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Abstract

Concerning the poor immunity of DC line protection to fault resistance in the case of inter-
nal fault and its mal-operation proneness in the case of external fault, a new pilot directional
protection scheme for HVDC line in AC/DC hybrid system based on the polarity of induc-
tive energy is proposed. First, by analysing the conducting state of converter at different
time sections, the impedance characteristic equations of converter in different commuta-
tion failure scenes are derived. On this basis, by combining the impedance characteristics
of other components in DC system, the fault component network of an AC/DC hybrid
system consisting of inductive impedances is established. Then, according to the differ-
ence in the flowing direction of the inductive energy in the fault component networks
of internal and external faults, a protection criterion for identifying internal and external
faults is constructed. Finally, simulation tests in RT-LAB verify that, the proposed method
can accurately identify internal and external faults in different fault cases, unaffected by
commutation failure and lightning interference and highly immune to the fault resistance.
Besides, the proposed method does not involve real-time interaction of synchronous infor-
mation, thus it is simple and reliable.

1 INTRODUCTION

In recent years, HVDC transmission technology has been
widely applied in new energy transmission and wide area inter-
connection. Since existing DC line protection often fails to
operate correctly and quickly, accidents such as DC blocking
and forced outage of lines occur frequently, which seriously
threatens the safe and stable operation of power grid. Therefore,
improving the fault response ability of DC line relay protection
is very important to ensuring the stable operation of AC/DC
hybrid system [1–4].

Currently, DC line protection mainly applies traveling wave
protection, differential under-voltage protection and pilot
current differential protection schemes [5, 6]. Traveling wave
protection uses information such as the polarity and amplitude
of the initial traveling wave after fault occurs to form the pro-
tection criterion. Due to its super-fast operation characteristic,
this protection method has become one of the primary pro-
tection schemes for DC line [7]. However, in real operation, in
order to avoid the influence of external metallic fault, traveling
wave protection has relatively high setting value, thus it may fail
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to identify internal high-resistance fault. In addition, traveling
wave protection needs to set the operation value through
simulation tests, and it has poor immunity to lightning inter-
ference and high requirements for protection devices [8–10].
Differential under-voltage protection constitutes the protection
principle by detecting the voltage differential value and voltage
amplitude level. It is one of the primary protection schemes
for DC line, but it also serves as backup protection of traveling
wave protection. Compared with traveling wave protection,
differential under-voltage protection is more sensitive and
reliable. However, in real operation, differential under-voltage
protection also has poor immunity to the fault resistance,
and needs to set the operation value through simulation tests.
Pilot current differential protection uses the sum of currents
on two line ends to construct the protection criterion, which
can clear high-resistance fault that escapes traveling wave
protection and differential under-voltage protection [11, 12].
However, in real operation, in order to avoid interferences such
as external AC-side fault, the operation delay of pilot current
differential protection may reach 1100 ms in the worst case,
thus it cannot serve as backup protection for DC line [13].
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Besides, pilot current differential protection involves real-time
exchange of electrical information on two line ends, thus it has
higher requirements for the communication channel and data
synchronicity.

Since DC line protection requires high operation speed,
and protection schemes based on fault transient component
can greatly shorten the operation time, transient-based protec-
tion has become one of the main focuses of research on DC
line protection. Ref. [4] formed the transient protection cri-
terion according to the difference in high-frequency and low-
frequency contents of voltage and current at the relaying point
in case of internal and external faults. However, transient-based
protection has high sampling frequency, thus it is vulnerable
to high-frequency interferences such as lightning interference.
Ref. [14] proposed a protection scheme based on the similarity
between transient current waveforms on two line ends, which is
not affected by the inverter power supply. However, this method
involves the interaction of electrical information on two line
ends, thus it has higher requirement for the communication
device, and fault identification is affected by data synchroniza-
tion error.

Currently available DC line pilot directional protection meth-
ods mainly include the traveling wave based pilot directional
protection and the transient based pilot directional protection.
(1) The traveling wave based pilot directional protection method
[15–17] constructs the protection criterion according to the
characteristics of the forward and backward traveling waves.
This method is poorly immune to the fault resistance and lacks
the reference for protection setting. The proposed protection
criterion is based on the impedance characteristic of the non-
fault area, which is not affected by the fault line. Thus the pro-
posed method is better immune to the fault resistance. Besides,
the proposed method adopts an adaptive criterion as the refer-
ence for protection setting. (2) The transient based pilot direc-
tional protection method [18] utilizes the high-frequency com-
ponents in the fault information to form the protection crite-
rion. This method uses a high sampling frequency, and does not
consider the effect of commutation failure on the protection.
The proposed method uses the sampling frequency of 10 kHz,
which is the same as in the engineering practice. Meanwhile, the
proposed method constructs the protection criterion by con-
sidering the impedance characteristic equations of the converter
under different commutation failure conditions and combining
the impedance characteristics of other components. Thus, the
proposed method eliminates the effect of commutation failure
on the protection fundamentally.

In view of the above problems, a new pilot directional protec-
tion principle for HVDC line based on the polarity of inductive
energy is proposed. The remainder of this paper is organized as
follows. In Section 2, the impedance characteristic equations of
converter in different commutation failure scenes are derived,
and the fault component network of AC/DC hybrid system
consisting of inductive impedances is built. Then, according to
different flowing directions of inductive energy in the fault com-
ponent networks of internal and external faults, a protection
criterion is constructed for the identification of internal and
external faults in Section 3. In Section 4, the simulation model

FIGURE 1 AC/DC hybrid system

is built and hardware-in-loop tests are conducted to verify
the effectiveness of the proposed method. Finally, concluding
remarks are presented in Section 5. Compared with existing DC
line protection schemes, the proposed method has the follow-
ing advantages: (a) it can identify internal faults with high fault
resistance correctly and reliably, unaffected by the distribution
capacitance of DC line and the commutation failure. (b) It does
not require the transmission of real-time electrical information,
so it has low demand on the communication bandwidth. (c) It is
not affected by the lightning interference due to its low sampling
frequency. (d) It includes a complete setting procedure, thus the
operation values need not be set through simulation tests.

2 IMPEDANCE CHARACTERISTIC
EQUATIONS OF DIFFERENT
COMPONENTS IN AC/DC HYBRID
SYSTEM

Take the AC/DC hybrid system shown in Figure 1 for example.
It can be seen that, AC/DC hybrid system is composed of con-
verter, DC filter, AC filter, smoothing reactor, AC system and
DC line. The components on rectifier side are the same as those
on inverter side, thus in this section only the impedance charac-
teristic equations of rectifier-side components are derived.

2.1 Impedance characteristic equation of
converter

In existing studies on DC line protection, inverter-side con-
verter station is mostly taken as linear time-invariant system and
is equalized to a constant impedance in the fault component
network. But in real operation, AC-side fault may result in com-
mutation failure in DC system, which will cause inverter-side
converter station to exhibit non-linear time-varying fault charac-
teristics. Thus, equalization of inverter-side converter station to
a fixed impedance is inaccurate, but different conducting states
of converter should be considered.

For the AC/DC hybrid system in Figure 1, the wiring diagram
of rectifier-side 12-pulse converter is shown in Figure 2 When
fault occurs on DC line, rectifier-side 12-pulse converter may
have the following four different conducting states.

1. Conducting state 1: VTD1 and VTD2 of D-bridge converter
and VTY1 and VTY2 of Y-bridge converter are turned on;
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FIGURE 2 Wiring diagram of rectifier-side 12-pulse converter

2. Conducting state 2: VTD1 and VTD2 of D-bridge con-
verter and VTY1, VTY2 and VTY3 of Y-bridge converter
are turned on;

3. Conducting state 3: VTD1 and VTD2 of D-bridge converter
and VTY2 and VTY3 of Y-bridge converter are turned on;

4. Conducting state 4: VTD1, VTD2 and VTD3 of D-bridge
converter and VTY2 and VTY3 of Y-bridge converter are
turned on.

When 12-pulse converter is in Conducting state 1, the follow-
ing relations can be obtained from Figure 2:

iad = ibd (1)

icd + id = ibd (2)

iay = id (3)

icy = −id (4)

ud 1 − Lr

d icd
dt

+ kd uc = ud (5)

ud − Lr

d iad

dt
− Lr

d ibd

dt
+ kd ua + kd ub = ud 1 (6)

ud 1 = ky (uc − ua ) − Lr

d icy

dt
+ Lr

d iay

dt
(7)

where ua, ub and uc are three-phase voltages at rectifier-side con-
verter bus. ud, ud1 and ud2 are the voltages at d1, d2 and d3 in
Figure 2 iad, ibd, icd and iay, iby icy are the currents on three-phase
windings of Y/△ and Y/Y converter transformers. ky and kd

are the transformation ratios of Y/Y and Y/△ converter trans-
formers. Lr is the inductance of converter transformer con-
verted to the valve side. Ld is the inductance of smoothing reac-
tor. id is the current flowing through the smoothing reactor.

Combining Equations (5)–(7) yields:

kd ua + kd ub + kd uc = Lr

d iad

dt
+ Lr

d ibd

dt
+ Lr

d icd
dt

(8)

Since the wiring mode of converter transformer is Y/△ or
Y/Y, there is no zero-sequence voltage at the converter bus
when fault occurs on DC line, i.e.

ua + ub + uc = 3u0 = 0 (9)

where u0 is the zero-sequence voltage at rectifier-side converter
bus.

Applying Equation (9) to (8), it can be obtained that the
differentials of three-phase currents of Y/△ converter trans-
former satisfy the following equation:

0 = Lr

d iad

dt
+ Lr

d ibd

dt
+ Lr

d icd
dt

(10)

Thus according to Equations (1), (2) and (10), three-phase
currents of Y/△ converter transformer can be calculated:

⎧⎪⎨⎪⎩
iad = ibd =

1
3

id

icd = −
2
3

id

(11)

Combining Equations (5)–(7) and (11) yields:

−kyua +
8
3

Lr

d id
dt

+ (kd + ky )uc = ud (12)

According to Figure 1, three-phase voltages at the converter
bus and three-phase currents on AC line L-K are respectively:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

ua = r1ia + l1
d ia
dt

+ esa

ub = r1ib + l1
d ib
dt

+ esb

uc = r1ic + l1
d ic
dt

+ esc

(13)

⎧⎪⎨⎪⎩
ia = −kd iad − kyiay +Ca

ib = −kd ibd − kyiby +Cb

ic = −kd icd − kyicy +Cc

(14)

where r1 and l1 are the positive-sequence resistance and induc-
tance of AC line L-K. esa, esb and esc are the equivalent three-
phase emfs of AC system S1. Ca, Cb and Cc are three-phase cur-
rents flowing through rectifier-side AC filter.

Combining Equations (11)–(14) yields:

A1id + B1
d id
dt

+C1 = ud (15)
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where the expressions of A1, B1 and C1 are respectively:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

A1 =

(
kykd r1

3
+ kykyr1

)
+ (kd + ky )

(
kd r1

2
3
+ kyr1

)
B1 =

(
kykd l1

3
+ kykyl1

)
+

8

3
Lr + (kd + ky )(kd l1

2
3
+ kyl1)

C1 = −kyr1Ca − kyl1
dCa

dt
− kyesa + (kd + ky )r1Cc

+(kd + ky )l1
dCc

dt
+ (kd + ky )esc

(16)
It can be seen from Equation (16) that, A1 is affected by the
resistance AC line; B1 is affected by the equivalent inductance of
converter and the inductance of AC line; C1 is affected by the
current flowing through AC filter and three-phase voltages of
AC system. Therefore, in the fault component network of DC
line fault, the equivalent inductance of converter in Conducting
state 1 is 8Lr/3, and the impedance characteristic equation of
converter in Conducting state 1 is:

Zop1 = j
8
3

wLr (17)

where w is the angular frequency.
Similarly, the impedance characteristic equations of converter

in the other conducting states can be derived:

⎧⎪⎪⎨⎪⎪⎩
Zop2 = j

13
6

wLr

Zop3 = j
8
3

wLr

Zop4 = j
5
2

wLr

(18)

where Zop2, Zop3 and Zop4 are the impedances of converter
in Conducting state 2, Conducting state 3 and Conducting
state 4.

The conducting states of the inverter-side converter under
commutation failure conditions are listed in Table 1, where the
expressions of Zop1, Zop2, Zop3 and Zop4 are shown in Equations
(17) and (18).

According to Table 1, when commutation failure occurs, the
inverter-side converter still operates in Conducting state 1, 2, 3
or 4. Thus the impedance characteristic equations of the con-
verter are still those shown in Equations (17) and (18).

2.2 Impedance characteristic equations of
other components

2.2.1 Impedance characteristic equation of DC
filter

For AC/DC hybrid system in Figure 1, the network structure of
rectifier-side DC filter is shown in Figure 3, where C1, C2, L1
and L2 are the structural parameters of DC filter.

According to Figure 3, the impedance characteristic equation

TABLE 1 Conducting states of the inverter-side converter under
commutation failure conditions

Initial

conducting

state

Conducting

state after

receiving the

firing angle

Conducting

state after

commutation

failure

Conducting state Conducting state 1 Conducting state 2 Conducting state 1

Impedance
characteristic
equation

Zop1 Zop2 Zop1

Conducting state Conducting state 2 Conducting state 2 Conducting state 1

Impedance
characteristic
equation

Zop2 Zop2 Zop1

Conducting state Conducting state 3 Conducting state 4 Conducting state 3

Impedance
characteristic
equation

Zop3 Zop4 Zop3

Conducting state Conducting state 4 Conducting state 4 Conducting state 3

Impedance
characteristic
equation

Zop4 Zop4 Zop3

FIGURE 3 Network structure of DC filter

of DC filter can be obtained:

Zdc = j (wL1 −
1

wC1
+

wL2

1 − w2C2L2
) (19)

FIGURE 4 Network structure of AC filter
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FIGURE 5 Network structure of smoothing reactor

2.2.2 Impedance characteristic equation of AC
filter

The network structure of rectifier-side AC filter is shown in
Figure 4, where C3, C4, C5, C6, R3, R4, R5, L3 and L4 are the
structural parameters of AC filter.

According to Figure 4, the impedance characteristic equation
of AC filter can be obtained:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Zac = Zac1∕∕Zac2∕∕Zac3

Zac1 = − j
1

wC6

Zac2 =
w2R5L2

4 + jwR2
5L4

R2
5 + w2L2

4

− j
1

wC5

Zac3 =

(R3 + jwL3 − j
1

wC3
) ∗ R4

R3 + jwL3 − j
1

wC3
+ R4

− j
1

wC4

(20)

2.2.3 Impedance characteristic equation of
smoothing reactor

The network structure of rectifier-side smoothing reactor is
shown in Figure 5

According to Figure 5, the impedance characteristic equation
of smoothing reactor can be obtained:

Zd = jwLd (21)

2.2.4 Impedance characteristic equation of
rectifier-side AC system

The network structure of rectifier-side AC system is shown in
Figure 6, where RW1 and LW1 are the equivalent resistance and
inductance of rectifier-side AC system.

According to Figure 6, the impedance characteristic equation
of rectifier-side AC system S1 can be obtained:

Zs1 = RW 1 + jwLW 1 (22)

FIGURE 6 Network structure of rectifier-side AC system

2.3 Impedance characteristic equation of
rectifier side of AC/DC hybrid system

According to Figure 1, when a fault occurs on DC line, the
impedance of the rectifier side is formed in the following
way. The impedance of AC system Zs1 is connected in par-
allel with the impedance of AC filter Zac, the result of which
is connected in series with the converter impedance Zc and
the impedance of smoothing reactor Zd, the result of which is
then connected in parallel with the impedance of DC filter Zdc.
Therefore, when deriving the impedance equation of the rec-
tifier side, the parallel impedance of Zs1 and Zac is calculated
first:

Zrec1 = Zs1∕∕Zac

= (RW 1 + jwLW 1)∕∕

(
− j

1
wC6

)

∕∕

(
w2R5L2

4 + jwR2
5L4

R2
5 + w2L2

4

− j
1

wC5

)

∕∕

⎛⎜⎜⎝
(R3 + jwL3 − j

1

wC3
) × R4

R3 + jwL3 − j
1

wC3
+ R4

− j
1

wC4

⎞⎟⎟⎠ (23)

In Equation (23), the only variable is w, and the other param-
eters are all constants. Then, the series impedance of Zrec1, Zc

and Zd is calculated. Finally, the parallel impedance of this series
impedance and Zdc is calculated, so that the impedance charac-
teristic equation of the rectifier side is obtained:

Zrec = (Zs1∕∕Zac + Zd + Zc )∕∕Zdc

= j
a13w13+a11w11+⋯+a1w

a12w12+a10w10+⋯+a0

(24)

where a13, a12, a11, a10, a9, a8, a7, a6, a5, a4, a3, a2, a1 and a0

are constants calculated according to the parameters of different
components. Both a13 and a12 are above 0.

According to Equation (24), the impedance of rectifier side
of AC/DC hybrid system Zrec can be inductive or capacitive,
depending on the value of angular frequency w.
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2.3.1 When Zrec is inductive

For real-time calculation of Equation (24) in the inductive fre-
quency band, Zrec is only the function of w. However, it can be
seen from Equations (17) and (18) that, the impedance char-
acteristic equation of converter is time-varying. Since the fault
may occur at any time, how the impedance characteristics of
converter in different conducting states affect the impedance
characteristic of rectifier side should be considered.

According to Equation (24), the smaller the inductance of
converter is, the weaker the inductive characteristic of Zrec is.
Therefore, in order for Zrec to be inductive in different con-
ducting states of converter, the inductance of converter should
take the minimum value, which is 13Lr/6 according to Equa-
tions (17) and (18). In this case, the impedance of converter Zc

is j13wLr/6.
Apart from the impact of impedance characteristic of con-

verter, the transient component should be large enough in
order to distinguish between internal and external faults. Since
the transient component in the case of DC line fault is larger
than that in normal operation state, it should be guaranteed
that when DC line is normal operation state, the transient
component used is large enough. The harmonic of DC line
without fault is the 12kth (k= 1, 2,…) harmonic, and the corre-
sponding angular frequency is 1200kπrad/s. Combining Equa-
tion (24), the frequency band in which Zrec is inductive can be
calculated:

whvdc =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎛⎜⎜⎝
(0 < w < w1.1) ∪ (w1.2 < w < w1.3)

∪ (w1.4 < w < w1.5) ∪ (w1.6 < w < +∞)

⎞⎟⎟⎠∩
(w = 1200k𝜋)∩

⎛⎜⎜⎝
(0 < w < w2.1) ∪ (w2.2 < w < w2.3)

∪ (w2.4 < w < w2.5) ∪ (w2.6 < w < +∞)

⎞⎟⎟⎠

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(25)

where w1.1, w1.2, w1.3, w1.4, w1.5 and w1.6 are the solutions of equa-
tion a13w13+a11w11+…+a1w = 0. w2.2, w2.2, w2.3, w2.4, w2.5 and
w2.6 are the solutions of equation a12w12+a10w10+…+a0 = 0.

2.3.2 When Zrec is capacitive

According to Equation (25), the frequency band in which Zrec is
capacitive is

whvdcC =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

((w1.1 < w < w1.2) ∪ (w1.3 < w < w1.4)

∪ (w1.5 < w < w1.6)

)
∩

(w = 1200k𝜋)∩((w2.1 < w < w2.2) ∪ (w2.3 < w < w2.4)

∪ (w2.5 < w < w2.6)

)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(26)

FIGURE 7 Fault component network in the case of internal fault

It can be seen from Equations (25) and (26) that, compared with
the frequency band where Zrec is capacitive, the frequency band
where Zrec is inductive is wider. Besides, the frequency band with
larger transient component (i.e. the frequency band whose angu-
lar frequency is 1200kπ rad/s) overlaps more with the frequency
band where Zrec is inductive, thus the inductive energy is larger
than the capacitive energy when fault occurs. Therefore, this
paper uses the fault component network consisting of inductive
impedances to construct the protection criterion.

3 DC LINE PILOT DIRECTIONAL
PROTECTION PRINCIPLE BASED ON
THE POLARITY OF INDUCTIVE ENERGY

3.1 Protection scheme

3.1.1 Internal fault

When internal fault occurs on DC line, the fault component
network of AC/DC hybrid system is shown in Figure 7, where
Zline1 is the impedance of line length between the fault point
and bus M, and Zline2 is the impedance of line length between
the fault point and bus N. Zs2 is the impedance of inverter-side
AC system, and Zf is the fault resistance.

According to Figure 7, the relationship between voltages and
currents at bus M and bus N can be written:

⎧⎪⎨⎪⎩
Δum = −LmΔ

d im

dt

Δun = −LnΔ
d in

dt

(27)

where Lm is the inductance of rectifier-side impedance, and Ln

is the inductance of inverter-side impedance.
Thus, the energy at bus M and bus N can be defined as:

⎧⎪⎪⎨⎪⎪⎩
Em = ΔumΔ

d im
dt

= −Lm

(
Δ

d im
dt

)2

< 0

En = ΔunΔ
d in
dt

= −Ln

(
Δ

d in
dt

)2

< 0

(28)

According to Equation (28), when an internal fault occurs, the
inductive energy at bus M and bus N are both smaller than 0.
When the angular frequency is w2 or between w1 and w2 (w1,
w2∈whvdcL and w1<w2), the inductive energy at bus M and bus
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FIGURE 8 Fault component network in the case of external fault

N are:

⎧⎪⎪⎨⎪⎪⎩
Em(w2) = Δum(w2)Δ

d im(w2)

dt
= −Lm(w2)

(
Δ

d im(w2)

dt

)2

< 0

En(w2) = Δun(w2)Δ
d in(w2)

dt
= −Ln(w2)

(
Δ

d in(w2)

dt

)2

< 0

(29)⎧⎪⎪⎨⎪⎪⎩
Em(w1∼w2) = Δum(w1∼w2)Δ

d im(w1∼w2)

dt
= −Lm(w1∼w2)

(
Δ

d im(w1∼w2)

dt

)2

< 0

En(w1∼w2) = Δun(w1∼w2)Δ
d in(w1∼w2)

dt
= −Ln(w1∼w2)

(
Δ

d in(w1∼w2)

dt

)2

< 0

(30)
Since the values of the inductive energy with angular fre-

quency of w2 are included in those with angular frequency of
w1–w2, the combination of Equations (29) and (30) yields:{

Em(w1∼w2) < Em(w2)
En(w1∼w2) < En(w2)

(31)

where Em(w1–w2) and En(w1–w2) are the inductive energy at bus
M and bus N when the value of angular frequency is between
w1 and w2. Em(w2) and En(w2) are the inductive energy at bus M
and bus N when the value of angular frequency is w2.

3.1.2 External fault

When external fault occurs on the rectifier side, the fault com-
ponent network of AC/DC hybrid system is shown in Figure 8,
where Zline is the impedance of DC line.

According to the analysis in Section 1.6, the minimum value
of w is 1200kπ; and according to ref. [19], when w> 1200kπ, the
impedance of DC line is inductive. In Figure 8, the relationship
between voltages and currents at bus M and bus N is:

⎧⎪⎨⎪⎩
Δum = LmΔ

d im

dt

Δun = −LnΔ
d in

dt

(32)

According to Equation (32):

⎧⎪⎪⎨⎪⎪⎩
Em = ΔumΔ

d im

dt
= Lm

(
Δ

d im
dt

)2

> 0

En = ΔunΔ
d in
dt

= −Ln

(
Δ

d in
dt

)2

< 0

(33)

Thus according to Equation (33):{
Em(w1∼w2) > Em(w2)

En(w1∼w2) < En(w2)
(34)

Combining Equations (31) and (34), the following protection
criterion can be constructed:

S =

{
Srec Sinv = 1 internal fault

Srec Sinv = 0 external fault
(35)

where the expressions of Srec and Sinv are respectively:

Srec =

{
1, if[Em(w1∼w2) < Em(w2)]

0, if[Em(w1∼w2) ≥ Em(w2)]

Sinv =

{
1, if[En(w1∼w2) < En(w2)]

0, if[En(w1∼w2) ≥ En(w2)]
(36)

According to [20], the general expression of energy is the
integral of the product of voltage and current:

Etra = ∫ u(t )i (t )dt (37)

where u(t) is the instantaneous value of system terminal voltage;
i(t) is the instantaneous value of system terminal current.

As shown in Equation (27), the energy defined in this paper
(Em and En) is the product of the partial derivatives of voltage
and current. In order to differentiate Em and En from the
general energy, this paper denotes Em and En as the inductive
energy.

3.2 Fault start-up criterion

When fault occurs on DC line, the current flowing through DC
filter rises sharply [21]. According to this feature, the following
fault start-up criterion can be constructed:

1
Ns

Ns∑
i=1

Idc (i ) > Imax (38)

where Ns is the number of sampling points. Idc is the sampling
value of the current on DC filter branch. Imax is the threshold
value.

3.3 Pole selection criterion

According to [22], the transient component of non-fault pole
is generated by electromagnetic coupling. When single-pole
grounding fault occurs, fault-pole voltage drops rapidly, and
the voltage of non-fault pole rises to some extent. When
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double-pole short circuit fault occurs, the amplitudes of
positive-pole and negative-pole voltages are basically the same.
Based on this feature, the following fault pole selection criterion
can be constructed:

⎧⎪⎨⎪⎩
P ≥ 1.5 positive-pole fault

0.6 < P < 1.5 double-pole fault

P ≤ 0.6 negative-pole fault

(39)

In Equation (39), the expression of P is:

P =

Ns∑
i=1

|||Δupos (i )
||| ∕ Ns∑

i=1

|||Δuneg(i )
||| (40)

where △upos is the variation amount of positive-pole line volt-
age, and △uneg is the variation amount of negative-pole line
voltage.

3.4 Impact of lightning interference

In real operation, existing DC line protection is vulnerable to
lightning interference, thus the impact of lightning interfer-
ence on the proposed scheme should be examined. Accord-
ing to Equations (35) and (36), the proposed protection cri-
terion is based on the inductive energy corresponding to
angular frequencies w1 and w2, thus only lightning interfer-
ences with angular frequencies of w1 and w2 need to be
considered.

3.4.1 If there exists lightning voltage and
current with angular frequency of w1

When internal fault occurs on DC line, if there exists lightning
voltage and current with angular frequency of w1, there will
be inductive energy △Em(w1) and △En(w1) at bus M and bus
N with angular frequency of w1. Their values can be obtained
through calculation. However, each value can only be used to
analyse the effect of one type of lightning interference on the
protection. In order to analyse the effect of any type of light-
ning interference on the protection, this paper assumes that
each interference component is an unknown variable. Consider
that lightning voltage and current satisfy the fault component
network in Figure 7, thus:{

ΔEm(w1) < 0

ΔEn(w1) < 0
(41)

According to Equations (31) and (41):{
Em(w1∼w2) + ΔEm(w1) < Em(w2)

En(w1∼w2) + ΔEn(w1) < En(w2)

(42)

Applying Equation (42) to (35) and (36) yields:

S = 1 (43)

Thus according to Equations (35) and (43), it is identified as
internal fault on DC line. The identification result of the pro-
posed criterion is consistent with the actual fault scene.

When external fault occurs, if there exists lightning voltage
and current with angular frequency of w1, the lightning voltage
and current satisfy the fault component network in Figure 8,
thus: {

ΔEm(w1) > 0

ΔEn(w1) < 0
(44)

According to Equations (34) and (44):{
Em(w1−w2) + ΔEm(w1) > Em(w2)

En(w1−w2) + ΔEn(w1) < En(w2)

(45)

Applying Equation (45) to (35) and (36) yields:

S = 0 (46)

Thus according to Equations (35) and (46), it is identified as
external fault. The identification result of the proposed criterion
is consistent with the actual fault scene.

Based on the above analysis, even if there exists lightning
voltage and current with angular frequency of w1, the proposed
protection criterion can still identify internal and external faults
correctly and reliably.

3.4.2 If there exists lightning voltage and
current with angular frequency of w2

When internal fault occurs on DC line, if there exists lightning
voltage and current with angular frequency of w2, there will be
inductive energy △Em(w2) and △En(w2) at bus M and bus N
with angular frequency of w2. Consider that lightning voltage
and current satisfy the fault component network in Figure 7,
thus: {

ΔEm(w2) < 0

ΔEn(w2) < 0
(47)

According to Equations (31) and (47):{
Em(w1−w2) + ΔEm(w2) < Em(w2) + ΔEm(w2)

En(w1−w2) + ΔEn(w2) < En(w2) + ΔEn(w2)

(48)

Applying Equation (48) to (35) and (36) yields:

S = 1 (49)
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Thus according to Equations (35) and (49), it is identified as
internal fault on DC line. The identification result is consistent
with the actual fault scene.

When external fault occurs, if there exists lightning voltage
and current with angular frequency of w2, the lightning voltage
and current satisfy the fault component network in Figure 8,
thus: {

ΔEm(w2) > 0

ΔEn(w2) < 0
(50)

According to Equations (34) and (50):{
Em(w1−w2) + ΔEm(w2) > Em(w2) + ΔEm(w2)

En(w1−w2) + ΔEn(w2) < En(w2) + ΔEn(w2)

(51)

Applying Equation (51) to (35) and (36) yields:

S = 0 (52)

Thus according to Equations (35) and (52), it is identified as
external fault. The identification result is consistent with the
actual fault scene.

Based on the above analysis, even if there exists lightning volt-
age and current with angular frequency of w2, the proposed pro-
tection criterion is still applicable.

In real operation, the frequency of lightning interference is
relatively high (usually tens of kHz), while the proposed method
applies relatively low sampling frequency, thus it is immune to
lightning interference.

3.5 Function of the proposed scheme after
the fault

3.5.1 Internal fault

According to Figure 7, the relationship between the voltages and
currents at bus M and bus N can be written:

⎧⎪⎨⎪⎩
Δum = −LmΔ

d im

dt

Δun = −LnΔ
d in

dt

(53)

where Lm is the inductance of rectifier-side impedance, and Ln

is the inductance of inverter-side impedance.
In the case of internal fault, Lm and Ln represent the induc-

tances of the non-fault areas, not including the inductance of
DC line. Thus Lm and Ln do not vary with time, and Equation
(53) still holds true. Since Equation (31) is derived from Equa-
tion (53), Equation (31) also holds true.

3.5.2 External fault

In Figure 8, the relationship between the voltages and currents
at bus M and bus N is:

⎧⎪⎨⎪⎩
Δum = LmΔ

d im

dt

Δun = −LnΔ
d in

dt

(54)

When a rectifier-side external fault occurs, Lm is the sum of
the inverter-side inductance and DC line inductance; Ln is the
inverter-side inductance, not including the rectifier-side induc-
tance. Since Lm and Ln are the inductances of the non-fault
areas, they do not vary with time. Thus Equation (54) still holds
true, and Equation (34) which is derived from Equation (54)
also holds true.

According to the above analysis, Equation (31) remains true
for internal faults, and Equation (34) remains true for external
faults. Since the proposed protection criterion is based on Equa-
tions (31) and (34), the proposed scheme can continue to work
after the fault.

3.6 Sensitivity under noisy conditions

According to Equation (36), the proposed method uses the
inductive energy with angular frequencies of w2 and w1–w2.
Therefore, only the noise interferences with angular frequencies
of w2 and w1–w2 need be considered.

3.6.1 If there exists noise interference with
angular frequency of w1–w2

(1) Internal fault

When an internal fault occurs on DC line and there exists a
noise interference with an error of e%, the expressions of the
inductive energy with angular frequencies of w1–w2 and w2 are
respectively:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

E∗
m(w1−w2) = (1 + e(Δum(w1−w2)(1 + e(Δ

d im(w1−w2)

dt

= (1 + e(2Em(w1−w2)

E∗
n(w1−w2) = (1 + e(Δun(w1−w2)(1 + e(Δ

d in(w1−w2)

dt

= (1 + e(2En(w1−w2)

(55)

⎧⎪⎨⎪⎩
E∗

m(w2) = Em(w2)

E∗
n(w2) = En(w2)

(56)
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According to Equation (55):

⎧⎪⎪⎪⎨⎪⎪⎪⎩

E∗
m(w1−w2) = (1 + e(2Em(w1−w2)

= (1 + e(2Em(w1) + (1+e(2Em(w2) + (1+e(2Emp

E∗
n(w1−w2) = (1 + e(2En(w1−w2)

= (1 + e(2En(w1) + (1+e(2En(w2) + (1+e(2Enp

(57)

where Emp is the inductive energy at bus M with angular fre-
quency of w1–w2 (not including the angular frequencies of w1

and w2); Enp is the inductive energy at bus N with angular fre-
quency of w1–w2 (not including the angular frequencies of w1

and w2).
Combining Equations (56) and (57) yields:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

E∗
m(w1−w2) − E∗

m(w2)= (1+e(2Em(w1) + (1+e(2Em(w2) + (1+e(2Emp − Em(w2)

= (1+e(2
Em(w1) + (e2+2e(Em(w2)

⏟⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⏟
EA

+ (1+e(2
Emp

⏟⎴⏟⎴⏟
EB

E∗
n(w1−w2) − E∗

n(w2) = (1+e(2En(w1) + (1+e(2En(w2) + (1+e(2Enp − En(w2)

= (1+e(2
En(w1) + (1+e(2

En(w2)
⏟⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⏟

EC

+ (1+e(2
Enp

⏟⎴⏟⎴⏟
ED

(58)
For EA and EC in Equation (58), [23] pointed out that when the
angular frequency is 1200kπ, the differentials of DC line volt-
age and current decrease as k increases. According to Equation
(25), w1 and w2 both fall in the interval of 1200kπ, and w1<w2.
Thus |um(w1)| > |um(w2)|, |△dim(w1)/dt | > |△dim(w2)/dt|,
|un(w1)|> |un(w2)| and |△din(w1)/dt |> |△din(w2)/dt|, which
combined with Equation (28) yield:{

Em(w1) < Em(w2) < 0
En(w1) < En(w2) < 0

(59)

Consider that (1+e)2 > 0 and (1+e)2 > e2+2e, combining Equa-
tions (58) and (59) yields:{

EA = (1 + e(2Em(w1) + (e2 + 2e(Em(w2) < 0
EC = (1 + e(2En(w1) + (e2 + 2e(En(w2) < 0

(60)

For EB and ED in Equation (58): according to Equation (28),
the inductive energy at bus M and bus N in the case of internal
fault are both below 0, thus EB < 0 and ED < 0.

Hence, EA, EB, EC and ED are all smaller than 0. According
to Equation (58): {

E∗
m(w1−w2) − E∗

m(w2) < 0
E∗

n(w1−w2) − E∗
n(w2) < 0

(61)

Applying Equation (61) to (35) and (36) yields:

S = 1 (62)

Referring to Equations (35) and (62), the protection will identify
it as an internal fault, which is correct.

(2) External fault

When an external fault occurs and there exists a noise inter-
ference with an error of e%, the expressions of the inductive
energy with angular frequencies of w1–w2 and w2 are respec-
tively:

⎧⎪⎪⎨⎪⎪⎩

E∗
m(w1−w2) = (1 + e(Δum(w1−w2)

(
1 + e

(
Δ

d im(w1−w2)

dt

= (1 + e(2Em(w1−w2)

E∗
n(w1−w2) = (1 + e(Δun(w1−w2)

(
1 + e

(
Δ

d in(w1−w2)

dt

= (1 + e(2En(w1−w2)

(63)

{
E∗

m(w2) = Em(w2)

E∗
n(w2) = En(w2)

(64)

According to Equation (63):

⎧⎪⎪⎨⎪⎪⎩

E∗
m(w1−w2) = (1 + e(2Em(w1−w2)

= (1 + e(2Em(w1) + (1 + e(2Em(w2) + (1 + e(2Emp

E∗
n(w1−w2) = (1 + e(2En(w1−w2)

= (1 + e(2En(w1) + (1 + e(2En(w2) + (1 + e(2Enp

(65)

Combining Equations (64) and (65) yields:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

E∗
m(w1−w2) − E∗

m(w2)

= (1 + e(2Em(w1) + (1 + e(2Em(w2) + (1 + e(2Emp − Em(w2)

= (1 + e(2
Em(w1) + (e2 + 2e(Em(w2)

⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟
EA

+ (1 + e(2
Emp

⏟⎴⎴⏟⎴⎴⏟
EB

E∗
n(w1−w2) − E∗

n(w2)

= (1 + e(2En(w1) + (1 + e(2En(w2) + (1 + e(2Enp − En(w2)

= (1 + e(2
En(w1) + (1 + e(2

En(w2)
⏟⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⏟

EC

+ (1 + e(2
Enp

⏟⎴⎴⏟⎴⎴⏟
ED

(66)
For EA and EC in Equation (66), [23] pointed out that when the
angular frequency is 1200kπ, the differentials of DC line voltage
and current decrease as k increases. According to Equation (25),
w1 and w2 both fall in the interval of 1200kπ, and w1 < w2.
Thus |um(w1)| > |um(w2)|, |△dim(w1)/dt | > |△dim(w2)/dt|,
|un(w1)|> |un(w2)| and |△din(w1)/dt|> |△din(w2)/dt|, which
combined with Equation (33) yield:{

Em(w1) > Em(w2) > 0

En(w1) > En(w2) > 0
(67)
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Consider that (1+e)2 > 0 and (1+e)2 > e2+2e, combining Equa-
tions (66) and (67) yields:{

EA = (1 + e(2Em(w1) + (e2 + 2e(Em(w2) > 0

EC = (1 + e(2En(w1) + (e2 + 2e(En(w2) > 0
(68)

For EB and ED in Equation (66): according to Equation (33),
the inductive energy at bus M and bus N in the case of external
fault are both above 0, thus EB > 0 and ED > 0.

Hence, EA, EB, EC and ED are all larger than 0. According
to Equation (66): {

E∗
m(w1−w2) − E∗

m(w2) > 0

E∗
n(w1−w2) − E∗

n(w2) > 0
(69)

Applying Equation (69) to (35) and (36) yields:

S = 0 (70)

Referring to Equations (35) and (70), the protection will cor-
rectly identify it as an external fault.

3.6.2 If there exists noise interference with
angular frequency of w2

Since the inductive energy with angular frequency of w2 is
included in the inductive energy with angular frequency of w1–
w2, when there exists noise interference with angular frequency
of w2, an interference component will be added to both sides
of Equations (31) and (34). Thus the inequalities in Equations
(31) and (34) still hold true, and the protection criterion is still
applicable.

According to the above analysis, the proposed method can
identify internal and external faults correctly and reliably even
when there is noise interference.

4 SIMULATION VERIFICATION

4.1 Test system

In order to verify the feasibility and effectiveness of the pro-
posed scheme, simulation tests are conducted in RT-LAB exper-
imental platform shown in Figure 9 The structure of AC/DC
hybrid system is shown in Figure 1, and its main parameters are
shown in Table 2 By applying the parameters of different com-
ponents to (24) and (25), it can be calculated that the minimum
angular frequency for the system to be inductive is 1200π rad/s,
thus w1 is set to be 1200π rad/s, and w2 is set to be 2400π rad/s.
The fault is set to occur at t = 0 s.

The higher the sampling frequency is, the more data can be
collected. But a high sampling frequency means a high demand
on the sampling device and a large computation amount. To
compromise, the sampling frequency of the proposed scheme
is set at 10 kHz.

FIGURE 9 RT-LAB test platform

TABLE 2 Main parameters of AC/DC hybrid system

Parameter name

Parameter

value

Parameter

name

Parameter

value

Ld 290 mH C5 6.685 μF

Positive-sequence
resistance of AC line

0.0216 Ω/km C6 3.342 μF

Positive-sequence
reactance of AC line

0.2750 Ω/km L1 9.847 mH

Zero-sequence
resistance of AC line

0.1672 Ω/km L2 582.95 mH

Zero-sequence
reactance of AC line

0.6255 Ω/km L3 136.4 mH

C1 1.05 μF L4 13.6 mH

C2 3.286 μF R3 29.76 Ω
C3 74.28 μF R4 261.87 Ω
C4 6.685 μF R5 83.32 Ω

4.2 Internal fault on DC line with different
fault resistances

Suppose fault occurs at the midpoint of positive-pole DC line
via different fault resistances, the variation curves of [Em(w1–w2)
− Em(w2)] and [En(w1–w2) − En(w2)] are shown in Figure 10.

It can be seen from Figure 10(a) and (b) that, as the fault
resistance increases, the values of [Em(w1–w2) − Em(w2)] and
[En(w1–w2) −En(w2)] at the same time section both keep increas-
ing. Applying the values of [Em(w1–w2) − Em(w2)] and [En(w1–w2)

FIGURE 10 Variation curve of [Em(w1–w2) − Em(w2)] and [En(w1–w2) −

En(w2)] when internal fault occurs with different fault resistances. (a) Variation
curve of [Em(w1–w2) − Em(w2)] when internal fault occurs with different fault
resistances,(b) variation curve of [En(w1–w2) − En(w2)] when internal fault
occurs with different fault resistances
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FIGURE 11 Variation curve of [Em(w1–w2) − Em(w2)] and [En(w1–w2) −

En(w2)] when fault occurs at different locations on DC line, (a) Variation curve
of [Em(w1–w2) − Em(w2)] when fault occurs at different locations on DC line,(b)
Variation curve of [En(w1–w2) − En(w2)] when fault occurs at different locations
on DC line

− En(w2)] to Equations (35) and (36) yields: S = 1, thus the
fault is identified to be internal fault on DC line. According
to Figure 10(a), the maximum value of [Em(w1–w2) − Em(w2)] is
−149.11, which appears at t = 4.5 ms when the fault resistance
is 300 Ω. And according to Figure 10(b), the maximum value of
[En(w1–w2) − En(w2)] is −151.54, which appears at t = 6.9 ms
when the fault resistance is 300 Ω. Therefore, the proposed
method is proved to be highly sensitive to high-resistance fault
on DC line.

4.3 Fault at different locations on DC line

Suppose fault occurs at different locations on negative-pole
DC line via fault resistance of 300 Ω, the variation curves of
[Em(w1–w2) −Em(w2)] and [En(w1–w2) −En(w2)] are shown in Fig-
ure 11.

According to Figure 11(a) and (b), as the fault location varies,
the values of [Em(w1–w2) − Em(w2)] and [En(w1–w2) − En(w2)]
at the same time section both fluctuate very slightly. Applying
the values of [Em(w1–w2) − Em(w2)] and [En(w1–w2) − En(w2)] to
Equations (35) and (36) yields: S= 1, thus it is identified as inter-
nal fault on DC line. It can be seen that, when fault occurs at
10% line length from bus M, [Em(w1–w2) − Em(w2)] has the max-
imum value −151.81 at t = 7.2 ms, and [En(w1–w2) − En(w2)]
has the maximum value −152.63 at t = 6.9 ms, which are both
far below 0. Therefore, the protection criterion is not affected
by the fault location, and can correctly identify high-resistance
fault at the end of line.

4.4 External fault in inverter-side AC system

Suppose three-phase short circuit fault occurs at f2 in Figure 1,
the valve currents of Y-bridge converter in the case of three-
phase short circuit fault and in normal operation state are shown
in Figure 12.

It can be seen from Figure 12 that, when AC/DC hybrid sys-
tem is in normal operation state, the commutation from VTY1
to VTY3 in Y-bridge converter is finished by t = 1.75 ms,
and VTY2 and VTY3 are turned on in Y-bridge converter at
t = 1.75 ms. When three-phase short circuit fault occurs at

FIGURE 12 Valve currents of inverter-side Y-bridge converter: (a) Valve
currents of Y-bridge converter in normal operation state, (b) valve currents of
Y-bridge converter in the case of three-phase short circuit fault

FIGURE 13 Simulation results of [Em(w1–w2) − Em(w2)] and [En(w1–w2) −

En(w2)] when the data synchronization error is 0 ms/+2 ms. (a) Simulation
results when the data synchronization error is 0 ms, (b) simulation results when
the data synchronization error is +2 ms

f2, VTY1 and VTY2 are turned on in Y-bridge converter at
t = 1.75 ms, which means commutation fails in Y-bridge con-
verter.

In this fault case, Em(w1–w2) and Em(w2) are both below 0, and
En(w1–w2) and En(w2) are both above 0. According to Equations
(35) and (36), S = 0, thus it is identified as external fault, and
the protection does not operate. When the data synchroniza-
tion error is 0 ms/+2 ms, the simulation results of [Em(w1–w2) −

Em(w2)] and [En(w1–w2) − En(w2)] are shown in Figure 13.
According to Figure 13(a), when three-phase short circuit

fault occurs at f2, the minimum value of [Em(w1–w2) − Em(w2)]
−679.47 appears at t = 7.2 ms, and the maximum value of
[En(w1–w2) − En(w2)] 536.51 appears at t = 6.4 ms. It means that
the fault is not on DC line, thus the protection does not operate.

According to Figure 13(b), when there is +2 ms synchro-
nization error between inverter-side data and rectifier-side data,
[En(w1–w2) − En(w2)] remains above 0, thus it is first identified
by inverter-side protection as backward fault. Since post-fault
current switching and system restart are both completed on the
rectifier side, by sending the fault direction identification result
of inverter side to the rectifier side, it can be identified as exter-
nal fault. Therefore, it is verified that the proposed scheme is
not affected by commutation failure and data synchronization
error.
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TABLE 3 The maximum variation rate and variation amount of polar
wave in different fault cases

Fault

location

Fault

resistance (Ω)

The maximum

variation rate of

polar wave

(kV/ms)

The maximum

variation amount

of polar wave

(kV)

0 2588.72 252.19

f1 100 1822.11 207.21

300 1099.83 117.40

f3 0 1642.19 148.23

TABLE 4 The minimum variation rate and variation amount of DC
voltage in different fault cases

Fault

location

Fault

resistance (Ω)

The minimum

variation rate of

DC voltage

(kV/ms)

The minimum

variation amount

of DC voltage

(kV)

0 −1650.37 −124.26

f1 100 −1582.68 −54.71

300 −1072.75 −52.34

f3 0 −1526.53 −53.11

4.5 Comparison with traveling wave
protection and differential under-voltage
protection

Suppose fault occurs at f1 and f3 in Figure 1 via different fault
resistances ranging between 0 and 300 Ω, the maximum vari-
ation rate and variation amount of polar wave are shown in
Table 3. The minimum variation rate and variation amount of
DC voltage are shown in Table 4, and the values of [Em(w1–w2)
− Em(w2)] and [En(w1–w2) − En(w2)] are shown in Table 5.

Traveling wave protection is based on the amplitude of polar
wave. When the maximum variation rate and variation amount
of polar wave both exceed the setting values, it is detected by
traveling wave protection as internal fault on DC line. Accord-
ing to Table 3, when the fault resistance varies between 0 and
100 Ω, the maximum variation rate of polar wave in the case
of external fault is smaller than that in the case of internal
fault, and the maximum variation amount of polar wave in the
case of external fault is also smaller than that in the case of

TABLE 5 Values of [Em(w1–w2) − Em(w2)] and [En(w1–w2) − En(w2)] when
fault occurs at f1 and f3

Fault

location

Fault

resistance

(Ω)

[Em(w1–w2)

− Em(w2)]

[En(w1–w2)

− En(w2)]

0 −779.41 −1047.27

f1 100 −323.36 −373.31

300 −149.11 −151.54

f3 0 −661.29 525.88

internal fault. Thus traveling wave protection can correctly dis-
tinguish between internal and external faults. However, when
the fault resistance varies between 100 Ω and 300 Ω, both the
maximum variation rate and variation amount of polar wave in
the case of external fault are larger than those in the case of
internal fault, thus traveling wave protection cannot correctly
distinguish between internal and external faults.

DC line differential under-voltage protection forms the pro-
tection criterion with the minimum variation rate and variation
amount of DC voltage. When both values are smaller than the
setting values, differential under-voltage protection identifies it
as internal fault. According to Table 4, when the fault resistance
ranges between 0 and 100 Ω, both the minimum variation rate
and variation amount of DC voltage in the case of external fault
are larger than those in the case of internal fault, thus differ-
ential under-voltage protection can correctly identify internal
and external faults. However, when the fault resistance ranges
between 100 Ω and 300 Ω, both the minimum variation rate
and variation amount of DC voltage in the case of external fault
are smaller than those in the case of internal fault, thus differen-
tial under-voltage protection cannot correctly identify internal
and external faults.

It can be seen from Table 5 that, when fault occurs on DC
line with fault resistance of 300 Ω, the values of [Em(w1–w2) −

Em(w2)] and [En(w1–w2) − En(w2)] are respectively −149.11 and
−151.54, both below 0. Thus according to Equations (35) and
(36), it is determined by the proposed protection as internal
fault. When external fault occurs with fault resistance of 0 Ω,
the value of [En(w1–w2) − En(w2)] is 525.88, which is far above 0.
Thus it is identified as external fault, and the protection does not
operate. Therefore, compared with traveling wave protection
and differential under-voltage protection, the proposed method
is better immune to the fault resistance.

5 CONCLUSION

In AC/DC hybrid system, DC line protection is poorly immune
to fault resistance in the case of internal fault and easily mal-
operates in the case of external fault. In view of these problems,
a new pilot directional protection scheme for HVDC line based
on the polarity of inductive energy is put forward, which has the
following advantages.

1. The proposed method is not affected by the fault resistance,
fault location and lightning interference, and it can identify
internal and external faults correctly and reliably even when
commutation failure is caused by inverter-side AC system
fault.

2. The proposed method only involves the transmission of
inverter-side fault direction identification result to the rec-
tifier side, without any interaction of real-time electrical vari-
ables on two line ends, thus its requirement on the com-
munication device is low, and the fault identification is not
affected by data synchronization error.

3. The proposed method applies low sampling frequency, thus
its requirement on the sampling device is low, and it is easy
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to implement. Besides, the proposed protection criterion is
adaptive, thus the operation values need not be set through
simulation tests.
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