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Abstract

The goal of this project was to design a product that could detect faults in a transmission line
system and relay thianformation back to a control center. To accomplish this, pickup coils were
installed in the proximity of the transmission lines and were used to monitor the magnetic fields
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demonstrate that it is possible to determine with great accuracy the type and time of the fault.
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w=Peak voltage sensed by the coll
N = Nunber of turns in each coil
0= Effective area of the coil

o= Length of each side of the cail
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Introduction

This report outlines all the aspects of the design and implementation process for creating a non
invasive wg to detect of faults in a power system. Although this may not be the only way to accomplish
this task, it is an effective and efficient way. There are many additional features that could have been

added to optimize its performance, but to keep the cdetvn, this method was chosen.

The report begins with background information to better understand the need for a product like
this. The process of energy delivery from the power plants to the end user is briefly discussed as well as
the magnetic fields mduced by the current carrying conductors. The methods used to construct this

device will be more understood from this knowledge.

A market analysis was done to ensure the originality of this device. The market analysis was also
used as a guideline fatetermining specifications and features. Another resource used for determining
the specifications and features was the customer requirements. Multiple companies were surveyed to
determine the ultimate design of the product. The survey included questidoout maintenance, cost
and additional features. From this research the final design specifications were determined and an

analysis to the competition was done.

Once the specifications were determined the design of the product had to be completed. An
2dzit AyS 2F SIFOK Y2RdzZ SQ&d RSaAdy Aa AyOfdzZRSR Ay
perform optimally so testing and redesigning was done until its functionality was acceptable. The

results from the simulations can also been seethiga report.

The last part of this report was to complete a cost and failure and hazard analysis. Knowing the
actual parts that were used in the product and assuming that in mass production the costs would be
slightly less, a manufacturing and sellimgce were determined. These numbers were compared to the
competition to see how the product would do in its market. The failure and hazard analysis is also a

good this to know before using this product.

A timeline is very essential tool to making stire project finishes on time and is not rushed
near the deadline. The timeline set for this project can be seéppendix Il This timeline was set
according to approximations of the detail required, difficulty and amount of errors that may occur in
each step. This is the ideal timeline however unexpected issues may occur and delay a few of the steps.

Extra time was allotted at the end of the project for any unexpected issues.



Problem Statement

The product to be designed will be a sslistaining, B-in-one unit. It will be able to power itself
while consistently monitoring the electromagnetic fields around the power lines above. It also will have
the ability to transmit the presence of faults to the operator of the power system. The entirenusit
be designed so that all of these functions can perform accurately and reliably for very long, extended
periods of time. The sensing of the electromagnetic fields will be done via inducting coils wrapped
around cubes. Multipleailswill be used beoase numerous conducting lines will all generate individual
electromagnetic fields that will interfere with one another. The multiple coils, wihithct fields in
different directionsallow for enough data to determine the condition inl aff the conducting wires.
With that information, faults can be detected instantaneously without any equipment interfering with

the monitored system itself.



Background Research

To truly understand the need for this product, the krledge of where powelines come from
and their need must be comprehendedhis section of the report briefly describes the process of
delivery the energy from the power plants to the end users of that power. The current technique used
for detecting faults in the system issal briefly discussed. The next subsection discusses the magnetic
fields that are produced by these current carrying conductors. The magnetis fielt are produced
enable the ability taletermine the actually current running through the conductors &main that

establish any faults in the system. Some important calculations can also be seen in this section.

Power Lines

Electrical power lines are used to distribute electricity from power plants to the end consumers.
The process is broken down into twaain steps, transmission and distribution. The electrical power is
generated at the power plants, stepped up and are then carried through transmission lines. That
electrical power is then stepped down and carried through distribution lines and delivered

consumers.

Transmission lines are responsible for getting electricity from the power plants to substations
near populated areas. Power plants generate thpbase alternating current (AC) therefore three lines,
known as conductors, are required to oathis electric power. They are extreme high voltage lines
which are generally classified as anything over 110 kV. Lower voltages such as 69 kV are considered sub
transmission and anything under that is used for distribution. In the United Statescaltypaximum

transmission line distance is about 300 miles traveling between 60 and 140 feet in the air.

& Jf $
Power Plant Step-Up
Transformer
Transmission

—
m
B
Custome Primary Step-Down

33
Service Drop Distribution Transformer
(120/240 Volts)

Figure 1: Simplified Electric Sysem
Transmission lines end at power substations where their voltages are then stepped down to be



carried by distribution lins. The substations also contain busses to split the power off into multiple
directions and circuit breakers in order to disconnect a line when necessary. Distribution lines are used
to get electricity from the substations to the end consumers. Typiighges for distribution lines are
anywhere between 35kV and 110 volts. Things such as regulator banks are used to help control the
level of this voltage. These lines are generally shorter lines and are on average 40 feet in the air. Finally
the voltage is tapped off to a single phase and stepped down one last time to be delivered to houses at
120/240 volts.

Electricity can be distributed through overhead power lines as seEigure2 or through
underground power lines inahsely populated areas, such as New York City. Both overhead and
underground systems are highly complex and have a large number of components. Because of the
complexity of the systems there is a great deal that can go wrong and cause damage to theaystem
0KS O2yadzySNNa LINRLISNI @ tKSasS aeadsSvya KI @S Ylye

insulators, and circuit breakers, but it is impossible to protect against everything.

Figure 2: Overhead Electrical Power Lines

Magnetic Fields

Electromagnetic fielddEEMFs) are regions of space through which energy passes that has been
created by electrically charged particles. EMFs are produced by things such as power lines, electrical
appliances, radio waves and microwaves. Two types of fields are producedcedectmagnetic.
Electric fields result from the strength, or voltage, of the charge and magnetic fields result from the

motion, or amperage, of the charge.



Figure 3: Magnetic Field (B) induced from current (1)

For the scope of the project only the magnetic fields produceddyyep lines will be discussed.
When current (1) is run through the conductors, magnetic fields are produced. The magnetic field
strength (H) is used in the calculation for the magnetic flux density and is measured in amperes per
meter.
O

"O= >0 (1)

Using the magnetic field strength from equation 1 and multiplying it by the permeability ibf air
is possiblgo determine the magnetic flux density (B). The expreskiothe magnetic flux density can
be seen in equation,3vhich is measured in TeslabBhe permeability of air has to be taken into effect.
Permeability is the measure of the change in magnetic induction produced when a magnetic material
replaces air, exgssed as a coefficient or a set of coefficients that multiply the components of magnetic
intensity to give the components of magnetic inductiofrhe expression for the permeability of air can

be seen in equation 2.
‘o=410 7 (2)
6="',0 (3)

Once these expressions are knoivis possiblgo put them together to reexpress equation 3.
Equation 4 is an alternate way of expressing the current seen in equatiBguations 1, 3 and 4 are

now combined to reexpress equation.3

C="Gin( 0+ ) (4)
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0= ‘OE"C%im 0+ (5)

Magnetic fields cannot be directly measured however. To measure magnetic fields a voltsige
be induced made by constructing a coil of conducting material, coppéehis case. The number of

turns in the coil affects the amount of voltage that is induced by any given magnetic field.

In an ideal power system the magnetic field strength should be zero regardless of the large currents
passing through the wireResarch has proven that exposure to strong magnetic fields can cause an
increased risk ofancer(NCI, 2005) To avoid this, gwver companieshift the phase in each of the lines

by 120 degreeswhich allows the magnetic fields tancel out

Power System Faults

Faults in a power system can be very damaging and potentially extremely hazargmyseio
system equipmenand property. Faults can occur for a number of different reasons and can also have
many different effects depating on the severity of the fault. Many precautions are taken to avoid

these faults, but it is nearly impossible to avoid them all.

When a fault occurs in a power system, it is difficult to pinpoint the exact location and cause of
the fault, but expets in the field can often decipher this informatiorf the fault can be cleared by the
power company then locating the fault is not a big deal. However if the fault cannot be cleared it
becomes much more necessary. If the fault occurs in an urbariaesmen can drive along the line
until the source is located. If tHault occurs in a more obscure area then alternate techniques must be
used. One method that could be used would be a fault locating system (FLS). These systems send
signals throughhe faulty lines in order to determine the
location of the faultFaults can occur from many different
types of human or natural disasters suchaasar accident 40 Al AAARARA
knocking ovem pole, a bird landing on a nensulated wire, = f ' .' .;. _l. I ,l. .l. .| .| } :| ,l :: ,: .|_ ,| .l- _i
a tree faling on the wires or fited equipmentsuch as I e RN

lightning arresters, transformers or switches.

In a typical short circuit faults, the highest current
takes place immediately after the fault occurs. An examg Figure 4: Typical ,:taun Current s
of a typical fault can be seenkigure4. The largest mechanical force put on the system will also occur

at the beginning of théault; therefore the most damage is done to the system at the initial trip of a

6



fault. It would be ideal to avoid this damage since it could be at a high cost &ebtric company and

in turn to the end users. In general, power system equipment is rated to be able to handle a current
spike of about two and a half times the rms rated value. Even this does not always protect the power
aeaisSyqQa Sl dzthidpduéicdmpanieused pddtidh devices such as fuses and circuit

breakers that can trip during faults.

Anotherissuewith faults is thermal stress. With such high currents running through the wires
there is a major rise in temperature. These erte temperatures can cause the conductors to
meltdown and be destroyed. Depending on the fault current, material and size of the wire determines
the actual time before the conductor will meltdown and be destroyed. This device will not be able to
stop theimmediate peak currents because it is a Fiomasive device and does not have any tie in to the
line to stop it, but it will help with the ongoing fault currents. If the power system equipment is not
destroyed by the initial peak current, this devicelwibtify the power company about the fault with its

conditions.

The initial peak currents can cause a breakdown in insulation and will just require the cable to
be repaired. If the fault current is allowed to persist the conductor may be damaged acdtlewill
then need to be replaced. Also if the fault current persists not only will the conductor be damaged, but
other equipment such as circuit breakers, tsfarmers or even generators will be damaged as well.
Repairing and replacing a wire is nob costly, but replacing some of the other equipment can not only
be costly, but require a long time to repair. When the system is down, customers are out of power and

customer satisfaction is down which is never good for the power company.

Fault Conditions

In order to see what is going on inside of the power lines when a fault occurs, computer
simulations were run. For this application of power systaodeling the computer program Bge was
utilized. In order to get gisual of the system howeve¥jultisim was used for the modelinmurposes
The circuit was gaip as seen ifrigure5. The resistors and inductois the right of the first three
sensors and to the left of the second three sensmesthe resistance and indtance of the conductors
on either side of the fault. All faults were simulated between the points 3, 9, 15, ahdtbis case the
fault was assumed to be exactly in the middle of the lifidhe resistance and inductance located at the
end of the lire were used to represent the electrical load at the end of the lifiletee typical 20 kV

sources, each 120 degrees out of phase, were set up at the beginning of the line.
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Figure 5: Power Line System Simulation Set Up

Multiple fault cases were tested in order to getrae feel for how different types of faultffect
the different lines. The faults that were tested were line to line faults between points 3 and 9, line to
line to line faults between points 3, 9 and 15 and a line to ground fault between point 3 aftde.
graph seen ifrigure6 demonstrates how the amperage in the power lines are affected by a line to line
fault between points 3 and 9. The fitsalf of both graphs isqual at200 amperes At 50 ms, half way
through the graphthe top graph has line& (greenandB (red)dropping down to 100 amperes and
becoming in phaseThe third line, line C (blue), remains unchanged throughout the faiie top graph
shows what happens in the lines past the fault (the second set agfosgjy On the second half of the
bottom graph, lineAandBjump up to about 6,920 amperes. This graph shows what happens in the

lines before the fault (the first set of sensors).
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Figure 6: Line to Line Fault Between Nodes 3 and 9

The transition of the fault on the sourcals can be seen iRigue 7. This graph is the voltage in
the Xdirection plotted against the voltage in thedfection. Under normal operating conditions, 200A
in all three lines 120out of phase, the inner ellipse is the gla When the fault occurs the ellipse
affected greatly by lines A and B causing a large skew. The transition of the fault on the load side can be

seen inFigure8. All other falt transitions can be seen in Appendix II.
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The list of all fault conditions and their corresponding affects on the lines can be s€ahléi.

The simulation set up for a fault 90 percent down the line and the graphs for all other fault conditions

can be seen idppendix I: Fault Conditions for Power System Simulations

50% Down the he

90% Down the line

Before the Fault

LineA LineB LineC LineA LineB LineC
LineAto LineB 6,920A | 6,920 A 200 A 3,844 A | 3,844 A 200 A
Lineto LinetoLing 7,990A | 7,990A | 7,990A | 4440A | 4,440A | 4,440 A
Line to Ground 7,989 A 200 A 200 A 4439 A 200 A 200 A

After the Fault

LineA LineB LineC LineA LineB LineC
LineAto LineB 100 A 100 A 200 A 100 A 100 A 200 A
Line to Line to Ling 0A OA OA 0A OA OA
Line to Ground 0A 200 A 200 A 0A 200 A 200 A

Table 1: Amperage of Fault Conditions

11




Market Research

This product is being designed for power companies that want a way to monitor their power
grid without altering their lines to measure. The device intended would output the characteristics of the
power line at its location without being connectedttte system at all. Currentlyhere is no such
system available that does whitis product isntended for. Therefore, the market research is solely to
show that this device would be useful, costeetive, and desirable for companies. This report will

demonstrate all of those qualities in its performance.

Market Competition

¢CKS 2yfe aAYAflIN LINRPRdAzOGA I NB Ay@lFaia@gsS G2 GKS
for comparison.Theproductwill just have to be appealing to companies. It will have no other product
to compete with, but it still must be available at a reasonable cost so that it is more appealing than the

less convenient options available for these companies.

The invasive sysims are referred to as energy management systems (EMS). It consists of a
number of computer tools that aid operators in monitoring, controlling, and optimizing the power grid.
The monitoring and control aspects are often referred to as SCADA, whicls $tar8upervisory
Control And Data Acquisition. That term refers to any general monitoring system but applies to EMS, as
well. Thesystem will be considered a SCADA system, despite it only performing the monitoring. The

companies utilizinghe product will obviously still nee@ control system in place.

These EMS systems currently are in use by most power companies worldwide and are designed
by companies like GE and Siemens. They do perform the job that is intended but they are invasive in the

grid andthat is not ideal for such a system. There is a demand for am@sive product in the market.
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Similar Technology

There are a number of EMF Detectors on the market however there are no sensors designed to

detect faults in a power line systenthere are multiple EMF

Sensors on the market ranging in price and targeted U¢&

|

Figure 9: Gauss Master

costs of EMF detectors vaitypm as
little as $30 to over a few hundred
dollars. Some EMF detectors such as
this personal EMF Alarm can be used
for peaple wearingpacemakes to

alert the wearer of strong magnetic

fields. The product model can be seen

in Figure10. Other sensors such as the

Gauss MastelFigure9, areused to _
Figure 10: Personal EMF Detector

detect radiation given off from power

lines, omputers, etc. Again this devicehand held and it is read off of a display on the unit itself.

These EMF detectors are also sold for thwsie in ghoshunting. The handheld detectors are common

in the market place and many vendors sell them.

Customer Requirements

An integral part of designing a new product is to allow the customer, or end user, to have input

into the design. In order to assure the products sucdessist be certain tht a customer will purchase

the product once it is put into mduction. In this case the customer will be the electric companies that

will mount the device on telephone poles to monitor their current power line systems.

There are multiple ways to get input from customers such as in person interviews, phone

interviews, surveys and emails. For this project the most practical way to gather this information was to

send out a survey asking the many questions that apply to the scope of the project. In person interviews

were also utilized, but the majority of the datame from the surveys.

The survey used for this project can be seeAppendix Il The purpose of this survey was to

get a better understanding of the current methods of detecting faults in power lines and to discover

ways that this project could impwe that. Questions about the features, pricing, size and maintenance

were utilized to gain a better understanding of what would be wanted from the consumers.
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Survey Results

The customer survegllowed for the concept aihe most ideal product from thegrspective of a
power company. Several responses were received and they were all very similar. Their similarity was
useful in that it allowed a produaiesignthat would fit all of their needs together. The first
requirement was the price of the producCompanies did not want to have to invest a lot of money
even though they said there was a need for this product. The typical price range that was selected was

between $150 and $200.

The next issue was the maintenance of the product. The typicapanies did not want to
generate any additional work for their workers; therefore a very low maintenance product was desired.
A product that would only need to be maintained a few times a year would be ideal. The only
maintenance issue would be replacibgtteries. If solar panel cells are utilized this would not be an

issue and the product would be totally maintenance free.

Along with being maintenance free the product should be durable. If the product is broke very
easily, it would also require a lof maintenance. A product that is weather resistant and can handle
the weight of a light animal would be ideal. The product itself was specified to be less than 5 pounds for
installation purposes. Also a product that would not fail over time is necgssatompanies do not

need to replace the product every year.

The safety of workers at power companies is an ongoing and large issue. The product needs to
be safe from the installation process to any maintenance that is required. As the product does not
require any tie in to the power lines, it is extremely safe. The installation of this product high on a
telephone pole is the only concern, but power line workers do this type of work as a profession and

have had a lot of experience with this.

The final equirement that the power companies need is accuracy. If the power company is
spending money on a product and relying on that product, it must be accurate. If the product is not
accurate it may be misleading and not fulfill the intended purpose oftie cbmpanies will not

purchase a product that is not accurate.

The customer survey responses were a very good tool to help narrow the scope of this product.
By taking the input from power companies, the end users, the product was designed. The overall
product design can be seen in the next section of this project. Each individual module is described as

well as their performance and results.
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Design Approach

Once the product specifications were determined the next step was to design the product.
Sine the product is fairly complex the report is broken down into each of the different modules of the
design. The design of this product was possible from the knowledge gained over the past fouiTpears.
truly understand how this product workkhe understandng ofhow each module works and how they all
connect together. Although each module was individually tested and functioned properly did not mean
that once they were all put together that they would still work as well. This section outlines the final

despn of each module.

Overall System
The overall system should accomplish the task of detecting faults in a power system and when a
fault should occur a notification is generated. The different modules include how the device is powered,
how the sensors ardesigned, how that information was processed and how the information will be
displayed or sent back to the nearest substation. Each module definition includes circuit design and an
SELX FyFGA2y 2F GKSANI Fdzy OG A 2y | dik sinduldtions arld @$ultsY 2 Rdzf S Q:

section.

The device should be mounted on a pole a specified distance away from the power lines. As the
current is passing through treonductors above they are generating magnetic fields. In order to detect
those magnetic élds a sensor was built. After the magnetic fields are sensed they need to be cleaned
up in order to have useful information to be able to process. The signal is first sent through an amplifier
in order to have a signal with a large enough magnitudg@focessing. That signal is then filtered to get

rid of any excess noise that may be picked up by the sensor coil.

After the signal has been sensed, amplified and filtered it is then ready to be processed. The
processing unit will interpret the thre@put signals in order to determine if there is a fault in the
system. The information containing faults and conditions will be then be displayed or relayed to notify

the user of the status.

Sensor

The first thinghat hadto be detectedwasthe magnetic felds coming from each wireThe
readings ofthe magnetic field canbe used tadetermine the current in each wireTobe able to sense
the voltagesan inductorhad to be built The inductor reasthe magnetic field being pduced by each

wire. The sermr that wasmade is a cubwith one inch sides and a wire wrapped anal the cube one
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hundred times.Two cornerswere removedn order to be able to wrap a wire at an anglEhecube is
wrapped three different ways: horizontally, vertically and at & @agleall of these coils were wrapped
100 timeswith awire that has a gauge of 35 (.142 mm). The setup othe sensor can be seen kigure

11. The voltagén the x direction can be plotted against the y direction voltage and by looking carefully

at this graph faults cahe determined.

Figure 11: Sensor

Each of thesaviresread the magnetic field and output a voltag€&he voltage is different on
each coil because of its orientation to the wire. Each coil has its output amplified and filteraddse

voltage is very small and quite. The filtered data is what wifirbeessed.

The sensor was the most tested module in this project. The project began with many
calculations and computer simulations to figure a way to determine all the neededriafam from
what was being sensed. The next thing to do was to bring the original design up to the lab and run some
actual simulations. Due to many inconsistencies this process took a long time and added large delays to
the project. The numbers were wedifferent from the computer simulations and calculations therefore

many redesigns were done. All of these things can be seen throughout this section of the report.

Filter and Amplifier

The signal coming from the cube is very small and noisy. To reimisgyobleman amplifier
and filter was built The signal is first passed through a #overting amplifier with a gain of 1960 and
then filtered the signal. To desigims filter a filter design websitevas used The desired characteristics
of the filter were entered intahe siteand it gavemultiple choices.The filterused wasa second order
Butterworth filter. The resistor andapacitor values were givday the site as wellThe diagram for the

filter can be seen ifrigurel2.
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Figure 122 Amplifier and Filter Diagram

Figurel3 showsthe implementation of the circuit in the labThree circuits had to be bujlone

for each coil. Each filter was tedtextensively to ensure it was accurate as possible.

R

Figure 13: Filter implementation

The frequency response can be seekigureld. The center frequency (Fo) is 60 Hz. The 3dB
bandwidth (BWyg) is2 Hz. Thestop-bandattenuation is 5dB. Thgassbandflatness is 0.5dBlhis
response is ideal becausiee signal is a 60Hz signal and this will greatly reduce the noisevimat

received givingmore accurate and cleaner readings.
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Figure 14: Frequency Response

In lab simulations a signal as small as the one coming froroubhewas unable to be produced

therefore the gain ofhe filter had to be changetb obtain usable output. In this examplee gain of

the filter used wad.00, due to imperfections in the filter the gain is only about 30. This however is

acceptable because the filter must reduce the noise as accurasghpssible even if the signal i

attenuated. A sample output ale filter can be seen ifrigurel5.
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Figure 15: Filtered waveform
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Power

The next thing that needed to be designed was the power circuit for the sydDififerent

optionswere weighedsuch as batteries, photovoltaic cells amsing both together. In the erithe

system useanly batteriesto power the systentue to time constraints.The system is powered bwo

9V batteries. Each batterydsnnected to a voltage regulator and the voltage is reduced to 5V. This

new voltages used for the +5V an®V rails which the oamps ofthe system use. The processor is

bowered by its own 3.3V supply. Ttiecuit forthe batteries and regulators can be seerFigurel6.
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Figure 16: Battery and Regulator Circuit

Ideally hie system would be powered by two solar panels. Each solar panel will @put

allowingthe railsto be set to +5V and5V allowingproper powerthe filter. This voltage would be

regulated to also be able to pow#re chip. The Voltag€urrent Characteristic for a solar panel can be

seen inFigurel7. As the voltage needed is increased the current available is reduced. Conversely, as

the current needed is increased theltage available is reduced.
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Figure 17: V-1 Characteristic

When the sunlight is strong enough the product would be powered by the two solar panels and
charge the batteries. When the sunlight is not strong enctghbatterieswould be usedo powerthe
system. This would allow for the product to operate for a long period of time without any maintenance

needed.

Processor

The main requirements for this section of the system are low power usage, ease of
implementation, and processy capabilities.The processoneedsto operate under low power
conditions because this unit should ideally be able to run without maintenance for very long, extended

times. The solar power and batteries need to be able to power it for, at the leasthsion

This module of the design also needs to integrate with the rest of the unit seamlessly. This
LINE RdzOG NBIljdzZANBa | 20 2F LINBOA&AA2Y RdzS (2

1KS avyl
experience in the group with processors is relaly low so the chip selected must be easy to program

and integrate.
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The most important requirement for the chip is that it can handle the processing thatrteed
be done. There will bethree sensors, alinputting analog signals. Ahree of those neé to be
registered and analyzed in real tim&herefore, the chip must have a capable andlmgligital
converter that can take at least three channels in and analyze them all repeatedly. It must also still have
enough spare 1/0 ports remaining to suiiatly interface with a notification systeniThe chipthat was
chosen was the MSP430F449 due to itmjale capabilities andhe familiarity withit. ¢ KS  OK A LIQ &

capabilities are shown ihable2 below.

Parameter Name Value
Architecture 16-bit
CPU Speed (MIPS) 30
Memory Type Flash
Program Memory (KB) 60
RAM (KB) 2
Temperature Range (°C) -40 to 85
Operating Voltage Range (V) 1.81t0 3.6
I/O Pins 48
Pin Count 100
Low Power Modes 5
LCD Driver 160 Segments
Digital Communication Peripherals 2-USARTSs
Analog Peripherals 1-A/D 8x12-bit
OtherPeripherals Analog Comparator, Hardware Multiplier
Timers 2 x 8&bit, 2x 16-bit, 1 Watchdog

Table 2: dsPIC30F3012 Specifications

Instead of choosig just a chipthe decsion was madéo use a development board designed
around the chip. The most obvious choice was the Olimex board for the MSP430F449 microcontroller.
Its many peripherals built onto the board will alld@r a very useful user intertato be programmed
The board has four buttons, an LCD screen, a buzzer, and connector pins built into the board and wired
to appropriate ports. Also, the ports available to the ADC were left open for I/ORigarel8is a

picture of the development board showing all of its peripherals and the capabilities of the LCD screen.
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Figure 18: Olimex MSP430449STK2 Layout

The programming done for this prototype focuses on the detection of faults primaudysanot
optimized for user interaction. The conditional statement that was added to detect fault conditions sets
ranges aroundhe values from the fault condition calibration that was done. It finds the highest peak
over a series of periods. With that can analyze all three peaks from the three caild determine if
those values are near any of the simulated faults. It will display a corresponding fault code if the values
FNB 6AGKAY NI¥y3aS 2F | (y2éy TFldSa RRY @A O2BMB A LIR§

of the simulations. A flow chart outlining its operation is shown below.
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BEGIN

Initialize the entire
system for use

!

Begin a new

sampling period

!

Sample all 3 ADC
g Channels

;

Move ADC results
out of memory
buffer for analysis

Are any of these
results the largest
thus far?

Store those as the
new largest

Is the sampling
period over?

NO

Convert the peak
values to mV

Display f'SAFEO Is there a fault?

Display ISAFE® YES

and beep the

Has the fault Display fault code

been persistent?

buzzer

Figure 19: Programming Flow Chart
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One of the most important functions of the MCU is to check foltfagrsistency. It does this by
checking at the end of each sampling period if the current fault devised from that period and the one
before it are the same. If they are and they are not safe conditions, it will increment a counter variable.
Once the sme fault sticks around for five cycles, it is considered a persistent fauétt difiy time a safe
condition is found, the problem counter is reset. However, if an error just shows up once, the buzzer

will chirp to indicate that some fault had occurrbdt has not yet proven itself to be persistent.

Sampling periods are defined in the code as a certain number of samples taken by the ADC for
all three channels. Fane prototype, 1000 samples constitute a period. Therefore, once the ADC has
finished ts 1000" consecutive sampling, the largest values for all three channels are taken into the fault
detection portion of the coding. Once the fault is determined, stored, and acted upon, the code will
start a new sampling period. This period can be leag#d for more accurate peak measurements or
shortened for quicker fault detection. This chosen period is relatively long, but betteugeduct is

meant as a proei)f-concept, accuracy was more important.

The 12bit resolution of the ADC served its paise very effectively. The ADC supports the use
of internal reference voltages. One of the references offered was 1.5V, which was ideal biheause
fault conditions never registered any voltages greater than 1.1V. Tiét i@solution was so large that
each bit accounted for approximately 360yA. That is on a very small scale comp#red to

measurements in the 100mV to 1.1V range, which leads to very accurate readings.

This development board is being usedtie prototype as a sufficient way to testehcapabilities
of a processor while still utilizirthe useful output features. However, in a more practical final market
product, a custormmade interface should be designed that betteits the need of this productA more
competent LCD screen could bsedat a base statioso that all of the A yeéhditdns could be

displayed at once. This development board works, but is not ideal for an actual product.

Display

Once the signal has been sensed and processed that information must be conveyed through
some sort of display. Without the display the product would be useless to a person attempting to make
a critical decision. There are multiple methods that could have been usestfrm this task including
LCD displays and LCD plotting displagsthe prototype, the display was located on the unit itself,
however because the user would not usually be at the unit, a display would ideally be located on a base

station unit. These methods are explained in more detail in this section.
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Thisdisplay @tion is an LCD display. This type of display is more versatile because of the
amount and type of information that can be portrayed. With an LCD diggkpossiblgo display any
number or letter needed. An example of an LCD
display can be seen Figure20. Looking at the type
of information that will need to be displayethis
type of display may be adequate. This unit would

ideally be larger than the one shown in the image. It

Figure 20: 2x16 LCD Display could be mounted on a unkept at the power
company so that workers could monitor multiple sensor units with one screen. It could be much larger

and list all of the conditions for all of the units that the company has installed out on their lines.

This nextype of display thatvas analyzed for use of displaying the needed information was an

amountsof electrical power. An example of an LCD

plotting display can be seen iigure21. This type of
display would allow for visual representation of the
signals that are actually being sensed. The signals would

be plotted along an axis with any significant changes to

the graphs representing a fault in the sgst. With the
signal being plottecthe information still needs to be

analyzed as opposed to solid numbers with the LCD

display. Therefore, this could be added as an analytical option in addition to a regular LCD display. The
user could select the unihat they want to view and it could plot the waveforms of the induced
voltages from each coil in that unit. This may not be very-effsttive for many companies, but is a

viable option.

Wireless

An alternative to using a display directly on the devicaild be to use a wireless system to
transmit the fault information to the nearest substation. If a display is mounted on the unit a worker
will have to go out and actually check the numbers, which would be very inefficient. Utilizing a wireless
transmisson system would decrease the workers time and effort to check for a fault in the system. This

would allow the information be readily available at the nearest computer.
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As fault information is being received by a main, receiver computer that informetiold be
shared with the entire company through a server. Since the information is being received and sent
around via a computer system, the numbers could also be stored. By storing this information, it will be
available later for further analysis andgsibly future predictions. Many studies are done to prevent
outages and understand when and how they occur. Having information as to exactly when faults occur

and the severity of the fault would assist research in this area greatly.

The prototype th&ahas been build during this project did not include the wireless transmission
dzy AG RdzS (2 GAYS O2yaidaN}rAyGao ¢CKS LINPG2G8LIS dziAf
LED to notify and relay fault information. The display is similar te. @2 display described in the

previous section. The information will still be useful to determine faulteérscaled power system.
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Simulations and Results

This section of the report shows alllculations andab and computer simulations that have
been done throughout the duration of this project. These results assisted the decision making for
methods and redesigns of each of the modules. The majority of the simulations were done with the

sensors, but all modules had to be tested to assure the firaducts proper functionality.

Calculations

Before the computer simulations could be ruajculationshad tobe donefirst. These
calculations giva better understanding of the valugise cube should be reading and the simulation
values thatare actwally recorded There were many variables that are used in these calculations, so to

better understand these equationt)e symbolanust firstbe understodl, listed in the table of symbols.

Once the symbols and their meanings are understood, it is easier to understand the
following equations.Buildingoff of equation5 from the background section is possiblé¢o determine

the voltage that should be induced each coitled sensor. Equation 5 is restated below.

0= ‘0%"@inq 0+ — (5)

The next expression that is discussed is the magnetic flux. The magnetic flux is expressed by
multiplying the magnetic flux density by the effective area of the cube. The effective area of the cube is
the length times the height of the coiSince the length and the width the coil are equait is possible
to just square the length of one of the sidestloé coil. The width of the coils not taken into
consideration which leads to errors. These errors are discussed in the calibraiitiors of the report.

The expression for the effective are can be seen in equation 6 and the expression for the magnetic flux

can be seen in equation 7.
6'9 = (‘f (6)
s = 669 7

By combining the expression for the magnetic flux #relmagnetic flux density is possible to

re-express equation 7 as seen by equation 8.
. 1 ..
* = 0qg g=—=Qin] 0+ — 8

2°Q
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After determining the magnetic flux the voltage that wd be induced into a coi finally ready
to be calculated By taking the derivative of the magnetic flux and multiplying it by the number of turns
in the coil, the peak voltage that could be sensedetermined The expression for this can be seen in
equation 9.
(o3

(i)Sin‘| 0+—=U— 9
(0]

This expression can then be broken down by taken the derivative of the magnetic flux equation
and multiplying it by the number of turns in the coilh€lexpression once the derivative is taken can be
seen in equation 10.

R 1
wsin] 0+ —=00qg o= @i 1 0+ — (10)
2Q

The expression seen in equation 10 is the maximum voltage that could b&éyeadoil.
However, all three ofhe coils are at an angle with respect to that maximum voltalyeorder to
determine each component of that voltage equationrst be multipliedoy a factorof 10. To

determine the xcomponent of the signat mustbe multipliedby the height to the conductor divided by

the distance from the conductor. This expression is seen in equation 11.
i b 65— G 1 o 1
wsSinT 0+ — = 00g 02“,921 i1 o+ — (11)

To determine the scomponent of the maximum voltage equation st be multiplied byhe
length to the conductor divided by the distantaethe conductor. This expression can be seen in

eqguation 12 below.
9sin] 0+ —= 0 0g v GEi 1 O+ 12

Thefinal component of the maximum voltage thatas measureds the 42 angle component.
To determine that componergquation 10must be multipliedby the length times the square root of

two all divided by the distance to the conductdrhe resulting expression is seen in equation 13 below.

o e W2
Gssin] 0+ —= §0g o5l il 0+ — (13)
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Once the components of the maximum voltagye determinedit is understoodhat there are
three overhead conductors that have an effect on each of the cbilerder to account for all of the
conductorsthere must be three equations for each of the coils added togethierthe simulations the
first conductoris referred toas conducto, the second as conductor B and the third as conductof&
note theiraffect on each of these equations, all affected componamnésdenotedwith a small subscript
of the affecting conductor. Three more expression resulted from this affect,-toenponent, the y
component and the 48omponent which were affected by therée lines. The first expression seen is

the xcomponent coil affected by thiaree conductorsvhich is expresseby equation 14.

G,sin] o+——quO2 % @U£l10+w+—@.@l10+—(;,+ @5110+—~ 14

The next expression is thecpmponent which is affected by the three overhead conductors.
The expression can be seen in equation 15.

" - ] Um %, - + U(I) ¥, b+ U(:) ¥, . S e 15
@sin1 0+ — = 00qg o5 Q?@UNTO - ,Q?@WITO -5 ,Q?@AZITO - (15)

The final expression thatasneeded was the 45component which is &tcted by the three
overhead conductors. The expression for this can be seen in equation 16.

(Q_Ssin—| o+ -5 =

06g o5 U“’m@(ﬁwo+—¢)+ubm@wmo+—(})+ 2@;1110+—- (16)
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Simulations

In the computer labMatLabsimulations were rumnd plots of what the graphs are supposed to
look likewere seen The simulation was set up soatall three wires had current flowing in the same
direction and the distance between line A and line C was four feet with line B in the middle. The sensor
was placed ten feet under the wires and the lines were alPb20@ of phase.The diagram fothe

system can be seen Figure22.
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Figure 22: System Diagram

Figure23 shows what the graph should look like when there are no faults present in the power

line systenwith all the wires at 200 Amps
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Figure 23: 200 Amps in all lines
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Now thatit is knownwhat the graph is supposed to look like when there are no fatdtslts can
start to be introducedo determine what the faulty systems will look likEigure24 shows what the
graph looks like when the Amperes in line A are decreased. The more the Amperes are decreased the

more vertical the graph becometgth points on the top left and bottom right acting as the pivot points

It 0 dmns

al 30 Amps

100 Armps

150 Amps
My ot 200 Lmps

He (T)

Figure 24: Decreasing Amperes in Line A

The current being decreasedline A produces a similar effecThe graph again becomes more
vertical and rotates around the same points. This graph however is not as steep and thésgraph

growing ina counterclockwise motion as opposed to a clockwise motion. This can bears€agure25.
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Figure 25: Increasing Amperes in Line A
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Decreasing the Amperes in lindl® glaphstretches verticalland the points on the 2dxis are

the points of rotation. The graph for this situation can be sedfigure26.
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2l 200 Amps 50 Amps 0 Amps

Hx(T)
Figure 26: Decreasing Amperes in Line B

Faults in line B were &0 looked at; when the current is increased in line B the graph grows
vertically. The rotation points are the points on th@¥s. When the current is decreased or increased
in line B the graph grows vertically. This makes it hard to determine whetibdault is because of a

high or low current in line B but the fault itself can be easily séiénis can be seen Figure27.
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Figure 27: Increasing Amperes in Line B
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When faults occur in line C, theagph shows opposite effects of what happened in line A. When

the Amperes are decreased tiégure28 and when the Amperes are increased the graph can be seen in

Figure29.
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Figure 28: Decreasing Amperes in Line C
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Figure 29: Increasing Amperes in Line C
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Laboratory Simulations
The next step ithe project was to simulate a real system in the lathesystem dowrfirst had
to be scaled dowmo a useabldevel. The diagram shown ligure30 was used to model the power

line system.
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Figure 30: System Model

All three lines are in parallel and they are two inches apart. The cube wagptaced 3 inches
under the linedeneaththe center wire. Asystemhad to be built sdhat it would notvary at all
between uses andlso had to beonvenientand have little or no setup timefFigure31 showsthe

implementatia.

Figure 31 Lab setup
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A current of 1.5A was run the same way through each wire, each of these currents Wamif.20
of phase The magnetifield was then read using tEeS y" & 2 NJb ¢KS aSyaz2tha 2 dzi Lidz

amplifierand filter. The output from the filter can be seen on the oscilloscope as showigure32.

Figure 32 Oscilloscope reading

To generate the signals thatere needed two &riacswere usa@. The entire setup of the
generator can be seen Figure33. This system allows for three different phases and allows for two
different current levels by changing thawac. Thignables simulation ddll ofthe fault conditions that
are able tobe detected.
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Figure 33: Signal Generator

The expectedalues that were calculated using equations 14 througledié be seen ifableb.
After running the lab simationsit wasseen that they were much different than the expected values
lot of time was spenthecking and recheckinide circuitry for faulty components Knowing thathe
circuit design had been tested in the lab previous to combining it wittsémesor;it wasrealized that
the sensor must have been fult for such a large difference.h@reforeit wasdetermined thatthe

sensomeeded to be calibrated
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Calibration

The original simulations that weren left a very large error. After analygjthe properties of

all of the components involved, it was determined that this was duiaécsensing coils being very large

compared to the size of an ideal coil, which the calculations were tailored for. When the coil grows in

size, the induced voltage much greater near the top of the coil because it is closer to the conducting

wires. Inversely, it tapers down to a much smaller value near the bottom. An illustration of this concept

can be seen ikfrigure34. The ideal mode Q a

T2 Odza
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KIa
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instead of trying to perfect the equations used and complicate the situation éuribwas decided to

calibrate theexperimental result$o the theoretical values. With a solid set of data foamy situations,

it can accuratelype determined bythe current in the wires by a ratio obtained through the calibration.

To calibrate the system, the same overhead system setup as previously disaassased

. Conducting Wire

=

Inducting Coil

Figure 34: Field Strengths Relative to the Cube

One line was turned on at a time to see that lines effect on each of the three coils. The induced voltage

was measured from each of the coils. The voltageslame currents can be seenTiable3.

45°-
Left Line Middle Line Right Line | X-Direction Y-Diredion Direction
3A Off Off 970mV 560mV 76mV
Off 3A Off 1.10V 272mVv 344mV
Off Off 3A 860mV 59mV 444mV

Table 3: Each Line's Effect Calibration Numbers

The next stepvas to see what the voltages were at the different fault conditions. Every fault

condition was simulated ithe mock power line systemThe measured values for each fault can be

found inTable4. With this knowledgeit was possibletd OO dzNJ G St &
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induced voltages that would indicate specific faults. These bounds were later used in the

YAONRO2YGNRff SNDRa LINPINI YYAy3I (G2 FtlI 3
45°-
LeftLine Middle Line Right Line | X-Direction | Y-Diredion Direction
1.5A 1.5A 1.5A 88mV 220mV 178mV
0A 1.5A 1.5A 460mV 104mvV 210mV
1.5A 0A 1.5A 444mV 290mV 180mvV
1.5A 1.5A 0A 480mV 218mV 172mV
4.0A 1.5A 1.5A 784mV 704mV 138mV
1.5A 4.0A 1.5A 1.07v 300mv 420mV
1.5A 1.5A 4.0A 704mV 272mV 518mV
4.0A 4.0A 1.5A 964mV 624mV 404mV
1.5A 4.0A 4.0A 936mV 304mV 552mV
4.0A 1.5A 4.0A 736mV 752mV 500mV
4.0A 4.0A 4.0A 336mV 672mV 496mV
Table 4: Calibration Numbers for Fault Conditions
Let Line Middle Line Right Line | X-Direction | Y-Diredion 45°-Direction
1.5A 1.5A 1.5A 2.34E04V 6.08E04V 3.49E04V
0A 1.5A 1.5A 6.75E04V 3.51E04V 4.76E04V
1.5A 0A 1.5A 5.27E04V 6.08E04V 4.41E04V
1.5A 1.5A 0A 6.75E04V 3.51E04V 5.21E04V
4.0A 1.5A 1.5A 7.88E04V 1.15E03V 1.03E03V
1.5A 4.0A 1.5A 1.50E03V 6.08E04V 1.13E03V
1.5A 1.5A 4.0A 7.88E04V 1.15E03V 6.78E05V
4.0A 4.0A 1.5A 1.31E03V 1.15E03V 1.22E03V
1.5A 4.0A 4.0A 1.31E03V 1.15E03V 9.55E04 V
4.0A 15A 4.0A 6.44E04V 1.62E03V 8.40E04V
4.0A 4.0A 4.0A 6.25E04V 1.62E03V 9.30E04V

Table 5: Expected Numbers
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Product Results
This prototype was completed on a relatively large sealé wasdesigned for the mock system
that hadbeenO 2 y & (i NdzOG SR ® LiQa K2dzZaSR Ay | tI NBS O02E GAi
allow the user to interact with the board and to showcase the LCD that will display error codes. This unit
is a proofof-concept system that could be mdigid in a number of ways for detection in actual large
scale power systems, wireless transmissamg many other useful features. The unit can be seen in

Figure35.

Figure 35: Final Prototype
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Currently, the code is set to constantly take readings from all lines in succeasidihen
compare them to a temporary variable that stores the largest value obtained during that sampling
period. The peaks are analyzed compared to each other and the proeceakes a decision on the type
2F FlrdzA G GKFdG Aa OldzaAy3d GKS LINRofSYZI Athe [ ye d LG
calibrated numbers for faults and seeing if it falls within rangheimeasurements. Because of this,
there is a possibtly that the system could be unable to determine the cause. In this case, the system
still confirms there is a fault, but no cause is given via a fault code. An example of therercking

system is shown belover a lineto-ground fault

X-Direction Y-Direction 45°
Pk-Pk Simulation Results 460 mV 105 mV 210 mV
Upper Peak Value 230mvV 52.5 mV 105 mV
Codeds Dete 210250 mV 32-53 mV 85125 mV

Table 6: Error Checking System

That buffer will allow for a more reliablestection scheme. If the buffers were too small, the
readings would have to come out close to exactly the santheasimulations. Faults in real systems
gAtt y20 tA1Stfe 0S GKIG LINBRAOGIOE SO h@oPA2dzates
every possible combination of coil readings. However, the code was programmed with a generic fault
F2NI Fye O2YoAyldGAzya GKFd R2yQd RNRLI Ayid2 GKS&S NJ
conditions or more rigorous testing. The curr@nbtotype can detect ten different faults that are

combinations of lindo-line and lineto-ground faults.
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Project Conclusion

The goal of this project was to design a product that could detect faults in a transmission line
system and relay that inforntimn back to a control centerlt was first necessary to gain a better
understanding of how power systems operafEhe general overview of power systems were
researched as well as specific fault conditions that may occur. From thd$e donditions,tiwas then
possible to perform some computer simulations to determine currents under normal and fault
conditions. Since a nanvasive technique was to be utilizedthre product,it wasdetermined that
measuring the electromagnetic fields that were preed by the lines was a good method to
determining faults. Thedxkground researcthat was performeds discussed and analyzed in the

background section of the report.

It was then necessary to understand the companies who would be interested in agbmidiis
type. A market analysis was performed and determined that power companies were the ideal target
market for this product. Similar products were looked at as well to determine the uniqueness of this
product. In this research similproducts wee found but none that were the same. Once this was
determined a customer survey was sent out to a number of power companies. The true scope of the
project was drawn out from the replies of the power companies. Things such as the features, pricing,

siz and maintenancavere established.

The background research that was performed helped determine which modules would need to
be designed. The modules that were designed were a sensor, an amplifier and filter, a power supply,
and a processor. Each modwbas designed for optimal performance including accuracy, low power
consumption and size. Each of the modules was individually tested for their proper functionality before

the full system could be combined together.

The ideal values that should haseme fromthe sensor, amplifier and filtewere calculated
using a number of differerequations These equations were found from various sources and all put
together in this report. These calculations were key to understand the values that shouldabeesabt
and could also be used later to determine the actual current and phase of each of the power lines. A set

of ideal values were determined, which were later used as a comparison.

The final step was to put the sensor, amplifier and filter togethat gest them for their actual
lab simulation numbers. Once these values were determined they were compared to the ideal

simulation numbers. The numbers varied greatly which, in the end, resulted in a calibration of this
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portion of the product. A set afalibration numbers were measured which were then sent to the

processor.

The processor was the able to take in the calibration numbers and determine when faults
occurred. Another slight calibration was needed at this point however because the prodesgped
all of the voltages by another hundred mV or so. In the end the processor was able to display a fault

code for each type of fault which can be used to determine the type of fault.

This project was successful in the essetheeproduct wasableto detect faults in the power line
system and display the fault codes; the simulations thatenenin lab were successful. Howeveunit
to mount on an actual transmission line system or transmit the data wirelassigle to be built The
theoreticd and actual simulations completed demonstrate that it is possible to determine with great

accuracy the type and time of the fault.
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Appendix I: Fault Conditions for Power System Simulations

Appendix | -1: PSpice Code for Power System Simulations

.TITLE SameSim

*eeekkkSource, conductor, switch (fault) and load (A)*******
V11l 0 SIN(O20k60000)

VDA 1200

R120 2 45

L12 3 540u IC=0

*S 3 0 500 ZWIK

* MODEL ZWIK VSWITCH(RON=1m ROFF=1MEG)
*VC 50 0 PULSE(0 10 50m 1u 1u 1 2)

R23 4 5

L24 5 60ulIC=0

VDA25210

R321 6 95

L36 0 5mIC=0

*eekkkkSource, conductor, switch (fault) and load (B)*******
V27 0 SIN(0 20k 60 0 0 120)

VDB 7 300

R4 30 8 4.5

L4 8 9 540u IC=0

*S1 9 0 600 ZWICK

* MODEL ZWICK VSWITCH(RON=1m ROEE;1M
*VC1 60 0 PULSE(0 10 50m 1u 1u 1 2)

R59 10.5

L5 10 11 60u IC=0

VDB2 11310

R6 31 12 95

L6 120 5m IC=0
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*ekkkkSource, conductor, switch (fault) and load (C)****x+*
V3 13 0 SIN(0 20k 60 0 0 240)

VDC 13400

R7 4014 4.5

L7 14 15 540u IC=0

S15 0 700 ZWIK

.MODEL ZWIK VSWITCH(RON=1m ROFF=1MEG)
VC2 70 0 PULSE(0 10 50m 1u 1u 1 2)

R8 1516 .5

L8 16 17 60u IC=0

VDC2 17410

R9 41 18 95

L9180 5mIC=0

ek Magnetic fields on the source side of the fault***x****
Ehx 0 51 VALUE = {(I(VDA28D769231 + I(VDB)*.333 + |(VDC)*0.230769231)}
R50 51 0 100

Ehy 0 61 VALUE =I{¢DA)*0.153846154 + |(VDC)*0.153846154)}
R60 61 0 100

ek Magnetic fields on the load side of the fault***x+***
Ehx1 0 511 VALUE = {(I(VDA2)*0.230769231 + |(VDB2)43883G2)*0.230769231)}
R501 511 0 100

Ehy1 0 611 VALUE =(¢DA2)*0.153846154 + |(VDC2)*0.153846154)}
R601 611 0 100

.PROBE

.TRAN 100m 100m 0 50u UIC
.END
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Appendix | -2: Line to Line to Line Fault at Middle of the Line
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Appendix | -3: Line 1 to Ground Fault at Middle of the Line
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Appendix | -4: Simulation Set Up for Fault 90 Percent Down the Line
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Appendix |-7: Line 1 to Ground Fault 90 Percent Down the Line
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Appendix II: Fault Transitions

Appendix Il -1: Line B to Line C Source Side
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App

endix Il -3: Line to Line to Line Source Side
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Appendix Il -5: Line B to Ground Source Side
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Appendix Il -6: Line C to Ground Source Side
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