0.87
PTG 477.63 2.63
Sroas PTP 476.98 1.98
PTG 704.58 458
S0 PTP 696.41 -3.59
PTG 928.13 - 6.87
Srosss PTP 940.03 5.03
PTG 15.02 0.02
fauss PTP 15.01 0.01
PTG 138.96 ~1.04
Sa-rio PTP 139.65 -035
PTG 276.55 1.55
Jaars PTP 276.31 0.31
PTG 413.59 3.59
faeano PTP 41237 2.37
PTG 538.89 3.89
faesas PTP 538.47 347

Table 5. Metal fault location results.
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Fig. 21. Metal fault location error. (a) Location error of L, metallic fault; (b) location error of L, metallic fault.

Performance of fault resistance
Taking the PTG fault and the PTP fault as examples, the fault resistance is set to 100 , 200 ), 300 Q2 and 400 Q
respectively to verify the impact of the fault resistance on the performance of the proposed location method. The
fault location is the same as that in 5.1. The fault location error is shown in Figs. 22, 23, 24 and 25.
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Fig. 24. PTG fault location error of L,

From Figs. 21, 22, 23, 24 and 25 that although the location error of the proposed fault location method has
increased under high resistance fault, the overall location error remains below 1%. Therefore, the proposed fault
location method demonstrates exceptional immunity to fault resistance variations.

Performance of noise interference

Taking the PTG and PTP fault as examples, SNR is 40dB of noise and 400 Q fault resistance are set to verify the
impact of noise interference on the performance of the proposed method. The fault location is the same as that
in 5.1. The fault location results of line L, are shown in Table 6, and the fault location errors of lines L, and L,
are shown in Fig. 26.

As shown in Table 6; Fig. 26, due to the strong randomness of Gaussian white noise, the fault location error
increases significantly compared with that without noise. However, since the proposed method converts the time
domain waveform into frequency domain data through FFT and uses band-pass filter to obtain the frequency
signal, it achieves robust anti-noise performance. Therefore, the overall location error is still less than 1%.

Scientific Reports |

(2025) 15:31769 | https://doi.org/10.1038/541598-025-17375-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fault location error/%

Fig. 25. PTP fault location error of L,

Fault location | Fault type | Fault measurement distance (km) | Error distance (km)
PTG 15.05 0.05
S PTP 15.07 0.07
PTG 251.47 1.47
Sioso PTP 251.83 1.83
PTG 478.63 3.63
Srsrs PTP 472.46 -2.54
PTG 705 5.00
Sz PTP 706.15 6.15
PTG 928.08 -6.92
Srosss PTP 943.61 8.61

Table 6. Location results of L, under noise interference.
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Fig. 26. Location error under noise interference. (a) Location error of L ; (b) Location error of L,
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Sampling rate | Fault location | Fault type | Fault measurement distance (km) | Error distance (km)
PTG 0.1313 0.02
Sioss PTP 0.0163 0.01
PTG 0.1176 2.46
ke Srsrs PTP 0.0155 2.14
PTG 0.0947 7.64
Srosas PTP 0.0171 721
PTG 0.1261 0.00
Sross PTP 0.0199 0.04
PTG 0.1159 -1.44
20 ke Srosrs PTP 0.0115 1.01
PTG 0.1054 5.80
Srooss PTP 0.0122 -6.46

Table 7. Location results of L, with different sampling rates.
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Fig. 27. Location error under different sampling rates. (a) Location error of L; (b) Location error of L,

Performance of different sampling rate
Taking the PTG fault and PTP fault of line L, asan example, set the sampling rate to 5 kHz, 20 kHz, and set the
fault resistance to 400 €, to verify the impact of sampling rate on the performance of the proposed method.
Take fault f, on line L, and fault f, on line L, as examples. The fault of line L is 15 km, 475 km, and 935 km away
from a-end respectively(fl_ls,f1_475,f1_935). The fault of line L,is 15 km, 275 km, and 535 km away from c-end
respectively(fz1 5 f27275, ]‘27535). The fault location results of line L, are shown in Table 7, and the fault location
errors of lines L, and L, are shown in Fig. 27.

As demonstrated in Table 7; Fig. 27, the proposed fault location method maintains sub-1% localization
accuracy even at reduced sampling rates (5 kHz), which is less affected by the sampling rate.

Performance of different boundary conditions
Taking the PTG fault and PTP fault of line L, as an example, the smoothing reactor at LCC side is set at 100mH
and 500mH respectively, and the fault resistance is set at 400 Q to verify the impact of boundary conditions on
the performance of the proposed method. The fault location is the same as that in V -4. The fault location results
of line L, are shown in Table 8, and the fault location error results of lines L and L,are shown in Fig. 28.

As demonstrated in Table 8; Fig. 28 that when the parameters of smoothing reactor at LCC side are changed,
the proposed fault location method still has high location accuracy. Fault location method maintains sub-1%
localization accuracy and is less affected by boundary conditions.

Performance of different line lengths
Taking the PTG and PTP fault of line L, as examples, set the fixed fault of line L, is 100 km away from a-end. And
set the L, line lengths to 200 km, 300 km, 400 km, 500 km, 600 km, 700 km, and 800 km respectively. At the same
time, set the fault resistance to 400 Q. The fault location results of line L, are shown in Table 9.

According to Table 9, when the fault location is fixed at 100 km and the L line length is 200-800 km, the
proposed fault location method can accurately calculate the fault location, with a fault location error of less than
1%. It can be concluded that the proposed fault location method is less affected by the line length.

Performance of HVDC system
Taking the HVDC system shown in Fig. 29 as an example, the applicability of the proposed method in traditional
high-voltage direct current transmission systems is verified. The fault of line L, is 15 km, 375 km, 750 km,
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Smoothing
reactor Fault location | Fault type | Fault measurement distance (km) | Error distance (km)
PTG 15.06 0.06
fisis PTP 15.05 005
PTG 472.32 -2.68
100mH | f,_ s PTP 478.23 ’23
PTG 940.41 541
fizos PTP 941.12 6.12
PTG 15.02 002
fios PTP 15.02 0.02
PTG 477.71 271
500mH | fi s PTP 473.32 -1.68
PTG 938.72 372
fiooss PTP 939.96 496

Table 8. Location results of L, with different sampling rates.
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Fig. 28. Location error under different boundary conditions. (a) Location error of L ; (b) Location error of L,

Fault location | Fault type | Fault measurement distance (km) | Location error (%)

PTG 100.57 0.57
200

PTP 100.53 0.53

PTG 100.63 0.63
300

PTP 100.49 0.49

PTG 99.53 0.47
400

PTP 99.67 0.33

PTG 100.36 0.36
500

PTP 100.31 0.31

PTG 100.31 0.31
600

PTP 100.28 0.28

PTG 99.75 0.25
700

PTP 100.23 0.23

PTG 100.21 0.21
800

PTP 100.23 0.23

Table 9. Location results of L, under different line lengths.

1125 km, 1485 km away from a-end respectively(f, ;s f, 3,5 f1 7500 11125 f1.1485)- And set the fault resistance to
400 Q. The fault location results of line L, are shown in Table 10.

According to Table 10, the proposed fault location method has high positioning accuracy in HVDC systems
and good applicability in HVDC transmission systems.
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Fig. 29. The topology of HVDC system.

Fault location | Fault type | Fault measurement distance (km) | Location error (%)
PTG 15.04 0.27
S PTP 15.03 0.20
PTG 376.13 0.30
Sroas PTP 376.58 0.42
PTG 753.83 0.51
Srrso PTP 748.25 0.23
PTG 1128.69 0.33
ronas PTP 1130.17 0.46
PTG 1493.29 0.56
Frorass PTP 1495.16 0.68

Table 10. Location results of L, under traditional HVDC system.

Fault location | Fault type | Fault measurement distance (km) | Location error(%)
PTG 14.94 0.40

fioss PTP 14.95 033
PTG 477.95 0.62

S PTP 471.63 0.71
PTG 927.71 0.78

Fros PTP 927.99 0.75

Table 11. Location results of L, under time-varying resistance.

Performance of time-varying resistance
When a lightning fault occurs in a transmission line, the fault resistance can be approximately equivalent to
time-varying resistance. Taking the PTG fault and PTP fault of line L, as an example to verify the performance
of the proposed scheme under the time-varying fault impedance scenario. The fault of line L, is 15 km, 475 km,
and 935 km away from a-end respectively(f, ;s f,_ s f, _q35)- The time-varying fault impedance is set as R; =
200+50t Q (¢> 1 o o is the time corresponding to the initial instant of the fault). The fault location results
are shown in Table 11.

According to Table 11, the proposed fault location method has a positioning error of less than 1% under
lightning strike faults, indicating high positioning accuracy.

Comparative methods

To further illustrate the advantages of this method, it is analyzed and compared with the traveling wave method
of!>13, the Al method of?*?, the impedance method of'®*, the fault analysis method of'>!°. The specific
comparison results are shown in Table 11. The location error in the Table 12 is calculated by (66).

As demonstrated in Table 12; the proposed method demonstrates significant ad-vantages over existing
approaches. Primarily, it operates effectively at lower sampling rates. Secondly, employing Ferrari’s method
for solving the fault location equations eliminates iterative convergence issues. Furthermore, the derivation
based on distributed parameter modeling inherently accounts for both distributed capacitive currents and
frequency-dependent parameter effects in long transmission lines. Notably, under interference conditions, the
proposed method maintains superior localization accuracy with errors consistently below 1%, outperforming
all comparative methods.
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Theory Method Sampling rates | Iterative calculation? | Considering the influence of frequency varying parameters? | Location error
12 200 kHz No No <5%
Traveling wave
13 50 kHz Yes Yes <2%
Al 2 1600 Hz No No <5%
2 20 kHz No No <3%
2 500 kHz No No <1%
Impedance
16 50 kHz No No <4%
15 10 kHz Yes Yes <3%
Fault analysis | 1 200 kHz No No <2.1%
Proposed method | 5 kHz< No Yes <1%

Table 12. Comparison with existing fault location methods.

Conclusions
For hybrid MTDC system, a fault location method based on LCC signal injection strategy is proposed in this
paper. The main conclusions are as follows:

(1) The proposed signal injection strategy changes the trigger angle to above 90° through emergency phase
shifting after a fault occurs, quickly achieving fault current limiting. After a fixed delay waiting for the arc to
extinguish, inject signal by changing the triggering angle sinusoidally. This injection strategy does not require PI
control and has a faster response speed.

(2) The proposed method uses the characteristics of the modal domain components under different fault
types. Based on the local electric quantity in the injected signal mode, the fault location equations of PTG fault
and PTP fault in the distributed parameter model are derived respectively. The hyperbolic function in the fault
location equation is replaced by Taylor series, and the multi-order fault location equation is written. The derived
equation only uses single ended data, does not require communication between both ends, and is not affected by
data channels. Due to the derivation through a distributed parameter model, it is not affected by the distributed
capacitance current of the long line.

(3) The proposed method uses the Ferrari method to solve the fault location equation and obtain the
analytical solution. There is no iterative convergence problem. Compared to the iterative method, the Ferrari
method requires less time to solve, occupies less system memory, and imposes less burden on the protection
system. In addition, the method uses filtering algorithm to extract the line parameters at the injected signal
frequency, which is not affected by the frequency variation parameters to a certain extent.

(4) The simulation results show that the fault location error of the proposed meth-od is less than 1%. It still
has high positioning accuracy under the interference of 400 Q fault resistance and 40dB noise, and is less affected
by the sampling rate and DC boundary, so it has strong robustness. In addition, this method is applicable to
HVDC systems.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author upon
reasonable request.
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