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Abstract--Power electronic transformer (PET) composed of
modular dual active bridge (DAB) blocks has a promising future
in AC/DC hybrid distribution network because of its energy
routing ability. The key element that restrains the development of
PET is the vulnerability of power electronic devices during faults,
especially DC faults. DC faults (mostly line faults) have very
short transient process and no obvious fundamental frequency,
which means fault location is difficult to be realized for DC lines
in distribution network. Considering that fault location plays an
important role in realizing fast fault clearance and recovery, this
paper analyzed fault characteristics of DC line faults with respect
to the basic structure of modular DAB block and proposed a two-
terminal fault location method based on transient voltages
measured in DC line boundaries. To evaluate the validity of
proposed method, numerical simulations with different fault
conditions were implemented in PSCAD/EMTDC. The
simulation results indicate that the proposed fault location
method located the faulted point quickly and correctly.

Index Terms--Dual active bridge (DAB), fault characteristic,
fault location method, power electronic transformer (PET).

I. INTRODUCTION

ITH the rapid development of semiconductor
technology, power electronic devices have a wide and
bright future in realizing more flexible control and more
efficient transmission in power system. With increasing
penetration of renewable energy, the converter configuration
composed of VSCs or MMCs is widely applied in AC/DC
hybrid power system [1], [2]. In recent years, a novel
configuration of converter was proposed, which is based on
modular dual active bridge (DAB) blocks [3], [4]. Its special
structure brings an enhancement in power density, redundancy
and modularity of transmission system [5]. The proposal of
DAB-based converter configuration makes power electronic
transformer (PET) come true, which is utilized to substitute
for traditional AC transformer in distribution network.
The flexible connection and the multi-port characteristic of
PET allows AC/DC hybrid and cascaded DAB structure
realizes bidirectional energy conversion, which makes PET
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have potentials to be the most significant part in realizing
energy Internet [6]. However, the biggest problem that
restrains the development of PET is the vulnerability of power
electronic devices with respect to potential faults, especially
DC faults [7]. On the one hand, the technology of DC circuit
breaker is still in progress and with high price. However, it has
made some great progress in recent years with efforts of
researchers around the world [8], [9]. On the other hand, fault
characteristics of DC faults have very short duration but
semiconductors in PET are under great threat during the fault,
which means highly accurate fault detection and fault location
methods should function with a shorter time window [10].
Considering that DC line faults account for a great
proportion among DC faults, fault location method plays an
important role in accelerating maintenance and reducing
power outrage duration when DC line faults are detected.
Hence, accurate fault location method brings great value to the
reliability and stability of distribution network. For traditional
AC system, numerous practical fault location methods have
been proposed and they can be approximately divided into
sequence-component-based method and traveling-wave-based
method [11]-[14]. The sequence-component-based methods
are apparently infeasible in DC system for lack of fundamental
frequency [11]-[13]. Traveling-wave-based method was
proved to be effective in locating faults for long distance
cables in HVDC system [15], [16]. However, incredibly high
sampling frequency (10 MHz) are required to locate fault for
short cables in distribution network by this method [17], [18].
In recent years, some methods with different principles
have been introduced to realize fault location in DC
distribution network. During DC line faults, a probe power
unit installed near the bus injects a probe current into the fault
network after the trigger of DC circuit breaker and natural
response of probe current reflects the fault location [19]. This
method needs additional hardware unit and location accuracy
is influenced by fault resistance. Although performance of this
method has been improved in [20], maximum fault resistance
considered in this paper is merely 2 ohms. A fault location
method based on local measurement was proposed in [21],
which relies on accurate current measurement. Yang et al. [22]
proposed a method which realizes the fault location in pole-to-
ground fault by solving a pair of equations related to terminal
voltage and current. However, this method has a dead zone
near the bus and complex solving process makes it unfeasible
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to be applied in pole-to-pole fault.

Recently, J. Liu et al. [23] proposed a protection scheme
for DC lines, which is based on the terminal inductor installed
at each end of the DC line. This paper introduces a novel
concept of ratio of transient voltage (ROTV), which is defined
as the ratio of voltages measured at both sides of terminal
inductor in frequency domain. ROTV defined in frequency
domain shows a promising performance in DC line fault
detection, but it is hard to be extended to fault location. Hence,
this paper gives the definition of ROTV in time domain and
realizes fault location with its time domain characteristics.

Since DC line fault is required to be isolated at the very
beginning of fault for device protection, time window
available for fault location is merely a few milliseconds [10].
What’s more, performance of fault location will be influenced
by operations of control system if time window is too large.
The fault location method proposed in this paper overcomes
the problem of time window and is practical for both pole-to-
pole and pole-to-ground faults by utilizing ROTVs measured
in line boundaries of two-terminal system.

This paper is organized as follows. In Section II, fault
analysis of two common DC line faults with DAB terminal is
discussed in detail with respect to fault distance and fault
resistance. The concept of ROTV in time domain is introduced
in Section I11, which brings the basic principle of fault location
method. In Section 1V, the validity of proposed fault location
method is tested under different fault conditions in
PSCAD/EMTDC simulations. Furthermore, comparisons
between proposed method and other methods are also
presented in the last section.

Il. FAULT ANALYSIS OF DC LINES WITH DAB TERMINAL

A. Basic structure of PET

Fig. 1(a) displays a common structure of PET, which
functions as the substation interfacing three different voltage
levels. The interface between the MVAC and LVDC grid is
realized by cascaded single phase converters and DABs. The
modular structure of DABs makes the connection between
grids with different voltage levels quite flexible. The interior
structure of DAB is shown in Fig. 1(b), H-bridges at two sides
of DAB ensure the feasibility of bidirectional energy
conversion and the medium-frequency transformer realizes
electrical isolation. When DC faults occur in the external lines
of PET, fault characteristics only relate to H-bridges in DABs
of fault side considering its special structure. Hence, short-
circuit current and terminal voltage will be discussed based on
the DAB structure.

B. Pole-to-pole Fault of DC Line

Pole-to-pole fault is considered as the most serious type in
all DC line faults, which normally causes devastating
consequences to the transmission system. For simplicity, P-N
fault stands for pole-to-pole fault in the following paper.
When pole-to-pole fault occurs in DC lines, IGBTs in DABs
will be blocked immediately for self-protection with abnormal
voltage or current detected. Nonetheless, anti-parallel diodes
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Fig. 1. Schematic diagram of PET: (a) Basic structure of PET; (b) Interior
structure of DAB.
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Fig. 2. Equivalent circuit of pole-to-pole fault.

of IGBTs are still under great threat during the fault, since
they can function as the discharge path of short-circuit current.

The equivalent fault circuit modelled for fault characteristic
analysis is shown in Fig. 2. Single DAB module is utilized to
substitute cascaded DABs and this assumption works when
equivalent parameters of cascaded DABs are used [24]. The
terminal capacitor Cpag gives voltage support and the inductor
Lpas is installed at the DC port as the smoothing filter and
fault current limiter. Ro and Lo are unit parameters of DC lines.
Grounding capacitors of m-model DC lines are neglected in
deducing process for simplicity, but they are considered in
simulation models. What’s more, d reflects the fault distance
between PET terminal and faulted point of the DC line. R
represents fault resistance.

The transient processes of pole-to-pole faults can be divided
into two main stages: RLC resonance stage and inductor
current freewheeling stage. Different from fault characteristic
with VSC, infeed current from the AC grid does not exist in
short-circuit current with DAB terminal [22]. The expressions
of terminal voltage vc(t) and short-circuit current ig(t) are
deduced in two stages and vital factors influencing fault
characteristics are discussed.

1) RLC resonance stage

As shown in Fig. 2, typical RLC resonance occurs in the
equivalent circuit when fault occurs. In this stage, the
inductors in the circuit absorb energy from the discharging
capacitor until the capacitor voltage drops to zero. The two
order equation of this stage is expressed as:
d*v, () dv, (t)

dt? ZTDAB gt
where Ry = Rk+dRo, Ly = Lpas+dLo. It is worthy of mentioning
that fault resistance in pole-to-pole fault has a small value.
Hence, the critical condition

LsCops v, (=0 ()
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Ry <2 2

CDAB

is normally satisfied, in which fault circuit functions in
underdamping resonance. Assuming the fault occurs when the
time equals to 0, the expressions of terminal voltage and short-
circuit current with the initial states of v¢(0*) = V¢ and igc(0*)
= lgc are shown as:

V.o |
v, (t) = ——2e " cos(myt — ) ——=L
a)d @q'“pps

“sin(wyt)  (3)

“sin(ayt) +—2L—2 oo -
Wy

e (t)_ cos(wyt+0)  (4)

@y Ly

where o =Ry /(2Ls), @, —]/./LZ bag » @y =@ —a’
6 =arctan(a / @wy) . As shown in (3), the terminal capacnor

discharges drastically until its voltage drops to zero. The
critical time between this two stages can be deduced from (3):

iarctaln 6., 6. 20
@y
b=, , (5)
—arctang +—, 6 <0
Wy @y

where 6, =(@4V,Cpag)/(l4. —@V.Cpag) -According to (5), the

existence of load current impacts on the duration time of this
stage. The duration time will be extended with load current
flowing into DC port and vice versa.

2) Inductor current freewheeling stage

When zero crossing point of terminal voltage appears, the
short-circuit current is allowed to flow through the anti-
parallel diodes of IGBTSs, which symbolizes the beginning of
inductor current freewheeling stage. As shown in Fig. 2, the
terminal capacitor is blocked by inverse voltage and short-
circuit current attenuates with the time constant of RL circuit
in this stage. The expressions of terminal voltage and short-
circuit current in this stage are shown as:

,M(t,t )
Ly '
Ve (t) = _Rvd Idcle (6)
_ )
lyc )= Idcle > )

where Ryg denotes the on-resistance of single anti-parallel
diode and lqc1 denotes the critical short-circuit current which is
the peak current appears in second stage.

Considering that diodes in the fault side H-bridges are
completely exposed to short-circuit current and large current
may cause breakdowns of diodes, breaker or fault current
limiter installed at the terminal of DC port should be triggered
during the RLC resonance stage and block diodes from the
external faults in time.

3) Influence of fault distance and fault resistance

The expressions of terminal voltage and short-circuit
current in two stages are deduced based on the assumption of
short fault distance and negligible fault resistance. This
assumption is valid only when (2) is satisfied. When fault
distance d or fault resistance Ry keeps increasing, the
relationship changes into

R, >2 fw -dR, (8)
Cons

In this condition, overdamping property is presented in
fault characteristics of pole-to-pole fault. The corresponding
expressions of terminal voltage and short-circuit current are
shown as:

v, (t) = ly

(s, — seszt)+T(eslt —e2) (9)
DAB 2

(t):VcCDABSlSZ (e —e)4e_ lac C_(s,6%

2 2

wheres, , =—a+.Ja’ -} .

C. Pole-to-ground Fault of DC Line

Fault characteristics of pole-to-ground fault are tightly
related to grounding points in DC systems. For safety
consideration, neutral point directly earth is commonly used in
distribution network, in which fault characteristics of pole-to-
ground fault are obvious and easy to be detected. Sometimes
small grounding resistance is also applied to restrain
maximum short-circuit current occurring in pole-to-ground
faults [6]. Solid earth connection is used in this paper to
evaluate the most serious condition. Thanks to the medium
frequency transformers in DAB blocks, two ports of modular
DAB blocks can realize electrical isolation. Hence, when pole-
to-ground fault occurs in the external lines of DC port, the
fault characteristics are typical RLC resonance and only
related to the grounding point of terminal capacitors in fault
side H-bridges. Considering that explicit discussions about
RLC resonance have been given in fault analysis of pole-to-
pole fault, the expressions of terminal voltage and short-circuit
current in faulted cable will not be repeated. In the following
paper, P-G fault represents positive-pole-to-ground fault and
N-G fault relatively represents negative-pole-to-ground fault.

set)  (10)

Idc

I11. PRINCIPLE OF FAULT LOCATION METHOD

Fault characteristics and influence factors of DC line faults
with DAB structure have been discussed and expressions of
terminal current and short-circuit current in different
conditions are deduced. Based on fault characteristics
mentioned in Section 11, this paper proposes a fault location
method, which realizes precise fault location with short time
window and suitable sampling frequency.

A. Definition of Ratio of Transient Voltage (ROTV)

As shown in Fig. 3, the ratio of DC-link voltage vqc(t) and
terminal voltage vc(t) is defined as the ratio of transient
voltage (ROTV) in time domain:

ROTV (1) = Ve ()

v (t)

In the normal condition, the load current that flows through
the terminal inductor is constant and the voltages measured at
both sides of the inductor equal to the rated voltage, which
means ROTV is close to 1. While when DC fault occurs in the
DC line, ROTV changes with the transient stage. Taking pole-
to-pole fault for example, the dynamic response of ROTV

(11)
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Fig. 3. Basic structure of DC lines with DAB terminal
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Fig. 4. ROTVs measured with different fault resistances and fault distances:
(@) d=0km; (b) d=10 km.

during the fault can be deduced from the equivalent circuit:

Vo () ~[v, ()~ (OR; ] 222

L

ROTV (1) = Y _ S

Vc(t) Vc(t)

i.e.

RyLpag i

rRoTv (1) = Io , Relbone (V) )
Lz LZ Vc(t)

The expression of ROTV can be divided into two

components: the constant term and the time-variant term. The
constant term relates to the fault distance apparently and the
time-variant term is decided by short-circuit current ig(t) and
capacitor voltage vc(t). Since the precise expression of igc(t)
and v¢(t) can be obtained in Section Il, the ROTV can be
further deduced. It is worth mentioning that the magnitude of
load current is negligible compared to the short-circuit current
and damps fleetly after fault occurs, hence the terms related to
load current in expressions of ig(t) and v¢(t) can be ignored.
With respect to (3) and (4), the ROTV is represented as:

ROTV (1) = 4o, Rebone ! (14)

5 LS @y cot(ayt) +
According to the definition of ROTV, the time-variant term
of ROTV is extremely close to zero after fault occurs and
gradually increases with the fault process. The larger the fault
resistance is, the faster this term increases. It means that ROTV

4

always goes through a sudden dip after fault and the value that
ROTV falls to is only correlated to fault distance.

Fig. 4 depicts ROTVs measured with different fault
resistances at different fault locations. When fault distance d;
is set as 0, the value of constant term also equals to O.
Consequently, no matter how fault resistances change, ROTVs
always drop to O at the very beginning of fault in Fig. 4(a).
When d; equals to 10 km, according to parameters in Table I,
the constant term is close to 0.583 and fits the simulation
results very well in Fig. 4(b).

The previous discussion seems to target at the pole-to-pole
fault, but the obtained conclusion is also feasible for pole-to-
ground fault. Since both of them go through RLC resonance
stage after the fault occurs. When it comes to pole-to-ground
fault, the definition of ROTV needs to be slightly modified as:
Vd(:j (t)
ch (t)
where vg(t) and vj(t) represent voltages to earth measured at
two sides of terminal inductor and the character j refers to
positive or negative pole. For the above reason, the following
paper only focuses on the fault location method of the pole-to-
pole fault without repeating the deducing process of pole-to-
ground fault.

B. ROTV-Based Fault Location Method

According to the definition of ROTV, ROTV approaches to
1 in the normal condition and goes through sudden drop when
fault occurs in its forward direction. What’s more, ROTV
reaches its minimum value (constant term) at the very
beginning of fault and gradually recovers with fault process.
Since constant term only relates to fault distance, a fault
detection criterion can be designed according to this
characteristic:

ROTV; (t) = j=p.n (15)

ROTV (t) < _bb
Loag + DLy
where D relates to the total length of DC line. The term on the
right side of (16) reflects the constant term of ROTV when
fault is located at the remote end of DC line. Once (16) is
satisfied, it means that fault locates somewhere in the range of
DC line according to above discussion and ROTV after fault
will be recorded and used for fault location. Considering that
ROTV increases with large fault resistance, 1.2 times of actual
length is used in (16) for redundancy. According to system
parameters in Table I, the threshold is calculated as 0.63.

Since ROTV after fault can be obtained, the fault distance
can be obtained by neglecting the time-variant term in (14).
The measured fault distance is deduced as:

q :ﬂ ROTV
L, 1-ROTV
where ROTV is defined as the mean value of first five signals
measured after fault within time window. Fault distances can
be calculated accurately in three kinds of faults on the
condition of metallic fault or low-resistance fault. But with
fault resistances increasing, the impact of time-variant term
can not be ignored and the calculation errors of results
enhance drastically. As a result, the accuracy of estimated

(16)

(17)
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Fig. 5. Basic structure of two-terminal transmission system

fault distance based on single-terminal parameters is strictly
restrained by fault resistance.

1) Fault location method with homogenous line

Considering the wvulnerability of single-terminal fault
location method, an improved fault location method based on
ROTVs measured at two terminals is proposed. As shown in
Fig. 5, DC ports of PET with same rated voltage can be
connected with DC lines to realize power delivery. The basic
structure shares similarities with VSC-based transmission
system and modular DAB blocks are used to substitute VSCs
at the terminal of DC lines. ROTVs measured in this structure
can be defined as (13) similarly. However, it should be noticed
that short-circuit currents flowing into faulted point come
from both sides in this condition and ROTVs measured at two
terminals are rewritten as:

ROTV, (t) = Al + Long Vic (1) + d; Ry Lpags o (1)
Lyr Lo Va(D) Ve ()

ROTV, (t) = d, L, + Loasz Vi (t) + dyRoLpasa e (1) (19)
Lso  Lyo Veolt) Lso Vo (V)
where v(t) represents the voltage of fault resistance and Lo
represents equivalent inductance of per km DC line. Notice
that igc(t) refers to inductor current and v(t) refers to capacitor
voltage, neither of them can mutate at the very beginning of
fault, i.e.

{imw*) =2 (07) =~z (0") = =ige (0) = Iy

Vc1(0+) = Vcl(oi) =Veo (0+) =Veo (07) =Vc
Based on (20), the expressions of ROTV measured at two

terminal can be combined to eliminate the w(t) term to

diminish the impact of fault resistance. The combinatorial
term is shown as:

18
L, (18)

(20)

L L
—ZL ROTV, (0") - —=2-ROTV,(0") =

DAB1 DAB2
dLy _ dy Ly " leoidc1+(0+) _ dZROid02+(0+) (21)
Loser  Lonez Ve (07) Ve, (07)
The last two terms in (22) can be further simplified as:
leOidc1(0+) _ dzROidc2 (O+) — DROIdc (22)

Vcl (0+) ch (OJr ) Vc
The physical meaning of this term is ratio of the voltage
drop in DC transmission line and the rated voltage during the
normal condition, which is normally negligible. So it is

reasonable to neglect this term to simplify the equation
deduction. The only unknown parameter in the left terms of
(21) is the fault distance d; (d2 can be replaced by D-d;), so the
fault distance d; can be expressed as:

dl — I-DABlLDABZ (ROTVI B ROTVZ) + DLOLDABl(l_ ROTVZ)

LoLpago (1= ROTV,)+LoLpag (1—ROTV,)

(23)

Specially, if the inductors installed at two terminals have
same value, the (23) can be simplified as:

d, = Lpag (ROTV, —ROTV,) + DL, (1-ROTV,)
L,(1-ROTV,)+L,(1-ROTV,)

As shown in (23), the fault distance depends on ROTVs
measured at two terminals and parameters of terminal
inductors and DC lines. Considering that parameters of
terminal inductors and DC lines are already known before the
fault, ROTVs are the only parameters needed to measure after
the fault and the process of fault location is completely
simplified.

2) Fault location method with mixed lines

In the previous discussion, the cable between two terminals
is considered with homogenous parameters. In practical
engineering application, sometimes cables are mixed with
overhead lines to realize power delivery in distribution
network. To apply proposed fault location method in mixed
lines with different parameters, mixed lines should be replaced
by the equivalent homogenous line.

According to (23), fault location method has a strong
relationship with inductor of line model but has a weak
relationship with resistance. Hence, the impact of line
resistance is neglected. Fig. 6 depicts equivalent line model of
mixed lines with different parameters, where L; and L;
represents unit inductor of line 1 and line 2 and d* denotes the
length of line 1. In the equivalent model, line 2 is transferred
to the line with unit inductor of line 1. It can be seen that the
equivalent model has same line inductor with mixed lines. The
length of equivalent line is shown as

D':d*+ﬁ(D—d*)
L

(24)

(25)

Since equivalent line is homogenous, fault distance in
equivalent model can be calculated by:
dl ' LDABl LDABZ (ROTVl _ ROTVZ) + D ' LiLDABl (1_ ROTVZ)
LiLpago 1= ROTV ) +LLppg, (1-ROTV,)

(26)
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Fig. 6. Equivalent line model of mixed lines with different parameters
TABLE |
Simulation Parameters of System
Parameters Value
Ve 10 kV
lac 0.1kA
Cons 250 uF
Lpas 2mH
Ro 0.06 Q/km
Lo 0.28 mH/km
Co 20 pF/km
D 10 km

It should be noted that fault distance obtained from (26)
does not equal to actual value, except that estimated distance
is smaller than d*. Since the length of line 2 is transferred,
actual fault distance should be changed with respect to convert
coefficient when estimated distance d,' is larger than d*.
Actual fault distance is calculated as follows:

d,’ d,'<d*
(27)

¢ = Lidl'+ Lobigs g sdx
2

2

IV. SIMULATION AND DISCUSSIONS

The two-terminal fault location method based on ROTV is
proposed to solve the problem of fault resistance, which is the
main shortcoming of single-terminal fault location method. In
this section, this improved method is tested under different
fault types, fault locations and fault resistances to evaluate the
endurance to fault resistance under various conditions. The
considerable factors that influence the performance of fault
location method such as sampling frequency, time window
and operating condition will be further discussed.

A.  System parameters and fault characteristics

To verify the validity of fault characteristic analysis in
Section 11, simulations of P-N fault are operated in the external
DC line of 10kV DC port. The configuration of single terminal
model can be obtained in Fig. 3 and simulation parameters are
listed in Table I, where equivalent parameters of cascaded
DABs are used.

1) P-N fault with small fault resistance

The transient responses of pole-to-pole fault with small
fault resistance are depicted in Fig. 7, where fault distance is
set as 2 km and fault resistance is equal to 1 Q. The
expressions of terminal voltage and short-circuit current
obtained according to two-stage analytic process are proved to
be almost as same as the simulated results. As shown in Fig.
7(a), the terminal capacitor discharges until its terminal
voltage drops to zero. The critical time occurs when t = 1.4 ms
in Fig. 7(b) and the critical current lqc: is about 2.29 kA which
turns out to be the maximum current in second stage. Short-
circuit current keeps damping in second stage and eventually
vanishes when t = 8 ms.

= Simulated value ||
= = Calculated value | |

(a) v kv

s2

= Simulated value
= = Calculated value

(b) i /KA

Time (ms)

Fig. 7. Fault characteristics of pole-to-pole fault (R¢=1 Q): (a) Waveforms of
terminal voltage; (b) Waveforms of short-circuit current.
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Fig. 8. Fault characteristics of pole-to-pole fault (Rk =10 Q): (a) Waveforms
of terminal voltage; (b) Waveforms of short-circuit current.

2) P-N fault with large fault resistance

Fig. 8 shows fault characteristics of high-resistance pole-to-
pole fault. Fault distance is set as 2 km and fault resistance is
equal to 10 Q. In this condition, (7) is satisfied and only RLC
resonance stage occurs after the fault. It should be noted that
the impact of load resistance (equals to 100 Q) in external
circuit can no longer be neglected when fault resistance is
large. The load resistance diminishes the equivalent fault
resistance and relatively increases current peak, which is not
considered in theoretical derivation. With load resistance
considered, the calculated results match with results obtained
from the simulation very well. It can be seen that terminal
voltage damps in similar pace with short-circuit current during
the whole process in Fig. 8(a), which is completely different
from that in low-resistance fault. As shown in Fig. 8(b),
current peak is much lower in high-resistance fault.
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TABLE Il
ESTIMATED FAULT DISTANCES AND ERS IN POLE-TO-POLE FAULT
Fault Resistance

dia/km  Results 0010 19 20 50
0 die/km  -0.0054  -0.0057 -0.0060 -0.0070
ER/% 0.054 0.057 0.060 0.070
25 die/km  2.5155 2.5154 2.5153 2.5150
) ER/% 0.155 0.154 0.153 0.150
5 dies/km 5.0366 5.0337 5.0338 5.0356
ER/% 0.366 0.337 0.338 0.356
75 dies/km 7.5486 7.5489 7.5491 7.5509
' ER/% 0.486 0.489 0.491 0.509
10 die/km  10.0610 10.0614 10.0619 10.0624
ER/% 0.610 0.614 0.619 0.624
TABLE Il
ESTIMATED FAULT DISTANCES AND ERS IN POLE-TO-GROUND FAULT
Ay ek Fault Results Fault Resistance
Type 10 20Q 50Q 100Q
PG dies/km  0.0001  -0.0208 -0.0428 -0.0677
0 ER/% 0.001 0.208 0.428 0.677
N-G dies/km  0.0002 -0.0184 -0.0270 -0.0362
ER/% 0.002 0.184 0.270 0.362
PG dies/km 25203 2.5094 2.5012 2.5177
25 ER/% 0.203 0.094 0.012 0.177
’ N-G dyesi/km 2.5202 2.5094 2.4992 2.4935
ER/% 0.202 0.094 0.008 0.065
PG diestkm  5.0367 5.0287 5.0225 5.0229
5 ER/% 0.367 0.0287 0.225 0.229
N-G dies/km  5.0368 5.0286 5.0204 5.0162
ER/% 0.368 0.286 0.204 0.162
e dies/km  7.5500 7.5401 7.5239 7.5036
75 ER/% 0.500 0.401 0.239 0.036
’ N-G dyes/km 7.5499 7.5419 7.5326 7.5259
ER/% 0.499 0.419 0.326 0.259
e dies/km  10.0600 10.0508 10.0356 10.0168
10 ER/% 0.600 0.508 0.356 0.168
N-G dies/km  10.0602 10.0554 10.0486 10.0442
ER/% 0.602 0.554 0.486 0.442

B. Estimated Fault Distances under Various Conditions

The aforementioned discussion proves that this improved
fault location method eliminates the impact of fault resistance
by utilizing ROTVs measured at two terminals in theory. To
realize this method, voltage sensors should be installed at both
sides of the terminal inductors. These sensors measure
voltages simultaneously by using the same sampling signal
and the sampling frequency is set as 50 kHz. The two-terminal
system configuration is reflected in Fig. 5 and parameters of
terminal inductors and DC lines are the same as before. And to
give better evaluation to validity and accuracy of this method,
the calculation error of estimated fault distances ought to be
defined. In this paper, the error rate (ER) is expressed as:

d1,est B dl,act

ER= x100% (28)

where diet denotes the estimated fault distance and djact
denotes the actual fault distance.

1) Pole-to-pole fault

Considering that most of pole-to-pole faults are caused by
physical damage, fault resistance between two cables is small.
Hence, fault resistance considered in pole-to-pole fault is up to
5 ohms. The estimated fault distances and ERs using two-
terminal ROTV-based fault location method with different
fault distances and resistances are shown in Table Il. Fault

7
TABLE IV
ESTIMATED FAULT DISTANCES AND ERS IN MIXED LINES (RK: IQ)
Fault dyac/km
Type Resuls 4 6 8 10
N Ouokm 00021 40422 60403 80470 10.0502
ERI% 0021 0422 0403 0470 0502
o Oukm 00047 40459 60419 80475 10.0494
ERI% 0047 0459 0419 0475  0.494
G i/km 00056 40468 60427 80483 100503
ER(% 0056 0468 0427 0483 0503

distances measured by this proposed method can precisely
reflect the fault locations from Table Il. The largest ER of
estimated fault distances is merely 0.6%, which appears near
another terminal of DC lines in P-N fault. It can be seen that
with the fault distance increasing, increment in ERs is not
obvious. According to basic principle of the two-terminal
ROTV-based fault location method, the impact of fault
resistance is eliminated theoretically, which is also supported
by the simulation results.

2) Pole-to-ground fault

There are many reasons accounting for the occurrence of
pole-to-ground fault, such as environmental stress, electrical
stress and insulation aging, which means fault resistance in
pole-to-pole fault varies in a wide range [22]. Considering this
reason, pole-to-ground faults with fault resistances ranging
from 1 Q to 100 Q are simulated. The estimated fault
distances and ERs are displayed in Table Ill. Similar to pole-
to-pole fault, this proposed method has an outstanding
performance in pole-to-ground fault with small fault
resistances. ERs of estimated distances are still acceptable
with fault resistance increasing, which means increasing fault
resistances have no direct connection with ERs of estimated
fault distances. What’s more, the estimated distances have no
obvious difference between P-G and N-G faults with same
fault condition.

3) Mixed line

In the above discussion, proposed method is tested in DC
line with homogenous parameter. In this part, performance of
fault location method will be evaluated in mixed lines, which
shares the same structure in Fig. 6. In the simulation model, D
is still 10 km and d* is set as 6 km. L; equals to 0.28 mH/km
and L, equals to 0.42 mH/km. Other parameters can be
obtained in Table I. According to (25), length of equivalent
line is calculated as 12km. Simulation results with respect to
mixed lines are listed in Table V. It is observed that modified
fault location method accurately reflects the fault distance in
mixed lines. Fault location near the joint is paid special
attention, which still shows a good performance.

C. Analysis of Influence Factors

1) Influence of asynchronous data

As is known to all, for fault location methods based on two-
terminal parameters, the major problem causing the
calculation error is that parameters measured at two terminals
might be out of sync. Synchronization error can be eliminated
by using high-performance GPS-based time synchronization at
two terminals [25]. However, since two-terminal parameters
are collected for calculation, the existence of communication
delay and hardware delay also causes unavoidable error in
data synchronization. Considering this problem, asynchronous
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Fig. 10. The impact of sampling frequency on the estimated fault distances:
(a) ERs in P-N fault; (b) ERs in P-G fault; (c) ERs in N-G fault.
data are used for simulation to evaluate the performance of
proposed method. In the simulation, fault is located at 7.5 km
and fault resistance is set as 5 Q. Time delay causes data offset
between parameters measured at two ends, and up to 5 offset
points are considered.

Fig. 9 depicts ERs of fault distances calculated with data
offset n. It is observed that calculation error grows with
increasing offset points. Parameters in fault circuits differ in
pole-to-pole fault and pole-to-ground fault, which accounts for
different changing rates of ERs. However, variation tendencies
of ERs are consistent for all three kinds of faults. According to
sampling frequency, 5 offset points represent 0.1 ms in time
delay. In this situation, maximum ER that occurs in pole-to-
ground fault is around 2 %, which is still in the range of
tolerance.

8

In worst situations, the existence of time delay will bring
obvious influence to proposed method in online fault location
mode. However, the time error between ROTVs measured at
two terminals can be eliminated in offline mode. Considering
that minimum value of ROTV appears in the beginning of fault,
ROTVs measured at two terminals can be adjusted according
to their minimum values in offline mode.

2) Influence of sampling frequency and time window

In the previous simulations, the sampling frequency is set as
50 kHz and the ERs of estimated fault distances are proved to
be acceptable under various fault conditions. However, higher
sampling frequency correlates to higher requirement for
sampling hardware, higher cost and less feasibility. For this
reason, the performance of this proposed method is evaluated
under different sampling frequencies. According to the
principle of the proposed method, this method relies on the
transient information of line boundary. The transient process
becomes shorter with fault resistance increasing, which means
this method becomes more sensitive to sampling frequency
with large fault resistance. Hence, the fault resistance is set as
5 Q and sampling frequency ranges from 5 kHz to 50 kHz.

Fig. 10 shows ERs of estimated fault distances with
different sampling frequencies in all three kinds of faults. As
depicted in Fig. 10(a), ERs of fault distances measured at the
same fault location decrease with sampling frequency in P-N
fault. The maximum calculation error is around 2.2 % when
sampling frequency is set as 5 kHz. ERs start to converge
when sampling frequency is more than 20 kHz, which is
restricted to the level of one percentage. Fig. 10(b) and Fig.
10(c) reflect the ERs appearing in pole-to-ground fault. It is
observed that variation tendency of ERs has no obvious
difference with that in P-N fault and the maximum calculation
error is about 1.3 %. Since positive pole network is symmetric
to negative pole network, characteristics of ERs with respect
to sampling frequency are similar in P-G fault and N-G fault.

The simulation results prove that accuracy of proposed
method will be influenced by sampling frequency, but fault
distances estimated under 10 kHz are still acceptable. For
higher location accuracy, higher sampling frequency is
recommended.

As is mentioned above, first five ROTVs after fault are
recorded to realize the fault location, which means the time
window is flexible and relates to sampling frequency. If the
sampling frequency ranges from 20 kHz to 50 kHz, the
required time for sampling will range from 0.1 ms to 0.25 ms
correspondingly. Hence, the time window set as 0.3ms is large
enough for realizing this method.

3) Influence of operating conditions

Since the time window of this proposed method is much
shorter than time that the terminal breaker needs to operate,
the tripping operation of terminal break is impossible to
influence the performance of this method. However, the
operating condition of IGBTs in DABs is worthy of
considering. IGBTSs should be immediately blocked by fault
detection (high current or low voltage) and the blocking time
may conflict with the time window of this method. Unblocked
IGBTs will enhance the short-circuit current and the ROTVs
will be influenced. The estimated distances with blocked
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TABLE V
ESTIMATED RESULTS UNDER DIFFERENT OPERATING CONDITIONS
ROTVs measured with  ROTVs measured with
dy ac/km Blocked IGBTs unblocked IGBTs
dye/km ER/% dyes/km ER/%
0 -0.0070 0.070 0.0012 0.012
25 2.5150 0.150 2.5213 0.213
5 5.0356 0.356 5.0384 0.384
75 7.5509 0.509 7.5517 0.517
10 10.0624 0.624 10.0623 0.623
TABLE VI
ESTIMATED RESULTS WITH DIFFERENT GROUNDING RESISTANCES
Fault Ry/Q
Type Results 1 2 "3 4 5
e die/km 50382 5.0395 5.0405 5.0419 5.0430
ER/% 0.382 0.395 0.405 0.419 0.430
N-G die/km 50383 5.0394 5.0405 5.0417 5.0431
ER/% 0.383 0.394 0.405 0.417 0.431

IGBTSs and unblocked IGBTSs are compared in P-N faults with
5 Q fault resistance and the results are shown in Table V. It
can be seen that this proposed method shows great
performance whether IGBTS are blocked or not. The estimated
distances have no obvious difference in two situations.

4) Influence of grounding resistance
As is mentioned above, grounding resistance will influence
fault characteristic of pole-to-ground fault and relatively
influence the accuracy of proposed method. Different from the
neglected term (22) in P-N fault, this term in pole-to-ground
fault should be modified as
(DRy + 2Ry +2Ry;) 4

V,

C
where Ry and Ry represent grounding resistances at two
terminals. They are installed in neutral points in Fig. 3.1t is
observed that this term is related to grounding faults in the
system. Since this term is neglected in deducing process, the
accuracy of proposed method will be influenced with
grounding resistance increasing. In the previous simulation,
grounding resistance is set as 0. Hence, small grounding
resistances ranging from 1 to 5 Q will be considered in
metallic fault located at the middle point of the DC line.
Estimated results with different grounding resistances are
listed in Table VI. The result shows that ERs slightly increase
with grounding resistance increasing, which is in accordance
with the conclusion obtained from (29). However, the impact
of grounding resistance is not obvious when small grounding
resistances are considered. In conclusion, the proposed method
is promising in neutral point directly earth system and neutral
point with small resistance system.

Neglected Term =

(29)

D. Comparison and Discussion

To further evaluate the performance of proposed method,
we will compare our fault location method with previous
methods in accuracy, speed and other aspects.

Probe current injection method proves to be efficient in
fault location, especially in DC distribution network [19], [20].
The basic principle of this method is to inject signal current

into the isolated fault zone with an additional probe power unit.

The fault distance can be calculated according to natural
response of signal current. Parameters of probe power unit are
set according to mentioned papers and sampling frequency is

TABLE VII
ESTIMATED RESULTS CALCULATED BY METHOD PROPOSED IN [20]
Fault Resistance

dia/km  Results 0,010 10 20 50
0 diesrkm  0.0177  0.0177 0.1029 0.8061
ER/% 0.177 0.177 1.029 8.061
25 d1es/km 2.5187 2.5187 2.6406 3.2293
’ ER/% 0.187 0.187 1.406 7.293
5 d1es/km 4.9927 5.0423 5.1422 5.7553
ER/% 0.073 0.423 1.422 7.553
75 dies/km  7.5083 7.5659 7.6815 8.2695
’ ER/% 0.083 0.659 1.815 7.695
10 dies/km  10.0051 10.0695 10.1989 10.7891
ER/% 0.051 0.695 1.989 7.891

set as 50 kHz for equity. This method will be compared to our
proposed method in P-N fault with same system parameters.
Table VII displays estimated fault distances and ERs
calculated by probe current injection method under different
fault conditions and corresponding results of our method can
be obtained in Table II. It can be seen that two methods are
accurate enough when fault resistance is lower than 1 Q.
However, ERs of probe current injection method increase
drastically with fault resistance growing. In contrast, ERs of
proposed method is restricted to 0.6 % even when fault
resistance equals to 5 Q, which means our proposed method
has an advantage in accuracy with high-resistance fault.
What’s more, both methods can realize fault location within 1
ms and satisfy the speed requirement. However, it should be
noted that the accuracy of proposed method is based on four
more voltage sensors and communication devices in two-
terminal system, and only a simple hardware circuit is
required in probe current injection method. Hence, probe
current injection method proves to have a priority in cost.
Except for probe current injection method, travelling-wave-
based method is proposed in [18]. Travelling-wave-based
method can realize accurate fault location according to its
basic principle. However, sampling frequency for this mothed
is required to be at least 1 MHz considering that short length
of DC line in distribution network. In comparison, proposed
method can be realized in relatively low sampling frequency.

V. CONCLUSION

Fault characteristics of DC line faults are analyzed in detail
with respect to DAB structure in this paper. PET is under great
threat in the condition of pole-to-pole fault with metallic or
low-resistance fault, where the fault process can be divided
into RLC resonance stage and inductor current freewheeling
stage. It is proved that diodes in fault side DABs are faced
with breakdowns in the second stage and DC circuit breaker
should operate in the first stage.

Considering the above restriction, the two-terminal ROTV-
based fault location method proposed in this paper is capable
of realizing accurate fault location for short DC lines with data
only in the first stage, which means that time window has no
conflict with the requirement of protection relaying. This
proposed method is insensitive to fault distance and fault
resistance with suitable sampling frequency, and proves to be
feasible for homogenous and mixed lines in all three kinds of
DC line faults. Furthermore, possible influence factors are
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discussed in detail and accuracy of proposed method is
verified to be acceptable. The proposed method has
superiorities in accuracy and speed compared with other
methods, especially in high-resistance faults, which is realized
by additional voltage sensors and communication hardware.

In this paper, this method is discussed with respect to DC
lines with two-terminal system. In the future work, the
feasibility of proposed method will be discussed in multi-
terminal system.
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