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With the increasing use of DGs (distributed generators) in the power system, the
distribution network is becoming more and more complicated. The rapid change
of DG output power and the diversity of DG location make the computing
calculation of relay protection difficult, bringing severe challenges to the
current protection based on single-end electrical volume. Therefore, double-
end-based protection is a good choice in view of the DG uncertainty and the
network complexity. However, the power frequency offset after fault and the
uncertainty of DG fault current result in uncertainty in the frequency-domain
characteristics, which can also negatively affect the differential protection. In view
of this, a new differential protection method based on the weighted Minkowski
distance algorithm is proposed in this paper. First, the Minkowski distance
algorithm is used to describe the similarity of both currents considering the
uncertainty in the frequency-domain characteristics. Second, each current
similarity including the phase current, the positive current, and the negative
current is calculated separately to increase the protection sensitivity. Through
the weighted algorithm distribution, the weight is assigned. Furthermore, a high-
performance protection mechanism is designed to improve the protection
sensitivity. This method is suitable for the active distribution network with
different penetration rates of DGs and different types of DGs. The simulations
show that the proposed method has good feasibility and high superiority.

KEYWORDS

active distribution network, power frequency offset, weighting algorithm, Minkowski
distance, distribution network protection, differential protection

1 Introduction

In September 2020, China set a clear target of achieving “peak carbon dioxide emissions”
by 2030 and “carbon neutrality” by 2060 (Cao, 2023), which greatly promoted the
development of the energy system in a clean and low-carbon direction. With the
increasing proportion of distributed generators (DGs) in the new power system, the
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vigorous development of renewable energy generation has become
an inevitable trend in the national energy and power layout (Xin,
2022). However, with the use of distributed generation and their
power electronic devices (Bullich-Massagué et al., 2016; Yu et al,
2017; Tafti et al, 2019), the topology and tidal direction of the
traditional distribution network have changed dramatically. At the
same time, the new power system has more complex characteristics
when faults occur, such as more non-fundamental low-order
harmonics, frequency offset, and severe phase distortion (Jia
et al, 2022). Many conventional protection methods have
exposed defects such as rejection and misoperation to a certain
extent. Therefore, it is of great significance to study a new protection
method for the safe operation of the distribution network.

Differential protection has obvious advantages in complex
distribution networks, but currently there are still problems of
poor adaptability in some specific environments. Some scholars
have analyzed this. Wei et al. found that the ratio of current
differential protection is affected by the fault characteristics of
phase angle distortion and amplitude limitation (Wei et al,
2014). The sensitivity of the conventional current differential
protection method is not good when the new energy station is
connected to a strong synchronization system. There is a risk of
rejection of the traditional current differential protection when the
new energy station is integrated into a weakly synchronized system.
The fault current has the characteristics of phase distortion,
frequency offset, and low proportion of the power frequency
component after the new energy station is connected to a strong
power grid (Kar and Subhransu Ranjan, 2020). The performance of
conventional differential protection that relies on the comparison of
phase amplitude and phase angle of industrial frequency has
deteriorated. Just improving the conventional protection cannot
solve the problem once and for all. Hao Liu et al. pointed out that
under the influence of the harmonics of the inverter, errors occur in
the measurement of the work frequency vector during faults, which
leads to the risk of rejection and false activation of traditional
protection (Liu et al., 2019).

In order to solve a series of problems caused by the increasing
scale of the DG, many domestic and foreign scholars have put forward
some schemes on how to improve the adaptability of the conventional
differential protection. Ansari Salauddin and Gupta Om Hari used the
power angle of positive sequence before and after a fault to identify the
fault and send an action signal to the protection device (Salauddin and
Hari, 2021). However, the steady-state positive-order component
before the fault will be affected by the frequency offset, so the
reliability of this method is not very high. Using the voltage and
current at both ends of the line to calculate the line impedance as the
criterion of differential protection is proposed in Bolandi et al. (2015).
This method will reduce the accuracy of measuring the power
frequency impedance due to the frequency shift of short-circuit
current. A new differential protection scheme based on the
equivalent traveling wave is proposed in Tang et al. (2017).
Although the equivalent traveling wave theory achieves reduced
communication traffic, the 250 kHz sampling frequency is still a
challenge. In summary, on one hand, the improvement measures
for conventional protection methods will make the protection device
complicated and suffer from lack of economy. On the other hand, it is
difficult to completely improve the adaptability of distribution
network protection methods (Li et al., 2021).
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In addition, many experts have studied the fault characteristics of
distribution networks with a high proportion of distributed generation,
and some new differential protection methods using the waveform
similarity criterion are proposed. Distance is a commonly used
measure of waveform similarity (Qing et al, 2021). K. Jia et al.
used cosine similarity as the criterion for waveform similarity
(Zheng et al, 2021; Zheng et al, 2022). However, when the
sampling data at one end of the line are all 0, the calculation result
of the criterion will be that the numerator and denominator of the
result are infinitely close to 0. Obviously, this will make it impossible to
get accurate results. Many scholars used the Pearson correlation
coefficient and similarity distance to reflect the difference in current
between the head and end (Jia et al., 2018; Jia et al., 2019). The related
waveform similarity differential protection principle is proposed.
However, the protection principle has poor performance when the
new energy sources have almost no output power.

Jia et al. (2021) took Spearman’s rank correlation coefficient as
the fault criterion. Zheng et al. (2020) used structural similarity and
square error in statistics as the criteria. Weng et al. (2021) used the
Bhattacharyya coefficient of current distribution histograms as the
protection criterion. Ding et al. (2019); Weng et al. (2019) mainly
used the Hausdorff distance to characterize the current waveform
similarity of 50 Hz. The three aforementioned methods are all based
on the protection of fundamental components, failing to fully utilize
the positive and negative sequence data.

To sum up, the change of fault characteristics of the new
distribution network makes the conventional differential protection
have the problem of insufficient adaptability. In this paper, the
Minkowski distance algorithm is studied and used to represent the
waveform difference. Waveform similarity is used to describe the
characteristics of fault current after DG access to the distribution
network. We construct a criterion for differential protection based on
the weighted Minkowski distance to identify faults. The characteristics
of the algorithm for data processing are studied and discussed, and the
weights are allocated reasonably. The working principle and concrete
implementation method of the proposed protection method are
analyzed. Finally, a simulation model based on MATLAB Simulink
is established, and the reliability of the method is verified by simulation
experiments. The dynamic performance of the protection is analyzed,
and the adaptability of the protection method to severe frequency
offset is also verified. The tolerance of the protection to transition
resistance is also discussed.

2 Principle and characteristics of
Minkowski distance

In China, the radial distribution network is usually equipped
with traditional three-stage current protection. In practical
applications, only two-stage protection is generally used, namely,
instantaneous current quick-break protection and fixed-time
overcurrent protection. Figure 1 is a typical topology diagram of
the distribution network connected with DG. When the protection is
short-circuited at the upstream (F, ), the fault point will flow through
the reverse current provided by the DG, and this current is related to
the DG output power P. When P increases to a certain extent, the
reverse current may be greater than the setting value of the
protection, resulting in protection misoperation, so it is necessary
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FIGURE 1

Three-stage protection defect.

FIGURE 2
Schematic diagram of distance calculation.

to install a directional element. However, due to the uncertainty of
the output of the inverter-type photovoltaic DG and the potential
possibility of frequency offset, the direction component criterion
originally for the traditional bilateral power system is likely to be no
longer applicable. When the fault occurs downstream (F,) of the
DG, the grid power supply and the distributed power supply
simultaneously provide a short-circuit current to it, and the
short-circuit current is related to the output power P of the DG.
When P increases to a certain extent, the protection range may even
be extended to the lower line, resulting in the fault current of the
lower line exceeding its set value.

Minkowski distance is a kind of distance quantity first proposed
by Russian-born German mathematician Minkowski, which is
widely used to characterize the similarity between two sets of
data in the field of machine learning (Peerapong and Suebkul,
2022). It does not refer to a certain distance alone, but to the
sum of a class of distances.

Let there be two sets of point sets in the space:

A= {ab a,as, " an}; B= {bls b2! b3s Y bn}
Then, the Minkowski distance can be calculated by Formula (1).

E=(1by-a)l by — )’ + - +1|b, —a,l")?

M=

)5 (1)
|b; - ai|P >
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where E is the Minkowski distance and p is the Minkowski
distance parameter, which can be 1, 2, 3. ..

When p takes different values, the Minkowski distance has
different meanings. For example, when p = 1, the Minkowski
distance becomes the Manhattan distance, also known as

absolute distance. It can be calculated by (2).
E = Z|bi —ail. 2)
i=1

This formula shows that E; is calculated as the right-angle side
distance between two points in two-dimensional space. This
distance is as shown by the polyline « or y in Figure 2.

When p = 2, the Minkowski distance becomes the Euclidean
distance, and its formula is as follows:

E, = \/Zwi - @), 3)

The Euclidean distance means the straight-line distance between
two points, which is shown as f in Figure 2. When the Minkowski
distance is used to describe the similarity of two groups of data,
scholars usually do not only use a fixed p to calculate the distance
because using different distance algorithms for different data
waveforms has different effects and physical significance. In order
to comprehensively use the Minkowski distance to describe the
similarity, the author set p = 1, 2, 3, and assigned a weight to each p,
named as wy, w,, and ws. By assigning weights to the corresponding
Minkowski distances when calculating the similarity of two data sets,
a new distance metric formula is defined: weighted Minkowski
distance. It can be calculated by (4).

23: w,M ,(P )
M= @)
n

where 1 is the sampling number of current transformers and w,,

is the weight for each p. P=1,2,3;r=1,2, 3; M{P) denotes the
distance between the current data of one cycle sampling time
window on both sides of the line. Mép ) and M§P ) are Minkowski
distances of positive-order component and negative-order
component of the three-phase current, respectively. The formula
of MI(P) is MI(P) =(YIb; —ail? %, which is similar to formula (2),

@ o MP are simi
and those of M,"” and M;"" are similar.

3 Differential protection based on
weighted Minkowski distance

A typical model with power supply at both ends of the new
distribution network is shown in Figure 3. The following describes
the fault criterion and implementation method of line longitudinal
protection based on the weighted Minkowski distance according to
the model.

We take the measured data of one-phase current as an example
to explain. The current transformers on both sides collect the
current data at the same time, which are arranged in a time
sequence. The point set iy = {ip1,ip2,im3° imk} is the current
sampling data at different moments at the head of the line. The
point set iy = {in1,in2,in3 ik} i the current sampling data at
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FIGURE 3
Schematic diagram of differential protection.

different moments at the end of the line. The weighted Minkowski
distance is calculated by substituting the two sets of current data into
Formula (4), which is called M;. Similarly, the weighted Minkowski
distances M, and M; of the positive and negative sequence
components of the three-phase currents can be calculated.

If the difference between the two vectors is small, the similarity
between the two sets of data will be high, and the Minkowski
distance will be small irrespective of the value p equals. When
the power grid is in normal operation or an external fault occurs, the
similarity of current waveforms at both ends is high, while the
similarity is low when an internal fault occurs. Therefore, the
following differential protection criterion based on the weighted
Minkowski distance is proposed:

When the power grid is operating normally or an external fault
occurs, ignoring the capacitive current to the ground, it can be
known from Kirchhoff’s current law that the current flowing into the
line is equal to the current flowing out of the line. So, M;, M, and M;
will all be 0. However, in practice, due to the manufacturing error of
the current transformer, the distributed capacitance, and so on, the
weighted Minkowski distance is not completely 0. However, it is
approximated as 0.

Vr e {1,2,3}, M, ~0. (5)

The high-frequency harmonic brought by the distributed
generation will increase the difference of the current waveform
currents from the two terminals. This will increase the value of
M, thus improving the reliability of protection. When an internal
fault occurs, the weighted distance of the fundamental wave
obviously increases, and so do the weighted distances of positive-
order and negative-order waves. If setting an appropriate threshold
named M, and fixing that when any of the calculated Minkowski
distances is over its action threshold will cause a signal to be sent to
the circuit breaker, then the fault can be cut off in time. The action
criterion of the weighted Minkowski distance differential protection
is as follows:

Ir e {1,2,3}, M, >¢,. (6)
The specific implementation method is as follows: Install two
protection devices at both ends of the line to independently measure

the three-phase current data. Then, the current information of the
local side can be sent to the opposite side through the
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FIGURE 4
Self-synchronization method diagram.
communication channel. The data on both sides can be

synchronized by using the fault information self-synchronization
technology developed in Zhou et al. (2022). The specific waveform
diagram is shown in Figure 4. For medium- and low-voltage
distribution networks, the capacitance of the line is much larger
than that of the transmission line. At the same time, the ground
capacitance current of the distribution network line is very small and
can be ignored. The current phase difference between the two ends
of the protected line before fault occurrence is 180°. This means that
the time interval between two adjacent zeros of the same trend is
20 ms. After the fault occurs, the current phase at both ends changes,
and the time interval also changes: it is no longer 20 ms. The phase
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Flow chart of the protection method.

difference of the current at both ends after the fault occurrence can
be calculated by using the variation of this time interval. The specific
calculation formula is as follows:

Oyn=T— %Zn. (7)

When the sampling frequency is high enough, the change trend
of the data can be obtained by linear fitting of two positive and two
negative numbers near the zero-crossing point. If the slope of the
fitting line of the four continuous sampling points is positive, it is at
the rising edge, and vice versa. After simulation, the error of this
timing method was approximately 5 ms, which is enough to meet
the requirements of the existing distribution network for protection
speed.

The two sets of devices calculate the weighted Minkowski
distance of the initial and final currents and their positive and
negative sequence components in the same period width of the
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20 ms time window and then send a signal to the circuit breaker if
any weighted Minkowski distance is over the action threshold. The
workflow of the whole protection method is shown in Figure 5.

3.1 Selection of Minkowski's weight

Different weights are used to make different types of weighted
Minkowski distances that better adapt to different data. It is not
difficult to see from the distance calculation formula that the
weighted Minkowski distance has some characteristics:

(A) When the two groups of data are exactly the same, the value of p
does not affect the result of distance calculation because every
distance will be 0. It means that the starting benchmark of
different distances to describe the degree of data difference is
the same.

(B) From Figure 2 and a lot of simulation results shown as follows,
it can be found that because the calculation of the weighted
Minkowski distance includes the step of “finding the absolute

Euclidean

value,” the calculated Manhattan distance >

distance > the distance when p = 3.

To sum up, these characteristics make the sensitivity of distance
calculation results different with different p, and giving different
weights to different data can make the Minkowski distance better
adapt to the characteristics of the data. As the distributed power
supply is connected to the power grid, the fault current will be doped
with more serious harmonic components (Li et al., 2023). In the fault
current, all harmonic components will be included, so its harmonic
distortion rate will be the highest. However, in the positive-order
component and negative-order component, only a part of
harmonics is included. It should be pointed out that the
negative-order component only appears when the fault is
asymmetric, so the weighted Minkowski protection based on
negative current has high sensitivity. In order to better portray
the fault characteristics, for the Minkowski distance of the
fundamental component Ml(p ), wy is 1/2; wy is 1/4; ws is 1/4,
which can improve the protection sensitivity. On the contrary, the
weights can be set as w, is 1/4; w, is 1/2; ws is 1/4 for the Minkowski
distance of the positive-order component and negative-order
component.

3.2 Threshold setting of weighted Minkowski
protection

The calculation result of the Minkowski distance of the three-
phase current and its positive-order component and negative-order
component is used to describe the waveform difference between
both sides of the line, so the setting principle of protection is that the
threshold value exceeds the weighted Minkowski distance of the
protected line during normal operation and external fault. During
the occurrence of a power grid fault, the line current increases
rapidly, and the current transformers’ errors and other errors also
increase proportionally. In order to ensure the reliability of
protection, the author set the reliability coefficient named K.
Kin1> Kz, and K,,,3 are defined as the reliability coefficients of three-
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Waveform diagram when a section of line data is O.

phase current, positive-order component, and negative-order
component, respectively. The setting value formula of each
weighted Minkowski distance is as follows:

& = K,y - max {ip, iy} (8)

In the formula, max {iys, iy} means taking the maximum of the
current at both protected line ends.

According to the experience and a large number of simulation
data, the value of K,,,, can be set. K, is generally approximately
0.15, K3 is 0.05, and K3 is 0.04. In view of the possible CT line-
break, there are many perfect fast monitoring methods for the fault.
If necessary, corresponding protection can be added to the weighted
Minkowski distance differential protection to form a new operation
logic.

3.3 Special characteristics of the fault in the
active distribution network

When the distributed generation and a large number of power
electronic devices are connected to the distribution network, the
original fundamental frequency of 50 Hz will be shifted. The process
of calculating the weighted Minkowski distance is different from that
of some differential protection methods. The first step is always to
subtract the sampled data which are at the same time point. The
second step is to find the p power of the first result and then sum it.
Then, the third step is to calculate the 1/p power of the sum result.
The influence of the same frequency shift of the sampled data at both
protected line ends is eliminated in the first step of the calculation, so
it will not affect the subsequent operation and the final result.

Because not every protected line in the distribution network is
involved in distributed power supply access, and the utilization of
new energy is difficult at present, there are distributed power
supplies that sometimes do not contribute to the situation. It is
generally difficult to determine whether the protected line is in a
single-power supply situation. When the sampled data on one side
of the line are all 0, it can be known from Formula (4) that n, which is
the denominator of the weighted Minkowski distance, is not equal to
0 because it is independent of the sampled data. It ensures the
reliability of protection during single-terminal power supply. At the
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same time, the original weighted Minkowski formula is simplified as
follows:

Mr(P) = (ilailp> . (9)

The schematic diagram is shown in Figure 6. Such a large
waveform difference can obviously make the protection act reliably.

3.4 Blind area of longitudinal differential
protection

As a differential protection method, it is also necessary to
consider the blind area of determining the fault only by the
current data at both ends of the protected line. At present, the
capacity of distributed generation is increasing, which can inevitably
lead to the problem that the longitudinal differential protection may
not be able to identify the fault after a fault occurs somewhere in the
line. The specific schematic diagram is shown in Figure 7.

In this situation, because the fault point is far away from the AC
network side and close to the distributed generation, the difference
between the fault currents measured at the two ends is not obvious,
which may lead to the failure of Minkowski distance protection
based on the phase current or even the positive sequence component
proposed in this paper. However, the negative sequence current
component only appears in asymmetric faults, and the weighted
Minkowski protection that uses a negative sequence component still
has high sensitivity, so this method can still effectively identify all
kinds of asymmetric faults in this case. For symmetrical faults, the
harmonic characteristics of the output current of the distributed
power supply can be considered for screening. The protection
proposed in this paper still has room for further improvement.

4 Simulation results

The simulation model of the active distribution network built in
Simulink is shown in Figure 8. This model is similar to the IEEE
typical 10 kV distribution network model which has 14 nodes. The
specific model parameters are shown in Table 1.

4.1 Protection performance of symmetric
and asymmetric faults

On the basis of the distribution network structure in Figure 8, a set
of six fault locations are set. Four of them are internal faults, which are
set at 15%, 30%, 75%, and 90% away from the head of line BC. These
four faults are recorded as F,, F3, F4, and Fs, respectively. Two
external faults are set on line AB and line CD, which are recorded as
Fy and Fg, respectively In order to cover all types of faults, the
simulation validation is carried out by taking most types of faults,
which are marked as AG (phase A to ground fault), ABG (phase A to
phase B to ground fault), BC (phase B to phase C fault), and ABC
(three-phase fault). The fault is set at 0.1 s after the simulation is
started. The sampling frequency is 1.2 kHz, and the weights of the
Minkowski distance of the three-phase current are taken as wy = 1/2,
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TABLE 1 Parameters of the vehicle model.

Item Value

Transformer wiring Dyn

Transformation ratio 110 kV/10 kv

BC length of the protected line 10 km

Positive and negative sequence impedance of each line = (0.076 + j 0.338 Q)/km

Zero sequence impedance of each line (0.386 +j 0.824 Q)/km

Power supply active power 9.5 MW
DG1 output active power 0.4 MW
DG2 output active power 0.2 MW
DG3 output active power 1 MW
DG4 output active power 0.3 MW
Voltage level of DGs 10 kv

w, = 1/4,and w; = 1/4. For the Minkowski distance of positive-order
component and negative-order component, the weights are taken as
w; = 1/4, wy = 1/2, and w3 = 1/4.

Frontiers in Energy Research

Run the simulation model under the aforementioned set
conditions, and the data of 20 ms after the fault are used for
calculation. Table 2 gives the weighted Minkowski distances of
each phase current under different fault positions and fault types,
and Table 3 gives the weighted Minkowski distances of positive and
negative sequence components of three-phase current under
different fault positions and fault types.

When a fault occurs in the protected line, the power sources on
both sides of the line provide current to the fault point at the same
time. When the output fluctuation of DG is not considered, the
current waveform at the head and end of the line can be obtained in
the simulation. The two have different characteristics due to the
different paths of the current at the two ends. As shown in Figure 9,
the meaning of the shadow part is the current difference between the
two ends of the line after the fault occurs. If these two sets of current
data are substituted into Formula 4, the weighted Minkowski
distance measurement value can be obtained. The threshold of
this protection can be calculated by the same two sets of data
according to Formula 8.

By comparing every weighted Minkowski distance under
various faults, it can be found that the Minkowski distance under
internal faults is significantly higher than that under external faults.
It is consistent with the aforementioned analysis. This feature can be
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TABLE 2 Calculation value and setting value of the weighted Minkowski distance of phase current.

Weighted Minkowski distance of each

Breakdown location Breakdown type Setting value of each phase

phase
Phase A Phase B Phase C Phase A Phase B Phase C
F1 AG 12.424 0.366 0.421 69.296 137.341 166.028
ABG 25315 57.840 0.751 58.245 70.131 149.107
BC 0.110 59.193 59.184 130.121 88.768 128.360
ABC 15.975 67.170 51.204 58.245 128.660 72.081
F2 AG 871.568 0.120 0.126 428392 138.157 164.102
ABG 1758.706 1456.723 0.353 903.414 745.580 145.479
BC 0.098 1302.393 1302.343 129.446 663.285 591.413
ABC 2039.387 1586.275 1678.402 1045.937 740.523 916.679
F3 AG 766.980 0.122 0.143 383.447 137.693 163272
ABG 1462.973 1216.074 0.247 756.238 619.542 145.081
BC 0.112 1062.684 1062.640 129.820 533.122 457.698
ABC 1665.254 1320.330 1345.070 853.779 628.878 728.295
F4 AG 590.347 0.112 0.120 302.138 137.717 154.599
ABG 967.320 804.712 0.434 505.721 405.863 145.201
BC 0.108 689.524 689.488 129.445 337551 240.577
ABC 1049.197 888.061 832,951 539.377 430.847 437.091
F5 AG 561.567 0.133 0.116 285.042 138.051 163.125
ABG 873.927 721.073 0.778 456.500 364.323 145.957
BC 0.106 621.518 621.486 129.588 299.171 221253
ABC 927.892 804.864 738.176 477.954 392.706 380.199
F6 AG 0.585 0.132 0.155 275.881 138.368 163.451
ABG 3.849 4719 0.605 428.609 342,182 146.213
BC 0.108 8.227 8.240 129.580 293.756 212.009
ABC 0.841 7.816 8.648 428.609 342.182 146.891

used to well-discriminate the difference between internal faults and Because of the fact that the protection proposed in this article is

external faults. The protection can cut off faults reliably insofar as
any weighted Minkowski distance is over its threshold. These facts
verify the feasibility of this protection method.

Taking all kinds of faults at F, as examples, the three-phase
current weighted Minkowski distance and its threshold can be
calculated with the data obtained by simulation. The comparison
between the setting waveform and the calculated waveform is shown
in Figure 7.

In Figure 10, the blue line represents the measured value, and the
red line represents the threshold. As shown in Figure 10, the pre-
fault weighted Minkowski distance is close to 0, and it increases
rapidly after faults. This change means that the algorithm proposed
in this article can accurately detect any type of fault on the line and
act on the tripping circuit breaker. Therefore, the reliability of this
protection has been verified.

Frontiers in Energy Research

a differential protection and only the weighted Minkowski distance
of the faulty line exceeds the threshold, the selectivity of this
protection has been verified. Figures 10A-H show that
Minkowski’s calculated value exceeded the threshold within
approximately 0.01s after the fault and then remained above
the threshold. This means that the method proposed in this
article can quickly identify faults, and the sensitivity of this
protection has been verified.

At the same time, Figure 10 already includes both symmetric
and asymmetric faults. This means that all types of faults can be
accurately identified by using the weighted Minkowski algorithm.
The simulation result verifies the aforementioned analysis and
shows that the protection method can identify the fault quickly
and accurately, so this protection has good dynamic
performance.
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TABLE 3 Calculation value and setting value of weighted Minkowski distance of positive and negative sequence components of current.

Fault location

Fault type

Weighted Minkowski distance of each order

Positive sequence

Negative sequence

Positive sequence

Setting value of each sequence

Negative sequence

F1 AG 0.050 0.003 42.865 5.340
ABG 0.045 0.017 42.848 17.374
BC 0.048 0.009 42.798 17.602
ABC 0.042 0.011 42.848 5.993
F2 AG 136.269 92.785 72.896 24.151
ABG 520.063 322.455 131.393 66.180
BC 372.657 254911 119.526 67.256
ABC 859.518 175.183 204.897 40.279
F3 AG 119.598 73.364 67.436 20.135
ABG 435518 241.779 111.775 51.925
BC 329.066 191.661 101.744 53.750
ABC 712.651 135.235 168.683 32.097
F4 AG 91.651 37.753 58.044 13.462
ABG 289.805 107.088 79.823 29.356
BC 206.273 81.665 72.986 32.099
ABC 464.846 73.212 110.147 18.988
F5 AG 87.355 30.273 56.314 12.315
ABG 262.962 82.230 73.714 25.102
BC 187.496 60.473 67.691 28.036
ABC 418.354 61.684 98.786 16.526
F6 AG 0.052 0.005 55.424 11.724
ABG 0.058 0.013 56.289 22.766
BC 0.065 0.015 64.621 25.815
ABC 0.058 0.007 92.450 15.179

4.2 Protection performance of a single-
ended power supply line

The performance test of the weighted Minkowski distance
differential protection is still carried out according to the
simulation model in Section 4.1. The setting of the fault location
is shown in Figure 8. However, the fault line in this simulation is line
JK, which is a typical line with single-ended power supply. For such
lines, when a metal grounding fault occurs in the system, the fault
phase current at the end of the line decays rapidly. Especially, once
the three-phase short-circuit fault occurs, the data measured by the
current transformer at the end of the protected line will all become 0.
This will lead to the risk of failure of differential protection methods
proposed by some scholars in the past. In response to this problem,
the weighted Minkowski distance algorithm can still work in such an
environment.

Supplementary Table S4 can be found in the Supplementary
Material. As can be seen from Supplementary Table S4, when only
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one end of the line with power supply has a short-circuit fault, the
calculated value of the weighted Minkowski distance differential
protection can still reliably exceed the threshold. At the same time,
because the waveforms are very different, the calculated value of this
method exceeds the threshold faster than that mentioned in Section
4.1, which shows the good fast-moving characteristics of this
method.

4.3 Protection performance considering
frequency offset

In order to investigate the performance of this protection
principle under severe frequency instability of the distribution
network, the simulation is still carried out in the 10kV
distribution network model mentioned in Section 4.1, with a
total of five fault locations. Three of them are internal faults,
which are set at 1.5 km, 5 km, and 8.5 km away from the head of
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Current comparison diagram of the head and end of the line before and after the fault.

line BC and recorded as F», F3, and F,, respectively. Two external
faults are still set on line AB and line CD and recorded as F; and Fs.
The setting of the fault location is shown in Figure 11. The fault types
are the same as mentioned earlier. After the fault, the frequency of
the distribution network changes to 40 hz or 60 hz, respectively.

Supplementary Tables S5-S8 can be found in the Supplementary
Material. The values of the weighted Minkowski distance are shown
in Supplementary Tables S5-58 under different fault locations and
fault types. By comparing the data with the threshold, it can be
known that the weighted Minkowski distance will have some change
after the frequency shifting, but the change itself is not big enough to
change the feature that the weighted Minkowski distance reliably
exceeds the threshold, which verifies the ability of this method to
resist the frequency shift. It means that even if the output frequency
of the DG changes greatly after the fault occurs, this method can still
accurately identify the fault.

On the other hand, many of the current distribution network
differential protection methods are based on the power frequency
component of the measured data. For example, Salauddin and Hari
(2021) used the positive sequence current phasor ratio before and
after the fault to determine whether the fault is located upstream or
downstream of the protection. (Bolandi et al., 2015) proposed using
the voltage and current at both ends of the line to calculate the line
impedance to form a differential protection. The first step of the
calculation process of these methods is to extract the power
frequency component from the electrical data at both ends of the
line. However, once the frequency of the electrical quantity output
by the DG changes due to light or wind, the proportion of the power
frequency component in the fault current will decrease. In this case,
the differential protection based on the power frequency component
cannot obtain an effective signal, resulting in a decrease in the
reliability of the protection. The fault current spectrum analysis of
whether the DG output is stable is shown in Figure 12. Picture (A) is
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the current harmonic analysis of the line when the DG is in a
constant output state under ideal conditions. Picture (B) is the
current harmonic analysis of the line when the DG output is
unstable. The waveforms analyzed in Figure 12 are based on the
simulation results Supplementary Tables S6-58.

4.4 Protection performance affected by fault
resistance

When a single-phase grounding fault occurs in a distribution
network, it is usually accompanied by a high transition resistance. To
verify the ability of this method, set the fault at the midpoint of the BC
line in the aforementioned simulation model. The other parameters of
simulation models remain unchanged. Then, continue the simulation
experiment and still use the data within 20 ms after the fault to
calculate the Minkowski distance. Only different fault resistances are
set at the fault point to explore the tolerance of this protection
principle to the high transition resistance fault.

59, SI10 can be found in the
Supplementary Material. Supplementary Tables S9, S10 are the
calculation results and the threshold values of weighted
Minkowski distance with different
respectively. By comparing the two tables, it can be found that

Supplementary Tables

transition resistances,
with the continuous increase of transition resistance, the weighted
Minkowski distance of A-phase current and its positive-order
component cannot reach the threshold value, while the weighted
Minkowski distance of the negative-order component can still
identify the fault. This that the
aforementioned principle of weight selection is right. In addition,

effectively case proves
any weighted Minkowski distance exceeding the threshold can
assure precise action of protection, so this method still has good

reliability under the condition that transition resistance is
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Calculation result and the set value of the distance before and after the fault of the fault phase.

approximately 1700 ), which demonstrates that the method can

<J__/@DG2 correctly identify a fault even with very high fault resistance.
H I
Fa Fs

4.5 Comparison with other protection

Fi F2 4
¥ L /| ..
$ % A 7B 7 7|7 D methods
C Similarity and distance measures are two main methods for the
| measurement of waveform similarity. Cosine similarity and
7 J K L Pearson similarity are often used by scholars to characterize the
similarity of data or waveforms (Jia et al., 2018; Zheng et al., 2021;
DG1 Jarrahi et al., 2022). The model parameters in Figure 13 are
FIGURE 11 consistent with those in Figure 8; Table 1. The most different
Fault location diagram. part between Figure 8 and Figure 3 is that there are no DGs in

Figure 13.
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Single-ended power supply distribution network.

p I A

When simulated according to the single-ended power
supply distribution network model in Figure 13, this method
does not have the problem of protection failure. Otherwise, the
other two methods cannot work correctly. This is because the
algorithm formula of the method proposed in this paper has the
advantage that when a set of data is 0, the molecules and
denominators do not tend to zero together. The specific
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formulas for calculating cosine similarity and Pearson
similarity are as follows:

Z 2(0 i)

cos(X,Y) = = g (10)
o= \/zf o
n 1¢ 1¢
o))
Ppear (X.Y) = L
n 1 n 1 n
i_1<xi_”j_21xj> 12:,( HZ)’J>
n 1 1
i_1<0_n'0><)’i—njzl}’j) 0
= =5 (11)

When a single-phase ground fault occurs on the protected line,
the calculation results and thresholds of these three methods are
shown in Figure 14. The blue line in the figure represents the
calculated value of the fault criterion, and the yellow line
represents the corresponding threshold.

From the graph, it can be seen that all three methods can
quickly detect the occurrence of faults. However, the calculated
values of cosine similarity and Pearson similarity fell below the
threshold again at 0.118 s and 0.12 s. Therefore, these two methods
cannot accurately detect faults in the single-ended distribution
network. This is because the calculated values of these two
algorithms begin to change irregularly, as the data on one side
of the line tend to 0 after the fault. The weighted Minkowski
distance can consistently exceed the threshold, so this method can
accurately detect faults.

In recent years, with the development of science and
technology, new differentials based on waveform similarity have
emerged in an endless stream, and most of them have good
sensitivity. For example, a signed correlation index-based
differential protection has been proposed by Saber et al. (2023).
This method and the method proposed in this paper can reliably
identify faults in the protection area. Comparing the two methods
based on the speed of protection action, the sensitivity of the two
methods is in the same order of magnitude. The signed correlation
index-based differential protection operates in approximately
1 ms, and the differential protection based on the Minkowski
distance operates in 5-9 ms.

However, the authors make it clear that signed correlation
index-based differential protection is suitable for inverter-based
islanded microgrids (IBIMGs). The fault current of an IBIMG is
small, which is different from that of the distribution network.
There is no evidence that this method is suitable for a distribution
network whose DG has a large capacity. In China‘s current
distribution network protection, three-stage current protection
is widely used. The fastest action time of this protection is also
in seconds. At the same time, a high-power DG will provide a large
short-circuit current, which may cause the original three-stage
current protection to malfunction. If the three-stage current
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Comparison of different methods.

protection is still set according to the original grid parameters, the ~ protection scheme proposed in this paper can fully meet the
DG may also cause the protection range of the line to change or  needs of distribution network protection. The differential
even lose cooperation with the lower line. In this way, the  protection based on the weighted Minkowski distance can be
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used as both the main protection scheme and the reserve
protection of the line.

5 Conclusion

With the increasing application of DGs in the distribution
network, the fault current presents some characteristics, such as
the increase of harmonic content, the decrease of the power
frequency component, the frequency fluctuation, and the distortion
of phase angle. In order to reverse the negative situation in which
traditional protection methods can hardly recognize faults accurately
in the distribution network with DGs, a differential protection method
based on the difference of transient waveform characteristics between
both ends of the line during internal faults is proposed. In addition,
the weighted Minkowski distance is used to measure the difference of
the transient waveform. The following conclusions are drawn:

(1) The proposed method can correctly identify the fault in this paper.
It can adapt to strong changes in distributed generation output
power and always obtains distinguishable calculation results.

(2) The Minkowski distance is used to measure current similarity to

include more uncertain frequency components in fault current

in this paper. In addition, the weighted algorithm based on
sequence current is adopted to highlight fault characteristics and
improve protection sensitivity.

(3) The proposed method can effectively resist the influence of

severe frequency fluctuation of the fault current and identify the

high transition resistance fault, which presents strong

adaptability and feasibility.
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