Received: 17 May 2023

Revised: 1 August 2023 Accepted: 15 August 2023

'-) Check for updates

| IET Generation, Transmission & Distribution

DOI: 10.1049/¢td2.12972

ORIGINAL RESEARCH

|
_— The Institution of
I | T En;inneselrirl:g;oar;g Technology Wl LEY

A novel travelling-wave direction criterion for hybrid

multi-terminal HVDC system

Botong Li' | Yuqi Li’

'Department of Electrical Engineering, Tianjin
University, Tianjin, China

chpartment of Electrical Power Engineering,
Shanghai University of Electric Power, Shanghai,
China

SDepartment of Electronic and Electrical
Engineering, University of Strathclyde, Glasgow,
UK

Correspondence
Botong Li, Department of Electrical Engineering,
Tianjin University, Tianjin, China.

Email: libotong@tju.edu.cn

BinLi'® | Xiaolong Chen' | LiangJi® | Qiteng Hong’

Abstract

Fast and accurate fault direction criteria are crucial for efficient protection in hybrid multi-
terminal HVDC transmission systems. The current variation method is commonly used to
identify fault direction, but it is affected by fault resistance and distributed capacitance. This
papet proposes a new direction criterion based on the backward fault travelling wave, which
has stronger resistance to interference from transition resistance and operates at a faster
speed than other methods. Additionally, this paper provides the time-domain expression
of the travelling wave after multiple reflections between the fault point and the converter
station port, enabling the calculation of the threshold setting for the criterion. The new
direction criterion is tested in PSCAD/EMTDC, and simulation results demonstrate that
it can accurately identify fault direction and has a strong ability to withstand transition

resistance.
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1 | INTRODUCTION

The hybrid multi-terminal HVDC system (MTDC) has evolved
from the dual-terminal HVDC system, inheriting the advan-
tages of high reliability, economical efficiency, and flexi-
ble transmission [I, 2]. In contrast to other HVDC sys-
tems, the hybrid MTDC system is particularly well suited
for multi-power supply and multi-receiver power transmis-
sion, making it a promising choice with broader application
prospects [3, 4].

In the hybrid MTDC system, the converter station at the
sending end generally adopts the line commutation converter
(LCC) to achieve better economic efficiency, while the converter
station at the receiving end adopts the modular multi-level con-
verter (MMC) to avoid commutation failure [5, 6]. Due to
the presence of the MMC converter station, in the event of a
DC overhead line (OHL) fault occurring in the hybrid MTDC
system, the current rises rapidly. Thus, it becomes impera-
tive to promptly and accurately identify and disconnect the
faulted OHL to ensure the safe operation and rapid recovery
of the non-fault section of the system [7, 8]. To achieve quicker

response times, the main protection of the hybrid MTDC sys-
tem generally employs non-unit protection [9]. Given that the
two OHLs are directly connected at the intermediate converter
station of the system, the main protection at this position must
be equipped with a direction unit to differentiate between fot-
ward and backward faults, ensuring the selectivity of the action
[10]. In the hybrid MTDC system, a rapid and accurate direction
criterion plays a critical role in identifying faulted transmission
lines.

The identification of fault direction through current varia-
tion is a widely used method. However, the accuracy of this
method is influenced by factors such as fault resistance [11, 12].
Travelling-wave (TW) reflection and refraction occur when the
fault TW sent by the fault point spreads to the line ends. The
reflection and refraction characteristics of TW can be utilized
as the characteristic quantity for direction identification. The
direction criterion exhibits strong robustness to high-resistance
faults [13]. Another study [14] identifies the fault direction by
comparing the ratio of the high-frequency components of the
forward and backward TWs. However, both the TW direction
criteria proposed in [13, 14] are based on the differences of TW
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characteristics obtained from simulations, and the setting values
also rely on simulations.

In order to address the limitations of TW protection crite-
ria, which lack theoretical support and depend on simulations
for setting values, several scholars have investigated the ana-
Iytic expression method of TW in HVDC systems. They have
applied this method to design new TW protection schemes and
calculate the setting values of the criteria [15]. In [106], the ana-
Iytic expression of voltage TW at different line boundaries of
a hybrid three-terminal HVDC system is derived, leading to
the proposal of a fast protection scheme for dc lines based
on the time of the first extreme value of fault voltage. Refer-
ence [17] analyzes TW characteristics at the bus bar in a hybrid
three-terminal HVDC system, deriving the complex frequency
domain expression of the fault initial TW] and utilizing it for set-
ting values in TW protection. But [16, 17] mainly focus on the
analytical calculation of the first TWj; they do not consider the
influence of secondary or multiple TWs. Particularly, when the
fault point is near the end of the line, the time interval between
the first TW and subsequent TWs becomes very short, making it
indistinguishable. In such cases, analyzing only the first TW for
fault characteristics may lead to malfunctions in relevant protec-
tion schemes. Hence, it is imperative to conduct research on the
fault characteristics of TW after multiple reflections and refrac-
tions in a short time under the condition of near and remote end
OHL faults. This is necessary to ensure that the fault direction
criterion can function accurately.

In this paper, the analytic calculation method of fault volt-
age TW at the protection of the intermediate converter station
is studied. The time-domain expressions of TW after multi-
ple reflections and refractions in a short time under the near
and remote end fault of the OHL are derived emphatically.
According to the analysis of the differences in TW character-
istics between forward and backward faults, a novel direction
criterion based on the amplitude characteristics of the backward
TW is proposed, and the theoretical calculation method of set-
ting value is given. A simulation model of the Kun-Liu-Long
hybrid three-terminal HVDC system is also built to verify the
reliability and robustness of the direction criterion.

2 | ANALYSIS OF TW FAULT
CHARACTERISTICS

This paper takes the Kun-Liu-Long hybrid three-terminal
HVDC system as the research reference. The basic topology of
the system is depicted in Figure 1. LCC converter station is used
at the sending end of the system, and MMC is adopted at both
converter stations at the receiving end.

The LCC station connects the MMC; station with the OHL
L1. The MMC; station connects the MMC, station with the
OHL L2, and the OHL L1 and L2 are connected to the MMC,
station through the confluent bus. Table 1 shows the detailed
system parameters [14].

MMC, modular multi-level converter; OHL, overhead line.

In a bipolar dc transmission system, electromagnetic coupling
exists between OHLs after the line fault occurs. For the purpose
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FIGURE 1 The topology of the Kun-Liu-Long hybrid three-terminal DC
system.

TABLE 1 Parameters of system.

Parameters Value
Length of L1, L2 (km) 908,542
Rated DC voltage (kV) 800
Rated AC voltage (kV) 525
Outlet inductance of MMC (H) 0.075
Bridge arm inductance of MMC (H) 0.1
Submodule capacitance of MMC (F) 0.015
Line-mode impedance of OHL (Q) 232
Zero-mode impedance of OHL (Q) 581
Attenuation coefficient of the OHL 6x107

of simplifying the analysis, the phase-mode transformation is
applied to achieve electromagnetic decoupling. The phase-mode
transformation equation is shown as

Z‘() 1 11 Z:p uy
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where 7 and # represent current and voltage, and the zero-mode
and line-mode components are denoted by the subscripts 0 and
1, respectively.

There exist line-mode components after faults occur for
both pole-to-pole(P-P) and pole-to-ground(P-G) faults, and
the attenuation and distortion of the line-mode components
on OHLs are relatively small. Therefore, this study employs
line-mode components for the identification of the direction
criterion. Within 1 ms after the fault occurs, the system control
link does not play a significant role, so the influence of con-
trol link can be ignored, and the system can be approximately
regarded as a linear system. In order not to be affected by the
load component, according to the superposition theorem of the
linear system, this paper only analyzes the faulty component.

The direction criterion of the measuring point m at the con-
fluent bus of the MMC; converter station is studied in this
paper. When the fault occurs on OHL L2, it is considered a
forward fault, and when the fault occurs on OHL L1, it is
considered a backward fault, as shown in Figure 2. The fault
location diagram is also shown in Figure 2, where f; is located
at any position on the OHL L1, £, is located near the head of
the OHL L2, £; is located at the non-port position of the OHL
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FIGURE 2  The schematic diagram of the fault location.
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FIGURE 3  The schematic diagram of fault TW transmission after f; fault.
TW, travelling wave.

L2, f; is located near the end of the OHL L2, and m is at the
head of OHL 1.2. This section illustrates the backward fault TW
(BFTW) characteristics of the point m after the fault happens on
different positions of the OHL L1 and L2.

2.1 | BFTW characteristics at m in case of the
OHL L1 fault

After a fault occurs at f; on OHL L1, the fault TW transmission
process is shown in Figure 3. According to Figure 3, the for-
ward fault TW sent from the point f] refracts after reaching the
measuring point m to form the forward TW 7 on OHL 1.2 at
time 7. £} reflects at the end of OHL 1.2, then reaches m again
forming the BETW B,.

It can be seen that before the TW Brl,ﬂ reaches the point m,
the BFTW cannot be detected at m, so the expression of the
TW B, is shown as (2). v is the propagation velocity of line-
mode TW, and 4 is the length of OHL L2. (2) is valid for faults
occurring at any position of OHL L1.

24
Bp=0) <1<+ =2) ©)
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2.2 | BFTW characteristics at m in case of the
OHL L2 fault

This section analyzes the characteristics of TWs at the protec-
tion measurement point m after faults occur at various locations
on line L.2. Specifically, the faults occurring near the head of
the OHL, those occurring away from the near end, and those
occurring near the end of the OHL are studied separately.

\

FIGURE 4  The schematic diagram of fault TW transmission after f5 fault.
TW, travelling wave.

v

(a)

FIGURE 5 The equivalent fault additional mode network (a) P-P fault,
(b) P-G fault. P-G, pole-to-ground; P-P, pole-to-pole.

221 | 2.2.1 BFTW characteristics at m in case of
fault at point f;

The fault point f; is located at the non-end position, neither near
the head nor near the end of the OHL 1.2. When the fault occurs
at f3, the fault TW transmission process is shown in Figure 4.

According to [18], the equivalent fault additional mode net-
work at fault point f; can be obtained respectively after the
P-G fault and the P-P fault occur on the line 1.2, as is shown
in Figure 5. In the figure, Uy.. is the negative voltage of the
line L2 under the condition of system normal operation. B¢
is the transition resistance, and Zjy and Zyy are the equiva-
lent line-mode and ground-mode impedances at the fault point.
Zs; and 7y are the line-mode and ground-mode current flow-
ing into the fault point. #g and #y are the zero-mode and
line-mode voltages at the fault point. Z,; and Z, are the
line-mode and zero-mode wave impedances of the OHL L2,
respectively.

According to Figure 5, the expression of the BFTW B} at the
fault point after the P-P fault and P-G fault occur on the OHL
L2 can be calculated and shown as

2Udc—Zc1
_— P — Pfaul
1 R+ 2o, autt
B = ©)
M P — Gfault
Zy + 24 + 4R

At time 7, the TW BL reaches m at the head of the OHL
L2, Bl reflects at m, and forms the forward TW F,rll Fnll arrives
at the fault point f; again, and reflects at f5 then the TW B
is formed. At the same time, the forward TW sent from the
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FIGURE 6 The schematic diagram of fault TW transmission after f, fault.
TW, travelling wave.

fault point reflects at n, then refracts at the fault point, and
forms the TW BL... Analyzing the TW transmission process,
there is only the TW Bl at m before the TW B2, and Bl reach
m.
The BFTW B} at f3 is transmitted to m at the head of the
OHL 1.2 and the BFTW B, is formed. During the process, the
™ BE will be attenuated. According to the above analysis, there
is only the first TW B, at the point m before the TW B2 and
Bl reach the point m. The expression of the TW B, can be
expressed as (4). / is the distance between f; and m, 4 is the
length of the line L2 and £, is the attenuation coefficient of the
OHL.

2(1 B 'éa/f)Udc—ch
R+ 24

P — Pfault

2(1 = ki) Uy~ 4
( 2 f) dc—“cl P — Gfault ( )

. 4 h—If
(ty <t < minfty + 2=, 4, + ZM})
v v

According to (4), if / is close to 0 or 4, that is, the fault point
is near the head or end of the OHL L2, the time frame of (4) will
become very small. However, it is necessary to analyze the data
in the determined time window 75, in the actual fault line iden-
tification, so that the value range of fault distance /4 established
by Equation (4) can be obtained, as shown in (5).

~

v

vT,
2

- < <h— ®)

|

If the fault distance /4 does not meet the conditions shown in
(5), that is, the fault point is considered to be neat the head or
the end of the OHL L2, these two conditions can be regarded
as near and remote faults. Equation (4) is not valid and further
discussions are needed separately.

222 |
fault at £,

2.2.2 BFTW characteristics at m in case of

The fault point f; is located near the head of the OHL L2. The
fault TW transmission process is shown in Figure 6. The BFTW
sent from f, will soon reach the measurement point m. Since f,

Up 1

- m
1 m
Iy . £ Ty
F» C eq ch

Lp—, T

( ‘eq
L Bn
Leq “

FIGURE 7 The equivalent circuit diagram at the point m.

is close to m, the BFTW will be reflected multiple times between
/> and m in the time window 7;.

Therefore, for the near end fault, when analyzing the
BFTW B, at m, the influence of the superposition
of TWs after multiple reflections should be taken into
account.

The expression of the first TW Bl at m can be obtained
according to (4). BL reflects at the confluent bus to form a for-
ward TW Fl. The equivalent circuit during the TW reflection
is shown in Figure 7 [19]. In the figure, C( is the equiva-
lent capacitance of the MMC station, L is the sum of the
equivalent inductance of the MMC station and the induc-
tance of the current limiting reactor at the outlet of the MMC
station.

On the basis of the equivalent circuit, the voltage U, and
current /,, at m in the complex frequency domain satisty the
relationship shown in (6).

Un ()
Ze1

C

+ ]m(x)] . <.rLeq + %) = U, )

€q

©)
Unn($) = Ze1 () * I (5) = Bin (s)

The BFTW Bl reflects at m and the forward TW Flis
formed. 7} can be expressed as

Fn(s) = Un (o) + Za () In(9) )

Combining (6) with (7), the expression of the forward TW
F;} can be deduced as

Z. - Bl (s
Fnll (J) — cl Zm( ) (8)
2l + — = Za

€q

The forward TW 7! reflects at the fault point £ again and the
BETW B2 is formed. Different fault types have different reflect
conditions at the fault point. The expression of BETW B2 can
be obtained, which can be expressed as

_La FL) P — Pfault
%) Zc] + RF
By(s) = ®
Zo +4R:
- () P — Gfault

Za + Zo +ARs
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The backward TW Brz]n reaches the point m again and
reflects, and thus forms the forward TW F2. According
to (6) and (7), the expression of FZ can be obtained
as

Zy + BA(s
Fn%(f) — cl Zm() (10)
25l — —Z
S. cq+ JACeq cl

Based on the above analysis and combined with (8) and (9),
the expression of backward TW By, after the ith reflection can
be expressed as follows:

ch i—1
Za + Ry
7 C. i—1
- Bl(s) P — Pfault
‘ 22C Leg ;C oZe1 +2
Bin(s) = 3 _
_ Zotare N\
IZCl =1
- BL(s) P — Gfault
252 Ceqloeq J‘C q%et +2

1

The expression of backward TW By, (s) after each reflection
in complex frequency domain is transformed to time domain
using the Inverse Laplace Transform, then the time-domain char-
acteristics of TW By, are analyzed. In the following analysis, the
P-P fault is used as an illustration, and the condition of P-G fault
is similar.

Based on (4), the first backward TW BL in time domain can
be obtained as follows:

2Udc—Zc1

BL@) = 12
m () R+ 7 (12)

The second backward TW B2 (s) is converted into time-
domain expression. According to Table 1, Zfl /16qu is

much larger than 1/C, and B2 (s) can be simplified as

qLeqs
follows:

Uge—Z2, 1

5
]Jeq( cl +Rf) sls— Zel
2]46(_1

Bi(9) = 13)

The time-domain expression of (13) can be obtained by the
Inverse Laplace Transform

2, 72 o,

d —

Bty = —(Plea (14
Za + Ryp)

Similarly, the expression B2 () can be obtained as

3 ch , ch
2Use-24 | Za Z?ZLEq

(Zay + Ry | 2eq

!
B¢ = e 11| )

Substituting the parameters in Table 1 into B2 (7) and B3.(1),
when 7 is less than 0.2 ms, it can be calculated that B‘%} is
much larger than Bfn. Therefore, it is considered that Bfn
can be ignored. It should be noted that although the spe-
cific parameters may differ in actual projects, the order of
magnitude remains the same. The quantitative relationship
between B2, and Bfn differs by more than two orders of
magnitude; therefore, B?n can be ignored even the parame-
ters change. Moreover, By, can be ignored when n is bigger
than 2 and 7 is less than 0.2 ms, which can be proved as
follows:

For the n+17h backward TW B4 (s) simplification

2n+1
Bn+1 7 UdC— 1 16
m () = n (16)
(Zch) ( S Rf) _ ch
s\v=3 L,

Carry out the Imverse Laplace Transform on (16); it can be
obtained

ZZn+1 M{ _ 2 /M Ze ;
Bt = — [ et (D)
L))" (Za + Ry)" Jy 0l

According to (17), it can be calculated that

2220 (/:‘lc— Z1 p
CBL() = = e
@L.y)" (Za + Ryl

B () +

Z, +R
(18)

According to (18), the following inequality can be obtained:

27200, S,
dc—
ol dc cmePled < B B () <
n—1 n
(Zj‘cq) (ch + Rf) !
2n—1 Ze1 ‘
224 Uge— . ;ngZLeq
W@f%d+@”%
19)
According to (19), it can be obtained that
B0 < B0 (20)

According to (20), when n is greater than two, B2 is much
latger than By, so By, can be ignored when #is less than 0.2 ms.
The expression of B, is shown in Equation (21), where £ is the
time when the backward TW B2, reaches m. When 7 is greater
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FIGURE 8 Comparison between B, simulation waveform and analytical
waveform in case of /; fault (a) P-P fault with 0 €, (b) P-P fault with 100 €, (c)
P-G fault with 0 Q, (d) P-G fault with 100 Q. P-G, pole-to-ground; P-P,
pole-to-pole.

than zero, £(4) is one; otherwise &(7) is zero.

n
By =) By=BlL+5,
=1

2Uge—Zer 2[]dc—Zc21 .
p p 2
Ret+Zcy (Ze1+Ry)
Zcl t—1
¢l =1 etz —14) P-P fault
= ] ) (21)
Zl/dc—ch Zbdc—Zchﬂ .
Za+  Zo+aRe  (Za+Zo+ARp)?
;Cl (t=1)
e~ —1| et —1) P-G fault

To ensure that the theoretical analysis conclusion is correct,
P-G fault and P-P fault are set at f; which is 5 km away from
the head of the OHL L2. The fault resistance is 0 and 100
Q, respectively, and the time when the fault occurs is set to
1.5 s. Simulation and analytical waveforms of the BFTW B,
at m within 0.2 ms after the fault can be obtained, as shown in
Figure 8.

From Figure 8, it can be found that the analytical waveform
is basically consistent with the simulation waveform, which
verifies the expression of By,.

223 |
fault at f;

2.2.3 BFTW characteristics at m in case of

The point n is at the end of the OHL 1.2, and the fault point f;
is located near n. After fault occurs, the fault TW transmission
process is shown in Figure 9. Because f; is close to n, the fault
TW sent from f; will have multiple reflections between f; and n

o -
} L1 m L2 e n

FIGURE 9 The schematic diagram of fault TW transmission after f; fault.
TW, travelling wave.

‘Fn1 L o4

n
C, Ceq

“eq ch
—
Leq B
FIGURE 10 The equivalent circuit diagram at the end of line L.2.

in a short period. Therefore, as for the remote fault at the line
L2, when analyzing the TW B, at m, the superposition result of
the first backward TW from f; to m and the multiple refraction
TWs should be considered.

The equivalent circuit diagram at n after TW reflection can
be derived, as shown in Figure 10.

Because f; is close to n, the influence of the OHL on the
attenuation and distortion of the TW B; can be ignored, that is,
B} and B} are approximately the same. The backward TW B} at
fault point can be solved according to (4). Then, combined with
the equivalent circuit at n, it can be expressed as

Up9) = =1 - (Leq + =) .
eq

Us(9) = Zaa (5) + Ly () = B(s)

The backward TW B! reflects at n and forms a forward TW
Fl. For F]

EL6) = Up(0) + Za () - L) (23)

According to (22) and (23), the expression of forward TW 7!
at n is described as

ch 1
(= 7=) B0
1 Le‘l
‘Flll (J') - ch

L,

24
s+
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F Equation (25) is first simplified to analyze the time-domain
il characteristics of the forward TW £} after /th reflection. Taking
m L2 6 f the P-P fault at f; of the OHL 1.2 as an example, the P-G fault
fi is similar. On the basis of (25), /7, can be simplified as
Fi |Bi , | Ba PR
Tp2 g2 o1 cl
Ff | Bf I Fn i—1 2
‘_:—’ :<F_2 Fj _ ch 1 ch 2[]dc—ch 1
b "O=\Z R | RAZa
L
FIGURE 11  The schematic diagram of fault TW reflection and e
refraction. TW] travelling wave. . (26)
By binomial expansion of F7] (s), it can be described as
= == Calculatio i—1
| — Si':n('ltin'}igzln, Fi(f) — (_1>/ “( Za ) . 22Uy 2 . 1
0 ! " 71+ R R+ 7, s
- 1 I c c
= | i
<-500 i i i+1 Za b2 1 1
£ | i 2. (=17 - ( . . + o >)
-1000 ! ot e - o+ 2
s
l ~ L,
-1500 L 27
1.5 1.50004 1.50008

Time(s)

FIGURE 12
Fy at n. TW, travelling wave.

The simulation and analytical waveform of the forward TW

0 —— Simulation
- == Calculation

1.5007 1.5008 1,5009 1.501 1.5011
Time(s)

FIGURE 13  The simulation and analytical waveform of the TW B, in
case of the OHL L2 remote fault. OHL, overhead line; TW] travelling wave.

The TW F! soon reaches the fault point f; again, and reflec-
tion will occur at the fault point to form a backward TW B?, and
meanwhile refraction occurs to form the forward TW Ffz. The
forward TW Ff2 will propagate to m at the head of the OHL
1.2, and the backward TW B? will reach n again and reflect;
thus, the forward TW F?2 is formed. Figure 11 shows the TW
transmission process.

According to (9) and (24), the forward TW [/ at n after the
7th reflection of the line L2 fault can be obtained that

Ei(s)

ch ! jLeq - ch ' 1
L) (L) B
Zd + Rf ‘;Leq + ch

—1 7
Loy — 2y
. .- B! P — Gfaul
> <;Leq s > o (4) autt

P — Pfault

Zo + 4R
ch + Zc[) + 4Rf

(25

In (27), o represents a higher-order term. If the higher-order
term is transformed by the Znverse Laplace Transform, the trans-
formed time-domain expression contains the product term of
time 7, which is almost zero in the 75, time period selected in
this paper, so it can be ignored in the analysis. The time-domain
expression of the forward TW F;/ can be obtained by applying
the Znverse Laplace Transform to (28), and thus it can be obtained
that

i—1
A ; Zu 27y
Frf(f)=(—1)"<z - > o

o+ R Re+ Z4
. Z, @8
i— -
42 =1y Ze1 VUil L
Zg + R R+ Z4

According to (28), when a metallic fault occurs, for each TW
arrival time, and #= 0, it is described as

EO)y=2- (=) Uy 29)

According to (29), after each backward TW is reflected at
point n to form a forward TW, the amplitude of the forward
TW should be the opposite of the previous amplitude, namely,
a sudden change occurs. According to (28) and (29), it can be
analyzed that the TW after each reflection has a tendency of
changing suddenly at first and then it changes gradually. The for-
ward TW I, expression is shown in (30). Az is the time interval
of the two adjacent forward TWs after reflection.

%
K@) = Z Ellt = (= DARe — (= D)Ar)  (30)

=1

When a metallic P-P fault occurs at 5 km away from n at 1.5
s, the TW F, simulation waveform under this fault condition
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can be obtained, and the analytic waveform can be illustrated
according to (28) and (30), as shown in Figure 12.

According to (28) and (30), the extreme value of TW £ in
the time window 7; after fault can be calculated, as shown in
31).

min(77)
Zl]dc—ch
iz P — Pfault
£ cl
| 2tz
7ot 2+ 4R wt
max ()
ch
-1,
2UdC_ZClRZ€ _ Zl]dc—ch . 2e [45(1 P — Pfault
— ] B+ Z) Bet Za
= Za
Zl]dC_Zé _ 2[Jdc—ch . Zeich " P — Gfault
(Za + Zeg +4R) Za 2o 4R
(3D

The forward TW F, at n first propagates to f;, and then
refracts at f; to form the TW F ¢, which continues to spread to
m at the head of the OHL L2. According to the TW refraction
formula, /¢ can be expressed as

B¢
sz+—2d . P — Pfault
F= (32

e F, P —Gfault

F

n

The TW B, received at m is composed of two parts, the back-
ward TW By directly generated from f; and the forward TW F ¢
reflected at the end of OHL L2 and then refracted by f;. Ignor-
ing the attenuation and distortion effects of the OHL on the
TW, the TW By, can be expressed as

By = Bs + Fy¢ 33)

To ensure that the theoretical analysis conclusion is correct,
P-G fault with a resistance of 100 € is set at f; which is 5 km
away from the end of the OHL L2. The TW B, simulation
waveform and analytical waveform at m can be obtained, as
shown in Figure 13. According to Figure 13, the simulation
waveform is basically consistent with the analytical waveform
in the variation trend and value range.

3 | FAULT DIRECTION CRITERION

The starting time at protection m after line fault is set as %), and
the criterion of protection starting unit is

du,,

—|(>A
= > A (34

In (34), U,, denotes the voltage at point m, and A is the set-
ting threshold. During the setting process, the abrupt change of
voltage rate caused by voltage fluctuation during normal system
operation should be avoided.

According to the four fault conditions analyzed in Section
2, the value range of TW B, in the time window 7 can be
obtained.

When the fault occurs on the OHL L1, B, is 0 before the
reflected TW reaches m.

When the fault occurs at /5, according to (21), the value range
of B, within 7; can be obtained as follows:

ch
2 —_—
2(]dc—ch ZUdC—ch ¢ 2]4&1 g
R+ Za  (Zu+R)

2Udc—Zc1
-N<B, L0V
Ly + 2o+ 4R;

(35)

When the fault occurs at f3, according to (4), the value range
of B, can be obtained as follows:

2(1 = kil Use—Zc
Re+ 74

2(1 - 'éa/f)Udc—ch
L+ 2o+ 4R

<B, <

(36)

When the fault occurs at f;, according to (3), (31)—
33) the value range of B, within 7 can be calculated as
follows:

2l]dc— (1 - ’éa/f) (ch + ZRf)ch ZUdc— (1 - ’éa/f>Zc1

<B,<
(Rf + ch>2 ch + Zc() + 4Rf
Zd
= 2
ch Le " ch
14 —2b o Feq -
Zet + Zoo + AR; (Zey + Z + 4Ry)

37

W
if the fault occurs on the OHL 1.1, the TW B, is 0. While, if the
fault occurs on line L2, it can be seen from (35), (36), and (37)
that B, is negative and has a maximum value. The maximum

From the above analysis, in the time period of 4 < #< %+ 7

value is obtained, as shown in (38).

2Udc— (1 - /éa/f)ch

max(B,) =
(By) Zy + Z + 4R
ch 5
Z w Z
1+ <l 20 Tea 4 <l

ch + ZCO + 4Rf (Zc1 + ZcO + 4Rf)2

For the measuring point m, the fault on the OHL L1
is regarded as a backward fault, while the fault on the
OHL L2 is regarded as a forward fault. In order to iden-
tify the fault ditection, the threshold K can be set. If
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B, is less than K, it is determined as a forward faulg /Gl °c2
otherwise, it is a backward fault. K., can be set as the max- 1001[;] ~ /[ :
. ; X 100 [m
imum value of the backward TW B, after the OHL L2 e -
(forward) fault. B, is always negative after the OHL L2 (for- A e
. “ e . . 2 m
ward) fault. To improve the sensitivity of the fault direction 2 o e
. . . d : .
identification, the threshold K can be demonstrated as | Tower D2
foll . 64[m]  Conductors: chukar
ollows: Ground_Wires: 1/2_HighStrengthSteel
K 0.2 B 04Uy (1 — kolp)Zy 0.0 [m]
= 0.2 max = ->
“ " Ze + Zg + 4R; -
Resistivity: 100.0
Aerial: Analytical Approximation (Deri-Semlyen)
ch Underground: Direct Numerical Integration
7 - i3 /7, ZZ Mutual: Analytical Approximation (Lucca)
~cl cl
I+ ———— 2 79 +
Zc1+Zc0+4Rf 4+ Zog+ 4R 2
( cl <0 f) FIGURE 14 The tower model of the OHL. OHL, overhead line.
39)
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The fault ditection ctiterion is shown as (40), whete Az, (&) —-10 | == %H}“‘Jﬁéﬂ] | =10
. v R — ['CS -,
and A, (&) are the fault components of line-mode current and Z-20 L E
voltage at m. =30 |30
-40 -40
=50 —— = — 50— —— =
A”ml (/%) — chAZ.ml (/%) > ]gct backwardfault 1.50155 }}?1[\”(6? 1.50175 1.50155 TIi,l?l()(l())a 1.50175
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. (40) 10 L 10 ®)
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. L. . . . Z 20 2 -20
According to the fault analysis in Section 2.2, the time win- £ 30 30
dow 7, is set as 0.2 ms. Criterion (40) is to detect whether the -40 -40
FTW ithi =50 -50
B By, exceeds the threshold K, within 0.2 ms after the 150155 150165 150175 150155 150165  1.50175
ault start-up unit trips. ime(s) ime(s)
faul p p Ti 1‘( X
(c)

According to (38), after a forward fault, max(B,,) is negative.
The derivative of max (B,,) expression shows that it increases
with the rise of transition resistance. Therefore, in the K, set-
ting calculation, the transition resistance Ry is set as 500 Q to
ensure the accuracy of identification under high resistance fault
conditions.

4 | SIMULATION VERIFICATION

Taking the Kun-Liu-Long hybrid three-terminal HVDC sys-
tem as the referent, the simulation model is established in
PSCAD/EMTDC. Table 1 displays the specific system param-
eters. The fault point f; is located at the midpoint of the
OHL L1, the fault points f, /3, and f; are respectively located
10 km from the head of the OHL L2, in the middle of the
OHL L2 and 10 km from the end of the OHL L2. The
fault location can be seen in Figure 2. The transmission line
mode is frequency-dependent and the tower model is shown
as Figure 14.

According to the fault analysis in Section 2.2, the time
window 75, is set as 0.2 ms and the threshold K, can
be calculated as —22.3 kV by bringing the parameters
in Table 1 into (39). The threshold A; of fault start-up
unit is set as 25 kV/ms. The fault time is set as 1.5
s and the sampling frequency of the protection device is
50 kHz.

FIGURE 15 The simulation waveform and threshold curve in case of f;
fault: (a) P-P fault with 0 Q, (b) P-P fault with 100 Q, (c) P-G fault with 0 Q,
(d) P-G fault with 100 Q. P-G, pole-to-ground; P-P, pole-to-pole.

4.1 | BFTW characteristics at m in case of the
OHL L2 fault.

When a fault occurs at f; on the OHL L1, the simulation
waveform and threshold curve of backward TW B, at m are
shown in Figure 15. The fault types are P-P fault and P-G
fault. The time shown by the red dotted line in the figure
is the start time of the protection, and the time window is
0.2 ms.

Figure 15 demonstrates that the TW By, after the OHL L1
fault is approximately 0 and is greater than the threshold K,
within the time window. Therefore, it can be accurately obtained
that the faults occur on the OHL L1, and determine it as a
forward fault.

4.2 | Verification of judgment in case of the
OHL L2 fault

When a fault occurs on the OHL L2, the simulation waveform
and threshold curve of the backward TW B, at m after the fault
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FIGURE 16 The simulation waveform and threshold curve in case of £,
fault: (a) P-P fault with 0 Q, (b) P-P fault with 100 ©, () P-G fault with 0 Q,
(d) P-G fault with 100 Q. P-G, pole-to-ground; P-P, pole-to-pole.
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FIGURE 17 The simulation waveform and threshold curve in case of f5
fault: (a) P-P fault with 0 Q, (b) P-P fault with 100 Q, (c) P-G fault with 0 Q,
(d) P-G fault with 100 Q. P-G, pole-to-ground; P-P, pole-to-pole.

at f, f5, and f; on the OHL L2 can be obtained, as shown in
Figures 16 to 18 separately.

It can be seen from Figures 16-18 that the TW B, after
the OHL L2 fault is always negative and significantly less than
K., within the time window. Therefore, this method can accu-
rately identify the fault occurs on OHL L2 and determine it as a

forward fault.

4.3 | Robustness test of high-resistance fault
In order to test the robustness to high-resistance fault of the
criterion proposed in this paper, the transition resistance is set
as 500 Q. The minimum value of TW B, in case of backward
fault and the maximum value of TW B, in case of forward fault
are obtained, as shown in Table 2.

According to Table 2, in the case of high-resistance fault,
min(B,,) after backward fault is higher than K .. After the for-
watd fault, max(5,)) is less than K ... It is demonstrated that the

FIGURE 18 The simulation waveform and threshold curve in case of f;
fault: (a) P-P fault with 0 Q, (b) P-P fault with 100 Q, (c) P-G fault with 0 Q,
(d) P-G fault with 100 Q. P-G, pole-to-ground; P-P, pole-to-pole.

TABLE 2  Robustness test of high-resistance fault.

Fault Max(B,,) Min(B,,) Fault
Fault type point kV) (kV) direction
P-G fault h 7.3 -1.2 Backward
5 —146 —213 Forward
5 —141 —159 Forward
Ja —199 —249 Forward
P-P fault h 6.9 -1.4 Backward
h —515 —697 Forward
5 —505 —536 Forward
fa —672 —815 Forward

method proposed in this paper is still applicable in the case of a
P-G fault with a transition resistance of 500 Q and has a strong
robustness to high-transition resistance.

4.4 |

Robustness test of noise

Gaussian white noise with a signal-to-noise ratio of 20 dB is
superimposed on the TW B, to evaluate the anti-noise capabil-
ity of the criteria established in this paper. As shown in Table 3,
the minimum value of the TW B, in case of the backward fault
and the maximum value of the TW B, in case of the forward
fault is obtained.

According to Table 3, min(B,) is much larger than
K. in the case of backward fault, and max(B,) is much
smaller than K in the case of forward fault, which
proves that the criterion is still applicable under the condi-
tion of noise interference has a strong robustness to noise
interference.
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TABLE 3 Robustness test of noise.

Fault Max(B,,) Min(B,,) Fault
Fault type point kV) kV) direction
P-G fault h 5.3 -1.5 Backward
¥ —245 —323 Forward
5 —255 —271 Forward
fa —337 —436 Forward
P-P fault N 7.4 —-1.2 Backward
b =772 —893 Forward
5 =749 —761 Forward
Ja —887 —973 Forward

TABLE 4  Comparison between Siemens criterion.

Fault resis- Fault Fault Max (B,,) Fault
tance (L) point Az (kA) direction (kV) direction
100 h 1.67 Forward —403 Forward
5 0.85 Forward —378 Forward
fa 0.69 Forward —369 Forward
500 b 0.62 Forward —146 Forward
5 0.31 / —141 Forward
fa 0.23 / —-199 Forward
4.5 | Comparison with other direction

criterion

Reference [20] employs the current variation A7 as the charac-
teristic quantity for the direction criterion. The fault direction
criterion can be expressed as

A7 > Ay (Forward fault) 41)

To avoid the influence of current fluctuations under the nor-
mal system operation and load power change, the threshold A,
is selected as 0.35 kA. The direction criterion in [20] and the
criterion proposed in this paper are respectively tested, and the
fault type is P-G fault. Table 4 displays the test result.

According to Table 4, the direction criterion proposed by
[20] can identify the fault direction when the fault resistance is
100 Q. But the judgment fails when the fault resistance is 500
Q, while the criterion proposed in this study can still correctly
judge.

5 | CONCLUSION

The analytical calculation method of voltage TW after the fault
occurs at OHL in the hybrid three-terminal HVDC system is
studied and a direction criterion based on the characteristics of
the backward TW is proposed in this paper. The contributions
and innovations of this paper are as follows:

1. For the first time, the time-domain expression of the back-
ward TW after multiple reflections and refractions is derived
when the fault occurs at the near and remote end of the
OHL, and the difference of the TW between the forward
fault and the backward fault is revealed.

2. A new direction criterion based on the amplitude of the
backward TW is proposed, which realizes accurate and
quick direction identification and does not rely on the line
boundary element. The setting value is directly calculated
through system parameters instead of depending on the
simulation.
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