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Abstract: Accurate and reliable fault location is necessary for ensuring the safe and reliable
operation of the VSC-HVDC transmission system. This paper proposed a single-terminal
fault location method based on the fault transient characteristics of the two-terminal VSC-
HVDC transmission system. The pole-to-pole transient fault process was divided into three
stages, the time-domain expression of the DC current during the diode freewheel stage
was used to locate the fault point, and a criterion for judging whether the fault evolves to
the diode freewheel stage was proposed. Taking into account the enhancing effect of the
opposite system to the fault current, the DC side pole-to-ground fault network was equated to
a fourth-order circuit model, the relationship of fault distance with the characteristic roots of
fault current differential equation was derived, and the Prony algorithm was utilized for data-
fitting to extract characteristic roots to realize fault location. A two-terminal VSC-HVDC
transmission system was modelled in PSCAD/EMTDC. The simulation result verifies that
the proposed principle can accurately locate the fault point on the VSC-HVDC transmission
lines.

Key words: characteristic roots, fault location, identification of fault stages, Prony algo-
rithm, VSC-HVDC

1. Introduction

With the development of power electronics technology, voltage source converter-based high
voltage direct current (VSC-HVDC) technology has made rapid progress. VSC-HVDC adopts
bidirectional controllable power electronic devices, can control both active and reactive power
simultaneously, is suitable for long-distance power transmission, distributed energy interconnec-
tion, power grid interconnection, and other fields [1,2]. However, high voltage direct current
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(HVDC) transmission lines have relatively high fault possibility because of the complex geo-
graphical environment and poor working conditions, and are difficult to manual inspect due to the
fast reaction of protection and the inapparent external fault performance. Therefore, the research
on VSC-HVDC transmission line fault location is of great theoretical significance and practical
value for improving the reliability of the power system.

The existing VSC-HVDC transmission line fault location method can be divided into three
categories [3,4]: the traveling wave method [5-9], the natural frequency method [10-12], and
the fault analysis method [14-18]. The traveling wave method locates the fault point according
to the relationship among the traveling wave arrival time at the direct current (DC) bus, trav-
eling wave velocity, and the fault distance. In order to extract the traveling wave arrival time
at the DC bus, the wavelet transform is applied in [8], it can effectively extract the charac-
teristics of the fault traveling wave and eliminate the impact of dispersion, but the extraction
accuracy is affected by the transform scale. In order to obtain a relatively accurate wave veloc-
ity, reference [9] utilizes the distributed traveling wave detection device to detect the traveling
wave propagation time for a transmission line of known length, then the wave velocity can be
calculated, but the distributed traveling wave detection device increases the cost. The natural
frequency refers to a series of harmonic components that constitute the fault transient traveling
wave spectrum, among them, the harmonic component with the lowest frequency and the largest
amplitude is the dominant natural frequency. The natural frequency method located the fault
point according to the functional relationship between the dominant natural frequency and the
fault distance, it does not need to detect the traveling wave head. And the precise extraction
of the dominant natural frequency is the key to locate accurately. For this reason, the multi-
ple signal classification algorithm is applied to extract the dominant natural frequency in [12].
Reference [13] combined the natural frequency method and the traveling wave method, it uses
the former to roughly detect the fault area, then uses the latter to accurately find out the ar-
rival time of the traveling wave head. This method not only avoids the dead zone of the natural
frequency method, but also improves the fault location accuracy. The fault analysis method
constructs the equivalent equations according to the relationship between system parameters
and the measured electric quantity, then locates the fault point by solving the equations. Ref-
erences [16] and [17] calculate the voltage distributions along the transmission lines from the
both side measurements, then locate the fault point according to the principle that the voltage
distribution difference at the fault point is the smallest. The key factor affecting the accuracy
of the fault analysis method is the accuracy of the line model. The adopted transmission line
model in [16] is the Bergeron model and that in [17] is the distributed parameter model which
takes the multi-order distance infinitesimal into account. The former line model is less accurate,
the latter is more accurate but the multi-order infinitesimal increases the calculation amount.
Reference [18] analyzes the fault characteristics of pole-to-pole and pole-to-ground fault on
VSC-HVDC transmission lines, and calculates the fault distance by the voltage reference com-
parison method. But it’s affected by the transition resistance and the accuracy needs to be further
improved.

Aiming at the two-terminal VSC-HVDC transmission system, this paper proposes a single
ended fault location principle based on the transient characteristics analysis of the pole-to-pole
and pole-to-ground fault. For the pole-to-pole fault, this paper divides the fault transient process
into three stages, and utilizes the time-domain expression of DC current at the diode freewheel
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stage to realize the fault location, and gives the identification criterion for judging whether the
fault evolves to the diode freewheel stage. For the pole-to-ground fault, this paper takes the current
from the opposite system into account, and derives the differential equation of the fault current.
The fault distance and transition resistance are solved as the expression of the characteristic roots
of the differential equation. Then the extended Prony algorithm is used to fit the data to extract
the characteristic roots. The simulation results under PSCAD/EMTDC show that the accuracy of
the proposed fault location principle meets the engineering requirement.

2. Analysis of transient characteristics of VSC-HVDC transmission fault

Since the conventional HVDC systems mostly adopt two-terminal structure, the two-terminal
VSC-HVDC transmission system is analyzed in this paper. As is shown in Fig. 1, the VSC-HVDC
system consists of converter stations at both sides and bipolar transmission lines, the connecting
transformers are connected in Ynd, that is, the neutral point of the transformer grid side winding is
directly earthed. This connection can cut off the zero-sequence current propagation path between
the alternating current (AC) side and DC side. The neutral point of the DC side capacitor is also
earthed to form symmetrical positive and negative DC transmission lines to reduce the insulation
level of the DC line to ground.

VSCA1 VSC2

Transformer T T Transformer

—'—ba——'

Fig. 1. Typical earthing mode of two-terminal VSC-HVDC

2.1. Analysis of pole-to-pole fault transient characteristics

The pole-to-pole fault is the most serious fault of VSC-HVDC transmission lines. The short
circuit current will rise to several times the rated current within a few milliseconds, and will cause
a huge impact on insulated gate bipolar transistors (IGBT).

The Fig. 2. shows the equivalent circuit of the pole-to-pole fault. The two-level VSC consists
of six IGBTs and the freewheeling diodes D;~Dg connected in antiparallel, and C is the DC side
parallel capacitor. The IGBT can be instantaneously blocked after fault occurs due to its self-
protection function. However, the anti-parallel diode is still connected to form a circuit between
the AC system, DC side and the fault point, thus the DC side fault cannot be completely isolated.
The fault transient process is analyzed below.

1. Capacitor discharge stage

After a pole-to-pole fault occurs on the transmission lines, during the initial stage, the DC
side voltage u,, is greater than the AC side line voltage, the parallel capacitor begins to discharge
through the DC lines and the smoothing reactor. So, the influence of distributed capacitance
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Fig. 2. Equivalent circuit of pole-to-pole fault

on the discharge process of transmission lines can be ignored. Therefore, the DC side forms a
second-order discharge circuit, which can be listed as follows:

d%uge duge
ta + RC Ha

L+ LyC
(+d)dt2 dt

+ uge =0, (1)
where: R and L are the equivalent resistance and inductance from the fault point to the DC
bus, respectively, and L, is the smoothing reactor at the DC bus. We assume that Uy, Iy are the
initial values of DC side voltage and current. Because the pole-to-pole fault is mostly metallic,
its damping value meets R < 2v/(L + L4)/C, which is underdamped. Solved by the three-factor
method of the second-order circuit, the DC voltage u,. and the capacitor current i during this
stage are [19]:
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is the frequency of DC voltage and current,

R

o= —————"T7"
[2(L+ La)]
is the attenuation coeflicient,
U,wC
6 = arctan | ——— | .
(CU,o0 - 1,)

From Equation (2), it can be seen that the capacitor discharge stage is a second-order un-
derdamped oscillation process, and the DC side current will gradually oscillate and decay. The
changing trend of the DC side voltage and current are mainly determined by the resistance and
inductance values in the fault loop. The larger the resistance value and the smaller the inductance
value, the higher the oscillation frequency and the faster the attenuation rate.

2. Diode natural commutation stage

As the capacitors continue to discharge, the DC voltage gradually decreases. When it is lower
than the AC side line voltage, the AC system starts to feed current through freewheel diodes to
the fault point. According to the natural commutation principle, the diodes are turned on and off
alternately. Therefore, the DC side current i; at this stage includes the AC side feed current i,
and the capacitor discharge current i., as shown in Fig. 3.

R, L D, L,
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Fig. 3. Equivalent circuit diagram of D, D, conduction

Taking the conduction of phase-A and phase-C as an example, the response process of the
circuit can be divided into two parts: zero-state response and zero-input response with the influence
of the AC side feed. Suppose that the AC side line voltage at initial is:

Usac = U sin(wst + @), 3)

where: U, is the amplitude of the AC side line voltage, w;y is the AC system power frequency
angular velocity, « is the initial phase angle. The zero-state response [20] is only generated by



386 Yanxia Zhang et al. Arch. Elect. Eng.

the external excitation source u,., and the DC side current component i;,; of the zero-state
response is:

i1zs = Asin (wgt + @ — @), 4)
where:
Ao Un
VM? + N?

is the magnitude of the fault component,
¢ =arctan M/N
is the angle at which the fault component lags g4,
M = w,Lg [1 - IC(L + La)| + wsCRR; + wy(L + La),
N = R+wsLCR - Ry [1 - w}CL + Ly)].

The zero-input response is produced by the original energy storage of the inductance and
capacitance. According to the characteristics of the circuit, the differential equation is

di3 . di? . dir:
Izi Izi Uzi
+A + A + A3 =0, 5
drs Va2 T : ©)

where: ij;; is the DC current component in the zero-input response, the coefficients are ex-
pressed as:

_[Ry(La+ L)+ Ls +R] _ (2R,CR+2Ls+Lg+ L) A = (R + Ry)

- (L,L) ’ - QL,LC) ’ 3T 2LLC

Substituting the above coefficient expression into Formula (5), according to Shengjin’s for-
mula, the characteristic roots of the differential equation are judged to consist of negative real
roots and a pair of conjugate complex roots.

Therefore, the DC side current at this stage is superimposed of three kinds of components:
the synchronous frequency sine component, the attenuated non-periodic component and the
attenuated free oscillation periodic component.

3. Diode freewheel stage

As the capacitor discharge current rises rapidly, the capacitor voltage begins to drop, while
the AC side feed current is far less than the capacitor discharge current, and the DC side current
is still dominated by the capacitor discharge current. The capacitor discharge current will decay
after it reaches the peak, the DC side current also begins to decay, and the inductor L changes from
charging to discharging. Since the induced voltage at both ends of the inductor L is opposite to
that of the capacitor C, uy, will further discharge to zero. At this point, most of the energy stored
in the capacitor is transferred to the inductor, and the back electromotive force of the inductor
will make the six freewheeling diodes conduct at the same time. The DC side and the AC side
are independent. The equivalent circuit is shown in Fig. 4.

Assuming that the DC line current at the u . zero-crossing moment is Iy, the DC short-circuit
transient current during the diode freewheel stage is:

Ay

2

. -B
i = lpe “ta (6)

It can be seen that the current on the DC side is an attenuated aperiodic component.
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(@) (®)
Fig. 4. Equivalent circuit of diode freewheel stage: DC side (a); AC side (b)

2.2. Analysis of pole-to-ground fault transient characteristics

Compared with the pole-to-pole fault, the pole-to-ground fault occurs more frequently. After
the pole-to-ground fault occurs, both the rectifier and the inverter side will feed current to the fault
point, so it is necessary to consider the contribution of the opposite system. The fault loop of the
positive pole-to-ground fault in the capacitor discharge stage is shown in Fig. 5. Rec represents the
rectifier side converter station, Inv represents the inverter side converter station, u;p,, u;,, represent
the positive voltage of the rectifier side and the inverter side, i,, i,, represent the positive and
negative current on the rectifier side, i;p,, i;, represent the positive and negative currents on the
inverter side, and iy represents the current fed by the transmission lines to the fault point.

Rec u, i, i i, u, Inv
oG8 TEO e T
- - = ' H |- @‘!’ %,
L . Pl
A

Fig. 5. Circuit loop of positive grounding fault

In this stage, the DC voltage u,. is greater than voltage on the fault point, the capacitor is
discharged through the DC line to the fault point, the discharge current flow path on the positive
capacitor on the rectifier side is (@, that on the inverter side is @, and the negative capacitors
discharge loop is ®. On this basis, the converter station can be equivalent to the DC side parallel
capacitor for analysis, as shown in Fig. 6.

The Kirchhoft voltage laws(KVL) equations of the rectifier side and the inverter side system
are constructed as:

Urp — R; - irp - (Ll + Ld)

Urp _poip=0 7
;. N =0 %)

d
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Fig. 6. Equivalent circuit of positive pole-to-ground fault

Ry — Lyt L) S i 8
Uip — Ry - ijp — (Lo + d)?‘ p-ip = 0. €]

The positive current on the inverter side i;, can be expressed as the following equation with
the positive current on the rectifier side i,,.

. 1 . dirp
iip = % [ur,, —irp (R +Ry) - 5L+ La). ©)
Differentiate the above formula
diy 1 |duyp  dipp d%,,
—_— = — | — - Ry +R¢) - Li+Ly|. 10
dt Ry | dr dt (1 f) dt2(1 @) (10)

After substitution and simplification, the expression containing only the positive current on
the rectifier side is obtained by:

di* di? di? di,
dtf +A dt_f + Ay dﬂp + As dt” + Agiyp = 0. (11)

The solution of the fourth-order differential equation is determined by the coefficients
Ay, A, Az, A4. The value of each coefficient is only related to the fault distance x and transition
resistance Ry, which are:

_ 2nolox( =) + RLg+ Ry (L +2La) L+2Lg+ (r2x(I - x)+ RRy) C
(1—x)x+LLg+ L2 ’ C (2 -x)x+LLy +L2)
R+ 2Rf 1
= s A4 =
C(B(-x)x+LLg+L2) C2 (21— x)x + LLyg + L2)

. (12)

In Equation (12), ¢ represents the resistance per unit length of the DC line, /( represents the
inductance per unit length of the DC line, R = r¢l represents the total resistance of the DC line,
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L = Iyl represents the inductance of the DC line, L, is the smoothing reactance at the DC outlet
of the converter station, and [ is the total length of the DC line.

The Appendix verifies that the characteristic root discriminant of Equation (11) is above zero,
so the solution of the differential equation consists of a pair of conjugate complex roots and two
different real roots [21]. The i,, can be expressed as:

irp(t) = Cret" + Cre®' + C3e®" sin Bt + Cse™ cos ft, (13)

where: Cjetit, Cre?! are the attenuate aperiodic components, 11, A, represent the attenuation
coeflicients; C3e® sin Br, C4e®’ cos Bt represent the damped free oscillation period component,
a is the attenuation constant, g is the free oscillation angular frequency, corresponding to a pair
of conjugate complex roots of the characteristic equation A3 4 = @y +iBk.

3. Method of fault location

3.1. Pole-to-pole fault location principle
3.1.1. Identification of different fault stages

When a pole-to-pole fault occurs, according to the analysis in chapter 2.1, there are four
different fault stages. The fault characteristics of each stage are shown in Table 1, and the different
stages can be distinguished according to it.

Table 1. Characteristics of different fault stages

duge dig

dt dt

Capacitor discharge stage <0 #0

Diode natural commutation stage #0 #0

Diode freewheel stage 0 <0
Steady stage 0 0

The pole-to-pole fault location principle proposed in this paper is based on the diode freewheel
stage. In order to identify the fault transient process that evolves to the diode freewheel stage, the
identification criteria are given as follows:

(3 consecutive points meet |uge (t + Ar) — uge(t)| < Uye;) and (14)
(3 consecutive points meet [i;(z + At) —i;(¢)] < 0) .
In the equation, At is the sampling interval and Uk, is the identification criterion threshold.
In this paper, the threshold U, = 0.001U,, U, is the rated voltage. When the voltage and current
meet the criterion, the fault stage is identified as entering the diode freewheel stage. In this stage,
the DC side fault process is not affected by the AC side, and it is easy to identify it according to
the DC voltage and current characteristics, so it can be used for fault location.
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3.1.2. Fault location method

During the diode freewheel stage, the DC current contains only attenuated aperiodic com-
ponents provided by the inductance in the DC side fault loop. Considering the existence of the
smoothing reactor L4, Equation (6) can be rewritten as:

rox

ij = Ipe 0*+La t, (15)

where ¢ is the time difference from the sampling moment to the initial moment at this stage.
Take the logarithm of (15), and the expression of the fault distance x is

i
—Ld -In (E)
x= S (16)

i
t+1n-1 —
ro + Lo H(IO)

In order to improve the accuracy, n sampling points that meet the conditions are selected in
the fault section and substituted into Equation (16) to calculate. Take the average of the results,
and finally get the following equation for locating.

a7

1 n —Ld'll‘l (llﬂ)
Z 0

" i=1 ro-ti+lo~1n(ll—i)
Iy

3.2. Pole-to-ground fault location

From the previous analysis, it can be known that the existence of the parallel capacitors and the
line inductance will make the DC current contain attenuated oscillation periodic and attenuated
aperiodic components. The fault distance x and the transition resistance Ry will affect the transient
process of the DC current. Therefore, it’s difficult to obtain the analytical formula of the fault
current by Equation (11), we proposed a method of identifying the parameters of characteristic
roots to locate the fault point.

It’s necessary to analyze the characteristics of the solution of (11). The characteristic equation
corresponding to Equation (11) is:

A+ A+ A%+ A+ Ag = 0. (18)

This fourth-order equation must correspond to four characteristic roots, assume them as
A1, Az, A3, A4, and rewrite the above formula into the form of factor multiplication as [22]:

(1= 21)(1 = A2)(A1 = A3)(1 = 24) = 0. 19)

Expanding and simplifying Equation (19) and comparing it with Equation (18), the relation-
ship between the coefficients and the characteristic roots is obtained as follows:

Al =—-A1+ A+ A3+ A3), Ay = A1dy + A1 A3 + A1 Adg + A A3 + Ay g + A3y

(20)
Az = =(A1 243 + A1 A2 A4 + A1 A3A4 + ArA34y), Ay = A1 A A3
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Substitute Equation (12) into Equation (20), the transition resistance Ry and fault distance x
are obtained as:

oo L(L 1 1 1) nl on
=\ T T ) 2
X —£+l(4L2+1212+4z IL —;)2 (22)
L2= 559, \Tra ™o O T A .2

The fault distances solved by Equation (22) have two roots xi, xo (x; < x2), which are
symmetric about the midpoint of the line. In order to eliminate the false root, the difference
between the calculated voltage and the actual measured voltage is used. Name the initial end of
the line as M (rectifier side) and the terminal as N (inverter side). We assumed that the voltage at
the distance x from the initial end be u(x, t), and the current at the initial end be i3;. According to
the equation of the uniform transmission line, the voltage at the beginning 1, can be obtained by:

u(x,t) +ip Zc sinhyx

upm = , (23)
coshyx

7 = (ro + jwlp)
‘ (Go + jwCy)’

y = (ro + jwlp)(Go + jw(y),

where:

ro, Lo, Go and Cy are, respectively, the resistance, inductance, conductance and capacitance per
unit line length, w is the frequency corresponding to the characteristic roots 13, A4.
Substitute x, into Equation (7) to obtain the calculated voltage at the fault point.

diyp
dt

Then, substitute us,, into Equation (23) to replace u(x, r) to obtain the calculated voltage at
the exit of the rectifier side.

U2 =ifRr =upp — Ry~ x2 - iyp — (Lo - x2 + Lg) . 24)

ugy2 +ip Ze sinhyxo

UMx2 = (25)

cosh yx;

When the real fault distance is x», the calculated fault up;,» and the actual measured value
ups are equal. When the real fault distance is xi, the calculated voltage us,» and the actual
measured value uy; are not equal. Therefore, by comparing the calculated voltage value with the
actual measured voltage value, a simple and reliable criterion for identifying the false root of fault
distance is proposed as follows:

luprx2 —upg| > Kper - 5%Up . (26)

Determine the actual fault points as x; when consecutive points meet (26).

There, Uy is the rated value of DC voltage, K,; = 1.15 is the reliability coefficient. When the
calculated value upy o of port voltage and the actual value uy; meet the above criteria, determine
the actual fault point as x1; otherwise, determine the actual fault point as x».
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The key of fault location is to accurately obtain A1, 42, A3, 44 from the sampling data. The
estimation model of the extended Prony algorithm has good adaptability to the fault current
represented in Equation (13), and the use of the extended Prony algorithm can effectively avoid
the iterative problem caused by the nonlinear solution. So, this paper uses the extended Prony
algorithm to fit the sampling data and calculate the characteristic roots.

Assume that there are N measured data x(n), n = 0 ~ N — 1, the extended Prony algorithm
estimation model £(n) in discrete time form is:

)4 14
R(n) = )" Aie ™ cos 2mfindt +6;) = bzl 27)
i=1 i=1

where:

b,’ = Ai exp []91] ,
zi = exp [(@; + j2n fi)At],

p is the order of the model; A;, f;, 8;, @; are the amplitude, frequency, initial phase angle and
attenuation factor; At is the sampling interval. References [23,24] presented the numerical method
for solving the four characteristic parameters. Combined with Equation (27), the characteristic
roots A;(i = 1,2,3,4) in Equation (13) are:

A = a; + 2 f; = In|z;| /At + arctan [Im(z;)/Re(z;)] /2nAt . (28)

4. Simulation and verification

4.1. Parameters and oscillograms of simulation

A two-terminal VSC-HVDC transmission system has been modelled in PSCAD/EMTDC.
The rectifier side adopts constant active power and constant reactive power control, the inverter
side adopts constant DC voltage and constant AC voltage control. The parameters of HVDC
transmission systems are listed in Table 2. A data sampling frequency of 5 kHz is adopted, and
the data is imported into MATLAB for verification.

The pole-to-pole fault is set at the midpoint of the DC line (100 km), and the fault time is set
as 2.0 s. The simulation oscillogram is shown in Fig. 7 below.

Fig. 7 shows that the transient process of the pole-to-pole fault consists of four stages: the
capacitor discharge stage, diode natural commutation stage, the diode freewheel stage and steady
stage. During the capacitor discharge stage, the DC voltage drops while the fault current increases
rapidly, the current flowing through the freewheeling diodes is zero, and fault current is only
provided by the parallel capacitor discharge current on the DC side. When the DC voltage drops
to the AC side voltage, the AC side system starts to feed current into the fault point, and the fault
transient process enters the diode free commutation stage. Once the DC voltage drops to zero,
the back electromotive force of the inductor will make the six freewheeling diodes conduct at the
same time, the DC side and the AC side are independent, so the fault transient process will enter
the diode freewheeling stage, the fault current is only provided by the inductance on the DC side,
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Fig. 7. Oscillogram of pole-to-pole fault transient stages: DC voltage on rectifier side (a); currents in fault
line and capacitor on rectifier side (b); currents in common-anode diodes (c)

and the overcurrent flowing through the freewheeling diodes reaches the peak at the start of this
stage. Thereafter, the fault enters the steady-state stage, the DC side is equivalent to the parallel
connection of capacitance and fault loop impedance, and the current is only composed of the
current fed from the AC side system.

A positive pole-to-ground with 10 Q transition resistance is set at the line midpoint, and the
fault time is set as 2.0 s. Sample data from the rectifier side locates the fault point. In Fig. 2, u,, is
the DC voltage between positive and negative poles, u,,, is the voltage of positive pole-to-ground,
ury, is the voltage of negative pole-to-ground, i; is the current of the DC line on the rectifier side.

As shown in Fig. 8, u,, shows a trend of oscillation and attenuation, eventually tends to zero.
Under the control of the system, u,, drops to a negative rated DC voltage, and u,, tends to the
rated value after the oscillation. The fault current in the DC line i; is composed of attenuated
periodic components and attenuated non-periodic components.
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Table 2. Parameters of VSC-HVDC system

Components Parameters Value
Rated DC voltage +200 kV
Inductance in per unit length 0.000159 H/km
) Resistance in per unit length 0.0139 Q/km
DC lines
Total length 200 km
Smoothing reactor 10 mH
Parallel capacitors 1 000 uF
Rated AC voltage 110 kV
VSC converter stations Transformer rated capacity 400 MVA
at both ends
Transformer rated ratio 200 kV/110 kV
Frequency 50 Hz
25
200 L
Uy 20
100 Uy, 15
i ] 5 10
3 Or X 5
-100 o F
200 __’\/\_\__1 5t
A . . . . 4o A A A A
2 2.02 2.04 2.06 2.08 21 2 2.02 204 206 208 21
t/s t/s
(@) (b)

Fig. 8. pole-to-ground fault voltages and current on rectifier side: voltages (a); DC fault current (b)

4.2. Verification of fault location

In order to verify the effectiveness of the pole-to-ground fault location method, set the line
midpoint (100 km) to have the positive pole-to-ground fault with 10 Q transition resistance,
sample the positive current data of the rectifier side, and use the extended Prony algorithm to fit
the fault current. The fitting result contains the characteristic parameters of each component in
current: amplitude, frequency, an initial phase angle, decay factor. Substitute the characteristic
parameters into Equation (13), and obtain the fitting analytical formula of the fault current.

{irp} = 2.769e78T11500 4 ] 480644325 12921717967 sin 62,2847~

(29)
~3.697¢717-967 cos 622847t
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The four characteristic roots of the characteristic equation can be obtained by substituting «;
and f; into Equation (28).

A1 = —871.150; Ay = —44.325; A34 = —17.967 +i62.284r . (30)

Substitute Ip = 0.000159 mH, L; = 10 mH, / = 200 km, C = 1000 uF and the above
characteristic roots into Equation (22), the fault distance is solved as follows:

l 1 4 2
=~ — [4L% + 21 + 4lIL ——) =
2= E 50 ( a7 O 5.2
N G3))
4000000 2
=100 +3144.65 - {0.00268 —
871.150 - 44.325 - (17.9672% + 62.284272)
The two solutions of the fault distance are:
x1 = 98.427, x> = 101.572. (32)

According to the criterion in Equation (26), x; is the real root of the fault distance.
Table 3 lists the results of characteristic roots fitted by the extended Prony algorithm of the
pole-to-ground fault.

Table 3. The characteristic results of roots extracted by extended Prony algorithm of pole-to-ground fault

Fault distance/km reTsl;z:l::cl:/nQ Ay Ay A34

1 -901.290 —48.921 —106.850 + 193.391i

10 10 -1171.235 —44.289 —134.865 +202.884i

100 —-1114.264 —49.329 —22.570 + 195.701i

1 —604.871 —63.843 —186.406 + 62.121i

100 10 -871.150 —44.325 —17.967 + 195.671i

100 —779.621 —49.552 —21.537 +195.263i

1 -901.287 -48.938 —106.847 + 193.358i

190 10 -1169.861 —44.057 —13.486 +202.873i

100 -1112.071 -49.377 —22.461 + 195.722i

The error of location is calculated by the following equation:

_|calculated fault distance — real fault distance|

error X 100%. (33)

total length

Change the fault types, fault distance and the value of the transition resistance, the fault
location results are shown in Table 4.

The results of the fault location show that the method proposed in this paper can avoid the
influence of transition resistance effectively in the case of the pole-to-ground fault, and accurate
fault location can be realized at both the near and far end of the DC bus.
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Table 4. Fault location results

Fault Fault Transition Locating error
type distance/km resistance/Q distance/km %o

10 10.161 0.081

Pole-to-pole 100 Metallic 100.181 0.090

190 short circuit 190.165 0.083

1 9.683 0.159

10 10 10.055 0.028

100 10.609 0.305

1 101.415 0.708

Pole-to-ground 100 10 98.427 0.787

100 101.476 0.738

1 190.324 0.162

190 10 189.270 0.365

100 189.178 0.411

5. Conclusion

This paper proposed a simple and reliable method for the pole-to-pole fault according to
which the time-domain expression of the DC current during the diode freewheel stage was used
to locate the fault point, and the identification criterion for judging whether the fault evolves to the
diode freewheel stage was presented. Considering the enhancing effect of the opposite system on
the fault current, the DC side pole-to-ground fault network was equated to a fourth-order circuit
model, the relationship of transition resistance and fault distance with the characteristic roots of
the fault current differential equation were derived, and the extended Prony algorithm was utilized
for data-fitting to extract characteristic roots to realize fault location. In principle, the influence
of transition resistance is eliminated, and the accuracy meets engineering requirements.

The proposed fault location method used single-terminal transient data after the fault occurs,
there is no requirement of clock synchronization for both terminals of the system, and a sampling
frequency of 5 kHz can meet the accuracy requirement.

Appendix

In order to analyse the transient characteristics of the pole-to-ground fault, it’s necessary to
clarify the character of characteristic roots. To simplify the expression, introduce intermediate
variables D, E, F.

D =3(A? - 8Ay)%, E =3A]+16A3 - 1641A; + 16A; A5 — 644,

\ (A1)
F = A] —4A1A; + 8A3
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the

Combining the permutation group solution with Shengjin’s formula, the characteristic of
roots can be judged by the discriminant equation A. Therefore, A can be expressed as a

multinomial expression with respect to the fault distance x and the transition resistance Ry.

and

A = -3D*E? — S4DEF + 12D°F + 81F? + 12E* = f(A1A2A3Aq) = 2(xRy). (A2)

Substitute the system parameters into Equation (A2), and set the value of the fault distance x
transition resistance Ry in Matlab changed [0, 200 km] and [0, 100 Q], the image of z(xRy)

is shown as:
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Fig. Al. The relationship between discriminant equation, fault distance and transition resistance

As shown in Fig. A1, A = ¢ (x, Rf) > (, the solution of Equation (11) is composed of a pair

of conjugate complex roots and two different real roots.
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