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Abstract: The potential short-circuit current in active distribution network features time-variance
with the increasing distributed generations. This feature makes the online estimation of fault level
necessary. In this paper, a novel online estimation method is proposed to be implemented by either
phasor measurement unit (PMU) or the measurements from protection relays. The equivalent
circuit of the radial distribution network with distributed generators (DGs), e.g., wind turbines and
photovoltaic cells, is derived with necessary simplifications. The natural disturbances downstream
are used to evaluate the parameters of the equivalent circuit so that the potential fault level can be
estimated in advance of the actual fault occurrence. A fuzzy logic identifier is presented to rank
the confidence of the measurements incurred by the disturbance and to distinguish the qualified
disturbance to launch the estimation. The mechanism based on multi-measurements and confidence
indices was applied, to improve the accuracy. A typical distribution network in the United Kingdom
(UK) with DGs was taken, as an example, to validate the proposed method under various load
fluctuation. The results confirm the effectiveness of the proposed method, which is suitable for online
estimation of short-circuit fault level in active distribution networks.

Keywords: short-circuit current; fault level estimation; active distribution network; disturbance;
fuzzy logic identifier; DGs

1. Introduction

The accurate estimation of the potential short-circuit fault level is of great importance to quantify
the strength of power system [1], set the protective relaying, and select the qualified circuit breakers
to trip the electrical components [2]. The higher potential fault level is equivalent to the larger
short-circuit current in case of fault, the smaller system impedance, and hence the greater system
strength. Traditionally such an estimation in distribution networks is only necessitated in an offline
manner at the stage of grid planning. However, the networks tend to be active nowadays and referred
to as active distribution network (ADN) with the increasing penetration of the distribution generators
(DGs), including wind turbine generators and photovoltaic (PV) systems, etc. Such a trend largely
diversifies and complicates this estimation of fault level [3]. The contribution of DGs on the short-circuit
current is non-negligible anymore, while on the other hand, the intermittent renewable energy and the
associated frequent operation also make the potential fault level change ceaselessly. To validate the
breaking capacities of the mounted circuit breakers or monitor their risks of the possible scarce margin,
it might not be proper or efficient to evaluate the fault level offline by a fixed grid configuration, as the
penetration of DGs makes it difficult to select the grid configuration typical enough to represent the
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absolute-maximum short-circuit currents. In addition, some advanced functions, such as the adaptive
protection setting [4] and even the adaptive control of DG for stability improvement, also rely on the
real-time knowledge of the time-variant short-circuit current or the system strength. Consequently,
the online method to evaluate the fault level in active distribution network deserves investigation.

Generally, all DGs increase the short-circuit fault level more or less [5], but their contribution
depends on their forms and locations. DGs can be roughly classified into two major forms, which are
inverter-based DGs (IBDGs) and rotating DGs, respectively. The typical IBDGs, e.g., PV systems
or full conversion wind turbine generators, can be regarded as the controllable current sources,
whose contribution to the short-circuit currents is limited by their control strategies and usually less
than 1.5 times of their rated currents. However, the rotating DGs, such as doubly-fed induction
generators (DFIGs), greatly enlarge the short-circuit current, as they can be modeled as voltage
sources similar to those conventional synchronous generators [6]. On the other hand, it is believed
that, in the low-voltage (LV) distribution networks, the short-circuit current will only be slightly
increased with the penetration of DGs [7], whereas in the medium-voltage (MV) and high-voltage (HV)
distribution networks, the fault level apparently differs from the traditional level if a large amount of
DGs are integrated.

Previously, some analytical works have been presented regarding the short-circuit current in
ADN. It is confirmed by both simulation and experiments in Reference [8,9] that the output currents
of IBDGs increase in case that the grid voltages drop during fault. In Reference [1], the equivalent
current sources are established for the positive and the negative sequence components, considering
the inherent characteristics of IBDGs during low-voltage ride-through (LVRT). A simple equivalent
circuit is proposed in Reference [10], to evaluate the short-circuit current with IBDGs. The models
mentioned above are nonlinear and require the node impedance matrices as well. More importantly,
they might not be practically feasible, as the structure and the operation states of ADN change frequently.
Some real-time estimation methods that enable online application have drawn enough attention [11,12].
In Reference [13], the naturally occurring disturbances, such as load fluctuations, are employed to
assess the supply impedance and consequently calculate the short-circuit fault current. Some similar
methods are proposed for the distribution networks with DGs [14-16], but only the conventional
models are used, which cannot distinguish the different DG forms. Moreover, the methods above are
all passive and dependent on the inherent events or disturbances. The active methods, on the contrary,
create the artificial disturbances on the operating condition or inject the harmonic currents with a
band around the fundamental frequency [17,18]. There are also the third kind of method, namely the
hybrid technique, which incorporates both the artificial (or controlled) and the natural disturbances to
measure the fault current [19]. No matter which technique is applied, the existing real-time estimation
methods lack the effective detection and judgement on the disturbance types. Sometimes the data
from different disturbance, even though the grid configuration has already changed, are compromised
with each other and disposed together. It might undermine the accuracy of real-time estimation.

With the development of the distribution level phasor measurement units (PMU), both the
protection and the fault location scheme in the distribution networks considering DGs can be designed
based on the synchronous phasor data [20-22]. The PMUs in distribution networks offer high accuracy,
which is helpful to detect and measure the load fluctuations. Moreover, the proper placement of PMUs
can enhance the location identification of the disturbances [23,24].

In this paper, an innovative method is proposed to estimate the short-circuit fault level in active
distribution networks. The contributions of both rotating DGs and IBDGs to potential short-circuit
current are taken into consideration. The proposed method is based on the online evaluation of
parameters in the equivalent circuit, so that the time-varying factors are captured and the potential
currents are estimated in advance of the fault occurrence. The natural disturbances are monitored
to reckon the equivalent circuit. A fuzzy logic identifier is applied to effectively distinguish the
useful disturbances upstream from those downstream, and meanwhile evaluate their confidence
levels. The upstream and downstream disturbances are disposed in different ways. The short-circuit
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currents calculated on the basis of several continuous disturbances are weighted by the predefined
confidence levels.

The rest of the paper is organized as follows. Section 2 describes the principle of the proposed
method for short-circuit fault level estimation in ADN. In Section 3, the implementation of the proposed
method is demonstrated. Meanwhile, it is validated on a typical distribution network, under different
conditions of load changes. Conclusions are drawn in Section 4.

2. Short-Circuit Fault Level Estimation for Active Distribution Networks

Taking a radial distribution network with DGs as an example, the network and the configuration
of the circuit breaker (CB) are shown in Figure 1. Without losing generality, the IBDGs are represented
by the photovoltaic generators, while the rotating DGs are represented by the DFIGs. The short-circuit
fault level to be estimated was chosen as the current through CB8 if a fault occurs at the point
downstream of CB8. The fault point is marked by the red symbol in the figure. The magnitude of the
short-circuit current is not constant, as it changes with the network reconfiguration corresponding to
the switching operation.
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Figure 1. The structure of a general radial distribution network.

The equivalent circuit at the breaker CB8 is illustrated in Figure 2, where E and Zeq, respectively,
the voltage source and the impedance derived from Thevenin’s equivalence of both the upstream
grid and the relevant rotating generators (including the conventional synchronous generators and
the rotating DGs); Ipg is the equivalent current source modeling the upstream IBDGs, and its value is
determined by the internal controls of IBDGs [5]; Z;, is the equivalent impedance of the lines connected
to the feeder; E; and Ipg; are the equivalent voltage source and current source modeling the rotating
DGs and IBDGs connected to the feeder, respectively; and Z,, represents the equivalent network
impedance between the downstream voltage-source-type DG and the point of interconnection.

E

~o— 1

Figure 2. The equivalent circuit of the distribution network in question.

2.1. Proposed Estimation Scheme

This paper aims to evaluate the potential faultlevel, which is expressed as the potential short-circuit
current through the breaker. To investigate the extreme situation, three-phase short-circuit occurring
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exactly at the terminal of the breaker is considered. Hence, the power sources upstream rather than
those downstream will contribute to the fault current through the studied breaker. Taking the breaker
CBS8 in Figures 1 and 2 as an example, the overall current through it, if the imaginary fault really
happens, consists of the contribution from the upstream rotating generators and that from the upstream
IBDGs. If Z,; is known, then the former can be calculated by setting E, the value of 1.0 pu (per-unit
value), as the internal electromotive forces of the rotating generators are practically close to their rated
values. Concerning the latter contribution, it is usually limited within a range of 1.2 to 1.5 times the
rated current [25,26]. Such a multiplier is denoted as the overcurrent coefficient. Given the value of
such a coefficient, the contribution from IBDGs to the fault current can be estimated, as long as their
rated currents | pGo are known.

Consequently, the estimation of the potential fault level is converted to the evaluation of two
unknown parameters, i.e., Z,; and I pGo, even though no actual short-circuit fault occurs. An online
method deriving these parameters from the measurements after a series of disturbances is proposed
in the following paragraphs. All selected disturbances come from the normal phenomena, such as
load fluctuations, instead of real short-circuit faults. Certainly, the information about whether the
configuration of the upstream grid changes or not should be known during the estimation procedure.
Otherwise, the undiscriminating disposal of the data, even though Z,; and Ipco have already changed,
is improper and might undermine the estimation accuracy. The proposed method in this paper benefits
from an advanced algorithm to smartly detect, judge, and deal with various disturbances differently,
thereby improving the estimation accuracy.

The parameters of Z,; and Ipgo are proposed to be calculated on the basis of the voltage and
current measurements after several continuous disturbances downstream to the studied circuit breaker
and without re-configuration of upstream grids. In practice, the voltage at the breaker and the
current through it can be measured by PMUs, taking their advantages on accurate synchronous
sampling. The precision for the voltage/current amplitude and phase angle can reach 0.01% and 0.01°,
respectively [27]. Alternatively, they can also be measured by protection relays. The corresponding
positive sequence phasors of voltage U and current I are obtained as well. In this paper, the subscript
‘0’ is applied to denote the variables before disturbances, e.g., the measured voltage phasor Uy and
the current phasor Iy, respectively. After n downstream disturbances with enough identifiability,
the relevant voltages and currents are recorded as a set of phasorsi.e., Ul, Uz, . Un and 11, 12, ... In.

The following equations hold:

Eo = l:lo + (?o - ?DGOKO)Zeq
Ey = Uy + (I - IpcoK1)Zeg (1)
En = Uy + (In — IpcoKn)Zeg

where K; (i =0,1,2...n) is defined as the regulation factor to describe the IBDG output current with
respect to its rated value as its output voltage changes. During the disturbance, the output power of
IBDG is assumed to be constant; hence, K; = Up/U;, which can be numerically calculated.
: T
Denote the vector x = [x1, xz]T = [Zeq, I DGOZW] , and the following matrix equation is obtained
by subtracting the first equation from the other equations in Equation (1).

Al Ko-K AlL
Ajz K() —Kz [ X1 } _ AUz

X2
AL, Ko— Ky AU,

Ax=B = 2)



Appl. Sci. 2020, 10, 3812 50f15

If n = 2 and the rows of matrix A are independent to each other, Equation (2) is solvable. That is
to say, two independent disturbances are exactly-enough to determine the vector x in theory. If n > 2,
however, the vector x can also be determined as a least-square solution. Considering the possible
noises and modelling errors, it is better to use more than exactly-enough measurements from different
disturbance to promote the confidence level in results.

Then, there are two questions to be addressed. Firstly, the direction of the disturbance needs to
be identified so as to take advantage of the useful fluctuations occurring on the downstream to form
the coefficient matrix in Equation (2). As discussed above, only Z.; and I DGo upstream to the studied
circuit breaker are required to be estimated, so it should be guaranteed that no change happens in the
power grid upstream. The proposed method can only depend on the disturbances downstream to
derive the results. If the disturbance upstream is detected, the initial measurements UO and IO should
be updated, indicating the upstream grid is re-configured and new Z; or I pco should be expected.
Hence, it is important to distinguish the direction of disturbance. Secondly, the amplitudes of the
voltage and the current variation in coefficient matrix in Equation (2) are also crucial for the estimation
accuracy. Disturbances occur in the network time to time, while the experience shows that, as to the
deviations, at least 5% are apparent enough to produce the qualified variation on the voltage and
current. Moreover, there are also a series of naturally occurring disturbances, such as large motor
starting-up, electric arc furnace operation, rapid load fluctuation, etc. An effective way to capture and
rank the useful disturbance is also important for the proposed method. These two questions are to be
discussed in the following section.

2.2. Direction Identification of Disturbance

It has been confirmed that the direction of fault on a transmission line can be distinguished on the
basis of the angle difference between voltage and current phasors [28]. Similarly, the change of the
voltage and current can be used for the identification of disturbance direction.

Take the simplified equivalent circuit of a general radial distribution network as an example (as
shown in Figure 3). Suppose the disturbances occurs on the downstream, which is to say Eeq and Ze;
are constant while Z; changes from Zp; to Z;5. Consequently, the voltage on CB8 and the current
through it change from U; and I; to U, and I, respectively. Define the reference directions of the
current and voltage phasors as indicated in Figure 3, then the following equations hold.

Figure 3. The equivalent circuit for direction identification of disturbance.
Eeq =U + Ilzeq/ (3)

Eeq = UZ + IZZeq/ (4)

The following can be derived:

Zeq =T . = T (5)
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On the contrary, if the disturbance occurs on the upstream or grid side, the equivalent load
impedance Z; and voltage Epg keep constant, while Eeq and Z,; vary. Then the following two
equations yield.

Epc = Uy - 1171, (6)
Epc = Uy -7 (7)
The following holds:
U,-U; AU
7 =21 =" ®)
L-I; Al

Equations (5) and (8) show the relationship between the impedance and the variations of voltage
and current in two different situations. In terms of the practical power systems, the real parts of Z;
and Z, are usually greater than zero [14]. With regard to Z,,, it implies that the transfer conductance of
power grid cannot be ignored. The non-zero real part of Z; represents some active loads on the feeder.
Therefore, the following index is designed to distinguish the direction of the disturbance.

Dir = —real(&_l], )
Al

Specifically it means the disturbance occurs downstream to the circuit breaker if Dir > 0; otherwise,
it is supposed to be the event upstream.

The application of PMUs can enhance the accuracy on the location identification of the disturbances.
If there are several PMUs on the feeder, the disturbance directions obtained from each PMU can be
compared with each other, and the results without consistency can be eliminated.

2.3. The Fuzzy Logic Identifier to Distinguish Useful Disturbance

There are some difficulties for the deterministic theory to distinguish the useful disturbances in
the proposed method. On one hand, it is impossible to draw a distinct line between the disturbances on
two different directions, as the slight fluctuations are always happening in the whole system. Therefore,
the mere index Dir might not always be always accurate enough, especially in the special situation that
the value of Dir is in a small vicinity of zero. On the other hand, the threshold is required to identify
the “non-trivial” change of the voltage or current, as the desired information in the trivial fluctuation
could be overshadowed by the errors. However, similarly, it is hard to find a once-for-all setting for the
threshold, as the power girds with different load types have a diversity of characteristics.

In this paper, a fuzzy logic identifier is illustrated to identify the disturbance in a more adaptive
manner. Fuzzy logic methods have been invented for decades, to provide alternative solutions in
adaptive control [29]. Two aspects need to be identified, including the disturbance direction with
respect to the studied breaker, and the deviation level of the voltage or the current. The design of a
fuzzy logic identifier usually includes three steps: (1) setting the rule of the problem; (2) selecting
the proper linguistic terms which can describe the input and output properly and normalize the
input-output variables; and (3) defining the fuzzy logics for all fuzzy variables [30].

2.3.1. Set the Rules for Disturbance Identification

Equation (9) designs an index Dir. By comparing its value with zero, this index represents the
disturbance direction theoretically. However, if Dir is too close to zero, the mis-judgement could be
made due to the inevitable errors in potential transformer (PT) and current transformer (CT), as well
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as in the computation process. Therefore, a safety margin is imposed to enhance the accuracy of the
disturbance direction identification. The practical criterion is formulated as Equation (10).

Dir < —¢, upstream disturbance
—-e<Dir<eg, ignored (10)
Dir > ¢, downstream disturbance

where ¢ is a small positive value predefined to establish the safety margin. In this paper, it is
experimentally set as 0.01. Equation (10) ensures that those unclear disturbance conditions with Dir
laying in a small vicinity of zero, will be ignored. Such conditions could be simultaneous disturbances
on both grid and load side, or those with slight voltage and current fluctuations.

Concerning the identification of the effective non-trivial disturbances, the relative percentages
of the value changes are employed. To take consideration the operation states before and after
the disturbance, the original values compromise to adopt the averages of those before and after
the disturbance.

It is obvious that these two scalar positive parameters range from 0 to 2, which can be used for
evaluating the severity of the disturbance.

A ‘AU‘ Z‘Uz—ul'
AU = Tl = Tk
average(‘bh', UZ') ‘u1'+|U2’ (11)
TR
Al = =

average(iljz) N ‘11 'Jr'lz‘

where the function “average(x1,x2)” represents the mathematical average operation of the variables x4
and x,.

2.3.2. Linguistic and Universal Terms of Input-Output Variables

It is of great importance to represent the problem in fuzzy terms when fuzzy logic is used for
problem-solving scenarios. As stated above, only the load-side disturbance which satisfies Dir > ¢,
is with useful information. Therefore, AU and Al are considered to be the input signals for the identifier.
They are both positive values. Consequently, four linguistic terms, namely Zero, Small, Medium, and
Large, are picked out to describe the input variables in the fuzzy system [31]:

(O, PS, PM, and PL)

O—Zero;

PS—Positive Small;

PM—Positive Medium,;

PL—Positive Large.

Different from the fuzzy logic controller, whose output signal is used as the tuning parameters
of the control strategy, the fuzzy logic identifier in this paper is dedicated to classify the input states.
The output variable herein is namely the confidence level (CL) of a certain disturbance. It represents
the reliability or the confidence of the voltage and current changes caused by such a disturbance.
As the proposed method is based on the least-square solution, the confidence of the disturbance affects
the estimation results. If the disturbance is more desirable, i.e., definitely occurring downstream and
incurring more effective changes in voltage and current, then the corresponding results derived from it
should be more reliable. To make the segmentation of CL more accurate, seven terms of nonnegative
value are required:

(O, PVS, PS, PLM, PM, PML, and PL)

O—Zero;

PVS—Positive Very Small;

PS—Positive Small;

PLM—Positive Light Medium;
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PM—Positive Medium,;

PML—Positive Medium Large;

PL—Positive Large.

The input variables of a fuzzy logic identifier usually change within a range, which cannot be
confirmed in advance. However, the fuzzy logic rules require the input signals to be dispersed in
the first place. Consequently, the actual variation range shall be projected to a proper closed interval
to facilitate the calculation. According to the feasible operation states and experiments, the input
signals involved in the fault level estimation have the following numerical features. AU normally lies
in the range of [0, 0.2], as the operating voltage of the power is system seldom below 0.8 pu, except
in the fault. For Al it can vary in a wide range of [0, 2], supposing the load has a large overload
capacity. Therefore, two input signals, AU and Al, are first projected to the interval of [0, 0.2] and
[0, 2], respectively. If the values of the input signals go beyond the corresponding lower and upper
limit, they will be assigned to the values in the boundary. For example, if the relative change of voltage
is greater than 0.3, the nominal input of AU will still be fixed as 0.2.

To make the input-output signals more uniform and simplify their transformation to linguistic
terms, the universe mapping is introduced to further project the input signals to a series of dispersed
numbers. Itis required that the number of elements in the basic universe is more than twice the number
of fuzzy linguistic terms. Therefore, the fuzzy sets can fully cover the input-output domain without
losing important information. Herein, the universes AU and AT are uniformly mapping as (0, 1, 2, 3, 4,
5, 6, 7), while the universe of the output variable CLissetas (0,1, 2,3,4,5,6,7,8,9, 10, 11, 12, 13).

2.3.3. Fuzzy Logic Rules and Membership Functions

Fuzzy logic provides a computational representation of heuristic knowledge about a specific
problem [32]. The purpose is to find out how the input variables influence the decisions and to
quantify their values in relevance levels. Membership functions establish the profile of the variables by
expressing the compatibility degree of each one with previous experiential information. Then the fuzzy
logic rules can be built, and the evaluation of the input signals can be acquired via defuzzification,
which consists of all variables’ interaction through stochastic techniques [32].

The values of the membership function are all in the interval [0, 1], where the value of 1 means
that the object entirely belongs to the member of the set, while the value of 0 represents complete
irrelevance. When designing the fuzzy logic identifier, the triangle and trapezoidal memberships
are used in this paper. The linguistic terms of two input variables and the universes are identical.
Therefore, they are allocated with the same membership function, as shown in Figure 4a.

Take the four cases in Table 1 (O, PVS, PML, and PL in bold) as the examples to explain the rules
in detail. The rules are listed as follows:

IF AU ranges within O, and Al ranges within O, THEN the output is O;

IF AU ranges within O, and Af ranges within PS, THEN the output is PVS;

IF AU ranges within PL, and Al ranges within PM, THEN the output is PML;

IF AU ranges within PL, and Al ranges within PL, THEN the output is PL.

As there are two input signals, each of which is with 4 possible linguistic terms, the number of the
fuzzy rules is total 16. The tuning rules in detail are explicitly illustrated in Table 1. It implicates that
the estimation results derived from a different disturbance will have a different confidence. Those with
apparent load changes are allocated high confidence. The membership function of output variable CL
is shown in Figure 4b.
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Figure 4. Membership function of the input—output variables: (a) membership function of the input;
and (b) membership function of the output.

Table 1. The fuzzy logic rules for forming the CL.

(@) (0] PVS PS PLM
PS PVS PS PLM PM
PM Ps PLM PM PML
PL PLIM PM PML PL

3. Implementation and Simulation Results

3.1. Practical Implementation

One of the advantages in the proposed method is that there are several options to implement
it. It can be implemented by PMU with high measurement accuracy or by the protection relays
without any extra hardware investment. In this section, the latter option is selected for demonstration.
In addition, the proposed method estimates the short-circuit current before it really happens. The online
procedure of the estimation guarantees the time-varying factors incurred by DGs are considered.
The practical implementation of fault level estimation in the relays is shown in Figure 5, where the
abbreviation “SCCE” represents the module of short-circuit current estimation. The phasor values
of the positive voltage and current at the studied breaker are analyzed on the basis of the recorded
data. Certainly, PMUs can alternatively be applied to provide more-accurate data and more-rapid
data processing, if necessary. The values of Dir, AU and Al are calculated for every non-trivial change.
A series of consecutive disturbance downstream is employed. The confidence level of the data is
derived to weight the results. If there happens a significant disturbance on the grid side, representing
the change of the equivalent circuit topology upstream, the initial operation states will be updated to
start a new estimation process. After the downstream disturbances occur consecutively for n times,
the confidence level of the recorded voltage and current through the fuzzy logic identifier are assigned
tobew; €{0,1,2,...13} (i = 1,2,...n). The short-circuit current is then estimated with Equation (2),
and the corresponding confidence level of the final result is defined as follows:

n
Zl(wi)
= o
CL = 13—7‘1 X 100% (12)
This parameter can be used to evaluate the creditability of the final result.
If the fault really occurs, the module of SCCE will be blocked as soon as the tripping signal is
triggered, because the fault might lead to severe errors due to the saturation of PT and CT. The SCCE
also has a low voltage/current block function to prevent the equipment from outputting the results

with large errors.
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Figure 5. The diagram of implementing the proposed method.

3.2. Test Case and Results

The proposed method is validated by hardware-in-loop (HIL) technology. The data processing
and the proposed algorithm are implemented in hardware relays. The network and the associated
disturbances are simulated in software. The network dynamics and the disturbances produced
by simulation in software are converted into real signals imposed on hardware relays. Thereby,
the interface between hardware and software is implemented. The network model of the test case
is derived from a typical distribution network in the United Kingdom (UK). The model integrates
some DGs, as illustrated in Figure 6. Meanwhile, there are three transformers with the ratios of
33 kV/11 kV/11 kV, 66 kV/11 kV/11 kV, and 132 kV/11 kV/11 kV, respectively. Six busbars are divided
into three groups and connected to 12 feeders, three of which are DGs and the rest of which are loads.
There are four kinds of breakers in the model. The breakers Bil~Bi6 connect to the main power source,
while Bf1~Bf12 are designed for the loads or DGs. The rest of the breakers are used for bus switching.
The breaker Bf12 was chosen as the studied breaker, which is connected with different types of loads,
including variable impedance load, motors, electric arc furnace, etc.

'
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Figure 6. The configuration of the network model to validate the proposed method.

Similar to the relay testing, the proposed algorithm is coded and compiled by MATLAB C-coder
module. Then it runs in a real-time hardware simulator and is implemented in relays. On the other
hand, the network model is firstly constructed in PSCAD software. Then the voltage and current at the
breakers are simulated and stored in the COMTRADE data files. After that, the OMICRON simulator is
used to generate the real signals of voltage and current, in accordance with the COMTRADE data files.
The real signals generated are imposed on the relays. Thereby, the test scheme of HIL is accomplished.
The basic process of the test is shown in Figure 7.
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Figure 7. The testing process of the proposed method.

The testing scenarios are selected in accordance with the real conditions. The switching of
breakers is used to simulate the different states representing the adjustment due to intermittent DGs.
The downstream disturbances are generated to simulate the motor starting-up, the normal operation
of the electric furnace (using its lashing characteristics), and the sudden/smoothing load change.
The fault to compare with and validate the results from the proposed method is obtained by imposing
a permanent three-phase short-circuit in PSCAD.

The first test is carried out as follows: (1) At the beginning, all of the main-sources are disconnected,
i.e., Bil to Bi6 are open; (2) at 6 s, Bil to Bi3 are closed and half of the main-sources are connected;
(3) and at 10 s, Bi4 to Bi6 are closed. The composition load downstream to the studied breaker Bf12
changes randomly. The voltage and the current at the breaker are recorded for 15 s in COMTRADE
files. They are shown in Figure 8a,b respectively. The fault currents obtained by the simulation in
PSCAD and by the proposed method of fault level estimation (FLE) are both shown in Figure 8c.
They are depicted by the dashed and the solid line, respectively. Because the switching operation on
the grid side forms different states, the fault current changes dramatically at 6 s and 10 s. The changes
are clearly shown in Figure 8c, with the purple dashed line. Because it needs to detect a series of
non-trivial load fluctuation to launch the fault level estimation, there is a short delay for results to be
updated. However, as soon as the load fluctuation is detected, the predicted estimation result is given
and shown in Figure 8c, with the solid yellow line. The errors between the actual short-circuit current
and the estimated result are trivial, which validates the feasibility of the proposed method.

The other eight disturbances caused by different types of load fluctuations on the feeder are
applied to the system. The proposed method is validated in each case. The results are quite similar
to Figure 8¢, so they are not depicted. The overall numerical results, including confidence level,
are given in Table 2. It can be concluded from the table that the errors between the predicted fault
level and the truth value are less than 5%. In addition, it can also be observed that both the accuracy
and the confidence increase with the magnitudes of disturbance increasing. The proposed method in
this paper is mainly designed to online monitor the breaking capacities of the circuit breakers and
disclose the potential risks if the fault level goes beyond or reaches the breaking limit. The existence
of such risks usually means that the circuit breakers should be replaced or upgraded. This kind of
estimation is desirable for power-grid planning, which normally does not require extreme accuracy.
Hence, the results in Table 2 are accurate enough. Certainly, the estimation accuracy is critical to
the performance of the algorithm. If the disturbances are too small, the estimation errors might be
large, as measurement errors always exist. On the other hand, if the disturbances are large enough,
the estimation errors could be decreased. However, the latter scenarios occur less frequently than the
former ones in the practical distribution networks, so the chances to activate the proposed method are
also reduced in the latter scenarios. Therefore, there should be a compromise between the accuracy
and the time efficiency. The choice of the disturbances to produce the results with errors less than
5% is determined on the basis of trial-and-error on a number of simulations for different kinds of
disturbances. This threshold ensures a sound performance, balancing the accuracy and the acceptable
time intervals, to produce the results.
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Figure 8. The simulation results: (a) the instantaneous voltage at Bf12, (b) the instantaneous current at

Bf12, and (c) the actual fault current and the fault level estimation (FLE) value.

Table 2. Test results for different scenarios.

Magnitudes of AU and

Errors between Actual and Fault

Load Type AI in Percentage Current Estimation Confidence
2% 4.46% 30.8%
3% 4.00% 33.3%
Motor load 5% 3.07% 38.5%
10% 2.82% 53.9%
2% 5.00% 23.1%
Electri ¢ 3% 4.60% 38.5%
ectric arc furhace 5% 3.66% 46.2%
10% 2.58% 61.5%

4. Conclusions

In this paper, a method was proposed to evaluate the fault level represented by the short-circuit
current through the breakers in the distribution networks with DGs. The merits of the proposed

method can be summarized as follows.

1.  Different from the conventional offline analysis, the proposed method ensures online estimation
of the potential short-circuit fault level. It is adaptive to the present situation in the distribution
power networks with more and more DGs, which make the fault current change frequently.
Meanwhile, the proposed method is relatively easy to be implemented by either PMUs or the
measurements from the protection relaying.



Appl. Sci. 2020, 10, 3812 130f 15

2. The feasibility of the proposed method depends on the accurate recording of the desirable
information. An identification method to detect the disturbance direction helps to distinguish
the wanted disturbance. The fuzzy logics are applied to classify the voltage and current changes
incurred by the disturbance. Only the qualified disturbances will launch the estimation. The fuzzy
logics overcome the difficulty in choosing the deterministic thresholds.

In addition, the least-square solutions with weighted confidence derived from fuzzy logic identifier
help to decrease the estimation errors. The usage of the confidence index in the algorithm takes full
advantage of all possible disturbances and disposes with them in the different weights. The results
derived from the large disturbance are more accurate, with a larger confidence, as the measurement
errors (in percentage) can be reduced. The smaller the disturbances are, the less accuracy and confidence
are delivered. However, the small disturbances, which may occur more frequently in the practical
distribution networks, are also needed so as to decrease the time intervals to launch the estimation.
Therefore, the performance of the algorithm should be balanced between the accuracy and the efficiency.

The algorithm is successfully embedded into the protective relay, to implement the proposed
method in practice. A distribution power network is used to validate the proposed method. The results
proved the effectiveness and the accuracy of the presented method. Meanwhile, it is true that PMUs
can alternatively provide more accurate data and more rapid data processing for the proposed method,
if necessary.
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