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ABSTRACT A large number of DGs(distributed generators) in the ADN (active distribution network) bring
great uncertainty to the power systems, making it difficult to quantify fault characteristics. Undoubtedly, the
setting of traditional protection becomes more complex and difficult. Therefore, the differential protection is
an effective solution to cope with it. However, the differential protection requires high time synchronization,
which is difficult to be satisfied based on the current communication conditions of ADNs. What’s more,
accurate extraction of fundamental frequency components is also very difficult considering the distortion, the
frequency offset, and the instability of fault currents. In view of this, a new differential protection scheme that
makes full use of fault information is proposed in this paper. First, the pre-fault current waveforms are taken
as reference. Then the similarity characteristics of the current waveform sequences at both terminals of the
line are calculated separately. Finally, a new differential protection scheme consideringweak synchronization
conditions are constructed using Hausdorff distance, which is based on wide frequency components. The
proposed scheme only transmits calculation results instead of sampling values, which effectively avoids
the impact caused by data synchronization errors. Simulation shows that the proposed scheme can reliably
identify internal faults in various points of the protected line and external faults. Compared with the
conventional differential protections, it also shows great resistance to the transition resistance up to 30�,
which is common in the ADN. Moreover, it has strong resistance to time synchronization errors, which
can withstand time synchronization errors of up to 20ms. The proposed protection scheme has excellent
engineering application value, especially suitable for distribution networks with weak communication
conditions.

INDEX TERMS Active distribution network, differential protection, distributed generation, hausdorff
distance, weak synchronization.
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I. INTRODUCTION
With the deteriorating ecological environment and gradually
severe energy crisis, the renewable energy represented by
wind and solar energy has been rapidly developed and widely
used in China. As a result, the energy structure is undergoing
significant changes, providing important guarantees and sup-
port for achieving the ‘‘30-60’’ carbon peaking and carbon
neutrality goals. As of January 2021, the total new energy
generation in China has exceeded 1 trillion kWh, and the total
new energy generation for the year 2021 accounts for 13.8%
of the national electricity consumption. According to the 14th
Five-Year Plan of the National Energy Administration, there
is no doubt that renewable energy will be further developed,
and the traditional distribution grid will gradually develop
into a new distribution grid system with high penetration of
DGs [1], [2]. However, the access of DGs have transformed
the distribution network from traditional radial power sup-
ply system to multi-ended one, changing the magnitude and
direction of fault currents in the feeder lines. As a result,
some protection schemes deployed in traditional distribution
networks like three-stage overcurrent protection may mal-
function in some cases [3], [4], [5], [6], [7]. According to the
technical standard for DGs connected to power grid, reactive
current should be output in priority to support the system
voltage after a fault occurs [8], hence the phase and amplitude
of the output current supplied by the DG has significant
randomness, which is related to the pre-fault operating state,
fault type, the degree of voltage dip, etc. Obviously, the
performance of protection is affected. More seriously, in case
of DGs disconnected from the grid after a fault, the changes in
the topology of the distribution network can also have adverse
effects on traditional relay protection [9]. Therefore, in order
to promote the development of the ADN, it is imperative to
propose a suitable distribution network protection scheme to
cope with the performance degradation of traditional relay
protection in the ADN.

To address the problems brought by the integration of
large-scale DGs into the distribution networks, the differen-
tial protections (DPs) are increasingly used in the distribution
network [10], [11], [12], [13], [14], [15], [16], [17]. The
Kirchhoff’s Current Law-based DP with proper parameter
settings can accurately remove all kinds of internal faults,
which does not require the coordination of the setting value
and time delay between upper and lower-level protections
and has good selectivity. What is more, due to the low volt-
age level of the feeder lines in the distribution network, the
adverse effects brought by the capacitor charging current of
the line are smaller compared to the transmission system,
making it more advantageous for the application of differen-
tial protection in distribution networks.

But conventional DP requires strict synchronization of data
at both terminals of the line. However, due to the large scale
of the distribution network, the economic issues must be
considered whenever the differential protection is claimed for
the distribution networks [18], which hinder the promotion
and application of the DP in the distribution networks.

The main solutions to the application of DP in distribution
networks include improving the communication conditions
in the distribution networks, proposing differential protection
scheme with lower requirements for data synchronization
and proposing fault data self-synchronization (FDSS) algo-
rithms for DP. A distribution network current differential
protection based on 5G wireless communication is proposed
in [19] to achieve full line quick action for phase-phase
short circuit faults in distribution networks under various
operation modes. But the status quo of the distribution net-
work is difficult to meet high synchronous communication
conditions, and upgrading and renovating the equipment of
the distribution network will bring great construction and
renovation costs. The differential protection criterions for
distribution networks based on the amplitude ratio of cur-
rents on both sides are proposed in [20] and [21]. These
types of protection scheme do not require strict data syn-
chronization due to the main impact of asynchronous data on
current phase rather than amplitude, but the effectiveness of
such protection schemes have restrictions on the penetration
rate of DGs. The proposed schemes may fail if the fault
points is close to the DGs at downstream. In [22], a positive
sequence differential impedance criterion is constructed by
analyzing the characteristic differences of positive sequence
differential impedance between internal and external faults
in the protected section. A distribution network DP based
on impedance information is proposed in [23] and [24],
which has strong resistance to synchronization errors. Unfor-
tunately, potential transformers are not usually available at
each bus in medium and low voltage distribution grids, which
limits the application of the above-mentioned method that
require voltage measurement, so the promotion and appli-
cation of such methods are districted. The regional current
direction based protection method in the ADN is proposed
in [25], which determines the fault location by the relation-
ship between current direction and current amplitude. How-
ever, due to the randomness of the DG output current, it is
not possible to accurately identify the fault location when the
DG output changes. Some scholars propose FDSS algorithm
for DP deployed in ADN to reduce reliance on synchronous
communication [26], but the algorithm will have a large time
synchronization error under some extreme fault conditions,
consequently reducing the reliability of DP. The DP criterion
based on FDSS which utilizes time information is also pro-
posed in [27] to solve the time synchronization in distribution
networks, but high accuracy in information transmission is
still required. Current Solutions to promote the applications
of DP in distribution networks are listed in Table 1.
Obviously, the uncertainty brought by a large number of

DGs connected to the distribution network makes it difficult
to quantify the fault characteristics. What’s more, data trans-
mission and synchronization in distribution networks is often
achieved by multiplexing SCADA channels nowadays. Due
to the large network structure and numerous nodes of the dis-
tribution network, laying dedicated channels for data trans-
mission is not economical enough. The data transmission
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TABLE 1. Current solutions to application of DP in distribution networks.

by the way of multiplexing SCADA channels can meet the
needs of data transmission, so it has been applied in dis-
tribution networks. But for data synchronization, there may
be inconsistent data transmission and reception delays when
the distribution network multiplexes SCADA channels for
communication, which affects the timing accuracy of com-
munication channel-based synchronization methods [28].
So the ADN also faces problems such as the low automation
level and the weak synchronous communication capability at
both terminals of the line. Some scholars propose protection
schemes based on waveform similarity are mainly for trans-
mission systems, and most of them are based on two-terminal
sampling values for comparison [29], [30], [31], [32], so the
problem of data synchronization at both terminals of the pro-
tected lines still needs to be considered. Therefore, in order
to solve the problems above, a new differential protection
scheme that does not rely on the fundamental frequency
component but fully utilizes fault information is proposed in
this paper. Firstly, taking the pre-fault waveform as reference,
the differences between the pre-fault and post-fault current
waveforms at both terminals of the line are analyzed respec-
tively based on the fact the pre-fault current at two terminals
of the line is same. Then, in view of the same characteris-
tics of the pre-fault waveform, the similarity characteristics
between the current waveform sequences at both ends of the
line are indirectly calculated based on the Hausdorff distance
principle. Finally, the differential protection criterion under
weak synchronization conditions considering various factors
is constructed in this paper. The operation performance of
the proposed protection scheme under various types of faults
and weak time synchronization is illustrated based on a typ-
ical 10 kV ADN simulation system. Simulations show that
the proposed protection scheme has high accuracy, sensitive
operation for internal faults, reliable braking for external
faults, good resistance to transition resistance, and good resis-
tance to synchronization errors.

II. ANALYSIS OF FAULT CURRENT CHARACTERISTICS
The widely used Inverter-interface DGs (IIDG), controlled
by flexible power electronic components, can effectively
improve the reliability of power supply in ADNs due to its
outstanding power conversion capability [33], [34]. Accord-
ing to the technical requirements for grid connection of
distributed resources, the DGs must have LVRT (low voltage

ride through) capability to ensure the safe and stable oper-
ation of the power grid during a fault. Therefore, when the
grid voltage drops during a fault, DG must output reactive
current to support the grid voltage. At the same time, in order
to maintain the balance of active power, DG should output
active current as much as possible during a fault. Taking
distributed PV power generation as an example, the post-fault
active current, post-fault reactive current of DG can bewritten
as followed,

Id = min[
√
I2max − I2q ,

Pref
UPCC

]

Iq =


K1IN UT < 0.2
K2(0.9 − UT ) 0.2 ≤ UT ≤ 0.9
0 UT > 0.9

(1)

where K1, K2 are the voltage support factors respectively and
K1 ≥ 1.05,K2 ≥ 1.5, IN the PV rated current, UT the
PV terminal voltage unit value, Imax the maximum allowable
output current of distributed PV inverter,Pref the active power
reference value of PV, UPCC the voltage at the PCC(point of
common coupling)

Then the angle α of the distributed PV output current
lagging behind the voltage at the PCC after the fault [4] can
be written as

α = arctan
Iq
Ip

(2)

where Ip, Iq are the post-fault active and reactive currents
output by DG, respectively.
Ip, Iq are mainly affected by the severity degree of volt-

age dips, which are related to various factors such as fault
location, fault type, and transition resistance. The DG termi-
nal voltage is uncertain after the fault, so the phase of the
post-fault DG output current is random. Since the voltage dips
are affected by various factors such as the location of the fault
occurrence, the type of fault, and the size of the transition
resistance, the voltage at the parallel network after the fault
is uncertain, so the phase of the DG output current after the
fault has a large randomness, which may lead to the possible
misjudgment of the directional components of the protection.
In order to ensure the reliability of the protection, it is neces-
sary to select the state quantity that is less affected by the
DG operation state and can reflect based on the DG fault
characteristics more obviously to construct the protection
scheme. In general, the system side capacity is much larger
than the DG side, and influenced by the control strategy of
DG, the short-circuit current provided by DG is usually much
smaller than the short-circuit current provided by the system,
and The current magnitude difference between the system
side, and DG side before and after the fault is obvious, so it is
reasonable to analyze the fault characteristics of the system
based on the current amplitude. The fault characteristics of
the system should be analyzed from the perspective of current
magnitude.

As is shown in Figure 1, the schematic diagram of a typical
ADN specifies that the positive direction of the current is
from the bus to the line.

VOLUME 11, 2023 86563



W. Jin et al.: Novel Differential Protection Scheme for Distribution Lines

FIGURE 1. Typical topology of active distribution network.

FIGURE 2. Schematic diagram of active distribution network.

Taking line AB as an example, the multi-terminal equiv-
alent diagram of the ADN after the DG is connected to the
distribution network is shown in Figure 2.
First, assume that DG is a conventional power supply.

When a three-phase short-circuit fault occurs at f1, the A-side
current and the B-side current can be written as in (3)
respectively, {

İA =
ĖA

ZA+αZL

İB =
ĖB

ZB+(1−α)ZL

(3)

where ĖA is the system side equivalent power source, ĖB is
the DG side equivalent power source, ZA is the system side
equivalent internal impedance, ZB is the DG side equivalent
internal impedance, ZL is the impedance of the line AB and
α is the ratio of the line fault length (the length from the head
end of the line to the fault location) to the line length.

Due to the low voltage level of the distribution network,
the influence of the line to ground capacitor current can be
ignored. When an external fault at f2 occurs, a ride-through
current flows both ends of line AB. According to the pre-
viously specified positive direction, the A-side current and
B-side current are equal in magnitude and opposite in phase,
which can be written as,

İA = −İB =
ĖA − ĖB

ZA + ZB + ZL
(4)

It is specified that ηA is the ratio of the pre-fault current and
post-fault current at A side. ηA is written as,

ηA =

∣∣∣∣ ĖA
ĖA − ĖB

∣∣∣∣ ·
|ZA + ZB + ZL |

|ZA + αZL |
(5)

Similarly, ηB is written as,

ηB =

∣∣∣∣ ĖB
ĖA − ĖB

∣∣∣∣ ·
|ZA + ZB + ZL |

|ZB + (1 − α)ZL |
(6)

Defining the ratio η of ηA to ηB as the pre-fault and post-
fault of two terminals current amplitude factor(TTCAF), then

we have,

η =

∣∣ĖA∣∣∣∣ĖB∣∣ ·
|ZB + (1 − α)ZL |

|ZA + αZL |
(7)

Consider that the DG potential cannot be maintained for a
long time during a fault, we have

∣∣ĖA∣∣ >
∣∣ĖB∣∣. In addition, the

system-side equivalent internal resistance ZA is much smaller
than the DG-side equivalent internal resistance ZB. Therefore,
it is clear that η decreases monotonically with α, and there is
a minimum of η when α = 1. Considering the most extreme
case, when α = 1, then we have,

η =

∣∣ĖA∣∣∣∣ĖB∣∣ ·
|ZB|

|ZA + ZL |
(8)

The line length is generally within 20 kilometers and the
line impedance is within 10� in theADNs, sowe always have
η > 1. Obviously, the A-side amplitude ratio of post-fault and
pre-fault current is quite different from the B-side amplitude
ratio. Therefore, choosing the appropriate similarity calcula-
tion method can well describe the fault characteristics.

III. PROTECTION SCHEME BASED ON WIDE
FRENQUENCY AMPLITUDE RATIO
Fundamental frequency component based protection schemes
cannot effectively utilize the rich frequency components con-
tained in the fault current in the ADNs [35]. Therefore,
in order to make the protection scheme more adaptable and
sensitive, extending the action criterion of the protection to
a wider frequency domain is an effective solution. More
fault characteristics can be included in the current sampling
sequence, which contains a variety of frequency components
Therefore, the protection scheme based on waveform similar-
ity can fully utilize the fault characteristics of ADNs.

Hausdorff distance is a measure of similarity between two
point sets. Let A and B be two subsets of the metric space M,

A =
{
a1, a2, a3, · · · , ap

}
(9)

B =
{
b1, b2, b3, · · · , bp

}
(10)

Define the Hausdorff one-way distance from set A to set B
as

h(A,B) = max
a∈A

min
b∈B

∥a− b∥ (11)

Let h(A,B) = max {h(A,B), h(B,A)},then h(A,B) is the
Hausdorff distance between the set A and the set B.

The action speed of the fundamental frequency component-
based protection scheme is constrained by the length of the
data window of the protection algorithm. The Hausdorff
distance algorithm is based on real-time similarity judgment
of time-domain waveforms, so the length of the data window
can be adaptively adjusted to meet different action speed
requirements. Therefore, when there are few sampling points
with a short data window, the computational complexity is
small and the speed is fast. When the data window is long, the
calculation result after a fault has less fluctuation and stronger
tolerance for abnormal data [29], [30].
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FIGURE 3. The M-side and N-side current waveforms under normal
operation.

As shown in Figure 3, let I (Tn)M and I (Tn)N are sets of current
sampling values of the M-side and N-side at a short time
interval within the cycle Tn. Let I

(Tn−1)
M and I (Tn−1)

N are sets
of current sampling values of the M-side and N-side at the
same time interval within the pre-cycle Tn−1. In case of
the normal operation, the M-side and N-side current wave-
forms coincides with the current waveforms of the pre-cycle,
respectively. Therefore, we have,{

h(I (Tn−1)
M , I (Tn)M ) = 0

h(I (Tn−1)
N , I (Tn)N ) = 0

(12)

As shown in Figure 4, when an internal fault occurs, the
post-fault and pre-fault point set of the current sampling
values differ significantly, and the similarity is poor, so we
have, {

h(I (t−1)
M , I (t)M ) ≫ 0

h(I (t−1)
N , I (t)N ) ≫ 0

(13)

Define HM as the similarity between the M-side post-fault
the M-side pre-fault current, so we haveHM = h(I (t−1)

M , I (t)M ).
Similarly, we have HN = H (I (t−1)

N , I (t)N ). Obviously, in case
of an external fault, we have HM/HN = 1. In case of an
internal fault, we have HM/HN > 1 based on the TTCAF
η mentioned above. Therefore, the Hausdorff distance can
be used to express the similarity of the pre-fault current
waveforms and post-fault current waveforms, and the ratio
between them are used to construct a protection scheme to
discriminate between internal and external faults.

The Hausdorff distance of each side can be calculated
independently, which can be written as HqM and HqN , where
HqM is the M-side Hausdorff distance, and HqN is the N-side
Hausdorff distance. If HqM > ε (or HqN > ε), the M-side (or
N-side) protection device starts the fault diagnosis program,
where ε is the activation threshold.

As shown in Figure 5, when the measured current reaches
the activation threshold, the pre-fault current within 2T0 is

FIGURE 4. Schematic diagram of current waveform of two sides of the
line in fault.

FIGURE 5. Schematic diagram of protection scheme at the head end of
the line.

stored as the reference. Then the Hausdorff distances of the
fixed time window between post-fault current and stored-
reference current are calculated, respectively, which can be
written as HM and HN . HM/HN and the action threshold K0
satisfy the following relationship,

HM
HN

> K0 (14)

Considering the time error in current sampling and the time
delay during data transmission at both terminals, to ensure the
reliability of the proposed protection scheme, it is considered
that there is an internal fault when the inequality (14) is sat-
isfied for more than the interval T0. If the Hausdorff distance
on the other side is not received or the inequality (14) is not
satisfied, the protection devices automatically reset. In case
of an internal fault, K0 is set to 1.5 considering a certain
margin and various errors. Considering the complexity of
faults, in order to further improve the protection sensitivity
of interval faults and the protection safety of external faults,
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the adaptive function with the average value of the calculated
result factor(CRF) (HM/HN )i is introduced to increase the
action threshold in case of external faults and reduce the
action threshold in case of internal faults. Then the improved
protection criterion is written as,

HM
HN

> K0f (aver(HA/HB)i) + ε0 (15)

where ε0 is the anti-malfunction threshold, f (aver(HA/HB)i)
is a function on average value of CRF, namely aver(HA/HB)i.
Furthermore, the function is f (x) = 1/(1 + ex) intro-

duced to meet the above adaptive action threshold require-
ments [36], then f (aver(HA/HB)i) is written as,

f (aver(HA/HB)i) =
2

1 + eaver(HA/HB)i
(16)

where aver(HA/HB)i =

fsT0∑
i=1

(HM/HN )i / (fsT0), fs is the data

window sampling frequency, T0 is the post-fault fundamental
frequency period of the current waveform, i is the index
number of CRF. Substituting (16) into (15) yields,

HM
HN

>
3

1 + e

[
fsT0∑
i=1

(HM /HN )i
fsT0

−1

] + 0.5 (17)

The proposed improved protection performance is deter-
mined by aver(HA/HB)i. When an external fault occurs,
if ∀i ∈ [1, fsT0], then (HA/HB)i = 1, so we
have aver(HA/HB)i = 1. Therefore, it is clear that
f (aver(HA/HB)i) = 1, and the action threshold is K0 + ε0,
higher than the post-fault CRFs within T0. As a result, the
protection device of each side does not act on tripping. When
the internal fault occurs, the value of aver(HA/HB)i becomes
very large, therefore the adaptive threshold is reduced and
the action area is increased to ensure the reliable action of
the protection. The discrimination procedure for the proposed
protection scheme is as followed based on the discussion
above,

1) The pre-fault sampling data within 2T0 at two terminals
of the protected line is stored as reference after the protection
is activated.

2) Calculate Hausdorff distance of one terminal of the
protected line between real-time sampling data within fsT0
after fault and 40ms pre-fault reference sampling data in 20ms
data window point-by-point.

3) If one terminal always gets the CRF from the other
one within fsT0 after fault, then the adaptive action threshold
will be calculated based on the equation (17), otherwise the
protection will be reset.

4) The protection will act if the CRFs alwaysmeet equation
(17) more than 20ms, otherwise the protection will be reset.
The flowchart of the protection scheme is shown in the

Fig 6.
Due to the poor communication conditions of the distribu-

tion network, it is difficult to synchronize the data between

FIGURE 6. The flowchart of the protection scheme.

FIGURE 7. Diagram of weak synchronous communication between two
sides.

the two sides of the line. As shown in Figure 7, the com-
munication between the two sides of the line has a delay
time of 1t . Let the moment of fault detection at the first
side be Tf , and the other side be Tf + 1t . therefore. HM
is calculated by using the reference data from Tf − 2T0 to
Tf and the post-fault data from Tf to Tf + 2T0, while HN is
calculated by using the reference data from Tf − 2T0 + 1t
to Tf + 1t and the post-fault data from Tf + 1t to Tf +

2T0 +1t . Next, HM and HN are transmitted to the protection
device on the opposite side to determine whether it is an
internal fault. The protection scheme calculates the Haus-
dorff distance between pre-fault and pos-fault of the current
waveform at both sides respectively. Because the proposed
scheme only transmits calculation results instead of sampling
values, which effectively avoids the impact caused by data
synchronization errors.

The DG-connected distribution networks pose the great
challenges to the time setting of the traditional three-stage

86566 VOLUME 11, 2023
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FIGURE 8. The topology of the ADN simulation system.

FIGURE 9. The frequency spectrums of normal-operation and faulted
current waveform of the line DE.

overcurrent protection which is the most widely used in the
distribution networks nowadays. The proposed protection
scheme can be used as the alternative to the first and the
second section of overcurrent protection. It is undeniable that
there is still a risk of protection failure in rarely extreme cases
due to the problems such as signal noise and CT transmission
characteristics, etc. Since the current always rises sharply

FIGURE 10. The current amplitude of two sides of the line DE in case of
three- phase fault.

FIGURE 11. Numerical value of η of B phase.

when a short-circuit fault occurs in the distribution network
line, the time-limited overcurrent protection can be used as a
backup protection for the protection scheme proposed in this
paper. The start and rest of the protection device is achieved
through an overcurrent relay with the start current of Iact ,
which is written as (18),

Iact =
KrelKMs
Kre

IL.max (18)

where Krel is the reliability coefficient, and its value is 1.25.
KMs is the self starting coefficient and its value is 1.8. Kre is
the is the self starting coefficient and its value and its value
is 0.9. IL.max is the maximum load current during normal
operation. Considering the coordination between protections,
set the time delay of relay protection tset as 1s.

IV. SIMULATION VERIFICATION
In order to show the performance of the proposed protection
scheme, a 10kV typical topology of ADN based on Matlab/
Simulink is taken as an example. As shown in Figure 8, the
system capacity is 500MVA.DG1 andDG3 are photovoltaics
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FIGURE 12. Simulation results of internal faults under different types faults.
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FIGURE 13. Simulation results of the traditional differential protection under phase-to-phase faults with different fault resistances.

(PV) with MPPT control strategy, and the power is 2MW at
1000 solar radiation intensity and 25◦C ambient temperature.
DG2 is DFIG distributed wind power with the power of 6MW
at a wind speed of 15m/s. The unit line positive sequence
impedance, zero sequence impedance is shown in Table 2.
The data window length of the starting criterion is set to 5ms,
and the data window length of the protection criterion is set
to 20ms.

A. THE VERIFICATION OF FAULT FEATURES
According to the discussion above, take the line DE as the
example for analysis. Fast Fourie Transform (FFT) is per-
formed on the current waveform the line DE during normal
operation and when a three-phase short circuit occurs to
analyze wide frequency components, where the three-phase
short circuit is set at 50% of the length from the head of
the line DE. Essentially, Fourier transform analyzes signals
by transforming time-domain signals into frequency-domain
ones. In another words, the more frequency components are
contained in the fault current, the more fault information is

contained in the current time-domain waveform. The simula-
tion time is 0.5s and the fault occurs at 0.1s. The frequency
spectrums of normal-operation and faulty current waveform
are shown in Figure 9.
As illustrated in Figure 9, when the three-phase short

circuit occurs in the line DE, there is a frequency offset in
the fault current, while the traditional differential protection
works only based on the fundamental frequency, not fully
utilizing fault information. Obviously, expanding protection
to the wide frequency domain, namely constructing the pro-
tection criterion based on time-domain signals can make the
protection criterion more representative and sensitive.

Moreover, the Figure 10 shows the current amplitude at
both sides of the line DE during the simulation. Taking the
pre-fault current amplitude form 0.02s to 0.1s and post-fault
current amplitude from 0.1s to 0.18s as the example, the
numerical value of TTCAF, namely η of B phase, as illus-
trated in Figure 11, is significantly greater than 1 in case
of three-phase fault, which means great difference between
pre-fault and post-fault current at two sides of the line.
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TABLE 2. Parameters of simulation system.

So it provides theoretical support for the proposed protection
scheme and different fault scenarios will be set to verify the
performance of the proposed protection scheme hereinafter.

B. THE EFFECT OF DIFFERENT FAULT TYPES
The fault locations are set as K1, K2 and K3, where K1 is the
internal fault, and K2 and K3 are the external faults. K1 is set
at 25%, 50% and 75% of the length from the head of the line
DE to the fault location, respectively. K2 is 50% of the length
from the head of the line AD to the fault location, and K3 is
50% of the length from the head of the line EF to the fault
location. Taking the BC interphase short circuit and ABC
three-phase short circuit of the DE section line as examples,
they are recorded as BC and ABC, respectively. Set the
simulation time as 0.5s and the fault moment as 0.2s after the
start of the simulation and take the sampling data of the first
two cycles before the occurrence of the fault, namely 0.16s
to 0.20s, as the reference. The Hausdorff distance between
the 20ms time window data and the reference data with a
difference of k×20ms is calculated point by point and the
24 CRFs are obtained.

Figure 12 illustrates the B-phase results of the protection
scheme when different types of faults occur at K1 with dif-
ferent locations.

As is shown in Figure 12, the CRFs of the proposed pro-
tection scheme is rapidly increased and maintained above the
action threshold thereafter for internal faults in different loca-
tions, and the CRFs always satisfy the protection criterion.
Simulations show that the proposed protection scheme can
identify faults correctly in case of the internal faults of the
protected line, and can reliably remove the fault with a trip
signal if the calculation result exceeds the action threshold,
which shows the reliability of the protection scheme.

The fault will be cleared by the backup protection if the
proposed protection scheme fail to operate. The time-limited
overcurrent protection will be activated after time delay tset .
As simulation results illustrated in TABLE 3, the backup
protection can activate the protection devices and clear the
internal faults at different locations after the time delay.

C. THE EFFECT OF TRANSITION RESISTANCE
Generally, there is a certain fault resistance during a fault.
Therefore, taking fault at K2 point as an example, other
simulation model parameters remain unchanged. Different

FIGURE 14. Simulation results of the traditional differential protection
under phase-to-phase faults with different fault resistances.

FIGURE 15. Simulation results of protection scheme in case of external
faults.

fault resistances are set at the K2 to investigate the ability of
the protection scheme to withstand the transition resistance.
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FIGURE 16. Simulation results of different scenarios of DG1.

Since the transition resistance of 10 kV distribution network
usually does not exceed 30� [36], 5�, 10�, 20�, and 30�
fault resistances are set in the paper when the BC interphase
short circuit occurs at K2. Taking phase B as an example,
Figure 13 illustrates the CRFs of the protection scheme in
case of BC interphase short circuit occurring at K2 with
different transition resistances. It is shown that the CRFs
gradually decrease as the resistance increases. The proposed
protection scheme can still reliably identify the internal faults,
therefore the protection principle has a certain ability to
withstand the transition resistance.

The conventional differential protection has also been
introduced to compare its performance with the proposed
protection scheme in case of phase-to-phase fault with dif-
ferent fault resistance. The traditional differential protection
criterion is written as (19),{

Id ≥ KIr
Id ≥ Iop.0

(19)

TABLE 3. Simulation results of backup protection.

where Id is the differential current, Id =
∣∣İM + İN

∣∣, and Ir
is the braking current, Ir =

∣∣İM − İN
∣∣. Iop.0 is the minimum

operating current. K is the braking coefficient and its typical
value range is 0.5∼0.8 and in this paper it is set as 0.5.

As illustrated in Figure14, when the transition resistance
increases, the ratio of differential current to braking current,
Id/Ir will be less than the braking coefficient, making it
impossible to operate correctly in the case of an internal fault.
It only operates under the phase-to-phase faults with the 5�
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TABLE 4. Different operation scenarios of DG1.

FIGURE 17. Simulation results of protection scheme on internal and
external faults under weak synchronization.

fault resistance in this simulation scenario. Obviously, the
proposed protection scheme has excellent sensitivity.

D. THE EFFECT OF EXTERNAL FAULTS
In order to verify the reliability of the protection during the
occurrence of the external fault, the type of BC interphase
short-circuit fault is respectively set at K2 and K3 as shown
in Figure 6 for verification, and the results of the protection
scheme are shown in Figure 15.

As shown in Figure 15, when the BC interphase
short-circuit fault is set at upstream and downstream of the
protected line respectively, the through-fault current flows on
the protected line, and the CRFs (HD/HE )i of the protected
line with the proposed protection scheme remains around 1,
which is lower than the adaptive action threshold of 3.5.

Therefore, simulations show the high reliability of the pro-
posed protection scheme during the occurrence of external
faults.

E. THE EFFECT OF DIFFERENT OPERATION SCENARIOS
OF DG
DG operation status is affected by weather and environment,
and the power output is highly random. Take distributed PV
as an example, its output current has a large volatility under
different ambient temperature and light intensity. As shown
in Table 4, this paper sets up different operation scenarios
of DG1 to verify the reliability of the proposed protection
scheme under the uncertainty of DG output, and Figure 16
shows the simulation results when the phase-to-phase short
circuit occurs in line DE.

It can be seen that even when DG1 is operated under dif-
ferent scenarios, the CRFs of the proposed protection scheme
are still larger than the action threshold within 20ms, which
shows that the protection scheme has strong sensitivity and
reliability.

F. ANALYSIS OF SYNCHRONIZATION ERRORS
The above analysis does not consider the problem of synchro-
nization error of data measurement at both sides of the line.
However, in the actual engineering application, it is difficult
to achieve strict time synchronization of the sampled data
at both terminals of the line. The faults are set in the line
DE midpoint with BC two-phase short circuit, and line AD
midpoint with BC two-phase short circuit, respectively. The
time synchronization error of two-side sampling values is set
2.5ms, 5ms 10ms and 20ms, respectively.

As is shown in Figure 17, in the case of synchroniza-
tion errors on both terminals of the protected line, the
proposed protection scheme is still able to identify the
internal faults. In case of external faults, the calculation
results of the protection scheme show certain fluctuations
compared to those without synchronization errors. However,
the calculation results are still below the adaptive action
threshold, which can ensure that the protection does not
misoperation. Therefore, the protection scheme has good
ability to resist synchronization error based on the analysis
above.

V. CONCLUSION
A large number of DGs in the ADN bring great uncer-
tainty to the power systems, which makes it difficult to
quantify fault characteristics. Undoubtedly, the settings of
traditional protection schemes become more complex and
difficult. Therefore, the differential protection is an effective
solution to cope with it. However, the differential protec-
tion requires high synchronization, which is difficult to be
satisfied by the existing communication conditions of the
distribution network. In addition, the distortion, the frequency
offset, and the instability of fault signals also make it difficult
to accurately extract the fundamental frequency component.
Therefore, a new differential protection scheme that does not
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rely on the fundamental frequency component is proposed in
this paper. First, the pre-fault current waveforms are taken as
reference. Then the similarity characteristics of the current
waveform sequences at both ends of the line are calculated
separately. Finally, the protection scheme considering weak
synchronization conditions are constructed using Hausdorff
distance, which is based on a wide range of frequency com-
ponents rather than the fundamental frequency components.
The following conclusions can be drawn from the theoretical
analysis and simulation results,

1) The scheme proposed in this paper has good action
performance and can act sensitively for different locations,
different types of faults and common transition resistance in
case of internal faults of the protected lines in the ADNs.

2) The protection scheme proposed in this paper calculates
the similarity locally based on the pre-fault and post-fault
current waveform, which does not require the transmission of
dual ended sampling values. The proposed protection scheme
does not require strict data synchronization and only requires
the transmission of calculation results between both termi-
nals, which is suitable for ADNs with low automation level
and weak synchronous communication capability, and the
proposed protection scheme can be used as the alternative to
the first and the second section of overcurrent protection.

3) The scheme is proposed to address the application of
differential protection in the distribution network, which is
limited by the current poor communication conditions in
the distribution networks. In the future, with the develop-
ment of smart grid and the improvement of communication
conditions, especially the application of new communication
technology represented by 5G communication, it will greatly
promote the application of differential protection in ADNs.
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