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PILOT PROTECTION OF ACTIVE DISTRIBUTION
NETWORK BASED ON POSITIVE SEQUENCE CURRENT
SELF-SYNCHRONIZATION TECHNOLOGY

You YU?, Jingfu TIAN2, Mingzhe SUN3**, Gang WANG*, Pengfei TIAN®,
Qingzhe X1°

Distributed generation (DG) decreases the reliability of traditional current
protection in the distribution network. Pilot protection is effective to solve this
problem theoretically. But the asynchronous problem hinders its application, caused
by the limited communication conditions and the inconsistent sampling times at both
ends of the line. This paper proposes a self-synchronization technology of positive
sequence currents (PSCs) and develops a pilot protection principle based on the
similarity characteristics of the PSC fault components (PSCFCs). Without
considering the capacitance-to-ground, the currents at both ends of the line are
almost equal theoretically before the fault occurrence. Therefore, the self-
synchronization technology calculates the currents’ angle difference caused by the
asynchronous problem by minimizing the differential current amplitude of normal
operation. Then, it realizes the synchronization of the PSCs according to the
calculated angle difference. Further, due to the ability of PSCFC against the
transient resistance, this paper utilizes the PSCFCs similarity characteristics to
construct a pilot protection principle distinguishing external fault and internal fault.
Finally, considering the effects of various fault conditions, such as transient
resistance, fault occurrence time, DG penetration, and so on, many simulations
verify the higher reliability of the proposed protection principle. The protection
principle ensures the power supply reliability and has certain engineering
application value.

Keywords: pilot protection; fault component of positive sequence current;
similarity characteristics; self-synchronization technique

1. Introduction

To solve the energy crisis and environmental pollution, distributed
generation (DG) is developing rapidly worldwide [1-3]. But the traditional
distribution network’s structure changes due to DG’s integration, resulting in the
complex fault characteristics of the distribution network. Therefore, the traditional
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current protection has the problem of insufficient reliability and sensitivity in the
active distribution network. It is of great significance to propose a protection
principle suitable for the active distribution network.

Many new protection principles have been proposed by relay protection
scholars, which are mainly divided into the following two categories. The first
category [4-13] improves the protection based on local information, automatically
adjusting the protection setting value according to the system operation mode and
fault type. For example, literature [10] proposes a fast current protection scheme.
It can adjust the protection setting value in real-time. However, the method has
high requirements for the communication conditions and intelligence level of the
system. Literature [12] proposed a self-adapting positive sequence current (PSC)
quick-break protection with inverter-interfaced distribution generation. Through
studying the relationship between the positive sequence voltage and the PSC, a
new protection setting formula is constructed. The protection can adjust the
protection setting value online. However, the protection can only achieve self-
adaptive adjustment if the direction elements are installed at each protection
location. The second category [14-18] is pilot protection based on the double-end
information of the line. However, the asynchronous problem caused by the limited
communication conditions and the inconsistent sampling times at both ends of the
line affects the reliability of the pilot protection significantly. To solve this
problem, literature [14] proposed a protection scheme based on the current
amplitude difference to avoid the influence of asynchronous problem on pilot
protection. According to the unequal current amplitudes at both ends of the faulty
line, the protection setting formula criterion is constructed to improve the
sensitivity of protection. However, the large transition resistance may cause the
refusal-operation of this protection. Literature [15] proposes a pilot protection
scheme based on positive sequence impedance. According to the amplitude
difference of positive sequence impedance, the protection criterion is constructed
to improve the reliability and sensitivity of protection. But at the same time, this
scheme has high requirements for communication conditions. Literature [16]
analyses the control strategy of DG and proposes the PQ control equivalence
model and the pilot protection by using voltage information. However, these
protection schemes need to obtain the voltage information at the protection
installation. In the current distribution network feeders, voltage transformers are
generally not equipped. Therefore, the voltage information is difficult to obtain
[17-18].

Due to the ability of the PSC fault component (PSCFC) against the
transition resistance, this paper utilizes the similarity of PSCFCs to construct a
pilot protection principle with a new self-synchronization technology. Without
considering the capacitance-to-ground, the currents at both ends of the line are
almost equal theoretically before the fault occurrence. Therefore, this study
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proposes the self-synchronization technology which calculates the currents’ angle
difference caused by the asynchronous problem by minimizing the differential
current amplitude before the fault occurrence. Further, according to the angle
difference, the PSCs at both ends of the line realize synchronization. By taking
full advantage of the amplitude and angle characteristics of PSCFC, the proposed
protection principle can identify the internal fault accurately and reliably. This
paper firstly analyses the characteristics of PSCFC in the active distribution
network. Then, this paper proposes the PSC self-synchronization technology and
constructs the protection criterion. Finally, the simulation results verify the
effectiveness of the proposed protection scheme.

2. Similarity Characteristics of Fault Components in Active
Distribution Network

2.1 Characteristics of PSCFC in Active Distribution Network

To study the characteristics of PSCFC, an active distribution network
model is built as shown in Fig. 1. In Fig. 1, the protection scheme is configured at
the circuit breaker CBi. After a fault occurs, due to the uncertainty of DG output,
it is no longer applicable to equivalent DG by using a voltage source in series with
internal impedance. Since the requirement for the low voltage ride-through
capability, the output fault current of DG is related to the degree of voltage drop at
the grid-connected point. At present, many studies use the voltage-controlled
current source to equivalent DG [20-21]. The positive sequence fault additional
sequence network is shown in Fig. 2.

load1

load2 load3
CB2 CB
é’ é’ é’ -\—» load4
CB4 CB5| CB6 CB7
f f, f
A D
C

inverter-interfaced DG B
Fig. 1. 10kV active distribution network model.
z
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CZy D
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Fig. 2. Schematic diagram of positive sequence network.
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In Fig. 2, Z,,, and Z,g, correspond to the positive sequence impedance from the
fault point to the bus A and B respectively; -U,, and -U,, are the fault
electromotive forces at the fault point; AZ,, and AZ,, are the additional
impedance of the fault; Z,;, Z,. and Z, correspond to the positive sequence

impedance of lines AB, BC and CD. Z,, is the load impedance. Al, and Al, are

the PSCFCs at the head and end of the line respectively, whose positive direction
is shown in Fig. 2. Z is the unloading circuit used to limit the maximum short

circuit current of inverter-interfaced DG (1IDG) [21]. Al is the PSCFC output

of DG.
According to the superposition theorem, the PSCFCs at both ends of the

line for the internal faults on line AB are obtained by the combined action of the
fault electromotive force and the equivalent current source of DG. Taking a three-
phase short circuit as an example, the PSCFCs are shown in Equations (1) and (2).
. U ZL Al -AZ,, -7,

R ’ Ioad’ (1)
Azfl ' (ZABl + ZB) + ZABl ' ZB
|' szl'ZABl+AIDG 'ZI:)ad '(ZA31+AZf1) (2)
" Azfl'(ZABl+ZI'3)+ZABl'ZI’3
Where ZI,oad :ZBC + ZCD + Zload ) Zé = ZABZ + ZI’oad .

According to equations (1) and (2), the PSCFCs on both ends of the line
are mainly affected by fault location, fault type and positive sequence impedance.
Therefore, the protection principle based on PSCFC has the ability against
transition resistance under different fault conditions.

2.2 Similarity Analysis of PSCFC

In this paper, the similarity characteristics of PSCFCs are analyzed for the
BC line when the internal and external faults occur. Without considering the
capacitance-to-ground, the PSCs at both ends of the line are approximately equal

in normal operation. As shown in Fig. 3 (a), I, and I are the PSCs at the head
and end of the line BC respectively, x and y refer to the real part and the
imaginary part of the PSC respectively. According to Fig. 3 (a), both the
amplitudes and phase angles of |'g and I'Q are almost equal.

+

When an external fault occurs, the PSCs at both ends of the line, I/, and
I, , are still equal approximately. Compared with normal operation, the PSC
amplitudes in the event of the external faults are larger but the phase angles are

still equal, as shown in Fig 3. (a). The PSCFCs, Al and Al , are calculated
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and show the distinct characteristics that both the amplitudes and the phase angles
are approximately equal, as shown by the phasors in blue color. According to the
analysis, the PSCFCs at both ends of the line are similar in event of the external
faults. When an internal fault occurs, the amplitudes and phase angles of PSCs at

both ends of the line, I/, and I, , are different, as shown by the phasors in Fig. 3

(b). Therefore, when an internal fault occurs, the similarity of the PSCFCs at both
ends of the line decreases due to the fault current.

@ —

Fig. 3. Schematic diagram of PSC phasors. (a) external fault. (b) internal fault.

Based on the above analysis, the similarity characteristics of PSCFCs are
helpful to construct the pilot protection criterion. However, when the
asynchronous problem exits, it is difficult to extract the similarity characteristics
of the PSCFCs accurately. As shown in Fig. 4, the angle difference caused by the
asynchronous problem is defined & . In particular, without the consideration of the
capacitance-to-ground, the angle difference & is only related to the asynchronous
problem under the event of normal operation and external faults.

@ (0)
Fig. 4. Schematic diagram of PSC phasors with angle difference. (a) external fault. (b) internal
fault.
When an external fault occurs, due to the asynchronous problem, the similarity of
PSCFCs decreases. Therefore, it is difficult to accurately distinguish external and
internal faults by using PSCFCs directly. Similarly, for internal faults, the
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similarity characteristics of PSCFCs are more complex due to the combined effect
of the angle difference ¢ and the fault current.

In conclusion, due to the asynchronous problem, the similarity
characteristics of PSCFCs at both ends of the line are uncertain and cannot be
directly used to construct the protection criteria.

3. PSC Self-Synchronization Technology
3.1 Proposal of PSC Self-Synchronization Technology

According to the above analysis, for internal faults and external faults, the
similarity of the PSCFCs is affected by asynchronous problem. Therefore, a self-
synchronization technique is proposed to solve the problem. At present, the
mainstream self-synchronization technology realizes self-synchronization based
on the mutation characteristics. When an internal fault or external fault occurs, the
mutation characteristics of PSCs at both end of the line are different due to fault
current and the measurement error. So, the detected fault occurrence times at both
ends of the line may be inconsistent. Therefore, the asynchronous problem has not
been completely solved. Without considering the capacitance-to ground, the PSCs
at both ends of the line are basically equal before the fault occurrence. The
difference of PSCs in normal operation is only related to the asynchronous
problem. Therefore, the PSC self-synchronization technology calculates the
asynchronous angle difference by minimizing the differential current amplitude
before the fault occurrence. Furthermore, the PSC self-synchronization
technology corrects the PSCs after fault occurrence to realize self-
synchronization.

Therefore, this paper proposes a PSC self-synchronization technology
based on the current before the fault occurrence to realize the self-synchronization
of the PSCs at both ends of the line.

3.2 Realization of PSC Self-Synchronization Technology

The differential current amplitude before fault occurrence is shown in
Equation (3).

. . .2 .2 ol .
\|1—|2\=\/\|1\ +|I,| —2|iy||T,|cos(c - B~ 5) ©)
M and «a are the current amplitude and phase angle at the head of the
line respectively. ‘I'Z‘ and g are the current amplitude and phase angle at the end

of the line respectively. & is the angle difference between I'1 and I'Z, caused by
asynchronous problem. The relationship between the angle difference ¢ and the
differential current amplitude ‘I'l—l'z‘ is shown in Fig. 5. When o, g and &

meet o — f—06=0, the cos(a — £ —0) is the maximum and the differential current
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amplitude ‘I'l—l'z‘ is the minimum. Without considering the capacitance-to-

ground, the angles « and S of PSCs at both ends of the line are basically equal,
namely «—f~0. Therefore, with the increase of asynchronous angle &, the

differential current amplitude ‘I'l—l'z‘ increases. Furthermore, when I, is

synchronized with I, the differential current amplitude ‘I'l— I'Z‘ is the minimum.

Therefore, the PSC self-synchronization technology calculates the current’ phase
angle difference caused by the asynchronous problem by minimizing the
differential current amplitude ‘I'l— I'Z‘. The self-synchronization technology has
been detailed as below.

cos(a - - 5) i

— e
b

<0 | |

Fig. 5. Diagram of PSC angle deviation. Fig. 6. Schematic diagram of PSC self-
synchronization technology.

Assuming the detected current mutation times of PSCs at both ends of the
line are t, and t, respectively, but which are not generally equal to the real fault

occurrence time t. The angle difference caused by the asynchronous problem is
o, as shown in Fig. 6.

Firstly, a current I, of normal operation is selected at a certain time t," for
the head of the line and a current I,, the end of the line is preliminary determined
as the synchronization current of I, . Specifically, the differential current
amplitudes “10 — I'z‘ are calculated, where I, represents any current at the end of
the line of several cycles before the time t,. Fig. 7 has shown the changes of the
differential current amplitudes ‘I'lo - I'z‘ . According to Fig. 7, the current I, at the
time t" will make o —f#—6=0 in Fig 5. Then, the time t" closest to the time t, is
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preliminarily determined as the synchronization point of time t, and is denoted

by t,". The current I, at the time t," is defined as I, .

Secondly, this self-synchronization technology determines whether the
current I,, is the real synchronization current of the current I,,. Specifically, it

calculates the differential current amplitudes ‘I'l—l'zo‘, where [, represents any
current at the head of the line between the time t, and the time t,". If there is time
t" when the amplitude reaches the minimum, the time t, is not the real
synchronization point of the time t,” but the time t,". Otherwise, the time t," is the
real synchronization point of the time t' . Finally, the angle difference is

calculated according to t, and t,” (or t," ) to realize the self-synchronization of

PSCs. With the self-synchronization technology of PSCs, the PSCFCs at both
ends of the line are calculated and used to construct the pilot protection principle.

|10_|2‘

v
Fig. 7. Differential current amplitude between two ends of line at different time.

4. New Pilot Protection Principle of Active Distribution Network

The calculation formula of fault component is shown in equation (4).
Al =T(t)—(=D"I(t- n%) (4)

Al is the PSCFC of the line. I(t) is the PSC after the fault occurrence.
T is the frequency period. n is an integer, such as 1, 2 or 3. In this paper, n is
determined 2. Equation (4) can be simplified to equation (5).
Al =1({t)-1(t-T) (5)
Next, the Euclidian distance is used to analyze PSCFCs similarity, as
shown in equation (6).
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D(A|'1, Al.z):\/(xn - X21)2 + (XlZ - Xzz)2 (6)

Al =X, +jX,, and Al, =X, +jX,, are fault components at the head

and end of the line respectively. X, and X, are the real parts of fault
components Al and Al, . X, and X,, are the imaginary parts of fault

components Al, and Al,.

According to the above analysis, the similarity value of PSCFCs is low
when an external fault occurs. When an internal fault occurs, the similarity value
of PSCFCs is high. Therefore, the similarity value of PSCFCs D,, is used to

construct the protection criterion in this paper. The selection of similarity
threshold should take into account the influence of non-periodic component and
system disturbance. In this paper, the similarity threshold D, is set to 0.1 based

on a large amount of simulation data. The similarity threshold D, can be

adjusted according to the operation experience and actual demand. When the
PSCFCs similarity value D(AI,,Al,) meets D(Al,,Al,)>D,_,, it is an internal

set !
fault. Otherwise, it is an external fault.
5. Case Study

To verify the effectiveness of proposed protection principle, a simulation
model shown in Fig. 8 of active distribution network in Fig. 1 is established in
PSCAD. The reference capacity of system source is 100MVA and the reference
voltage is 10.5kV. The line in active distribution network are overhead lines,
where the lengths of the lines are 2km and the line impedance is 0.27+j0.35 Q/km.
In this paper, for the section BC, the external faults f1, f3 and the internal faults f2
are conducted to analyze the similarity of PSCFCs, where various fault conditions
are considered sufficiently, such as DG penetration, fault type, fault location,
transition resistance, load level, fault occurrence time and so on. Then, the
similarity values of the faults are compared with the protection threshold D_, to

identify the external and internal faults.

set

Fig. 8. Simulation model of distribution network in PSCAD.
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Fig. 9 shows the current waveform of an external fault f3, where fault type
is two-phase fault, the angle difference is 90° caused by the asynchronous
problem, the fault occurrence time is 1s, the load level is 0.35kW+j0.27kVAr and
the transition resistance is 15Q. The similarity value of the PSCFCs is 1.8316,
resulting the protection disoperation. The process of the self-synchronization
technology is detailed as follows for this case of external fault.

I
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Fig. 9. Current waveform at fault point f3.
The detected current mutation times of PSCs at both ends of the line are

1.017s and 1.12s and are denoted by t, and t, respectively. According to the PSC
self-synchronization technology, the differential current amplitudes “10— I'z‘ are

calculated, where I, is the current phasor at time 0.95s for the head of the line
and I, represents any current phasor at the end of the line of 4 cycles before the
time t,. Fig. 10 has shown the changes of the differential current amplitudes
‘I'lo - I'z‘ . According to Fig. 9 and Fig. 10, the time 1.1096s closest to the time t,
is preliminarily determined as the synchronization point of time 0.95s and is
denoted by t,". The current phasor I, at the time t," is defined as I, .

1. T

11r

1k
0.91
0.8

‘Imflz‘ 0.7

0 0.2 0.4 0.6 0.8 1t 12 1.4
time/s

Fig. 10. Differential current amplitude between two ends of line at different time.
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Next, the differential current amplitudes ‘I'l— I'ZO‘ are calculated, where I,

represents any current phasor at the head of the line between the time t, and the

time 0.95s. The time corresponding to the minimum are 0.97s, 0.99s and 1.01s,
where 1.01s is closest to the time t,. Therefore, I, at the time 1.1096s is

synchronized with I, at the time 1.01s. The angle difference 89.91° caused by

the asynchronous problem is calculated to realize the self-synchronization
technology of PSCs. After implementing the self-synchronization technology, the
similarity value of PSCFCs is 2.52x107 by the formula 6. In contrast, it is 1.8316
before implementing the self-synchronization technology. Therefore, the proposed
self-synchronization technology can effectively solve the asynchronous problem.
Furthermore, the protection principle can identify this external fault case
correctly. Similarly, Fig. 11 shows the current waveform of an internal fault 2,
where fault type is two-phase fault, the angle difference is 90° caused by the
asynchronous problem, the fault occurrence time is 1s, the load level is
0.35kW+j0.27kVARs and the transition resistance is 15Q.

PSCs/kA

L L L L L L L L
0 02 04 06 08 1 12 14 16 18 2
time/s

Fig. 11. Current waveform at fault point 2.

After implementing the self-synchronization technology, the similarity value of
the PSCFCs is 2.1501 by the formula 6. In contrast, it is 1.2786 before
implementing the self-synchronization technology. In this case, the protection
principle can accurately identify fault before and after implementing the self-
synchronization. In fact, due to the combined effect of asynchronous problem and
fault current, the amplitudes and the phase angles of PSCs in case of internal
faults are similar under the certain fault conditions, resulting in the refusal-
operation of protection. However, the proposed self-synchronization technology
can effectively solve this problem.

Considering various fault conditions, many simulations are conducted to
verify the proposed protection with the proposed self-synchronization, where the
results are summarized in Tables 1-5. According to Tables 1-3, the similarity
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values of PSCFCs for external faults are higher than the protection threshold due
to the asynchronous problem, which can cause protection disoperation. But after
implementing the self-synchronization technology, the similarity values of the

PSCFCs meet D(Al,,Al,)<D,, and the protection can reliably identify these

set

external faults. Similarly, according to Tables 4-5, the similarity values of
PSCFCs in event of internal fault meet D(AIl,,Al,)>D,,, the protection can

set !
accurately identify these faults. The results show that the protection with the self-
synchronization technology can accurately identify external and internal faults
under different fault conditions. Different transition resistances in event of
internal and external faults are conducted to verify the ability of the proposed
protection against the transition resistance, where the results are summarized in
Tables 2 and 5. According to Table 2, after implementing the self-synchronization

technology, the similarity values of PSCFCs meet D(AI,, Al,) < D, under higher

set
transition resistance and the protection can reliably identify these external faults.
Similarly, according to Table 6, the similarity of PSCFCs in event of internal
faults meet D(AI,, Al,) > D, under higher transition resistance, the protection can
reliably identify these internal faults.

In summary, the simulation results show that the protection principle
proposed in this paper can accurately identify the interphase faults under different
fault conditions and has ability against the transition resistance.

Table 1
Simulation results of external faults with different DG penetration
Before implementing the self- After implementing the self-
synchronization synchronization
DG Angle - Result of Angle - Result of
penetration| Faulttype *|difference D(Al;,Al) identification |difference D(Al;,Al) identification
Two-phase short- o o 5
circuit 0.1 14.4 0.2695 Internal fault | 0.003 3.2708x10® | External fault
35%
Three-phase | o) | 1pge 04969 | Internal fault | 0.004° | 8.4152x10° | External fault
short-circuit
Two'g?risueifho”' 01 | 144° 0.2667 | Internal fault | 0.006° | 3.2209x10° | External fault
40%
Three-phase 0.1 18° 0.8235 Internal fault | 0.01° | 8.3753x10° | External fault
short-circuit
Two-phase short- o o 5
circuit 0.1 10.8 0.2022 Internal fault | 0.002 3.2610%10 External fault
50%
Three-phase o o -5
short-circuit 0.1 14.4 0.6584 Internal fault | 0.004 8.4072x10® | External fault
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Simulation results of external fault with different transition resistance

Table 2

Before implementing the self-
synchronization

After implementing the self-
synchronization

Transition Angle - Result of Angle . Result of
D
resistance[Q] Fault type | difference D(Al;,Al) identification |difference D(Al;,Al) identification|
Two-phase short-| ;| 51 go 05031 | Internal fault | 0.015° | 3.8738x105 | EXernal
circuit fault
15
Three-phase |, | 1 40 0.6083 | Internal fault | 0.003° | 1.0359x10° | EXtemal
short-circuit fault
Two-phase short-| ;| ;g 01576 | Internal fault | 0.005° | 2.1157x10% | EXtemal
circuit fault
30
Three-phase |, | 36 13141 | Internal fault | 0.03° | 6.0931x10s | EXtermal
short-circuit fault
Two-phase short-| ;| )g g 02837 | Internal fault | 0.023° | 1.3190x10% | EXtermal
circuit fault
50
Three-phase |, | 1g0 04513 | Internal fault | 0.013° | 3.8681x10° | EXtemal
short-circuit fault
Table 3
Simulation results of external faults with different fault occurrence time
Before implementing the self- After implementing the self-
synchronization synchronization
occ:?lrjtle;ce Faulttype | Dy | AN9le | peaj,afyy | Resultof | Angle |5\ ) | Resultof
time[s] yp < |difference ©7=722 Hidentification| difference ©7=727 lidentification
Two-phase |4 | pg g 06275  |Internal fault| 0.025° | 3.0350x10° | EXtemal
short-circuit fault
1.0
Three-phase | 1 | 1g0 0.8266 |Internal fault| 0012° | 8.2502x10% | EXternal
short-circuit fault
Two-phase o o 5 External
short-circuit 0.1 10.8 0.2037 Internal fault| 0.005 3.0397x10 fault
1.01
Three-phase o o 5 External
short-circuit 0.1 36 1.6399 Internal fault| 0.032 8.2797x10 fault
Two-phase o o 5 External
short-circuit 0.1 21.6 0.4095 Internal fault| 0.013 3.0100%10 fault
1.02
Three-phase | (1 | 4390 19677  |Internal fault| 0.046° | 8.3936x10° | EXtermal
short-circuit fault
Table 4
Simulation results of internal faults at different fault location
Before implementing the self- After implementing the self-
synchronization synchronization
Fault Angle o Result of Angle - Result of
D
location Fault type | difference D(Al;,Al) identification| difference D(Al;, Al) identification
sy | WOPhaseshortl g | g 11340 |Internal fault| 0.03° 11225 | Internal fault
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Three-phase | () | 5550 30898  |Internal fault| 0.026° 29460 | Internal fault
short-circuit
TWO'E:‘r"’ésueitShO“' 01 | 432° 11064  |Internal fault| 0.048° 1.0888 | Internal fault
50%
Three-phase | | 18° 29565 |Internal fault| 0.015° 2.8148 | Internal fault
short-circuit
TWO";:‘risueitShO“' 01 | 108° 1.0593  [Internal fault| 0.004° 1.0571 | Internal fault
95%
Three-phase | 1 | 51 go 28324 |Intemnal fault| 0.015° | 26943 | Internal fault
short-circuit
Table 5
Simulation results of internal faults at different load level
Before implementing the self- After implementing the self-
synchronization synchronization
Angle - Result of Angle . Result of
Load level Fault type | De difference D(Al,Al,) identification | difference D(Al, Al,) identification
Two-phase o o
short-circuit 0.1 14.4 1.0757 Internal fault 0.003 1.0788 Internal fault
0.15kW-+j0.07kVAY]
Three-phas'e 0.1 54° 2.9235 Internal fault 0.062° 2.7928 Internal fault
short-circuit
Two-phase o o
short-circuit 0.1 21.6 1.0140 Internal fault 0.017 1.0507 Internal fault
0.25kW+j0.17k VAT
Three-phase o o
short-circuit 0.1 18 2.8181 Internal fault 0.014 2.7321 Internal fault
Two-phase o o
short-circuit 0.1 10.8 0.9842 Internal fault 0.005 1.0273 Internal fault
0.35KW+j0.27KVAT
Three-phase ° o
short-circuit 0.1 43.2 2.6888 Internal fault 0.049 2.6819 Internal fault
Table 6
Simulation results of internal faults with different transition resistance
Before implementing the self- After implementing the self-
synchronization synchronization
Transition Angle . Result of Angle . Result of
resistance[Q] Faulttype | difference D(AI, Al,) identification| difference D(Al;, Al,) identification
TWO_E?riZﬁtShon_ 0.1 21.6° 1.3648 Internal fault| 0.017° 1.3617 Internal fault
15
Three-phase ° o
short-circuit 0.1 14.4 3.5474 Internal fault| 0.004 3.3531 Internal fault
TWO"ZE‘risueitShO”' 01 | 108° 0.7719  |nternal fault| 0.006° 0.7724  |Internal fault
30
Three-phase | 1| 360 21823 |Intemnal faul{ 0.032° | 21501 |internal fault
short-circuit
s [TWonaseshon) op | ygge 03498  |Internal fault| 0027° | 04847 |[Internal fault
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Three-phase

- 0.1 18° 1.4041 Internal fault| 0.015° 2.1501 Internal fault
short-circuit

6. Conclusions

To improve the protection performance for the active distribution network,
a pilot protection based on a new PSC self-synchronization technology is
proposed in this paper, where the similarity of PSCs at both ends of the line is
used to identify the external fault and the internal fault. The proposed self-
synchronization technology calculates the angle difference caused by the
asynchronous problem through minimizing the amplitude of the differential
current before the fault occurrence. According to the calculated angle difference,
the synchronization of the PSCs is realized. Further, the similarity value of the
PSCFCs is calculated to distinguish the external fault and the internal fault.

The theoretical analysis and simulation results show that the similarity
value of PSCFCs is lower when an external fault occurs. While the similarity
value is higher when an internal fault occurs. The proposed pilot protection shows
good performances under various fault conditions, such as DG penetration, fault
type, fault occurrence time, load level and other factors. In particular, the
protection has a certain ability against the transition resistance. Therefore, with
the development of DG, the protection principle proposed in this paper has a good
application prospect.
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