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Abstract

The concept of Synchrophasor and Global positioning
system Phasor measurement unit placed in the
transmission system plays a vital role for correct
localization of the fault. In this context the PMU based
fault location is addressed in this paper for correct decision
of the distance relay. So as a whole the problem of the
protection scheme for transmission system is viewed as a
problem of signal processing rather than instrumentation.
Further with the concept of Synchrophasor and Phasor
measurement unit the fault location in a transmission
system can be achieved without the knowledge of
transmission line parameter.

Keywords: synchrophasors; GPS; Phasor Measurement Units
(PMU); DFR.

1. Introduction

As the electric power grid continues to expand and as
transmission lines are pushed to their operating limits, the
dynamic operation of the power system has become more
of a concern and has become more difficult to accurately
model. In addition, the ability to affect real-time system
control is developing into a need in order to prevent wide
scale cascading outages. For decades, control centres have
estimated the “state” of the power system (the positive
sequence voltage and angle at each network node) from
measurements of the power flows through the power grid.
It is very desirable to be able to “measure” the system state
directly and/or augment existing estimators with additional
information.

For over 100 years, phasors were used for analyzing AC
quantities assuming a constant frequency in the power
system. A relatively new variant of this technique that

synchronizes the calculation of a phasor to absolute time
has been developed, which is known as synchronized
phasor measurement or synchrophasors.

The development of communications and the introduction
and availability of a standardized time reference over wide
geographic areas by Global Positioning System(GPS), laid
the foundation for the Synchrophasor technology. This in
turn has provided the information for system-wide
monitoring and control of the power system that was not
previously available.

In this paper, we have presented an analysis of fault
detection and fault location based on the use of
synchrophasors. Current and voltage phasors at both ends
of a transmission line are measured by Phasor
Measurement Units (PMU) and are sent to a central
location using communication link and are synchronously
compared to determine the state of the system at that
particular instant.
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Fig. 1 Phasors and Synchrophasors
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Accurate fault location reduces operating costs by
avoiding lengthy and expensive patrols. It also expedites
repairs and restoration of lines, ultimately reducing
revenue loss caused by outages. The provided analysis
effectively detects and locates any fault with a fair amount
of precision.

Phasors are basic tools of AC circuit analysis, usually
introduced as a means of representing steady state
sinusoidal wave forms of fundamental power frequency.
Even when a power system is not quite in a steady state,
phasors are often useful in describing the behaviour of the
power system. Synchrophasors are phasors synchronized
with an absolute (common) time reference by means of
global positioning system (GPS). By synchronizing two
phasors which maybe hundreds of kms apart they can be
put on same phasor diagram.

2.1 Phasor Measurement Unit (PMU)

Phasor measurement units (PMUSs) are power system
devices that provide synchronized measurements of real-
time phasors of voltages and currents. Synchronization is
achieved by same-time sampling of voltage and current
waveforms using timing signals from the Global
Positioning System Satellite (GPS). Synchronized phasor
measurements elevate the standards of power system
monitoring, control, and protection to a new level. They
are located in substations

The GPS receiver provides the 1 pulse-per-second (pps)
signal, and a time tag, which consists of the year, day,
hour, minute, and second. The time could be the local
time, or the UTC (Universal Time Coordinated).

One Pulse per

Secphd

o

2. GPS — An overview ik
Receiver
The Global Positioning Satellite (GPS) system consists of /\//\/
24 satellites in six orbits at an approximate altitude of '_/ il
10,000 miles above the surface of the earth. The GPS
system consists of space segment, ground segment and Phase — Locked
users. The ground segment consists of 6 radio stations Dscillator
which control and monitor position and time. The user ‘ ‘H ‘ ‘
segment is responsible for the calculation of coordinates | Miaso
of the receiver and time based on the interpreted Anti - Aliasing A/D - Conv. Microprocessor
messages from the satellites. Flters

The satellites transmit a one-pulse per-second coded
signal, along with an identifier for the signal that can be
interpreted by the earth station receivers Time
synchronization accuracy of 0.2y sec can be
achieved[2,1].

Fig. 2 Global Positioning Satellite (GPS)

Fig. 3 Basic PMU Structure

2.1.1 Basic PMU Structure

The I-pps signal is usually divided by a phase-locked
oscillator into the required number of pulses per second
for sampling of the analog signals. In most systems being
used at present, this is 12 times per cycle of the
fundamental frequency. The analog signals are derived
from the voltage and current transformer secondaries,
with appropriate anti-aliasing and surge filtering. The
microprocessor determines the positive sequence phasors
according to the recursive algorithm described
previously, and the timing message from the GPS, along
with the sample number at the beginning of a window, is
assigned to the phasor as its identifying tag. The
computed string of phasors, one for each of the positive
sequence measurements, is assembled in a message
stream to be communicated to a remote site. The
messages are  transmitted over a  dedicated
communication line[4,3].
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Benefits of PMUs

It provides precise measurement of the power system
state that can be obtained at frequent intervals, enabling
dynamic phenomena to be observed from a central
location, and appropriate control actions can be taken.

Post-disturbance analysis is much improved because
precise snapshots of the system states are obtained
through GPS synchronization.

Advanced protection based upon synchronized phasor
measurements is possible

2.1 Phasor Data Concentrator (PDC)

Phasor data concentrator (PDC) gathers data from several
PMUs; it rejects bad data, aligns the time stamps, and
creates a coherent record of simultaneously recorded data
from wider part of power system. The data is stored at
this stage for analysis and post mortem. The data is
transferred to the super Phasor Data Concentrator (PDC)
via special communication link as per the protocol
defined by IEEE standards C37.1 18. Any protection and
control envisaged for the particular area is implemented
at this level in real time[5]. Time latency is present but
manageable. At a higher level, the super data
concentrator does similar function as part of PDC for
entire system. The super concentrator is usually at the
main controlling centre called Energy Management
Centre (EMC).

super Data
Concentrator

(O

Data
[ 3 Concentrator

4

C Data
Concentrator

k.
eru Jeol prau Jeof e Jeof prau Jeo prau Jes] gy | DRt storaze

Q QA a a

PrUs Located in Substations

Fig. 4 PMUs Located in substation

2.2.1 Working of PMU using GPS:

Following is a brief description of present sampling and
signal processing practices for synchronized phasor
measurement, oscillography, harmonic analysis, and line
distance protection.

Fixed time interval sampling

Traditionally, digital fault recorders (DFRs) acquire data
at fixed time intervals to provide voltage and current
oscillography and harmonic analysis. For example, DFRs
use sampling rates of 1 kilo samples/second or faster.
The samples are synchronized to an internal time source
or an external time source. In some applications, the
external time source is an absolute time reference from a
global positioning system (GPS) receiver[5].

Figure 5 shows a typical DFR data acquisition block
diagram with traditional DFR applications (such as
oscillography and harmonic analysis) using an internal
time source. The system includes a hardware low-pass
filter (Hardware LPF) for anti-aliasing and an analog-to-
digital (A/D) converter for analog-to-digital conversion.

GPS
RCVR

Time
Synch

h d
|,

Yorl Hardware =] Synchronized Phasor
Anzlog LPF Ll Measurement
Channel Oscillogranhv Harmonic

Sampling at fixed time intervals with a local clock for
oscillography and harmonic analysis

Fig. 5 DFR data acquisition block diagram

The main advantage of this acquisition system is that the
data preserve the frequency information of the power
system. This data acquisition system is also suitable for
synchronized phasor measurement when an external time
source with absolute time reference determines the

sampling interval.
Clock

sampling
Interval

Worl Hardware
Analog > LFF ¥ a/D
Channel

Oscillography
Harmanic Analysis

Sampling at fixed time intervals with an absolute time
reference for synchronized phasor measurement,
oscillography, and harmonic analysis

Fig. 6 DFR data acquisition block diagram with fixed sampling rate
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3. Simulation Results

3.1 Model with Parameters

P
TRy
R
i

v

|

=]
F"L

Pasitive sequence V1 =173 Va+a'Vh +a'2*/c)
Negatie sequence V2= 13" Va+ 3'2'Vb +a*Ve)
Zero sequence V0= 1/3* (Va +\b +Vc)

Where 3 =exp(] "2pii3) = 1<+ 120 deg

Fig. 8 Sequence Filter Circuit

3.2 Block Descriptions

¥ Block Parameters: Synchronous Machine pu Standard M‘

Synchronous Machine {mask) (ink)

Implements a 3phase synchronous machine modelled in the dq rotor reference frame. Stator
windings are connected in wye to an intemal neutral point.

Preset mode! [T R ~ |
v Show detailed parameters ——————
|| Rotortype: [[Saliert pole =l I
Nom. power, L-L volt. and freq. [ Pn(VA) Vn(Vims) fn(Hz) J:
[ 6006 230000 50
Reactances [ Xd Xd' Xd" Xq Xq™ X | fpu):
[[1.81.03.023,1.76. 0.25. 0.15]
d ads time constants: | Open-circuit =~
q axis time constart(s): | Open-circuit =l
Time constants [ Tdo' Tdo™ Tqo" ] (s):
llg 0.03 003 ]
|| Stator Rs (pu):
[0.0003
Coeff. of inertia, friction factor and pole pairs [ His) Flpu) p{ |
440 8)
Int. cond. [dw(%) th{deg) ia.ib.iclpu) pha.phb.phcideg) Wipu) I:
|10 -44.9983 0.558072 0.558072 0.558072 14.0206 -105.979 134.021 1.05959]
I Simulate saturation i
4
ok | camcel | Heb | ey
= e
Fig. 9 Synchronous machine pu model
WA Block Parameters: 600 MVA-50 Hz 230kV-500 kV L2 el

-~ Three-Phase Transformer (Two Windings) {mask) fink)

This block implements a three-phase transformer by using three single-phase
transformers. Set the winding connection to "Yn" when you want to access the neutral
point of the Wye.

D
F

Nominal power and frequency [ Pn(VA} , fn{Hz) ]

£00e6_30

Winding 1 (ABC) connection : [ Deta (D1) =l
Winding parameters [ V1 Ph-Ph(Vms) , R1fpu) . L1{pu) ]

[122¢31.0e-06 0]

Winding 2 (sbc) connection : [ Yg =1

Winding parameters [ V2 Ph-Ph{Vims) . R2{pu) . L2{pu) ]
[1500¢3 012 012]

I~ Saturable core

Magnetization resistance Rm {pu)

{500

Magnetization reactance Lm (pu)

|s00

Measuunmlee ;I

Fig. 10 Transformer
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BB Block Parameters: Line 1200 km1 Sl X ]
Distributed Parameters Line {nask) fink)
Implements a N-phases distibuted parameter line model. The R.L. and Cline {]
are specified by [NxN] matri

To model a two-, three-, or a six-phase symetrical line you can either specify complete
[NxN] matrices or simply enter sequence parameters vectors: the positive and zero
sequence parameters for a two-phase or three-phase transposed line, plus the mutual
zero-sequence fora sixphase transposed line (2 coupled 2phase lines).
Parameters
Number of phases N
E
Frequency used for R L C specffication (Hz)
{50
Resistance per unit length (Ohms/km) [N*N matrix] or [R1 R0 ROm]
[0.021,0.0221)
Inductance per unit length (H/km) [N"N matrix ] or [L1 LO LOm]
|[0.057¢-3. 1711e-3]
Capacitance per unit length (F/km) [N*N matrix] or [C1 CO COm)
[[0.027-6.0.021e-6]

Line length (m) 3
200
]
Measurements | Phaseto-ground voltages l]
ok | cace | mew | ey |
= = |

Fig. 11 Transmission Line 1

@ Biock Parameters: Line 1
—Distributed Parameters Line (mask) fink)

Implements a N-phases distributed parameter line model. The R.L, and Cline
are ified by [NxN] matri

To model a two-, three-, or a six-phase symetrical line you can either specify complete
[NxN] matrices or simply enter sequence parameters vectors: the positive and zero
sequence parameters for a two-phase or three-phase transposed line, plus the mutual
zero-sequence for a sx-phase transposed line (2 coupled 3phase lines).

Parameters
Number of phases N

| @

Frequency used for R L C specffication (Hz)

|s0

Resistance per unit length (Ohms/km) [N"N matrix] or [R1 R0 R0m]

[i0.032100321

Inductance per unit length (H/km) [N"N matrix ] or [L1 L0 LOm]

il| Jio.057e-3.1.71e-3)

Capacitance per unit length (F/km) [N"N matrix] or [C1 C0 COm]

[t0.021e-6,0.021e-6]

Line length (m)

[200

Measurements | Phaseto-ground voktages =l

Fig. 12 Transmission Line 2
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W Block Parameters: INFINITE BUS & X )
-~ Three-Phase Source (mask) fink) —

Three-phase voltage source in series with RL branch.
~Parameters —

Phaseto-phase ms voltage (V):

[230e3 |

IF‘M;eaﬂeofpfaseA(degem): I

0

Frequency (Hz):

[s0

Intemal connection: | A |

[V Specfy impedance using shortcircuit level

Iphase short-circuit level at base voltage(VA):

1000066

Base voltage (Vims ph-ph):

|500e3

X/R ratio:

|7

oK Cancel Help App |
= d
Fig. 13 Infinite Bus

4. Fault Analysis & Detection
4.1 Fault Analysis
The identification of type of fault is done with help of the
symmetric components of fault currents at bus 1 and bus 2.
Symmetric components:
By the works of Fortes cue’s we know that an
unbalanced system of n related phasors can be resolved
into n systems of balanced phasors called the symmetric
components of the original phasors. The n phasors of
each set of component are equal in length, and angle
between adjacent phasors are set equal.

According to fortes cue’s theorem, three unbalanced

phasors of a three phase system can be resolved into three

balanced systems of phasors. The balanced sets of
components are:

1. Positive sequence component consisting of three
phasors of equal in magnitude displaced in angle
by 120 degree and having same phase sequence
as the original phasors.

2. Negative sequence components consisting of
three phasors equal in magnitude displaced in
angle by 120 degree and having phase sequence
opposite to that of the original phasors.

1JCSI

www.lJCSl.org



1JCSI International Journal of Computer Science Issues, Vol. 8, Issue 5, No 3, September 2011
ISSN (Online): 1694-0814
www.IJCSI.org 131

3. Zero sequence components consisting of three
phasors equal in magnitude and with zero phase
displacement from each other.

Ia = Ial + IaZ + IaO
Iy = Iy + 1y + Iy

Ic = Icl + ICZ + ICO
Or in matrix form

Lao Jr1 1 I,
Igq =3 1 a a?||h
Iy 1 a? «a I

In our model these components have been obtained using
the sequence filter circuit. The inputs to above circuit are
I,, Iyand I,. And the outputs obtained are plots of
magnitude and phase of all three components of currents.

4.2 Fault Detection

4.2.1 Single line to ground fault:

In case of single line to ground fault it is observed that
zero seq. component is greater in magnitude than negative
seq. component at busl. Whereas at bus2 negative
seq.component is greater than zero seg. component. In the
figures shown below the colour codes used are:

Zero sequence — green
Positive sequence- yellow
Negative sequence- pink

Bus 1 Bus2

L7 T T T 3 % 3 W e m W@

s

Fig. 14 AG fault

Observation:

Phase of negative seq. component = phase of zero seq.
component.

"
-
-
-
m
=
-

%

Voo o W e (T R T TR U TR R S

Fig. 15 BG fault
Observation:

Zero sequence component leads negative sequence
component by 120° at both the buses.

Bus 1 Bus 2
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Fig. 16 CG fault
Observation:

Zero sequence component leads negative sequence
component by 120° at both the buses.

4.2.2. Line to line fault
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In case of line to line fault zero sequence component of
current is absent at both the busses

Bus 2

Bus 1 Bus 2

L

:

B i M A U W o W e
el

e
-
-
e
-
-
@
!
-
-
o

I . W W W Gr kW W

hen.

noE = m 8 B & 8

Fig. 19 C-A fault
Fig. 17 AB fault
Observation:

Observation: Positive seq. leads negative seq. at both the busses B 1 and

At B1 positive seq. component leads negative seq. B2. Positive seq. at B1 leads positive seq. at B2 by
component. 90°Negative seq. at B1 lags negative seq. at B2 by 180°
At B2 positive seq. component lags negative seq. 4.2.3. Three phase fault
component.
Positive seq. at B1 lags positive seq. at B2 by 90°. Three phase faults, being balanced in nature, have
Negative seq. at B1 lags negative seq. at B2 by 180° negative sequence current only during transient time.

Bus 1 Bus 2 1. The relative magnitude of Positive and zero

" sequence component tells whether it is a ground

fault.

2. Phase of zero sequence component is always zero.
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Fig. 18 BC fault
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Observation:

At B1 negative seq. leads positive seq. Fig.20 Three Phase fault
component. At B2 positive seq. leads negative

seg. component. Negative seq. at B1 leads Observation:

negative seq. at B2 by 180°. Positive seq. at .

B1 lags positive seq. at B2 by 90°. 1. Zero seq. component is not present.

2. Negative seq. component is present only during
transient time
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5. Fault Location Problem of Fault Resistance
in Fault Allocation

s Vs VR R

One-Line Diagram and Circuit Representation of Line Fault

Fig. 21 Circuit. representation of Line Fault

The voltage drop in the above figure 21 from the Sending
end of the line is:
Vs = IimZy, + IpRp 1)

The voltage drop in the above figure from the Receiving
end of the line is:
Ve = IR(1 =m)Z, + Iz Ry 2)

Eliminating (I Rz) from equation (7.1) and (7.2)
m= Vs—Vg +1Ig*Z) 3)

Thus, expression holds better accuracy results for three
phase shunt faults allocation since independent of fault
resistance.

5.1 Types of Shunt Faults

1. L-L-L-G
2. L-L-L

3. LG

4. L-L

5. L-L-G

The fault location for the proposed scheme has been
shown through a series of simulation result from figure 22
to figure 33s.

133
Simulation Results for L-L-L-G and L-L-L Faults:
35
3 L
25F
2 .
15F
1 =
05+
0 0o 0ot o6 088 04 D012 004 006 018 02
Theoretical m=0.25 Observed (at 0.08 sec) m=0.24 Error -4%
Fig. 22 Plot of ‘m’ vs time for fault resistance 0.001ohm on 280km line,
for fault distance of 70 km from B1
35 T T T T T T T T
3 L -
251 &
2t .
15¢ E
1 L =)
05t N e
D 1 1 1 1 1 1 1 1 1
0 0o2 ob4a DOE 0O3 041 012 014 046 018 02
Theoretical m=0.50 Observed (at 0.08 sec) m=0.51 Error 2%
Fig. 23 For fault distance of 140 km from B1
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35

261

05

Voo ]

]

1 L 1 1
002 0D4 005 008 O

1

1 1 1 1
012 014 0DJ6 018 02

Theoretical m=0.75 Observed (at 0.08 sec) m=0.78 Error 4%

Fig. 24 For fault distance of 210 km from B1

Simulation Results for L-G Faults:

35

251

008
¥ 02545

Theoretical m=0.25 Observed (at 0.08 sec) m=0.2545 Error 1.8%

Fig. 25 Plot of ‘m’ vs time for fault resistance 0.001ohm on 280km line,

L L L L
0oz o004 o006 003 01

L L L L
012 014 016 018

for fault distance of 70 km from B1

0z

35

25

05

X 0.08
Y: 05186
u

0 ! L . L
] 002 004 006 008 01

012 014 016 018

Theoretical m=0.50 Observed (at 0.08 sec) m=0.5186 Error 3.7%

35

Fig. 26 For fault distance of 140 km from B1

2:5:

05

X 0.08
Y. 08015
u

1

o

1 1 L 1
002 004 0068 008 01

1 L L 1
012 014 016 018

Theoretical m=0.75 Observed (at 0.08 sec) m=0.8015 Error 6%

Fig. 27 For fault distance of 210 km from B1
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Sim

Fig.

a4

2.5

0.s

0 . L L 1 1
o 002 o004 00s Q08 01 012

ulation Results for Line-Line fault:

35

3L 4
251 &
2k 4
15+ B
11 4

¥ 005
05+ ¥ 0.3205 q

| |
1

Il 1 1 I 1 I 1 I !
o 002 004 006 008 01 012 014 D46 018 02

Theoretical m=0.25 Observed (at 0.08 sec) m=0.3205 Error
28%

28 Plot of ‘m’ vs time for fault resistance 0.001ohm on 280km line,
for fault distance of 70 km from B1

L,
L X008
\ ¥ DABDS

F T i i —

1 1 1
014 06 018 02

Theoretical m=0.50 Observed (at 0.08 sec) m=0.4606 Error 7.9%

Fig. 29 For fault distance of 140 km from B1

35

X008
M OE114
\'I_,\,\/‘-\w.

05 1 1 1 1 1 1 1 1 1
o] 002 004 006 005 01 012 014 0416 018 02

Theoretical m=0.75 Observed (at 0.08 sec) m=0.6114 Error 18.5%

Fig. 30 For fault distance of 210 km from B1

Simulation Results for L-L-G Faults:

35

28+ q

¥ 008
N 02479

0 L L I L L ! L L L
u] 002 o004 006 008 01 01z 014 016 018 02

Theoretical m=0.25 Observed (at 0.08 sec) m=0.2479 Error 0.08%

Fig. 31 Plot of ‘m’ vs time for fault resistance 0.001ohm on 280km line,

for fault distance of 70 km from B1
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35 T T T T T T T T T

251

008
Y- 05057

A [ ———

05F

D L 1 1 1 L 1 L 1 L
0 0DZ 004 DOR DO 01 092 014 06 098
Theoretical m=0.50 Observed (at 0.08 sec) m=0.5057 Error 1.24%

Fig. 32 For fault distance of 140 km from B1

02

35 T T T T T T T T T

3 L .
258+ B

2 L .
15 B

1L ¥ 008 N

¥: 07882
]
DS 1 1 1 1 1 1 1 1 1
0 ooz o004 006 005 01 072 014 006 018 02

Theoretical m=0.75 Observed (at 0.08 sec) m=0.7882 Error 5%

Fig. 33 For fault distance of 210 km from B1
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Graphical comparison of Results
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Fig. 34 (a) Fault resistance of 0.001ohm, (b) Percentage of Error

6. New Approach for Fault Location on
Transmission Lines Not Requiring Line
Parameters

Fig. 35 Three-phase representation of the faulted line

Based on the voltage and current phasors, by using the
symmetrical components method, the positive, negative
and zero sequence symmetrical components of the voltages
and currents can be determined. The new method requires
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just the positive and negative sequence components, i.e.
their equivalent circuits.
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Fig. 36 Equivalent positive sequence circuit of the faulted line
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Fig. 37 Equivalent negative sequence circuit of the faulted line

Vs" = Z0s" =" = Zp 1" 4)
Vi" = Z)Is" =V = Zppl" ®)

Where, VP 1.P" are the positive and negative
sequence phase voltages at both line terminals.
L2, 1.P™ are the positive and negative sequence phase
currents at both line terminals. Z; and Z,_;y are unknown.
They can easily be determined by solving equations (4)
and (5). The two solutions are given in following two

formulas:
7 = |vs® vy - v, 1P| ©)
[ ISPIrn_ISnITP
P [vs® Py 1sm—vs™ ") 1P @)
b=l — ISPIrn_ISnITP

Let us express the distance to the fault, [, as a
percentage of the line length, D, through the following

formula:
1% = (%) 100 8)
_ Z
1% = [ZZ+Z(D_D] x 100 ©)

After including the expressions for Z; and Z,_)) in
equation (9), the following formula for the distance to the
fault can be obtained:

veP v Py - —v, )y 1P
106 = [ [vs"-v.Py - vy 1

VT ) — st )| 100 (7.10)
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Obviously, the algorithm does not require the line
parameters or information about the line length. It is just
based on the processing of synchronously recorded voltage
and current samples, determining their 50 Hz phasors, and
calculation of the positive and negative sequence voltage
and current components.

6.1 Simulation Results for Our Proposed Approach
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Fig. 38 Plot of ‘m’ vs time for fault resistance 0.001ohm on 100km line,
for fault distance of 30 km from B1
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Fig. 39 Plot of ‘m’ vs time for fault resistance 0.001ohm on 100km line,
for fault distance of 50 km from B1

7. Conclusion

As seen from the results, the location of the fault in the
given line was estimated with a fair amount of precision
and the type of fault in the given system was correctly
detected by observing the current waveforms at both the
buses for all types of faults in the system. The fault
detection and location scheme based on the use of
synchrophasors gives more reliable results as compared to
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the distance protection schemes which are currently being
used.
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