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Abstract
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This paper proposes a pattern recognition based differential spectral energy protection scheme for ac microgrids
using a Fourier kernel based fast sparse time-frequency representation (SST or simply the sparse S-Transform). The
average and differential current components are passed through a change detection filter, which senses the instant
of fault inception and registers a change detection point (CDP). Subsequently, if CDP is registered for one or more
phases, then half cycle data samples of the average and differential currents on either side of the CDP are passed
through the proposed SST technique, which generates their respective spectral energies and a simple comparison
between them detects the occurrence and type of the fault. The SST technique is also used to provide voltage and
current phasors and the frequency during faults which is further utilized to estimate the fault location. The proposed
technique as compared to conventional differential current protection scheme is quicker in fault detection and
classification, which is least effected from bias setting, has a faster relay trip response (less than one cycle from fault
incipient) and a better accuracy in fault location. The significance and accuracy of the proposed scheme have been
verified extensively for faults in a standard microgrid system, subjected to a large number of operating conditions and
the outputs vindicate it to be a potential candidate for real time applications.
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1 Introduction

To take care of a number of issues, such as rise in
energy demand; depletion of conventional energy re-
sources (such as coal and fossil fuels); pollution and
hazards; etc., the use of the distributed energy resources
(DER), such as wind, solar, fuel cells etc., has been demon-
strated as a feasible solution. According to [EEE standard
1547.4, networks constituting one or more DER, energy
storage devices (ESD) and loads are termed as microgrids,
which must have the capability and reliability to operate,
both in the grid connected mode (GCM) as well as
islanded modes (IM), respectively [1]. Improvement of
power quality, consistency, energizing the islanded region
during utility outage (which may be intentional enabling
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the maintenance of the utility), compensating the peak
power demands, etc., are the key benefits of the micro-
grids [2]. Though the widespread implementation of these
low voltage microgrids, and their interconnection with the
existing utilities are very much beneficial, some of their
issues such as control of voltage and frequency, stability,
protection of the DER, etc., are very much significant to
be investigated [3, 4]. In this regard, protection of the
distribution lines present in the local microgrid network is
an important and challenging issue, which has been
addressed in this paper.

In the GCM, the fault current (FC) is contributed by
the DER and the utility, where as in the IM, the FC is
contributed mostly by the DER and partly by the ESD.
Thus the FC during IM is subsequently small in magni-
tude as compared to the GCM. The distribution line
protection mechanism must enable the safe and reliable
operation of the microgrid subjected to faults, both in
the GCM and IM, respectively [5]. Over current relays
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[6-8], are attractive for GCM of the microgrids, but due
to the intermittent nature of the power generation by
the DER’s, the bandwidth of the FC becomes very wide,
which makes them unreliable. In this regard, some com-
munication based protection strategies [9, 10], and adap-
tive relay setting based protection strategies [11, 12]
have been proposed for microgrids. These strategies are
much effective in GCM of operation of the microgrid,
but the response for the IM of operation of the micro-
grid has not been investigated. Some of the other tech-
niques such as sequence component based methods [13]
are very much complex, as the synchronization of the
relay depends on manifold settings on the plagiaristic
sequence components. In this regard, over current
differential protection scheme [14] has been proposed
for the microgrid which are effective in the GCM but
are unreliable in /M due to limited over current magni-
tudes in the post fault region. Besides the intermittent
power generations of the DER in IM require adaptive
setting of the over current relays. A current differential
relay based microgrid protection scheme [15] has been
investigated, but it requires proper CT settings to distin-
guish between internal and external faults.

A digital relays based communication system [16] in-
dependent of time-synchronization of measured currents
has been proposed for the differential current protection
of microgrids. One of the basic disadvantages of such
method was its concentrated performance in issuing
relay trip signal as time synchronization is a key pointer.
In this regard, and as an effective solution to the above
mentioned issue, a microgrid protection strategy based
on differential energy [17], was proposed. This strategy
endows a reduced amount of sensitivity towards the
synchronization error, as compared to the differential
current signals, which are difference of information in
time. In this method, initially the current signals mea-
sured on the either side of the distribution line are
through the S-transform, which computes the respective
energy at each end. These are subsequently subtracted
to evaluate the differential energy component. This
method is effective in protection of microgrids, both in
GCM and IM operations. In spite of this, the method
has a number of shortcomings. Firstly, as energy of a
signal is a function of its square, and as the differential
energy in that proposed method is a function (dif-
ference) of the absolute of the square of the current sig-
nals, thus an optimized bias setting (depending on the
widespread operating conditions) is highly required.
Secondly, the investigations were based on S-transform,
which has a higher computational overhead of the order
of O(N? log N). Thirdly, as a large number of test sam-
ples need to be passed through the S-transform, hence
the computational complexity of the algorithm is very
high, which is significantly reflected by the relay trip
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time which is greater than approximately three cycles.
Finally, the paper did not investigate the fault location
aspect, which is significantly important from the protec-
tion point of view for the distribution line protection in
microgrids. Taking into account the above discussions,
there is a strong motivation for the development of a
fast and reliable protection scheme for the distribution
line, which must be faster in fault detection and classifi-
cation, accurate in fault location and issue a quick relay
trip signal both in the GCM and IM operations of the
microgrid subjected to different levels of the DER
penetrations, respectively.

This paper proposes a differential spectral energy
scheme (DSE) for distribution line protection in a micro-
grid using a sparse Fourier kernel based fast time-
frequency representation (SS7). A matrix version of this
scheme has been presented in reference [18] using
intelligent frequency scaling methods which is almost 30
times faster than the proposed generalized S-Transform
outlined in [17]. The method presented in this paper is
immune to CT saturation as it generates a tripping time
less than half cycle of the 50 or 60 Hz waveform. In
order to ensure a differential protection scheme, the
current (in each phase) at both ends of a distribution
line are initially measured and processed so as to derive
the respective average and differential components. Fur-
ther, these components are passed through a change de-
tection filter technique, whose output registers the
occurrence of fault as well as the change detection point
(CDP) depending upon a fault criterion. Subsequently, if
CDP is registered for a particular phase, then half cycle
data samples of the average and differential currents on
either side of the CDP are passed through the proposed
SST technique, which generates the differential current
spectral energy (DSE) and the average current spectral
energy (ASE). The occurrence of fault is verified if the
maximum of DSE in the post fault region is higher than
the ASE plus some bias (which is required to avoid
misdetection and is tuned manually), and this ignites the
fault location algorithm, based on the proposed SST
technique. The proposed DSE technique as compared to
conventional discrete Fourier transform (DFT) and
differential current protection scheme has a number of
advantages, such as reduced computational complexity,
reduced effect of bias setting for fault detection, quicker
fault detection and classification and faster relay re-
sponse time as well as better accuracy of fault location.
The significance and accuracy of the proposed scheme
has been verified extensively for a distributed generation
(DFIG wind farm) based standard microgrid [19], subject
to a large number of different operating conditions such
as mode of operation of the microgrid (grid connected
or islanded), type of fault ((single line to ground faults
(L-g), double line to ground faults (LL-g), and triple line
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to ground fault (LLL-g), fault resistance, fault distance
ratio, and the level of penetration of the DG, respect-
ively, in the MATLAB/ Simulink environment. Finally
the outputs as shown in the simulation and result
section reveal that the proposed SST based DSE for the
distribution line protection, is a robust and reliable
mechanism, which is effective for both the grid con-
nected and islanded mode of operation of the microgrid
subject to various level of DG penetrations, respectively,
and endowed with a fast detection time (less than half
cycle), is vindicated as a potential candidate for the real
time applications.

2 Methods

2.1 Time-frequency response (TFR) analysis

The linear Time-frequency (TF) analysis algorithm like
S-Transform (ST) and its variants have been applied to
analyse power quality disturbances earlier. TFR is a re-
flection of time evolving concentration of various fre-
quency components present in a signal, giving rise to
unique signatures for each class of signal undergoing
changes due to a disturbance or fault. Specifically, the
ST has gained special attention due to its Fourier kernel
and absolute phase reference. The standard expression
of a linear TF transform is:

oo

S(r.f) = /x(t)w(r—t,f)exp(—iZnﬁ)dt (1)

—oo

where x(t)is the signal to be analysed and w(z, f)is an ad-
justable Gaussian window, 7 and ¢ are time variables, fis
the signal frequency. A generalized window function []
is used here to provide a better control of the time and
frequency resolutions by varying the shape and property
of the window.

Thus

w(7-t.f) exp((-(z-1)*/20%(f))  (2)

1
o(f)Van
and the standard deviation of the window function off)
is given by

a

) = 5T )

where a, and b are scaling parameters that control the
number of oscillations in the window (frequency reso-
lution); a and c are positive constants. The window
broadens in the time domain with the increase of «a
which results in an increase of frequency resolution in
the frequency domain. The value of ¢ lies between 0 and
1 for effective catching of damped hidden frequencies.
The discrete version of the ST is obtained for set of sig-
nal samples x(k), k=1,2, ... ... ... ,N as
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N
SG,m) = X[k +n] x
k=1
—2m*k*a® 27k
ox ko ! i27kj %0
(a+ bm®) n
(4)

and

Xn) =3 (k) exp (Z) 5)

k=0 N

where x [k + n] is the shifted DFT of the signal samples
x(k) by n, and the frequency index m = n/NT; T is the
sampling time interval, j = L2...,N, and

Although the ST has gained special attention due to
its Fourier kernel and absolute phase reference, its refer-
ence to Fourier basis in ST enables direct interpretation
of spectral component variation standards, and this
property is the prime advantage of ST from the perspec-
tive of measurement of parameters and estimation, and
pattern recognition. Although the conventional S-
transform technique can be used for signal estimation
purposes, but it is computationally complex and takes
long time for estimation and therefore is not suitable for
real-time applications. A faster version of discrete
S-Transform has been proposed recently in reference
[11] by one of the authors, which is made sparse with
complex sinusoid modulated Gaussian atom and new
frequency scaling, and band pass filtering techniques.
The Sparse S-Transform (SS7T) results in drastic reduc-
tion of computational complexity with accurate TFR.
The SST is evaluated only at the significant frequencies,
which satisfy set cut-off amplitude obtained from the
DFT of the signal. Rest of the frequencies with lower
amplitudes need not be processed for practical purposes.
The following steps are used to formulate the sparse SST
in a matrix form:

Step 1: DFT of the time-domain signal samples
x(k), k=1,2, ... .. ,Nyield the following row
vector:

by

3" arexp (—‘2”"(”;})(’“”) (6)
k=1

Step 2: The window B of N frequencies is rotated and
concatenated to obtain the data matrix D as
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by bs bx b

b3 by .. b b
Dyun = | M ban a2 by
L bmi1 s o by by

where each of its elements is given by

D(W)_{ by if ((m+n) =N)} (8)

D41y modN otherwise

and the frequency index m = 1, 2............ , M, and the time
index n = L2.... ,N. Further according to Nyquist
theorem M = N/2.

Step 3: For each set of N signal samples, a two dimen-
sional Gaussian window matrix in both time and
frequency domain is formed whose elements are ob-
tained as

—2m%a®(n-1)>m

C(m,n) = exp @t bmc)z

2> (N-n+1)°m

+ ex
P (a + bm®)?

©)

Step 4: A harmonic scaling matrix G(m, n)based on an
intelligent selection of dominant frequency components
present in the signal is then formulated. This, however,
depends on frequency partitioning and filtering. In
power systems, the frequencies which are the integral
multiple of the fundamental frequency are of major
interest. So in the formulation of the SST the scaled
frequencies are chosen from the fundamental and
harmonic frequency components instead of evaluating at
all the frequencies. Thus the G (7, 1) matrix is obtained as

If h = odd number,

G (m,n) = 1,me(f,3f,5f, ....hf), Otherwise G (m,n) = 0.

(10)

Step 5: Multiply the data matrix D (m, n) with the
Scaling Matrix G (m, n) element-by-element wise to
obtain

GG:DMxNO GM><N (11)
Where o denotes the Hadamard product [20] (elem-
ent-by element multiplication) of the matrices.
Step 6: The window matrix C obtained in step 3 is
multiplied with the GG matrix element-by element wise
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to acquire the windowed frequency domain information
to obtain

H = GGprxn 0 Carxn

where
h(1,1) h(1,n) h(1,N)

Hyon = | 1) h(;;;;n) h(n‘q.,'N)
BOLY) oo BMon) . BMLN)

Step 7: Apply one-dimensional inverse Fourier
transform along each row of H (m, n) to obtain the
SST as

2

N-1
SST (m, n) —ZH m, k) exp(i2nnk /N) (13)
k=0

Z

and replacing the frequency index m by actual signal
frequencies and time index n by time, SST is
obtained as

S(fhtl) S(fptn) S(fl tN)
SSTpsn = | s(fst1) S(f > tn) S(fm tN) (14)
s(Farstr) oo S(Faptu) e s(fM,tN)

The important issue is proper selection of generalized
Gaussian window parameters. Authors have proposed a
technique for enhancing TFR energy distribution accord-
ing to a performance measure (PM) at any frequency
index k. The optimization of this PM reassigns energy
concentration of the TFR.

N 1 025

PMigqp.q(n) = ; (W> (15)
At each frequency index m:

(@, @b, ¢l opiimizea = arg (max[PM(n)]) (16)

To obtain the maximum value of the performance
measure PM the shape of the window is varied for each
analysis frequency to obtain an accurate time-frequency
distribution of the energy concentration. From Eq. (12)
the optimization is performed by integrating SST over
the frequency domain that preserves the frequency mar-
ginal of the transform without the loss of information
regarding amplitudes of the spectral components. For a
sinusoidal signal with normalized amplitude of 1.0 per
unit, the optimization yields the values of a = 0, b = 1.0,
¢ =10, anda =09.
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The output of the SST algorithm is a complex
matrix, which is sparse because of the FFT-based fre-
quency selection. The M rows correspond to the M
frequency points and the N columns correspond to
the N time points. At each time point and frequency
point, the signal of that particular frequency is repre-
sented by an instantaneous phasor. The multiplication
of the Gaussian window for obtaining time informa-
tion is done with only a few of the M values provided
by the FFT operation. Rest of the rows in SST matrix
are assigned zero. The output of the SST algorithm is
a complex matrix, which is sparse because of the
FFT-based frequency selection. The M rows corres-
pond to the M frequency points and the N columns
correspond to the N time points. At each time point
and frequency point, the signal of that particular
frequency is represented by an instantaneous phasor.
To demonstrate the speed of execution of the SST,
the conventional ST takes around 0.0580 s for pro-
cessing 10 cycles of data (64 samples per cycle),
whereas the SST algorithm with harmonic scaling
consumes significantly less time of 0.005 s. using an
Intel Core 2 Duo, 2.4 GHz central processing unit
with 4 GB random access memory based signal
processor. Thus the speed advantage of the SST algo-
rithm is more than 10 times. However, with a smaller
cut-off magnitude of the harmonics, the speed can be
easily increased to more than 30 times for the auto-
matic scaling based SST.

The online SST algorithm handles N samples at a
time for the time-frequency localization of the
prominent sinusoids in the actual signal. Effectively,
the discretized power signal is segmented into
bunches of mutually exclusive sets containing N
samples. The SST operation is therefore represented
as:

[SST il aren = SST (R(i1)5 K(i-2) H(i+3) - K (- N5-1)» ¥(i+N) )
(17)

where i = 0, Ns, 2.Ns, 3.Ns...(A-2).N, (A-1).N; and 1 is a
positive integer.

The output of the SST algorithm is a complex
matrix SST; which is capable of giving time-frequency
localized both instantaneous amplitude and phase
information.

The SST output is represented as:

SST(m, n) = A(m, n) exp(j8j6(m, n)) (18)

where the amplitude of the SST spectrum =
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Alm,n) =\ real([SST(m, m)))* + imag([SST(m, n)))?

(19)

at a given frequency m and time index n. The phase

angle of the SST spectrum is obtained in a similar
way as

(20)

6(m,n) = arctan (M)

Re[SST (m, n)]

Out of the total M rows in the SST matrix, most
of them would have negligible values and hence they
are not used for computation. A particular signal is
represented by its frequency point or its row in the
matrices. In online mode, a phase correction factor
is introduced to accommodate the error in phase.
The actual phase of a signal with frequency f Hz is
given as:

ecorrected(mv I’l) = 0(’”7 Vl)—ZT[f/fs

where f; is the sampling rate in hertz and the phase is
represented in radians.

For obtaining the fundamental amplitude and phase
angle at the sample number t

(21)

Ay(t) = \/(real[S(fl, £)))* + (imagls(f, t)])*
¢1(t) = tan” {(imags(f . £)]) / (realls(f,,)])}

By definition the instantaneous fundamental angular
frequency is obtained as

(22)

(23)

7%75HR X d(SH])/dt—SHI X d(SHR>/dt

=4 (SHz)* + (SH;)?
(24)
where
SHp = real[s(f, )]
SH| = imag[s(f,,t)] } (25)

The actual phase of a signal with frequency f Hz is
given as

Orcorrected = 01 (t)_z(f/fs)” (26)

2.2 Differential spectral energy (DSE) for microgrid
protection

This section explains the details regarding the proposed
fault detection and classification algorithm, whose flow-
chart is illustrated in Fig. 1.

2.2.1 Differential and average current computation
In a differential protection scheme, the average and differ-
ential current components are the two significant
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N

Measure the three phase currents at the two ends
of the distributed line, i.e., /7 and I under
differential protection

v

Compute 3-phase Iug and Lig following Eq. (27)

fori=1:1:length(lug(a))
if Laigg(Q) > Lavg(D)+p
then assign CDP, =i; break;
end

(b)

end

Repeat for b

Calculate the three p}mse spectral energies
E.y and Eqiir from respective TFR values

a phase
is faulted -W

b phase
is faulted i

\4 ‘max(Eqgir(c))>m ¢ phase
aX(Eag(C)) is faulted  [”]

Initiate Fault
Location
Algorithm

Yes If thereis a
fault

No

\

and ¢ phase T
IE B ©
The particular phase, associated with a CDP DLaz 22.9kV
value is initially detected as the faulted phase Rer: . 154kV
Rar M154kV yeility
A
DLge pJ,
AE] ~
CDP exist for a phase
Pass Liy(CDP-Ns/2 : CDP+Ns/. Tis Rep Res
and Io,g (CDP-Ns/2 : CDP+Ns/2)
through the proposed TFR | E Battery Bank
technique to extract its TFR valu DG 4 DG 3 DG 2
DG1,DG2,DG3and DG4 |y Y cBI L
Repeat for b _J are 9 MW DFIG Wind Farm 22.9kV
and c phase 1575V

Fig. 1 a Flowchart for the proposed fault detection and classification techniques. b Schematic Diagram of the System under study

attributes, which are utilized by the differential relays for
their operation and control. In this regard, the three phase
instantaneous current samples on either end of the distri-
bution line (under differential protection scheme), ie., I;
and I, are measured. In this regard, the data from the two
ends of the protected zone can be exchanged using a high-
speed (<1 ms) and reliable communication channel, where
the time synchronization can be achieved by a timing signal
obtained from a Global Positioning System transducer,

whose delay tolerance is of the order of +/- 3 microsecond
[21]. The following computations signifies the instantan-
eous average current (/,,,) and differential current (I;),
respectively:

Lug(k) = 0.5 x (I1 (k) + Iy (k)), }
)

Lug (k) = (I (k)~I5(k) (27)

where k is the sampling instant.
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2.2.2 Differential proposed change detection filter technique
(CDFT) for fault detection

A change detection filter technique (CDFT) is utilized to
detect any change in the differential current and average
current components, respectively. The CDFT finds out
the cumulative summation of the difference between the
reference (previous) cycle and the present cycle to regis-
ter any alterations in the signal. It is a sample by sample
process where the first cycle data is assigned as the ref-
erence cycle data, and computation starts from the se-
cond cycle.

Suppose N is total number of samples for a signal x
(Izvg oF Ig), which has been sampled with N; equal to
64 samples per fundamental cycle. Therefore, CDFT of
the signal x can be mathematically defined as:

CDFT,(i) = CDFT,(i-1) + XN: {x(k)-x(k-N)}
k=N;+1

(28)

where i is the iteration number, k is the sample number
starting from the second cycle, i.e., N; + 1, while the ini-
tial CDFT, i.e., CDFT,(0) = 0.

The corresponding CDFT values for the average
current and differential current components are assigned
as CDFT,,, and CDFT,y respectively. It is observed
that, under normal operating conditions, CDFT ;s
should be very low, as nearer to zero, and its value will
be less as compared to CDFT,,, As soon as there is a
fault, it is noted that due to the nature of current flow
(bidirectional towards each other), the CDFT 4 shoots
up very large as compared to CDFT,, The sample
number at which the absolute of the CDFT, crosses
the CDFT,,, plus some bias (f) is termed as the change
detection point (CDP) and it registers the first instance
of occurrence of the fault. Mathematically, it can be de-
fined as.

For an internal fault, CDP is registered whenever:

|CDFT 4|~ |CDFT 4| > 8 (29)
For an external fault, CDP is not registered as:
|CDFT 4y |-|CDFT a| < B (30)

Once CDP is registered, it triggers the proposed fault
detection technique to extract the time frequency local-
ized spectral energy of the signal. One of the advantage
of this method over [17] is that, instead of passing a
large number of samples through the proposed time-
frequency transform, only one cycle data, i.e., half cycle
data for before CDP and half cycle data after CDP is
passed, which considerable reduces the computational
burden as well as improves the fault detection timing.
Besides the bias (‘5 ) is difficult to be set and trigger
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CDP, which might give a false impression of the fault oc-
currence on a given phase. Thus once the change in the
average and differential current signals is detected, the
signals for each phase will be passed to the proposed
TFR technique to confirm the occurrence of the fault as
well to classify the type of fault.

2.2.3 Differential spectral energy protection based fault
classification
After the CDP is detected (which is considered as the in-
stant of occurrence of the fault), one half cycles data of
the differential and average current samples, both before
and after the occurrence of the fault, respectively, are
processed by the proposed SST technique to obtain the
TFR as

TFRyuyy = SST([Lavg(CDP-Ns/2) ... I.4(CDP) ...
..... Iavg(CDP—l + Ns/z)](lst))
(31)

TFRyiy = SST([Luyy(CDP-Ns/2) ... lag(CDP)
Ly (CDP-1 + Ns/2)](1xn,)

(32)

The differential and average spectral energies for each
phase are obtained from TFR’ as
Eag = |TFRug|’s  Eap = | TFRug |’ (33)
The change in spectral energy at different sampling in-
tervals is found to be quite large and, therefore, the
maximum value of both E,,, and Eg are considered for
fault classification or detection. In this regard, a com-
parison between the maximum values of differential and
average spectral energies is essential to note that the dif-
ferential energy becomes higher than the average energy
during a fault, which is otherwise quite small during
normal conditions.

if
max{Ediff(CDP : CDP + (NS/2))} >
max{Eag(CDP : CDP + (N/2))}

then a fault is registered for the particular phase.

The relay tripping point is the sample point at which
the spectral energy of the differential current exceeds
the spectral energy of the average current plus some bias
‘T. Mathematically, relay tripping point is the first instant
after fault incipient where Egis > Eayg + . This bias set-
ting is only required to avoid any false misdetection and
is tuned manually after observing the respective energy
values for a large number of simulations.
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2.2.4 Proposed TFR based fault classification
The proposed SST technique is utilized for locating the
approximate distance of occurrence of the fault. For a
particular distribution line (under proposed protection
scheme), one end is considered as the reference point,
and the corresponding instantaneous voltage and
current samples at this point are measured. These mea-
sured components are passed through the proposed TFR
technique, which extracts the fundamental amplitude
and phase components of the voltage and current sam-
ples using Egs. (21) and (22), respectively. Let the total
impedance of the line be X;,. In order to estimate the
location of the fault, the apparent impendence, as seen
by the relay at the reference point is computed as:

For single phase faults (L-g) faults, apparent imped-
ance can be computed as

V phasel Py phase
Zo-Z) x Tphase-alPia+phase-b L Pip Hphase-cLPic
Z) 3

ZAppareVzt =

Lphasel i phase + (

(34)

where Vphase’ Iphase’ (pv,phase and (pl',phaseare the phase
values, extracted from the fundamental amplitude and
phase angle of the input voltage and current samples, re-
spectively, which are computed from the proposed TFR
teChnique' Slmllarly Iphase»w Iphase»b’ Iphase»cr ¢ia, ¢ib, and
¢, are the three phase values, extracted from the funda-
mental amplitude and phase angle of the input current
samples, respectively.

In a similar manner, for double line faults (LL and LL-g),
apparent impedance seen by the relay is computed as:

7 VlineLq’v,line
Apparent — 3
Ilineiq’iﬁline

(35)

where Viie Lines Py, tine and @ ;e are the line values, ex-
tracted from the fundamental amplitude and phase angle
of the input voltage and current samples, respectively,
Similarly for triple line faults (LLL and LLL-g) faults,
apparent impedance seen by the relay is computed as:

Vphase L¢v,phase
ZApparent = 17
PhﬂseLq)i‘phase

(36)

The resistance, R (in Q) and reactance, X (in Q) are
calculated from Z4,,4cn: as follows:

R = real(ZAppm,,,) }

37
X= imag(ZApparent) ( )

For a particular distribution line, we have the prior
knowledge of the total reactance of the line (X,¢s.40), as
well as the total distance of the line (D) as well as
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the actual location of the fault (FL,,,;). Thus as soon as
we calculate the Z4,,4eny We extract the estimated
reactance (Xesimarea) from Eq. (37).

In the next process, we find the estimated FDR as:

X estimated

FDRestimated = (38)

Xactual
Subsequently, the estimated fault location (FLesimazeq)
is derived as:

FLestimated = FDRestimated X Ductual (39)
Finally, the percentage error in fault location, i.e., PEFL
(%) is defined as:

_ FLactuar=FLestimated

PEFL (%) =~ x 100%
actual

(40)

3 Simulation and results

The single line diagram of the microgrid system [19]
under study is as shown in Fig. 2. The five bus (4, B, C, D
and E) distribution system is connected to a 154 kV utility
at the point of common coupling, i.e., bus ‘A through a 47
MVA, 22.9 kV/154 kV step-up transformer 7,,;. The distri-
bution system consists of five distribution feeders (DL 45,
DLgg, DL g, DLgc and DLcp, which are simulated as pi
sections [22]), each having two end measurement units
through the differential relay pairs, i.e., {R4p and Rpu},
{Rgr and Rgg}, {R4r and R4}, {Rpc and Reg} and {Rcp and
Rpc}, respectively. The distribution system consists of four
distributed generation (DG) units, (DG 1, DG 2, DG 3 and
DG 4) each of which is a 9 MW, 575V, 60 Hz DFIG based
wind farm [23], and are connected to the distribution
system at buses E, B, C and D through 10.5 MVA, 575v/
22.9 kV transformers T),, T3, Tr4 and T,s, respectively. In
addition to the GCM of operation of the microgrid, an
energy storage (battery bank) [20] is installed at the
point of common coupling, i.e., bus ‘A, so as to formu-
late a viable microgrid in IM of operation. The details
regarding the network parameters are specified in the
Appendix.

The proposed model is simulated in MATLAB/ Simu-
link environment with a sampling frequency of 3.84 kHz
and fundamental frequency f, equal to 60 Hz. Current
signals at each end of the feeder under protection are re-
trieved with the help of relays located at across the re-
spective feeder. Differential current and average current
of respective phases are calculated using Eq. (27). CDFT
of the average current and the differential current are
obtained from Eq. (28) using the average and differential
current samples, respectively, for the signal. Under
healthier operating conditions the CDFT of differential
current is nearly zero as compared to the CDFT of aver-
age current. If the CDFT of differential current is more
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Fig. 2 a The response of the proposed TFR technique for a single line to ground fault (a-g) on the distribution line DLAB with a fault distance
ratio (FDR) = 05, and fault resistance (Rf) = 10Q, with the microgrid operating in grid connected mode, where, (a) The three phase differential currents,

(b) The three phase average currents, (c) The three phase spectral energy deduced from the proposed TFR technique (Eq. (33)), (d) The CDFT over the a-
phase differential and average current components, respectively, (€) The CDFT over the b-phase differential and average current components, respectively,
and (f) The CDFT over the c-phase differential and average current components, respectively. b The response of the proposed TFR technique for a double
line to ground fault (@b-g) on the distribution line DLAB with a fault distance ratio (FDR) = 0.5, and fault resistance (Rf) = 10), with the microgrid operating
in grid connected mode, where, (a) The three phase differential currents, (b) The three phase average currents, (c) The three phase spectral energy deduced
from the proposed TFR technique, (d) The CDFT over the a-phase differential and average current components, respectively, (e) The CDFT over the
b-phase differential and average current components, respectively, and (f) The CDFT over the c-phase differential and average current components,
respectively. ¢ The response of the proposed TFR technique for a triple line to ground fault (abc-g) on the distribution line DLAB with a fault distance ratio
(FDR) = 0.5, and fault resistance (Rf) = 1Q), with the microgrid operating in grid connected mode, where, () The three phase differential currents, (b) The
three phase average currents, () The three phase spectral energy deduced from the proposed TFR technique, (d) The CDFT over the a-phase differential
and average current components, respectively, (€) The CDFT over the b-phase differential and average current components, respectively, and (f) The CDFT

over the c-phase differential and average current components, respectively

prominent than the CDFT of average current, the occur-
rence of faults/events is registered. Although CDFT in-
herits a lower computational complexity, but in order to
accurately detect the occurrence of the events, a bias set-
ting is always necessary, which alters according the dy-
namic operating conditions of the network. Thus in
order to avoid this, the proposed TFR technique is exe-
cuted over the half cycle values on the both sides of the
CDP on the average current and the differential current
Eq. (23), which generates the respective spectral energy.
Various types of faults such as single line to ground fault
(L-g), double line to ground fault (LL and LL-g), and sin-
gle line to ground fault (LLL and LLL-g) are simulated
on different distribution feeders at various locations by
varying the fault distance ratio (FDR). The FDR is con-
sidered in p.u. (0-1), i.e., FDR of 0.2 for a distribution
feeder of length 10 km, with a particular reference point,
means a fault at length (0.2 x 10=) 2 km from the refer-
ence point on the feeder. Both grid connected mode and
the islanded mode operation of the microgrid is consid-
ered in this paper. The circuit breaker ‘/CB’ is opened to
simulate an islanded microgrid, whereas the circuit brea-
kers CB 1, CB 2, CB 3, and CB 4 are opened to isolate
the DG, i.e, DG 1, DG 2, DG 3 and DG 4, respectively,
from the main distribution system.

3.1 Differential spectral energy protection of microgrid
subjected to grid connected mode of operation

In order to simulate the GCM of operation of the micro-
grid, the circuit breaker ICB is closed for the entire
simulation time. Under this mode of operation, depend-
ing on the loading conditions, both the DG’s as well the
utility feed the loads. Thus a fault at a particular location
on the distribution feeder will attract current (fault
current) from both the DG as well as the utility. The re-
sponse of the propose TFR technique for a single line to
ground fault (a-g), a double line to ground fault (ab-g)
and a triple line to ground fault (abc-g) simulated at the
60th cycle of the simulation on the distribution line

DL,p of the microgrid operating in grid connected
mode, and subjected to a fault distance ratio (FDR=) 0.5,
and fault resistance (R=) 1, with are shown in Fig. 2a,
b and c, respectively. In these simulations, all the four
DG@G’s are connected to the distribution system. The dif-
ferential current and average current components are
shown in the subplots (a) and (b), respectively. In a simi-
lar manner, the CDFT of the differential and average
current components are shown in the subplots (d), (e)
and (f), respectively. Finally the three spectral energy of
the differential current and average current components
are illustrated in the subplot (c). It is observed in these
figures that as soon as there is a fault in any of the
phases, the differential current (which was nearly zero
during normal condition) shoots up, which is quite high
as compared to the respective average current compo-
nent. It is also observed that, the CDFT of the differen-
tial current is correspondingly very high as compared to
the CDFT of the average current component plus some
bias, and the first instance of occurrence of this condi-
tion is registered as CDP for the particular phase.
Further, it is observed that the type of fault has a signifi-
cant impact on the fault currents injected by the DG’s
(in addition to grid currents). The previous statement is
clarified in these figures, where the maximum value of
differential current is approximately around 1400 A,
2100 A and 2200 A for L-g, LL-g and LLL-g faults
respectively. In spite of this, it is observed that the spec-
tral energy of the differential component (Egy) of the
corresponding phases exceed the respective spectral
energy of the average component (E,,) and hence a
fault is detected in almost all the cases simulated. This
clearly shows the significance of the proposed TFR
method, as it is less vulnerable to the level of DG pene-
tration (i.e., injection of fault current by the DG’s) and is
a reliable fault detection algorithm for all possible types
of faults simulated in this paper. Thus fault detection is
based the simple comparison, and the complexity of the
bias setting has negligible effect on it (as the magnitude
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of E is in range of 10> which is way more than that of
E,,q after fault inception).

3.2 Differential spectral energy protection of microgrid
subjected to islanded mode of operation

In order to simulate the IM of operation of the micro-
grid, the circuit breaker ICB is opened for the entire
simulation time. Under this mode of operation, depend-
ing on the loading conditions, only the DG’s (some por-
tion by the battery bank) will feed the loads. Thus a fault
at a particular location on the distribution feeder will at-
tract current (fault current) only from the DG’s, which
will be smaller as compared to the GCM (due to absence
of utility). The response of the proposed TFR technique
for a single line to ground fault (a-g), a double line to
ground fault (ab-g) and a triple line to ground fault
(abc-g) simulated at the 60th cycle of the simulation on
the distribution line DL, of the microgrid operating in
islanded mode, and subjected to a fault distance ratio
(FDR=) 0.5, and fault resistance (R=) 1Q, with are
shown in Figs. 3a, b and c, respectively. In these simula-
tions, all the four DG’s are connected to the distribution
system. The differential current and average current
components are shown in the subplots (a) and (b), re-
spectively. In a similar manner, the CDFT of the differ-
ential and average current components are shown in the
subplots (d), (e) and (f), respectively. Finally the three
spectral energy of the differential current and average
current components are illustrated in the subplot (c). A
similar observation as has been done in the GCM of
operation of the microgrid is observed from these fig-
ure, where the proposed technique is very much effi-
cient in detecting the actual phase of the distribution
line under fault under IM of operation of the micro-
grid. In addition, it is observed that the level of the
differential and average currents in this mode is con-
siderably lower than the GCM, due to the absence of
the utility.

3.3 Impact of variation of the DG penetration on the level
of differential and average currents

The effect of variation of penetration level of the DG’s
on the magnitude of the differential and average cur-
rents both half cycle before and after the fault inception
on the distribution Line DL 45 of the microgrid operating
in GCM, subjected to a single line to ground fault (a-g)
and a triple line fault to ground fault (abc-g), with FDR
(0.4 and 0.6) and Ry (5 Q and 20 Q), are illustrated in
Tables 1 and 2, respectively. Similarly, the effect of vari-
ation of penetration level of the DG’s on the magnitude
of the differential and average currents both half cycle
before and after the fault incipient on the distribution
Line DL,p of the microgrid operating in IM, subjected
to single line to ground fault (a-g) and a triple line fault
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to ground fault (abc-g), with FDR (0.4 and 0.6) and Ry
(5 Q and 20 Q) are illustrated in Tables 3 and 4, respect-
ively. In case of maximum value of the half cycle data of
the differential currents, it is observed that, the particu-
lar phase under fault, its value after fault (as compared
to before fault) is very high, for both the GCM as well as
the IM of operation of the microgrid, respectively,
whereas, for the non-faulted phases, the corresponding
values are approximately nearer to each other. It is also
observed that, as we decrease the DG penetrations from
‘All DG’s on’ to ‘All DG’s off; the maximum value of the
half cycle data of the differential after fault decreases.
For instance, it decreases from 1243.2311 A to 541.5058
A in GCM and from 716.5758A to 0.1536 A in IM of
operation of the microgrid subjected to single line to
ground fault (a-g) on distribution line DL,z and which
is illustrated in column 4 of Tables 1 and 2, respectively.
Similar is the observation for all the other cases in these
Tables 1, 2, 3 and 4, respectively. The ‘All DG’s off, case
for the IM of operation of the microgrid is intentionally
provided in the Table, so as to verify a negligible amount
(< 0.2 A, contribution from the of the battery bank) as
both the DG’s as well as utility do not energize the dis-
tribution system. A similar observation is also made for
the average currents, where such a high level of differ-
ence in the values is seldom observed.

3.4 Classification of internal and external fault
The three phase spectral energy from TFR of the differ-
ential and average current components for the GCM of
operation of the microgrid subjected to single phase to
ground fault (a-g) on distribution line DLgc (with FDR
0.3, and Ry = 0.1 ), double phase to ground fault (ab-g)
on distribution line DL¢p (with FDR 0.5, and R = 1 Q),
and triple phase to ground fault (abc-g) on distribution
line DLgg (with FDR 0.7, and Ry = 10 Q), are shown in
Fig. 4a, b and ¢ where the subfigures are denoted as re-
sponses for distribution lines (a) DL4p, (b) DLag, (c)
DLgg, (d) DLpc and (e) DLcp, respectively. Similarly, the
three phase spectral energy from TFR for differential
and average current components for the IM of operation
of the microgrid subjected to single phase to ground
fault (c-g) on distribution line DL,z (with FDR 0.2, and
Ry = 0.5 Q), double phase to ground fault (bc-g) on
distribution line DLgc (with FDR 0.6, and R = 5 Q), and
triple phase to ground fault (abc-g) on distribution line
DL4g (with FDR 0.8, and Rr = 20 Q), are shown in
Fig. 5a, b and ¢, where the subfigures are denoted as
responses for distribution lines (a) DL,p, (b) DL4p,
(c) DLgg, (d) DLgc and (e) DLcp, respectively.

This section addresses two of the important aspects of
the study, i.e., (I) the response of the proposed differen-
tial spectral energy protection scheme for different types
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Fig. 3 a The response of the proposed TFR technique for a single line to ground fault (a-g) on the distribution line DLAB with a fault distance
ratio (FDR) = 05, and fault resistance (Rf) = 10Q, with the microgrid operating in islanded mode, where, (a) The three phase differential currents, (b) The
three phase average currents, () The three phase spectral energy deduced from the proposed TFR technique, (d) The CDFT over the a-phase differential
and average current components, respectively, (e) The CDFT over the b-phase differential and average current components, respectively, and (f) The CDFT
over the c-phase differential and average current components, respectively. b The response of the proposed TFR technique for a double line to ground
fault (ab-g) on the distribution line DLAB with a fault distance ratio (FDR) = 0.5, and fault resistance (Rf) = 10, with the microgrid operating in islanded
mode, where, (a) The three phase differential currents, (b) The three phase average currents, (c) The three phase spectral energy deduced from the
proposed TFR technique, (d) The CDFT over the a-phase differential and average current components, respectively, (e) The CDFT over the
b-phase differential and average current components, respectively, and (f) The CDFT over the c-phase differential and average current components,
respectively. ¢ The response of the proposed TFR technique for a triple /ine to ground fault (abc-g) on the distribution line DLAB with a fault distance
ratio (FDR) = 0.5, and fault resistance (Rf) = 10Q), with the microgrid operating in islanded mode, where, (a) The three phase differential currents, (b) The
three phase average currents, () The three phase spectral energy deduced from the proposed TFR technique, (d) The CDFT over the a-phase differential
and average current components, respectively, (€) The CDFT over the b-phase differential and average current components, respectively, and (f) The CDFT

over the c-phase differential and average current components, respectively

of faults simulated at different distribution lines with
different FDR and Ry respectively, and (II) the response
of the relays for various types of internal and external
faults, both under GCM and IM of operation of the
microgrid, respectively. For elaboration, let us consider
Fig. 4a, where it is observed that only one response, i.e.,
the response for the a- phase of line DLpc satisfies the
rule ‘Ediff > Eavg + { in the post fault region. For the
rest of the responses in this figure, the previous rule
does not satisfy, i.e., ‘Ediff < Eavg + . This clearly indi-
cates that the relay at the distribution line DLgc detects

Table 1 Effect of variation of penetration level of the DG's on
the magnitude of fault current (differential and average) at
distribution Line DL for a single line to ground fault (a-g) fault
on at fault distance ratio (FDR) = 0.4 and fault resistance

(R) =5 Q), respectively, where the microgrid is operated in grid
connected mode

an internal a-g fault, which lies under its zone of protec-
tion, whereas the relay’s at other distribution lines do
not detect any fault which indicates an external fault
lying in a region outside their zone of protection. Similar
is the observation for all the figures discussed in this
section. Thus it is observed that the proposed method is
very much efficient in distinguishing internal and ex-
ternal faults for the relays in the distribution lines, which
is effective over a wide range of operating conditions for
the microgrid subjected to both GCM and IM of
operation.

Table 2 Effect of variation of penetration level of the DG's on the
magnitude of fault current (differential and average) at distribution
Line DLg for a triple line to ground fault (abc-g) fault on at fault
distance ratio (FDR) = 06 and fault resistance (R) = 20 (), respectively,
where the microgrid is operated in grid connected mode

DG Status Phase max (I Differential) max (I Average) DG Status Phase max (I Differential) max (I Average)
(in A) (in A) (in A) (in A)
Half cycle Half cycle  Half cycle Half cycle Half cycle Half cycle  Half cycle Half cycle
Before Fault After Fault Before Fault After Fault Before Fault After Fault Before Fault After Fault
All DGs ON  a 0.7887 12432311 1884456 193.2588 AllDGs ON a 0.7879 2181.7049 1884454 151.6977
b 0.9299 0.9236 107.5869 193.2588 b 0.9295 23594328 107.5856 151.6977
C 1.0485 1.2036 136.7399 193.2588 C 1.0478 1751.8088 136.7386 151.6977
DG1 Off a 0.8198 087.8662  166.0084 182.2979 DG1 Off a 0.8203 20337771  166.0091 307.9775
b 0.7250 0.71503 126.1319 182.2979 b 0.7245 18906872 126.1311 307.9775
C 0.6317 0.6326 254.0888 182.2979 C 0.6321 6049933  254.0886 3079775
DGland a 0.7966 868.9202  235.6965 260.5674 DGland a 0.7954 1313.1837 235.6975 2185847
DG2 Off DG2 Off
b 0.7969 0.8156 2353598 260.5674 b 0.7957 20837611 235.3725 218.5847
C 0.7963 0.8083 2354753 260.5674 C 0.7951 1575.1316 2354878 2185847
DG1 a 0.6339 676.7521 287.6676 318.0452 DG1 a 0.6325 9159152  287.6661 286.0211
DG2 and DG2 and
DG3 Off b 0.6340 06613 2874720 318.0452 DG3 Off b 06325 1490.3402 2874704 286.0211
C 0.6343 0.6397 2872737 318.0452 C 0.6328 1185.5886 287.2721 286.0211
All DGs OFF a 04761 5415058  320.6080 350.0915 All DGs OFF a 04747 680.1778  320.6070 3206017
b 04764 04947 320.8868 350.0915 b 04750 0388942  320.8858 320.6017
C 04761 04719 320.8431 350.0915 C 04748 7579855  320.8421 320.6017




Dharmapandit et al. Protection and Control of Modern Power Systems (2017) 2:30

Table 3 Effect of variation of penetration level of the DG's on the
magnitude of fault current (differential and average) at
distribution Line DLz for a single line to ground fault (a-g) fault
on at fault distance ratio (FDR) = 0.4 and fault resistance (R) =5 Q),
respectively, where the microgrid is operated in islanded mode

DG Status

Phase max (I Differential) max (I Average)

(in A) (in A)
Half cycle Half cycle  Half cycle Half cycle
Before Fault  After Fault Before Fault After Fault
AllDGs ON  a 0.8399 7165758 06071 126.0080
b 0.8400 0.8638 0.6071 126.0080
C 0.8401 1.2697 0.6072 126.0080
DG1 Off a 0.7071 640.5418  70.2472 192.7522
b 0.7069 0.7275 70.2717 192.7522
C 0.7070 07314 70.2931 192.7522
DGland a 04701 3049124 462568 954453
D62 Off b 04700 0.4823 462104 95.4453
c 04697 0.7155 46.2455 954453
DG1 a 0.2332 121.2291 22.6096 39.5804
B% %?S b 02333 0.2484 226212 39.5804
C 02333 03317 22,6264 39.5804
All DGs OFF a 0.0002 0.1536 0.0094 0.0363
b 0.0002 0.0002 0.0094 0.0363
C 0.0002 0.0003 0.0094 0.0363

Table 4 Effect of variation of penetration level of the DG's on the
magnitude of fault current (differential and average) at distribution
Line DL for a triple line to ground fault (abc-g) fault, with fault
distance ratio (FDR) = 06 and fault resistance (R) = 20 (),
respectively, where the microgrid is operated in islanded mode

DG Status

Phase max (I Differential) max (I Average)

(in A) (in A)
Half cycle Half cycle  Half cycle Half cycle
Before Fault After Fault Before Fault After Fault
AllDGs ON a 0.8399 1716.7085 0.6075 4575215
b 0.8400 805.2776  0.6075 4575215
C 0.8401 20334764 0.6076 4575215
DG1 Off a 0.7074 1443.1043 70.2482 492.0391
b 0.7073 12894827 70.2729 492.0391
c 0.7074 619.6908  70.2943 492.0391
DGland a 04704 5839226 462576 2023372
D62 Off b 04703 6612137 462112 2023372
C 04699 8013551  46.2462 2023372
DG1 a 02334 2155093 22,6099 76.1430
ng %r;fd b 0.2334 3151619 226216 76.1430
C 0.2334 3268790 226268 76.1430
All DGs OFF  a 0.0002 02610 0.0094 0.0779
b 0.0002 0.2587 0.0094 0.0779
c 0.0002 0.2800 0.0094 0.0779
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3.5 Response of fault location algorithm
As soon as a particular phase of the distribution line is de-
tected with a fault, the measured values of the three phase
voltage and current samples (from relay R4, Rpg, Rag, Rpc
or Rcp) are passed through the proposed TFR technique,
which extracts their fundamental phasor quantities (mag-
nitude and phase angle), respectively, as explained in sec-
tion IL.D. Subsequently the fault location (FLesimarea) as
well as the percentage error in fault location are computed.
The response of the fault location algorithm for a single
line to ground fault (a-g) on distribution line DL 5 (with
FDR 0.6, and Rr= 10 Q), in the microgrid operating in the
GCM as well as IM, are shown in Fig. 6a and b, respect-
ively. In a similar manner, the response of the fault location
algorithm for a triple line to ground fault (abc-g) on distri-
bution line DL4g (with FDR 0.8, and R = 10 Q), in the
microgrid operating in the GCM is shown in Fig. 6c. In all
these figures, the subplots are defined as (a) 3-phase volt-
age signals at the relay R,p, (b) 3-phase current signals at
the relay R4p, (c) Resistance (R in 2) seen by the relay R4p
through the proposed TFR technique in phase ‘@, (c) React-
ance (X in Q) seen by the relay R4p through the proposed
TER technique in phase ‘a, and (e) R-X trajectory, respect-
ively. It is observed in these figures that, as soon as there
is a fault (at the 60th cycle) in any phase of the distribu-
tion line DL 4p, there are some deviations in the respective
three phase voltage and current quantities. It is also ob-
served that, there is a respective steep change/ deviation
in the resistance and reactance values. It is further ob-
served that, the estimation done by the conventional DFT
is not stable, and is oscillatory in the post fault region. On
the contrary, the proposed TFR technique illustrates a
stable and approximate estimation of the resistance and
reactance components, respectively. Finally, it is observed
that the R-X trajectory, for all the cases are well within the
zone of protection for faults in both the GCM as well as
IM of operation of the microgrid, respectively.

3.6 Impact of variation of DG penetration and FDR on the
performance of the fault location algorithm

The impact of the variation of the DG penetrations, on
the performance of the proposed fault location algorithm
at various.

FDR’s is investigated in this section, where Fig. 7 illus-
trates the comparison of the percentage error in fault
location (%) evaluated by the proposed fault location
algorithm for single phase to ground fault (a-g) at differ-
ent fault locations (2 km to 18 km i.e., FDR varied from
0.1 to 0.9 p.u., respectively), on the distribution line
DL 4p in the micro grid operating under GCM, subjected
to various levels of DG penetrations. Further the sub-
plots show the following: (a) response for fault resistance
(Rr =) 0.1Q, (b) response for fault resistance (Rf =) 1€,
and (c) response for fault resistance (R =) 109,
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a single phase to ground fault (a-g) on distribution line DLBC (with FDR 0.3, and Rf = 0.1 Q)), where, responses are for distribution lines (a) DLAB,
p
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respectively. In the individual subplots, for most of the
cases (except some) it is observed that, the percentage
error in fault location (%) for a particular DG penetra-
tion increases with increase in FDR. It is further ob-
served that, with increase in DG penetration from ‘No
DG’ to ‘DG 1234, i.e., from ‘No DG on’ to ‘All DG on,
respectively, there is a substantial increase in the per-
centage error in fault location (%), which is prominent
in case of ‘DG 1234’. Further, as the fault location

algorithm is not dependent on the resistance seen by the
relay, it is observed that, with an increase in R, from 0.1
Q to 10 Q, the percentage error in fault location (%), in-
creases for the DG 1234 case with FDR 0.8, respectively.
Similar is the observation for all the other cases. Hence
it is observed that DG penetration as well as fault dis-
tance ratio has significant effect on the accuracy of the
proposed fault location technique, which decreases with
increase of these quantities, respectively.
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Fig. 5 aThe three phase spectral energy from TFR for differential (——) and average (....) currents, for the islanded microgrid subjected to a single
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3.7 Relay trip timing for the proposed technique

The time taken by the algorithm to issue a trip signal to
the relay, after the instance of fault incipient (CDP) is
defined as the relay trip time. In the present work, as
soon as the fault occurs (just after the completion of the
60th cycle), the proposed TFR technique traces for the
first instance, where the rule i.e., ‘Ediff > Eavg + ( is sat-
isfied and correspondingly calculates the time spent for
doing so (after fault inception). This time is termed as
the relay trip timing (RTT), at which a trip signal is is-
sued to the corresponding relay. Table 5 illustrates the

comparison of the relay tripping time (in ms) for full
cycle window and half cycle window calculations for the
microgrid subjected to various types of operating modes
(GCM and IM), fault types, fault resistances, and faulted
distribution lines, respectively.

In the full cycle window calculation mode, one
complete cycle data (i.e., half cycle data before and half
cycle data after the fault incipient) of the E;y and E,,,
are passed through the TFR technique, where as in the
half cycle window calculation mode, half cycle data (ie.,
quarter cycle data before and quarter cycle data after
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(See figure on previous page.)

Fig. 6 a The response of the fault location algorithm on the microgrid operating in the grid connected mode, which is subjected to a single line
to ground fault (a-g) on distribution line DLAB (with FDR 0.6, and Rf = 10 Q)), where, (a) 3-phase voltage signals at the relay RAB, (b) 3-phase
current signals at the relay RAB, (c) Resistance seen by the relay RAB through the proposed TFR technique in phase ‘@, (d) Reactance seen by the
relay RAB through the proposed TFR technique in phase ‘a’, and (e) R-X trajectory, respectively. b The response of the fault location algorithm on
the microgrid operating in the islanded mode, which is subjected to a single line to ground fault (a-g) on distribution line DLAB (with FDR 0.6,
and Rf = 10 ), where, (a) 3-phase voltage signals at the relay RAB, (b) 3-phase current signals at the relay RAB, (c) Resistance seen by the relay
RAB through the proposed TFR technique in phase ‘a’, (d) Reactance seen by the relay RAB through the proposed TFR technique in phase ‘@,
and (e) R-X trajectory, respectively. ¢ The response of the fault location algorithm on the microgrid operating in the grid connected mode, which
is subjected to a three phase to ground fault (abc-g) on distribution /ine DLAB (with FDR 0.8, and Rf = 10 ()), where, (a) 3-phase voltage signals at
the relay RAB, (b) 3-phase current signals at the relay RAB, (c) Resistance seen by the relay RAB through the proposed TFR technique in phase ‘@',

(d) Reactance seen by the relay RAB through the proposed TFR technique in phase ‘a’, and (e) R-X trajectory, respectively

fault incipient) of the E 4 and E,,, are passed through
the TFR technique, for the calculation of the relay trip
timing. It is observed that, in full cycle window mode,
the RTT for corresponding phase of the distribution line
under fault is obtained within one cycle (20 ms) of fault
incipient. It is also significant to note that, while in half
cycle window mode, as we process nearly half the sam-
ples, thus RTT is obtained within 10 ms (except row 29),
i.e., within half cycle from the fault inception time. Thus
two significant contributions can be outlined from this
section, (i) Utilization of half cycle window mode, in-
stead of full cycle window mode, extracts the RTT well
within half cycle of fault incipient, thus we overcome the
problem of CT saturation as outlined in [19] as well as
obtain quick RTT response as compared to [17], respect-
ively; and (ii) regardless of the large combination of
operating points, the proposed technique is significantly
successful for almost all of them, which validates the
applicability of the proposed TFR technique under wide
range of operating points.

3.8 Performance evaluation of the proposed technique

Tables 6, 7 and 8 illustrate the comparison for the esti-
mated fault distance (km) and percentage error in fault
location (PEFL) for a single line to ground fault (a-g) on
the distribution line DL,z in the micro grid operating
under GCM, at different fault locations (2 km to 18 km
i.e., FDR varied from 0.1 to 0.9 p.u., respectively), with
fault resistance’s (Rr =) 0.1Q, 1Q and 10 Q, and the
microgrid subjected to various levels of DG penetrations,
respectively. It is to be noted that, the above proposi-
tions have been verified under all the operating condi-
tions discussed in the previous sections, but only one
case study has been presented to reduce the length of
the manuscript. Let us consider the case of higher DG
penetration, i.e., where DG 1, 2, 3, 4 are on, i.e., con-
nected to the microgrid. It is observed in these tables
that for Ry = 0.1 Q case, as we increase the FDR from
0.1 p.u. to 0.9 p.u., the PEFL (%) increases from (0.0622
vs 0.3412) % to 1.6334 vs 18.488) %, for the (proposed
TFR vs conventional DFT) techniques, respectively.
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Fig. 7 Comparison of the percentage error in fault location (%) evaluated by the proposed fault location algorithm for single phase to ground
fault (a-g) at different fault locations (2 Km to 18 Km i.e,, FDR varied from 0.1 to 0.9 p.u, respectively), on the distribution /ine DLAB in the micro
grid operating under grid connected mode, subjected to various levels of DG penetrations, where (@) response for fault resistance (Rf =) 0.10), (b)
response for fault resistance (Rf) = 1Q, and (c) response for fault resistance (Rf) = 100Q), respectively
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Similarly, for R = 1 Q and 10 Q cases, as we increase
the fault distance ratio from 0.1 p.u. to 0.9 p.u,, the per-
centage error in fault location (%) increases from (0.4912
vs 0.7768) % to 9.2559 vs 19.9789) %, and from (3.0313
vs 3.2919) % to 48.7672 vs 49.1818) %, for the (proposed
TFR vs conventional DFT) techniques, respectively.
Similar observations are also observed for all the other
cases illustrated in these figures. It is further observed
that, with the increases in DG penetration or increases
in R4 the difference between PEFL (%) exhibited by pro-
posed TFR vs conventional DFT techniques, respectively,
slightly decreases. In spite of that, it is very much clear
from all the observations that, the proposed TFR tech-
nique illustrates a better fault location algorithm exhibit-
ing the lower PEFL (%) in almost all the cases illustrated
in the Tables 6, 7 and 8. This proves the significance and
advantage of the proposed TFR technique over the con-
ventional DFT technique.

3.9 Effect of post fault dynamic response of DGs

Since with the spectral energy protection scheme the
trip sinal is generated within one cycle and therefore
this transient will have practically no effects on the
converters connected to DGs. ince thisdigital scheme is
very fast the fault current limiting on the converter side
will not influence on the protection algorithms. For
illustration the pre and post fault dynamic response of
the DG 1 in the proposed microgrid model, which is
subjected to a double line to ground fault in DL 45 (with
FDR = 0.5) at 60th cycle of simulation which lasts for
13 cycle, i.e., fault cleared at 73th cycle, and the voltage
and current waveforms at the DG 1 terminal after the
transformer connection areshown in Fig. 8. From the
results it is quite clear the voltage and current wave-
forms come to their initial values very quickly after the
fault is cleared.

4 Conclusion

This paper investigates a fast and accurate pattern rec-
ognition technique (Sparse Fourier kernel based fast
time-frequency representation) based differential spec-
tral energy protection approach for an ac microgrid. In
this regard, the first instant of fault inception is initially
traced using a change detection (characterized by CDP)
filter technique over the differential and average current
components. In order to avoid a large computational
overhead by processing large number of data samples,
only one cycle or half cycle data (half of data from either
side of the CDP) are passed through the proposed TFR
technique, which significantly reduces its computational
burden. In comparison to threshold setting based
conventional differential protection techniques; the
proposed scheme illustrates a better performance, with
much reduced relay trip timings (less than half cycle)
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55 60 65 70 75 80

(a)

labc [A]
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No. of Cycle
(b)

Fig. 8 Pre and Post Fault dynamic response of DG1. a Voltage at DG1

terminal after transformer. b Current at the DG1 terminal after transformer
- J

and is very much immune to the threshold setting.
Further, the impact of variation of a large number of op-
erating conditions such as mode of operation of the
microgrid (grid connected or islanded), type of fault
((single line to ground faults (L-g), double line to ground
faults (LL-g), and triple line to ground fault (LLL-g), fault
resistance, fault distance ratio, and the level of penetra-
tion of the DG, respectively, on the performance of the
proposed technique has been extensively verified on a
standard distribution generation (DFIG wind farm)
based ac microgrid, which has been simulated in the
MATLAB/ Simulink environment. The proposed tech-
nique as compared to conventional DFT and differen-
tial current based protection scheme, has a number
of advantages, such as reduced computational com-
plexity, reduced effect of bias setting for fault detec-
tion, quicker fault detection and classification, better
accuracy of fault location and a faster relay response
time (less than half cycle). This has been illustrated
in the simulation and result section, where the out-
puts shown are satisfactory, and vindicates the real
time applicability of the proposed technique, which
will be useful for wide area protection.
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6 Appendix

Table 9 The detailed parametric values of the network (Fig. 2)
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SI. No. Element Variables supporting the elements Description
1 Utility 3-phase, 60 Hz, 154 kV
2 Distributed Generators DG 1,DG 2, DG 3 and DG 4 60 Hz, 575V, 9 MW, DFIG based wind farms
3 Transformers Utility: T,y 229 kV/154 kV, 60 Hz, 47 MVA,
Distribution: T,5, T,3, T, and T,s 575V/ 229 kV, 60 Hz, 10.5 MVA
4 Distributed Lines Dlag (20 km), DLag (16 km), DLge (12 km), DLgc Pi section models, positive- and zero- sequence resistances
(02 km), DLcp (04 km). (r1, rOC/km = (0.07375, 0.4054) Q/km, positive- and zero-
sequence inductances (/7, I0)H/km = (0 3.4358 x 1073,
89524 x 107>) H/km, positive- and zero- sequence
capacitances (c1, cOF/km = (0.0075 x 107°, 0.0044
X 107 F/km.
5 Loads L; (constant PQ loads) L, (constant PQ loads) L3 229 kV, 60 Hz, 12.0 MW, 0.50 MVAR 22.9 kV, 60 Hz,
(constant PQ loads) Ly (constant PQ loads) Ls 10.5 MW, 0.25 MVAR 22.9 kV, 60 Hz, 11.0 MW,
(constant PQ loads) 045 MVAR 229 kV, 60 Hz, 120 MW, 0.15 MVAR
229 kV, 60 Hz, 10.5 MW, 0.05 MVAR
6 Battery Banks 1-MWh BESS is considered by integrating five

200-kWh LiFePO4 lithium—ion BESSs in parallel.
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