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Abstract—The use of solid state transformers (SSTs) in microgrids
has created a new kind of network called Future Renewable Electric
Energy Delivery and Management (FREEDM) microgrid. The
FREEDM microgrid provides an appropriate means for enhanced
energy management, loss reduction, and network flexibility by
reducing the number of converters used for a variety of AC-DC
links. In this work, we propose a novel method for fault detection
in FREEDM microgrids when considering uncertainties in network
topology. The proposed method makes use of the Clarke and S-
transforms to characterize the transients in three-phase current and
voltage waveforms in the event of a fault. The extracted features of
the waveforms will be used to form appropriate indices for detection,
location, and characterization of the fault. The main feature of the
proposed method is its capability to operate in a dynamic microgrid
with varying topology. The performance of the proposed method is
investigated by applying it to a sample FREEDM microgrid with
ring and radial structures. It is shown that the proposed method is
well capable of fault detection and diagnosis while being able to
differentiate between short-circuit faults and switching transients
due to variations in the network topology.

1. INTRODUCTION

Solid state transformer (SST) is a transformer relevant
to power electronic devices that are introduced with the
advancement of semi-conductor technology. It comprises
high-powered semiconductor components, conventional high-
frequency transformers, and control circuitry to form a flex-
ible means for controlling power distribution networks [1].
Due to special properties of these transformers (such as bi-
directional power flow and input/output AC/DC power avail-
ability), they are gradually replacing the conventional trans-
formers in intelligent networks [2].

The presence of SSTs in microgrids has created a new
class of smart networks called Future Renewable Electric
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Energy Delivery and Management (FREEDM) microgrids.
The FREEDM microgrid provides an appropriate means for
energy management, loss reduction, and network flexibility
by reducing the number of converters used for a variety of
AC-DC links [3]. These merits are welcomed by many policy-
makers who believe a smart grid is not only needed to remedy
the problems caused by the grid’s growth in size, scale, and
complexity, but is well within reach.

Similar to the conventional microgrids, the protection of
FREEDM networks in the event of a short-circuit fault is a
challenging task. In this endeavor, fault detection is found
to be the main challenge due to the low magnitude of fault
current in the presence of inverter-interfaced distributed gen-
erations (IIDGs). To overcome this issue, the installation of
synchronous DGs in the vicinity of IIDGs has been pro-
posed for balancing out the fault current [4]. The proposed
scheme, however, becomes increasingly complicated when the
dynamic behavior of microgrids is taken into account, let
alone the undesirable economic burden it could impose [5].

A thorough review of various fault detection methods
in the conventional microgrids has been reported in [5].
These methods include voltage analysis, wavelet transform,
S-transform (ST), and harmonic analysis. In the voltage
analysis method, the output voltages of DGs [6, 7], or
their transformed values in the d-q axes [8], are compared
with appropriate threshold values. This method cannot be
applied to all microgrid topologies as the threshold values are
dependent on the topology of the microgrid. In the wavelet
transform method, a decision-maker tree is generated based
on a number of components extracted from distorted voltage
and current waveforms in the event of a fault [9]. Although
this method is applicable to networks with known topologies,
it fails to detect faults in a typical microgrid with uncertainties
in its topology. In the ST method, a constant threshold value is
used for detecting a fault [10]. Again, it tends to fail as the use
of a constant threshold value cannot guarantee accurate fault
detection in all possible network topologies. In the harmonic
analysis method, the zero component of current waveform is
used for fault detection. Therefore, it can only detect phase-to-
ground faults, missing the other types of faults in the network
[11]. In a different approach, digital relays have been used
to monitor current differential for fault detection [12-16].
This approach can only cover the normal and island modes of
operation and is incapable of treating all microgrid topology
variations.

Despite various techniques mentioned above for detec-
tion of faults in the conventional microgrids, there are few
reports in the literature that involve FREEDM microgrids.
Fault detection in FREEDM systems generally involves more
complex challenges, partly due to the presence of SSTs. It
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is worth noting that the high-frequency isolation in a SST
strongly decouples its two sides in a way that distorted
signals in either side are not observed in the opposite side
[17, 18]. The authors in [18, 19] proposed the central-adaptive
protection method for fault detection in a FREEDM system.
In this method, the microgrid ring is divided into several
zones whereby the fault detection is done based on current
differential in each zone. If the sum of the currents inside
each zone is equal to zero, there is no fault in that zone;
otherwise, fault exists and a cut off command will be sent
to the breakers at the end points of each zone. The use of
adaptive schemes for protection of microgrids equipped with
power electronics devices was challenged due to the problems
in the synchronizing measurements and data transfer [3, 20].
The issue was resolved using the inherent attributes of SSTs.

None of the above-mentioned methods considers the uncer-
tainties in the topology of a FREEDM system. In this paper,
we propose a novel method for detection of faults in a
FREEDM microgrid. The proposed method makes use of
the Clarke transform and ST to obtain the characteristics of
three-phase current and voltage waveforms and their Clarke
components at different points in the network. The informa-
tion is used to detect fault occurrence, fault location, fault
type, and the respective engaged phases. The ST provides a
high-resolution mapping of transient signals in the frequency
domain, using frequency-variable Gaussian windows [21].
This feature enables one to have access to very useful time-
domain information about transient signals which, in turn, can
be used to determine various characteristics of a fault while
differentiating it from switching of energy sources, loads, or
network lines.

One of the innovations in the proposed method is its capa-
bility to respond to varying topology of a dynamic microgrid.
In fact, there is no need to change the protection strategy in
the proposed method in cases where the microgrid utilization
topology changes. Also, it is independent of the inherent prop-
erties of SST so that the forced complexities for the microgrid
due to the presence of these transformers do not affect the
effective performance of the proposed method.

The paper is structured as follows. In Section II, the pro-
posed method is detailed and an algorithm for implementa-
tion will be introduced. The sample microgrid is described in
Section III where simulated results of various case studies are
presented to evaluate the performance of the proposed method
for both ring and radial topologies.

2. PROPOSED METHOD

Without loss of generality, we assume that the FREEDM
microgrid (Figure 1) has a ring structure and is divided into
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FIGURE 1. The main ring of a typical FREEDM microgrid
system.

M zones. We also assume that the m-th zone (m = 1: M)
comprises two sensing modules at its two ends for captur-
ing current and voltage waveforms. The captured data are sent
to a central server through appropriate communication links,
where it determines the occurrence of a fault, its type, and the
zone within which it occurs [22]. For the sake of simplicity,
we assume that the communication links as well as sensing
modules are noise-free.

2.1. Clarke Transform

When a fault occurs, the three-phase current and voltage
waveforms will vary everywhere in the network, particularly
in the vicinity of the fault location. The analysis of such varia-
tions can be used to determine the type of a fault and its loca-
tion [23]. Considering that the zero components of the current
and voltage waveforms in the event of a fault are no longer
zero, we start by applying the Clarke transform to the respec-
tive waveforms, i.e.,

uy 2 -1 —1 uy
up =3 0 V3 V3| |uw (1)
uy 1 1 1 u

where u]), ug’, and uy, respectively, represent the o-, 8-,
and y-components of the Clarke transform of the phase
a, uy, phase b, uj’, and phase c, ", of the current/voltage

waveforms in the m-th module (m = 1: 2M).

2.2. S-Transform (ST)

ST is a time-frequency distribution with the attributes of the
wavelet transform and the short time Fourier transform simul-
taneously. It provides a high-resolution mapping of transient
signals in the frequency domain, using frequency-variable
Gaussian windows [21]. It has been shown that the ST is
a powerful tool for voltage and current signal processing
with the capability of differentiating a short-circuit fault from

switching transients due to variations in the network topology
in a microgrid [24].

The ST, S(z, f), of a time-domain signal, u(f), is defined as
follows [21],

S, f) = [ u(t).o(t —t, f).exp(—j2r fr)dt 2)

where w is a running Gaussian function window in time whose
standard deviation is equal to the reciprocal of frequency

(1/N),1e.,
S —(r —1)*f?
a)(r—t,f)_mexp< 5 ) 3)
such that
/Oow(r—t,f)dtzl 4)

It is worth noting that since the maximum magnitude of
Gaussian function equals its mean value, the mean value of
the window is appointed on the intended moment of the signal
to provide more focus on the examined signal.

Assuming that the received signal u(¢) is sampled with
time interval T and total sampling number N, we get a discrete
sequence of u(k), k =1, 2, ..., N. By defining f — 7= and
T — kT, the discrete ST expression can be written as
follows,

m n Y m n
sy [IT, ﬁ} = ; ! (kT).a)((k — DT, ﬁ)

.exp (—_ji? kn) ®)

where m = 1: 2M, g = o, B, ¥, a, b, ¢, and u = i, v represents
the current, i, and voltage, v, waveforms.

The result of ST is a duplicate time-frequency N x N
matrix known as the S-matrix; its row vector reflects the fre-
quency distribution of the interval time 7, and its column vec-

tor reflects the changes of a certain frequency with time.
The S-matrix of signal u, S/, can be expressed as

u,q°
follows:
n
sm, {zr, NT}
u.q > NT u,q s NT u,q s NT g T

s;”,q[zr, ﬁ} SZ,",,,[ZT, %] S;;jq[zr, %] SZ’,q[N, H
B N L I EL A I T st[37.4]

St NT R su[NT %] sm T R e sm VT ]
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from which the energy matrix, E;/ , whose elements are the

square of the amplitude of the respective elements in the
S-matrix, is derived, i.e.,

E],
A N A LA L A EA o [ A S U
ISy, 27, w117 1si, 27 117 ISy, 27 J 117 - sy, [27 711
ISy, (3T, wr 1P 1S, BT 7 1P 1S, BT r 1P - ISy, [3T. 7] 12
ISy INT. 5] P 180, [INT. G ] P10, [INT. G P 1s, [NT. 2] P
(7N

The energy of u;”, E;’fq,

up the elements of the energy matrix, i.e.,

can now be obtained by summing

2

Eiq ZZ uq[eT —} ®)
e=1 g=1
and the standard deviation of Ej} , STDy/
STD,
2 Yoemt Yog IS0 [T, 117 2
[onm (bl (2

N2
©)

is computed to examine how much the elements of the energy
matrix differ from each other.

We will use values of E’" and STDZ’q (m=1:2M, q =
o, B,y,a, b, c,and u =i, v) to detect, locate and character-
ize a fault. Notice that when a fault occurs, various elements
of the energy matrix that contain the signal energy at differ-
ent times and frequencies are altered remarkably; such varia-
tions will lead to changes in the values of the examined signal
energy and standard deviation of the respective energy matrix.
For the sake of consistency, these values are normalized to the
largest value which is recorded. Throughout the manuscript,
the bar sign () is used to indicate the normalized version of
the respective quantity.

2.3. Proposed Fault Detection Method

Figure 2 shows a block diagram of the proposed method
for determining the occurrence of a fault, its type, and the
zone within which it occurs in a FREEDM microgrid. In the
proposed method, the central server shares data from var-
ious sensing modules with three main algorithms (namely,
fault detection, fault location, and fault characterization), each
of which is responsible for performing a particular task. A
detailed description of each algorithm is given below.

1121
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FIGURE 2. Block diagram of the proposed method.

In the fault detection algorithm, the occurrence of a fault
in the network is decided by examining the energy and stan-
dard deviation of the «- and y-components of current and
voltage energy matrices associated with various sensing mod-
ules (Figure 3) against appropriate pre-specified threshold val-
ues. The threshold values are obtained off-line, prior to the
implementation of the detecting algorithm. This is done by
simulating various transients in the network and computing
the respective detection indices. In particular, borderline cases
(faults with small values of detection indices or non-fault tran-
sient disturbances with large values of detection indices) are
selected on the basis that the proposed method should be
able to detect all genuine faults while not acting on other
transient disturbances. To avoid false detection, the threshold
value associated with each detection index is determined such
that it becomes greater than the largest value of the respec-
tive index for non-fault transients while being smaller than
those obtained for the faults with smallest impact at the sens-
ing positions (i.e., locating electrically distant from the sen-
sors). In the case where there is not a large gap between the
values of a detection index for fault and non-fault transients,
a compromise is made and the threshold value is selected to
be as close as possible to both values. It is worth noting that
a decision for declaring a fault is only made when all four
detection indices are greater than the respective thresholds,
thus minimizing the chance of a false signal. Also, the use of
the ST provides an excellent tool for differentiating between
short-circuit faults and switching transients due to variations
in the network topology. Hence, one does not expect to see
too much changes in the gaps between the threshold values
associated with the fault and non-fault transients in the cases
where the network topology varies. In other words, variations
in the network topology have little effect on the accuracy of
the proposed method.

It is worth noting that the standard deviations of transient
signals are used to detect the occurrence of a transient dis-
turbance in the network, whereas their energy values are used
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( Start )

-

Y
Acquire the pre-specified number of samples of three phase
components (a,b,c¢) of voltage and current waveforms
measured at the m-th (m =1:2M) sensing module

v

Compute the Clarke components of voltage and current
waveforms (¢, B.y) from their phase components (a,b,c)

v

Compute the normalized energy and standard deviation
of the ¥-component of current and voltage waveforms
(E?},STD?L,E:’!% STDw ) and the normalized energy

A for the @-component of current waveform ( /)

(]

Acquire the pre-specified threshold values

TH TH —=TH TH
(Eiy ,STDiy ,Ev,y,STDy,y)

—m

STDy, > STDwy 2

A fault is detected by the m-th sensing module

FIGURE 3. Flowchart of the fault detection algorithm.

to differentiate between a short-circuit fault and other cases
of transient states (e.g., switching of DGs, loads, or network
lines). When the values of all four detection indices (Figure 3)
in a sensing module exceed their respective thresholds, the
algorithm detects a fault.

Due to the short length of lines in a typical microgrid net-
work, several modules (say L modules) could simultaneously
detect a fault; hence, it is important to prevent unreasonable
power outages by detecting the exact location of a fault. The
fault location algorithm (Figure 4) uses the energy values of
the «- and y-components of current waveforms measured at
the L detecting modules to compute the L x 1 location index

Compute the normalized energy of the 7-and a-
components of current waveform (E,,y, E; a‘) at
the L sensing modules that detected a fault

v

Compute the L x1 location
index vector (K;)

Y

Search for two sensing modules with

the two largest elements of (K;)

Y

The fault has occurred between
these two sensing modules

FIGURE 4. Flowchart of the fault location algorithm.

vector, K|, defined as follows,

-
Cyr e
Ei,y+Ei,rx

3 -3

Kl = E[,y +Ei,a (10)

- -
_Ety+Ei,a_

Having determined the location index vector, the location
algorithm searches for the two sensing modules associated
with the two largest elements of the location index vector. The
connecting line between these modules is where the fault has
occurred.

After locating the position of a fault, the characterizations
algorithm (Figure 5) uses the values of energy associated with
the a-, B-, and y-components of current and voltage wave-
forms of the sensing module (m = m’) with the largest detec-
tion index to determine the fault type and the corresponding
phases. This is done by computing two empirical characteri-
zation indices, K}” and K1, as follows

m i "
K3 =E,tE,, (b
Ky = max | L+ Bl +Elp)) (12)

It is found that the values of KJ” and KJ" are sensitive to
the type of faults, and hence, can be used to characterize a
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Compute the normalized energy of «-, #-, and ¥- components of
m —=m =M  —=m =m —=m
current and voltage waveforms (Eia,Eva,Ei g, Ev.g.Eiy, Evy) of
the sensing module with the largest detection index (m'-th module)
Compute characterization index ( K7y

L]

Compute the normalized energy

for three phase current waveforms

—m' —=m' —=m'

(Eia,Eip,Eic)

s|Double-phase - fault- phases with
larger normalized current
energies are involved in the fault

Yes

Three-phase-fault

| Compute characterization index ( K3' ) |

Yes |Single-phase-fault- the phase with
the largest normalized current
energy is involved in the fault

No

Double - phase-to- ground fault- phases
with larger normalized current
energies are involved in the fault

FIGURE 5. Flowchart of the fault characterizations
algorithm.

detected fault as follows,

K}" < Kjmin = Double — Phase

Komin < K3 < Ko max = Three — Phase

K" > KymaxandKY" < K3pmin = Signle — Phase
KY" > K maxandK}” > Kjpin = Double — Phase — to — Ground
(13)
where Komin, Komax, and Kzmin denote the thresholds (domain
separators) in the K}"-K}"” space whose values are determined
based on the network topology, the fault type, and the energy
values of the respective components of voltage and current

waveforms.

To determine the faulted phase(s), the characterization
algorithm uses the energy values of the a, b, and ¢ phase
current waveforms measured at the sensing module with the
largest detection index. Knowing that the faulty phases carry
much larger currents than the unfaulty ones, it follows that the
unfaulty phase in a double-phase or double-phase-to-ground,
and the faulty phase in a single-phase fault, can be readily rec-
ognized, as shown

It is worth emphasizing that the proposed method, as
opposed to the conventional methods [3], is capable of detect-
ing a fault in all operational topologies of a FREEDM micro-
grid. It can also be readily implemented on a microgrid
with decentralized controller. In this case, all modules are
equipped with the fault detection, fault location, and fault
characterizations algorithms, and will be responsible for the
required computation and decision making. In the event of
a fault, some of the modules will detect a fault accord-
ing to the flowchart shown in Figure 3, and subsequently,
dispatch appropriate detection alarms as well as their com-
puted detection indices to all other modules. The two modules
with the largest values of the fault location index (Figure 4)
will declare that the fault has occurred along their con-
necting line. Between these two modules, the one with a
larger fault location index will be responsible for determin-
ing the type of fault according to the flowchart shown in
Figure 5.

3. SIMULATED RESULTS

In order to evaluate the performance of the proposed method,
we used the sample microgrid shown in Figure 6 whose data
are available in Table 1. As can be seen in this figure, the
entire DG sources and some of the loads are connected to the
secondary side of the SST while the others are connected to
Buses 1-4.

HV Network

Central Server

FIGURE 6. Sample FREEDM microgrid.
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Lines data Solid state transformers data

R = 0.55 Sz/km Generation Load Bus loads
X=0.3 Q/km Name S(kVA) PF S(kVA) PF Bus number S(kVA) PF
Line 1 2.4 km SST1 0 0 250 0.8lag Busl 330 0.8lag
Line 2 1.3 km SST2 350 0.9lag 380 0.7lag Bus2 200 0.9lag
Line 3 3.5km SST3 0 0 530 0.9lag Bus3 250 0.75lag
Line 4 0.9 km SST4 300 0.91ag 410 0.75lag Bus4 500 0.85lag
Line 5 1.6 km SST5S 0 0 90 0.85lag

SST6 220 0.9lag 430 0.85lag

SST7 0 0 260 0.8lag

TABLE 1. Network data for the 12-kV FREEDM microgrid shown in Figure 6
- —TH —===TH -—=TH —~TH
We use the well-known DIgSILENT Power Factory 14.1.3 voltage waveforms, E,,, STD,,, E, ., and STD, , are

for obtaining the simulated results. In all simulations, the pro-
posed method analyzes the voltage and current waveforms of
a 100-millisecond sliding window sampled at a rate of 10 kHz.
Also, all possible fault types in various locations of the micro-
grid are simulated and the values of Komin, Komax, and Kzmin
are found to be 0.1, 1, and 1, respectively.

3.1.

To assess the capability of the proposed method in detection
of symmetric faults, a three-phase fault with 200 ohms of
fault resistance is placed at point F1 on Line 2 in the main
ring of the sample microgrid, as shown in Figure 6. In order
to determine the threshold values similar to those presented
in [23, 24], the worst situations that could challenge the
proposed method are considered. These situations are chosen
on the basis that the proposed method should be able to
detect all possible faults while ignoring all transient states.
The normalized threshold values associated with the energy
and standard deviation of the y-components of current and

Detection of a Symmetric Fault

0,y

found to be 0.000449, 0.001078, 0.002129, and 0.006575,
respectively.

As mentioned earlier, the sensing modules continually
sample the current and voltage waveforms, and the detec-
tion algorithm examines the acquired data for probable faults
according to the flowchart shown in Figure 3. Table 2 depicts
the normalized values of energy and standard deviation of
the y-components of current and voltage waveforms associ-
ated with various sensing modules before and after a three-
phase fault occurs at location F1 in Figure 6. A study of the
results shown in this table indicates that a fault has occurred
in the microgrid. This is confirmed by noticing that following
the occurrence of the fault, the normalized values of energy
and standard deviation of both current and voltage waveforms
associated with sensing modules 1, 2, 3, 4, 5, 9, 10 become
greater than their respective thresholds.

After detecting the fault, the location algorithm uses the
energy values of the y- and «-components of current wave-
forms at sensing modules m = 1, 2, 3, 4, 5, 9, 10 (i.e., the

E,, STD, E;, STD;,
Module number (m) Before After Before After Before After Before After Fault detected?
1 0.000216  0.058913  0.008123  0.058771 0.000047 0.029412 0.000134 0.012385 Yes
2 0.000166  0.085528 0.000132 0.17998 0.000007  0.03621 0.000061  0.031281 Yes
3 0.000917 0.305785 0.001092 0.408386  0.000169 0.08687 0.001083  0.053271 Yes
4 0.000773  0.203937  0.002313  0.284491 0.000174  0.056829 0.001336  0.049455 Yes
5 0.000751  0.075992  0.000496  0.132324  0.000207 0.033787 0.000178 0.017748 Yes
6 0.000486  0.006991 0.002742 0.004542*  0.000094 0.002655 0.000286 0.000695* No
7 0.000427 0.001883  0.000628 0.001324* 0.000112 0.002216 0.000275  0.000435* No
8 0.000044 0.010949 0.000354 0.005001* 0.000009 0.003645 0.000016 0.001337 No
9 0.000031 0.020076  0.000095  0.020902  0.000083 0.017477 0.000012  0.004522 Yes
10 0.000364 0.054799 0.002247 0.047169  0.000037 0.012452 0.000154 0.005611 Yes
TABLE 2. Values of EZTV, ST DZV, fﬁ,, and ST DTV associated with various sensing modules before and after a three-phase fault at location

F1 in Figure 6. The asterisk sign () indicates that the corresponding quantity does not exceed its threshold value
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—=m —=m

Module number (m) E;, E;, Ky

1 0.046301 0.029412 0.075713
2 0.134972 0.03621 0.171182
3 0.180342 0.08687 0.267211*
4 0.123007 0.056829 0.179836*
5 0.076605 0.033787 0.110392
9 0.013015 0.017477 0.030491
10 0.018518 0.012452 0.030971

—=m

TABLE 3. Values of £, , ETV and K" associated with the sensing

modules that detected a three-phase fault at location F1 in Figure 6

modules that detected the fault) to determine their respective
location indices K" (m =1, 2,3, 4, 5,9, 10). A study of the
results shown Table 3 indicates that the values of K" at sens-
ing modules m = 3 and 4 are greater than the other ones; in
other words, the detection algorithm has correctly detected the
fault on Line 2.

To determine the type of the fault, the characterization
algorithm focuses on sensing module 3 (i.e., the module
with the maximum detection index, K13). It uses the nor-
malized energy values of the y-components of the current
(Eiy = 0.08687) and voltage waveforms (Fi.y = 0.305785)
to compute the characterization indexK; = 0.392655. Refer-
ring to inequalities (13), it comes out that the occurred fault
type is three-phase. In other words, the proposed method
has succeeded to correctly detect a three-phase fault on
Line 2.

3.2. Detection of an Asymmetric Fault

In order to attest the efficiency of the proposed method in
detection of probable asymmetric faults in FREEDM micro-
grid, it is supposed that a double-phase-to-ground fault F2
with fault resistance of 150 ohms on @ and b phases of Line
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5 in the main ring of the sample microgrid shown in Figure 3
occurs. Table 4 depicts the normalized values of energy and
standard deviation of the y-components of current and voltage
waveforms associated with various sensing modules before
and after a double-phase-to-ground fault occurs at location F2
in Figure 6. A study of the results shown in this table indicates
that a fault has occurred in the microgrid. This is con-
firmed by noticing that following the occurrence of the fault,
the normalized values of energy and standard deviation of
both current and voltage waveforms associated with sensing
modules 1, 6, 7, 8, 9, 10 become greater than their respective
thresholds.

Following the detection of the fault, the location algorithm
uses the energy values of the - and o-components of current
waveforms at the sensing modules that detected the fault to
determine their location indices (i.e., K*; m =1, 6, 7, 8, 9,
10). From the results shown in Table 5, it is observed that the
values of K{" at sensing modules m = 9 and 10 are greater
than the other ones, indicating that the fault location has been
correctly found on Line 5.

To determine the type of fault, the characterization algo-
rithm focuses on sensing module 10 (i.e., the module with
the maximum detection index, K|°). (It uses the normalized
energy values of the a-, 8-, and y-components of the current
and voltage waveforms (]:_*l-lq?x = 0.617306, E:% =0.17395,
E,) = 0878141, E,. = 0769943, E,’; = 0.731384, and
EII)OV =0.730141) to compute the characterization indexes
(sz = 1.608282 and K;O = 1.387248). Referring to inequal-
ities (13), it comes out that the proposed method has suc-
ceeded to correctly detect the double-phase-to-ground fault
on Line 2. Besides phases a and b are involved in the fault as
the values of £ 11(; = 1.495447 and FII(,)) = 0.719955 are greater

than the value of E,, = 0.419021.

Ey, STD;, EL, STD,
Module number (m) | Before After Before After Before After Before After Fault detected?
1 0.000216  0.417062 0.008123 0.216847  0.000047 0.73293  0.000134 0.478596 Yes
2 0.000166 0.139366 0.000132  0.004895* 0.000007 0.193818 0.000061  0.008133 No
3 0.000917  0.065038 0.001092 0.003668* 0.000169 0.136925 0.001083 0.001655 No
4 0.000773  0.01278  0.002313  0.002471* 0.000174 0.096959 0.001336 0.001067* No
5 0.000751  0.009862 0.000496 0.001521* 0.000207 0.076335 0.000178  0.00049* No
6 0.000486  0.113955 0.002742  0.023083 0.000094  0.320739 0.000286 0.031277 Yes
7 0.000427 0.216547 0.000628 0.066619  0.000112  0.399256  0.000275 0.080545 Yes
8 0.000044  0.358353  0.000354 0.144565  0.000009 0.548812 0.000016 0.271525 Yes
9 0.000031 0.582577 0.000095 0.410413  0.000083 0.813669 0.000012 0.685018 Yes
10 0.000364 0.730141 0.002247 0.580231  0.000037 0.878141 0.000154 0.815025 Yes

TABLE 4. Values of E, ,, STD, ,,

at location F2 in Figure 6. The asterisk sign (x) indicates that the corresponding quantity does not exceed its threshold value

—=m
Ly

E. ,and ST DZ’V associated with various sensing modules before and after a double-phase-to-ground fault
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—=m —=m

Module number (m) E;, E;, Ky

1 0.389909 0.73293 1.122838

6 0.093202 0.320739 0.413941

7 0.300081 0.399256 0.699337

8 0.223274 0.548812 0.772086

9 0.492546 0.813669 1.306216*
10 0.617306 0.878141 1.495447*

TABLE 5. Values of El L E] , and K" associated with the sensing

modules that detected a double-phase-to-ground fault at location F2
in Figure 6

3.3. Faults versus Switching Transients

To evaluate the reliability of the proposed method in cases
where the microgrid encounters switching transients, we con-
sider two switching scenarios in the FREEDM micrgrid shown
in Figure 6. In the first scenario (Case A), a 200-kW DG
source in the secondary of SST4 is switched on, whereas in
the second scenario (Case B) a 300-kW load in the secondary
of SST2 is switched off.

Values of the normalized energy and standard deviation
of the y-component of current and voltage waveforms asso-
ciated with various sensing modules in Cases A and B are
listed in Tables 6 and 7, respectively. A comparison of the
results in these tables demonstrates that none of the two cases
is considered to be a faulty case, although in rare cases the
y-component of current waveforms exceed their threshold
values.

It is worth noting that the high-frequency isolation in a
SST strongly decouples its two sides such that transient sig-
nals in either side are considerably attenuated in the oppo-
site side [17, 18]. In fact, a sudden change in the power
generation/consumption in a FREEDM microgrid leads to
almost equal transients in the current waveforms of the three
phases. As a result, the energy contents of current and voltage
waveforms are much less than those observed in the case
of a short-circuit fault. This is more accentuated when con-
sidering the standard deviations of the respective energy
matrices.

Module number (m) 10° x E, , 10° x STD, , 10° x E; 10° x STD;,, Fault detected?
1 3.1 22.7 30.6 16.2 No
2 85.2 67.1 212.1 176.2 No
3 277.6 79.4 361.2 280.4 No
4 5254 83.8 497.5* 3325 No
5 742.9 96.8 522.3* 403.8 No
6 185.1 65.8 3354 272.4 No
7 29.5 57.5 120.3 152.2 No
8 6.2 39.5 84 132.2 No
9 4.6 31.2 38 60.1 No
10 1.9 0.6 9 12.1 No

TABLE 6. Values of 10° x E , 100 x STD 106

l}/’

and 10° x STD

, associated with various sensing modules in case A where the

DG source in the secondary of SST4 is sw1tched on in Flgure 6. The asterlsk sign () indicates that the corresponding quantity exceeds its

threshold value

Module number (m) 10°x E,, 10° x STD, , 10°x E}, 10° x STD;, Fault detected?
1 1143.4 2124.4 257.6 2453 No
2 1633.5 3540.6 538.2* 335.5 No
3 1470.2 3186.6 368.7 317.3 No
4 1306.8 2832.5 438.6 304.6 No
5 980.1 2478.4 146.1 270.4 No
6 163.3 354 0.6 12.7 No
7 326.7 708.1 0.8 84.6 No
8 490 1062.2 4.3 109 No
9 816.7 1416.2 433 166.1 No
10 653.4 1770.3 16.8 216.2 No
TABLE 7 Values of 10° x E., 106 x STD, , 10° x E ,and 10° x STD;" , associated with various sensing modules in Case B where the

load disconnected from the secondary of SST2 in Figure 6 The asterisk sign (*) indicates that the corresponding quantity exceeds its threshold

value
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FIGURE 7. A topology of the studied FREEDM microgrid.

3.4. Radial Topology

To further examine the performance of the proposed method,
we study the case where the FREEDM microgrid has a
radial topology. Referring to Figure 6, we assume that Line
2 is disconnected while the DG sources in the secondary
sides of SST4 and SST6, and the load in the secondary side
of SST2 are switched off. In the new network (Figure 7)
with radial topology, we assume a single-phase fault F3
with fault resistance of 150 ohms occuring on phase ¢ of
Line 4.

Table 8 depicts the normalized values of energy and stan-
dard deviation of the y-components of current and voltage
waveforms associated with various sensing modules before
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Module number (m) E;, EZ’V K
6 0.100353 0.399256 0.499609
7 0.236248 0.73293 0.969178*
8 0.176813 0.548812 0.725625*
9 0.161139 0.320739 0.481878
10 0.060654 0.193818 0.254472

TABLE 9. Values of E},, E;,, and K" associated with the sensing

modules that detected a single-phase fault at location F3in Figure 7

and after a single-phase fault occurs. A study of the results
shown in this table indicates that a fault has occurred in
the microgrid. This is confirmed by noticing that follow-
ing the occurrence of the fault, the normalized values of
energy and standard deviation of y-components of both cur-
rent and voltage waveforms associated with sensing mod-
ules 6, 7, 8, 9, 10 become greater than their respective
thresholds (, = 0.000449, STD, | = 0.001078, E, » =
0.002129, and STD, , = 0.006575).

Having detected the fault, the location algorithm uses the
energy values of the y- and «-components of current wave-
forms at the detecting sensing modules to determine K"
(m=6,7,8,9, 10). Computed values of K{" together with
the respective normalized energy values of the y- and «-
components of current waveforms are presented in Table 9.
From the results shown in this table, it is observed that the
values of K{" at the sensing modules 7 and 8 are greater than
the other ones, indicating that the fault location has been cor-
rectly detected on Line 4.

To determine the fault type and involved phases, the nor-
malized energy values of the w-, B-, and y-components
of current and voltage waveforms at the sensing module
7 (i.e., the module with the maximum detection index)
are used according to the fault characterization algorithm
(Figure 5); it follows that E, , = 0.73293, E, , = 0.396555,

7:7-1/ ﬁvm,y E:,V ﬁ:’V
Module number (m) Before After Before After Before After Before After Fault detected?
1 0.000032  0.024992  0.000096 0.005209* 0.000007 0.136925 0.000012 0.001655 No
2 0.000355 0.004911 0.00164 0.003507*  0.000082 0.096959 0.0002 0.001067* No
5 0.000548 0.001995* 0.001688 0.00216* 0.000123  0.076335 0.000209 0.00049* No
6 0.000317 0.174746  0.000797 0.094599  0.000069 0.399256 0.00013 0.080545 Yes
7 0.000266 0.336555  0.000458 0.307923 0.000061  0.73293 0.000112  0.478596 Yes
8 0.000158 0.289179  0.000362 0.205282  0.000034 0.548812 0.000098 0.271525 Yes
9 0.000121 0.053554  0.000258 0.032778  0.000027 0.320739 0.000044 0.031277 Yes
10 0.000023 0.043789  0.000069 0.006951 0.000005 0.193818 0.000008 0.008133 Yes

1

TABLE 8. Values of E, ,, STD

v,y

Ezqy, and ST Dl'.'jy associated with various sensing modules before and after a single-phase fault at location
F3 in Figure 7. The asterisk sign () indicates that the corresponding quantity does not exceed its threshold value
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m m

E;, =0236248,E, , = 0346272, E; ; = 0.256526, E, , =
0.293451, K] = 1.129485, and K] = 0.582519. Knowing that
Komin = 0.1, Komax = 1, and Kspin = 1 the use of inequali-
ties (13) indicates that the fault type is single-phase. Besides,
phase c is involved in the fault as the value E ZC = 0.836701

is greater than the values of an =0.392911 and EZ,, =
0.484589.

4. CONCLUSIONS

A method has been proposed to reliably detect, locate, and
characterize various faults in a FREEDM microgrid. The pro-
posed method uses the values of energy and standard devia-
tion of voltage and current waveforms of the sensing modules
deployed at the two ends of various branches within the micro-
grid. The proposed method makes use of the ST to obtain the
characteristics of three-phase current and voltage waveforms
and their Clarke components at different points in the network.
The main feature of the proposed method is its capability to
operate in a dynamic microgrid with varying topology. The
performance of the proposed method has been demonstrated
by applying it to a sample FREEDM microgrid with ring and
radial structures. It has been shown that the proposed method
is well capable of detecting, locating, and characterizing sym-
metric and asymmetric faults while being able to differentiate
between short-circuit faults and switching transients due to
variations in the network topology.
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