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ARTICLE INFO ABSTRACT
Keywords: The rapid and accurate dc line protection scheme is of great value in isolating dc line faults and improving the
Multi-terminal HVDC grid reliability of multi-terminal HVDC systems. Nowadays, the traveling wave (TW) protection is widely used as the

Dc line protection scheme primary protection in HVDC transmission systems. However, the traditional TW protection has the problems of

;Izi}flf:;ed poor resistance to high impedance faults and the setting value depends on simulation. For the hybrid three-
terminal LCC/MMC HVDC system, this paper provides a fast non-unit protection scheme. Firstly, the time-
domain expressions of the backward line-mode voltage TW after different line faults occur are derived respec-
tively. Based on the expressions, a non-unit protection scheme depending on the difference value of the line-
mode backward TW is proposed. Finally, the scheme is verified by simulation. The method only needs single-
ended data to realize the rapid dc line protection without converter station communication which has a clear
theoretical calculation method in setting values and a strong robustness to high-resistance fault.

Nomenclature Bmo backward zero-mode fault traveling wave at the measuring
point
W abbreviation for traveling wave Ceq equivalent capacitance of the MMC station
U, In  line-mode fault voltage and current at the fault point Leq sum of the equivalent inductance of the MMC station and
Uges voltage on the line L1 under the normal operation of the induction of the current limiting reactor
system L, induction of the current limiting reactor
R¢ fault resistance Ts time window for protection
Z.1, Zeo line-mode and zero-mode wave impedance of the overhead tse the start-up time of the protection
line Aty time interval between the adjacent sampling points
B backward line-mode traveling wave at the fault point Uy volage at the measuring point
ka, k¢ attenuation and distortion coefficient of the traveling wave Um1, im1  line-mode fault voltage and current at the measuring point
propagation Umo, Imo  Zero-mode fault voltage and current at the measuring point
Ie distance from the fault point to the measuring point Kiet threshold of the fault area identification component
L length of the overhead line L1 Dget threshold of the fault direction component
v propagation velocity of the line-mode traveling wave Pger threshold of the fault pole selection component
Bm1 backward line-mode fault traveling wave at the measuring Aq threshold of the start-up component
point
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B. Lietal

1. Introduction

The hybrid three-terminal HVDC system comprises a line commu-
tation converter (LCC) at the sending end and modular multi-level
converters (MMC) at the receiving end to efficiently prevent inverter
commutation failure [1-4]. Hybrid multi-terminal HVDC system offers a
wide range of potential applications in distributed new energy access
and multi-drop power transmission which is more cost-effective and
flexible than conventional HVDC transmission techniques [5-7].
Currently, China has completed the Kun-Liu-Long hybrid three-terminal
HVDC transmission project, which supported the West-East power
transmission project significantly.

The long transmission distance and complex working environment
make the dc overhead line (OHL) become the components with the
highest failure rate in the hybrid multi-terminal HVDC system. Due to
the existence of the MMC converter station, when the OHL fault occurs
in the system, the fault current rises quickly. It is important to identify
and cut off the fault OHL fast and accurately to ensure the safe operation
and rapid recovery of the non-fault part of the system [8]. Therefore,
accurate and fast protection scheme in hybrid multi-terminal HVDC
system is particularly important [9].

In a hybrid multi-terminal DC system, if both ends of the dc line have
boundary components such as current-limiting reactors, the difference
of electrical quantity characteristics at both ends of the boundary ele-
ments can be utilized to identify the fault area. [10] proposes a method
for identifying fault lines by comparing the voltage change rates at both
ends of the current-limiting reactor. [11] identifies the fault line by
comparing the transient voltage amplitudes at both ends of the reactor,
which enhances the robustness to fault resistance and can effectively
identify the fault with a 300 Q fault resistance. However, the above
method will not be applicable if there are no boundary elements at both
ends of the line in the hybrid multi-terminal HVDC system. For example,
the current-limiting reactor of the Kun-Liu-Long hybrid three-terminal
HVDC system is located at the outlet of the converter at the middle
bus, rather than at both ends of the DC line. In this case, the above
method is not feasible.

For a multi-terminal HVDC transmission system, longitudinal dif-
ferential approach is proposed to locate the fault line. [12] proposes the
protection scheme of longitudinal differential, which can locate the fault
line accurately. However, the longitudinal differential requires
communication between converter stations to exchange information. In
order to avoid the influence of distributed capacitive current, a time
delay is required at the same time. In a hybrid multi-terminal HVDC
system, the MMC converter station quickly locks or switches to a
negative voltage output state after a dc line fault occurs, and the LCC
converter station will also carry out forced phase shift control. The time
delay will weaken the characteristics of fault electrical quantity, thus,
the fault line identification method with long-time delay is no longer
applicable [13]. Therefore, a hybrid multi-terminal HVDC transmission
system needs a protection scheme with a higher speed.

The traveling wave (TW) approach is widely employed for dc line
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protection in multi-terminal HVDC system, which has the characteristics
of rapid action and high sensitivity [14]. [15] identifies the fault di-
rection by comparing the ratio of the high frequency components of the
forward and backward TW which has a strong robustness to high-
resistance fault. [16] proposes a protection scheme based on the inte-
gral of backward TW divided by forward TW, and the rapid dc line
protection is realized. However, the TW direction criterion proposed in
[15,16] are all based on the differences of TW characteristics obtained
from the simulation, and meanwhile the setting value also depends on
simulation. [17] proposes using the first peak time of the transient
voltage after a fault occurrence to identify the fault, which demonstrates
robustness to high transition resistance and acts quickly. [18] obtains
the analytical time-domain expression of the electrical quantity through
analytical calculation, and identified the difference in the electrical
quantity between internal and external faults according to the time-
domain expression. Although the method proposed in [17,18] requires
further investigation under close-in faults with low sampling frequency,
it offers researchers a new approach to designing novel TW protection
schemes using the time-domain expression of fault TW.

In this paper, a fast non-unit TW protection scheme is proposed. The
novel protection has a strong robustness to high-resistance fault and
noise interference. It also has a clear theoretical calculation method in
setting values. The section in this paper is organized as follows. In sec-
tion 2, the time-domain expressions of the backward line-mode voltage
TW at the measuring point are obtained after different line faults occur.
In section 3, the TW fault characteristics are analyzed based on the time-
domain expression of the backward TW and a novel non-unit TW pro-
tection scheme depending on the difference of the backward TW is
proposed. The setting value calculation formula is also given based on
the TW expressions. In section 4, simulation is used to validate the
scheme, and the robustness test of the scheme is also validated.

2. Analysis of fault TW characteristics

This paper takes the Kun-Liu-Long hybrid three-terminal HVDC
system as the research reference. Fig. 1 shows the basic structure of the
system.

LCC converter station is the system feeder and the other two MMC
converter stations are receivers. LCC station connects the MMC; station
with the OHL L1. 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 [19].

For the bipolar HVDC system, electrical coupling exists between the
two poles. The phasor is converted to the modulus for decoupling, and
the phase-mode transformation equation is expressed as follows:

KR 0

where F represents the electrical quantity, and the subscripts 0, 1
represent the zero-mode and line-mode components respectively; the
subscripts p and n denote positive pole quantities and negative pole

Fig. 1. The topology of hybrid three-terminal DC system.
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Table 1
Parameters of system.
Parameter Value
Length of L1, L2(km) 908,542
Rated DC voltage(kV) 800
Rated power of LCC, MMC;, MMC,(MVA) 9720,3132,5100
Outlet inductance of LCC(H) 0.15
Outlet inductance of MMC(H) 0.075
Bridge arm inductance of MMC (H) 0.1
Submodule capacitance of MMC (F) 0.015

quantities 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 in the OHL are relatively small.
Therefore, this study utilizes the line-mode components for the fault line
identification. Within several hundred microseconds after the fault oc-
curs, the system control link does not play a significant role, so the in-
fluence of the control 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 fault component.

The location of the fault point (f1, fo, fs, f4, f5) and measuring point
(m) is shown in Fig. 1. The time-domain expressions of the backward
fault TW By at the measuring point m when the fault occurs at different
positions in the system are obtained respectively.

2.1. Analysis of the TW By in case of f; fault

The fault point f; is located on the OHL L1. It can be considered that
the fault point sends out fault TW B Bt directly propagates to the
measuring point m through the OHL L1.

According to [20], the line-mode fault voltage U, at the fault point
when pole-to-ground(P-G) and pole-to-pole(P-P) fault occurs on L1 can
be obtained as:

Bus

m L1 L2
«— «— 7
Bml Bfl f2

Fig. 2. TW propagation diagram in case of f, fault.

Fig. 3. The equivalent circuit diagram of TW refraction at the confluent bus.
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h P - P fault
Ri +7Z,

Uy = 2
_Udc + ch
——————— P -G fault
Zey + Zeo + 4R;
where Uy is the voltage on L1 under the normal operation of sys-
tem, Ry is the fault resistance, Z.; and Z. are the line-mode and ground-
mode wave impedance of the OHL respectively.
The expression of Uy in the s domain can be obtained as:

—Uie+ Za l P - P fault
Ri+Zy s
Uy (S) = U 7 1 3)
r 2 _ p.G fault

ch + ZCU + 4R| N
The expression of the backward fault TW By, can be obtained as:
B (s) = Ui (5) — Zei I (5) = 2Ur (s) @

TW will attenuate and distort in the process of propagation. (5) is
used to approximate the distortion effect of the OHL on TW [21]. k, is
the attenuation coefficient of TW, k; is the distortion coefficient of TW,
and [t is the distance from the fault point to the measuring point m.

1=kl

= 5
1+ skl )

AI(S)

The TW By can be expressed as:
B (s) = By (s)A;(s) (6)

The time-domain expression of the TW Bp; can be obtained by
performing the Inverse Laplace Transform on (6), which can be expressed
as:

Bun (1) = 2Un (1 — ko) (1—eRt") %)
2.2. Analysis of the TW By, in case of f2 fault

The fault TW sent by the fault point f, will first pass through the bus
and then propagate to the measuring point m when the fault occurs on
the OHL L2. The TW propagation diagram is shown in Fig. 2.

The TW By at the fault point fy propagates to the bus through the
OHL L2 firstly, and then refracts at the bus. The equivalent circuit dia-
gram can be obtained when the TW refracts at the bus, as shown in
Fig. 3. In the figure, Ceq is the equivalent capacitance of the MMC sta-
tion, Leq is the sum of the equivalent inductance of the MMC station and
the inductance of the current limiting reactor at the outlet of the MMC
station [22].

According to Fig. 3, the expression of the TW Bp; can be obtained
when the TW By at the fault point refracts at the bus and then propa-
gates to the measurement point m. The expression is shown as:

1- kalf ch

Bui(s) = B 1— ] 8
1(8) = Bu(o) 75 | 2eg(s+25) ®)

The time-domain expression of the TW Bp; can be obtained by
performing the Inverse Laplace Transform on (8), which can be expressed
as:

Bun (1) = 2Un (1 — kol ) (75" — &Rl )

Bus

LI < L2

Fig. 4. TW propagation diagram in case of f3 fault.



B. Lietal

m L1

B ml

Fig. 5. TW propagation diagram in case of f4 fault.

Sl

Ja | [

11 (5)

Fig. 6. The equivalent circuit diagram at the fault point fs.

2.3. Analysis of the TW By, in case of f3 fault

The fault point f; is located at the outlet of LCC converter station, and
the transmission process of the fault TW is shown in Fig. 4. The fault
point f3 sends out the forward fault TW F) at time tp. The TW F}
propagates to the bus and then reflects at the bus, forming the backward
fault TW BL.

The backward fault TW cannot be detected at the measuring point m
before the backward fault TW Bl reaches the measuring point m.
Therefore, the expression of the backward fault TW Bp,; can be obtained
as:

21
Bu(1)=0 (g St <to+=1) (10

where [; is the length of the OHL L1, and v is the propagation velocity
of the line-mode TW.

2.4. Analysis of the TW By in case of fy fault

The fault TW B is generated at the end of the OHL L1 when fault
occurs at the fault point f4, and then propagates to the measuring point
m through the OHL L1. The TW propagation diagram is shown in Fig. 5.

The fault point f4 is located at the outlet of the converter station
MMC;, and the equivalent circuit diagram at the fault point is shown in
Fig. 6. In the figure, L, is the inductance of current limiting reactor at the
outlet of the converter station MMCj.

According to Fig. 6, the expression of fault TW B at the end of the

Bus

m L1

4_
B ml
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OHL L1 can be obtained as:

Uf] Zc]

_ 11
Les(s + %) (D

Bcl (S)

The TW B.; propagates through the OHL L1 and arrives at the
measuring point m forming the backward TW Bp,;. The expression of the
TW Bpy1 can be obtained as:

L—kds  UnZo(1 — k)
Ut skids— Lis(s + 55 (1 + skily)

Bui(s) = B (s) (12)
According to the data in Table 1 and the OHL parameters, the
following relations can be obtained.

L. >> kliZ, 13)
According to (13), the expression of the TW Bp,; can be simplified as:
1

Ze1.
s+ TA

Bm|(s) = 2U1|(1 —kalr)(l — ) (14)
The time-domain expression of the TW Bp,; can be obtained as (15)
by performing the Inverse Laplace Transform on (14).

Bun (1) = 2Up (1 — kolp)(1 — € 1) (15)

2.5. Analysis of the TW By in case of f5 fault

The fault point f5 is located at the outlet of the converter station
MMC,. After the fault occurs, the TW B, is formed at the end of the OHL
L2. The TW B, firstly refracts at the bus through the OHL L2, and then
propagates to the point m forming the backward TW Bp;. The TW
propagation diagram is shown in Fig. 7.

The equivalent circuit diagram at the fault point fs is shown as Fig. 8.

SLy

ch

Us(s)

Fig. 8. The equivalent circuit diagram at the fault point fs.

Fig. 7. TW propagation diagram in case of f5 fault.
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Backward
external fault

Internal fault

m L1 1/ |

2 15

Ja Forward
external fault

Fig. 9. The specific protection scope.

According to the Fig. 8, the expression of the backward TW B, can
be obtained as:

2UnZe
B =T 16
cz(S) L,S(S-‘r%') (16)
The TW By refracts at the bus and then propagates to the measuring
point m forming the backward TW Bp,;. According to (8) and (16), the

expression of By can be obtained as:

1—k,J 2UZ, Z.
Bu(s) = ol - an
1+ skl Lis(s +3) 2Leq(s + zgm)
According to (13), the expression of By, can be simplified as:
4UpLy . 1 1
B (s) = - 18
l(V) 2Leq*Lr(S+ZZ,iq S+Zf") ( )

The time-domain expression of the TW Bp,; can be obtained as (19)
by performing the Inverse Laplace Transform on (18).

B =50 1
eq T

_Za ' —ﬂt
(e7a' —e o) 19)

3. A Non-Unit TW protection scheme

In multi-terminal HVDC system, a complete non-unit protection
scheme mainly includes start-up, fault area identification and fault pole
selection component. There are relatively mature methods for start-up
and fault pole selection component. This paper focuses on the con-
struction of a novel fault area identification component.

For the Kun-Liu-Long hybrid three-terminal HVDC system, when a
fault occurs at any position in the DC line area (L;, Ly), the LCC converter
station must quickly identify the fault and shift the phase to clear the
fault current. Therefore, the protection range of the TW protection at m
covers all DC lines (L, Ly). The specific protection range is shown in
Fig. 9.

3.1. Start-up component

In this paper, the difference value of the voltage is taken as the
characteristic quantity of the start-up component. When the difference
value is greater than the threshold, the start-up component acts. The
criterion is shown as:
du,

ol A, (20)

Uy, is the voltage at the measuring point m, A; is the setting
threshold. The threshold A; has two main requirements: firstly, to
ensure that the start-up component operates under any fault condition,
and secondly, to ensure that it does not operate during normal system
operation. The sensitivity of the start-up component is of utmost
importance. In this paper, the start-up criterion threshold A; is chosen as
1.5 times the maximum voltage change rate during normal operation of
the system.
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3.2. Fault area identification component

Based on Fig. 9, the fault points presented in Fig. 1 can be categorized
as follows: f; and f, are situated in the internal fault area, f3 is in the
backward external fault area, and f4 and fs5 are in the forward external
fault area. The parameters in Table 1 are taken into the expression of
backward TW By, at different fault positions, and the results are shown
in Appendix A.l. Furthermore, Fig. 10 shows the simulation and
calculation waveforms of the backward TW B,; under different fault
points. The fault time in the simulation is set to 1.5 s, while the fault
points f1 and f; are located at the midpoint of OHL L1 and L2, respec-
tively, with the fault types being metallic P-P fault and P-G fault.

Fig. 10 displays the simulation and calculation waveforms of the TW
B for the P-P fault case, as depicted in (a-1), (b-1), (c-1), (d-1), (e-1),
and the TW waveforms for the P-G fault case, as illustrated in (a-2), (b-
2), (c-2), (d-2), (e-2). The figure shows that the simulation waveform is
essentially in agreement with the calculation waveform, which confirms
the accuracy of the analytical expression of TW By;.

The simulation waveform of the TW By, starts recording at 0.5 ms
before the fault TW reaches the point m, and the total recording duration
is 1.5 ms. According to the TW waveform, when the fault occurs at f, the
TW Bp,1 drops rapidly and then remains approximately constant. When
the fault occurs at f5, the TW By,; drops rapidly and then starts to rise.
When the fault occurs at f3, the TW By, is approximately 0. When the
fault occurs at f4, the TW Bp,; drops monotonically. When the fault oc-
curs at fs, the TW By, drops slowly and then starts to rises.

According to the above TW trend analysis and the simulation
waveform, there exists a certain period T that the TW By, drops
monotonically in the case of forward external faults (f4 and fs) within T,
while the TW By,; does not show a monotonically declining trend in the
case of internal faults (f; and f5) within T;. Therefore, it is possible to
detect whether the TW By,;; drops monotonically in the time period Ts to
distinguish the internal and external faults. Moreover, the difference
value of the TW By,; can reflect the TW trend. If the difference value of
the TW is always less than zero within T, it will be judged as forward
external fault.

For the determination of the time window Ty, it is necessary to ensure
that the TW By, first decreases and then rises in the case of f, fault
within Ts, while decreasing monotonically in the case of f5 fault. Using
the time-domain expression of the TW By,; obtained in Section 2, the
transition time when the TW By, changes from descending to ascending
can be calculated. This is done by finding the time when the first de-
rivative of the time-domain expression is zero. For the fault occurring on
fo, the simplified expression of the transition time can be obtained as
(21) based on the By,; expression (9).

2L
1n 2Lea 21
o = ki 20

For the fault occurs on fs, the transition time can be expressed as (22)
based on the Bp,; expression (19).

2L,L, 2L,
Irs = — 7 In 4

QLo —L)Zo L

(22)

Based on (21), ty, is influenced by the equivalent inductance (Leg),
fault distance (If), TW distortion coefficient (k;), and line-mode wave
impedance (Z.1). Deriving from (21), tr has a positive correlation with
Leg, I, k¢ and a negative correlation with Z.;. This means that the
maximum value of tp is achieved when Leg, I, k; are at their highest
values and Z.; is at its minimum value. For a multi-terminal HVDC
transmission project, the maximum equivalent inductance (Leg) can be
set to 0.35H, the maximum fault distance (If) to 1500 km, the maximum
TW distortion coefficient (k) to 2e-8, and the minimum line-mode wave
impedance (Z.1) to 100 Q. Based on these parameters, the maximum
value of tg can be calculated to be 0.16 ms.

Based on (22), ts5 is influenced by the equivalent inductance (Leg),
current-limiting reactor inductance (L,), and line-mode wave impedance
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Fig. 10. The simulation and calculation waveform of the TW By,; (a) internal fault occurs at f;; (b) internal fault occurs at fo; (c) backward external fault occurs at f3;
(d) forward external fault occurs at fs; (e) forward external fault occurs at fs.
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Fig. 11. The flow chart of the non-unit TW protection scheme.

(Z.1). Based on the actual parameters of the HVDC transmission project,
the equivalent inductance Leq ranges from 0.2H to 0.35H, the current-
limiting reactor inductance L, ranges from 0.05H to 0.15H, and the
maximum line-mode wave impedance is 600 Q. Using the above infor-
mation, the minimum value of t5 can be calculated to be approximately
0.37 ms by traversal search.

According to the analysis above, the maximum value of tr is
generally less than 0.3 ms, while the minimum value of ¢ is greater than
0.3 ms. Therefore, the time window T is set as 0.3 ms in this paper
which is suitable for most HVDC transmission systems.

When a fault occurs at f;, the TW Byy,; drops rapidly and then remains
approximately constant. During this time, noise interference can cause
the waveform of TW By, to jitter easily. Therefore, to avoid misjudg-
ment due to noise interference, a threshold K is set. If the difference
value of the TW By, is always less than Kt within Ty, it is judged as a
forward external fault. The criterion expression is shown as (23), where
ty; is the start-up time of the protection and At is the time interval be-
tween the sampling points. The start-up time is considered to be the time
when the fault TW just reaches the measuring point m.

B (t + Aty) — B (2
1+ An) I()<Ksa
Aty (23)
1€ [ty + T
The TW By can be calculated through the line-mode fault voltage
Uy and fault current ip,; at the point m, and it can be expressed as:
Bml(t) = um](t) _Zc]im]<t) (24)

The threshold K is calculated based on the time-domain expression
of the TW Bp,; in Section 2. K shall be selected as the maximum dif-
ference value of the TW By, in case of forward external fault (f4 and f5)

International Journal of Electrical Power and Energy Systems 152 (2023) 109236

within Ts. The second derivative of (15) and (19) of the TW By ex-
pressions can be calculated when the fault occurs at f4 and fs. It can be
obtained that the second derivative of the TW Bp,; expression is always
greater than zero within Ts. Therefore, the maximum difference value of
the TW Bp,; should be obtained at the last moment within T;. The
maximum difference value of the TW By,; within T can be expressed as:

dBm]) _ Bml (Tﬂ) - Bml (Ts - At())
dt Aty

max (- (25)

According to (25), the maximum difference value of the TW By
when the fault occurs at f4 and f5 can be calculated respectively. It can be
obtained that the difference value in case of f4 fault is greater than the f5
fault. Therefore, the threshold K.t should be selected as the maximum
difference value of the TW By, in case of a P-G fault with a transition
resistance of 500 Q at fs. According to (15) and (25), Kst can be
expressed as:

dBml
dt

U (1 — kgly)[e 5 20 _ ot
o Aty

(26)

Ky = 0.5max( )

3.3. Direction component

Based on the fault analysis in Section 2.3, when a backward fault
occurs, the TW Bp,; always measures 0 within the sampling time window
(Ts). Therefore, for backward faults, the modified discriminant formula
for the fault direction component is shown in (27). The threshold Dg; is
chosen as 1.5 times the amplitude of maximum backward line-mode
fault TW By, generated during normal operation of the system.

|Bml(t)|<Dsel (ts( S t S tsl + T;) (27)
3.4. Fault pole selection component

The zero-mode fault TW exists in the OHL in case of P-G fault, and the
polarity of the zero-mode TW is related to the fault pole. The zero-mode
TW does not exist in the OHL in case of P-P fault. Therefore, the fault
pole can be identified based on the backward zero-mode fault TW B,
and the expression of the TW By, is shown as (28). upo and iy are the
zero-mode fault voltage and current at the measuring point m.

BmO(t) = MmO(t) 7Zc:0im0(t) (28)

The criterion for the fault pole selection component is expressed as
(29), and the threshold Pg is chosen as 1.5 times the maximum back-
ward zero-mode fault TW B,y during normal operation of the system.

Buno(t) < —Pg Positive P - G fault
Buo(t) > Py Negative P - G fault
—Pget < Bo(t) < Py P - P fault
ty <t<ty + T

(29)

3.5. Non-unit protection scheme based on the backward TW

According to the above contents in Section 3, a complete non-unit
TW protection scheme at the measuring point m can be proposed.
After the start-up component acts, the internal and external faults are
judged according to the fault area identification component and direc-
tion component. Finally, the fault pole is identified by the fault pole
selection component. The flow chart of the protection scheme is shown
as Fig. 11.

4. Simulation verification

The simulation model of the hybrid three-terminal HVDC system has
been built using PSCAD/EMTDC, and its parameters are based on those
of the Kun-Liu-Long hybrid three-terminal HVDC system, as shown in
Table 1. The fault time has been set as 1.5 s, and the sampling frequency
of the protection device has been set to 20 kHz.
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Table 2
Robustness test of fault resistance.
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Fault
location

Fault
resistance(Q)

Max(dBy,/dt)
(kV.ms™ 1)

Correct
operation?

Fault area

100 f 74
f 239
f3 9

Internal
Internal
Backward
external
Forward
external
Forward

fa —419

fs —489
external
Internal
Internal

200 fi 59
f2 195
f3 5 Backward

external

fa —348 Forward
external
fs -361 Forward
external
500 fi 38 Internal
fo 137

f3 11

Internal
Backward
external
Forward
external
Forward
external

£ —267

S S S e N S

fs —281

Table 3
Robustness test of noise.

Fault
location

SNR
(dB)

15 fi 239
% 736
f3 45
fa 97
% ~206
20 h 87
% 311
f3 27

Max(dB,,/dt)
(kV4nls’1)

Correct
operation?

Fault area

Internal v
Internal
Internal
Internal
Internal
Internal
Internal
Backward
external
fa —477 Forward
external
fs —514 Forward
external
25 il 65
fa 208

f3 15

Internal
Internal
Backward
external
Forward
external

fa —394

LR L XXX

fs —370 Forward

external

According to (26), the threshold Kt can be calculated as —231 kV.
ms~!. Through simulation testing, the threshold values for the start-up
component (A;), direction component (Dset), and fault pole selection
component (Ps) are determined as 37 kV.ms~!, 28 kV, and 25 kV,
respectively. Taking into account the analysis in Section 3.2, the time
window T is chosen to be 0.3 ms.

4.1. Verification of the fault area identification component

The fault location is illustrated in Fig. 1, where fault points f and f5
are located at the midpoint of OHL L1 and L2, respectively. The other
fault points, fs, f4, and fs, are situated at the outlet of the LCC, MMC;,
and MMC; converter stations, respectively. The fault types considered
are P-G fault and P-P fault, with a transition resistance of 100 Q. The
difference value of the backward TW Bp,; under different fault condi-
tions is obtained and shown in Fig. 12. In the figure, the time period is

10

Table 4
Robustness test of sampling frequency.
Sampling- Keer(k Fault Max Fault area Correct
frequency V. location (dB,,/dt) operation?
(kHz) ms™1) (kV.ms™1)
20 —231 f 207 Internal v
fa 1299 Internal v
f3 18 Backward v
external
fa —1351 Forward v
external
fs -1307 Forward v
external
50 -120 fi 119 Internal v
fo 705 Internal v
f3 4 Backward v
external
fa —873 Forward v
external
fs —-815 Forward \/
external
100 -110 fi 94 Internal v
fo 689 Internal \/
f3 7 Backward v
external
fa —749 Forward \/
external
fs -716 Forward v
external
Table 5
Simulation results of the Siemens TW protection.
Faultlocation  Fault resistance Au (kV)  Faultarea  Correct
Q) operation?
f 50 —251 Internal v
200 -197 External X
fa 50 -232 Internal v
200 -166 External X
fa 50 -73 External v
200 -41 External v
fs 50 —62 External v
200 -39 External v
Table 6
Simulation results of the TW protection proposed in this paper.
Fault Fault resistance Max(dB,,/ Fault Correct
location «Q) dn area operation?
(kv.ms™1)
il 50 142 Internal \/
200 83 Internal v
f2 50 328 Internal v
200 164 Internal v
fa 50 —683 External v
200 —-357 External v
fs 50 —764 External v
200 —442 External v

from 0.1 ms before the start-up component activates and ends 0.3 ms
after the start-up component has activated. The start-up time of the
protection is indicated by a red dotted line.

*Fig. 12(a-1), (b-1), (c-1), (d-1), (e-1) shows the verification result in
case of P-P fault, and Fig. 12(a-2), (b-2), (c-2), (d-2), (e-2) shows the
verification result in case of P-G fault.

According to Fig. 12, it can be observed that for faults occurring at f;
and f, the difference value of the TW By, is not consistently lower than
the threshold Kot within T, and the absolute value of the difference is
greater than the threshold Ds.. Hence, it can be classified as an internal
fault. For a fault occurring at f3, the absolute value of the difference
value is always lower than the threshold Dy, which indicates a
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Table A7
Time-domain expression of TW By, at different fault positions.
Fault P-P fault P-G fault
location
f ~1660 * [1 7e7123457*(17t,)] —656 * [1 767123457%:4;)]
fz ~1620 * [e—sssf(r—rf) 78—48309*04,)] —616 * [8—858*(r—t,) 7e—48309f(t—1f)]
f3 0 0
fa —1590 x [1 —e1613%(t-1)) —740%[1 —e 1613" (1))
fs —2179 % [e—858"(l—lf) 76—3227*(1—@)] —~1035 % [6—858*(L—L,J 76—3227*(1—1,)]
Table A8
Robustness test of fault distance.
Fault Fault distance Max(dB,/dt) (kV. Fault Correct
type (km) ms’l) area operation?
P-Pfault 0 148 Internal v
200 227 Internal \/
500 214 Internal v
1000 1299 Internal v
1400 1183 Internal v
P-Gfault 0 79 Internal v
200 110 Internal v
500 117 Internal v
1000 513 Internal v
1400 471 Internal v

backward external fault. For faults occurring at f4 and fs, the difference
value of the TW By, is consistently lower than the threshold Kge¢ within
Ts, which indicates a forward external fault. Based on the verification
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Table A9
Simulation verification of different value of L,
L.(H) Fault Max(dB,,/dt) (kV. Fault area Correct
location ms™1) operation?
0.05 fo 1189 Internal v
fa —1040 Forward v
external
fs —1025 Forward v
external
0.1 f2 795 Internal v
fa —747 Forward \/
external
fs -726 Forward v
external
015 f, 599 Internal v
fa —563 Forward v
external
fs —515 Forward v
external
Table A10
Simulation verification of different value of Leg.
Leq(H) Fault Max(dB,/dt) (kV. Fault area Correct
location ms™1) operation?
0.2 fa 895 Internal v
fa —-715 Forward v
external
fs —692 Forward \/
external
0.25 fa 729 Internal v
fa -714 Forward \/
external
fs —692 Forward v
external
0.35 fa 438 Internal \/
fa —-715 Forward v
external
fs —693 Forward \/
external

results, this method can accurately identify the fault location.

To further verify the method proposed in this paper, simulation tests
are conducted under different parameter conditions, and the results are
shown in Appendix A.2.

4.2. Robustness test of transition resistance

To evaluate the effectiveness of the proposed method in handling
high-resistance faults, we vary the transition resistance to 100 Q, 200 Q,
and 500 Q. Due to space constraints, only the graph for the difference
between TW By,; and the threshold value when the transition resistance
is set to 500 Q is presented in Fig. 13. Table 2 displays the maximum
difference value of TW By,; within T for different fault resistances.

According to Table 2 and Fig. 13, when the transition resistance Ry is
100 Q, 200 , and 500 Q, the maximum difference value of By, is higher
than the threshold Ks when the internal fault occurs. On the other
hand, the maximum difference value of B, is still lower than the
threshold Kg; when the forward external fault occurs. These results
demonstrate that the method proposed in this paper can accurately
identify the fault area under different transition resistance conditions.
The data shows that the method proposed in this paper can effectively
handle the case of transition resistance of 500 Q.

4.3. Robustness test of noise interference

To assess the ability of the proposed method to resist noise, Gaussian
white noise with signal-to-noise (SNR) ratios of 15 dB, 20 dB, and 25 dB
are added to TW Bp,;. The transition resistance is set to 200 Q, and the
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fault type is P-G fault. The maximum difference value of TW By,; within
Ts is presented in Table 3.

Based on the data presented in Table 3, it can be observed that the
proposed method accurately identifies both internal and external faults
when a Gaussian white noise signal with signal-to-noise ratios of 20 dB
and 25 dB is added. However, when the signal-to-noise ratio of the
added Gaussian white noise signal drops to 15 dB, the fault area iden-
tification method misjudges the fault, identifying external faults as in-
ternal faults. The method proposed in this paper can correctly identify
the fault when the signal-to-noise ratio of Gaussian white noise is equal
to or greater than 20 dB. It is generally believed by researchers that the
ability to withstand 20 dB noise is sufficient for protection devices.

4.4. Robustness test of sampling frequency

Simulations are conducted to verify the method under different
sampling frequency. Set the sampling frequency at 20 kHz, 50 kHz, and
100 kHz, respectively, and test the fault identification method under
different sampling frequencies. The fault type is set as metallic P-P fault,
and the specific data is shown in Table 4.

According to the data in Table 4, under the condition of sampling
frequency of 20 kHz, 50 kHz and 100 kHz, the method proposed in this
paper can accurately identify the internal and external fault.

4.5. Comparison with other works

In order to show the superiority of the proposed method, it is
compared with the traditional TW protection and a non-unit protection
based on transient voltage TW respectively.

4.5.1. Comparison with the traditional TW protection

The TW protection scheme of Siemens is widely used in actual HVDC
system. The TW protection scheme proposed by Siemens uses the
voltage variation (Au) to identify internal and external fault [23]. The
criterion is shown as (30) for internal fault.

Au < Asel (30)

According to the criterion presented in [23], the threshold Agy is
determined under the condition of a P-G fault with a transition resis-
tance of 100 Q occurring at the end of the OHL L2. Through simulation
testing, the threshold Ay is set to —229 kV. The operational perfor-
mance of the Siemens TW protection and the proposed protection
method under P-G faults occurring at different positions are compared
and presented in Table 5 and Table 6, respectively.

It can be seen from Table 5 and Table 6 that the Siemens traditional
TW protection fails when the internal fault with a transition resistance of
200 Q occurs, while the method proposed in this paper can still accu-
rately identify the internal and external faults in this case. It can be
demonstrated that the method proposed in this paper has stronger
ability to withstand high-impedance faults compared to the traditional
Siemens TW protection.

4.5.2. Comparison with a non-unit protection based on transient voltage
™

Literature [18] analyzes the transient voltage TW expression when a
DC line fault occurs and finds that the time of the first voltage extreme
value is shorter in case of internal faults compared to external faults. The
study proposes to use the time of the first voltage extreme value to
distinguish between internal and external faults. This method has a
strong capability to withstand high fault resistance and is characterized
by high speed.

However, when the fault occurs close to the measurement point, the
subsequent transient voltage waveform (TW) after the first TW arrives at
the measuring point rapidly. The subsequent TW can interfere with the
identification of the first voltage extreme value point and may cause the
protection to fail to operate when the sampling rate is not high enough.
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For example, when the fault occurs 5 km away from the measuring point
and the sampling frequency of the protection device is 15 kHz and 200
kHz, the voltage waveform at the measuring point can be obtained for
different sampling frequencies, as shown in Fig. 14. It can be observed
from Fig. 14 that the extreme point of the voltage cannot be identified
when an internal fault occurs with a sampling frequency of 15 kHz,
causing the protection to fail to operate.

The difference value of the TW By,1 can be obtained under the same
fault conditions with the sampling frequency of 15 kHz, as shown in
Fig. 15.

It can be seen from Fig. 15 that the difference value of the TW By, is
not always less than the threshold Ket within T, which is determined as
internal fault. The method proposed in this paper is still applicable. It
can be demonstrated that the method proposed in this paper does not
require a high sampling frequency and can accurately identifies close-in
faults.

5. Conclusions

Multi-terminal hybrid LCC/MMC HVDC system is an important
development direction for HVDC transmission in the future. In this
paper, a non-unit protection scheme utilizing the difference value of the
backward TW is proposed, and it is validated in simulation. The con-
tributions and innovations of this paper are as follows:

e The time-domain expression of the backward TW at the measuring
point after the transmission line fault is given. The formula for
calculating the setting value is given based on the expression of the
backward TW. The setting value does not depend on the simulation
and has a clear physical meaning.

This method only applies single-ended information, does not require
inter-station communication, and has a short judgment time, which
can realize rapid identification and isolation of the fault line.

The criterion does not depend on line boundary elements and has
wide applicability.
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Simulation verification under different parameter conditions

Simulations are conducted to verify the method under different fault
distance(lf), with metallic P-P faults and P-G faults used as examples. The
corresponding data is presented in Table A.8.

According to the information in Table A.8, the method proposed in
this paper can accurately identify the DC line fault as the internal fault
under different fault distance(ly).

Simulations are conducted to verify the method under different
current-limiting inductance value L, and equivalent inductance value
Leq. Since the TW By after faults f; and f3 is not affected by L; and Leg,
only faults fo, f4, and f5 are analyzed here, with the fault type set as a
metallic P-P fault. The specific data are shown in Table A.9 and A.10.

According to the data in Table A.9 and A.10, when the inductance
value L, and Leq are changed, the method proposed in this paper can still
correctly identify the internal and external faults.
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