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Measured Impedance and Threshold Value of
Electrode Line Impedance Supervision Based
Protection in HVDC Transmission System

Qiang Sun, Bin Li, Jiawei He, and Ye Li

Abstract—At present, electrode line impedance supervision
(ELIS) based protection is widely used to detect faults on
grounding electrode lines, which are indispensable elements of
high-voltage direct current (HVDC) systems. The existing theo-
retical analysis of measured impedance is based on lumped line
model and the threshold value is generally set according to engi-
neering experience, which have caused the dead zone problem
and even accidents. Therefore, a study on measured impedance
of ELIS-based protection and its threshold value selection meth-
od is carried out to solve this problem. In this study, the expres-
sions of measured impedance under normal operation and fault
conditions are deduced based on rigorous and accurate line
model. Based on the expressions, the characteristics of the mea-
sured impedance are calculated and analyzed. With the charac-
teristics of the measured impedance, the applicability of the pro-
tection with the traditional threshold value is further discussed
and the distribution of the dead zone can be located. Then, the
method to calculate the threshold value of ELIS-based protec-
tion is proposed. With a proper threshold value selected by the
proposed method, the dead zone of ELIS-based protection is ef-
fectively eliminated, and the protection can identify all types of
faults even with large transition resistances. Case studies on
PSCAD/EMTDC have been conducted to verify the conclusion.

Index Terms—Grounding electrode line, electrode line imped-
ance supervision (ELIS) based protection, measured impedance
characteristic, threshold value selection.

I. INTRODUCTION

IGH-VOLTAGE direct current (HVDC) transmission
systems represent an important revolution in power sys-
tem owing to the advantages such as long transmission dis-
tance, low transmission loss, and narrow transmission corri-
dor [1]-[4]. The grounding electrode is an indispensable part
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of an HVDC system. Under the normal operation, the opera-
tion mode is bipolar. In this mode, the grounding electrode
limits the voltage of converter neutral bus to be a reliable
ground potential to ensure the symmetrical operation of the
bipolar line. If either pole of the system is blocked due to
faults or other reasons, the operation mode would be
changed into the monopolar-ground mode [5]. In this mode,
the transmission power will flow through the grounding elec-
trode.

If the grounding electrode is installed in the converter sta-
tion directly, the unbalanced current would directly flow into
the ground in the converter station, leading to many prob-
lems. First, the DC current flowing into the ground may
cause potential differences among substations at different lo-
cations. Therefore, the DC current flowing into the trans-
formers may cause transformer saturation due to DC bias [6]-
[8]. Besides, the DC current can also cause corrosion on the
metal pipelines underground and affect the normal operation
of the electrified railway [9], [10]. Consequently, the ground-
ing electrode is usually located far from the converter sta-
tion. As a result, for a grounding electrode line, it is neces-
sary to connect the grounding electrode with the neutral bus
of the converter station. To improve the operation reliability,
the grounding electrode line is generally designed as double-
circuit overhead lines on the same tower.

The protection of the grounding electrode line is essential
to guarantee the reliability of the HVDC system. Generally,
the conventional protection based on unbalanced current is
applied in the monopolar-ground mode [11]. In the bipolar
mode, the sensitivity of the conventional protection is not
enough for various operation conditions. To solve this prob-
lem, ABB company designed a protection system based on
signal injection, which is called grounding electrode line im-
pedance supervision (ELIS) based protection [12]. By inject-
ing high-frequency signal, the measured impedance can be
used to detect the fault on the grounding electrode line. In
recent years, some investigations have proposed novel strate-
gies for ELIS-based protection, aiming to improve protection
performance. Reference [13] proposes a frequency selection
criterion to eliminate the protection dead zone. Reference
[14] designs a novel protection criterion by introducing a
voltage standing-wave ratio. It can avoid mis-operation un-
der the condition of mismatching terminal resistors. Similar-
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ly, the transverse difference ratio of head-end high-frequency
measured impedance and voltage amplitude integration are
also used in the protection scheme in [15] and [16]. By in-
jecting two frequency signals, [17] proposes an improved
protection scheme to climinate the dead zones. Reference
[18] analyzes the performance of ELIS-based protection un-
der different types of line break faults. The results show that
the protection will not identify single-line break fault under
the condition that the grounding electrode line length is inte-
ger multiple of the half wavelength of the injected signal.

An accurate measured impedance is the basis of designing
the ELIS-based protection scheme. The previous investiga-
tions on measured impedance of ELIS-based protection are
generally based on lumped parameters of the line and not ac-
curate enough. Reference [13] uses © model of the line to an-
alyze the impedance characteristic although the grounding
electrode line length is several times of the wavelength. Ref-
erence [14] omits the coupling effect of the double-circuit
lines. It leads to an inaccurate measured impedance under
different kinds of faults. Therefore, it is necessary for the
protection of grounding electrode line to obtain the accurate
calculation method of the measured impedance. Besides, the
threshold value of the existing ELIS-based protection is gen-
erally set to be 30 Q according to the experience judgment
[14]. Without reasonable threshold value, the protection of
grounding electrode line cannot accurately identify faults
based on measured impedance.

As discussed above, the inaccurate measured impedance
and the improper threshold value lead to the dead zone of
the protection for grounding electrode lines. If a fault occurs
on the grounding electrode line and is not detected in bipo-
lar mode, the HVDC system cannot be switched from bipo-
lar mode into monopolar-ground mode when necessary. This
is because a fault on the grounding electrode line during mo-
nopolar-ground mode may also produce a fire because the
fault current can reach the level of 5 A to 10 A [19]. Conse-
quently, the whole HVDC system must be stopped and
would result in huge power loss. The actual fault accident
shows that there is dead zone for the existing ELIS-based
protection. In June 2014, a fault occurred on the grounding
electrode line in an HVDC project in southwest China and
the protection did not detect the fault correctly [20]. There-
fore, locating and eliminating the dead zone of the protec-
tion of grounding electrode line is essential for the operation
security and reliability of the HVDC system.

In this study, the accurate analysis of the fault on ground-
ing electrode line is firstly studied, which lays the basis for
the design of a reasonable protection scheme and the im-
provement of the protection sensitivity. Then, based on the
calculation method and the property of the measured imped-
ance, the dead zone existing in ELIS-based protection is lo-
cated, and it is concluded that the dead zone is caused by
the improper threshold value selection. Based on that, a
threshold value selection method is proposed instead of the
empirical value leading to dead zone, and the selection meth-
od can completely eliminate the dead zone and improve the
security and reliability of the HVDC system. In sum, this pa-
per is organized as follows. In Section II, the sinusoidal
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steady-state equation of electromagnetic wave process is
used to calculate the measured impedance under normal op-
eration. In Section III, the measured impedance under differ-
ent faults is further calculated, and the operation characteris-
tics of the protection are analyzed. On this basis, a criterion
for threshold value selection is given to eliminate the dead
zone of ELIS-based protection, to detect fault with high tran-
sition resistance. The correctness of theoretical analysis and
effectiveness of threshold value selection criterion are veri-
fied on PSCAD/EMTDC in Section IV. Finally, the conclu-
sions are given in Section V.

II. ELIS-BASED PROTECTION AND MEASURED IMPEDANCE
UNDER NORMAL OPERATION

The measured impedance is the core of ELIS-based protec-
tion. To analyze the applicability of the threshold value and
propose the threshold value selection method, the characteris-
tics of measured impedance are investigated. Therefore, the
accurate measured impedance expressions should be first de-
duced, which is the basis for analyzing measured impedance.
In this section, the ELIS-based protection is introduced, and
then the expression of measured impedance under normal op-
eration is deduced, as a case for establishing the derivation
method of measured impedance expressions.

A. Grounding Electrode Line and Fault Detection

In the HVDC transmission system, the power converter
station is used to realize the power conversion and its basic
topology is shown in Fig. 1(a). Under the normal operation,
the DC current circulates in the positive and negative pole
lines. Thus, no current flows into the ground through the
grounding electrode. When the system operates in unbal-
anced state, the thousand-ampere DC current flows into the
ground through the grounding electrode. To avoid the nega-
tive influence of the DC current, the grounding electrode is
usually installed far from the power converter station [20],
and the grounding electrode line is developed to connect the
neutral bus of the converter station and grounding electrode,
whose typical structure and geometric parameters are shown
in Fig. 1(b) and (c), respectively. In Fig. 1(c), the relative x-
position of tower center is 0 m, which indicates that the tow-
er is centered, the height of the grounding electrode lines is
31 m, the horizontal spacing between the grounding elec-
trode lines is 6 m, while the height of overhead grounding
wire over the grounding electrode lines is 6 m. Each ground-
ing electrode line has two sub-conductors and their spacing
is 0.4 m. Besides, the sags of the grounding electrode lines
and the overhead grounding wire are 15 m and 12 m, respec-
tively, which are the differences between the tower height
and the mid-span height.

In the existing HVDC projects, the measurement instru-
ments and communication devices are generally not installed
at the grounding electrode side because it is far from the
power converter station and the power supply for the devic-
es is difficult. Therefore, only the currents and voltages at
the converter station side are measured. To inject the high-
frequency signal to the grounding electrode line, a current
source is installed at the terminal of grounding electrode line
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close to the converter station, as shown in Fig. 1(b). Specifi-
cally, the current signal on the grounding electrode line is
measured and compared with the default value, and the
waveform parameters of the target current signal are calculat-
ed by proportional-integral (PI) control. Then, according to
the parameters, the target current signal can be generated by

Rectifier station

DC line
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the digital sinusoidal oscillator, which can be easily pro-
grammed with digital signal processing (DSP). Finally, the
generated current signal is amplified and injected to the
grounding electrode line [16]. The whole structure has nega-
tive feedback to stabilize the injected current.

: AC side

| Wave |,

Injected |1 Grounding electrode line | Grounding,
|trapper |, signal || /1 electrode |

Fig. 1.

Grounding electrode

Mid-span sag
.

Overhead ground wire §G1

lincCl
0.4 m—/

(©)

(d)

Structure of HVDC system with grounding electrode line. (a) Basic topology of HVDC transmission system. (b) Structure of grounding electrode

line. (c) Geometric parameter of grounding electrode line. (d) Ground-mode network under normal operation.

With the current injection, the voltage and current at the
line terminal are measured to calculate the measured imped-
ance. If a fault occurs, the impedance varies corresponding-
ly, which is significantly different from that under normal op-
eration. According to this characteristic, the impedance pro-
tection can detect the fault [13].

In addition, a wave trapper is installed to prevent the in-
jected current from flowing into the station. In general, the
wave trapper is composed of the inductor and capacitor in
parallel, which form a parallel resonance at the frequency of
injected signal. The inductor can also serve as a path for the
DC current. Besides, a matched resistor is at the electrode
side, whose function is to reduce the standing wave effect
on the grounding electrode line. To provide a DC current
path, an inductor is parallel with the matched resistance,
while a capacitor is also parallel to keep the whole imped-
ance matched.

At the protection position, the measured impedance Z_, is
defined as:

(M

where I, is the injected current; and U,, is the measured

1

voltage. The fault detection criterion is designed as [14]:
Zow—2Z

normal

< ZSE!I

mea -

2
where Z . is the measured impedance under normal opera-
tion; and Z_, is the threshold value. Compared with normal
conditions, the measured impedance changes after faults and

(2) is not valid. Therefore, the fault can be detected accord-

ing to the criterion. It should be noted that, because the
ELIS-based protection is designed for grounding electrode
lines and has nothing to do with the system structure, it is
applicable to both line-commutated converter based HVDC
(LCC-HVDC) systems and voltage source converter based
HVDC (VSC-HVDC) systems that include grounding elec-
trode lines.

B. Analysis of Measured Impedance Under Normal Opera-
tion

In this subsection, the calculation expression of the mea-
sured impedance under normal operation is first deduced.
The grounding electrode line can be equivalent to distributed
parameter circuit. The sinusoidal steady-state equation of the
electromagnetic wave process propagating on the grounding
electrode line is shown as [21], [22]:

ULZ = ULI cosh(yl,, )_le Z, sinh(yl,,)

. U, . 3)
Ii,=1y, cosh(yl},) - 71115111}1(3’]12)

Cc

where y and Z_ are the propagation coefficient and wave im-
pedance, respectively; U,,, U, and I,,, I, are the voltages
and currents at two points, respectively; and /, is the dis-
tance between the two points.

In practical HVDC systems, the grounding electrode lines
are generally double-circuit. Therefore, the decoupling con-
cept used for the DC transmission line (positive and nega-
tive pole lines) is also applicable for the coupling effect be-
tween double-circuit lines of the grounding electrode line
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[23], [24]. After decoupling, (3) is satisfied both in the line-
mode and ground-mode networks.

Figure 1(b) shows the equivalent circuit of the grounding
electrode line under normal operation, where the double
lines are marked as line I and line II to distinguish them
from each other, respectively. Correspondingly, I'LS and jILs
are the currents on line I and line II at the station side, re-
spectively. Besides, 7, is defined as the current flowing into
the ground through the grounding electrode; and R is the
matched resistance, whose value is generally selected as half
of the ground-mode wave impedance. As the wave trapper
can prevent the current from flowing into the converter sta-
tion, the wave trapper and station do not need to be consid-
ered in the analysis. Similarly, the impedance of the parallel
structure at the grounding electrode for the injected signal is
equal to R, so the inductor and capacitor do not need to be
considered in the analysis either.

According to Fig. 1(b), the ground-mode voltage at the

station side U,, can be calculated as V2 U,, and the ground-

mode current at the station side /,, can be calculated as
V2 1,,/2. Similarly, the ground-mode voltage and current at
the grounding electrode side can be calculated as U0g=
V2 I,R, and fogz V2 I,/2, respectively. The ground-mode
network and the corresponding variables are shown in Fig.
1(d). Moreover, the line-mode voltages and currents are all
zero because the double-circuit line is symmetrical under
normal operation.

Then, the relationship among fG, U,

. and [, can be ob-
tained as:

V2 I Ry= V2 U, cosh(y,l)— %imzco sinh(y,/)

QI'G: ﬁjin COSh(y()l)_ \/ZUin
2 2 Z

“)

sinh(y,/)

where / is the length of the line; y, is the ground-mode prop-
agation coefficient; and Z,, is the ground-mode wave imped-
ance, which can be calculated according to [25].

According to (4), the measured impedance defined by (1)
can be calculated as:

u, 1 7 Zasinh(,))+2Rg cosh(y,))
[T 2797 cosh(y)+ 2R, sinh(r,l) )

mn

normal —

In general, the matched resistance R;=Z,/2 and the mea-
sured impedance under normal operation can be further sim-
plified as Z, .. =Z./2.

In this section, the ELIS-based protection is introduced,
and the derivation method of measured impedance expres-
sions is proposed, which is based on the electromagnetic
wave theory and decoupling concept. And the measured im-
pedance under normal operation is deduced. With the deriva-
tion method, the expressions under fault conditions can also
be deduced and the difference between measured impedanc-
es under normal operation and under faults can be discussed.

III. ANALYSIS OF MEASURED IMPEDANCE UNDER FAULT
CONDITIONS AND THRESHOLD VALUE SELECTION METHOD

The measured voltage U, will change when a fault oc-

1
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curs. As the injected current is constant, the measured imped-
ance changes with the voltage. The protection of the ground-
ing electrode line mainly uses the difference of measured im-
pedance to detect the fault. Therefore, the expressions of
measured impedance under fault conditions are deduced with
the method based on the electromagnetic wave theory and
decoupling concept in this section. Then, with the expres-
sions, the characteristics of the measured impedance under
faults can be easily obtained, and the applicability of the em-
pirical threshold value is discussed. Due to the limitation of
empirical value in detecting faults with high transition resis-
tance, a threshold value selection method is proposed to
solve the problem and avoid the harm of faults with high
transition resistance, such as power loss and fire risk.

A. Measured Impedance Under Fault Conditions

Two types of faults are identified on the grounding elec-
trode line, i.e., double line-to-ground fault and single line-to-
ground fault. Figure 2(a) shows the equivalent circuit of a
double line-to-ground fault occurring on the grounding elec-
trode line. In Fig. 2, various types of faults are represented
by different transition resistance values, where R, and R, are
the transition resistances between the lines; and R, is the
transition resistance between the line and the ground. Figure
2(a) can be decoupled into a ground-mode network and a
line-mode network, as shown in Fig. 2(b) and (c), respective-
ly, according to the decoupling transform theory. The double
line-to-ground fault is first analyzed, where transition resis-
tance exists between the lines, i.e., R, =R,#0. Considering
that the network remains symmetrical after double line-to-
ground fault, the line-mode voltages and currents are all ze-
ro, which is similar to the normal operation condition.

Grounding
electrode side
I
Rg
Ly jlfg Ilg
UOS ]Ofi Uor Ut)g 2RG Uls Ilfl Ulf Ulg
(b) (©)

Fig. 2. Grounding electrode line with double line-to-ground fault. (a)
Equivalent circuit. (b) Ground-mode network. (c) Line-mode network.

The ground-mode voltages U,, and UOg and currents /,,
and /,, are still the same as those in (4). The ground-mode
current and voltage at the fault point, i.e., /; and Uy, can be
calculated as:

IOf:TIf

(6)
vy V3 ;
U= Tlf(Rl +2R3)= Tlt‘Req
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where /, is the fault current.

After decoupling, the line segments from the fault to the
two terminals still satisfy (3). As the line is divided into two
parts by the fault point, the ground-mode currents at both
sides of the fault, i.e., /,, and I'Ofg, are also necessary for the
analysis. For the segment between the fault point and the
grour}ding electrode, U, and iofg can be calculated from UOg
and /,, according to (3), i.e.,

Uye=U,, cosh(y, (1= x))+ I, Zq sinh (v, (I - x))

. Uy, . ™
Lopy =1, cosh(y, (I—x))+ Z—O sinh(y, (/—x))
where x is the fault distance from the station side. For the
segment between the fault point and the station, U, and the
ground-mode current at the left side of the fault point 7,
can be calculated from /,, and U,, according to (3).
According to (6) and (7), the fault current [} can be ex-
pressed as:

I=I, ]ZQ‘; (cosh(y, (I—x))+ sinh(y, (I —x))) (8)
Then, due to fofszfofg+f0f, I, can be expressed as:
Iy= g ]G[cosh (o (L= x))+sinh(y, (I — x)+
2. (cosh (7, (1)) + sinh (7 (1)) ©)

eq

Because I, can be calculated from both terminals of the
line, the other expressions can be obtained. According to the
two expressions, the relation ship between the ground cur-
rent /; and injected current /,, can be expressed as:

io=i n/[cosh(yol)Jr sinh(y,) +

Z .
< (cosh(y, (1)) + sinh(y, (—x))cosh(rpx) | (10)
eq
In addition, U,, can be calculated as:
Uos= UOf COSh(yox)+j0stco sinh(y,x) (11)

Furthermore, U, can be obtained by combining (8)-(11).
Then, under the double line-to-ground fault, the measured
impedance Z, is calculated as:

mea, dou
ZC sinh X
0 (yO ) ( )

eq
Z cosh(y,x
0 R (yO )g(x)

eq

sinh(y,/)+cosh(y,/)+
Z

mea, dou —

EZC() (12)

sinh(y,/)+cosh(y,/)+

where g(x)=sinh(y,(/—x))+ cosh(y, ([ —x)).

However, (12) is not suitable for metallic faults. There-
fore, the measured impedance under metallic double line-to-
ground fault is also analyzed. When a metallic fault occurs,
the ground-mode voltage at the fault point can be expressed
as:

Uy=0=U,, cosh(yx)—I,,Z., sinh(yx) (13)

The measured impedance under metallic double line-to-
ground fault is calculated as:
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L Z, tanh(y,x)

mea, dou = 5

z (14)

According to (12) and (14), it can be found that the mea-
sured impedance under the double line-to-ground fault is af-
fected by the fault distance and transition resistance, which
is significantly different from the measured impedance under
normal operation shown in (5).

When a single line-to-ground fault occurs (R,=0 and R,=
o), the line-mode and ground-mode networks can also be ob-
tained from decoupling. However, the single line-to-ground
fault is not symmetrical so the line-mode voltages and cur-
rents are not zero. Therefore, the line-mode voltages and cur-
rents need to be analyzed separately, and a similar method
as above is still feasible. Due to space limitations, the specif-
ic derivation is omitted in this paper.

Under the single line-to-ground fault, the measured imped-

ance Z,., . is deduced as:
. Z, sinh(y,x
sinh(y,/)+ cosh(y, /) + #f}ég)) 2(x)
™7 % sinh (rgl) + cosh (pyl)+ 2S00 ) cosh (1) ) "
yO y() Req +f(x) g
where f(x) = (sinh(y, (! —x))sinh(y, x)/sinh(y,))Z;; R,, = 2R,

because no transition resistance exists between the lines un-
der the single line-to-ground fault; y, is the line-mode propa-
gation coefficient; and Z is the line-mode wave impedance,
which can also be calculated according to [24]. Equation
(15) is suitable for metallic faults.

When a single line-to-ground fault occurs, it can be ob-
served that the measured impedance is also different from
that under normal operation. Equations (5), (12), (14), and
(15) indicate that the measured impedance under the double
line-to-ground fault or single line-to-ground fault varies from
that under normal operation, which provides the theoretical
basis for the impedance protection of the grounding elec-
trode line. However, in practical engineering, the selection
of the threshold value Z_ is still very rough. For example, in
[14], it is selected as 30 €, which is an empirical value. In
addition, an inappropriate threshold value reduces the opera-
tion sensitivity of the impedance protection. Therefore, the
effective method to select the threshold value for the imped-
ance protection needs to be studied.

B. Characteristics of Measured Impedance

With the preceding derivation, the detailed characteristics
of the measured impedance can be analyzed. As an example,
a metallic double line-to-ground fault is first discussed. In
practical engineering, the length of the grounding electrode
line is generally at the level of hundreds of kilometers, so
here, the line length 100 km is used as an example. When
the fault distance changes from 0 km to 100 km in the sys-
tem shown in Fig. 1(a), the measured impedance can be cal-
culated according to (15). The calculation result is presented
in Fig. 3.

As shown in Fig. 3, the trajectory of the measured imped-
ance Z,, (/) is spiral, whose center is the measured imped-
ance under normal operation Z, ... Furthermore, the opera-
tion boundary of the protection is a circle whose center is al-
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so the measured impedance under normal operation Z .,
and radius is the threshold value Z_. In the existing engi-
neering project, Z_, is generally selected as an empirical val-
ue 30 Q. Obviously, when x=/, the measured impedance
Z,e (1) 1s the closest to the measured impedance Z _, under
normal operation. Therefore, Z_ should be larger than
|Z e (D) =Z ol to 1dentify the normal operation condition
and fault condition. As shown in Fig. 3, |Z ..()-Z
53.18 Q, which is larger than Z_ and it means that the pro-
tection with the empirical threshold value can effectively dis-
tinguish the normal operation condition and metallic fault
condition (the same conclusion can be found for a single

line-to-ground fault condition).

normal‘ -

500

250

X(©Q
[«

=250+

-500 . . .
0 250 500 750 1000
R(Q)
Fig. 3. Trajectory of measured impedance under metallic double line-to-

ground fault.

However, in practical engineering, the transition resistance
may exist in faults. Therefore, its influence should be consid-
ered. When R, changes from 0 Q to 300 Q and x changes
from 0 km to 100 km, the measured impedance is calculat-
ed, and the trajectories is shown in Fig. 4.

S0r ..
| 75¢ x / :
500 - Lo
= ' 75 . . ;o
% 250 | 200 250 300 350!
\ — x=0 km, R;=0—300 Q
TN — x=20 km, R;=0—300 Q
0 ! ! — x=40 km, R;=0—300 Q
| @“* —» x=60 km, R,=0—300 Q
””” — x=80 km, R,=0—300 Q
— x=100 km, R;=0—300 Q
2250 \ . . )
0 250 500 750 1000
R(Q)
Fig. 4. Trajectories of measured impedance under double line-to-ground

fault when R, and x change.

In Fig. 4, each trajectory represents the change of mea-
sured impedance with R, under a certain fault distance x, i.e.,
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x=0,20,...,100 km. The trajectories are marked in green
and red when part of the trajectory comes into the operation
boundary circle under this fault distance. For example, when
x=100 km, the measured impedance is in the operation
boundary circle when R;=95.8 Q, i.e., R,,=191.6 Q. This
means that the protection cannot identify the fault under this
condition. Therefore, with the empirical threshold value, the
capability against transition resistance of the impedance pro-
tection is reduced substantially. However, as mentioned in
Section I, a fault with high transition resistance caused by a
branch is more likely to occur on grounding electrode lines,
which usually pass through mountains, and the fault with
high transition resistance is very likely to cause fire. There-
fore, the threshold value selection should be more accurate
to improve the protection operation sensitivity.

C. Improved Threshold Value Selection Method

According to the previous analysis, the larger the fault dis-
tance is, and the larger the transition resistance is, the closer
the fault measured impedance to the normal operation mea-
sured impedance will be. Therefore, the threshold value
should satisty Z, <|Z,...(/, R

When x=1[, we can obtain:

sinh(y, (/= 0)sinh(y,/) Z,,
SR o) = sinh(y, 1) R

g()=sinh(y,({=1))+cosh(y,(I-1)=1 ’

When f(/, Ry )=1 and g(/)=1, according to (12) and
(15), it can be obtained that Z, ., ., =Z In this manner,
the measured impedances under the single line-to-ground
fault and double line-to-ground fault when x=/ and R =

R are the same, i.e.,

eq. max

eq, max ) _Znorma] | .

(16)

mea,sin®

20 Sinh(y,1)

eq, max

Z cosh(y,/)

eq, max
a7

Therefore, the upper limit of the threshold value can be
calculated as:

sinh(y,/)+cosh(y,/)+ R

cha (l’ R B ZCO

eq, max ) =

sinh(y,/)+cosh(y,/)+ R

1 22
Zset,up: ‘Zmea(l’Reqemax)_Znormal = E R 0 :
¢q
1 1
Sinh (D) +C0shG0) Gk 01+ cosh () + 22 cosh(y,)

<q
(18)

The threshold value of the protection should be smaller
than Z = to guarantee the protection operation sensitivity.
According to the proposed method and line parameters calcu-
lated from the line structure shown in Fig. 1(c), Z,, is cal-
culated as 15.52 Q.

However, in practical engineering, it is impossible to cal-
culate the line parameters completely accurately, which
means that the calculation error must exist. Therefore, the ef-
fect of line parameter calculation error should be analyzed.
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Here, the influence of the line ground-mode wave imped-
ance Z, with different calculation errors is mainly discussed.
Figure 5 shows the calculated impedance according to (12)
under double line-to-ground with transition resistance of
300 ©Q when the calculated wave impedance Z, has errors of
—3% and 3%. As shown in Fig. 5(a), when Z has an error
of —3%, both the measured impedances under normal opera-
tion (Z indicated by the red point) and fault condition (the
red spiral trajectory) shift. However, the shifting range and
direction under the normal operation and fault conditions are
almost the same. This makes the distance between Z ., and
Z nea (I, Ry e ) @lmost unchanged. As shown in Fig. 5(a), the
value of |Z,..(/,R )—Zy| is 15.09 Q when Z has an er-
ror of —3%, which is very close to the value 15.52 Q under
the condition without error. Similarly, as shown in Fig. 5(b),
when Z has an error of 3%, the calculated impedances un-
der normal operation Z,; and fault conditions shift with the
same direction and a similar range. |Z,..,(/, Roq o) =Zoi| 18
15.94 Q, which is also very close to 15.52 Q. That is, al-
though the measured impedance changes when the error of
Z,, is considered, the value of |Z ., ([, R mux) ~Zoomal 15 al-
most unchanged. Thus, it can be concluded that the calcula-
tion error of wave impedance does not affect the calculation
of the upper limit of the threshold value Z,

eq, max

5 5
St -5t
@ E @ Znormul Z+E
= =
-15¢ -15F
15.09 Q 15520
-25 : . 25 . .
250 260 270 280 260 270 280 290
R(Q) R(Q)

(@) (b)

Fig. 5. Positions of calculated impedance. (a) With an error of -3%. (b)
With an error of 3%.

Therefore, the threshold value is set as:
Z.=7Z /K (19)

set set,up sen
where K is the sensitivity coefficient of the protection. For
the protection of the grounding electrode line, the protection
range is the full length of the line. According to the analysis
in Section III, the threshold value should satisfy Z <
|Z oo (I, R ~Z ommal> 80 the upper limit of the threshold
value Z, = can be determined according to the line parame-
ters. When K, is larger than 1, the threshold value Z_, is se-
lected smaller than Z, ., and the sensitivity can be ensured
in the whole range theoretically. However, there can be
noise interference and transformer measurement error in
practical engineering. As a result, K should not be selected
too close to 1, to prevent loss of sensitivity under noise inter-
ference and error. Therefore, with reference to the value of
the sensitivity coefficient in traditional AC protection, K, is
selected as 1.3 in this paper, and thus, the threshold value is

finally set as 15.52 Q/1.3=11.94 Q. The improved threshold

eq. max )
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value selection is shown in Fig. 6.

10

Z

set

=7 /K "~

set,up’ " *sen

265 275
R(Q)

255

285

Fig. 6. Improved threshold value selection.

In practical engineering, after a grounding electrode line is
built, the measured impedance during system normal opera-
tion can be easily obtained through on-site measurement.
Then, Z ., in the protection can be determined according to
the actual measurement result. However, as analyzed above,
the parameter error has a minor effect on threshold value
Z. This means that Z_ can be completely calculated with-
out on-site measurement.

In addition, it should be noted that, in practical engineer-
ing, only the 13.95 kHz signal is used for injection. In other
words, in different existing HVDC systems, the signal fre-
quencies are all 13.95 kHz, and there is no frequency conver-
sion or multiple frequencies used. Therefore, the impedance
characteristics for 13.95 kHz are analyzed in this paper,
which is the most suitable for practical engineering needs.
For different frequencies which will be probably used in the
future, the calculation expressions of the measured imped-
ance obtained in this paper (such as (5), (12), (14), (15)) and
the proposed improved threshold value selection method are
all suitable. If the frequency varies, just recalculate parame-
ters according to the line structure and substitute the parame-
ters into the corresponding expressions, and then the proper
threshold value for new frequency can be obtained again. Be-
sides, as mentioned in Section II-A, the PI control is used in
the configuration of the current source and the whole struc-
ture forms negative feedback. Therefore, both the amplitude
and frequency of the injected current waveform can be stabi-
lized, and the frequency error is not discussed in this paper.

In this section, the expressions of measured impedance un-
der fault conditions are deduced. Then, the characteristics of
the measured impedance are obtained, and it can be ob-
served that with the empirical threshold value, the protection
cannot identify the fault with long fault distance and high
transition resistance. As discussed in Section I, the fault with
high transition resistance can cause great power loss and fire
risk. Obviously, the problem should be solved, or the opera-
tion security and reliability of the HVDC system cannot be
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guaranteed. Therefore, an improved threshold value selection
method is proposed to ensure that the protection can detect
faults with high transition resistance correctly and to guaran-
tee the operation security and reliability of the HVDC sys-
tem. In addition, in order to facilitate practical engineering
applications, the line parameter error is also considered, as
well as the signal frequency.

IV. CASE STUDIES

To verify the correctness of the theoretical analysis, differ-
ent types of faults on the grounding electrode line are simu-
lated in this section. And the performances of the impedance
protection with traditional and proposed threshold value se-
lection methods are compared, to prove the feasibility of the
proposed method.

Specifically, a simulation model of an +500 kV HVDC
system with a grounding electrode line is built on the
PSCAD/EMTDC platform whose structure is shown in Fig.
1(a). The rated transmission capacity of the HVDC system
is 1000 MW. For the grounding electrode line, the frequen-
cy-dependent model is used, and its structure is presented
in Fig. 1(c). With the structure of the line, the values of the
ground-mode propagation coefficient, the line-mode propa-
gation coefficient, the ground-mode wave impedance, and
line-mode wave impedance can be calculated as (1.1777 x
107°+j3.3411x10*)m™, (6.4798x 1077 +j2.9331x107*)m™",
(526.73-j18.56) Q, and (267.72-j0.58) Q, respectively. The
length of the grounding electrode line is 100 km, and the
grounding electrode resistance is 0.5 Q. Besides, the wave
trapper is composed of a 260 nF capacitor and a 0.5 mH in-
ductor.

A. Correctness of Theoretical Calculation of Measured Im-
pedance

Firstly, the metallic double line-to-ground fault with differ-
ent fault distances is simulated to verify the correctness of
the theoretical analysis for measured impedance. The corre-
sponding measured impedances and the theoretical calculat-
ed impedances are shown in Fig. 7(a). It can be concluded
that all the simulation results coincide with the theoretical
calculated trajectories. Furthermore, in Fig. 7(b), the single
line-to-ground faults with transition resistance of 300 Q with
different fault distances are simulated, and the simulation re-
sults also coincide with the theoretical calculated trajectory.
This condition indicates that the proposed method to calcu-
late the measured impedance is correct and highly accurate,
so the threshold value selection can be further developed
based on the theoretical analysis.

In addition, take the method in [13] as an example, where
the coupling between lines is not considered, to discuss the
errors and compare it with the proposed method in this pa-
per. With the structure of the grounding electrode line used
in this paper, the measured impedance under metallic double
line-to-ground fault is calculated according to (9) in [13]. In
[13], the measured impedance under metallic double line-to-
ground fault is an imaginary number, which varies between
j6.0574x 10° Q and —j2.3603 x 10”7 Q@ when the fault dis-
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tance varies from 0 to 100 km. However, the actual mea-
sured impedance is shown in Fig. 7(a), which is a complex
number with a spiral trajectory in the complex plane. In fact,
the actual measured impedance coincides very closely with
the calculated trajectory according to the proposed method
in this paper, while the trajectory of the calculated measured
impedance according to [13] will be a straight line along the
imaginary axis, with the value between j6.0574 x 10° Q and
—j2.3603 x 107 Q. To be more specific, the maximum value
of the measured impedance modulus calculated according to
the method in this paper is j4.7351 x 10° Q. Therefore, the
method in [13] not only loses all the phase information of
the measured impedance, but also cannot accurately obtain
the amplitude information. In contrast, the method in this pa-
per can obtain both the amplitude and the phase precisely,
which is an advantage over other methods.

1000

500+

X(Q)
(=)

=500+

-1000
0

200

x=10, 20, 30 k.
100+

X(Q)
(e}

-100+

x=5,10, 15 km...

200 300 400
R(Q)
(b)

— Calculated trajectory; e Simulation results; e Z,

normal

-200 - .
0 100 500 600

Fig. 7. Measured impedance under single and double line-to-ground faults.
(a) Metallic double line-to-ground fault. (b) Single line-to-ground fault.

B. Performance of Impedance Protection with Traditional
Threshold Value

Different types of faults are set at different positions of x=
10 km and x=90 km on the grounding electrode line (at
t=1 s). Then, at the station side, the waveforms of measured
voltage Uin are shown in Fig. 8. As the signal is injected by
a current source, whose current remains constant before and
after the fault, the change in measured voltage indicates the
change in measured impedance.

When x=10 km, the voltage changes obviously. Thus, the
protection can operate correctly regardless of the fault type.
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Figure 9 shows the measured impedance after faults on the
complex plane. When the metallic fault occurs, the measured
impedance is outside the operation trajectory circle with tra-
ditional threshold value of 30 Q. However, when a fault oc-
curs at x=90 km with transition resistance of 300 Q, the
voltage change is extremely small in both the amplitude and
phase. Owing to the current source injection, the measured
impedance also does not change obviously. The measured
impedance is within the operation trajectory circle. There-
fore, if the threshold value is not set properly, a malopera-
tion will occur. The performance of the protection with the
threshold values set by traditional method and proposed
method is given as follows.

= 0.75{
=2
& 0[
£
2 -0.75 ! . ! )
0.9995 1.0000 1.0005 1.0010 1.0015 1.0020
Time (s)
(a)
S 0.75{
=2
& 0[
E
2 -0.75 : : : : ;
0.9995 1.0000 1.0005 1.0010 1.0015 1.0020
Time (s)
(b)
< 0.75
z
& 0[
£
2 -0.75 : : : : )
0.9995 1.0000 1.0005 1.0010 1.0015 1.0020
Time (s)
(©)
S 0.75{
=2
& 0[
)
S -0.75 : : : : )
0.9995 1.0000 1.0005 1.0010 1.0015 1.0020

Time (s)
(d)
Fig. 8. Waveforms of measured voltage at station side. (a) Double line-to-
ground fault when x=10 km and R,=0 Q. (b) Single line-to-ground fault
when x=10 km and R;=0 Q. (c) Double line-to-ground fault when x=90
km and R;=300 Q. (d) Single line-to-ground fault when x=90 km and R,=
300 Q.

It should also be pointed out that, in Fig. 8, there are
some transient processes after faults and the measured im-
pedance changes correspondingly. However, the transient pro-
cesses represent the traveling waves caused by faults, and
the traveling wave decays rapidly, which means the transient
process ends. The fault correspondingly enters the steady-
state stage. Generally speaking, in the bipolar mode of
HVDC system, the fault on the ground electrode line does
not influence the normal operation of the system immediate-
ly, the time delay of the ground electrode line protections
can be longer than that of AC or DC protection. Besides, in
most situations, only an alarm signal is sent out or some ac-
tions are taken on the system operation, while there is no
need to trip the breaker. In fact, the time delay of the ELIS-
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based protection is 10 s, and after 10 s, an alarm signal is
sent out. In the ELIS-based protection, the main focus is on
the impedance characteristics in steady state. As shown in
Fig. 8, the traveling wave decays in 2 ms, which is very
short compared with 10 s. So, the transient processes after
faults are not taken into consideration, and the measured im-
pedance during faults does not influence the correct action
of the protection.

C. Performance of Impedance Protection with Threshold Val-
ue Selected by Proposed Method

According to the proposed method and system parameters,
the threshold value of the impedance protection can be se-
lected as 11.94 Q and K, =1.3. Table I shows the operation
results of the impedance protection with the threshold value
11.94 Q. Meanwhile, the operation results of the protection
with traditional threshold value, i.e., 30 Q, are also dis-
played for comparison in Fig. 9. With the proposed thresh-
old value, the protection can operate correctly under differ-
ent types of faults, even with long distance and large resis-
tance. This condition means that the protection operation sen-
sitivity with the selected threshold value is improved signifi-
cantly.

In addition, the comparison between the proposed method
in this paper and the method in [13] is also given in Table I.
In [13], a frequency selection criterion to eliminate the oper-
ation dead zone is proposed, and 13.853 kHz is selected as
the optimum frequency instead of threshold value selection.
According to [13], the dead zone exists when the grounding
electrode line length is an integer multiple of the half-wave-
length of the injected current. Because the wavelength of the
injected current under 13.853 kHz is 20.36 km and the
grounding electrode line length is 100 km, there is no dead
zone for the method in [13]. However, according to the simu-
lation results, simply optimizing the frequency does not
solve the dead zone problem. The dead zone still exists
when the transition resistance is 300 Q and the fault distance
is greater than 75 km, regardless of the fault type. That is to
say, compared with the traditional method, the method in
[13] has little improvement effect, while the proposed meth-
od in this paper can eliminate the dead zone and the protec-
tion operation sensitivity improvement is furtherly confirmed.

In this section, simulation case studies are used and the
conclusions in the above sections are proved. The correct-
ness of theoretical calculation of measured impedance is first
verified, which is the basis for subsequent analysis. Then,
the performance of the impedance protection with traditional
threshold value is presented and discussed, which has a limi-
tation in detecting faults with high transition resistance.
Therefore, the performance of the impedance protection with
threshold value selected by the proposed method is also pre-
sented and discussed. The simulation results show that the
proposed method in this paper can eliminate the dead zone
and the improve protection operation sensitivity greatly. In
addition, the comparison between the proposed method and
the method in [13] is also given, which further highlights
the value of the method proposed in this paper.
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TABLE I
PROTECTION OPERATION RESULTS

Fault  Transition Protection operation results under double line-to-ground fault Protection operation results under single line-to-ground fault
distance ~ resistance Traditional Proposed threshold . Traditional Proposed threshold .
(km) (€9)) threshold value value Method in [13] threshold value value Method in [13]

0 + + + +

25
300 + + + + + +
0 + + + + + +

50
300 + + + + + +
0 + + + + + +

75

300 + +

0 + + + + + +

80
300 - + - - + -
0 + + + + + +

85
300 - + - - + _
0 + + + + + +

90
300 - + - - + -
0 + + + + + +

95
300 - + - - + -
0 + + + + + +

99
300 — + - - + _

Note: + indicates that the protection operation result is correct, while — shows that the protection fails to operate.

75¢
S o
<
75 . . . ,
0 75 150 225 300
R(Q)

(D Double line-to-ground fault, x=10 km, R=0Q, |Z,
) Single line-to-ground fault, x=10 km, R;=0 Q, |Z, ..~

@) Single line-to-ground fault, x=90 km, R;=300 Q, |Z,
@ Double line-to-ground fault, x=90 km, R;=300 Q, |Z,

mea

7Zn0rma]|:236.43 Q
Znoma=226.70 Q
~Zormall =19.66
Zormall =19.80 Q

mea

mea

Fig. 9.
ue.

Performance of impedance protection with traditional threshold val-

V. CONCLUSION

In the HVDC transmission system, the ELIS-based protec-
tion has good prospects for application in the grounding elec-
trode line. However, due to the rough selection of the thresh-
old value, a serious accident occurs because there is still a
lack of reasonable improvements in the ELIS-based protec-
tion. In this study, the accurate calculation expressions of
measured impedance of the ELIS-based protection in various
conditions are deduced, based on the electromagnetic wave
theory and decoupling concept. Then, the characteristics of
the measured impedances are discussed in detail. The results
show that the ELIS-based protection with traditional thresh-
old value has a large operation dead zone, especially under
faults with high transition resistances. Therefore, the im-
proved method to calculate the threshold value has been pro-
posed considering the line parameter error. The simulation re-

sults verify that, with the selected threshold value, the ELIS-
based protection can operate with high sensitivity under all
types of faults even with large transition resistances. Thus,
the operation security and reliability of the HVDC system
can be improved. In addition, the characteristics analysis of
the measured impedance is also of great significance in ap-
plications such as the verification of ELIS-based protection
performance in existing or new HVDC projects and the re-
search of fault location method.
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