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Modified discrete Fourier transform algorithm for protection of shunt compensated
distribution line

Introduction. The response time of the relay plays vital role when fault occurs on the line. Various algorithms are adopted to increase the
sampling rate of the relay which, in turn, improves the response time. Methods. Discrete Fourier transform and modified discrete Fourier
transform are the two algorithms used to calculate the fundamental frequency phasor of the signal required by the relay to initiate trip
command. It is known that discrete Fourier transform takes four to five cycles to produce the fundamental frequency phasor but it fails to
deal with the decaying DC component. On the other hand, modified discrete Fourier transform improves the response time by removing
the decaying DC component along with the other harmonics in just one cycle and a_few samples. The aim of this paper is to cover discrete
Fourier transform and modified discrete Fourier transform algorithms to analyze the performance of the three overcurrent and one earth
Jault relaying scheme for different types of faults occurring in the distribution system. Methodology. The concept of three overcurrent and
one earth fault scheme is also explained in this paper for protection of shunt-compensated distribution system. The scheme is designed for
variable power factor. MATLAB/Simulink is used as the software tool to validate the results obtained for various types of faults occurring
in the system. The results are represented graphically to illustrate the time of response of the protection scheme when shunt compensators
are connected at the receiving end of distribution network. References 16, tables 2, figures 8.

Key words: modified discrete Fourier transform, three overcurrent and one earth fault protection scheme, shunt
compensation, distribution system, response time of relay.

Bcemyn. Yac cnpayiosanns pene 8idiepac Jcummeso 8adlciugy poib npu 6UHUKHEHHI HeCnpasnocmi na ninii. [na 30invuients vacmomu
oJuckpemuzayii pene 3acmMoCoBYIOMbC PI3HI AneOpUmMMU, ujo, CE0€I0 4epaolo, Nokpawye uac cnpayrosanns. Memoou. /Juckpemne
nepemeopennss Dyp’e ma mooughixosane ouckpemue nepemeopenna DPyp’c — ye 06a aneopummu, AKi GUKOPUCHOBYIOMbCA OJiA
PO3PAXYHKY 6eKMOPA OCHOBHOI YACMOMU CUSHATY, HeOOXIOH020 015 pele nodayi KOMaHou Ha 6iOKIouenHs. Bioomo, wo ona ompumanns
6eKmMopa 0cHOBHOI yacmomu OUcKkpemHozo nepemeopenhs yp’c nompioHo 8i0 HomupbOX 00 n'aMmu YUKIie, ane 60HO He CHPABIACMbCS
3 NOCMIIHOIO CKAA006010 CMPYMy, wjo 32acac. 3 inuwo2o 00Ky, mooughikoeane Ouckpemne nepemeopenns @yp’c nokpawye uac
CNpayio8ants, GUOGNAIOYYU NOCMIUHY CKAA008Y CMPYMY, WO 32aCd€, PA3OM 3 THWMUMU 2APMOHIKAMU 6CbO20 34 OOUH YUK I KiIbKa
subipox. Mema yiei cmammi nonazac 6 momy, Wob OXONUmu aropummu OUCKpemno2o nepemeopents ®yp’e ma mooudikoeanozo
OJuckpemnozo nepemgopens Dyp’e Ona ananizy Xapaxmepucmux mpbox cxem pejie MaKkCUMAIbHO20 CIPYMY Ma OOHIET cxemu 3axucny
6I0 3aMUKAHbL HA 3eMII0 O PI3HUX MUNi6 HeCNMpasHocmell, Wo GUHUKAIOMb y po3noditbyill cucmemi. Memoodonozia. Y cmammi
NOACHIOEMbCA MAKONC KOHYENYisi Mpbox cXem NePesaHmadtzCeHHs no Cmpymy i OOHIEl cxeMu 3aMUKAHHA HA 3eMui0 ONsl 3aXUCTY
PO3Nn00INLYOL cucmemu 3 napaieivbhoio komnencayicto. Cxema pospaxoseana na sminnuti koegiyienm nomyscnocmi. MATLAB/Simulink
BUKOPUCTNOBYEMBCS AK NPOSPAMHULL IHCIMPYMEHM OJI51 NepesipKU pe3yibmamis, OmpuManux 05 Pi3HUX munie ioMoe, w0 6UHUKAIOMb Y
cucmemi. Pezynomamu npeocmasneni epagiuno, wob npoimocmpyeamu yac cnpaybo8Y8AHHs CXeMU 3aXUCHLY, KOAU ULYHMYIOUi
KoMneHcamopu niokmuo4eni Ha npuimanbHomy Kinyi posnooineroi mepedici. biomn. 16, Tabum. 2, puc. 8.

Kniouosi crnosa: mopudikoBane quckperHe nepersopeHHsi @yp’e, Tpu cxeMH MaAKCUMAJIBLHOIO CTPYMOBOIO 3aXHCTYy Ta 0JJHA cXeMa
3aXHCTY Bi/l 3aMHKaHb Ha 3eMJII0, TApaJieJIbHa KOMIIEeHcAllisl, PO3MOi/IbHA CHCTeMa, Yac CPANIOBAHHS peJie.

Introduction. Protection of distribution system is the  possible [7]. Earlier the researchers used to apply mimic
most vulnerable part of the power system protection because  filters and other such digital filtering techniques in order to
it often encounters severe dynamic changes due to change in ~ damp out the decaying DC component from the current signal
line loading and uncertainty in power factor [1, 2]. Further, required by the relay [7, 8]. Though, due to the disadvantages
the severity intensifies under abnormal conditions like faults ~ Of these filters, the researchers developed Discrete Fourier
occurring in the network. Such changes are generally dealt ~ Transform (DFT) algorithm to obtain the fundamental
with the use of reactive power compensators in the line, ~component of line current to be fed to the relay [9]. The DFT
which possess controllers and power electronic components ~ algorithm usually takes a few cycles to serve the required
[3]. The presence of compensators introduces error in the ~Purpose which makes the protection algorithm slow and
measurement of fault and system parameters [4, 5]. Hence, ~©rroneous. Thus, Modified Discrete Fourier Transform
the protection scheme needs to be fast and sensitive enough to (MDFT) was proposed in [7, 8] which is capable to produce
operate efficiently under all these conditions. the fundamental compone;nt of current in one cycle and a few

Variation in line loading in distribution network is a  S2mples, thereby, decreasing the response time of the relay.

major challenge for a relay present at receiving end of the A number of resear.che.rs haye proppsed optimal
. o . techniques of relay coordination using various types of
line [5]. Generally, the distribution network is protected by . ) . .

overcurrent and carth-fault relays in the first zone of overcurrent relays [1, 3, 10]. Since this paper is designed for

. . education purpose, it covers the basic concepts of shunt
protection. The most common type of protection scheme : d on. The f £ thi
used for distribution lines is three overcurrent and one compepsalttloﬁlantr i)vetr}furrersltc protectlon.f 3 eo /ECL:;OI }E /1;
earth-fault (3 O/C & 1 E/F) protection scheme [6]. The paper 1S fo 1fustiate the periormance o

ion devices h be selected full d protection scheme under different fault conditions,
protection devices have to be selected carefully and must considering the shunt compensators such as Fixed Capacitor

comply with consonant standards as far as industrial and Thyristor Controlled Reactor (FCTCR) and Distributed
commercial loads are considered. The presence of  gtic Synchronous Compensator (DSTATCOM). The
distributed generation, for example, may lead to additional  |aqyits are obtained using both, DFT and MDFT, algorithms
challenges to be faced by the relay, where the power flows  ang the comparison between the two algorithms is also
in both the ways. Such situations demand dynamic settings explained in the sections below.

of the relay, as illustrated in [2]. Protection of distribution line using overcurrent

The time of response of the protection algorithm decides  relay. Overcurrent is defined as very high current flowing
the sensitivity of the relay, which needs to be as high as © A Jani V H. Makwana
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through the line during any fault or abnormal conditions.
An overcurrent relay is set to operate when the line
current exceeds the threshold limit of the current, called
plug setting of the relay. The family of overcurrent relays
includes instantaneous, time-delayed, definite time and
inverse time overcurrent relays. Inverse-time relays are
further classified as normal-inverse, very-inverse, and
extremely-inverse.

Instantaneous relays operate within 1-2 cycles when
fault occurs in the network. It is generally set to provide
protection against short circuit, and hence, it is set for very
high values of rated current (may be five times of rated
current). Time-delayed relays are used to achieve the
features of back-up protection and selectivity in relays.

Definite time relay is set to operate after a definite
set time when the current exceeds the pick-up value. The
pick-up setting of this relay is generally between 50 to
200 % of rated relay current and these relays are used to
protect the radial feeders. In inverse-time overcurrent
relays, the operating time of the relay is inversely
proportional to the relay current. They are broadly
categorized as phase-fault relays and earth-fault relays.
For phase relays, the relay setting range is 50-200 % of
rated relay current. Earth-fault relays are installed in order
to sense the sensitive ground faults, having setting range
5-20 %, 10-40 % or 20-80 % of current transformer (CT)
secondary rating, depending upon the sensitivity of the
relay required. The generalized relation to define a
standard overcurrent relay, given in (1), is written as:

t= s ™S, ¢))
(PSM)* -1
where ¢ is the time of operation of relay; PSM is the plug
setting multiplier of relay; 7MS is the time multiplier
setting of the relay. The constants a and f are selected
according to the Table 1 for various characteristics [6].

Table 1
Value of a and £ for different inverse-time relays
Relay o S
Normal inverse 0.02]0.14
Very inverse 1 |13.5
Extremely inverse 2 | 80

Figure 1 shows the operating characteristics of
different overcurrent relays discussed in this section.
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Three overcurrent and one earth-fault relaying
scheme. Figure 2 illustrates the schematic diagram of the

protection scheme used in this paper to demonstrate the
protection of shunt compensated distribution line [6].
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Fig. 2. Schematic diagram of 3 O/C & 1 E/F relaying scheme

In this figure, 51, 52 and 64 denote the international
codes used for drawing the protection circuits. 51R, 51Y,
51B stands for overcurrent relays connected in R, Y and
B phases of the line, respectively. Further, 52 stands for
circuit breaker and 64 stands for earth-fault relay.

The relays used in this paper are set according to the
above discussion. When phase faults occur in the line (R-Y,
Y-B, R-B, R-Y-B), at least one of the three overcurrent
relays shall sense the fault and operate according to the
relay settings, following the set characteristics. In the case
of phase-to-ground fault (R-g, Y-g, B-g), the residual
current follows the path of earth-fault relay, which
operates as per the relay settings. However, for double
line-to-ground faults (R-Y-g, Y-B-g, R-B-g), both the
phase overcurrent relays and the earth-fault relay will
sense the fault and operate simultaneously.

Figure 3 describes the flowchart of the relay operation.

4 s 4
| Initialize I/O Devices (Protection CT and PT) |

Select relay type
Set Plug setting and
T™S

Is Conversion
completed?

Send current to relay
Compare with PS

No
Yes

Send Trip Signal to CB

Fig. 3. Flowchart of relay operation
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The line parameters are measured at regular intervals
using protective current and potential transformers (CTs and
PTs). These parameters are then given to the relay as input,
where the input signal is first compared with the plug setting
of the relay. If the measured current exceeds the set current,
then trip signal is generated using mathematical and logical
units; otherwise, uninterrupted supply is continued to be
supplied to the line.

Protection of shunt compensated distribution
line. Figure 4 shows the block diagram of the distribution
network protected by 3 O/C & 1 E/F relaying scheme. For
MATLAB simulation, 11 kV, 50 Hz radial distribution
network, feeding a three-phase load, is considered in this
paper. The parameter measurement block measures line
current and sends it to the relay logic block. The relay
logic block having 3 O/C & 1 E/F relaying logic (as
shown in Fig. 3), sends trip signal to the circuit breaker
under fault or other abnormal conditions.

Relay
Logic

Current

3-9, 11
kV, 50
Hz
Source

Circuit
Breaker

Three-
phase load
Shunt

measurement /
Fault
1 Compensator

Fig. 4. Block diagram of the circuit used for analysis

Parameter

Shunt compensators installed in the distribution
network. The presence of shunt compensators introduces
power disturbances in the measurement of line parameters
[11-13], which affects the reach of the relay [14, 15]. Hence,
the relay settings need to be adjusted when reactive power
compensators are installed to the line to be protected, to
avoid mal-operation of main and back-up protection scheme.

Compensation can be either active or passive. Fixed
inductors and capacitors providing a fixed percentage of
reactive ~ power  compensation  constitute  passive
compensators. However, the Static Var Compensators (SVC)
and DSTATCOM, which are designed to compensate for
variable reactive power demands, constitute active
compensators. SVCs comprise of Thyristor Controlled
Reactor (TCR), Thyristor Switched Capacitor (TSC), Fixed
Capacitor TCR (FCTCR), TSC-TCR etc. This paper covers
the analysis of FCTCR and DSTATCOM.

Removal of decaying DC component from input
signal. Under normal conditions, the voltage and current
signals contain only fundamental and integer harmonic
components. The DFT filtering algorithm produces the
fundamental component within one cycle for such cases.
But when fault occurs, the decaying DC component is
also present along with the fundamental and harmonic
components. The convergence speed of DFT algorithm
reduces to more than 4 cycles due to the presence of
decaying DC component. Thus, a MDFT technique is
proposed by researchers [8, 9], which takes one cycle and
a few samples to produce the fundamental signal during
fault condition. It reduces the response time of the relay.

Results and discussions. The algorithm of 3 O/C &
1 E/F relaying scheme is simulated in MATLAB using
11 kV, 50 Hz distribution substation feeding a 3 MW,
0.8 power factor three-phase load. A shunt compensator is
installed at the receiving end to improve the power factor

from 0.8 to 0.9. Here, results for FCTCR and DSTATCOM
are shown in this paper. The relay operation is verified
against various phase and ground faults, like L-g, L-L, L-L-g,
L-L-L and L-L-L-g. The distribution line length is
considered as 20 km.

Power factor correction using FCTCR and
DSTATCOM. Both the FCTCR and DSTATCOM are
designed to improve the power factor from 0.8 to 0.9. The
design is verified in Simulink and provides adequate
results, as shown in Fig. 5. Figure 5,a shows the voltage,
current and power factor of the load for uncompensated
line. It can be noticed that the power factor is maintained at
0.8. Figure 5,b depicts that the power factor for FCTCR-
compensated line has increased to 0.9. Similar is the case in
Fig. 5,c, where the power factor of DSTATCOM-
compensated line is improved to approximately 0.9.

I
power factor
T

b - FCTER cozilpensn;ted lme

load power factor
T T

L L 1 L LS
¢ — DSTATCOM compensated line
Fig. 5. Power factor improvement using FACTS devices

Fault occurring on the shunt compensated
distribution network. Figure 6 shows the relay tripping
action for L-g, L-L, L-L-g, L-L-L and L-L-L-g faults
occurring in a FCTCR-compensated distribution network.
Figure 6 consists of six graphs and each graph comprises of
three curves of current flowing through R, Y and B phases of
the line. It is observed from the simulation results that the
E/F relay operates along with the O/C relays only for ground
faults. For all other faults, only O/C relay operates.

The high value of current in the faulted phase of the
line implies that the fault has occurred in that particular
phase. Accordingly, the overcurrent relay corresponding

Electrical Engineering & Electromechanics, 2023, no. 2
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to the faulted phase will trip the supply to all the three
phases. This setting is done because if the breaker is set to
trip the faulted phase in the simulation, then some residual
fault current flows to the healthy phases of the line, giving
erroneous results. The reason for this error is the internal
grounding of the elements used in the simulation, which
provides a path to the fault current [16].
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Fig. 6. Different types of overcurrent relay characteristics
for FCTCR-compensated line

Similar results are obtained for DSTATCOM as well, as
shown in Fig. 7. Since L-g fault is the most common fault, the
results in this section include only L-g fault for definite time
overcurrent relay and Inverse Definite Minimum Time
(IDMT) relay. The relay is verified to operate accurately for
other faults as well, though it is not included in this paper. It is
observed that the definite time overcurrent relay sends the trip
command after a set delay (0.1 s). In this case, the IDMT
relay operates according to (1), when fault occurs on the line.
The results are shown for normal-inverse characteristics.
Other characteristics given in Table 1, such as very-inverse
and extremely inverse, are also tested in MATLAB for
FCTCR and DSTATCOM-compensated distribution network
considered for simulation.
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Fig. 7. Different types of overcurrent relay characteristics
for DSTATCOM-compensated line

Based on the simulation results obtained, the
operation of the 3 O/C & 1 E/F relaying scheme can be
understood using Table 2, which depicts the combination
of relays which operates depending upon the type of fault.

| Table 2
current through ground : : : : _ Relay operation based on the type of fault
\ O/C Relay: | O/C Relay: | O/C Relay:
i 1 1 i i ] % ] Fault Phase Ry Phase Yy Phase By E/F Relay
d — instantaneous relay operation for L-L-L fault R-g Yes No No Yes
Rephase curren Y-g No Yes No Yes
”" A~ 45 B-¢ No No Yes Yes
\'\v/ R-Y Yes Yes No No
V-phase current : : Y-B No Yes Yes No
T = = - R-B Yes No Yes No
‘ ‘ ‘ R-Y-g Yes Yes No Yes
R I 7a) I Y-B-g No Yes Yes Yes
,// \\ is R-B-g Yes No Yes Yes
> current through ground : - : R-Y-B Yes Yes Yes No
7/ = R-Y-B-g Yes Yes Yes Yes
| | \

e — instantaneous relay operation for L-L-L-g fault

1 L —

] lMHMUL

Y%Y%YﬁY

: VY

SR

f deﬁnlte time relay operatlon for L-g fault

Testing of MDFT algorithm for fast response of
the relay. The results shown above are obtained by V-1
measurement block in MATLAB/Simulink, which is
based on Fast Fourier Transform (FFT) algorithm. It is
mathematically proven that the output of DFT and FFT is
same. FFT can do everything a DFT does, but more
efficiently and much faster than a DFT. It’s an efficient
way of computing the DFT. Hence, the output of V-/
measurement block can be considered as the DFT output.

Figure 8,a,b shows the output of DFT and MDFT
algorithm, respectively, when L-g fault occurs in the
simulation circuit considered above for the analysis. It is
observed from the output that the magnitude of current is
obtained after more than 2 cycles when fault occurs on the
line (Fig. 8,a). However, MDFT (Fig. 8,b) produces the
desired output in 1 cycle and a few samples, thereby,
improving the time of response of the relaying algorithm.
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Fig. 8. Output response of DFT and MDFT for L-g fault at #= 80 ms

Conclusion. This paper discusses the basics and
performance of the family of overcurrent relays, such as
instantaneous, definite time and inverse definite minimum
time relays, for a shunt compensated distribution network.
The three overcurrent and one earth-fault protection
scheme installed to protect the distribution network and
the simulation results verify that the operation of the
healthy phase is not affected by the asymmetric faults due
to this scheme. Hence, it is concluded that this scheme is
more reliable and accurate to protect the network. Also,
the presence of static VAR compensators like fixed
capacitor thyristor controlled reactor and distribution
static synchronous compensator is taken in account and
the protection scheme performs precisely against the
faults on shunt compensated distribution line as well.
Finally, the response time of the relaying algorithm is
improved by modified discrete Fourier transform
algorithm and the results are compared with conventional
discrete Fourier transform which concludes that modified
discrete Fourier transform produces the desired output
within 1 cycle and a few samples whereas discrete Fourier
transform takes more than 2 cycles for the same.
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