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Performance Evaluation of Discrete Fourier Transform

Algorithm Based PMU for Wide Area Measurement
System

Alpesh Adeshara, Rajendrasinh Jadeja, Praghnesh Bhatt

Abstract—Implementation of advanced technologies requires
sophisticated instruments that deal with the operation, control,
restoration and protection of rapidly growing power system network
under normal and abnormal conditions. Presently, the applications of
Phasor Measurement Unit (PMU) are widely found in real time
operation, monitoring, controlling and analysis of power system
network as it eliminates the various limitations of supervisory control
and data acquisition system (SCADA) conventionally used in power
system. The use of PMU data is very rapidly increasing its
importance for online and offline analysis. Wide area measurement
system (WAMS) is developed as new technology by use of multiple
PMUs in power system. The present paper proposes a model of
Matlab based PMU using Discrete Fourier Transform (DFT)
algorithm and evaluation of its operation under different
contingencies. In this paper, PMU based two bus system having
WAMS network is presented as a case study.

Keywords—DFT-Discrete Fourier Transform, GPS-Global
Positioning System, PMU-Phasor Measurement System, WAMS-
Wide Area Monitoring System.

I. INTRODUCTION

HE phasors are widely used in power system for analysis

of the alternating quantities with the assumption of
constant frequency since many years [1]. Currently new
technique known as synchronized phasor measurement is
developed that uses WAMS for different power system
applications by using PMU [2]. PMU measures positive
sequence voltage and current which provides instantaneous
state of power system and therefore PMU is more
advantageous than a conventional SCADA system for various
power system applications [3].

A reliable, effective and most importantly, affordable
transmission systems are required to deliver the power to the
consumer from the generating stations. The problem of grid
congestion, system reliability and increase in cost rises if more
power is transmitted per line. However, if above problems
predominate, they may result in system instability, blackouts
or rolling blackout, communication failure etc.

This is not a desirable condition and ultimately numbers of
power plants have to be shut down due to cascading effects.
During the survey of blackouts, the main reasons found were
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the inefficiency of the system and responding capacity of
operator in such a condition. Therefore, it was possible to
prevent these blackouts and also boosting immunity to
cascading would have been possible. [4].

Nowadays, the power system becomes very complex and
numbers of operations are required simultaneously. The
energy demand is increasing very quickly. So, the only way is
to either the power generation is required to increase or the
efficiency of the existing system has to be increased by
establishing smart grid. Power generation is concerned with so
many non-technical factors like government policies, initial
high cost etc. So, to improve the efficiency by smart grid is the
only way to implement. For improvement in power system
reliability, continuous monitoring of the system as well as
training and enforcement of standards within the system are
essential. Due to which, in critical situations, a quick response
can be possible over a largest area within the shortest period of
time with minimum affecting human interference. So, Wide
Area Monitoring, Control and Protection system which is a
form of the smart grid are required to maintain a secure system
state means the system can survive for each specified
contingency [5].

Today, WAMS is becoming more popular in the latest
technologies for upgrading the traditional electric grid. All
around the world, it is very necessary to modernize the
electricity delivering system. However, there are various
algorithms developed in the early period for real time
monitoring of power systems_network with the evaluation of
working frequency. Before 1990s, the first time, a
synchronized phasor measurement unit (PMUs) was
introduced [6]. These PMUs, in wide area measurement
systems, become the vital data acquisition technology with a
lot of applications at present under development around the
world [7], [8].

Various electrical industries in the world are facing some
serious problems like grid reliability and transmission
congestion. To face above mentioned operational challenges
within the industries SCADA has been used in smart grid with
varying security devices [9]. But the reporting rate of the
SCADA system is very slow which make difficult to analyze
the power system in a dynamic state. Hence, phasor
technology is one of the advanced tools in this area which
improve overall performance of the power system. By
applying PMU with very high sampling rate (30 samples per
seconds), snapshots of a power system for different behaviors
are taken because instantaneous data is the heart of real time
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estimation. In this way, WAMS balances existing SCADA
system by giving resolution of micro seconds as well as larger
perspective to cater with the needs of monitoring for wide
area, with continuous application of SCADA. The main
advantage of using the WAMS is that the actual system states
can be measured and it performs very preciously without
relying on offline studies for its assessment and
comprehensive system models, which would be outdated as
well as inaccurate [10].

The objective of this paper is to present a Matlab based
PMU, which uses DFT algorithm and to explore its
application for WAMS. The Matlab platform can process
simulated power system WAMS based network. It is proposed
that this simulated network will present a hands-on
understanding for the algorithms and substitution involved in
the phasor measurement process. Finally, the proposed PMU
performance is verified under different operating scenarios.

The paper is organized as follows: Section II presents PMU
basics and its architecture, Section III describes PMU
application in WAMS and Section IV demonstrates the
proposed MATLAB based PMU with DFT algorithm. The test
system, results and discussion of the proposed approach are
contained in Section V. Section VI deals with a conclusion.

II. PMU BASICS AND ITS ARCHITECTURE

Synchrophasor provides information of voltage or current
phasor with reference to time. The information is in the form
of time signal provided by global positioning system (GPS)
and this signal is generated at 1 pulse per second (1 pps) by
GPS [11]. There is not much significance of the phasor angle
with the arbitrary time signal, simply by collecting all PMUs
output at the same timing reference gives the phase angle
difference between phasors are and it will provide data helpful
for monitoring & control of the power system [12]. The first
prototype of PMU was installed at Virginia Tech.
and Macrodyne using phasor measurement technique (model
1690) [13].
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Fig. 1 Phasor Measurement Unit Architecture

The requirements for PMU performance are reported in
various standards [14]-[15]. The former standard only
introduces a requirement for PMU steady state performance,

but later on it has been revised to analyze dynamic behavior of
power systems.

ITT1. PMU APPLICATIONS IN WIDE AREA MEASUREMENT
SYSTEM

The conventional method (SCADA) used in power
system application has some limitations such as the limitations
of control techniques, algorithms, operational boundaries, data
measurement speed and accuracy. So, it is very difficult to get
real time system behavior or to make a dynamic analysis of
the power system. Recently, the WAMS has become the
powerful system to do the real time monitoring and for control
of the power system. Some applications of PMUs are listed
below to improve power system performance:

A. Visualization Tool/ Power System Event Analysis

The main and very useful application of synchrophasor unit
(PMU) is Wide area measurement systems (WAMS). This
system refers to the possibility of visualizing a wide area of
the electrical grid with PMUs [16]. From measured data, a
surface plot of an angle measured can be possible by using
PMUs which are located in widely dispersed location across a
power system. As the earlier power system did not have time
synchronized recorders and loggers, it is difficult to analyze
the event. But in WAMS, a GPS based PMU is used for time
synchronization that cuts down time coordination problem
from hours to seconds [17].

B. Power System State Estimation

The state variables of the power system can be measured
with the help of State Estimation. With the help of that the
operator can compare the estimated value with the
measurement set and this can become an essential tool for any
supply provider's control center. Before WAMS, power
system state was not directly measured, but contingent using
unsynchronized power flow data. But now with the WAMS,
State estimation uses line data and its injections, real power
and reactive power for bus voltage and its magnitude
calculation. It also gives high accuracy compared to SCADA
system and sturdiness of bad data. In WAMS with PMU gives
state estimation for all the phases during unbalance conditions
[18], [19].

C. Line Parameter Calculation

If we use the Wide area measurement system, the data at the
end of the line can be used for line parameters calculation
which helps in comparing design data also. Continuous
monitoring of line parameter and its calculation helps in
modeling, fault location detection [20] and for line outage
detection [21].

D. Real Time Congestion Management

In the real power system, to manage demand with the
economic aspect without effecting transmission limits is very
difficult. In power system, all the lines having their own
thermal capability, voltage and stability margin which are pre
calculated. Then, to run the power system in a true manner,
line is compared with nominal transfer capacity. The real time
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high speed and accurate data obtain with PMU can improve
congestion management and reduces excessive margins [22].

E. Power System Protection

In conventional protection system, the system acted in
response to faults irrespective of the existing condition in a
predetermined manner. But Adaptive relaying assumes system
characteristics and protection data should be coordinated with
existing conditions. Out of step relays and line relays gives
best protection and reliability [23]. PMU provides an accurate
measure of line impedance for fault, location [24]. Moreover,
the conventional power system, zone-3 distance relay or
backup relay was operated by heavy loads and which forced to
remove backup protection. But in WAMS, the backup zone is
constantly supervised by PMUs and hence false tripping is
avoided. PMU uses Wide area measurements to control for
load swing or fault. But that coordinates with other PMUs
measurements and differentiate fault and load swing [25].

F. Voltage Stability Monitoring

In the power system, voltage stability plays a major role
because voltage instability for a long time led to blackouts.
Therefore, voltage stability needs careful monitoring [26].
With the help of measurement taken from WAMS, voltage
stability assessment becomes easy, fast, and precise.
Moreover, the voltage monitoring taken by placing PMUs at
each end of a transmission line become very easy tool and the
power margin can be evaluated securing voltage stability on
the line [27].

G. Power System Oscillation Monitoring

For the power system, small signal oscillations are very
important to observe in real time, which are electromechanical
oscillation caused by generator angles oscillating each other.
In WAMS, this oscillation is observed by the frequency
variation caused by the machine rotor and the frequency
spectrum is calculated through DFT in PMUs. The
electromechanical oscillation if remains for a longer time, it
may damage the generator and thus it must be damped [28].

Also, PMUs is used to get depth observability. It means the
voltage phasor and line current of the connected bus can be
measured immediately. Moreover, the application of the PMU
are greatly reduced the act of data acquisition equipments and
tools required throughout the network.

IV. MATLAB BASED PMU WITH DFT ALGORITHM

Discrete Fourier Transform (DFT) is used for estimating the
Fourier transform of small number of samples for input signal
x(?) [29]. On the real time in the power system, to achieve the
voltage and current phasor synchronously, DFT algorithm has
been used. Simulink blocks are used for finding out the
positive sequence component from the available signals [30].
By using relationship of Fourier series coefficients with DFT
algorithm, the phasor for ky, are obtained.

First of all DFT can be described by considering the Pure
sinusoidal input signal in the following form:

x(t) = X cos(wt + 6) )

where, w = frequency of signal (radian per second); 6 = phase
angle (radian); X,,= Peak amplitude of the signal. So, X,,/v2
is the RMS value of the signal x(t) and which is helpful to
calculate active and reactive power for AC Network.

x(t) = Re (X, e/(©t+9)) )]
x(t) = [{e/“} Xpelf]

In (2), the term e/®¢ can be ignored by considering the
frequency is w and it can be represented by complex value X
in terms of phasor representation.

X=X, +jX (3)
X = (Xm/V2)(cos 8 + jsinB) 4)

Now let’s take the signal x(t) is sampled N times per period
of 50Hz signal to generate the any order of harmonic
component is given by,

XU =2 Shzbr e My (5)
where, k = order of harmonic;
N = Total number of sample per window;
n = ng, no.of sample
m = my, no.of sample = (n — 1), no.of sample
x (n) = Discrete signal
21

w=2nf,f= (TSLN)’(U: TsN

9—2nt—2nn heret=nT
=3t =N (wheret =nT)

Now, (6) can be expanded using (5) and it is rewritten as:

X (k) = [ﬁ YRzt x (n). cos (“Tm)] —j [5 m=oX (n).sin (znTm)](@

N

For the RMS value,
12 2| 2 & /2
X (k) = WAL mZOX (n).cos (T) —j [N mzzox(n).sm (T)]

X (k) = [g NZLx (n). cos (ZKTm)] —j [? NZLx (n).sin (Z“Tm)] (7)

The RMS value of amplitude for voltage or current signal
and phase angle of any of these signals can be obtained as:
Phase angle,

2,

1 % SN=bx (n).sin (Z"Tm)
0 = tan R ——e ®)
~ Ym=oX (n).cos ( N )

RMS Amplitude, X,ms = (X +X;) /2 9

So, (7) gives the fundamental FFT equation to find out the any
order harmonic component. PMU can only measure
fundamental signals. So take k=1 in the equation 1. Moreover,
(6) is the expansion of (5) which gives real and imaginary part
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of this FFT equation. Equation (8) gives the angle and (9)
gives the RMS amplitude of measuring signal.

V. TEST SYSTEM, RESULTS AND DISCUSSION

A. Test System

In this proposed system 11kV Generator is connected with
100kW active load. Transmission line length between two
buses is 50km and on each bus PMU is connected. Each PMU
is synchronized with GPS and transfers data through the
communication line.

TABLEI
NETWORK SIMULATION PARAMETERS
Parameter Value
Voltage Source 11kv
System Frequency 50 Hz
Transmission Line Length 50 km
Fault Timer [00.5]
Fault Resistance 0.001 Q
RL branch Resistance 0.01 Q
RL branch Inductance 0.0031 H
Load 100kw
PT ratio 11000/110
CT ratio 1:1

Line Constant R) =0.01273 Q (Q /km); R] =1 0.3864 Q (Q /km)
L0 =0.9337mH (H/Km); L] = 4.1264 mH (H/Km)

Co = 12.74 nF (F/Km); C/=7.751 nF (F/Km)

PMU

Bus-1 Bus -2
ny 4
O .
Generator
Fault
Load
Fig. 2 Single Line Diagram of Two Bus Power System Network with
PMUs
TABLE II
CASE STUDIES FOR THE SIMULATED WAMS NETWORK
Case No. Results Events
Voltage Phase Angle Reference Signal during
Case-1 . .
Comparison normal condition
Single line to Ground fault
(SLGF)
Double line to Ground fault
Case-2  Voltage Magnitude Comparison (DLGF)
Triple line to Ground fault
(TLGF)
Harmonic Injection (HI)
Case-3  Current Phase Angle Comparison Reference Signal during
. . normal condition
Case-4 Current Magnitude Comparison

SLGF,DLGF,TLGF

B. Results and Discussion

In the test system, four different contingencies are created
to compare the behavior of variation of different parameters as
per Table II. Here, reference signal generated in MATLAB

simulated PMU is compared with system signals during
normal condition and it is observed that there is no deviation
in Magnitude as well as Phase angle (Figs. 3 (a), 4 (a), 5 (a)
and 6 (a)) means they are overlapped. Hence, for all
contingencies, it is considered as a reference signal.

1. Case-1
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Fig. 3 (a) V,Vy,Vp voltage phase angle during normal condition as a
reference signal
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Fig. 3 (b) Vr,Vy, Vg voltage phase angle during SLGF
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Fig. 3 (¢) Vg,Vy,Vp voltage phase angle during DLGF
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Fig. 3 (d) Vr,Vy, V5 voltage phase angle during TLGF
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Fig. 3 (e) VR, Vy, Vg voltage phase angle during harmonic addition in
input signal

From the case 1, If SLGF is generated at 0.5 second, the
phase angle difference can be found in R-phase (Fig. 3 (b))
while Y and B phase angle difference remain same as Fig. 3
(a). Fig. 3 (c) shows the DLGF condition in which phase angle
difference are observed in R and Y phase while B phase is not
affected. During TLGF (Fig. 3 (d)), deviation of 0 to 360° is
found in R and Y phase but in B phase 0 to 100° is observed
which can be clearly seen. When harmonics are added at
3seconds (Fig. 3 (e)), the output voltage phase angle from the
PMU remain same as positive sequence voltage and zero
phase angle difference like (Fig. 3 (a)) can be obtained. Hence,
from the above results, it is concluded that voltage phase angle
output of the PMU is unaffected even if the input signal is full
of harmonic.

2. Case-2
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Fig. 4 (a) Vj,Vy,Vp voltage magnitude during normal condition as a
reference signal
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Fig. 4 (b) Vg,Vy, V3 voltage magnitude during SLGF.
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Fig. 4 (¢) Vr,Vy, V3 voltage magnitude during DLGF
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Fig. 4 (d) Vg,Vy,Vp voltage magnitude during TLGF
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Fig. 4 (e) VRr,Vy,Vp voltage magnitude during harmonic addition in
input signal

The voltage magnitudes for various events have been shown
in Figs. 4 (a)-(e). During SLGF, the voltage of that respective
phase (R phase in Fig. 4 (b)) become zero at 0.5 second. The
same result is obtained during DLGF (RYG) in Fig. 4 (c¢) and
TLGF (RYBG) in Fig. 4 (d). Two dots indicating (all phases)
harmonic injection at initial and at 3 second can be seen, but
PMU output voltage magnitude is harmonic free (Fig. 4 (e)).
In the above discussion, all the faults are created at 0.5 second
and they are not cleared.

3. Case-3
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Fig. 5 (a) Iy, Iy, Ig Current phase angle difference during normal
condition as a reference signal
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Fig. 5 (b) Iy, Iy, I Current phase angle difference during SLGF
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Fig. 5 (c) I, Iy, Iz Current phase angle difference during DLGF
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Fig. 5 (d) Iy, Iy, Iz Current phase angle difference during TLGF

From the case study 3, the effect of line to ground fault
occurred at 0.5 second can be seen from Fig. 5 (b). Here, the
phase angle of R phase varies from 0° to 290°. Similarly, the
effect of DLGF in R and Y phase shown in Fig. 5 (¢) and
TLGF in R, Y and B phase is shown in Fig. 5 (d).

4. Case- 4
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Fig. 6 (a) I, Iy, Iz current magnitude during normal condition as a
reference signal
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Fig. 6 (b) Iy, Iy, Ig current magnitude during SLGF
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Fig. 6 (c) Iy, Iy, Iz current magnitude during DLGF
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Fig. 6 (d) Iy, Iy, Iy current magnitude during TLGF

In the case 4, the current magnitudes for different events are
represented in Figs. 6 (a)-(d). Due to SLGF (Fig. 6 (b)), the
current magnitude of R phase becomes thousands of ampere at
fault time or at 0.5 second which can be seen. The same
results are obtained during DLGF and TLGF which are shown
in Figs. 6 (c¢) and (d) respectively.

VI. CONCLUSION

In this paper, PMU based simulated model with 11kv
source is connected to 100kw load having a 50km long
transmission line at 50Hz is presented and 30 samples per
each cycle for voltage and current signals are taken. The test is
carried out for healthy network as well as different fault
condition like SLGF, DLGF and TLGF. After this test, voltage
magnitude, current magnitude and their angles are compared
with a reference signal. It is concluded that DFT based PMU
model gives positive sequence and harmonic free fundamental
output. The main purpose of this software is to explore the
function of internal algorithm in the PMU performance under
different contingencies. This simulation explores the concept
implied in the phasor measurement unit for phasor estimation
in wide area measurement system.
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