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ABSTRACT

Power systems are operating in a more complicated and therefore encounter more challenges. If one part of a
power grid becomes seriously out of synchronism with the rest, the whole network can become unstable and
blackout may occur. In this regard, we need to use advanced and smart monitoring tools to quickly and
reliably observe the changing state of the key electrical parameters in real time, take appropriate corrective
measures and isolate faults. These technologies should integrates the functions of monitoring, protection and
control in the power systemsystem.Phasor Measurement Units (PMUs) by employing satellite technology
(GPS) , offer a state-of-the-art Wide Area Monitoring System (WAMS) for improving power system

monitoring, control and protection.

In this report, we present information about WAMS components and requirements for transmission.We will
discuss the concept of PMU placement, PMU simulink model, its application as fault locator and how it can
be used to identify a power swing. The simulation results show that with the use of PMU we can
immediately locate the position of fault and identify a power swing as stable and hence can help in sending a

blocking signal to the relay to prevent its maloperation.

The simulations have been carried out in PSCAD v4.5 software and the calculations and plots have been

obtained by making use of MATLAB 2014a software.
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Chapter 1
INTRODUCTION

Reliability is one of the prominent factors in operation of power systems that has notable economic impact
and influence on society. Historically, power systems have been remarkably reliable. Although minor
outages have been common, large-scale and wide-spread outages rarely happened and interruptions have
occurred over relatively limited area. However, changes in the wholesale electricity market alongside the
difficulties in upgrading the transmission systems have caused power systems to face more challenging
network wide issues. In this condition, a minor disturbance can be intensified by a series of events leading to

network wide effect. Subsequently, system may completely collapse, if timely actions are not adopted .

The current Supervisory Control and Data Acquisition (SCADA) systems observe grid conditions every few
seconds. Thus they are incapable of providing information about the dynamic state of the power system. In
addition, SCADA data are not consistently time-synchronized and shared widely across the network.
Therefore, SCADA does not provide operators with real-time and wide-area visibility. The emergence of
PMUs provides a significant improvement in reliability by offering unprecedented time-synchronized and
high resolution information over a wide-area, in realtime known as wide area monitoring system (WAMS).
Many advanced smart grid applications can take advantage of the measurement capabilities of PMUs.These

applications enable utilities to react promptly to contingencies and prevent large-scale blackouts.

1.1 WIDE AREA MONITORING SYSTEM (WAMS)

Wide area monitoring systems (WAMS) are essentially based on the new data acquisition technology of
phasor measurement and allow monitoring of power system conditions over large area. WAMS helps the

power system operators to continuously analyse all the features of a power network in real time.

It is a concept that involves the use of system wide information and communication of selected local
information to a remote location to counteract the propagation of large disturbances. WAMS requires

accurate phasor and frequency information from multiple synchronised devices.




1.2 ARCHITECTURE OF WAMS

Synchronised measurement technology (SMT) is an important element and enabler of WAMS . It is
supported by GPS . Its main building blocks are :

I.  PMU (phasor measurement unit)
ii.  Data concentrators (DC)
iii.  Application softwares

iv.  Supporting communication network

A PMU-based WAMS is a system in which PMUs measure power system parameters including frequency,
voltage, and current phasorswith high accuracy. Meanwhile, each phasor is time-stamped using signals from
Global Positioning System (GPS) so that the microsecond when the measurement taken is permanently
attached to it. Afterwards, the timecritical phasor data are collected from various locations in the electrical
grid and will be transmitted to a central location called Phasor Data Concentrator (PDC). A PDC receives
and time-synchronizes phasor data from geographically distributed PMUs and produces a real-time, time-
aligned output data stream. This information will be exploited by smart grid applications . These
applications are generally categorized as on-line or off-line. On-line applications process real-time data as it

arrives to the client system. In contrast, off-line applications process data that is archived .
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Benefits of WAMS

Reduced system instability

Increased the capacity and profitability
Increased interoperability

High performance and improved adaptability

Simplified system management




Chapter- 2

Phasor Measurement unit (PMU)

2.1  Phasor

A phasor is a mathematical representation of an electrical waveform based on the amplitude and phase
angle. Use of the phasor notation considerably simplifies not only the mathematics but also the electronics
and processing requirement [6]. The most common technique for determining phasor representation of AC
waveforms is to take data samples from the waveform using an analog to digital converter and apply the

Discrete Fourier Transform (DFT).

Time synchronization of phasors is necessary in order to obtain a complete view of the grid at specific time
and to make the comparison of measurements from PMUs installed at different geographical locations more

accurate. Synchronized phasors are known as synchrophasors.A phasor can be represented mathematically

by the equqgtion

x(t) = X _ cos( ot + P) Egqn 1

m

where: X = magnitude of the sinusoidal waveform

=2 %71t *f where fis the instantaneous frequency

$ = angular starting point for the waveform

In a phasor notation, this waveform is typically represented as
XX | &

Rotating vectors are used to describe ac circuits which are characterised by magnitude and phase.By

definition they rotate counter-clockwise .
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PMUs require a precise time input. This synchronization is achieved by using a sampling clock which is
phase-locked to the one-pulse-per-second signal provided by a GPS receiver . Most PMUs use a direct GPS
input from an antenna or an IRIG-B time code. It is possible to use one GPS antenna for more than one

PMU by using GPS antenna splitter.

2.2 |EEE Standard for SynchrophasorMeasurements

i. IEEE C37.118™-2005
ii. IEEE C37.118.1™-2011
iii. IEEE C37.118.1a™-2014

i. IEEE C37.118™-2005:This standard defines synchronized phasor measurements used in power
system applications and provides a method to quantify the measurement. It also defines a data

communication protocol, including message formats for communicating this data in a real-time system.

ii. 1EEE C37.118.1™-2011: This standard defines synchrophasors, frequency, and rate of change of
frequency (ROCOF) measurement under all operating conditions. It specifies methods for evaluating these
measurements and requirements for compliance with the standard under both steady-state and dynamic

conditions.



http://standards.ieee.org/findstds/standard/C37.118-2005.html
http://standards.ieee.org/findstds/standard/C37.118-2005.html
http://standards.ieee.org/findstds/standard/C37.118-2005.html
http://standards.ieee.org/findstds/standard/C37.118.1-2011.html
http://standards.ieee.org/findstds/standard/C37.118.1-2011.html
http://standards.ieee.org/findstds/standard/C37.118.1-2011.html
http://standards.ieee.org/findstds/standard/C37.118.1a-2014.html
http://standards.ieee.org/findstds/standard/C37.118-2005.html
http://standards.ieee.org/findstds/standard/C37.118-2005.html
http://standards.ieee.org/findstds/standard/C37.118-2005.html
http://standards.ieee.org/findstds/standard/C37.118.1-2011.html
http://standards.ieee.org/findstds/standard/C37.118.1-2011.html
http://standards.ieee.org/findstds/standard/C37.118.1-2011.html

iii. IEEE (C37.118.1a™-2014:Modifications in this amendment include some performance
requirements with related text updates to correct inconsistencies and remove limitations
introduced by IEEE Std C37.118.1(TM)-2011.

2.2 PMU Installation
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Fig 2.2 : PMU connection

In most cases, PMU installation is for a permanent operation so all aspects should be considered in order to
have a well-established measurement system. PMUs can be different in the matter of algorithm selection,
timing input, number of voltage and current inputs, communication interface, accuracy, etc.. However, they
have number of common requirements, including: access to signals to be measured, a timing signal to

synchronize the measurements, and a power supply .

PMUs need to have access to the voltage and current signals to be measured. In some substations these
signals are available in a single location, while in many substations these signals are brought to the different
buildings or cabinets. In this condition, it may be necessary to include several PMUs or use a PMU that has
distributable input modules to cover the whole substation . The analog input signals corresponding to
voltages and currents are obtained from the instrument transformers as shown in Figure 3. Several
instrument transformer technologies are available that can be used to transform signals to an appropriate
level for PMU applications. It should be noted that the measurement accuracy of PMU is directly affected by

the instrument transformers .



http://standards.ieee.org/findstds/standard/C37.118.1a-2014.html
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Fig 2.3 : PMU hardware block diagram
2.5 Performance criteria of PMU

» Accuracy for the Synchrophasor is measured by a value termed the “Total Vector Error” or
TVE.

» TVE is defined as the square root of the difference squared between the real and imaginary
parts of the theoretical actual phasor and the estimated phasor to the ratio of magnitude of the
theoretical phasor and presented as a percentage.

e = VIX () — X)) + (X (n) — X))/ (X? + XH]D * 100 Egn. 2

where: X and X, represent the theoretical exact
synchrophasor

and: X, (n) and X (n) represent the estimated
synchrophasor

» Phasor Measurement Unit (PMU) must maintain less than a 1% TVE under conditions of +5 Hz

of off-nominal frequency, 10% Total Harmonic Distortion.
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PMU Challenges

» Optimal Placing of PMU’s.

» High investment.

> Diverse requirements from the utilities.

Visualization of PMU data — Difficult to visualize and manage large amounts of data.

Communication of PMU data — Expensive communication network required.




Chapter-3

OTHER COMPONENTS OF WAMS

3.1 Phasor Data Concentrators

IEEE C37.118 standard defines four message types: data, configuration, header and command. The first
three message types are transmitted from the data source, PMU or PDC, and the last one is received by the
data source. It should be noted that PDC itself can be considered as a data source when it sends data to
another PDC . Data messages cannot stand alone, as they do not describe the data they contain.
Configuration messages contain information required to determine the meaning of each individual field with

the data message .
A typical exchange between a PMU and a PDC is as following :

e The PDC sends a command message to the PMU to request human-readable description information

The PMU replies with a header message

e The PDC sends a command message to the PMU to request configuration information

e The PMU replies with a configuration message

e The PDC sends a command message to the PMU to request data

e The PMU replies with data messages until the PDC sends a command message to terminate its

request

A PDC collects data from multiple PMUs or other PDCs and time-aligns phasor data according to their
time-stamps. In fact, it forms a data packet with a given time-stamp, and then assembles all data received
with that time-stamp into the single packet. The produced real-time and synchronized output data stream can
be exploited by smart grid applications and is also stored for future analysis. A high number of PMUs are
installed in the whole power systems and they depend on the limited number of PDCs to process and store
their data. Therefore, each PDC needs to deal with huge amount of data and the required data storage
capacity should be considered. As more PMUs are deployed in the system, the number of measurement
samples increases and the storage requirement accelerates . Storing and processing a huge volume of PMUs
measurements and scanning through terabytes of information to find the particular event will be a big
challenge for WAMS.




3.2 Communication Network

In developing a WAMS, reliable and high speed communication infrastructure that enables secure sharing of
data among PMUs, PDCs and smart grid applications play an important role. IEEE C37.118 frames are
typically not sent directly over network, but rather based on the concept of layered protocols they are
encapsulated within frames of other communication protocols . The speed of data transfer is less critical for
the off-line applications, while for the on-line applications a faster data transfer is required and depends on
the type of application. The communication infrastructure should therefore be able to support different
Quality-of-Services (QoS) classes for traffic and should be able to prioritize one class over another . Most
PMUs have an Ethernet interface, although there are some models that only use asynchronous serial (RS
232). An interface device (modem, Router, etc.) is required between the PMU communication link and the
communication system. Communication over network using Internet Protocol (IP) can be connection-
oriented (TCP) or connectionless (UDP). TCP rearranges data packets in the order specified and
retransmitslost or corrupted data. In the case of UDP there is no built-inordering and recovery of data, but
the transmission speed is higher than TCP. Therefore, UDP is used commonly with PMUs since a small

amount of lost data is preferable over delayed data in many real time smart grid applications.

Many utilities today use Multi-Protocol Label Switching (MPLS) Virtual Private Networks (VPNSs), or
Frame Relay technology for WANSs. These communication media provide a guaranteed bit rate but are not
guaranteed to be error free . Since data may be shared with multiple entities at the same time and for

communication redundancy, a WAMS should also support multicast data sharing.
3.3 WAMS APPLICATIONS FOR POWER SYSTEMS

WAMS brings great potential for improving reliability and stability based on the operational feature of the
PMUs. In the literatures, there are a large number of WAMS applications; however they can be categorized

into three main groups of monitoring, protection, and control applications .

A. Power System Monitoring: A PMU-based monitoring systems offer various kinds of functions,
such as wide area visualisation, model validation, state estimation, near real-time event replay, post
event analysis, early warning of potential problems etc. These functionalities will significantly
improve situational awareness. When power system operates in a normal condition, providing
applications with reduced resolution synchro phasor measurements is sufficient. However, for the
near real-time event replay mode and post event analysis, measurements with full resolution are

required .

10




B. Power System Protection: Synchronized phasor measurements offer solution to a number of complex
protection problems and improve the performance of the protection applications. Phasor measurements are
particularly effective in enhancing power system protection functions that have a slow response time
requirement. Some protection systems that could benefit from PMUs include: adaptive dependability and

security, back up protection of distance relays, adaptive out-of-step, angular voltage stability of network, etc

C. Power system control: Prior to the emergence of real-time phasor measurements most of the control
systems were processed locally due to low time delay. Controllers like variable series capacitor (VSC),
universal power flow controllers (UPFCs) and power system stabilizers regulate the grid based on a local
feedback. While phasor measurements in addition to remote control of the power systems, could provide
direct feedback to these controllers and enable dynamic control of the power systems. Using PMUs to damp

the low frequency inter-area oscillations is one of the effective applications of WAMS

3.4 Real Time Dynamics Monitoring System (RTDMYS)

RTDMS is a Synchrophasor software application for providing real time, wide area situational awareness to
Operators, Reliability Coordinators, Planners and Operating Engineers, as well as the capability to monitor

and analyse the dynamics of the power system.

RTDMS provides critical metrics of grid dynamics, like
1. Phase Angle Differences

2. Small Signal Stability (Oscillations & Damping)

3. Frequency Instability

4. Generation-load imbalance

5. Power-Angle Sensitivity

11




Chapter- 4
PMU MODEL IN MATLAB/SIMULINK

In this chapter we discuss this advanced technology (PMUs) with the help of MATLAB simulation. We
design this PMU model in MATLAB SIMULINK and then we installed this model in the start and end of
transmission line in our sample simulation of a small power system in SIMULINK. This all is for testing of
its testing valuation. Such application is made for the protection, monitoring and control of wide power
system.

PMU Mathematical Model

Following mathematical model is used to calculate the magnitude and phase angles of voltages and currents.
v(t)=cos (ot + )
o=2IIf
1
0=y -y (t-7)

y(t) = u(t) dt
u(t) = sin (t) * v *2*50
Now for real part
y(t) = 100 [ v(¢) = sin(t) dt
y(t) = 100 (v(t)*(-cos () — [ v(t) [ sin(t) de)dt
#(r) =100 v(r)*[ - cos(r)))
—[:.ir-l'n*j:m:rrir :dr

ai

Now
y{t)=100]w(¢)*sin ) ds
=E IL,.H—IEIC'*1'|:'|*-:nsl'r:-
Lil=-@ !

~100( @)sin| @ +d)*sm(t))
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vt _lw| =100 _{ ¥ ;: ——H *sm[: —£|dr
Y N IJ
=|r.ﬁ H —11]D*ms| 1:II'| = ||
) . 3
*cnslI'—;J—lﬂﬂ{&]}iinlﬂlI'—?J‘HﬂJ
1"\.1
*sin | t—— |
Yy
glr) H]—l " = FE ™

'1&:

|:_]_|][| 1:1.-|:;}# I:-ur:f.r:l—lﬂﬂl ;3]5m|‘f'-_12'+d'i:1:|

I-" I"'\u i

*sin 1) — | | @t —— J

1— @ 1 £l

#mz: .r—% |—1EIE'-|:mjsin{l .:.'-_:; r—% |+ |

. i) . h A §
*sim t_ii"'i

For imaginary part :
Filrj= iu{t;l-d.r
unl_t_:l — -::-nzlzz'fl =arr] = ¥ == S
»(ey=1003(r)= lﬂl:l_F vir)*cos(r)dr

E(f) =y () —3| F—— |
'.._\_ _.l

»(e)¥=100[+{r)*=cosis)dr
=100 cos(ar +@)*Fsin(r)
—f —sin (ar—+¢)* @ sin (¢)dr)

Ll'{sziﬁ)ﬂﬂﬂﬂcv{fj*m{f}

—100( @) sin (cor + ¢g)* cos(r))

()22

i : "y
- 1

R
Put Equations (9) and (0) in Equation (4) so

E(t)=2(r)—w» [r—%ﬂl

Put Equations (5) and (6) in equation (4) so

i<

(=)

6)




k(r)=w(r)-

1
1- @’

"|(1u:m==1-.:

e

»(r)=|

%]

t)Esin (it

—100{ @) sin{ar+ @) *cos(r))

_ 1
{1-&°

—100{ &) sin | -:'i1|

Now for magnitude and phase angle :

r—i Ir—-s'-*
£l

| | 100%v| e =L |

| 1}
*oos| p—— |
b - |

wt

Magritude= ,|(2(1)) +(3

Phase=tan” | Jowt® ‘

! Equation | |

1)y

In this matematical model we calculated real and imaginary part separately and then from it we calculated

magnitude and phase.

14




ourrert

i
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WAMS MAIN SIMULINK BLOCK DIAGRAM
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CHAPTER -5

PMU DATA BASED FAULT LOCATION

In this chapter we will discuss the PMU based fault location techniges.Fault location techniques based on
the tavelling wave methods were developed in 1950s but these methods required very high sampling rate
since travelling waves travels at a speed slightly less than the speed of light.With the development in PMU
and impedence based fault location method the sampling rate required got reduced. Here we have used two
techniques for calculating the fault location:

1) Two ended negative sequence impedence method
2 )Two ended method based on ditributed parameter transmission line model

Two ended data of transmission line is assumed to be measured by PMU located at both the ends.One three

phase and one single phase transmission line is tesdted in PSCAD.

5.1 Two ended negative sequence impedence method

A negative sequence impedence method for fault location is particularly used for unbalanced faults to avoid
the effects zero sequence mutual impedence , fault resistance etc. A one line two source circuit of a three

phase transmission line is given below.

O e — O
3 mZ, *(I—/H)Z,’

Fig. 5.1 + A one line two source circuit

In the above circuit m is the per unit fault distance. By using the sequence network of the one line two

source network given in fig 5.2 we can calculate the fault voltage Vs,

At relay S, we can write

Vor = —Ipg(Zas +mZsy,)
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At realy R wecan write

ij = —IQR(ZQR + (1 - ’m.)ZgL)

Source S Source R
[1\ Ill\'
ZI\ Y "72”_ (]—”M, Y /415.
I Relay SI IRdu\' RI
Iw\' r 11
= Pl Vas -
l‘\ Y mZ:, (1-mZ,; —F¥ Z‘.’R
IﬂS Iﬂg
Z“\. A 'nZ”,_ (1=-m)Z, Y ZUR
[Relay_R]
IR,

Fig 5.2 : Sequence network for single line two source circuit

From two values of fault voltage Vaf, we can write

ZQS + THZEL
Zor+ (1 —m)ZaL

g = —Isg

By rearranging the above equation we can get,

\I:r| | Zas +mZay|
2| |Zar + (1 — m)Zy|

If defines the impedence as follows :
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Zos=a+j*b
ZQLZE—I—j#d
Zar=e+3x*f

Thus,

Am?2 + Bm+C =0

Where,

I‘ ) i i i
A= (B2 +d?) — (2 +d?)
Is|

B = —Q(M)Q(Cﬂ + df) —2(ac + bd)
Las| |

('IERi ) (e + f‘z) — (a%.+ bg)

.— (28l
| I>g)|

Impedence method :

is tested for m=0, m=1, m=1/2, m=1/3, m=1/4 .
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5.2 Simulation results for different fault locations for two ended negative sequence

A single line to ground fault (SLG) occured between phase A and ground (A-G fault) :

A SLG fault occurred for 0.2 seconds and time duration for fault is 0.05 seconds. The profiles of

negative sequence current lzs (sending end current) and l2r (receiving end current) are also given. The system




-m -2y - Ds

1.40
120 1
1.00 4
0.80 4
0.60 4
0.40 4
0.20 4
0.00

020 4}
240 P S T i

———

0200 0210 0220 - 0230 0240 0250 0260 0270: 0280 0290 0300 0310

Fig 5.3 : SLG fault occurred at sending end ( m=0)

0200 0210 0220 0230 0240 0250 0260 0270 0280 0290 0300 0310

Fig 5.4 : SLG fault occurred at receiving end (m=1)
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Fig 5.5 : SLG fault occurred at m=1/4
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Fig 5.6 : Fault occurred at m=1/3
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Fig 5.7 : Fault occurred at middle of line (m=1/2)

5.3 Two ended method based on distributed parameter transmission line model :

A two ended method based on distributed parameters transmission line model is proposed and

discussed in this section. The voltages and currents of the transmission line are measured by the PMUs

which are located at the ends of transmission line. A robust fault location index is derived for transmission

line. Take a single-phase case for example, the fault location index is given as follow.

Sending End Receiving End
Is ] 'p
— . —
- - -
V¢ Vv Ve
1 - |
X x=0

Fig 5.8 : One line two source circuit

The telegraph equation for circuit in fig 5.8 are as follows :




BU o1

(}
am GU_I_CE

Where R,L,C,G are resistance,inductance,capacitance and conductance per unit length of transmission line.

The solutions of above telegraph equation are:

‘V:AET:IJ_I_BE 'z
I = (Ae'® — Be~1%)/ 2z,

= /(R + jwL)/(G + jwC)
\/H—I-ju.:L * (G 4+ jwC)

Zo is called the characteristic impedance, whose unit is € , I" is the propagation cosntant, whose unit is

m™L.

A, B are the integration constants, which are determined by the boundary conditions of the transmission line.
At the receiving end (x=0),

VR=A+ B
Ir=(A—- B)/Zg

So,

= (VR + ZoIRr)/2
= (VR — ZolR)/2
At the sending end (x=L),

Vs = Ae'Y + Be L
Is = (Ae't — Be 1)/ z,

So,

26




A= L’:‘:’ i_zzﬂ ‘r.‘:'ﬂ -T'L

Vﬁ' — Zﬂ Is EL-L
2
Thus, the voltage at x=DL could be expressed with (Vs, Is) or (VRr,Ir),

B_

1%
F 2 2
I Y Ve — Zol
VF = R ] HEFUL 1] Hﬁ—FUL

2 2

Through above two eqgations, fault location index can be calculated :

D = In(N/M)/(2T L)

Where,

2 2
Vs + Zpls _ ¢ V Zol
o el +2 UI“E—IL_ _."?‘1‘2 0LiR

5.4  Simulation result for different fault location based on Distributed parameter

Transmission line method :

A simple one-phase transmission line with two sources is tested as shown in Fig. 5.9. A line-to-ground
fault occurs at 0.2s and the duration time is 0.15s. The detailed derivation process of the fault index D could

be found in the part of fault Icoation based on distributed parameter transmission line method.

I vV,
7 S § 17 2
A
Eq N ! E,
1
e L .
|

Fig 5.9 :Single phase faulted transmission line with two sources
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Plots of the simulated D under three different fault locations (D = 1, D = 0.5, and D = 0.2) are
shown in Fig 5.10 — Fig. 5.12 .Figures of the coefficients M and N are also given. The prefault absoulte
values of M and N are zero. When the fault occurs, the absoulte values of M and N drivate from zero

abruptly. And the fault index D converges to a value in the range of 0 and 1.

Main . Graphs =
=D »
604~ o - - - —
S0+
40 4 i
"vl‘\M
301
=
20+
10 —— st r[
00~
0.100 0150 0.200 0250 0.300 0350 0,400
‘ B g I »
Man . Graphs ==
e = absohte value of N = absolute value of M i ’
f PN T — p-"{
.‘)
1 5k t
\

1.0k '

y
-—'—"‘;:;'}

0.5k
‘ l
|
00 == + s
0.00 010 020 0.30 0.40 050
4 »

Fig. 5.10 : Single phase fault location with D=1
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1.2
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0.2

00

0.00

0.10 020 0.30 040 050

Fig 5.11 : Single phase fault location with D = 0.5
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0.3k
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r Y o T -t g
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Fig 5.12 : Single phase fault location with D = 0.2

According to the plots, it is obvious that there are some oscillations of the absoulte values of M and N. Here,

conventional DFT is used to extract the fundamental components of the voltage and current.
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5.5 Estimation of fault location location on UHV transmission line using synchronised
PMU measurement

The overall diagram of the fault locator for UHV transmission sysstem using PMU measurments is shown in
Appendix A . The phasor measurement units are installed at both ends (sending end S and receiving end R)
of the transmission line. The three phase voltages and three phase currents are measured by PMUs located at
both ends of line simultaneously. Since the Global Synchronism Clock Generator (GSCG) has been
equipped in PMU to provide an extremely accurate and reliable external reference clock signal, it can
guarantee sampling synchronization to an accuracy of better than 1 micro sec. The EMTP simulated on 765
kV typical of an Indian transmission System. Voltage and current waveforms were considered to be directly
taken as the synchronized sampled data (voltages and currents) from substations S and R . A new DFT

method is used to extract close-in fundamental phasors .

5.5.1 Computation of fault detection / location index

The index using the synchronized voltage and current samples at both ends of a transmission line to
calculate the location of the fault is presented in this section. Consider an un-faulted single-phase (two-
conductors in free space) transmission line shown in Fig. 2. Under sinusoidal steady state condition both

voltage and current measured at a distance x km away from receiving end obey two linear differential

equations
Sending end Receiving end
: I
Ii il —I S —;iu
[ 1
WV
Vs A homogeneous transmission line R
Sending end Receiving end
Is | I I g I
Ee e N — =
I !
Vs ﬁ/ vIE x=p d Vi

x=0
Faulted transmission line

Fig. 5.13: Transmission line under pre-fault and during fault conditions

dV(x)—R+' L 1
o, ~R*joL) (1
—dl(x)—GJr' C 2
. —(GtjeC) )
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Solving for equations (1) and (2) by using boundry condition, we get

V(z) = (Ve + II{:E,;__-;.rf_r .\ (Ve — I:L;E[':jff_’ 3
) 2 2

v Va+IpZc)e™ (VpR—IpZc)e "™

Ill-i = EE[ LA E.Z,: {_4]
Where x is the distance measured from receiving end

(Vo — IgZ e’ (Ve T e TE .
V)= (Vs J":;/L_,e N (V, +Ib.-;7(..l (s)

( (Vs — IgZc)e™ (Vs + IsZa)e 7F
I(z) = - + : 6)
g % 27 P

Where x is the distance measured from sending end

where Z¢ = \/(R+ jwL)/(G + jwC)
and y = R-ffR+jidL](G+ju,'C'j

In case of a fault occurrence at the point F which is x = pd km away from receiving end R on a transmission
line S-R shown-in Fig. 5.. d is the total length of the transmission line, and p is the per unit distance from
receiving end to the fault and is also used as a fault detection/location index. When fault occurred at the
point F, the transmission line is thus divided into two homogeneous parts. Each section acts as independent
transmission line. Then the voltage Vr at the point F using both ends boundary conditions is given by

- = (Ve +1rZc)e™ (Vg =Ipic)e TP"
1 FlT) = 5 -+ 5

(7)

(Vg — I_rgzc';;:rf_": 1—p)d N (Vs + IsZc) g—71(1-p)d

2 2
(8)

I"'r‘l_'.-' ::‘.E‘l] =

Eqg. (7) and (8) gives the voltage at faulted point F in terms of post-fault receiving end and sending end

measurements. From equations (7) and (8) fault detection index p is obtained as
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Num

In(—2y

2vd
Where Num = (Vr— IrZc) — (Vs— IsZc) 24 (10)
Den = (Vs+ IsZc) — (Vr + IrZc) e (11)

Since no assumptions are for deriving index p, it is very robust and hardly effected by the variation of source
impedance loading change, fault impedance fault inception angle and fault type. Simulations have shown
that the proposed index can provide accurate fault location. Absolute values of Num and Den can be used for

fault detector. Pre-fault absolute Num and Den are equal to zero and during fault abruptly deviated.

5.5.2 Simulation results

2

e
b=
(=

o

G 1
|l |y | g |
O = R
| s iR N I | |
15 kW A0k THIEV 4 240MVAR UMYV AR :;'l"fi:'::{".' 400KV 15kV .
il
= +

Fig. 5.14 : Test system for 765 kv

The test system considered for studies is a 765kV typical transmission system. Equivalent system diagram
is shown in Fig. 5.12 Sending end bus 3 is bus and Receiving end bus is bus 4 . Initially the system is
assumed to be operating in steady state balanced condition and delivering a load of 500 MW and
200MVAR. The prefault receiving end quantities are: 4000 MVA, 765 kV. The initial voltages at the buses
are obtained from AC load flow solution. The generator side the source strength considered to be 5000
MVA and load side source strength is considered to be 4000 MVA. Faults simulated at ficticious bus 7 at
variable distances (p varying from 0.2 to 0.8) from the recienving end bus 4. Results for selected few cases
are presented here. The faults for these cases assumed to occur at 0.040 sec. Fault resistance RF is varied
from 5.852 (0.001 p.u) to 585.2 (0.1 p.u) All currents and voltages are expessed in per unit values on
following base values : Base MVA=100 MVA, Base kV=765kV .

Fault current in line 3-7 for 3ph-g fault at a distance (p=0.8) of 400km from sending end is shown in
Fig.5.13 The fault is created at 0.4 sec. Fig. 5.14 and Fig. 5.15 shows the current phasor magnitude using

conventional DFT and modified DFT respectively.
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Fig. 5.16. Current phasor for 3ph-g fault for p=0.8 using DFT(0.40sec)

Fault current in line 3-7 for 3ph-g fault at a distance(p=0.8) of 100km from Substation R. is shown in
Fig.5.16. The fault is created at 0.45 sec. Fig. 5.17 and Fig.5.18 shows the current phasor magnitude using
conventional DFT and modified DFT respectively. The results shows that the new DFT method give the

phasors accurately with less oscillations in phasors.
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Fig. 5.17. Fault current in line 3-7 for 3ph-g fault for p=0.8 for fault at 0.45sec
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Fig.5.18 . Current phasor for 3ph-g fault for p=0.8 using DFT(0.45sec)

5.5.3  Fault detection and location of 3 ph-g fault

The current and voltage signals at sending end bus (bus 3) located at substation S are shown in Fig 5. 19
and Fig 5.20 when 3ph-g fault occured at a distance of 100km from receiving end (bus4) at substation R at
time 0.4 sec and fault resistance is 5.85. The caclulated fault detection indices Num and Den are shown in
Fig 5.22 and Fig 5.23 and the fault location index is shown in Fig 5.21. From the Fig 5.21, Fig 5.22 and Fig.
5.23 it can be observed that the fault detection indices Num and Den are almost zero before fault (0.04 sec)
and p has no meaning before fault. when the fault occured (after 0.04 sec the fault detection indices Num and

Den are abruptly deviating from zero for faulted phases and p converges to 0.2001.
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Fig.5.19 : Fault current in line 3-7 for 3ph-g fault (100km from R)
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Fig.5.20 : Voltage at bus 3 for 3ph-g fault (100km from R)
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Fig 5.21 : Fault location index p for 3ph-g fault (100km from R)
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Fig.5.22 : Fault detection index Num for 3ph-g fault (100km from R)
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Fig 5.23 : Fault detection index Den for 3ph-g fault (1L00km from R)
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CHAPTER 6

PMU APPLICATION IN IDENTIFYING A POWER SWING

In this section we aims to identify a power swing in the power system network as stable or unstable and
based on that block or unblock the Zone-3 of distance relays as desired. Determination of the type of swing
is carried out by analysing an equivalent single machine infinite bus system, particularly concentrating on
the first zero crossing (FZC) of the speed of the machine. The equations for this algorithm are developed
using the local measurements (obtained from a PMU or CT/PT) at a relay location along with the power-

angle characteristics equations.

6.1 Methodology

The working of the algorithm has been explained using a 3-bus, 345 kV test power system in which a three

phase fault is created on transmission line 1-2 (as shown in Figure 6.1).

900MW,

s500MvA, ° S00MVA, R32 o o3 FOOMVAR
22 kV 2Z2KkV/345
kV :
fault Slack Bus

Vet

600 MVA,
T 22kV/345
KV

600 MVA,
22 kV

Fig 6.1 : Three bus test system
Under fault condition, the values of different electrical quantities as seen by the relay R13 (measured by a

PMU located near the relay) can be used to represent the whole test system in the form of a single machine

infinite bus (SMIB) equivalent system as depicted in Figure 6.2.
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Es o V.0°

Fig 6.2 : SMIB Model

Now, in order to analyze the SMIB system, the values of bus voltage (E L d), reactive power (Q) and active
power (P) must be obtained. These values are measured at bus-1 (as seen by relay R13). V is measured at
bus-2. Also, there are two unknown parameters of the SMIB system, the voltage angle (3) and the equivalent
reactance (X), which can be determined as follows.

The power flow equations for a simple SMIB system is given by

EV
P= —sind (6.1)
X
9= Z- Zoss 6.2
= 5y e (6.2)

Where,

is active power

IS reactive power

is magnitude of bus-1 voltage
is magnitude of bus-2 voltage

is equivalent resistance

© X < M O =

is angle difference between bus-1 and bus-2

Elimination of & fromegns. (6.1) and (6.2) leads to

PX\2  (E2-QX\2
() (=) !

In order to solve for X, the following equation is obtained
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(P2 od)x? —arfgx + B - ERvE =g

After having obtained all the parameters of the SMIB system, the next step in the algorithm involves
calculating the speed of the _ctitious synchronous machine of the SMIB system as shown in Figure 6.2
during a power swing. The speed of the representative machine is obtained from egns. (6.1) and (6.2). By

differentiating (6.1), the following equation can be obtained.

|TJ COS I\Ikﬁ)l

E { ﬂ \ . -’r-'lll'; )

The expression for cos & can be derived from egn .(6.2) as

Ccosd = (—EE ;EQE)

and also do/dt can be written as w,, where w, is relative speed of the fictitious synchronous machine.

dP
dt

( E2 j_E'J_E’ J

15—

Substituting eqn . (6.6) and or in eqgn. (6.5), the following is obtained

: dp -
The expression for Z¢ can be approximated as ,

dP AP
g (5.8)
dt AT
And also
AP . Pt =Py
At T I

where AP and At (time step) are values obtained from MATLAB simulation. Substituting eqn.(6.9) in
eqn.(6.8) and then in eqn.(6.7), finally the following equation is obtained :
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6.2 DETERMINATION OF TYPE OF POWER SWING

w, as obtained above is plotted against time to see if the relative speed of the SMIB generator
crosses zero value or not. This zero crossing of the relative speed will help to identify the type of swing in
the power system. Hence, the power swing can be identified to be a stable one if w, crosses zero value,
otherwise it is an unstable swing.

Zero crossing implies that the speed of the fictitious generator of the equivalent SMIB system reaches the
synchronous value before accelerating/decelerating again. Whereas the event of non-zero crossing implies
that the machine doesn't attain the synchronous value before accelerating again. The proposed algorithm
utilises this feature to decide the nature of the power swing. A simple diagrammatic representation of the

variation of the relative speed of the machine is shown in Figure 6.3.

A Instant after T
- ")SCD — fault is cleared o “’?,;\ /'/
Ty First zero crossing \ //
|
L e .
i 7 \e/
o [f—1 \] ERERATTN s
\ / \ / \'\/) time | time
A\ =\
\.\/ f

Figure 6.3: Speed variation of SMIB machine during stable and unstable power swings
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6.3 SIMULATION STUDIES ON 3 -BUS SYSTEM

The simulations to implement the algorithm have been carried out on a 3-bus, 345 Kv test system.
A 3-phase fault is created at a distance of 50 km from bus-1 on the transmission line joining buses 1 and 2 as
shown in Figure 6.1. The instant at which the fault is applied is 2 s and the duration of the fault is 0.1 s. The
plot of variation of the relative speed of the fictitious machine with respect to time as derived from the
algorithm is depicted in Figure 6.4. From the figure, it can be observed that the firrst zero crossing occurs

immediately after the fault is cleared thus indicating a stable power swing.

E : I.rllztantd at which fault is First Zero CrUSfEi.ﬂg
P SR . rrrrrs el b caare ............................ CF ZCJ

Relative speed (rad/s)

Figure 6.4: Relative speed of SMIB machine obtained in accordance with the proposed algorithm

An unstable swing is generated in the test system at t = 2 s for a duration of 0.2 s. The variation of w, of the
machine with respect to time is shown in Figure 5.5. It can be observed from the figure that the relative
speed of the _ctitious machine doesn't cross the zero line immediately. However, when the unstable swing

becomes stable, then it is observed that the relative speed of the generator crosses the zero line.
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Figure 6.5 : Relative speed of SMIB machine obtained in accordance with the proposed algorithm
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CHAPTER 7

DISCUSSION AND CONCLUSION

The dissertation report addresses the main reasons for execution of WAMPAC systems. In the initial part of
the report we have discussed the need of WAMS, its architecture and its benefits . The most important unit
of WAMS is PMU. We have discussed PMU in detail.

A typical WAMPAC structural design is presented with its main-building blocks (PMUs). The structural
design depends on unambiguous system needs, its topology, creation profile, and the quality of the
communication infrastructure. The report also provides a general idea of the main WAMPAC applications
and demonstrates some applications that is, dynamic recording, real time system state determination, phase
angle and disturbance propagation monitoring, estimation of load model parameters, as well as protection

and control related applications.

We have dicussed the application on PMU in fault location techniques.With the use of PMU the sampling
rate required for fault location in much lesser due to its fast operation.So it is advantageous to use PMU in

fault location techniques.

We have also discussed that PMU data can also be used in identifying whether a power swing created after a
disturbance is stable or unstable by analyzing an equivalent SMIB system especially focusing on the
variation of the relative speed of the equivalent synchronous machine with respect to time in order to obtain

the first zero crossing instant of the relative speed.
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APPENDIX A

Fault locator algorithm using PMU measurements

The three phase voltages and three phase currents are measured by PMUs located at both ends of line
simultaneously. Since the Global Synchronism Clock Generator (GSCG) has been equipped in PMU to
provide an extremely accurate and reliable external reference clock signal, it can guarantee sampling
synchronization to an accuracy of better than 1 micro sec. . Voltage and current waveforms were considered
to be directly taken as the synchronized sampled data (voltages and currents) from substations Anpara and
Unnao. A new DFT method is used to extract close in fundamental phasors.
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Fig. 1 : Fault locator for using PMU measurement
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APPENDIX B

Parameters of transmission line used as test system for fault location

B .1 Parameters of three phase transmission line used for negative sequence impedence method :

Data of two sources And transmission line :

Mag.(AC,L-L, RMS) :230 KV

Data of source at

sending end S Frequency : 50 Hz

Phase shift : 0 deg

Mag.(AC,L-L, RMS) :230 KV
Data of source at
receiving end R Frequency : 50 Hz

Phase shift : 20 deg

R X
Positive sequence 12.868 182.79
Negative sequence 12.868 182.79
Zero sequence 130.735 477.53
Lenghth of transmission line = 360 km
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B.2 Parameters of single phase transmission line used in distributed transmission line model :

Parameters of two sources And transmission line :

Mag.:(AC,L-G,RMS) : 230KV

Sending end source
Frequency: 50 HZ

Phase shift : 0 degree

Receiving Mag.:(AC,L-G,RMS) : 230KV

el squsTs Frequency: 50 HZ

Phase shift : 20 degree

R(Q/km) | L (H/km) C (F/km) G (Qkm)~-1

0.1236 0.0021 0.1 10" r L 749 *10" -7

Length of transmission line = 180 km
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