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Abstract

Phasor Measurement Units (PMUs) are devices that take three phase voltages as inputs and
output A/B/C phase magnitudes, angles, frequencies, and time stamp data that correlates to
these outputs. PMU functionality is typically built into protection relays which are used to
protect sensitive areas of the power grid such as transformers and substations. PMU’s then
become useful tools that can provide critical insight into the power grid, and may have
applications in feedback controls as a sensor.

The main goal of this project was to obtain the delay time inherent in SEL-421 and SEL-487
PMU hardware. To test these units I needed to construct a test bench of hardware and software
for signal generation, signal monitoring, signal amplification, data acquisition, data parsing,
and calculation software to analyze the results of my tests. My research focuses on a signals
and systems approach to testing this hardware. By inputting various signals such as phase
ramps (frequency steps), amplitude steps, amplitude modulation and phase modulation I am
able to determine characteristics of the PMU hardware such as delay time. By inputting a
frequency spectrum of phase modulation signals I was able to calculate the transfer function
and obtain a bode plot for the SEL 421 which also yields characteristics of the PMU hardware.
These results are a critical part of a much larger grid protection project, and the accuracy of
these results are paramount.

Keywords: Phasor Measurement Unit (PMU), Delay Time, Signal Generation, Transfer

Function, Bode Plot.
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1. Introduction

The process required to run tests on the SEL-421 and the SEL-487 Phasor Measurement
Unit (PMU) hardware requires several steps and an understanding of the block diagram shown in
Figure 1. The first section of this paper will explain each block in Figure 1 as it pertains to
testing PMUs. At this point a step by step procedure will be explained for running a typical test
on the PMU. To understand the mathematics required for signal generation a discussion of the
equations will be covered. A detailed reference to the math document for this project is also
given in Appendix E. The next section of the paper will detail some of the Matlab code used for
signal generation, data parsing, and calculation. At this point a section of the paper will be
dedicated to baseline testing. This will help ensure that the PMU is functioning as expected and
that future testing will yield good results. From here issues related to PMU testing will be
covered to aid future testing. The last topic covered will look at our plans for streamlining the

test bench and future testing.

€37.118 IP Packets Via Crossover cable

Ethemet Input

its

Signal Convert 25 AHZAD Analog Digtal Canverter Data

via USB

NI PXle-4300
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Figure 1: Test Bench Block Diagram



2. Walkthrough of the Block Diagram

2.1. The Signal and Convert Blocks

The signal block in figure 1 is a PC with Matlab setup to communicate with the NI-
cDAQ-9174. The NI-cDAQ-9174 is a digital to analog converter (DAC) and is connected to the
PC via USB. The sample rate of the NI-cDAQ-9174 can be adjusted up to 100,000 sps. At the
time of this writing the sample rate for this device is set to 40,000 sps. In a script file the desired
signal can be constructed with the code necessary to communicate with the DAC. Examples of

signal generation code with the DAC communication code is provided in Appendix B.

2.2. The Gain Block

Once the signal generation code is compiled Matlab will communicate with the DAC to
create an analog signal which is then amplified via the Tabor 9400-25. This is a four channel
wide band signal amplifier with an ideal gain of 25. There are a few important things to note
about this amplifier. On the back panel of this module there is a ‘Unipolar Mode’ option. This
turns the amplifier into a two input / four output rectified amplifier. It is important for PMU
testing that this option be turned off.

If the PMU is opened up you’ll notice that the first thing the input sees is a set of
transformers. This means that the input impedance to PMU is inductive. So at low frequencies
the input impedance to the PMU is small. The Tabor 9400 is only rated to output S0mA of
current but at low frequencies the PMU is drawing more than this. If sinusoid signals are fed to
the PMU with frequencies below 30Hz the fuse in the Tabor 9400 amplifier will blow. For PMU
testing the frequency range should not drop below 50 Hz. If a fuse is blown there is a cylindrical
tab on the back of the module which can be released with a flat head screw driver. The fuses

needed for this amplifier are rated for 2 Amps at 250 Volts.



2.3. The SEL 2407 GPS IRIG-B Block

This block represents a GPS clock which provides an absolute time that is used by both
the NI PXIe and the SEL. PMU hardware in time stamping data packets. When looking at the
front panel of this module you will notice a set of LED indicators. For testing purposes it is
important that the green LEDs for ‘Enabled’ and ‘Satellite Lock’ are on. If the orange LED for
‘Holdover’ is on that means that the unit has lost its satellite connection. An antenna is
connected to the side of the Main Hall building that provides a clear view of the sky and the GPS

clock should not have trouble with receiving time from the satellite.

2.4. The NI PXle-4300 and NI PXle-8840 Embedded Controller Blocks

The NI PXIe-8840 is a data acquisition system operating with Window OS. LabVIEW is
used on this platform to obtain both analog data from the NI PXIe-4300 and phasor data from the
PMU. The PXIe-4300 is an analog to digital convertor (ADC) and is plugged directly into the
PXIe-8840 chassis. The analog data is time stamped by LabVIEW using the NI PXIe-6683H
GPS IRIG-B Timing Module. To check that PMU data packets are arriving through the network
as expected it is necessary to open Wireshark on the PXIe-8840 and monitor the appropriate IP
address. The time stamps applied to these packets can be saved as a “.csv *. Importing this time
data into Matlab makes it easy to check for consistency in the arrival time of the PMU data
packets.

By opening up the ‘PMU C37 Reader.vi’ project in Lab View you will be able to save
both a file for the input analog data to the PMU and the output phasor data from the PMU.

These files will be saved as a ‘.csv ‘and can then be imported to Matlab for processing.



2.5. The SEL-421 and SEL-487 PMU

This block is the unit being tested. SEL relays are used for various protection schemes in

the power industry and have additional functionality built into them. The PMU functionality of

these devices is the main focus of this paper. Three phase voltage is input into the PMU. Output

from this unit includes timestamp data, A/B/C phasor voltages and angles, and a frequency

associated with these signals.

3. PMU Testing Procedure

A typical testing procedure is outlined to give a reference for discussions in this paper

and will also facilitate more in depth subjects to be addressed in later sections of this document.

3.1.

1.

Precautionary Steps

Check the SEL-2407 GPS clock to make sure that the ‘Satellite Lock’ is on (LED indicator
will be green). If ‘Satellite Lock’ is off and the ‘Hold over’ LED is showing orange it can’t
be guaranteed that time stamp data will be accurate.

Make sure that the ‘Unipolar Mode’ on the back of the Tabor 9400 amplifier is off.
Check the signal generation code to ensure that frequencies below 30Hz are not being
sent to the amplifier. This is assuming that the PMU is being fed the amplified signals.
See the description of the ‘Gain Block’ above for details.

The signal generation code should also be checked to make sure that the signals are
zeroed out at the end of the code. This is due to the fact that the DAC will not zero out
signals after the signal generation code is complete. For Example, if you run a plain
60Hz sinusoid through the DAC and at the end of the code the sinusoid ends at 20 Volts,
then instead of the signal dropping to 0 Volts it will instead sit at 20 Volts DC. This is bad
since the PMU will be drawing more current than the amplifier can supply, and a blown
fuse will result.

3.2. Start Up

The PC with Matlab will need to be booted and the desired signal generation code

ready to go. The NI PXIe-8840 will also need to be booted up with LabVIEW loaded and



ready to go. Below is a detailed description on how to load the ‘PMU C37 Reader.vi’ project

in LabVIEW.

3.3. LabVIEW

Launch LabVIEW and select the ‘Open Existing’ option. In the file directory select
‘Montana Tech EE PMU Testing Station’, then select ‘pmuTestingStation’ from the project
explorer window. Finally select ‘PMU C37 Reader.vi’ from the new project explorer
window. Once LabVIEW is ready to go it will be necessary to name the data files. In the
Graphic User Interface (GUI) associated with this project there will be two options, ‘Phasor
Data’ and ‘Analog Data’. ‘Phasor Data’ refers to the output from the PMU. ‘Analog Data’
refers to the signal received by the NI PXIe-8840 from the NI PXIe-4300. By clicking on the
folder icon you will be taken to a save screen. It is important that the naming convention be
chosen with some thought as it might make life easier when importing these files into Matlab
later. For example, if a frequency sweep test is being run on the PMU a naming convention
for the files might look like this:

Phasor File Naming Convention for Frequency Sweep Test:

Phasor FreqSweep 00.1Hz.csv
Phasor FreqSweep 00.2Hz.csv
Phasor FreqSweep 00.3Hz.csv
Analog File Naming Convention for Frequency Sweep Test:
Analog FreqSweep 00.1Hz.csv
Analog FreqSweep 00.2Hz.csv

Analog_FreqSweep 00.3Hz.csv



It is necessary to put the file extension “.csv’in the file name. The only thing that
changes in the file names is the frequency value that is being sent to the NI PXIe-8840 and the
PMU. When these files are imported into Matlab for analysis, instead of importing each file one
at a time, it will be possible to write a for loop that will import all the files at once. This is made
easier with naming conventions similar to the one shown above.

With Matlab and LabVIEW ready to go it is now possible to run tests. The PMU has a
‘config’ frame that starts at the beginning of each minute on the GPS clock. This means that data
packets will be sent out to the NI PXIe-8840 at the beginning of each minute. This also means
that the PMU will not record data until this ‘config’ frame starts. The PMU was designed to be
receiving 3 phase power 24-7. So with this in mind it is good practice that the input signal be
running before the ‘config’ frame starts. A typical test might be run as follows:

1. Have Matlab and LabVIEW ready to go as described above

2. While looking at the GPS clock wait for the 45™ second. At this time hit play on the
LabVIEW GUI to start recording analog data. Remember that phasor data won’t record
until the config frame starts at the beginning of the next minute.

3. While looking at the GPS clock wait until the 50" second. At this time hit play on the
Matlab script to generate the test signal. This will give Matlab a few seconds to compile
the signal generation code and send it out before the config frame starts. This will
ensure that the PMU is seeing 3 phase signals before the config frame starts.

4. Once the Matlab signal generation code has completed running then hit stop on the
LabVIEW GUI to stop recording data.

5. Transfer “.csv’ data files to a PC with Matlab for processing.

3.4. Phasor and Analog .csv File Contents
Once the phasor and analog files have been saved they can then be imported into Matlab.
Before doing this it might be useful to open up the raw ‘.csv’ files in both Microsoft Excel and in
Notepad for viewing. In Excel the data in both the phasor and analog files will be contained in a
single column vector. This knowledge will be helpful when parsing the data with the ‘textscan’

function in Matlab. When the files are viewed in Notepad there will be separate columns with



headers that aren’t quite lined up. With a little effort the headers can be adjusted. An example

of these files is referenced in Appendix A.

4. Math Document

To summarize and prepare the mathematics for this project a math document was
developed. The basis of this document are the equations presented in ‘Frequency Estimation for
Inter-Area Oscillation Feedback Damping Control’ (Trudnowski, Hill, Wold, 2015). The
equations are listed in their base form and are then expanded into a testing form to further aid the
process of writing test code. Before running signals or writing signal generation code a
fundamental knowledge of this document and all the equations listed is paramount. A copy of

this document is referenced in Appendix F.

5. Walkthrough of Matlab Code
5.1. Signal Generation Code

The signal generation script file will contain code that generates 3 phase signals as well
as code for a timing trigger. The timing trigger will be key in detecting when changes in the
input signal occur such as steps in frequency or when switching between frequency modulation
and phase modulation. When the data is parsed out and plots are made it will be possible to see
exactly when the input signal changed and the PMU’s response to this change. The signal
generation script file will also need to contain the commands necessary for communication to the

NI-cDAQ-9174 as seen in Appendix B.

5.2. Data Parsing Code

As mentioned above the Analog and Phasor ‘.csv’ files contain a single column vector.
Within this vector is contained various time stamp, voltage, and frequency data. One method to

parse this data is to use the ‘fextscan’ function in Matlab. An example of a data parsing script is



given in Appendix C. This script file is particularly useful for parsing multiple data files. It uses
a for loop to step through the naming convention mentioned above. At the end of the for loop
the data of interest is then isolated and saved to a ‘.mat’ file. This option is only useful if the
user wishes to do further calculation in a separate script file, such as calculating transfer
functions, and bode plotting. Otherwise simple plotting can be done directly in the data parsing
script, such as plotting the analog A phase input against the A phasor magnitude output to see the

PMU’s response to a particular input.

5.3. Data Loader / Transfer Function Calculator / Bode Plotter

One of the desired goals of this project was to obtain a transfer function for the PMU
unit. The method for calculating this transfer function is based on equation 6 listed in Appendix
F. With this transfer function a bode plot for the PMU can be used to visualize PMU
characteristics. To accomplish this a frequency spectrum of phase modulation signals were input
to the PMU. Data parsing code written specifically for this testing sequence is then used to
obtain the A phase magnitude, angle, and frequency from each test in the spectrum. An example
of this code is referenced in Appendix D with details commented out pertaining to the various

calculations.

6. Baseline Test

A large amount of testing on the PMU was run to ensure that the device was behaving as
expected. Once it was determined that the devices were giving consistent results a series of base
line tests were developed for pre-testing purposes. Only after reproduceing this baseline test
should futrue testing be conducted. It was decided the best baseline test would consist of a
mixed signal with at least 30 seconds of data. The signal for baseline testing consists of a mix of

steps, AM, FM, and PM. By sending the PMU a good mixed signal any red flags that may exsist



in the device should become apparent when running this signal. The signal generation code for

baseline testing is referenced in Appendix E.

7. Issues Related to PMU Testing
7.1. Time

The analog and phasor ‘.csv’ files will contain three timestamp column vectors. The
analog “.csv’ file contains a timestamp column vector that corresponds to the analog signals
being received by both the NI PXIe-8840 and the PMU. The phasor ‘.csv’ file contains two
timestamp column vectors. The ‘PMU_Timestamp’ signify the internal timestamps made by the
PMU which correspond to the output of this unit. The ‘C37.118 Timestamp’ signifies the
timestamps made by LabVIEW as the data packets are received from the PMU which also
correspond to the output of this unit. Ideally the ‘PMU_Timestamp’ column vector and the
‘C37.118 Timestamp’ column vectors should line up perfectly and correspond to the output of

the PMU with exact reference to GPS time. Unfortunately they don’t.
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7.2. Analog Time

With uncertainty in the ‘PMU_Timestamp’ and ‘C37.118 Timestamp’ data one of the
first things we wanted to test was to make sure we could trust the analog GPS timestamp data.
To do this two tests were run. The first was to run a 60 Hz sinusoid through the PMU. The input
was then captured on an oscilliscope and the data saved to a “.csv’. The analog data was then
saved from the NI PXIe-8840 and imported into Matlab along with the oscilliscope data. The
signals were then plotted on top of eachother. The results of this test show that the oscilliscope
data and the NI PXIe-8840 data line up right on top of eachother. The figure below shows a

sample of these results.

Analog Test. Checking to see if Oscope Data Matches Analog Packet Data.
[ [ [ [N I [ A [ I [
J \ / f

— A Phase Analog Oscope
— A Phase Analog Packet

I
100 — | I

1

50— [ ( —

50— { ! —

-100 —

1

-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12

Figure 2: Analog Check Test

The next test that was run involved sending three signals out to the NI PXIe-8840 that

were all 60Hz sinusoids in phase with eachother. The output data from the NI PXIe-8840 shows
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that these signals lie right on top of eachother as expected. With these results it was concluded

that the analog data could be trusted.

7.3. PMU Time

As mentioned above the ‘PMU_Timestamp’ column vector represents the timestamps
recorded internally by the PMU which are then sent to the NI PXIe-8840 in data packets through
the network. The PMU samples at 60 sps and when the data is plotted the data points are
consitent with this sample rate. An easy way to check this is to use the ‘diff” funciton in Matlab
to plot the difference between data points in the PMU time vector. The issue with the PMU time
vector is that it shows non-causal responses in our tests. This implies that that the PMU can see
into the future or that this unit is back dating data. After reviewing the data and discusions with
Dr. Trudnowski it has been concluded that the PMU looks at a 6 cycle window of data and puts a
timestamp in the middle of this window instead of at the end of the window. An example of this

response can be seen in the figure below.

Amplitude Step. Data Set 0002.

.
Analog A Phase Voltage
—— A Phasor Voltage [
Analog Trigger

150

100 = e

errrrr L
L]

TR R
/AR UU UU

121 12.15 12.2 12.25 123
Time

rms Voltage

-100

Figure 3: Non-Causal Response Plotted Using PMU Time
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The plot above shows the PMU’s response to an amplitude step of a 60Hz sinusoid made
at the peak. The blue data shows the analog input to the PMU. The black data plot shows the
timing trigger that is used in various tests to show exactly when points of interest occur in our
tests. The red data corresponds to the PMU’s A phasor output. As can be seen in the plot the
time data shows that the PMU reacts three samples before the amplitude step even occurs. This
is consistent with our knowledge that the PMU is taking a six cycle window of data and applying

the timestamp in the middle of this window.

7.4. C37.118 Arrival Time

The ‘C37.118 Timestamp’ refers to the timestamps made by LabVIEW as data packets
are received at the PXIe through an ethernet connection. These timestamps correspond to the
output of the PMU. The issue with this time stamp data is that the timestamps are made
inconsistently and end up distorting the data. To see this it is necessary to show individual data
points when plotting so that it is possible to see each timestamp. There were two main issues
that came up when using the ‘C37.118 Timestamp’ data. The first is that the data showed a
certain amount of jitfer’. This means that the time stamps would show some regularity and then
at somewhat constant intervals the timestamps would get backed up in the system. The second
major issue with ‘C37.118 Timestamp’ data is that the timestamps would be made at regular
intervals and then the data would become stretched. This is not simply a delay, but an increasing

delay with time causeing the data to stretch out. An example of the jitter issue can be seen
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below.

I T
—*— Analog A Phase YVoltage Input

150
—4— A Phasor Voltage Output Using C37.118 Arrival Time

100

50

s Yoltage

(=)

50

KTy n] -

Figure 4: 'C37.118 Timestamp' Jitter

The above example shows a sinusoidal signal stepping up to an AM signal at approximately 18.6
seconds. When looking closely at the output data from the PMU it is clear that there are gaps in
the data at somewhat regular intervals. There are in fact no missing time stamps. When
zooming in on the gaps you can see how there are two to three data points that lie on top of each

other as shown below.

T

T
[ —#— Analog A Phase Voltage Input
‘ —— A Phasor Voltage Output Using C37.118 Arrival Time

65.4662

65.4

o
o

65.4654

rms Voltage

65.4652

65.465

65.464

18.0165 18.0165 18.0165 18.0165 18.0165 18.0165 18.0165
Time

Figure 5: Stacked Data Points
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The second issue with the ‘C37.118 Timestamp’ data is the stretching effect. This is
more of a rare occurrence as it only occurred a handful of times throughout three months of
testing. At a glance it can be seen that the data is not being just delayed but stretched as the

interval between each time stamp grows.

Time Scale Based on c37 Packet Time Data Set 006
150

I
—— Aphase Analog Input
+ A Voltage Phasor Output

*
i
Wi

@
3
T

ms Voltage
°

&
3

3 £
i ‘ H‘ e AR *
il ‘ ‘ T -l
\ ! g b

150 I I I I I I I
-5

Figure 6: Data Stretching

The stretching is most obvious towards the end of the data set where the smaller AM signal is
stretched out compared to the original input signal.

To try and solve the issues with the ‘C37.118 Timestamp’ a number of possible solutions
were implemented. In discussions with the team it was speculated that the stretching effect and
even the jitter might be caused from the PXIe being connected to the school network. To try and
solve this we disconnected the PXIe from the network and wired it directly to the PMU through a
cross over cable. This didn’t seem to fix our issues as the jitter continued as well as the
stretching effect. To minimize any delays in the network the PXIe and the PMU remained

connected through the cross over cable.



15

There are a few possible reasons why the ‘C37.118 Timestamp’ are having these issues.
One reason might be how LabVIEW runs on Windows OS. Windows is somewhat notorious for
having issues when networking time is critical. The idea is that data packets are arriving at a
buffer in the PXIe, and instead of being timestamped immediately the timestamps are being
made after Windows performs other critical tasks. Another possibility is that the LabVIEW code
itself might have issues as to how this timestamping is being conducted in the loops contained in
the code. The Analog timestamps are also being made by LabVIEW and they don’t display any
of the jitter or stretching issues associated with the ‘C37.118 Timestamp’.
It was decided that the PMU timestamp data would be used since these timestamps were solid in

their consistency.

8. Streamlining the Test Bench and Future Testing

To enhance usability the test bench will be integrated into the rack with the SEL
hardware. The main goal was to be able to remote desktop into the test bench and run signals
into system and pull data from the PXIe from anywhere on campus. A server specific for this
task was considered but the price tag associated with this server made us explore other options.
After some consideration the best option turned out to be a rack mounted PC which could then
be connected to the network switch in lab along with the PXIe. With this setup it is possible to

use the remote desktop application to tap into the test bench. A block diagram of the new test set
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up is shown in the figure below.

Contreller running Windows 05
quisition

Figure 7: Streamlined Test Bench

9. The Team

I would like to mention that I would not have been able to accomplish this project
without a lot of help from the team that worked with me. James Colwell, Dr. Dan Trudnowski,
Dr. Josh Wold, Matt Stajcar, Dr. Bryce Hill, and Dr. Matt Donnelly not only helped me get the

job done, but also taught me a lot along the way and I would like to thank them for this.
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Appendix A: Phasor and Analog .csv contents

Analog File Contents:

BEd o s Analog_AmpStep_0006.csv - Excel e
FILE HOME | INSERT ~ PAGELAYOUT ~ FORMULAS  DATA  REVIEW  VIEW  ADDINS  TEAM Perigo, Joel H ~
= - . B B
B % [Catior 2 S [Gener ~1 E& Conditional Formatting iﬁ”lnsert > %Y H
By - [ Format as Table ~ £ Delete - -
Paste o B I U-~-

i} , eo o o Sort & Find &
s $-% W el styles~ EIFormat= &~ Fer- Select -

Clipboard Font [0 Alignment 5 Number & Styles Cells Editing
All3 - j'i 20150728T09:04:45.5954910.012395-0.1753640.5497270.162436

A B C D E F G H I
GPS Timestamp (yyyymmddThr:min:sec)AsigBsigCsigTrigger
20150728709:04:45.592716-0.112303-0.2328290.022704-0.105959
20150728T09:04:45.592741-0.054748-0.2519840.4922340.095337
20150728T09:04:45.5927660.002806-0.089166-0.025207-0.058032
20150728T09:04:45.592791-0.073933-0.070011-0.619306-0.316841
20150728709:04:45.592816-0.121895-0.213674-0.063536-0.144301
20150728T09:04:45.592841-0.064341-0.2807160.4826510.114508
20150728T09:04:45.5928660.012399-0.1083210.089780-0.029275
20150728T09:04:45.592891-0.073933-0.079589-0.628888-0.307256
10 |20150728709:04:45.592916-0.112303-0.204096-0.197687-0.182644
20150728T09:04:45.592941-0.064341-0.2136740.5018160.114508
20150728T09:04:45.5929660.021991-0.0891660.1856020.047409
20150728T09:04:45.592991-0.045156-0.060434-0.600141-0.297670
20150728T09:04:45.593016-0.121895-0.232829-0.303092-0.249742
20150728T09:04:45.593041-0.073933-0.2323290.4922340.133679
20150728T09:04:45.5930660.031584-0.0700110.2910070.066581
20150728T09:04:45.593091-0.045156-0.070011-0.590559-0.297670
20150728T09:04:45.593116-0.141080-0.204096-0.408497-0.288085
20150728T09:04:45.593141-0.045156-0.2232510.5209300.124094
20150728T09:04:45.5931660.031584-0.1370540.3676640.104323
20150728T09:04:45.593191-0.025971-0.031701-0.552230-0.259328
20150728T09:04:45.593216-0.160265-0.175364-0.485154-0.316841
20150728709:04:45.593241-0.064341-0.2328290.4826510.076166
20150728T09:04:45.5932660.041176-0.1274760.4251580.162436

R R T R SRS

.
=

1
1
1
1
1
1
1
1
2
2
2
2
2

FEOMmRESbo S oR DR

Analog AmpStep 0006 ® [l v
READY 2] M -——+ 100%
7 ™
g

p—
Amphmdesu.‘ wIPMU Testin... |[igy Peari Jam - .. | '] AnalogView... . &l Anzlog Am... | % Oy A T 5 AM

| Analog_AmpStep_0006.csv - Notepad =
File Edit Format VYiew Help

"GPS Timestamp (yyyymmddThr:min:sec) Asig Bsig Csig Trigger” -
"20150728T09:04:45,592716 -0.112303 -0.232829 0.022704 -0.105959" i
‘20150728710 5.592741 -0.054748 -0.251984 0.492234 0.095337"

2015072870 5.592766 0.002806 -0.089166 -0.025207 -0.058032"

"201507 2870 5.592791 -0.073933 -0.070011 -0.619306 -0.316841"

2015072870 5.592816 -0.121895 -0.213674 -0.063336 -0.144301"

"201507 2870 5.592841 -0.064341 -0.280716 0.482651 0.114508"

"20150728T0 5.592866 0.012399 -0.108321 0.089780 -0.029275"

2015072870 5.592891 -0.073933 -0.079589 -0.628888 -0.307256"

2015072870 5.592916 -0.112303 -0.204096 -0.197687 -0.182644"

2015072870 5.592941 —0.064341 -0.213674 0.501816 0.114508"

2015072810 5.592966 0.021991 -0.0891686 0.185602 0.047409" 3
""20150728T0 5.592991 —-0.045156 -0.060434 -0.600141 -0.297670" =
2015072810 5.593016 -0.121895 -0.232829 -0.303092 -0.249742"

"20150728T0 5.5932041 -0.073932 -0.232829 0.492224 0.133679"

"201507 2870 5.593066 0.031584 -0.070011 0.291007 0.066581"

"20150728T0 5.59320901 —0.045156 -0.070011 -0.590359 -0.297670"

"201507 2870 5.593116 -0.141080 -0.204096 -0.408497 -0.288085"

2015072870 5.593141 —0. 045156 -0.223251 0.520980 0.124094"

‘20150728710 5.593166 0.031584 -0.137054 0.367664 0.104923"

2015072870 5.593191 —-0.025971 -0.031701 -0.552230 -0.259328"

"201507 2870 5.593216 -0.160265 -0.175364 -0.485154 -0.316841"

2015072870 5.593241 -0.064341 -0.232829 0.482651 0.076166"

"201507 2870 5.593266 0.041176 -0.127476 0.425158 0.162436" b
"20150728T0 5.593291 -0.035563 -0.041279 -0.561812 -0.288085"

"20150728T0 5.593316 —-0.179449 -0.204096 -0.552230 -0.374354"

"20150728T0 5.593341 -0.073933 -0.232829 0.482651 0.095337"

2015072870 5.593366 0.060361 -0.108321 0.492234 0.191193"

2015072810 5.593391 -0.025971 -0.079589 -0.561812 -0.297670"

""20150728T0 5.593416 -0.150672 -0.165786 -0.609723 -0.374354"

2015072810 5.593441 -0.054748 -0.242408 0.434740

"20150728T0 5.592466 0.041176 -0.127476 0.530562

"201507 2870 5.593491 -0.035563 -0.079589 -0.475572

"20150728T0 5.593516 -0.150672 -0.184941 -0.609723

"201507 2870 5.593541 -0.064341 -0.251984 0.396411

2015072870 5.593566 0.041176 -0.108321 0.56B891 .

‘20150728710 5.593591 -0.016379 -0.070011 -0.418079 -0.201815"

2015072870 5.5936l6 —-0.189042 -0.184941 -0.715128 -0.422282"

"201507 2870 5.593641 -0.083525 -0.242406 0.348500 0.047409"

2015072870 5.593666 0.050768 -0.156209 0.578474 0.219949"

"201507 2870 5.593691 -0.016379 -0.089166 -0.341421 -0.182644"

"20150728T0 5.593716 -0.150672 -0.194519 -0.676799 -0.412697"

"20150728T0 5.593741 -0.102710 -0.223251 0.252678 -0.000518"

"20150728T0 5.593766 0.050768 -0.137054 0.58B056 0.210364"

2015072870 5.593791 0.002806 -0.060434 -0.226434 -0.153887"

2015072810 5.593816 -0.160265 -0.184941 -0.705546 -0.412697"

""20150728T0 5.593841 -0.150672 -0.280716 0.080197 -0.096374"

2015072810 5.593866 0.050768 -0.146631 0.597638 0.219949"

"20150728T0 5.593891 —-0. 006786 -0.098744 -0.159358 -0.134716"

2015072810 5.593916 -0.150672 -0.156209 -0.715128 -0.451039"

"20150728T09: 5.593941 -0.121895 -0.223251 0.032286 -0.096374"

1
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Phasor File Contents:

H - = Phasor_AmpStep_0006.csv - Excel " o x
203 HOME | INSERT  PAGELAYOUT  FORMULAS  DATA  REVEW  VEW  ADDNS  TEAM Perigo, Joel H =

= | EZ Conditional Formatting = E=Insert - 2 - AY H

EF General -
. [ Format as Table - ¥ Delete - - SZ & Find
aste - = - «0 oo e ort in

. ¥ By = $ % v 3 [ cell Styles - [l Format~ &+ Gore Select~

0 % [cabn i - A A
Egy -

Clipboard Font [F] Alignment [F] Mumber [F] Styles Cells Editing ~

B2 -

A B [~
1 |PMU_TimestampC37.118_TimestampPosSeq_VoltagePosSeq_AngleA_VoltageA_ AngleB_VoltageB_AngleC_VoltageC_AngleFrequency
2 |20150728T09:05:00.01667220150728T09:05:00.05434470.057391139.96532970.009071139.94578170.06407220.02251270.100899-100.07203953.993302 |
3 |20150728T09:05:00.03333920150728T09:05:00.07123670.057854139.96109570.009453139.94238070.06444520.01793270.099701-100.07677959.999325
20150728T09:05:00.05000520150728T05:05:00.08783370.057747139.95543970.008804139.93699870.06502520.01126670.099487-100.08171059.999325
20150728T09:05:00.06667220150728T05:05:00.10445970.058434139.95031770.009392139.93154770.06552120.00527970.100433-100.08565155.999218
20150728709:05:00.08333520150728T059:05:00.12110470.058899139.94692970.010841139.92831070.06477420.00189770.101128-100.08518559.999218
20150728T09:05:00.10000620150728T09:05:00.13799870.058357139.94401970.010895139.92576570.06388919.99990470.100327-100.09340355.999290
20150728T09:05:00.11667220150728T09:05:00.15439670.057701139.94000370.010086139.92147570.06481919.99647570.098244-100.09770659.999382
20150728T09:05:00.13333520150728T03:05:00.17108670.057327139.93535870.008831139.91597470.06580419.99173070.097336-100.10142959.999382
20150728T09:05:00.15000520150728T09:05:00.18790170.057396135.93074170.008530139.51107070.06613219.98687270.097588-100.10554759.999279
20150728T09:05:00.16667220150728T09:05:00.20432570.057945139.92646670.008522139.90807970.06681119.98233170.098541-100.11082759.999260
20150728T09:05:00.18333920150728T09:05:00.22107070.058777139.92210870.009171139.90529270.06698619.97700070.100220-100.11581355.999252
20150728T09:05:00.20000620150728T09:05:00.23791670.058472139.91781970.009644139.90051170.06478119.97272370.101044-100.11961159.999279
20150728T09:05:00.21667220150728T05:05:00.25441570.057243139.91402170.008972139.89527970.06280519.97043270.100006-100.12343359.999287
20150728T09:05:00.23333520150728T09:05:00.27113170.056747135.91053870.008087139.85138670.06328619.96771770.098930-100.12734355.999325
20150728T09:05:00.25000620150728T09:05:00.28785370.057556139.90646770.008698139.88803570.06458319.96269670.095411-100.13116159.999344
20150728T09:05:00.26667220150728T09:05:00.30442870.058472139.90157670.010506139.88310770.06493419.95763070.100021-100.13593555.999344
20150728709:05:00.28333520150728T05:05:00.32115270.058800139.89650870.010941139.87738470.06499519.95374970.100540-100.14145459.999252
20150728T09:05:00.30000520150728T03:05:00.33786070.059082139.89180970.010452139.87264470.06506319.94550970.101807-100.14661159.999203
20150728T09:05:00.31667220150728T09:05:00.35438370.058662139.88731570.009171139.86839570.06495719.94456270.101521-100.15089359.999203
20150728T09:05:00.33333520150728T05:05:00.37109570.057915139.88331270.008553139.86420270.06455219.94021070.100685-100.15435659.999233
20150728T09:05:00.35000620150728T09:05:00.38789570.057884139.87967970.009064139.86074570.06436219.93599970.100273-100.15762855.999290
20150728T09:05:00.36667220150728T05:05:00.40435370.058510139.87544470.009804139.85726270.06493419.93134170.100845-100.16217759.999313
20150728T09:05:00.38333520150728T05:05:00.42106270.059013139.87105970.009377139.85328770.06662019.92728470.101097-100.16732059.999313 -
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| Phasor_AmpStep_0006.csv - Notepad
File Edit Format View Help

PMU_Timestamp €37.118 Timestamp PosSeq Voltage PosSeg_Angle A_voltage A_Angle -
20150728T09:05:00.016672 20150728109:05:00.054344 70.057991 139.965 70.009071 139.945781 r
20150728T09:0 0.033339 20150728T09:05:00.071236 70.057854 139.961095 70.009453 139.942380 i
20150728T09:0 . 030005 20150728T09:05:00.0878332 70.057747 129.955439 70.008804 139.936998
20150728T09:0 0.066672 20150728109:05:00.104459 70.058434 139.950317 70.009392 139.931547
20150728T09:0 0.083339 20150728T09:05:00.121104 70.058899 139.946929 70.010841 139.928310
20150728T09:0 0.100006 20150728109:05:00.137998 70.058357 139.944019 70.010895 139.925769
20150728T09:0 0.116672 20150728709:05:00.154396 70.057701 139.940003 70.010088 139.921479
20150728T09:0 0.133239 20150728T09:05:00.171086 70.057327 139.935358 70. 008881 139.915974
20150728T09:0 0.150005 20150728109:05:00.187901 70.057396 139.930741 70.008530 139.911070
20150728T09:0 0.166672 20150728709:05:00.204325 70.057945 139.926466 70. 008522 139.908079
20150728T09:0 0.183239 20150728T09:05:00.221070 70.058777 129.922108 70.009171 139.905292
20150728T09:0 0.200006 20150728109:05:00.237916 70.058472 139.917819 70.009644 139.900511
20150728T09:0 0.216672 20150728T09:05:00. 254415 70.057243 139.914021 70.008972 139.895279
20150728T09:0 0.223239 20150728T09:05:00.271131 70.056747 129.910538 70.008087 139.891386
20150728T09:0 0.250006 20150728109:05:00. 287853 70.057556 139. 906467 70.008698 139.888019
20150728T09:0 0.266672 20150728T09:05:00. 304428 70.058472 139.901576 70.010508 139.883107
20150728T09:0 0.283339 20150728109:05:00. 321152 70.058800 139. 896508 70.010941 139.877384
20150728T09:0 0.300005 20150728109:05:00. 337860 70.059082 139. 891809 70.010452 139.872644
20150728T09:0 0.316672 20150728T09:05:00. 354383 70.058662 139, 887315 70.009171 139. 868395
20150728T09:0 0.333339 20150728109:05:00. 371095 70.057915 139.883312 70.008553 139.864202
20150728T09:0 0.350006 20150728709:05:00. 387895 70.057884 139.879679 70. 009064 139. 860745
20150728T09:0 0.366672 20150728T09:05:00.4043532 70.058510 130.875444 70.009804 139.857262
20150728T09:0 0.383339 20150728109:05:00.421062 70.059013 139. 871059 70.009377 139.853287
20150728T09:0 0.400005 20150728T09:05:00.437884 70.059479 139.867330 70.009254 139.849544
20150728T09:0 0.416672 20150728109:05:00.454392 70.059349 139.863396 70.010262 139.845883
20150728T09:0 .433139 201507287109:05:00.471131 70.058899 139. 858874 70.011658 139. 840870
20150728T09:0 0.450006 20150728T09:05:00. 488006 70.058B68 139.854516 70.011971 139.836102
20150728T09:0 0.466672 20150728109:05:00. 504411 70.059044 139.850118 70.011383 139.831731
20150728T09:0 0.483339 20150728709:05:00. 521141 70.058479 139.845200 70.010117 139.826731
20150728T09:0 0. 500006 20150728T09:05:00. 537915 70.057632 139.840351 70.009613 139.821663
20150728T09:0 0.516672 20150728109:05:00. 554448 70.057755 139. 836457 70.010803 139.817988
20150728T09:0 0.533339 20150728T09:05:00. 571130 70.058662 139.833192 70.012115 139.814519
20150728T09:0 0.550005 20150728T09:05:00. 587877 70.059494 1239.829777 70.0117286 139.809970
20150728T09:0 0.566672 20150728109:05:00.604351 70.059334 139. 825857 70.009972 139.806049
20150728T09:0 0.583339 20150728T09:05:00.621055 70.058617 139.821240 70.009117 139.801897
20150728T09:0 0. 600006 20150728109:05:00.637838 70.058617 139.816377 70.009903 139.796706
20150728T09:0 0.616672 20150728109:05:00.654355 70.059166 139.811773 70.010269 139.792170
20150728T09:0 0.6332239 20150728T09:05:00.671062 70.058952 139. 807661 70.009348 139, 788851
20150728T09:0 0.650005 20150728109:05:00.687823 70.058258 139.803741 70.008395 139.784425
20150728T09:0 0.666672 20150728709:05:00.704324 70.058205 139.799383 70.010826 139.778606
20150728T09:0 . 683239 20150728T09:05:00.721097 70.058456 139.794957 70.012039 139.774221
20150728T09:0 0.700006 20150728109:05:00.738061 70.058022 139.790968 70.010612 139.771707
20150728T09:0 0.716672 20150728T09:05:00. 754411 70.057014 139.786624 70.009094 139.768674
20150728T09:0 0.7323239 20150728T09:05:00.771120 70.056900 129.781939 70.009949 139.7640032
20150728T09:0 0.750005 20150728109:05:00.787886 70.057411 139.777950 70.010933 139.759030
20150728T09:0 0.766672 20150728T09:05:00.804369 70.057350 139.774644 70.009918 139.755178
20150728T09:0 0.783339 20150728109:05:00.821124 70.057350 139.770286 70.008881 139.751012
20150728T09:0 0. 800005 20150728109:05:00. 837848 70.058067 139.765478 70.008972 139.746026
20150728T09:05:00. 816672 20150728T09:05:00.854378 70.058830 139.761735 70.010025 139.741859
20150728T09:05:00.833339 20150728109:05:00. 871111 70.058762 139.758252 70.011429 139.738512

X Excel 2013
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Appendix B: Signal Generation Code

Sinusoid Signal Generation Example

% This code generates a simple sinusoid. The frequency can be adjusted via
% the frequency variable "f". If this signal is being amplified via the
% Tabor 9400 and then sent to the Relay/PMU it is important to keep the

% frequency above 30Hz.

clear all;
close all;
clc;
tic

% Signal Parameters
f =60; % in Hz

% 'sigmag' refers to the signal magnitude in the sinusoids below. To

% calculate this take 6.5%25 = 162 Vvolts. The '25' refers to the gain of
% the Tabor 9400. Wwe want to keep our signal below 170 Volts so setting
% sigmag = 6.5 should be good.

sigmag = 6.5;

% 'DACfreq' refers to the sample rate of the NI-cDAQ-9174. 1In the time

% vector 't' it is pointless to try and sample any higher than 1/DACfreq

% since the NI-cDAQ-9174 will only sample at 1/40000. The sample rate of
% the NI-cDAQ-9174 can be adjusted up to 100000 sps. If this adjustment is
% made to the hardware make sure to adjust the code appropriately.

DACfreq = 40000; % in Hz

tend = 45; % in seconds

t = 0:1/DACfreq:tend;

% Signal generation code for A, B, and C phases. Signal code for a timing

% trigger is also included. A, B, and C phases are basic sinusoids. The

% step fun command is used to turn on O volts DC at 0 seconds and off at 5

% seconds. Then a basic sinusoid is turned on at 5 seconds and turned off

% at 40 seconds. The signals are then zeroed at 40 seconds until tend. It

% is important to zero the signals out due to the fact that the

% NI-cDAQ-9174 will hold the final sinusoid value as a DC signal at the end

% of the code. The PMU draws more current at low frequencies than the

% Tabor 9400 can supply especially at DC.

Asig = 0.00.*(stepfun(t,0)-stepfun(t,5.00))+...
sigmag*sin(*pi*f*t).*(stepfun(t,5.00)-stepfun(t,40.00))+....
0.00.*(stepfun(t,40.00)-stepfun(t,tend));

Bsig = 0.00.*(stepfun(t,0)-stepfun(t,5.00))+...
sigmag*sin(*pi*f*t - 2*pi/3).*(stepfun(t,5.00)-stepfun(t,40.00))+...
0.00*sin(2*pi*60*t - 2*pi/3).*(stepfun(t,40.00)-stepfun(t,tend));

0.00.*(stepfun(t,0)-stepfun(t,5.00))+...
sigmag*sin(*pi*f*t + 2*pi/3).*(stepfun(t,5.00)-stepfun(t,40.00))+...
0.00.*(stepfun(t,40.00)-stepfun(t,tend));

Csig
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Trig = 0.00.*(stepfun(t,0)-stepfun(t,5.00))+...

6.5*(stepfun(t,5.00)-stepfun(t,40.00))+...
0.00.*(stepfun(t,40.00)-stepfun(t,tend));

DAQ communication code
The following code is used to communicate with the NI-cDAQ-9174.

dataout = [Asig' Bsig' Csig' Trig'];

% Create the data acquisition session.
CcDAQ = dag.createSession('ni');

% Create analog output channel on board ID 'cDAQIModl', channel # 'ao0', with signal type
'voltage');

CDAQ.addAnalogoutputChannel ('cDAQIModl', 'ao0', 'voltage');

CDAQ.addAnalogoutputChannel ('cDAQIModl', 'aol', 'voltage');

CDAQ.addAnalogoutputChannel ('cDAQIModl', 'ao2', 'voltage');

CDAQ.addAnalogoutputChannel ('cDAQIModl', 'ao3"', 'voltage');

CcDAQ.Rate = DACfreq; % Refresh rate of DAQ [Hz].

queueoOutputbata(cDAQ,dataout);
startForeground(cDAQ) ;

% Clean up and release hardware.
cDAQ.release();

deTete(cDAQ);

clear cDAQ;

toc

%

Appendix C: Data Parsing Code

Data Parsing Code

This code is used to retrieve data from the phasor and analog csv files which are saved from LabView.
The format of the csv files requires that various time stamp values, voltages and phase angels are parsed
out using the textscan function. More detail on this function is provided below.

close all;
clear all;
clc;

%
%
%
%
%

'freq_mod_value' describes a 1list of modulation frequencies(Hz) used in a
phasse modulation test. By putting these values in a cell array we are
able to use a for Toop to parse the data out of multiple files all at
once rather than individually. The for loop will use 'freq_mod_value' for
indexing.



freq_mod_value={'00.1','00.2"','00.3','00.4','00.5"','00.6"','00.7",'00.

'00.9','01
'01.8",'01
'02.7','02
'03.6','03
'04.5','04
'09.0','10
'26.0','28

@Y 5 V0L Y@L,
.9','02.0",'02
.8','02.9','03
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Phasor Data Parsing

Using fopen is necessary for the textscan function to get data out of the file. The parameters of the
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textscan function are the filelD variable, followed by several character types which appear in a specific

order relative to how the data is organized in the csv file. The textscan function also requires you to

define how many header lines are in the csv file and how it is delimited.

for k=1:1ength(freq_mod_value)

infiTeID=["Phasor_FreqSweep_" freq_mod_vaTue{k} "Hz.csv'];

fileID = fopen(infileID);

CP = textscan(fileIlD,...
'%T%Cw% T %T : %T%T%CHT :%T :%T %T %T %T % %F %F %f %t %f ',
'Headerlines',1, 'Delimiter',"',");

fclose(filelID);

% The Data is now parsed and seperated out in large columns that are
To make this data more accesable and easier to know
% exactly what the data represents it will be removed from the cells to be

% contained in cells.

% stand alone vectors that are named accordingly.

% Define PMU Time Stamp Vvariables

PMUtStampYMD = CP{1};
PMUtStampHour = CP{3};
PMUtStampMin = CP{4};
PMUtStampSec = CP{5};

% Define c37 Time Stamp variables

c37tStampYMD = CP{6};
c37tStampHour = CP{8};
c37tStampMin = CP{9};
c37tStampSec = CP{10};

% Define Voltage Phase varables

posSeqVvol

posSegAng

PhasorAvol
PhasorAAng
PhasorBvol
PhasorBAng
Phasorcvol
PhasorcCAng

cp{11};

cp{12};
cp{13};
cp{14};
cP{15};
cp{16};
cp{17};
cp{18};
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PhasorFreq = CP{19};

% This section of the code is used to obtain the time the test was run.
% There are two sets of time stamp data. Total test time will be

% determined for both the PMU time stamps and the c37 time stamps. Each
% set of data will also have a time vector used for plotting.

% This section is used to shift the data to start at time = 0 seconds.
zeroPMUPhasorTime = (PMUtStampHour(l) * 60 * 60) +...
(PMUtStampMin(l) * 60) + (PMUtStampSec(l));

zeroC37PhasorTime = (c37tStampHour(l) * 60 * 60) +...
(c37tstampMin(l) * 60) + (c37tStampSec(l));

zeroTimel = zeroPMUPhasorTime;

% New time vectors. Takes the time vectors from the hour, min, and seconds

% and then converts all to seconds. Then we shift the scale to start at

% zero.

PMUtimeVector = (PMUtStampHour * 60 * 60) + (PMUtStampMin * 60) +...
PMUtStampSec - zeroTimel;

c37Timevector = (c37tStampHour * 60 * 60) + (c37tStampMin * 60) +...
c37tStampSec - zeroTimel;

Analog Data Parsing
See the above comment for a description on the textscan function

infileID=["'Analog_Freqsweep_' freq_mod_value{k} 'Hz.csv'];

fileiD = fopen(infileID);

CA = textscan(fileID, '%f%c%f:%f:%f %f %f %f %f ', 'Headerlines',1,...
'Delimiter',"',");

fclose(fileID);

% As described above this section of the code is pulling the data columns
% out of cells and naming them for easier access and use.
AnalogtStampHour = CA{3};

AnalogtStampMin = CA{4};

AnalogtStampSec = CA{5};

% This section is used to make sure the plots start at time zero
zeroAnalogTime = (AnalogtStampHour(l) * 60 * 60) +...
(AnalogtStampMin(1l) * 60) + AnalogtStampSec(l);

% New time vectors. Takes the time vectors from the hour, min, and seconds
% and then converts all to seconds. Then we shift the scale to start at
% zero.
AnalogTimevector = (AnalogtStampHour * 60 * 60) +...
(AnalogtStampMin * 60) + AnalogtStampSec -...
zeroTimel;

% Give variable names to the 3 phases



%
%
%
%
%
%
%
%
%
%
%
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AnalogAphase = CA{6};
AnalogBphase CA{7};
AnalogCphase = CA{8};
AnalogTrig = CA{9};

Voltage plot. Good for checking that the data is ok.
figure

plot(PMUtimevector,PhasorAvol, '*-r'")

hold on
plot(AnalogTimevector,AnalogAphase/sqrt(2),'b")
xlabel('Time")

ylabel('Magnitude")

legend('A Phasor Voltage', 'Analog A Phase')
grid

title(freg_mod_value{k})

axis([-10 60 -150 150])

% This code is used to find a specific voltage magnitude for the

% timing trigger. By finding the index of the trigger at the desired
% point we can capture a known input signal time length and a known
% PMU output time length.

Datastart = find(AnalogTrig>139.8);

DataStart = DataStart(l);

% Use the time vectors to relate Analog and Phasor data.

PMUstart = find(PMUtimevector>AnalogTimevector(DataStart));

% Starting point of interst for PMU data.

PMUstartIndx = PMUstart(l)

% Isolating Phasor frequency, A phase magnitude, and A phase angle data
% of interest from PMU.

PhasorFreq_Freq = PhasorFreq(PMUstartIndx:PMUstartIndx + 1800);
PhasorAvol_mag PhasorAvol (PMUstartIndx:PMUstartIndx + 1800);
PhasorAAng_Ang = PhasorAAng(PMUstartIndx:PMUstartIndx + 1800);

% Using the for Toop index to step through 'freq_mod_value' and save
% the data above as '.mat' files.

outfileMag=['PhasorFreqSweep_Mag_' freg_mod_value{k} 'Hz.mat'];
outfileAng=['PhasorFreqSweep_Ang_' freg_mod_value{k} 'Hz.mat'];
outfileFreq = ['PhasorFreqSweep_Freq_' freqg_mod_value{k} 'Hz.mat'];
save(outfileMag, 'PhasorAvol_mag')

save(outfileAng, 'PhasorAAng_Ang')

save(outfileFreq, 'PhasorFreq_Freq') end;

Appendix D: Data Loader / Transfer Function Calculator / Bode Plotter

Data Loader / Transfer Function Calculator / Bode Plotter

This script loads the A phase voltage, A phase angle, and frequency output data from the PMU. From
here a numerical derivative is done on the A phase angle to get frequency. Then the fft is done on the
frequency to get eqn. 4 from the 'Frequency Estimation for Inter-Area Oscillation Feedback Damping
Controller' paper. The input term in the denominator is simple since we know the derivative of the
frequency/phase term in the phase modulation signal which was sent to the PMU for processing. With
this derivative we also know the fft of this will be Aphi*wm < wm*to.



25

close all;
clear all;
clc;

Setting up an array for the modulation values.
Set up frequency sweep for the phase modulation in a cell array.

freg_mod_value={'00.1','00.2','00.3','00.4','00.5"','00.6"','00.7','00.8",...

'00.9','01.0','02.1','01.2','01.3"','01.4','01.5"','01.6"','01.7", ...
'01.8','01.9','02.0','02.1','02.2','02.3"','02.4"','02.5"','02.6"', ...
'02.7','02.8','02.9','03.0','03.1','03.2"','03.3','03.4"','03.5", ...
'03.6','03.7','03.8','03.9','04.0"','04.1"','04.2"','04.3",'04.4", ...
'04.5','04.6','04.7','04.8','04.9','05.0','06.0','07.0"','08.0", ...
'09.0','10.0','12.0','14.0','16.0','18.0','20.0"','22.0"','24.0"', ...
'26.0','28.0','30.0','35.0','40.0"','45.0','50.0",'55.0"','60.0"'};

Transfer Function Calculation

for k=1:1length(freq_mod_value)-1 % Steps through each frequency.

% Assigns a variable with index of k to a file location which also

% steps through the naming convention using ' freq_mod_value{k} '

Angstr{k}=['C:\Users\jhperigo\Desktop\PMU Testing\New PMU with Updated Firmware\Transfer
Function Test 1\PhasorFreqsweep_Ang_' freq_mod_value{k} 'Hz.mat'];

Magstr{k}=["'cC:\Users\jhperigo\Desktop\PMU Testing\New PMU with Updated Firmware\Transfer
Function Test 1\PhasorFreqsweep_Mag_' freq_mod_value{k} 'Hz.mat'];

Freqstr{k} = ['C:\Users\jhperigo\Desktop\PMU Testing\New PMU with Updated Firmware\Transfer
Function Test 1\PhasorFreqsweep_Freq_"' freg_mod_value{k} 'Hz.mat'];

% Sets up modulation frequency by pulling values out of fregq_mod_value
% and converting them to with str2num.
modfreq(k)=str2num(freq_mod_value{k}); % Hz

% Now sets a variable for Magnitude and Angle which loads from the
% variable set up at lines 32 and 33.

AMag{k} = Toad(Magstr{k});

AMag{k} = Amag{k}.PhasorAvol_mag;

AAng{k} = Toad(Angstr{k});

AAng{k} = AAng{k}.PhasorAAng_Ang;

Pmufreq{k} = load(Freqstr{k});

Pmufreq{k} = (PMUfreq{k}.PhasorFreq_Freq-60)*2*pi; % In rads/sec

% Taking the numerical derivative of the AAng{k} to get frequency.
Theta = AAng{k};

Theta = pi/180.*Theta; % Radians

X = angle(exp(li*Theta(2:end))./exp(1li*Theta(l:end-1)));
%FEuler{k} = [0;X]*60; % in radians/sec: Used for comparing fregs.
FEuler{k} = X*60; % in radians/sec: Used for bode plotting

% Doing fft of FEuler{k} to get to the transfer function mentioned
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% above. Then we break up the fft vector into its magnitude and angle

% so that the division of phasors can be done.

FFTofFhat{k} = 2/1ength(FEuler{k})*fft(FEuler{k}); %exp(-1*2*pi*modfreq(k)*3/60);
FFTofFhatMag{k} = abs(FFTofFhat{k});

FFTofFhatAngle{k} = angle(FFTofFhat{k});

% Now for the frequency that was calculated by the PMU we'll call the

% variable PMufreq and then use the fft funtion on it. Then as above

% I'11 split the complex number into it's magnitude and angle to make

% the polar division easier.

FFTofPMUfreq{k} = 2/length(PmMufreq{k})*fft(Pmufreq{k}); %*exp(-1i*2*pi*modfreq(k)*3/60);
FFTofPMUfregmag{k} = abs(FFTofPMufreq{k});

FFTofPMUfregAngle{k}= angle(FFTofPMufreq{k});

% If the FFTofFhatMag is plotted there will be two spikes that

% correspond to the modulation frequency being fed to the PMu. 'i' is
% used to find the index of these peaks so that the magnitude and angle
% at this index can be easily aquired.

i(k) = round(length(FFTofFhatMag{k})/60*modfreq(k)+1);

% Transfer function Division 1.

% The following 4 Tlines are calculating the transfer function using the

% frequency values that were calculated using the numerical derivative.

% 'GMag' is doing the division in the transfer function.

GMag(k) = FFTofFhatMag{k}(i(k))/(0.1*2*pi*modfreq(k));

% 'GAng' is doing the subtraction in the transfer function.

GAng(k) = FFTofFhatAngle{k}(i(k)) - (2*pi*modfreq(k))*(22) - pi/2 - 2*pi*modfreq(k)*3/60;

% Transfer function Division 2.

% The following 4 Tlines are calculating the transfer function using the

% frequency values that were calculated by the PMu.

% 'GMag_PMUfreq' is doing the division in the transfer function

GMag_PMUfreq(k) = FFTofPMufregmag{k}(i(k))/(0.1*2*pi*modfreq(k));

% 'GAng_PMUfreq' 1is doing the subtraction in the transfer function.

GAng_PMUfreq(k) = FFTofPMUfreqgAngle{k}(i(k)) - (2*pi*modfreq(k))*(22) - pi/2 -
2*pi*modfreq(k)*3/60;

% Plotting the magnitudes of the fft's both from the numerical
% derivative frequency and the PMU frequency to check for Teakage.
subplot(211)

stem(FFTofFhatMag{k}, 'k')

hold on

title('Normalized FFT of FEuler and PMU Freq')
ylabel('mMagnitude')

Tegend('FFT on Numerical Derivative Frequency')

x1im([0 900])

grid

subplot(212)

stem(FFTofPMUfregmag{k}, 'b"')

hold on

ylabel('mMagnitude')

Tegend('FFT on PMU Frequency')
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x1im([ 0 900])

grid
end
Mormalized FFT of FEuler and PML Freg
B T T T T T T T T
— FFT on Murmerical Derivative Frequency
B o [ -
ek}
=]
=
=
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=
=
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343
=
Dan's Code

% Plot Freq resp
% clear all; close all; clc

% load('FreqrResplA', 'Test', 'fsample2'); %kx=0.1, ka=0.1l, sinusoid model,Nonlin.nCycles = 1,
nCycles=1

% load('FreqrResplB', 'Test', 'fsample2'); %kx=0.1, ka=0.1, rampled sinusoid model, Nonlin.nCycles
1, nCycles=1

% load('FreqrResplcC', 'Test', 'fsample2'); %kx=0.1, ka=0.1, rampled sinusoid model, Nonlin.nCycles
2, nCycles=1

Toad('FreqrResplD', 'Test', 'fsample2'); %kx=0.1, ka=0.1, rampled sinusoid model, Nonlin.nCycles =
2, nCycles=2

Create spectrum data

kc = [1:71]"';
Gbode.PMU.F = zeros(length(kC),1);
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Gbode.PMU.FB = zeros(length(kC),1);
Gbode.f = zeros(length(kc),1);
for k=1:Tlength(kc)
if Test{kc(k)}.sig.Param.fm>7
nCy = ceil([0.2*Test{kc(k)}.sig.Param.fm; 0.8*Test{kc(k)}.Sig.Param.fm]);
if abs(round(ncy(1)/2)-ncy(1)/2) > 0.1; ncy(l) nCcy(1) + 1; end
if abs(round(ncy(2)/2)-ncy(2)/2) > 0.1; ncy(2) nCy(2) + 1; end
else
nCy = [3;7]1";

end

tR = nCy./Test{kc(k)}.sig.Param.fm; %Range for plotting in sec.

nsig [round(tR(1)*Test{k}.Sig.fsample):1l:round(tR(2)*Test{k}.Sig.fsample)-1]";
tSig = (1/Test{k}.sig.fsample)*[0:1length(Test{kc(k)}.sig.f)-1]";

ne = round(((nCy(2)-nCy(1))/Test{kc(k)}.sig.Param.fm)*fsample2*60) ;

[~,ns] = min(abs(tR(1)-Test{1l}.PMU.t));

nPMU = [ns:1l:ne+ns-1]";

clear ns ne tR

%Freq fesp

Gbode.f(k) = Test{kc(k)}.Sig.Param.fm;

f = (fsample2*60/Tength(nPMU))*[0:1ength(nPMU)-1]";

[~,n] = min(abs(Gbode.f(k)-f));

HPMU = (2/Tength(nPMu))*fft(Test{kC(k)}.PMU.FEuler(nPmMU));

HPMU = HPMU(n);

HPMUBD = (2/1ength(nPmu))*fft(Test{kCc(k)}.PMU.FBesselD(nPMU));

HPMUBD = HPMUBD(n);

f = (Test{kc(k)}.sig.fsample/length(nsig))*[0:1ength(nsig)-1]";

[~,n] = min(abs(Gbode.f(k)-f));

Hact = (2/1ength(nsig))*fft(Test{kc(k)}.sig.f(nsig));

Hact = Hact(n);

Gbode.PMU.F(k) = HPMU/Hact;

Gbode.PMU.FB(k) = HPMUBD/Hact;

clear n f HPMUBD HPMU HZeroCrossB HzZeroCross HNonlinB HNonlin nzZer nSig nNon nPMU nCy
end
clear k

%1-Hz Delay

[~,n] = min(abs(Gbode.f-1));

d = unwrap(angle(Gbode.PMU.F(1:n)));

Gbode.PMU.Fdelay = -(d(end)-d(1))/(2*pi*(Gbode.f(n)-Gbode.f(1)));
clear n d

D = unwrap(GAng(1:10));
derivbelay = -(D(end)-D(1))/(2*pi*(1-0.1));

E = unwrap(GAng_PMUfreq(1:10));

fregbelay = -(E(end)-E(1))/(2*pi*(1-0.1));

Plot bodes
No Bessel filter defining the modulation frequency sweep for plotting below.



29

FreqSweep = [0.1:0.1:4.9, 5:1:10, 12:2:30, 35:5:60];

figure

subplot(211)

semilogx(Gbode.f,abs(Gbode.PMU.F), 'r', 'Linewidth',2)

hold on

semilogx(Freqsweep(l:end -1),GMag, 'k', 'Linewidth',2)

semilogx(FreqSweep(l:end -1),GMag_PMuUfreq,'b', 'Linewidth',2)

hold off

yTlim([0 1.2])

xlabel('Freq (Hz)')

ylabel('Gain (abs)')

Tegend('PMU sim','PMU Angle Derivative','PMU Frequency')

grid

subplot(212)

semilogx(Gbode.f, (180/pi)*angle(Gbode.PMU.F), 'r', 'Linewidth',2)

hold on

semilogx(Freqsweep(l:end -1),wrapToPi(GAng)*180/pi, 'k', 'Linewidth',2)

semilogx(FreqSweep(l:end -1),wrapToPi(GAng_PMUfreq)*180/pi,'b', 'Linewidth',2)

hold off

ylabel('Phase (deg.)')

xlabel('Freq (Hz)'")

Tegend(['Delay = ' num2str(round(le3*Gbode.PMU.Fdelay)) ' ms'],...
['Angle Derivative Delay = ' num2str(round(le3*derivbelay))
['Frequency Delay = ' num2str(round(le3*freqgbelay)) ' ms'],...

'Location', 'Northwest');

ms'],...

grid

% Loading Frequency for comparision between PMU, Numerical Derivative
% Frequency and Matlab.
Toad('PhasorFreqSweep_Freq_01.0Hz.mat")

% Creating a typical input signal with desired frequency for comparison.

t =0:1/60:30;

% V(t) = 169.6*cos(2*pi*60*t+0.1*cos(2*pi*0.1*t)); % typical PM voltage
dangdt 59.9993-0.1*sin(2*pi*1*t+1*pi/72); % DC and phase adjusted 29 0.1A2

% This plot is comparing the numerical derivative frequency, PMU frequency,
% and Matlab frequency. For this plot to work "FEuler{k} = X*60" needs to
% be replaced with "FEuler{k} = [0;X]*60; % in radians/sec". This is so

% the vector lengths will match up.

% figure

% plot(t,PhasorFreq_Freq-0.1,"'k",t,FEuler{10}/(2*pi)+60-0.1,"'r"',t,dangdt,'b")
% title('Frequency Comparison')

% legend('PMU Frequency', 'Derivative Frequency', 'Matlab Frequency')

% ylabel('Frequency (Hz)')

% x1abel('Time (sec)')

% % y1im([59.985 60.015])

grid
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Appendix E: Baseline Testing Code

Freg (Hz)

Baseline Testing Signal Generation.
Combines Steps/AM/FM/PM signals ensure PMU functionality.

close all;
clear all;
clc;

tic

Signal Parameters

fbase = 60; % In
Thase = 1/fbase;
amodfreq = 0.50;
fmodfreq = 1.00;

HZ
% in seconds
% in Hz
% in Hz

sigmag = 6.70; % rms voltage

ampgain = 1.00;
pmodfreq = 0.25;
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% Time Vector

DACfreq = 40000; % In Hz
tend = 40; % in seconds
t = 0:1/DACfreq:tend;

A Phase

Astep = 0.00.*...
(stepfun(t,1)-stepfun(t,4.00))+...
sigmag/3.5%sin(2*pi*60*t).*...
(stepfun(t,4.00)-stepfun(t,6.00))+...
sigmag/2*sin(2*pi*60*t).*...
(stepfun(t,6.00)-stepfun(t,8.00))+...
sigmag*(sin(60*2*pi*t)).*...
(stepfun(t,8.00)-stepfun(t,10.00));

% A AM
Aamod = sigmag/2.5*(sin(60*2*pi*t)).*...
(stepfun(t,10.00)-stepfun(t,12.00))+...
sigmag/2.5*(1+.2*sin(amodfreg*2*pi*t)).*(sin(60*
(stepfun(t,12.00)-stepfun(t,14.00))+...
sigmag/2.5*(1+.2*sin(amodfreg*2*pi*t)).*(sin(60*
(stepfun(t,14.00)-stepfun(t,16.00))+...
sigmag/2.5%(sin(60*2*pi*t)).*...
(stepfun(t,16.00)-stepfun(t,18.00));

% A FM

Afmod = sigmag*sin(2*pi*t.*(60-2*%sin(fmodfreq*2*pi*t))).*

(stepfun(t,18.00)-stepfun(t,20.00))+...

sigmag*sin(2*pi*t.*(60-2*sin(fmodfreq*2*pi*t))).*

(stepfun(t,20.00)-stepfun(t,22.00))+. ..
sigmag*(sin(60%*2*pi*t)).*...
(stepfun(t,22.00)-stepfun(t,24.00));

% A PM

2

2

o

*

*pi¥t)).*. ..

B DIIRT))) P

Apmod = sigmag*(sin(60*2*pi*t+.2*sin(fmodfreq*2*pi*t))).*...

(stepfun(t,24.00)-stepfun(t,26.00))+...

sigmag*(sin(60*2*pi*t+.2*sin(fmodfreg*2*pi*t))).*...

(stepfun(t,26.00)-stepfun(t,28.00))+...
sigmag/1l.5%(sin(60*2*pi*t)).*...

(stepfun(t,28.00)-stepfun(t,30.00))+...
0.00.%...

(stepfun(t,30.00)-stepfun(t,tend));

Asig = Astep + Aamod + Afmod + Apmod;
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B phase

Bstep = 0.00.%...
(stepfun(t,1)-stepfun(t,4.00))+...
sigmag/3.5%sin(2*pi*60*t-2*pi/3).*...
(stepfun(t,4.00)-stepfun(t,6.00))+...
sigmag/2*sin(2*pi*60*t-2*pi/3).*...
(stepfun(t,6.00)-stepfun(t,8.00))+...
sigmag*(sin(60*2*pi*t-2*pi/3)).*...
(stepfun(t,8.00)-stepfun(t,10.00));

% B AM
Bamod = sigmag/2.5*(sin(60*2*pi*t-2*pi/3)).%...
(stepfun(t,10.00)-stepfun(t,12.00))+...
sigmag/2.5*(1+.2*sin(amodfreq*2*pi*t)).*(sin(60*2*pi*t-2*pi/3)).*...
(stepfun(t,12.00)-stepfun(t,14.00))+...
sigmag/2.5*(1+.2*sin(amodfreq*2*pi*t)).*(sin(60*2*pi*t-2*pi/3)).*...
(stepfun(t,14.00)-stepfun(t,16.00))+...
sigmag/2.5%(sin(60*2*pi*t-2%pi/3)).%...
(stepfun(t,16.00)-stepfun(t,18.00));

% B FM
Bfmod = sigmag*sin(2*pi*t.*(60-2*sin(fmodfreq*2*pi*t))-2*pi/3).*...
(stepfun(t,18.00)-stepfun(t,20.00))+...
sigmag*sin(2*pi*t.*(60-2*sin(fmodfreq*2*pi*t))-2*pi/3).*...
(stepfun(t,20.00)-stepfun(t,22.00))+...
sigmag*(sin(60*2*pi*t-2*pi/3)).*...
(stepfun(t,22.00)-stepfun(t,24.00));
% B PM
Bpmod = sigmag*(sin(60*2*pi*t-2*pi/3+.2*sin(fmodfreq*2*pi*t))).*...
(stepfun(t,24.00)-stepfun(t,26.00))+...
sigmag*(sin(60*2*pi*t-2*pi/3+.2*sin(fmodfreq*2*pi*t))).*...
(stepfun(t,26.00)-stepfun(t,28.00))+...
sigmag/1l.5%(sin(60*2*pi*t-2%pi/3)).%...
(stepfun(t,28.00)-stepfun(t,30.00))+...
0.00.%...
(stepfun(t,30.00)-stepfun(t,tend));

Bsig = Bstep + Bamod + Bfmod + Bpmod;

C Phase

Cstep = 0.00.%...
(stepfun(t,1)-stepfun(t,4.00))+...
sigmag/3.5%sin(2*pi*60*t+2*pi/3).*...
(stepfun(t,4.00)-stepfun(t,6.00))+...
sigmag/2*sin(2*pi*60*t+2*pi/3).%...
(stepfun(t,6.00)-stepfun(t,8.00))+...
sigmag*(sin(60*2*pi*t+2*pi/3)).*...
(stepfun(t,8.00)-stepfun(t,10.00));



% C AM
Camod = sigmag/2.5*(sin(60*2*pi*t+2*pi/3)).*...
(stepfun(t,10.00)-stepfun(t,12.00))+...
sigmag/2.5*(1+.2*sin(amodfreq*2*pi*t)).*(sin(60*2*pi*t+2*pi/3)).*...
(stepfun(t,12.00)-stepfun(t,14.00))+...
sigmag/2.5*(1+.2*sin(amodfreq*2*pi*t)).*(sin(60*2*pi*t+2*pi/3)).*...
(stepfun(t,14.00)-stepfun(t,16.00))+...
sigmag/2.5%(sin(60*2*pi*t+2*pi/3)).%...
(stepfun(t,16.00)-stepfun(t,18.00));

% C FM
Ccfmod = sigmag*sin(2*pi*t.*(60-2*sin(fmodfreq*2*pi*t))+2*pi/3).*...
(stepfun(t,18.00)-stepfun(t,20.00))+...
sigmag*sin(2*pi*t.*(60-2*sin(fmodfreq*2*pi*t))+2*pi/3).*...
(stepfun(t,20.00)-stepfun(t,22.00))+...
sigmag*(sin(60*2*pi*t+2*pi/3)).*...
(stepfun(t,22.00)-stepfun(t,24.00));

% C PM
Cpmod = sigmag*(sin(60*2*pi*t+2*pi/3+.2*sin(fmodfreq*2*pi*t))).*...
(stepfun(t,24.00)-stepfun(t,26.00))+...
sigmag*(sin(60*2*pi*t+2*pi/3+.2*sin(fmodfreq*2*pi*t))).*...
(stepfun(t,26.00)-stepfun(t,28.00))+...
sigmag/1l.5%(sin(60*2*pi*t+2*pi/3)).%...
(stepfun(t,28.00)-stepfun(t,30.00))+...
0.00.%...
(stepfun(t,30.00)-stepfun(t,tend));

Csig = Cstep + Camod + Cfmod + Cpmod;
Setup Trigger

Trig = 0.00.%...
(stepfun(t,0.00)-stepfun(t,4.00))+...

6.50.%...

(stepfun(t,4.00)-stepfun(t,6.00))+...
0.00.%...

(stepfun(t,6.00)-stepfun(t,8.00))+...
6.50.%...

(stepfun(t,8.00)-stepfun(t,10.00))+. ..
0.00.%...

(stepfun(t,10.00)-stepfun(t,12.00))+...
6.50.%...

(stepfun(t,12.00)-stepfun(t,14.00))+. ..
0.00.%*...

(stepfun(t,14.00)-stepfun(t,16.00))+. ..
6.50.%...

(stepfun(t,16.00)-stepfun(t,18.00))+...
0.00.%*...

(stepfun(t,18.00)-stepfun(t,20.00))+...
6.50.%...
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%
%
%
%
%
%
%
%
%

0.00.*...

6.50.%...

0.00.*...

0.00.*...

(stepfun(t,20.00)-stepfun(t,22.00))+...

(stepfun(t,22.00)-stepfun(t,24.00))+...

(stepfun(t,24.00)-stepfun(t,26.00))+...

(stepfun(t,26.00)-stepfun(t,28.00))+...

(stepfun(t,28.00)-stepfun(t,30.00));

Plot checking signals before being sent to Relay/PMU

figure

plot(t,Asig,'r

hold on

)

plot(t,Bsig,"'g")
plot(t,Csig,'b")
plot(t,Trig, 'k")

Tegend('Asig’,
grid

'Bsig', 'Csig', 'Trig")

DAQ Communication
Setup Session, Add Channels and Configure Parameters.

%
%
%
%

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

%

Create the data acquisition session.

CcDAQ = dag.createSession('ni')

Dataout = [Asig’ Bsig’ Csig’ Trig’];

% Create analog output channel on board ID 'cDAQIModl', channel # 'ao0', with signal type
'voltage');
CDAQ.addAnalogoutputChannel ('cDAQIModl', 'ao0', 'voltage');
CDAQ.addAnalogoutputChannel ('cDAQIModl', 'aol', 'voltage');
CDAQ.addAnalogoutputChannel ('cDAQIModl', 'ao2', 'voltage');
CDAQ.addAnalogoutputChannel('cDAQIModl', 'ao3', 'voltage');

cDAQ.Rate = DACfreq; % Refresh rate of DAQ [Hz].

queueoutputbata(cDAQ,dataout);
startForeground(cDAQ) ;

% Clean up and release hardware.

cDAQ.release()
deTete(cDAQ);
clear cDAQ;
toc

End
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Appendix E: Baseline .csv Reader

Baseline .csv Reader

Takes two sets of data and compares the two side by side. An established baseline data set can be
compared against a new baseline test using the signal generation code provided in the report and then

loaded using the following code.

close all;
clear all;
clc;

Established Phasor Baseline Data Set

fileID = fopen('Phasorstep_AM_FM_PM_0003.csv');

CP1 = textscan(filelID,...

' %T%CHT 1 %T : %T%TW%CKHT : %T : %T %T %f %T %t %f %f %f %f %f ', ...
'"Headerlines',1, 'Delimiter',"',");

fclose(fileID);

% The Data is now parsed and seperated out in large columns that are
% contained in cells. To make this data more accesable and easier to know

% exactly what the data represents it wi

11 be removed from the cells to be

% stand alone vectors that are named accordingly.

% Define PMU Time Stamp Variables
PMUtStampYMD1l = CP1{1};
PMUtStampHourl = CP1{3};
PMUtStampMinl CcP1{4};
PMUtStampSecl = CP1{5};

% Define c37 Time Stamp Vvariables
c37tStampyMpl = CP1{6};
c37tStampHourl = CP1{8};
c37tStampMinl = CP1{9};
c37tStampsecl = CcP1{10};

% Define Voltage Phase varables
posSeqvoll = cpP1{11};
posSegAngl = cP1{12};

avoll = cpP1{13};

aAngl = cpP1{14};

bvoll = cP1{15};

bAngl = cP1{16};

cvoll = cpP1{17};

cAngl = CP1{18};

freql = cP1{19};

% This section is used to make sure the
zeroPMUPhasorTimel = (PMUtStampHourl(1l)

(PMUtStampMinl(l) *

plots start relative to time zero.
* 60 * 60) +...
60) + (PMUtStampSecl(l));
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zeroC37PhasorTimel = (c37tStampHourl(l) * 60 * 60) +...
(c37tStampMinl(1l) * 60) + (c37tStampSecl(l));

% New time vectors. Takes the time vectors from the hour, min, and seconds
% and then converts all to seconds. Then we shift the scale to start at

% zero.

PMUtimeVectorl = (PMUtStampHourl * 60 * 60) + (PMUtStampMinl * 60) +...
PMUtStampSecl - zeroPMUPhasorTimel;

(c37tStampHourl * 60 * 60) + (c37tStampMinl * 60) +...
c37tStampSecl - zeroPMUPhasorTimel;

c37Timevectorl

New Phasor Data for Baseline Comparison

fileID = fopen('Phasorstep_AM_FM_PM_0008.csv');

CP2 = textscan(fileID,...
"% T%C%T % T %TU%TRCHT :%T :%T %F %f %f %t %f %f %f %f %f ', ...
'Headerlines',1, 'Delimiter',"',");

fclose(fileID);

% Define PMU Time Stamp Variables

PMUtStampYMD2 = CP2{1};

PMUtStampHour2 = CP2{3};

PMUtStampMin2 = CP2{4};

PMUtStampSec2 = CP2{5};

% Define c37 Time Stamp Vvariables

c37tStampYMD2 = CP2{6};

c37tStampHour2 = CP2{8};

c37tStampMin2 = CP2{9};

c37tStampSec2 = CP2{10};

% Define Voltage Phase varables
posSeqvol2 = cP2{11};
posSegAng2 = CP2{12};

avol2 = cp2{13};

aAng2 = CP2{14};

bvol2 = cpP2{15};

bAng2 = cP2{16};

cvol2 = cpP2{17};

CAng2 = CP2{18};

freq2 = cpP2{19};

% This section is used to make sure the plots start at time zero
zeroPMUPhasorTime2 = (PMUtStampHour2(1l) * 60 * 60) +...
(PMutStampMin2(1) * 60) + (PMUtStampSec2(1));

zeroC37PhasorTime2 = (c37tStampHour2(1l) * 60 * 60) +...
(c37tstampMin2(1) * 60) + (c37tStampSec2(1));

% New time vectors. Takes the time vectors from the hour, min, and seconds
% and then converts all to seconds. Then we shift the scale to start at

% zero.

PMUtimeVector2 = (PMUtStampHour2 * 60 * 60) + (PMUtStampMin2 * 60) +...
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PMUtStampSec2 - zeroPMUPhasorTime2;
c37Timevector2 = (c37tStampHour2 * 60 * 60) + (c37tStampMin2 * 60) +...
c37tStampSec2 - zeroPMUPhasorTime2;

Established Analog Baseline Data Set
See the above comment for a description on the textscan function

filelD = fopen('AnalogStep_AM_FM_PM_0003.csv');

CAl = textscan(fileID, '%f%ckhf:%f:%f %f %f %f %f ', 'Headerlines',1,...
'Delimiter',',");

fclose(fileID);

% As described above this section of the code is pulling the data columns
% out of cells and naming them for easier access and use.

AnalogtStampHourl = CA1{3};
AnalogtStampMinl CA1{4};
AnalogtStampSecl = CA1{5};

% This section is used to make sure the plots start at time zero
zeroAnalogTimel = (AnalogtStampHourl(l) * 60 * 60) +...
(AnalogtStampMinl(l) * 60) + AnalogtStampSecl(l);

% New time vectors. Takes the time vectors from the hour, min, and seconds
% and then converts all to seconds. Then we shift the scale to start at
% zero.
AnalogTimevectorl = (AnalogtStampHourl * 60 * 60) +...
(AnalogtStampMinl * 60) + AnalogtStampSecl -...
zeroPMUPhasorTimel;

% Give variable names to the 3 phases

Aphasel = cA1{6};
Bphasel = cAl1{7};
Cphasel = CA1{8};

New Analog Data for Baseline Comparison

fileiD = fopen('AnalogStep_AM_FM_PM_0008.csv');

CA2 = textscan(fileID, '%f%c%f:%f:%f %f %f %f %f ', 'Headerlines',1,...
'Delimiter',',");

fclose(filelD);

% As described above this section of the code is pulling the data columns
% out of cells and naming them for easier access and use.

AnalogtStampHour2 = CA2{3};
AnalogtStampMin2 = CA2{4};
AnalogtStampSec2 = CA2{5};

% This section is used to make sure the plots start at time zero
zeroAnalogTime2 = (AnalogtStampHour2(1l) * 60 * 60) +...
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(AnalogtStampMin2(1) * 60) + AnalogtStampSec2(l);

% New time vectors. Takes the time vectors from the hour, min, and seconds
% and then converts all to seconds. Then we shift the scale to start at
% zero.
AnalogTimevector2 = (AnalogtStampHour2 * 60 * 60) +...
(AnalogtStampMin2 * 60) + AnalogtStampSec2 -...
zeroPMUPhasorTime2;

% Give variable names to the 3 phases

Aphase2 = CA2{6};
Bphase2 = CcA2{7};
Cphase2 = CA2{8};

Plotting For Comparison

figure

subplot(211)

plot(AnalogTimevectorl,Aphasel/sqrt(2),'b")

hold on

plot(PMUtimevectorl,avoll, 'Linewidth',2,'Color',[0 1 0])
Tegend('Aphase Analog Input','A Voltage Phasor oOutput')
title('Establishe Baseline Case.')

xTabel('PMU Internal Time (sec)')

ylabel('voltage')

subplot(212)

plot(AnalogTimevector2,Aphase2/sqrt(2),'b")

hold on

plot(PMUtimevector2,avol2, 'Linewidth',2, 'Ccolor',[0 1 0])
Tegend('Aphase Analog Input','A Voltage Phasor oOutput')
title('New Data Set for Baseline Comparison')
xTabel('PMU Internal Time (sec)')

ylabel('voltage')

figure

plot(AnalogTimevector2,Aphase2/sqrt(2),'b")

hold on

plot(PMUtimevector2,avol2,'*', 'Linewidth',2,'Color',[0 1 0])
Tegend('Aphase Analog','A Voltage Phasor')

title('PMU Response to Steps/AM/FM/PM.")

xTabel('PMU Internal Time (sec)')

ylabel('voltage')

%end
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Appendix F: Math Document

Math Doc for PMU Testing Project Version: 4
Date: 2/20/16

Terms

Ay = DC of fset

Ay = Amplitude of the fundamental

A; for i > 1are harmonic terms

¢ = phase angle

N, = measurement noisse

t = time

Af, = is a constant Frequency for phase ramp term
u(t — t,) = unit step function switching at time t,

f(t) = estimated frequency calculated from measurement of v(t)
Hz

Ry = Ramp rate inT
Rf = Equivalent Ef fective Ramp Rate
fm = frequency for phase modulation term

Below is a list of all the equations as they appear in “Frequency Estimation for Inter-Area Oscillation
Feedback Damping Control” and how they will appear in testing form.

Equation 1 Paper Form

Point on Wave (POW) model. This is the fundamental form for our test signals which will be translated
to three phase. The equation in its current form would represent the A phase. The B and C phases will
need to be shifted in phase by 2r/3 rad. For our current studies we are neglecting the harmonic and
noise part of the signal contained in the summation.

v(t) =Ag + A (1) cos(27r60t + (p(t)) + Z A; cos(i2m60t + ip(t) + @o;) + Ny (t)

1=2

Equation 1 Testing Form

Va(t) = [Aoffset + A1 (t) cos2rfot + ()] [u(t — tsrare) — u(t — tena)l

Equation 2a Paper Form

A1(t) = A1 o(1 + ky cos(2mfi,t))
Equation 2a Testing Form

A (t) = 141,0{1 + ky COS(anmt) [u(t - tAmodOn) - u(t - tAmodOff)] + -
ot Astep [u(t - tAmpStepOn) - u(t - tAmpStepOff)]}



Equation 2b Paper Form

p(t) = @ + 2nAf.(t — t)u(t — t,) + ky cos(2mfi,t)

Equation 2b Testing Form

Qo(t) = (poffset + 27TAfr(t - tPhaseRampOn)[u(t - tPhaseRampOn) - u(t - tPhaseRampOff)] + -

ot kaCOS(ZTL'fmt) [u(t - tPhaseModOn) - u(t - tPhaseModOff)]

Equation 3
Point on wave instantaneous frequency

1\d
£(£) = 60+(§> Zit) Hz

Equation 4
Actual Phase Angle, for frequency ramp test.

@(t) = nRet? rad

Equation 5
Estimated Phase Angle, for frequency ramp test.

@(t) = nRst* rad

Equation 6
Transfer Function

F{f ()}
F{f ()}

G(fm) =

41
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