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Synopsis

Synopsis

Pole mounted transformers (PMT) in rural areas gresn opportunity for local
utilities to do current monitoring on these systeifisese transformers are exposed to
abnormal amounts of stress due to the vast poweadeé in these areas. The aim of
this study is to develop a more cost-effective dora monitoring system. Transformer
current monitoring can be a dangerous practiceoifdone by suitably trained utility
electricians. Hence this study is partly aimedhat ¢limination of hazardous working

environments associated with manual electrical nreasents.

An investigation to determine a safe and cost-&ffecway to obtain the electrical
measurements required from PMTSs is undertaken.oAlth current measurements can
be done with a current clamp-on meter, these meamnts still take place at the
phases of the transformer and are unsafe. Thehildgsdf implementing wireless data
gathering on current clamp-on meters is therefaovestigated. This is made possible by
a wireless sensor node (WSN) which gathers infaonand transmits it wirelessly to
a WSN base station.

This wireless solution is battery powered, necassij battery replacements, therefore
leading to the investigation of magnetic fields, gmetic materials and magnetic
induction. A current clamp able to generate a highage (HV) output with minimal

magnetic field strength is developed. The magriagids produced by the transformer’s
phase cables are used to generate an alternatiliggero With the help of a

microcontroller and an energy harvesting circtits tvoltage is converted and used to
charge supercapacitors. The magnetic fields aceusled to determine the current flow

in the transformer phase cables when the devicetig energy harvesting mode.

The device will then undergo comprehensive laboyatiesting to determine its
accuracy and durability, and is then used to dal‘lée’ current measurements, the
results of which are compared against an off-tretgsturrent monitoring device.
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Chapter 1

Introduction

Public service corporations spend a substantialuatmof capital each year on the
purchasing and maintenance of electrical distrdyutiransformers(Khawaja, et al.,
2013). These transformers form the backbone oh#tm®nal power grid, consisting of
thousands of transformers, ranging from the povesregation phase to the distribution

phase.

Malfunctioning of distribution transformers, as Wwa$ unscheduled downtime, causes
local utility companies to receive numerous compkairegarding production losses,
spoilt food products and claustrophobic reactionsfindividuals in lifts. Failures can
also cause life-threatening situations, like matfioning traffic lights and fire alarm
systems, and inconveniences experienced by peojle disabilities who rely on
electrical devices for their basic needs. The impmHcsuch power failures on the
community is so great that it is impossible to aately determine the financial
implications of the outage caused by one transforihés therefore the responsibility
of the local utility to effect immediate repairs @me faulty transformer (Voss, et al.,
2005).

Due to a lack of information pertaining to the agigrg condition of transformers, a
self-sustainable condition monitoring system isposed as a possible solution to this
problem. This system will make use of a WSN, whgathers relevant information

about the transformer, in order to be able to ptexirrent health states.
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1.1 Problem statement

lllegal connections (electricity theft) in informakttlements results in overloading of
low voltage (LV) networks (Suresh & Elachola, 2000his causes transformers to be
loaded beyond their design specifications (Swanbkea & Shafrir, 2012) resulting in
excessive thermal stress leading to a significaduction in life expectancy. lllegal
connections may also result in a short circuithie hetwork, causing decompression of
the transformer windings, friction and possiblyuattier short circuit created between
the windings(Wang, et al., 2002).

Dissolved gas analysis (DGA) is a proven testimcedure used by electrical utilities
to perform condition monitoring on transformersisTaystem enables the utility to test
the transformer by analysing dissolved gasses enothof the transformer, allowing
early detection of faulty conditions. The DGA tegtiprocedure is limited, in the sense
that it can only be used on more expensive povaasformers, and not on smaller, dry-
type power transformers (Catrinu & Nordgard, 20Iy-type power transformers are
greatly influenced by partial discharge (PD) (Wedeal., 2000)— a process that occurs
when an electric field overpowers the dielectri@sgith of the transformer’s winding
insulation. Potential causes for this are overag®t over current, lightning strikes, or
natural insulation deterioration over time (Juddle 2005).

In order to prevent such breakdowns, transformeggiire some form of monitoring

while in operation. Typical monitoring systems dalpaof detecting PD problems are
not cost-effective when it comes to smaller, dnyetytransformers. This is due to the
fact that the purchasing cost of the measuringesyshay even exceed the value of the
transformer, making this an unfeasible option (\&eet al., 2000). This suggests room

for improvement in information gathering systematexd to smaller transformers.

In order to perform daily measurements on dry-tipp&Ts, an operator would have to
climb up the pole and physically take the measurgsndn so doing, he would be
exposed to hazardous situations, such as eledawacaind falling from the pole

mounted platform (Catrinu & Nordgérd, 2010).



Wireless Transformer Condition Monitoring System
Chapter 1 - Introduction

Transformers have an expected lifespan of a fevadks; and the ability to monitor
current and predict failure of HV power transforsies very important for energy
utilities (Hong, 2009). Time based maintenance asplacements are required on
power transformers; however, this is not feasibléhe current electrical industry. Such
transformers are large capital investments, netegisg) monitoring. Online monitoring

as well as condition based monitoring is now beisgd more frequently (Saha, 2003).

The development of a wireless current monitoringteay, able to be positioned on the
transformer, is proposed in this thesis. This deviwill take regular current

measurements and transmit them to a remote locatioich will eliminate some of the

safety hazards usually associated with traditiomahitoring techniques(Mughal, 2008).
In order to successfully monitor the operationalrent patterns of the transformer
remotely, a number of measurements will have ttaken. Therefore, a WSN is used to
take the measurements and continuously monitaraimsformer. The TelosB WSN has

low power consumption, a user-friendly interfaaced avireless capability.

However, attached to this proposed solution, igtieblem that the WSN is likely to be
battery powered. Battery powered devices requigeleg battery replacement, thereby
negating batteries as the power source of the Wi\t al., 2004). Energy harvesting
is therefore proposed as a possible solution sogteblem. If this approach is feasible,
energy can be harvested from the environment andipuated to power the

monitoring device. By successfully monitoring H\&nsformers over a period of time,
the information gathered can be used to determperational current patterns and
provide an accurate and reliable source of infoionato local utilities. Successful

implementation of this system would allow for urdseen failures and transformer

downtime to be minimised.
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1.2 Problem approach
An accurate, wireless, current measurement systapgble of monitoring a 100kVA
PMT, without the need for routine maintenance, viaé designed. The following
guestions will be answered:

¢ What are the normal operating conditions of a oRMT?

e Can an accurate current sensor be developed foptbject?

e Which WSN is best suited for this application?

e What are the power requirements of the end nodth&®WSN?

e Which energy harvesting techniques are best stoteithis application?

e Can the energy harvesting source deliver suffiosgr@rgy to power the system,

if connected to a 100kVA transformer, in a ruralieonment?
e Wil this wireless system be able to accurately sne@ current in the field,

when compared to similar commercial products?

A thorough literature review will be conducted oansformer operation, in order to be
able to identify the reasons for transformer mailfions, and create a clear
understanding on typical transformer behaviour. @wlysing a few PMTs, typical

operational patterns can be observed, allowingHeridentification of areas of stress
that PMTs typically endure.

In order to log this information successfully, aastrsensor will have to be installed on
the transformer. If possible, typical operationtg@ats can then be documented, which
may lead to more effective maintenance scheduldeasvent unnecessary damage to
transformers and neighbouring devices. Thereforgy2N is chosen, which can be
programmed to act as a central computer; havinglfigy to control electronics for
energy harvesting as well as current measuremehiter data collection, the
information will be remotely transmitted to a loggistation for further analysis.

The focus of this thesis revolves around two maspeats — accurate, sustainable

measurements, and providing the WSN with a constadhtreliable source of power.
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1.3 Outline of thesis

The layout of the remaining part of this thesiasgollows:

Chapter 2: This chapter covers a rural distributi@twork and illustrates the normal
loading conditions of a typical PMT. Possible causetransformer failure
are identified, with overloading highlighted. Thangiers associated with
current monitoring procedures are also investigaialver quality of a
typical rural environment is defined, focusing astartions of the current
wave and techniques required for accurate measuatemeExisting
measurement systems, various WSN systems, andyehargesting and
storage techniques are evaluated.

Chapter 3: Here, the design specifications of thenitoring system are discussed,
which includes all relevant information pertainitgthe PMT, and block
diagrams illustrating the building structure foretimeasurement current
transformer (CT) as well as the electronic cirguiissociated with the

energy harvesting and current measurements.

Chapter 4: This chapter is divided into three ms@ctions. The first section begins
with a study on electromagnetism, covering magnégids, magnetic
materials and magnetic induction. The design ofGfieis then discussed,
covering its material selection, manufacture arstirtg. The second section
explains the electrical circuit of the CT and hawmplements smart power
control, transforming alternating current (AC) irdoect current (DC) for
storage purposes, and looks at the way in whiclctineent measurements

are done. Laboratory testing of the system is caver the third section.

Chapter 5: Here, the calibration procedure is desdr and the results of a comparison
between the wireless current measurement deviceaanddustrial CT are

shown, in order to verify accuracy and repeatabilit

Chapter 6: This chapter describes field tests donan actual transformer when it is
supplying power to a residential area in Paarlhwlite aim of proving the

measurement technique and energy harvesting concept

Chapter 7: Here, the conclusions of the study eae/d, and proposals are made with a
view to future improvements that could be maddéneoronitoring system.
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Chapter 2

Characteristics of condition monitoring system

Distribution transformers are passive devices withmovable parts, therefore they
require little care and maintenance, resulting insimple, rugged and durable
construction (Anon., 1977). Although the designdigable, these devices still have
their limits, including voltage spikes, over curreinansient vibrations and temperature
violations(Brittian, 2012)(Kim, et al., 2011). Pection against such issues increases a
transformer’s lifespan, however, factors such amdmw error, rodents and system

deterioration with age can still have an impacth@ir operation(Hemming, 2012).

When a new section of land is developed for urbsega, the entire area is evaluated
and the amount of inhabitants predetermined. A pqlen is then developed which
will determine the amount of power required perdehold. In addition, some leeway
must be provided for future development in the akesathe growth rate of the area
increases as much as 16% (Gaunt, et al., 2012pess tthe power usage over time.
According to the City of Cape Town Municipality,tgpical power plan will provide
room for development for at least fifteen yearseratvhich the energy consumption

must be re-evaluated and adapted.

The South African power grid is facing the realdyillegal power connections and
excessive loading in informal settlements (Gaurit,ak, 2012). Although these
settlements also have a need for power supplypadlaer lines initially installed for the
community are only sufficient for the planned powdemand. As the informal
settlement develops, more power outlets are reduiaed the local utility cannot
always provide on such short notice. This typicatpuses the community to take
matters into their own hands and install their gwawer outlets. As the demand for
household power increases, individuals start toinép the live power line (Gaunt, et
al., 2012), resulting in the initial power plan lemger being valid and the fifteen year

period decreasing dramatically.
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The dense housing structure of these informaleseéihts therefore increases the energy
demand, and transformers are easily overloadednattle first few years of instalment.
In order to prevent the overloading of PMTs, maexgfient information regarding the
loading state of these devices is required. Thidysfocuses on PMTs with a power
rating of 100kVA. In addition, a data monitoringssym must be developed in order to

collect the data from the transformers.

2.1 Typical power grid layout

In order to gain a better understanding of the l@rabthe following section provides a
brief overview on where exactly the problem is &ied and on what sector of the
power grid this study will focus on. A general powed layout is shown in Figure 2-1.

Power Plant Transmission lines

Switch yard

e ) AHED SR

1

0

Hinflng
LA L

Pole Transformer ‘

A jmi] jun] Ooooooooao
HE e —

Substation Distribution lines Residential and urban area

Figure 2-1lllustration of a typical power grid, asdrawn from (Chambers, 1999)

The power generated from the power plant is trariegovia transmission lines —
overhead cables used to transmit HV electricitg the switching yard and substation.
The latter regulates the voltage coming from thetching yard, and incorporates
distribution transformers that step down the vatadhis voltage is still of such
magnitude that it cannot be used by industry, wiscthen fed into distribution lines,
being either overhead or underground cables. Owadrhees tend to be more
favourable due to cost effectiveness(Chambers,)1999
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The distribution lines then carry the electricilyRMTs situated in residential and rural
areas, which step the voltage down further fromVidkwn to 420V. The secondary
side of the PMT is connected to the grid that ptesipower to meet the demands from

the industrial, urban or residential areas (Chas)de399).

The information on PMTs, shown in Figure 2-2, wasvped by the Matzikama
Municipality, and illustrates the different typed 8MTs currently used in the
Matzikama Municipality district. Here it can cleatbe seen that PMTs are generally

used to supply power to the towns in this particdlatrict.
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Figure 2-2PMTs in Matzikama district

The transformers in Figure 2-2 are from five défat towns in the Western Cape. By
analysis, the amount and types of PMTs being usetid field in one district can be
seen. Currently, there is no monitoring being dame any of these transformers
(according to the electrical department). Therefdhe overall condition of these
devices is unknown. PMTs are the most common chafiteansformer for installation

in informal settlements. The reason for this id thase settlements are usually situated
in unstable sections of land that are vulnerabl¢éheorisk of flooding (Gaunt, et al.,
2012). Hence the safety of the community and weihy of the transformers is a
problem that the local utility is faced with dailyVhen these transformers suffer
extensive damage, they become a danger to theowutings due to the possibility of

electrical shocks and fires (Hemming, 2012).
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2.1.1 Transformer loading profile

The City of Cape Town Municipality was contactedd aan interview conducted in
order to receive first-hand information on the &sunentioned in the previous section.
In so doing, it was possible to observe the physlata of two types of transformers,
each from a separate location. This is done to lotdpify why the problem of
transformer overloading is increasing. Figure 2s3ai typical loading profile of a
200kVA PMT, being the main supply to a small comerarand residential area. The
transformer was monitored for the duration of oreary with half hour sampling
intervals. This gives a general idea as to howtthesformer is loaded, and helps to

provide clearer insight on the typical stress fectowill endure under operation.
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Figure 2-3Loading profile of a 200kVA PMT in comuial sector

Here it can be seen that the average currentngaisiough the secondary phases of
the transformer is around 100A (indicated by thekelared section). This graph also
indicates the overloading magnitude of this tramsr. The peak current increases
between May and October, rising from 250A to a mmaxn of 350A. By calculation it
was determined that when the transformer is opeyadt 100% the total secondary
phase current should not exceed 266A, meaningatieatrent of 350A is substantially
more than its designed operational range. This phés transformer at risk of
overheating and consequently deteriorating the ivgndielectric.
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Figure 2-4 is a loading profile of a 200kVA PMT wsted in a rural area, where the
average secondary phase current is also around. I0@Aaverage current flow profile
IS more or less the same than that of the trangforfmom the commercial sector;
however, there is a big difference in the overlagdif the transformer. Notice that the
loading profile in Figure 2-4 is not what would iyally be expected from an informal
settlement in the City of Cape Town district. Thading profile presents higher energy
consumption during the summer months from Decentbbtarch which is unexpected,
as this is the summer months where less lightimgheeating is required. The exact rural
area where this transformer is from is unknownydfoge it can only be speculated
what the cause is for this unexpected rise in gndegnand. Take note that rural areas
are high risk areas where floods and fires ardyliteoccur. If a fire or flood broke out
where this study was done, it could easily affaeténergy usage of that area(Gaunt, et
al., 2012).
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Figure 2-4Loading profile of a 200kVA PMT in ruissctor
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Here it can be clearly seen that the transforméeisufrom overloading. This occurs

for eight of the twelve months, i.e. between Octalyel May. The maximum secondary
phase current reaches a peak of 450A meaning lilgatransformer was driven well

beyond its rated capacity.
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According to the municipality, the loading profilleduced onc an additional
transformer was installed. However, with the additof this transformer to the grid, t
old one still remained in operatic

The fact that this transformer has been operatgdrokits design specifications me:
that severe damage maave been caused to the internal winding dielecti@refore
by not replacing the old transformer, a weak lirdls mow been created in the grid
the load were to increase further, the old tramsér might fail, and the ne

transformer would then hato supply the entire load, placing it now at rigkanlure.

The overloading experienced by the two transfornadrsve accelerates their age
and increases the possibility of premature failunence the need for conditi
monitoring. The implemention of such monitoring would enable electrical tigB to
keep track of the loading of their transformers ammmmission upgrades befc
unnecessary damage is cau

2.1.2 Household power loading profile

This section investigates the loading of a PMT inesdential area, with the Sou
African residential profile provided by Eskom. Aailar graph is shown in Figure5
which illustrates the key energy consuming compténmodern day SouiAfrican
household¢Eskom, 2011.

E Cold Storage 5%

B Space heating 16%

= Laundry 3%

E Other cooking 1%

E Stove and oven 7%

E Lights 6%

= Geyser 39%

= Pool pump 11%
Other 12%

Figure 2-5South Africanesidentia loading profile, as redrawn frorfEskom, 201:
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Here it can be seen that up to 55% of the totalggnesed in a household is consumed
by heating appliances. These mainly comprise sp@eting and geysers for water
heating. Furthermore, in Figure 2-6, the daily esagtterns of different household

appliances on a typical summer day are shown (Atétal., 1999).

40
35 . .
g 30 lAl-r conditioner
S 5 m Dish washer
'cgs 20 = Washing machine
£ 15 H Lighting
8 10 B Fan-ventilation
5 - H Television
0 T Water heating

Hours

Figure 2-6Daily energy usage on a typical summaey, @a redrawn from(Atikol, et al., 1999)

Here it is shown that the peak power consumptiostrikely occurs between the hours
of 07h00 and 11h00. The second peak is then fronDA&o 23h00, reaching a
maximum at around 21h00. As the energy consumpisodirectly linked to the

transformer, the maximum residential load at 21h@$ans that the PMTs are most
likely operating at or above their maximum powetings at this time. Therefore,
condition monitoring during these peak periodsfisital importance. Notice that start
and end energy usage of Figure 2-6 does not lineugxpected. This is not of
significant importance as the main focus of thisstration is to determine which

appliances are likely to be operational duringaiarperiods of the day.

2.1.3 Transformer failures

A large number of national power grid transformems operated beyond their specified
design lifetime. This offers financial benefits ttee local utility; however, the main

reasons for this are the mixture of aged and ndvesrsformers as well as limited

resources. An aged transformer will not necessambifunction, but the loading

conditions it will endure are unknown.
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Previous incidents may have weakened the windimdediric, hence weakening the
transformer, and therefore creating a potentialkwis in the power grid (Chambers,
1999).

Transformer malfunctions occur when it can no longandle operational stresses.
Beginning from its initial installation, a transfoer is introduced to thermal,
mechanical, chemical, electrical and electromagnstresses. All of these factors
contribute toward its deterioration(Khawaja, ef 2013).

Transformer deterioration may result in:

e a decrease in dielectric strength, i.e. reducirey dhility to resist short circuits,
lightning strikes and switching impulses inducedlos line,

e areduction in the ability to withstand mechantealsion,

e exposure to thermal conditions, i.e. a circuit tbatries current no longer has the
ability to withstand overload conditions, and

e electromagnetic energy transfer implications, peoblems with energy transfer

when occurrences like overloading and over-exaoitatake place.

Transformer failure is most likely to occur wheneowf the above mentioned

parameters are exceeded during operation (Chamit@98). The system components
of power distribution transformers are shown in [€ab-1. Here the various stresses
transformers are exposed to as well as the posgbldting defects, faults and failures

can be seen.

This study will focus on the electromagnetic and turrent carrying circuits of the
transformer. Table 2-1 shows that transformers mdiye have problems with
overheating. Increases in temperature relate trert decrease in the life expectancy
of the transformer. Increased temperatures resutisulation deterioration and failure
(Khawaja, et al., 2013). Short circuits are the maause of overheating in a

transformer, which would not occur if the condudtmulation is intact.
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Table 2-1Transformer system components, defectfailndes(Chambers, 1999)
Possible Defects

System Components
Dielectric System

e Major insulation
e Minor insulation
e Leads insulation

e Electrostatic screens

Abnormal oil ageing
Abnormal paper aging
Partial Discharge
Excessive water

Oil contamination

Surface contamination

Fault and Failure Mode
Flashover due to:

e Major insulation
e Minor insulation
e Leads insulation

e Electrostatic screens

Mechanical System
e Clamping

e Winding

e Leads Support

Loosening of windings
Loosening of  winding

clamps

Failure of solid insulation due ta
e Failure of lead support
e Winding displacement (radid

axial twisting)

A

Electromagnetic circuit
e Core

e Core winding

e  Structure insulation
e Clamping structure
e Magnetic shields

e Grounding circuit

Circulating current
Leakage flux
Aging lamination

Short circuit

Excessive gassing due to:
e General overheating
e Localized overheating
e Arcing discharges

e Short

winding conductors

circuited turns ir]

Current carrying circuit
e Leads

¢ Winding conductors

Bad joints
Bad contacts

Contact deterioration

Short circuit due to:

e Localized overheating

2.1.4 PMT monitoring procedures

Condition monitoring on PMTs require current loggimeters which have to be
permanently implemented on the transformer. Dataldvthen be downloaded from the
device at regular intervals and the power souregtékies) regularly replaced. This
monitoring system would not only be time consuming the utility personnel but

would also be at risk of being stolen or vandalidedaddition, if there is no power
access point at the bottom of the pole, the dovdigp of data and battery
replacements would have to take place fairly clasdhe transformer’s secondary
phases(ABB, 2013). Figure 2-7 shows how the ctiireRMTs is typically measured.

Access is usually gained via a ladder, as the foamers are mounted on poles of

approximately 5m from ground level, which places tiperator in danger of electric

shock or falling (Mughal, 2008).
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Figure 2-7Utility worker performing routine transfoer measurements(Mughal, 2008)

This study will focus on these transformers fordion monitoring. Note the enlarged
section of the transformer in Figure 2-8 — herevieere utility workers will have to
climb to in order to take current measurementfi@tphase cables. These phase cables
are only insulated up to the connection point dral ttansformer terminals are open,
therefore there is a good possibility of electimak due to the unsafe access to the
terminals. In addition, distorted current wavesduwed by various load types also

present measurement problems, and will be discusgéeé following section.
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Figure 2-8PMT taken in the Matzikama district Mupality (Lutzville)

2.1.5 Typically expected urban load harmonics

Harmonics associated with urban settlements carather similar to those associated
with informal settlements. This section comprisbse¢ studies on expected total
harmonic distortion (THD) levels in urban areas.

The first study determined the voltage and curdestrtion levels at seventy-six sites,
ranging from pump stations, oil refineries and camity colleges. Data collection was
done by random spot checks lasting between onevdéo hours. Within this time,
measurements of harmonic levels are taken at omeitenitime intervals or faster,
depending on the rate of change in the respectoadsl It was shown that
measurements taken at motels and pump stations ohastly represented urban
loading environments, generating THD levels up maximum of 3.4% (Govindarajan,
et al., 1991).

The second study determined the power system hacmevels on seven different
distribution circuits, which are exposed to varidoad types, ranging from residential
to industrial. Data collection was done over a @erof one week, with measurement

time intervals of one hour.
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The first location was a purely residential loadd aepresents the typical harmonic
profile the measurement CT would be exposed td) thié maximum current distortion
ranging between 1.84% and 3.45% (Shuter, et 889)19

The third study determined the harmonic current adtage levels present in
commercial, industrial and residential customeratalcollection was once again done
over a period of one week. It was shown that apamtnibuildings (residential load)
displayed an almost repetitive characteristic amticated that a maximum THD value

of 6.38% was detected during this measurementgh@&roanuel, et al., 1993).

According to the three surveys above, the harmorezpected in residential
environments are somewhere between 1.84% and 6.B8&.next section covers a

physical harmonic measurement taken in a residearga.

2.2 Harmonic measurement
This section focuses on current measurements tamkétaarl — a small farming and
residential area near Cape Town — where harmonidba system and the different

techniques used to take current measurementsewlbhsidered.

2.2.1 Field measurements on a distribution transformer inPaarl

Current waveforms produced by AC power systems gaeerally assumed to be
sinusoidal. However, when these systems are exptsedifferent load types —
consisting of variable speed drives, data procgssamtres and personal computers —
harmonics are introduced into the system, whictodishe pure sine wave(McEachern,
1993). Figures 2-9 and 2-10 show current measuresragome on a local residential

transformer.
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Figure 2-10Phase current measurement during peakge

The above waveforms were measured at a mini sudostat Paarl — achieved by
connecting a current clamp to a secondary phaskeofransformer and capturing the
data by a Fluke 43 power quality analyser. Figu shows a heavily distorted wave
with a THD of 9.9% which was measured between tloenmg hours of 07h00 and
08h00. By referring back to Figure 2-6, the typitds that can be expected during
this time are likely to be a mixture of washing miaes, fans, televisions, water heating
and refrigerators, all of which (bar water heatihgye the potential to load the system

with harmonics(Sumper & Baggini, 2012)(Arrillaga\&atson, 2003)(Cyganski, et al.,
1989).
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The waveform in Figure 2-10 was taken between tlenmg hours of 09h00 and

10h00. This wave has a THD of only 3.3%, exhibitiegs distortion than the waveform
in Figure 2-9. This may be due to the fact that nvttee wave was captured, the total
burden placed on the transformer was more resistieto heating elements, which is

characteristic of the peak power demand perio@ésiflential areas.

2.2.2 Current measurement techniques dealing with harmords
This section discusses the various types of cumerdsurement techniques available.

Each technique provides a different outcome, wrgchvestigated.

2.2.2.1True RMS measurements

True RMS can be described as the heat generated avkheltage is applied across a
resistive load. Therefore, in order to measure fRMS, a thermal detector is used
(Deyer, 2001), which, according to(McEachern, 1983)he most accurate method. By
using the heating method, the measurement is takena time interval (usually in the

order of minutes) where a steady voltage is requifée time taken (time constant) to
measure the true RMS value is a critical factor.rdvicecently, however, a digital

method can be used which makes use of samplinyat$eto measure the magnitude of
the signal. For accuracy, the sampling rate musbriee hundred times the operating
frequency, and the following equation is implemeniie order to calculate the RMS

value of the signal(McEachern, 1993).

/M 24 My2%+ M2
TTueRMS - 4 -z 7 x 1\2, = (1)

Where:

Truegpys True RMS value

M,? M,% M,* Measurements taken and squared with itself
N Number of measurements taken

The sampling rate would therefore be 5kHz on theittfscAfrican power grid,

necessitating one hundred samples to be takenayeriod of twenty milliseconds.
The processor then converts each sample to digitalat, which are then squared. At
the end of the time period, the squared valuessanemed and divided by the total

number of samples taken in order to calculate thamvalue.
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The RMS value is then determined by taking the smuaot of the mean value
(McEachern, 1993).

2.2.2.2Average RMS calibrated

This method determines the average value of afiegttsignal. When dealing with
purely sinusoidal signals, the average value medshy the device can be scaled to
RMS by multiplying the average with a constant K.£1 (Deyer, 2001). Digital meters
that use this method are the most common meterawicels, according to (Deyer,
2001)(Bakshi, et al.,, 2008)(Jones, 2008)(Anand, 6200However, accurate
measurements are only possible if the signal iglpwginusoidal. Therefore, errors are

introduced when harmonics are present.

2.2.2.3True RMS to DC Converter ICs

Two RMS to DC converter ICs from different manutaes are compared. The first IC
is the LTC1967 from Linear Technology. This usessigma-delta computational

technique to calculate the true RMS value, is &bl@perate from single rail supplies at
4.5V - 5.5V and 330pA, bandwidths of 500kHz and lineaaityl gain error readings of
0.5% — 1% (Williams, 2012).

The second IC is the AD637 from Analogue Devicescdkding to the datasheet, this
device uses a monolithic RMS to DC converter. i ba used to compute true RMS
values from fairly complex waveforms, is able teemgie from a rail-to-rail supply of

3V and 2.2mA, a bandwidth of 800MHz and a totabemeading of 0.02% — 0.1%

(Analogue Devices, 2012).

The accuracy of both ICs are fairly close by congmar, however, the operating

bandwidth of the AD637 is greater than that of tH€1967. The operating frequency

of transformers in South Africa is around 50Hz;réfere, the bandwidth of both these
devices is more than adequate. However, accuraasureaments are not only expensive
but also have high power consumption. Accordin@8Components (local electronics
supplier), the LTC1967 would cost $7.47 (US) peit amd the AD637 as much as

$122.64 (US) per unit.
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2.2.2.4Measurement comparisons

Table 2-2 illustrates the different waveforms thay be implemented on the current
measurement system and shows the values of true RId&ings. In addition, a
comparison is made in order to determine the pé&agenerror reading experienced

when using alternative measurement strategies.

Table 2-2Comparison of techniques for AC currerdsneements(McEachern, 1993)
Average Error %

Wave Forms Description True RMS

RMS calibrated

/\ /\ /\ Sine wave 100A 100A 0%

VARVARV/

|_||_||——||__||_—||__| Square wave 100A 90A 10%

/\ /\ /\ Sawtooth Wave | 100A 103.3A 3.3%

\VARVARVY

Here the effect of a pure sinusoidal waveform andtiferent measurement techniques
is illustrated. Provided that the waveform does betome distorted, all of the above
techniques are adequate for current measuremersn \tthe input wave deforms, the
average RMS calibrated error percentage incredsas. RMS measurements are the
most accurate, but are also the most expensiveoaEtletcher, 2004)(Fletcher, 2012).

2.2.3 Available transformer monitoring systems

A list of devices available for this current momibtg application is shown in Table 2-3.

The current range, accuracy, and operating lifeferdevice are of utmost importance.
The Fluke and CL600 loggers both have a large otigperation range and are fairly
accurate over the entire measurement range, méhkémg suitable for transformer data
monitoring applications. The first three deviceséha built-in memory which can be

useful. The fourth device has no internal storagpability, but uses an alternative
powering method providing a longer operational siifan. The Fluke is the most
advanced and by far the most expensive meter aof #ie However, it is not necessary
to use such expensive metering equipment for cumemitoring. The perfect solution

will be the most cost-effective one, while stilbpiding accurate measurements.
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All of the meters in Table 2-3 are fairly relialde current sensing devices. The EcoCT
makes use of wireless communication to transmit mheasured data from the
installation point to an Encocean receiver apprataty 30m away. This eliminates the
danger of electric shock and falling from a ladder.addition, it uses magnetic
induction from the primary energy source (curreatrying conductor) to generate its
operational power, therefore eliminating the nesdtteries and allowing it to operate
in the field for a number of years before serviamgeplacement is required.

Although the accuracy and value of the device tsspecified, it is clear that WSN is in
a league of its own and cannot be compared to nhaneasurement methods. WSNs
and the development of a self-sustainable transgoandition monitoring system will
therefore be the foci of this study.

Table 2-3Transformer monitoring systems(Fluke, 202rodaq, 2012)(Ecologix controls Itd,
2012)

Device name Fluke 43 B (TOU) CT logger €1600 AC
current clamp
_ Power quality o Self powering
Device analyser, Monitoring of AC Current logger | wireless current
Description MultiMate and electric loads 99 .
. monitor
Oscilloscope
Phases Single Single Single Single
0 — 1400A rms
Range 0 — 2000A DC >0.25A 0 — 600A 1 - 100A
True-rms current 0—400A £ 2%
Accuracy (AC+DC)x1% | VA 400 — 600A £ 5% | VA
Records two
Storage selected Stores 32 000 datg Stores 240 000 Transmits data
Capacity parameters for 16 | points data pointes every 1 — 30s
days
RS 232 interface | USB interface with RS232 Simole Wireless telegrani
Data Interface with Power Log SMART view P and Ethernet
Logger Software
Software software gateway
Wireless | \ja N/A N/A Available
Communication
Induction
Power Source Battery powered Battery powered Battery powered powered
Price $5177 (US) $189 (US) $570 (US) N/A
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In Sections 2.1 and 2.2, it has been explained @dndition monitoring devices and
energy harvesting are the safest way to implementect monitoring on PMTSs.

Literature has suggested that average RMS calloras a plausible solution for
condition monitoring on PMTs in residential arescording to the literature and field
measurements, the average RMS calibrated curretdr mpeovides accurate current
readings, within its limits. It has therefore beeecided to design a cost-effective
transformer condition monitoring system, which lest¢ energy from the current

carrying conductor, and measures current via tleeage RMS calibrated method.

2.3 WSN - an alternative transformer monitoring solutian

WSNs are best suited for applications with longrapenal lifetimes and can be
applied in large densities for a considerably lowstc(Polastre, et al., 2005). Each
sensor node has an internal processing unit wHiolvathe gathering of information

from the environment. The device wirelessly trarisnine gathered information to a
receiving base station, which processes the regenfermation and determines if any
irregular occurrences have taken place over thetororg period (Tian & Georganas,

2002). For all of these reasons WSN is considdnedbest solution for the condition

monitoring of transformers. A list of typical WSIgg@ications is shown in Figure 2-11.

Home Automation
e Energy management

e Security
Health Care e Access control Industrial Control
e Fitness sensing e Process control
e Panic detection e Automation

e Emergency response e Surveillance

WSN Applications

Other Monitoring Consumer Electronic
e Animal Species e Remote control
e Environmental e Toys and games
e Earth quake Hazardous e Unmanned driving
e Chemical
e Biological
¢ Nuclear

Figure 2-11Typical WSN applications, as redrawmfr@e Villiers, 2009)
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2.3.1 Types of WSNs

A comparison of WSNs is shown in Table 2-4. Thes@abs are able to communicate
via the IEEE 802.15.4 international broadcastingndard, which enables the
transmission and reception of information packafyesn additional nodes — in this
case, the transmission of transformer data. A fisavdly interface allows for easy
communication to the device. The USB interface Wsathe device to be powered from
a computer which has two benefits — namely, theaipe can easily access the data,
and program the device. LV operation and high ésblution ensures a cheap and easy
power supply design and accurate readings to bentédom the analogue to digital
converter (ADC). An important feature is the alilib use an easily accessible board
layout, which allows the simultaneous use of midtipensors, thereby harnessing the

full potential of the microcontroller on the WSNagform.

The TelosB WSN is chosen as the operating platfiemthe condition monitoring of
PMTs in this study. The explanation of this chdméows.

Table 2-4WSN comparisons(Anon., 2012)(AE Sensdi)@non., 2012)

WSN types

Wireless properties

TelosB

250 kbps 2.4 GHz
IEEE 802.15.4 License

3DM-Gx2

2.45 GHz
IEEE 802.15.4 License

G-link - mXRS

2.4 GHz
IEEE 802.15.4 License

Micro controller MSP 430 N/A N/A
Integrated circuitry ADC, DAC ADC ADC
Wireless 25 m Indoor 20 m 70 m
Communication range | 125 m Outdoor 2000 m

Humidity Accelerometer, Gyro
Accelerometer
On-broad sensor range | Temperature Magnetometer
. Temperature
Light Temperature
Bit resolution 16 Bit 16 Bit 12 Bit
USB, RS 232

Interface options

USB, UART, RS232

USB, RS232, RS422

Analogue, WSDA

External plug-in
options

ADC, GIO, UART

N/A

N/A

Operating voltage

2.1-3.6Vdc

5.2-9Vdc

3.2-9Vdc
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Although the devices in Table 2-4 all appear tarbéhe same range, the TelosB seems

to be the most suitable WSN for transformer momtprThis device has:

¢ a sufficient data transmission range, enabling essfal wireless monitoring,

e a 12 bit resolution, meaning that the ADC will pic an accurate data output,

e onboard access to general input output (GIO) mnabling the programmer to set
certain pins of the microprocessor to a high or sdate as required, and

e external ADC pins, allowing easy voltage conversion

2.3.2 WSN framework
The development of wireless sensors was initiateth@ University of California in
1999. WSNs consist of basic hardware units — nantbly processor, radio module,

memory, power units and sensing unit, shown in fei@12

Power Source

v
Energy Storage Software

%)
)
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Figure 2-12Basic construction of a WSN, as redréwm (Jun Zheng, 2009)

The key components of the WSN will be used in tesigh procedure of a PMT

condition monitoring system, and are explainedngyfollowing.

e The power unit supplies the power that keeps theNVéStive. This power is
harvested from various sources, e.g. solar, winezoglectric, biochemical and
magnetic flux.

e Energy storage allows the WSN to be continuoushraional. This usually comes
in the form of two AA batteries, providing the WShith approximately 3V for its
integrated electronics.

e Sensors are devices that retrieve information ftbenenvironment in the form of
analogue data, and are found in all shapes and.sizpical sensor types used in

WSN are temperature, sound, pressure, vibratioriginid
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e The ADC function is used to convert the analogua flam the sensor into twelve
bit digital values for data processing.

e The processor is a low powered microprocessor dedigfor computational
purposes. Forming the ‘brain’ of the device. Itirols the program execution, radio
protocols and sensor operation.

e Transmission of data is achieved by a communicaialio system, enabling data
packages to be transmitted and received wirele$sig. component has a drawback
in that it is responsible for the energy loss i@ YWSN. Hence it is best to shut the
radio down during periods when there is no datastrassion.

e The memory consists of both random access memdkiijRind read only memory
(ROM). The former is used to store the data obthinem the sensor and the latter
is used to store the program code which enablefemmysperation (Labrador &
Wightman, 2009).

2.4 WSN power consumption

Power consumption is an important factor to keepmind when designing a data
logging system to be implemented out in the figltiere no external power source is
available. It has been explained that battery pasv@nsuitable for WSN applications,
and therefore a suitable power source must betsdleawhich can only be done when
the power consumption of the device is known. Pogagtrol will be implemented in
the design in order to create an efficient opegasgstem. A typical WSN module
consists of seven components, representing the awteplatform of the module, as
shown in Figure 2-12. The following section dis@ssshe three components of the

WSN that represent the load, and their typical paxe@sumption characteristics.
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2.4.1 The sensor

The TelosB platform comprises three on-board segnsints. However, these units are
not used for transformer condition monitoring, avitl therefore be disabled in order to

minimise the loading of the device. It is therefowcessary to install another sensing
unit on the WSN — namely, a CT.

These are extremely useful when the primary curbemiomes too high (for off-the-
shelf metering equipment) to measure, providinge@uced output current that can

indicate faults like over current, under curremal currents etc. (Mclyman, 2004).

2.4.2 The processor

The ADC is an internal built-in function of the miprocessor which is used to
measure the analogue voltage produced by the CTcamekrt it to digital data to be
processed by the end user. The microprocessoridasctn more or less the same
manner as the central processing unit (CPU) ofmapeer. The CPU of a WSN comes
in the form of a single integrated circuit (IC),ig the size of a few cubic millimetres,
with processing as its main function. It controlsem and how information is gathered,
as well as the dissection and storage of the irdtion. Each IC is individually

programmable to suit the requirements of the appbo.

The processor typically used for the TelosB platfas the MSP430 microcontroller,
having 10kb of RAM, 48kB of flash memory and 128Bmemory used for the storage
of information gathered by the sensors. It con$ta sixteen bit reduced instruction
set computing (RISC) processor, enabling effectperation by means of code and
computing tasks. This device has extremely low posamsumption during operation
and a sleep function when not operational. As desdrby (David, et al., 2005) the
typical operating voltage is between 2.7 — 3.6\Mthvaperating current between 500 —
600pA while in sleeping mode it uses between 2.8uyA. This leads to a power

consumption of approximately 2.16mW in active madd 10.8uW in sleeping mode.
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2.4.3 The transceiver

As transmission is the biggest power consuming amapt in the WSN, a complete
understanding of its function is necessary formptn design efficiency of the device.
Communication topologies comprise star, mesh andt&l tree configurations. Star
networking topology is shown in Figure 2-13(A) aisdefficient in the sense of its
simplicity. The star network is a combination oformation gatherers which transmit
data back to the central WSN. The central node e¢harge of transmitting this data via

a General Packet Radio Service (GPRS) to a maiefamputer for storage.

This network topology is the easiest to implement,is also the most vulnerable in the
sense that all of the information gathered by th8N# is transmitted to one central
WSN. If this node were to fail, there would be rtemative way of transmitting the

information to the mainframe computer.

Figure 2-13(B) represents a mesh network topolddys network is slightly more
complex than its aforementioned counterpart, bdéiansnore efficient. It also does not
fully rely on the operation of one single centraBW, meaning that if one node ceases
to function, an alternative route is used to traihghe information to the mainframe
PC. However, the downside of this more reliabléesysis that it is more expensive, as
it costs money to have extra nodes in the systerohadre able to transmit information.
Both these systems are shown in Figure 2-13. THewimg section discusses the
power consumption of the node, which will indicatieether or not the sensor node is a

valid replacement for existing devices.

©)]

Q)

Figure 2-13Star and mesh network topology, as redr&com(de Villiers, 2009)
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2.4.3.1Radio control

The transmitter and receiver module (transceiveediuby TelosB is the CC240 which
is a single chip device designed to operate on pmwer / voltage applications
according to IEEE 802.15.4. It uses the Zigbeeoradmmunication system, which is a
flexible low cost solution operating in the 2.4GHequency band, requiring no licence,
at between 2.1 — 3.6V.

The device runs on 18.8mA when in receiving mode4mA when in transmission
mode, 426p A when in idle mode, 18.8puA when in stawn mode and requires 90pA
to start up when in a non-operational mode. Théaldeto a power consumption of
67.68mW in receiving mode, 62.64mW in transmissioode and 66uW during idle,
shut down and start up mode. In order to achievihdu transmission distances, an
external antenna may be mounted on the deviceti€htests in this regard have
resulted in a 170m transmitting distance at a dait@ of 250kbps, however, this test

was only successful with line of sight operation.

2.4.4 TelosB typical power consumption illustration

Here the power consumption data from the TelosBa diteet is compared with
measured data from a WSN, according to an expetiimgrde Villiers (de Villiers,
2009)which is shown in Figure 2-14. This illustsatBe program running on the WSN.
The device was attached to a transformer havingataral vibration caused by

magnetomotive forces.

An accelerometer is mounted on the transformer amhected to the WSN, thereby
allowing the WSN to sense the vibration, processelmeasurements and convert them
to data packets. A total of ten measurements &ent@er cycle and stored in the
WSN’s memory. When each cycle is complete the W8tWates its transmitter and
broadcasts the data packets to a WSN base sthtiorder to gain a clear indication of
the current demand of this device at a fixed vaiam oscilloscope is connected to the
WSN. This is done so that the power consumptionbeacalculated in order to design a

suitable energy harvesting system to suit the egipdin.
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Figure 2-14Measured power consumption of WSN(dieigi] 2009)

According to(de Villiers, 2009)the average powemsiamption of the WSN was
between 150 — 375uW depending on several duty €yciplemented in the program.
This gives an estimated power consumption whidlightly different to that given by
the TelosB data sheet, leading to specific desayarpeters for the energy harvesting
system. This data will form the benchmark for ttiesign, being the minimum energy
required for the device to function.

A prudent approach would be to design the energyelséing system to produce two or
three times the required energy of the device, wiian then be stored in energy
reservoirs to be used when the energy harvestistemsyis offline. Therefore, the

following section will look at energy storage ressrs.

2.5 Energy storage

Modern day electronics depend on readily avail@plergy, resulting in a great deal of
interest being place on energy management andystofdie need for renewable energy
storage systems is influenced by factors such ddesuweather changes and other
disruptions in the energy source. These storagersgshave enormous potential in the
reduction of energy consumption and cost (DincerR&sen, 2011). This section
discusses potential storage facilities that camder to power the transformer current

monitoring device.



Wireless Transformer Condition Monitoring System

Chapter 2 - Characteristics of condition monitorsygtem 31

2.5.1 Batteries

The development of electrical energy storage (E&/Sdems has largely been based on
chemical storage in the form of batteries, butas/rstruggling to keep up with modern
day energy storage demands. Portable EES comesriaus forms and sizes of
rechargeable batteries, responsible for the pogermf a wireless revolution

incorporating global positioning systems (GPS)tdapcomputers, cell phones etc.

Typical problems attached to modern batteries eli@ad to storage capacity and the
number of recharge cycles available for long teppliaations. In order to improve the
performance of a battery, the cell voltage andam®unt of charge that the device can
store must be increased, having a direct influerme its volume and
weight(Goodenough, et al., 2007).

Focus therefore needs to be placed on new electtedeopment, which will improve
thermodynamic stability and the charging rate; hoewve this tends to change the
characteristics of the electrode material(Goodehpagal., 2007).

Batteries and future developed cells will prefeyabpossess the following

characteristics:

e a high energy density,

¢ sufficient power production through the storageerialt, to support components as
well as the structure of the cell,

e along lifespan through electrochemical and matstability,

e robust design,

e be constructed of materials easily obtained froentfanufacturing sector, and

e be safe to operate and have no toxic effects opriligonment.

A single battery comprises singular or multiplecalechemical cells. These cells are
connected in series or in parallel, depending enrélquired voltage and power the cell
must deliver. There are two plates inside the battalled the anode and cathode. The
anode is the electropositive electrode, respondiereleasing electrons to power

external components.
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The cathode is responsible for releasing positres,i which migrate inside the cells,
while the electrons are forced to find an extepeath (Goodenough, et al., 2007).The
electrolyte is the medium inside the battery in ahhihe positive ions travel between
the electrodes. This is a liquid solution contagniissolved salt. It is critical that the
electrolyte remains stable between the two eleesourrent collectors inside the

battery are used for the transportation of elestfoom the anode to the cathode.

Typically, anode electrodes are made of copper aatdode electrodes are made of
aluminium. The electrodes also contain polymerindbrs, enabling them to hold

together the power structure of the battery andaddnductive substance like carbon
black which dilutes the chemical mixture, incregsithe batteries electronic

conductivity properties (Goodenough, et al., 200He cell voltage is based on the
energy made available by the chemical reactiomtpglace inside the battery.

An illustration of the internal structure of a iilm-ion battery cell is shown in Figure

2-15 in order to provide a better understandinga a battery operates.

@

o o : Al Current
Li Solvent Collecior
Wolecule
LiMO; layer
structure

Figure 2-15Layout of a lithium-ion battery cell(Gienough, et al., 2007)
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2.5.2 Capacitors

A capacitor is simply two conductive plates sepatdby a dielectric material. These
plates store charge, the magnitude of which deteasthe capacitance (measured in
Farads). This charge storage is nothing more theam¢cumulation of electrons on one
of the plates, causing this plate to be more negati relation to the other plate (Floyd,
1985). There are many types of capacitors — nanmeiga, ceramic, tantalum, film,
integrated circuit, Wima, paper, electrolytic, adolie air and variable trimmer.

Some of these types are shown in Figure 2-16. Tiysipal size of these devices gives
some indication as to their charging capacity. Thpacitors most superior in this
regard are known as supercapacitors. These wdblered in more depth in the section

to follow.

{ A

Figure 2-16Some capacitor types and sizes

2.5.2.1Supercapacitors

These capacitors are able to handle rapid andme&thanges in energy levels. When
compared with batteries, supercapacitors have nmwhar energy densities, meaning
that batteries have much longer run cycles. Howesapercapacitors have higher
power densities, meaning that they can be chargedigh current levels without

damaging their internal structure, and supply laogerents in an instant, which

batteries cannot (Johansson & Andersson, 2008).
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This is because batteries rely on chemical reagtimn produce and store energy,
whereas capacitors use a process called chargeasepaThis causes capacitors to
have longer life cycles than batteries which isyveelpful when it comes to the
maintenance of the device. Some information regardihe manufacturers and

specifications of supercapacitors is shown in Takte

Table 2-5Supercapacitors, their manufacturers goecdications(Sahay & Dwivedi, 2009)

Manufacturer Specifications of Supercapacitors

Power Star China 50F/ 2.7V,300F/ 2.7 V,

(Single Unit) 600F/ 2.7 V, ESR less than 10m

Panasonic 0.022 - 70F, 2.1 -5.5V,

(Single Unit) ESR 200 na - 350Q

Maxwell 63F/ 125V, 150A ESR 18

(Module) 94F/ 75 V, 50A, ESR 15 €

Vinatech 10 — 600F/ 2.3 V, ESR 400 — 2@m
3 -350F/ 2.7V, ESR 90 - 8(n

Nesscap 15V/ 33F, ESR 27 @

(Module) 340V/ 51F, ESR 19 @

Table 2-6 is an indication of capacitor developmsnte 1996, giving some idea as to
the costs of supercapacitors. This is done as @hknblogy is fairly new and the
associated costs are largely unknown, and morefigadly to justify the use of this

device as one of the aims of this study is to deig most cost-effective system.

Table 2-6Supercapacitors, cost per Farad and KXealsawn from(Sahay & Dwivedi, 2009)

Year Cost/ Farad ($) Cost/ KJ ($)
1996 0.75 281.55
1998 0.40 151.23
2000 0.01 32

2002 0.023 7.51

2006 0.01 2.85

2010 0.005 1.28
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The associated power characteristics of the eneggrvoirs considered for this study
are graphically represented by Figure 2-17. Theofacto consider when making a
comparison are their energy densities and powesities It can be seen by looking at
the graph that batteries and fuel cells are ablsufply energy over long periods of
time, whereas capacitors and supercapacitors &g@Bupply large bursts of energy,

but over shorter time periods.

1000
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Supercapacitor
Specific Energy 1
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1 10 100 1000 1000(

Specific Power [W/kg]

Figure 2-17Energy and power properties of variowsvpr sources(Johansson & Andersson,
2008)

All the energy sources discussed in this sectierabte to energise the WSN. However,
the ability to operate reliably over long periodstime in different environments is
more important than the ability to last for a feayd without being charged. This
narrows the choice down to capacitors and supectdapa As the latter is able to
supply an abundance of energy in a short pericihw as well as provide a constant
supply over a longer period of time, a supercapawiill be used as the power reservoir
for the WSN.

2.6 Energy harvesting techniques

2.6.1 Solar energy

Solar power is generated either from photovoltaitscor by using the sun to heat up a
liquid and converting this heat into energy. Ligtielating for energy generation is not
normally implemented on a small scale; thereforgs tsection will focus on
photovoltaic (or solar) cells. Solar cells operaie the basic principle of the
photovoltaic effect.
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A potential difference (voltage) develops when tyjoes of material are joined (n-type
emitter and p-type base) and this junction is eggo® light (photons). Light is

absorbed by this junction and this energy is trmstl to the electrons in the junction
material. Charge carriers are then created whietseparated at the junction of the two
materials. These charge carriers are called eleatro pairs when in an electrolyte and

as electron-hole pairs when in a solid semi-condechaterial (Patel, 2005).

An illustration of a photovoltaic cell is shown Kigure 2-18. Since the p- and n-
junctions consist of semi-conductive material, gl@t-hole pairs are formed which are
split into electrons and holes. The electrons areed to the n-junction by the electric
field generated by the metal contact, and the holdisstay at the p-junction. This

forms a potential difference across the two matgriand when the n- and p-side is
either short-circuited or a load is placed acrbssjtinction, a current will flow through

the circuit, resulting in the electrons being réedhiwith the holes in a process that

repeats itself (Flipsen, 2004).

Non Reactive Coating

§ Load

Metal Contact (front)
N-Type Emitter—=

Junction——
Hfle
P-Type Base =
] P%Dton O

Free Electron
Metal Contact (back)

Figure 2-18Solar photovoltaic cell, as redrawn frigilipsen, 2004)

2.6.2 Wind energy

Modern day wind turbines operate on a similar pplecto windmills, with the major
difference being their ability to convert mechahieaergy to electrical energy. The
basic design of the wind turbine is based on theefthat a volume of wind exerts on
blades which causes them to start revolving. Tdtistion causes the shaft of the turbine
to turn, and the associated kinetic energy is tmverted to electrical energy.
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The turbine is connected to a high speed shaft twbarives its energy from a low
speed shaft attached to a rotor. Due to an integeatbox the shaft of the generator
turns at a higher speed than the rotor. The probl@mindustrial wind turbines is their
size, as they typically produce power in the medawaage, with wing spans the size of
a football field. However, there are smaller wirghgrators that produce in the region

of tens of watts of power.

This relates to a current of around 1.4A when dpegaat full potential. This mini wind
generator comprises three blades, spaced 120° ap#rta blade length of around
55cm (Shastalore, n.d.). This small-scale poweegion is therefore a feasible option
to be used in smaller applications. A cup anemonezte be used to measure the wind
speed and harvest the wind energy. This is a velgtsmall device with an arm length
of less than 10cm, making it a suitable devicenmunting on the energy harvesting

system(Shastalore, n.d.).

2.6.3 Vibration energy

The conversion of mechanical stress to electricargy has been highly researched
over the last decade. Piezoelectric materials gém@mn electric current when subjected
to mechanical strain, known as the piezoelectrfecef One of the most common

piezoelectric materials is polycrystalline, compbse# randomly oriented crystallite.

During its manufacture, this material is exposed targe electric field which aligns the

polar domains according to the orientation of thedf resulting in a macroscopic

piezoelectricity. This causes the material to laegt under an applied voltage or a
voltage to be created under an applied mecharieass(Roundy, 2003).

With the development of the piezoelectric cantilewgbrations can now be converted
to electrical energy. However, this technique wdikdly only harvest enough energy
to power a WSN that is, for example, measuring &nafpire in a remote location with
data transmission once a day (Townley, 2012).
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2.6.4 Magnetic field energy

This concept is based on AC producing an altergatragnetic field which can be
converted to electrical power via devices like GABRola, et al., 2008). As the CT was
originally designed only as a metering device,dasign must be adapted, allowing it to
still accurately measure current while at the saime powering electronic circuitry.
This technique will therefore have the benefit wififing two required functions, i.e.
measuring the phase current and acting as a lowtemgince power source. In addition,
its clamp-on ability allows for easy implementati@hola, et al., 2008).

CTs can deliver 12W of continuous power when s@gphly a primary source of 100A,
making it a suitable power source for the WSN. ithplementation of a CT is shown
in Figure 2-19.

4

Figure 2-19CT clamped onto a motor phase conduétw(a, et al., 2008)

2.6.5 Evaluation of energy harvesting techniques

Self-sustainable power sources have been discuss$kd section as alternatives to the
batteries typically used by WSNs. A comparisonhase alternative power sources is

shown in Table 2-7.
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Table 2-7Comparison between energy harvesting rdstho
Energy source | Solar wind Piezoelectric Magnetic
iourc_e . Solar panel Wind Turbine Cantilever with Induction CT

escription proof mass
Area needed_ for Small Small to Large Large Small
implementation
Ease of
installation Moderately Moderately Moderately Easy clamp on
c Dependanton | o on | Tranformer load

nergy Seasons and ependant on f Transformer load
availability Time of day Seasons Transformer

vibration

Maintenance Little High Moderate Little to none

It is obvious that solar energy is only sufficiairing daylight hours, necessitating
design considerations regarding the size of tharsphnel and energy reservoir. A
similar problem is presented by wind energy haimgstas the energy source is not

continuous and therefore unreliable.

It has therefore been decided to design an eneagyesting CT as the primary source
of power to the WSN. As shown in Table 2-7, thergpeharvesting CT is a small

device which can easily be installed. Furthermareanly has one variable when it
comes to energy availability. Because the CT iseddpnt on the magnetic field around
a current carrying conductor, the only major infloe on the output power of the
energy harvesting CT is the magnitude of the carianthe primary conductor.

Although this current may vary, the sustainabibfythis technique is far more reliable

than its counterparts.

Wind turbines, for example, present an additiomabfem in their maintenance, as they
are constructed of moving parts. If the mechangde of this particular energy
harvester were to fail, power would not be suppt®the WSN. CTs, however, do not
have any moving parts, and therefore these dewaceselatively maintenance free,

making CTs a reliable energy source with an extérgeerational lifespan.



Wireless Transformer Condition Monitoring System

Chapter 2 - Characteristics of condition monitorsygtem 40

One consideration that must be kept in mind, howesehat the core of the CT must

be properly aligned in order for optimum flux tréarsto take place.

Energy harvesting CTs are therefore chosen asaerpsource for the WSN, due to all
of the reasons mentioned above, and the abunddénoeagnetic field at the phase
conductors of the transformer. The next chaptelrfadus on the design specifications
for the monitoring system, including the relevanbperties of the transformer to be
monitored, and those of the energy harvesting anet measurement systems.
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Chapter 3

Design considerations

Understanding the system structure is fundamentaifyortant in the design process
which makes use of first principles. First of #fle transformer to be monitored will be

discussed, followed by the energy harvesting amcentimonitoring system.

3.1 The transformer

Based on the study done in the previous chaptdrQGkVA transformer has been
selected, the technical specifications of which lbarseen in Table 3-1. The design of
the CT energy harvesting device in the sectiorotloW will depend on the available

power and usage pattern of the transformer.

Table 3-1PMT specifications(WBSEDCL, 2012)

Rated power 100kVA

Rated HV 11kV

Rated LV 433V

Connection HV, LV Delta @A), Star )

Flux density 1.55T

Current density 1.4A/sg.mm

Transformer losses No load, 350W, Load, 1850W

3.1.1 Transformer current

Before energy harvesting is possible the line curoé the transformer must be known.

The secondary line currentin the transformer od loarrent is shown by

P
lioaa = 75~ 2)
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The total secondary line current this transformeydpces when operating at 100%
capacity is 133A.However, transformers can opextitegher currents than their design
specifications for short periods of time. With timsmind, the CT will be designed to
withstand up to 125% of the rated transformer aqurriee. 166A per line.

3.1.2 Transformer cables

The secondary phase cables of distribution transfcs are typically made of either
copper, aluminium or silver, with the most commoesinly copper. For CT design
purposes, the cable dimensions must be known. Aowprto (Mclyman, 2004), a
general rule of thumb is used to determine theeniirdensity a specific cable can
withstand, given by 3 400A/cm2.

The diameter of the secondary phase cable of @éimsformer is shown by

dcaple = ﬁ X cm? 3)

A field inspection was conducted in order to obeetlie cable diameters used by
utilities. It was found that the Matzikama Munidipa uses 120mm?2 cables for their
200kVA transformers, meaning that these secondagse cables can handle over
400A. This is considerably more than the 323A dakedl above and indicates that
extra precaution has been taken in the cable ddsigrsafety purposes. Hence, a
clearance of 60mm? with the addition of insulatiolust be kept in mind when

determining the size of the CT core for the 100ka&Ssign.

3.2 The energy harvesting and current monitoring system

This system consists of two main building blockeeTirst is the CT, used to convert
magnetic fields into electrical energy, as welpasvide a stepped down version of the
transformer current for measurement purposes. &bensl is the electrical control and
energy management circuit, used to guide the flbwnergy and regulate the current

measurements under pre-programmed conditions.
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3.2.1 The CT

The CT is divided into five separate layers, whach explained below.

Core material — the material properties controleconagnetic flux handling
capabilities.

Current ratio — this determines the stepped dowrentiand voltage of the CT.
Core area — this controls the amount of flux transf the core.

Saturation voltage — this relates to the abilitytioé magnetic field to produce
operational voltage for energy harvesting.

Performance — this evaluates the energy supplybdégafor sufficient power

generation.

3.2.2 Electrical control and energy management

The electrical control and energy management ¢icnnsist of seven separate layers —

not including the CT source — which are explainekb.

Voltage conversion —the AC source is convertedstable DC.

Power regulation —the DC voltage is controlleddoitable charging capabilities.
Power source — comprising units for energy storage.

Voltage analysis — a decision making algorithm omhbg energy harvesting
current and measurements.

Measurements — the current measurements are peddegshe microprocessor and
stored in the memory.

Data transmission — the data packages are wirglgasismitted to a receiving base
station.

Reception and analysis — data packages are recanednalysed.

As shown in Figure 3-1, this system is in contriotlecision making parameters that are

controlled by a pre-programmed microprocessor dsasentegrated circuitry.
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CT source
Voltage convertion
Power regulation
> Power source |«
v
Usable voltage |¢+ Voltage Analysis | Voltage low
Measurements
Energy harvesting mode Measurement mode
Data transmission

v
v

Data reception and

evaluation

Figure 3-1Block diagram of circuit for power managent and current measurement

3.2.3 CT electrical specifications

The CT used for this application is not the sameaasaditional CT used for the
protection of industrial transformers at substatiohh has two primary objectives —

namely, to harvest enough power from a currentysagrconductor to provide a

continuous supply to a WSN, and to assist in thasmeement of current.

The electrical design specifications of the CT,vemon Table 3-2, were obtained by

means of South African power specifications, CTiglespecifications and further

specifications determined by the topology.
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Table 3-2CT Electrical design specifications

Description Specifications

Supply Voltage (RMS) 433V

Supply Current (RMS) 5 — 200A

Load Voltage (Peak) 30V

Load Current (RMS) 5—-200mA

Load Power (RMS) 2.5W (at Typical Supply current of 120A)
Primary Turns 1

Secondary Turns 1000

Bmax 450mT

Frequency 50Hz

Efficiency 90%

3.2.4 Possible voltage and power expectations

The energy harvesting CT is expected to produceusiout power of up to 2.5W and a
peak operational voltage of 30V under optimum ofpegaconditions. These conditions
include optimum flux density in the transformer evél, creating the highest voltage
level before magnetic saturation occurs. Differle@ding conditions would result in
different power and voltage outputs. Hence, ifdegice were to be heavily loaded, the

power and voltage output would decrease.

In addition, the load impedance characteristics ldvazthange continuously as the
microprocessor controls the energy harvesting, oreasent and data transmission
systems. During testing of the CT, a constant caiigesupplied to it at different loads.
This shows how the power and voltage are influeryed change in the load. Another
factor affecting the power and voltage output & tlevice is the varying phase current
levels of the transformer, making the estimationtted possible power and voltage

outputs more complex.
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3.2.5 Accuracy of current measurements

The accuracy of the current measurement device ndgp®n the measurement
technique used. As explained in the previous chapite average RMS calibration

method is being used for current measurements. VEh@m is subjected to sinusoidal
waveforms, the results of the average RMS calibnathethod are expected to be the
same as those obtained by true RMS measurementsevdn the presence of

harmonics in the PMT current distorts the sinudowave to something resembling a
sawtooth waveform. With this in mind, the CT wilbvk with an error of 0 — 3.3% as

shown in Table 2-2. Therefore, the accuracy of tl@sice is specified to be within +

5%. This will be put to the test when the finish@wduct operates in typical field

conditions.
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Chapter 4

The current monitoring system

This chapter comprises three main sections. TBeifirbased on the CT design, which
discusses the magnetic properties, the developpreness and the testing phase of the
CT. The second is based on the electronic developstage, which discusses the
electronic circuit design, simulations, programmiagd calibration of the current
measurement. The third is the final evaluation tesling phase of the device under
laboratory conditions. A visual overview of the phkex is shown in Figure 4-1.

Magnetic properties

v

Induction «—> Magnetic Flux

Magnetic material

A
A 4

Section 1 v
CT Design

v

CT evaluation and testing

v

Electronic design

v

Smart power control

Energy source |« Measurements

\ 4

A
A 4

Section 2 +
Simulation

v
WSN programming

v

Section 3 Laboratory testing and
results

Figure 4-10verview of system structure leading Todésign

The following section will discuss the magnetic pedies of the CT.
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4.1 Electromagn

etism

The magnetic field strength H is the magnetisimgdanduced around a wire or surface

that carries an electric current. This concepltustrated in Figure 4-2.

|
<

H
-« B

=

<>

|
—

+ X
@Compass

<

ompass
X X
R Magnetic R Magnetic
Field Field
(A) (8)

Figure 4-2Magnetic field around current carryingreyj as redrawn from (Mclyman, 2004)

Figure 4-2(A) shows a DC source connected toiatres load, producing current flow

in the wire which in turn causes a magnetic fielthé generated around it. By using the
well-known right hand rule, it is clear that theradition of magnetisation changes
direction when the DC excitation is reversed, aagithe compass needle to deflect in
the opposite direction, as shown in Figure 4-2(B)e magnetic field strength at a
particular point is influenced by the magnitudecofrent that flows in the conductor as
well as the distance this point is from the condusturface. As the distance from the
cable increases, the magnetic field weakens dubketdlux lines being spaced further

apart. Magnetic field strength is given by
I

2Tr

H=

(4)

A magnetic circuit can be referred to as the spaaehich the magnetic flux is free to
travel around the current carrying conductor. Tieddfstrength is determined by the
amount of current and number of turns in the cotatudhe flux density B is a product
of the magnetic field strength and the permeabjilityf the magnetic circuit, in this case
1O which is the permeability of air (Mclyman, 200diven by

B = poH 5)
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Therefore, gis the conversion factor between B and H, given by

B
Ho = % (6)

Figure 4-3 illustrates magnetic flux density B @athl flux ® enclosed by an area.

Surface S
Area A,
S
//'
//
—r —

Total Flux ® — |
/

Figure 4-3Flux density and total flux bounded by @ma, as redrawn from (Erickson &
Maksimowi, 2004)

The total fluxd can be seen as the amount of flux passing thraugpecific surface S
of area A as illustrated in the above Figure. Tlees it can be said that the total
amount of flux passing through a surface is equéhé integral of the flux density over

the specified surface dA, being the vector aremels, given by
= [, BdA (7)
The integral can simplify to a uniform flux distution, given by
® = BA (8)

This shows that the total flux is equal to the fldensity multiplied by the specified
area. The flux density is linked to a change inrenir density J, and the total flux is
linked to the current I. If a static current depof fixed magnitude passes through a

given surface area, the current can be determipgBrickson & Maksimowi, 2004)

[=]A 9
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The law of magnetic induction states that a curvghtbe induced in a closed circuit if
the circuit is subjected to a magnetic flux chaggin time. This is also known as
Faraday’s law and is given by

do

o= -t (10)

When a coil of wire is subjected to a changing flilme formula is now given by
e=—-N— (11)

The reason for the negative sign in the above emjuatin be said to be due to Lenz’s
law, which states that the induced EMF in the ciraudirectly opposed to the EMF
that originally produced it.

4.1.1 Magnetic materials

Most materials have a very low permeability wittgaed to magnetic flux. Non-
magnetic materials such as paper are regardedvamytihe same permeability as air or
free space, i.e. 1. There are a few magnetic naddesuch as iron, nickel, cobalt and
various alloys, such as steel, which have high pabilities relative to that of air, some
in the order of a few thousand.The air core in Fegd-4 is used to transfer the flux

from the first coil where it was generated to teeand coil where it is used to induce
an EMF. Magnetic field strength reduces in relatlion%so in order to counteract this

reduction in field strength a magnetic core is @thanside the coil which acts as a
pathway for the flux.

Figure 4-4Magnetic field produced by an air core
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As the induced voltage in the coil is linked to thagnetic field strength, by placing a
magnetic core in the air gap this results in agoetbltage, and therefore current, being
generated by the flux (Mclyman, 2004). Figure 4ebndnstrates what happens when a
completely demagnetised core is then magnetised bgil around it. The associated
flux density B is measured as the magnetising féicis increased in small discrete
steps, resulting in the B-H curve characteristicthed magnetic core material shown
below. The point B on the curve is what is refertedas the knee point or the point
where magnetic saturation begins to set in to tlaéenal. After this point has been
reached the core is regarded as having the sameahkility as air, as there is no more

room for magnetic flux.

B (M)

H (A/m)

Figure 4-5Magnetization curve, as redrawn from(Macin, 2004)

A cross section of a current carrying wire wrappealind a magnetic core is shown in

Figure 4-6.
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Figure 4-6Flux in a magnetic core produced by d,cs redrawn from(Mclyman, 2004)
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When there is no core to guide the flux lines, thegome spaced further apart from
one another. This worsens as the distance incrdases the conductors, thereby

causing a reduction in field strength. Figure 4hoves why closed cores are used in
transformer manufacturing, where the different nedigimg stages of a square magnetic

core with one wound limb can be seen.

no excitation high excitation
no current - _______________
flow T T T s ! current flow : :_u':'__'__'__'__'__'__'__'__'__'__'__'__'__'__'__'__:'"' :
\@ i ® ! \4.:: il rC] HE
<1 == A
flux path created flux generated
by iron bars by current flow

Figure 4-7Different stages of magnetic core exmmtgtas redrawn from(Mclyman, 2004)

As soon as current flows in the wire, a magnetitdfis generated around it which
follows the path of the magnetic core. This repnése closed magnetic circuit. The
solenoid shown in Figure 4-6 represents an opemategcircuit, due to the flux lines

exiting the core. In the closed circuit, the fluendity remains constant throughout the
length of the core and does not cause any reduictibtte magnetising force, unlike the
open circuit. It is shown that when no current foim the conductors of the closed
circuit, there is no flux in the core. When currélotvs, magnetising force is generated
which produces flux in the core, becoming more deas the force is increased,
eventually resulting in magnetic saturation. Theynaising force can also increased by

increasing the number of turns in the coill.
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4.2 CT design

This section focuses on a newly designed and dpedloCT, having the same
measurement characteristics than that of a traditi€T; however, this design will
enable power transfer to the WSN for wireless fianser monitoring purposes. Figure
4-8 illustrates the design procedure followed todpice a CT having the capability of

energy harvesting as well as current measurement.

Choose CT core
material it

v

Determine &
current ratio N, I

v

Determine core Choose practics
acceptable areq| core

v

Determine
Toosmall 1 # satyration voltagg®®] Yo = 27N AcBnax

A\ 4

»

| v |

Increase core Core loss Evaluate CT Winding losses Increase wire
; o . —> . > :
size too high performance too high diameter
v
Successful
Design

Figure 4-8CT design procedure

4.2.1 Core material

4.2.1.1Permeability

A material’'s permeability rating is directly proponal to the ease at which the
material can be magnetised at a given inductionlyiMan, 2004). The following
equations show how permeability is calculated mseof magnetic field strength and

flux density.
u= 2 (12)

K= HrHo (13)
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A
N

7

Figure 4-9B-H characteristic curve of an iron covdth sinusoidal excitation, as redrawn
from(Erickson & Maksimovi 2004)

Figure 4-9 illustrates the B-H curve of iron whearbjgcted to a high level of constant
sinusoidal excitation. This shows that iron is mogdr and experiences both hysteresis
and saturation. As this is only a model, the shapm#fficult to predict due to arbitrary
waveforms which the iron may be subjected to. Reotetical purposes, the iron core
in Figure 4-9 can be modelled by something calleel linear or piecewise-linear
characteristic. What this basically implies is tha iron core will still be subjected to
the same magnetic environment but without hysteresi saturation(Erickson &

Maksimovi, 2004).

BaA B a
Bsat _______

H= HrHo

A

A

IV
Tv

_Bsat

v v
(A) B

Figure 4-10Estimated B-H characteristics of irormreda) where hysteresis and saturation are
neglected and (b) only hysteresis is neglectededmwn from(Erickson & Maksimai2004)
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The permeability of core material varies and depema the physical composition of
the material. Softer materials tend to have hideeels of endurance with an increase
in magnetic field strength, causing their permebib decrease. Typical transformer
cores are manufactured from silicon steel lamimatid hese types of metals can handle
flux densities up to 2T. A powdered iron core’srmpeability is a bit higher than that of
silicon steel, but can only handle up to 1T. Fernitetals have high permeabilities but
can typically only handle up to 0.5T. Their relatipermeability values can range
between 1band 16(Gupta, 1999). The B-H characteristics of ferromaignand soft

ferrite material are shown in Figures 4-11 and 4€kpectively.

CT core material plays a big role in the succestheftransformers performance. The
CT will not only be used for energy harvesting, algo to act as an instrument
transformer, which requires exemplary accuracy.r@foee, the magnetising losses of
the transformer must be kept to a minimum. Forrmpith design the H value on the B-
H curve is important. The reason for this is tlme material with the lowest value of H
Is most likely to produce the highest accuracyahee of minimal hysteresis losses.
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Figure 4-11B-H curve of ferromagnetic material(Gapt999)
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Figure 4-12B-H curve of soft ferrite material(Fermube, 2012)

The material in Figure 4-11 is used in industrigtribution transformers; therefore it
has high flux tolerances equivalent to or highenti.5T. The material in Figure 4-12
is typically used for high frequency applicatiorsjt can also be used in power
applications at lower frequencies. The materidfigure 4-11 will magnetise at 40A/m
whereas the material in Figure 4-12 will magnetis&0 — 15A/m. Therefore, with the
low magnetisation characteristics of the latteCh designed with this core material

will be fairly accurate at low primary current vakidue to the low magnetising current

required(Mclyman, 2004).
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The design criteria for a ferrite core material Vaorequire it to operate at a fairly low
frequency for power transfer and be able to haadieide range of currents without
saturating. Therefore, the 3C81 material by Femubecis chosen, having a relative
permeability of 2570, a maximum flux density of #%D and a magnetising force
between 200 — 250A/m, which is relatively good doferrite material. The important
characteristics of the CT core material will beca#ted in the following section.
Parameters like core permeability and minimum amckimum excitation current will
determine whether or not this core will operatecefhtly within the range of the

primary transformer.

4.2.1.2Permeability calculation
By performing these calculations it can be seenthédrethe supplier has provided the
correct core material. According to Gupta (1999 fbllowing calculations are used to

determine the permeability of the 3C81 materiavmled by Ferroxcube.

_ FgXue
B, = 0 (14)
The flux density in the air gap of the CT with aen secondary current of 0.2A was
calculated to be 1.361T (refer to Appendix A).

Bex?

U, = ﬁ (15)
The relative permeability of the 3C81 core matemas calculated to be 2677.
According to the Ferroxcube datasheet, the relapeemeability is 2700, hence,
neglecting tolerances, the calculation holds traée( to Appendix A).

4.2.1.3Saturation and hysteresis

Hysteresis describes the energy lost in a magreetie during magnetisation and
demagnetisation. The most practical way of illustga hysteresis losses is by
conducting a field test, where a hysteresis loodp lvé plotted. This loop is generated
by subjecting the core under test to a DC currexegrting a magnetising force on the

core.
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A typical hysteresis loop is shown in Figure 4-ivhere the enclosed area is a measure
of the total energy lost due to the properties lo¢ tcore material during the
magnetisation cycle(Mclyman, 2004).

Figure 4-14Hysteresis loop, as redrawn from(Mcly2004)

When a magnetic core such as in Figure 4-13 undsrgaomplete magnetising cycle,
it is driven up to its positive as well as its niéga saturation point. A neutral magnetic
core is used for the test that is wound with a ceotar, where the DC current is
gradually increased, resulting in an increasélinThe corresponding increase in B is
then plotted by the dashed line as indicated imrf€igt-14, until the maximum value is
reached atB;, being the positive saturation point. Wheh is decreased, the
corresponding decrease Brdoes not follow the same curve as was plottedtter
increase. This indicates that whidireaches zero the core is still magnetised, ineécat
by B; on the graph which is referred to as the remafiext By reversing the polarity
of H the coercive force does reduBe to zero, indicated byH. on the graph, and by
further decreasing H the core will once again bredd into saturation, indicated b
on the graph (Mclyman, 2004).
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4.2.2 CT circuit analysis

A typical distribution transformer is shown in Frgu4-15, wheré1 is the primary and

N2the secondary side of the transformer. When loadieg transformer, current is
supplied to the primary winding, generating anraléing magnetic field is around the
secondary winding, which induces a secondary veltAfhen a load is connected
across the secondary terminals, a current will fiowthe secondary circuit. If an
additional transformer is attached to the secondeinding, the same process will

transfer energy to this transformer, which is tie C

O

Distribution Transformer

T1

Load

2
'_\
Z
N
Y

CT $ I

|74

o

Figure 4-15Secondary AC monitoring system, as nedriom(Mclyman, 2004)

The equivalent circuit in Figure 4-16 is used tplai the key elements of the CT.

Distribution Transformer R,
O= W
Iin

\' 1,,\' T1 /' I,

RE%E In N, N §Ro

O °

Figure 4-16Equivalent circuit of CT redrawn from(Maman, 2004)

The input current is separated into two componentamely,l, andl,. The primary
currentl, and primary turn$\, are responsible for driving the flux around the €re.
The ampere-turndi,N, ensure maximum power transfer across the devide T
magnetising currert,and primary windind\, are responsible for the losses in the core,

represented by themagnetising ampere-tlNg(Mclyman, 2004).
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The magnetising current has a substantial influemctne efficiency of the transformer,
being the portion of the primary current resporesifidr hysteresis and eddy current
losses(Mclyman, 2004). Low core permeability inflaes the resistive and inductive
components of the circuit, causing them to be low tihe core loss to be high. A high
core loss results in poor flux transfer, and onlyoation ofl;, will reach R,(Mclyman,
2004). The following equation indicates the rolattipermeability plays on the
inductance of the circuit.

__ 04mN2A,
- £pmpx108

(16)

Therefore, an increase in core permeability isatliyeproportional to an increase in
inductance, which effectively has a direct influeran the core losses. A simplified

equivalent circuit is shown in Figure 4-17.

OI—>' Mr—o5

L R,

Figure 4-17Relation between input and output curras redrawn from(Mclyman, 2004)

By analysing the circuit in Figure 4-17, it cand®en that, is used to excite the core,
and therefore the remainder lgf (Io) will be used to supply the load. To ensure the
most efficient operation of the CT core, the maginey current should be as low as
possible. According to (Mclyman, 2004) this para@nean be determined by

_ Hfpp
In = 0.47.N 17)
This gives the current required to magnetise th&13@rrite material as 2.064A,
meaning that they,, requires a minimum secondary phase current of4AQ&efore

accurate measurements can be taken by the CT (oefgpendix A).
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According to (Gupta, 1999) the following equatiocen be used to determine the

remaining key parameters of the 3C81 ferrite malteri

Bnax = % (18)

This gives the total flux in the CT core as 9.33%Mb (refer to Appendix A). The

total magnetic reluctanc® of the core can now be calculated, according to

_ tmp
N HoMrAc (20)
This gives the total reluctance of the CT core 464 x 16At/Wb (refer to Appendix

A) from which the MMF can now be calculated, acoogdo

0=1 (21)

This gives the MMF in the magnetic circuit as 1@Ad, which leads to the saturation
currentlsy being calculated, according to

F
lsqr = Wf (22)

The primary side of the CT is a single cable, meguthat when a current of 109.12A
flows in the secondary winding of the PMT, a fluxdensity 450mT will be produced
in the core of the CT (refer to Appendix A).

4.2.3 Current ratio
The chosen current ratio is 1000:1. This will paeviadequate voltage generation, and
influence the size of the core as the number obrsdary turns introduces a scaling

factor with regard to the conductor diameter.
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4.2.4 Core area

According to Wagener (2009) the following equatgam be used to determine the core

area, which is derived from Faraday’s equatiorefectromagnetic induction.

Yo

2TFBmax

A..Ng = (23)
WhenNds chosen as one, meaning that one primary angecendary turn is used, the
peak voltageV, becomes 30V, which gives a core cross-sectionah &¢ of
0.2122mM.IfNgs changed to a thousand turns this cadsés reduce to 212mm

Once this is known, a practical core size can lbects. As a clamp-on CT will be
used, this simplifies the installation process pralides galvanic isolation, preventing
any hazardous contact with the primary source at therefore decided to use a U core
for the CT design, and it was found that Ferroxcsilygplies U cores that are very close
to the calculated®; value. The chosen U core — namely, the U67/274ré,chas a
cross-sectional area of 204 mm?2 (refer to AppeixThis core is smaller than the
calculated value, but is the closest available. size

4.2.5 Saturation voltage
In order to achieve the most accurate measurentéetsecondary side of the CT must
remain under the saturation voltage. The followgafrulation is done to determine the

saturation voltage—associated with the core siae, material and operating frequency.
V, = 27F By AcNs (24)

This gives a peak AC saturation voltage of 28.8fdrto Appendix A).
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4.2.6 Power output

Here an experiment is done to determine the powaracteristics of the 3C81 ferrite
core CT. Three different transformers were wounthhree different wire diameters,
29, 27 and 25 AWG (American wire gauge), respebtivOnce the CT was
constructed, a test rig was built to generate #mesamount of flux that it would be
exposed to when operating in the field. The rigsirated in Figure 4-18, simulates a
current flow of 120A rms, which is equivalent totypical secondary current of a
100kVA transformer.

. Fluke Variable Resistor
. Digital Data logger
Signal Generator Crest Audio Amplifier
(UL O o @ [:]Q
OO0 OO [oXe) 00 OO0 OO 00 Q "rl_\\‘\\

|I—|| |

Flux Simulation Rig

Figure 4-18Current simulation rig

A 50Hz sinusoidal signal is generated by the digignal generator, which is used as it
has the ability to adjust the amplitude of the soidal signal in small precise
increments. However, it does not have the abibtg¢liver a high current magnitude;
therefore, the signal is fed into a Crest audio ldrep The Fluke data logger is used to
monitor the accuracy of system parameters. The glmalation rig is a flat, circular
structure with copper wire looped from outsidenside, comprised of a total of forty
loops. This number of turns reduces the primaryerrin the circuit. As the number of
windings affects the amount of flux generated, shraulated primary current can be
divided by a factor of forty. The CT will be testedth a primary current of 120A
according to the secondary phase current of 120AainlOOKVA distribution
transformer. This means that the flux simulatighmust be supplied with 3A.

In order to determine the power output of the Ciiespa variable load is connected to
the output terminals of the CT. To monitor this igen, an oscilloscope is used to
measure the voltage acrossQ tesistor (connected in series with the load) a age

the current through it. The math function of theilbescope is then used to generate a

power waveform.
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By increasing the load from(lto 1kQ, the saturation point as well as the maximum
power output of the CT can be determined. The ¥alg equation is used to determine
the theoretical power output of the CT.

Po(rms) = (Vo(rms)-loo(rms)) (25)

This gives a theoretical power output of 2.5Wwitpeak voltage of 30V (21.2V rms)

and output current of 120mA.

This result is then compared to results obtainethbycurrent simulation tests. Figures
4-19 and 4-20 are screenshots taken from the oscidpe used to monitor these tests.
Figure 4-19 is the measurement done when the CTsulgjgected to a primary current
of 120A rms. The load was then increased toCd%Ghich is the point just below
saturation, showing that the CT can produce a powgput of 2.195W before
becoming saturated. This is below the theoreticadliculated value of 2.45W, which
was due to early saturation of the core. Figur®4s2a screen shot taken when the CT

was loaded with 390. Here the voltage and current waveforms are caelyle

saturated.
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Figure 4-19Measured voltage (V_LOAD), current (LA and power (F1) before CT
saturation
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aB.0v, 2 100%/ 3 4 0.0s 5.000s/ Stop

Figure 4-20Measured voltage (V_LOAD), current (I A and power (F1) at maximum
power

4.2.7 Core losses

This section is a theoretical indication of the powoss in the CT core during energy
harvesting and current measurement, according tg(vémn, 2004). The following
calculations only hold true when the CT is woundhw5 AWG wire. A core loss
above five percent of the total power is considamedender the CT as inefficient for
this application. This leads to the total core lbeshg not more than 122.4mW before
saturation (refer to Appendix A). The following edion is used to calculate the

allowable core loss of the CT.

PCE
LoSSmw /g = Wero (26)
In order to determine the maximum loss in the camee must first calculate the
maximum flux density when the core is operatingesdk voltage. Therefore, according

to (Wagener, 2009)the following calculation is used

- (27)

B =
max 2FNgA,
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The CT under test can operate at a peak voltagd .@38V before saturation (refer to
Appendix A), with associated flux densities of 4Zbimefore saturation. Now that the
flux densities at specific operating voltages ar®mwin, the theoretical power loss
during operation can be calculated by using thdoWehg equation, according
to(Mclyman, 2004).

LOSSyy g = 0.000179 E* Bpalt® (28)

The theoretical core losses that will occur durtggical operation is 0.0093mW/g
before core saturation (refer to Appendix A). Tlgalk core losses can then be

calculated by the following equation, according/tdyman (2004).
P, = Wtfe X LoSSpmy /g (29)

The total power loss in the core was calculateoketd.58mW before saturation (refer to
Appendix A). A maximum power loss of five perceraswconsidered to be acceptable.
According to the above calculations, the 3C81 tercore causes 0.072% of the total
power to be lost before saturation. It is concluttezh that this material will be highly

efficient for use in the energy harvesting and entrrmeasurement application for

which it is required.

4.2.8 Copper losses

According to (Mclyman, 2004), a 1cm? copper conductin safely carry 400A, which
is therefore the foundation for the following cdtions.As the maximum secondary
phase current of the distribution transformer i6/&0and the winding ratio of the CT is
1000:1, the current in the secondary winding of@feis therefore 200mA, which will
be used to determine the size of winding condudtowas calculated that a 1mMm
copper conductor (17 AWG) can safely carry 4A (redeAPPENDIX A).

A conductor required to carry 200mA will therefonave Ac 0.05mn? (30 AWG).
However, to minimise heat dissipation by the comaiycA. will be increased, giving a
cross-sectional area of 0.064M(A9 AWG).
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For testing purposes, it was decided to wind thedes with 25, 27 and 29 AWG
conductor, which can safely carry 0.649A, 0.408A &1256A, respectively (refer to
Appendix A).

The calculation of winding resistance will indicat@ether the core is wound correctly
and whether the correct size conductor has beeth 0$® main reason this is done,
however, is to determine the IR losses for the &3cording to (Mclyman, 2004)the
following equation is used to calculate the windiegistance.

Q
RS =€MTL XNXE (30)

This gives a resistance of 6.22%or the 25 AWG conductor (refer to Appendix A)
while the measured resistance of this conduct®&.2Q. A small cross-sectional area
and long length of conductor results in a largéstasce; therefore, the conductor must
be as thick as possible to keep the winding resistao a minimum. The following

equation is used to determine the winding loss.

Py = (Is)z X Rs (31)

This gives a total power loss in the windings o243V (refer to Appendix A).

4.2.9 Input power
In order to determine the efficiency of the CT, thput power is calculated according
to (Mclyman, 2004)as

Pin=P0u+Pfe+Po (32)

This gives the input power of the CT as 2.316We(réd Appendix A).
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4.2 1(Efficiency
By dividing the total output power of the CT by timal input power, the total core and
winding loss can be seen as a percentage of thepoiver. According to (Mclyman,

2004)the following equation is used to determiresttital efficiency.

N = (=) X 100 (33)

This gives an efficiency of 94.77% before saturafieefer to Appendix A). Figure 4-21
shows the efficiency of the CT plotted against dlput power. The higher the load

resistance of the CT, the more efficient it becames
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Figure 4-21Calculated efficiency of CT

The design process was repeated to see what dffesaent conductor diameters will
have on the CT. The same tests are therefore do@é AWG, 27 AWG and 29 AWG,
respectively, using firstly @ increments from @ to 30d2, and secondly Z0
increments from 30 to 1kQ. The results of these tests are shown in theviog

graphs.



Wireless Transformer Condition Monitoring System 69
Chapter 4 - The current monitoring system

35

30 :

. -t

15 /

o/

5
0 100 200 300 400 500 600 700 800 900 1000

Voltage (Vrms)

Variable Load (Q)
—AWG 29 —AWG 27 AWG 25

Figure 4-22Voltage delivered by CT with changeoad resistance with 120A primary current
for different secondary wire gauges

Figure 4-22 shows the voltages generated by thee tBiTs under test. This illustrates
that the wire diameter does not have a significzfféct on the voltage. However,
oscilloscope measurements indicate that when thasformers are operating at
maximum power output, the voltages are 26.65¥25 AWG), 27.26Vmns (27 AWG)
and 26.19Vns (29 AWG). These output voltages are relativelyselandicating that the
CTs have been wound correctly; however, all of éhesltages should theoretically be

the same.

The difference in voltages can be attributed taowar factors. According to (Wagener,
2009)the peak voltage is determined by a produd@.gf and A: as well asN. If the
core permeabilities and cross-sectional areas ateidentical, this will cause a
difference in output voltages. The number of tumnsund each core also plays a role,
this could make a significant contribution as tbees were wound by hand, introducing

the possibility of human error.
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Figure 4-23 shows the current outputs of the CTernwknergised by a total flux
associated with a current flow of 12Q4 as previously explained. With one thousand
secondary turns, the CTs should theoretically pcecdusecondary current of 120m4

By looking at Figure 4-23, it can be seen thatdb#put current changes in proportion
to a change in load resistance. It was noticedwihan the cores began to saturate, the
output waveforms started to deform, resulting ityanportion of the original current
being able to be measured. This can also be seen lebking at Figures 4-19 and 4-
20. Therefore, in order to achieve accurate CT oreasents, the load resistance across
the CT must be as low as possible. This is discussgher in the electronic design

section.
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Figure 4-23CT current output linked to changesdad resistance with 120A primary current
for different secondary wire gauges

Figure 4-24 shows the power output of the CTs wdiffierent wire diameters. As
expected, the 25 AWG performed the best becausmiofvinding losses. This results
in a power output of around 2.5W which is more thdequate to power the WSN in its

operational state. Hence the design of the CTrnsidered to be a success.
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Figure 4-24CT power output linked to changes indloasistance with 120A primary current

for different secondary wire gauges

All the characteristics of the three CTs under &@stshown in Table 4-1 with emphasis
placed on their efficiency (the calculations carfdaend in Appendix A). Theoretically,

the CTs wound with the thinnest conductor shouldehshe lowest efficiency,

according to the associatétRllosses. The efficiency is seen to change withamge in
conductor diameter — from 88.19% (29 AWG) to 94.12% AWG).

Table 4-1CT performance characteristics

AWG wires under test 29 AWG 27 AWG 25 AWG

Q per Km 268.4022 168.8212 106.1732
Wire cost 5.61 $/Kg 5.35 $/Kg 5.12 $/Kg
CT calculated impedance 15.720 9.81Q 6.2210

CT measured impedance 22.50 12.20 9.20
Current handling capability 0.256A 0.408A 0.649A
P, before saturation 2.071W 2.178W 2.217TW
Efficiency before saturation 81% 89.56% 92.11%
Efficiency after saturation 88.18% 93.20% 94.77%
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4.3 Electronic design

The CT designed in the previous section cannottiom@s a standalone unit. It needs
electronic circuitry to convert the harvested powep a usable form to power the
additional circuitry. This circuitry will be used take the current measurements as well
as wirelessly transmit the gathered informatiore Tdtus of this section is therefore on
the development of the electronic circuit, with thesign broken down into subsections

for ease of explanation. A flow diagram of thisgess is shown in Figure 4-25.

CT source

v

Rectifier

v

Voltage regulator

v

Energy storage

v

Voltage analysis | Voltage low

v

Usable voltage

v

Energy harvestingle  Measurements | Measurement
mode -
v

A 4
A

Data transmission

Figure 4-25Design process for the electronic citcui

4.3.1 The rectifier

For the AC to DC conversion, it was decided naige the traditional single unit bridge
rectifiers, as these units exhibited a high voltdg®p across the individual diodes. The
AC source CT voltage is reliant on the primary eantrprovided by the PMT. As this
voltage can drop significantly, a decision was medeonstruct a full bridge rectifier,
using PMEG201BEA Schottky diodes. These are useduse of their low forward
voltage drop Yr) of between 280 — 330mV when operating at 120md, @ntinuous
forward currentlE) of 1A. Therefore, in the event of a current spike diodes will not

suffer any damage.
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4.3.2 The voltage regulator

A voltage regulator must be implemented in theglesn order to produce a stable and
accurate voltage output for the energy storage i is illustrated in Figure 4-26.
The voltage needs to be precise in order to enthatethe WSN node will not be
subjected to a voltage higher than its maximum.@¥DC.

-1 c1
—1— 1mF

Current
Sourct

Figure 4-26High current shunt regulator, as redrafwom(Texas Instruments, 2004)

The TL431CLP adjustable precision shunt regulatoused to regulate the output
voltage of the CT. This is a tree terminal devid@oh regulates the output voltage to
the load via a PNP transistor to between 2.5 — 3d®pending on the ratio of the
resistorsR1 and R2 and the reference voltagée:. If the voltage rises above the
maximum output voltage, the transistor switchesitd current. A capacitor is used as
the energy storage unit which is charged to theireq output voltage and the TL431
IC switches on the transistor to sink the remairghgrging current, therefore keeping

the output stable.

According to (Texas Instruments, 2004)the followetation can be used to determine

the output voltage of the precision regulator.

v, = ( 1+ %) Vyer (34)

ResistorR1 was calculated to be 4@k(E12 value) and resistét2 to be 100K (E12
value) (refer to Appendix A). With a reference agie of 2.4V — obtained from the
datasheet — the regulator will produce an outpitage of 3.528V DC. This voltage is
slightly lower than the specified WSN operationalltage of 3.6V DC. This is
attributed to the resistor and transistor tolerancesulting in voltage fluctuations, and

therefore the design will use the theoretRalandR2 values.
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The TL431CLP is specified for an operational terapge range of 0 — 70°C. This is
adequate for laboratory testing conditions; howewdren designing this model for use
in the field, the alternative TL43xxl will be useds it can operate at a temperature

range of -40°C — 85°C, making this device a moftrust choice for this application.

In order to show that the first design stage of #hectronic circuit was correctly
regulated, a simulation is done using an open sogimulation software package called
LT Spice. A current source of 120mA is chosen asptesents the current produced by
the CT after rectification when the 100kVA transhar is operating at typical phase
current capacity. The calculated E12 resistor \sahre used in order to obtain the most
accurate simulated output. A 1mF supercapacitorchesen, which is not the
capacitance value used in the final design, how#verchosen purely for simulation
purposes. Therefore, the time the capacitor taliesharge is irrelevant, and can be

neglected.

The results of the simulation are shown in Figu/4Here it can be seen that there are
two different charging occurrences on the time aXée first line, beginning at the
origin (Vyvoltage_regulatioh, ShOWS the voltage as the supercapacitor chaogiés regulated
maximum capacity of 3.3V. The second lineyf)eshows the function of the transistor
in the rectification circuit (see Figure 4-28)c#n be seen that when the supercapacitor
is at a lower voltage (between 0 — 3V), the transi¢ley;) is not conducting any
current. When the charging voltage reaches the edbslne, the voltage is
approximately 3.2V DC. This indicates when the srator begins to switch on and
conduct current. As the charging voltage incredsdber, approaching the maximum
theoretical voltage, the transistor conducts mameent until it is fully switched on,

finally sinking all the current when the capacit@aches its maximum calculated

voltage.
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Figure 4-27Simulation of voltage and current redigda
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4.3.3 Energy storage

A standard HW series gold supercapacitor will bedyshaving a maximum storage
capacity of 70F at a maximum voltage of 2.1V DC. tAs voltage is not enough to
power the WSN, two of these capacitors will be useskries. Two capacitors in series
means the voltages add, giving 4.2V DC, but thal todpacitance halves, giving 35F.
This is illustrated in the circuit diagram in Figué-28.

1 a
—— 35F

Current
Sourct

Figure 4-28Voltage regulation circuit with actuatauit capacitance

A simulation was done to illustrate the time takercharge the capacitor of 35F at a
constant current of 120mA. As the LT Spice simolatprogram cannot support many
data points the following equation (Floyd, 2005used to determine the theoretical
charging time of the capacitor when the transfofsn@iimary current is 120A.

CVe
Ic

This gives a theoretical time of 17minutes and &bads to charge the capacitor from
0V DC to a peak voltage of 3.6V DC (refer to Appierd).

4.3.4 Voltage analysis

It has been explained how the voltage input chatigessupercapacitors to operational
voltage, which does not exceed the maximum operatiovoltage of the WSN.
However, when the primary transformer supplies iy Vew operational current, this
may not satisfy the required magnetising currenthef CT needed to produce stable
operational energy, and therefore may not conteiliatvard charging the capacitors.
When this happens, the WSN will still take curreamples over that period of time,

draining power from the supercapacitors that as not being charged.
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The capacitor’s voltage will slowly decrease umstich time as the WSN ceases to
function, and this process may also result in tH&NWaking inaccurate measurements.
A voltage analysis will therefore be conducted loa dutput of the capacitor feeding the
load (WSN). Figure 4-29 illustrates where the \gdtanalysis takes place in order for

the most efficient impact on the load.

A Max

WSN Operationdl Midpoint / ; Hysteresis
voltage rang Banc
___________ Lan

Figure 4-29lllustration of hysteresis band

To reduce the possibility of inaccurate current saeements occurring, a function
called hysteresis is implemented in the designs Ttbvides the ability to create a
specific voltage operation window, called the hyetés band, as illustrated in Figure 4-

29, in order to provide a stable and efficient otiypltage to the load.

The hysteresis band allows full control of the &gk output to the load. When the
electronic circuit is supplied with a sustainablerent from the CT, it will charge the
capacitors to the maximum value allowed by the ag#t regulator. The hysteresis
function will prevent any power from reaching tread until the capacitor voltage
reaches the upper threshdlg, voltage. Once the capacitor’s voltage readdgsthe
comparator will enable its output, causing the Yalitage potential to appear across the
load. If the input current from the CT decreasesht® point where it can no longer
charge the capacitor, the load will still stay @temal as long as the capacitor voltage
stays above the lower threshdlg voltage. Once the capacitor voltage drops bdlgw
the comparator will disable its output, therebyalgiing the load from the capacitors,
giving the capacitors time to charge Wg, again. The hysteresis function guarantees

measurement accuracy as the WSN is always kepinwithoptimum voltage levels.
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The MAX 931 ultra-low power comparator IC is choskm the voltage analysis
function. This was the best option due to its alality, low power consumption, low
cost, built-in hysteresis function and ability t@oguce its own internal voltage
reference, which effectively eliminates any desgmors that may occur due to a drift in

reference voltage.

PMOS
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V+ |7 T_
RIS MAX 931 R5
3[ In+
+ Out| 8 :—\ZS\
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= 3R 6| Ret (WSN]§
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Figure 4-30Threshold detector, as redrawn from(Max2012)

Figure 4-30 is a circuit diagram incorporating thnesteresis band used to ensure the
optimum voltage range for the WSN. The ValuefR@fandR4 are used to determine
the hysteresis band of the circuit, and are theeetwe first resistances to be calculated.

According to (Maxim, 2012)the following equationancbe used to calculate these

values
_ Vus
R3 = 1= > (36)
Vre _Eﬂiﬁ
R4 = Grerm=5 ) (37)

Lref

This gives the value fdR3 as 82K2 and the value foR4 as 2.2M) (refer to Appendix
A).
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The datasheet shows that the MAX931 IC can progigeaximum hysteresis band of
100mV. Therefore, the resistdR3 andR4 have been calculated so to provide a lower
hysteresis band of 85mV, being good design pratticgerate the IC at its maximum
value. The hysteresis band currently swings arotired internal reference voltage
1.18V, which is impractical for the operational tagles of the WSN. Therefore,
resistorsR1 and R2 have been added to the circuit in order to ineehs midpoint
voltage and the hysteresis band. The following Bgnga are used to determine the new
voltage midpoint, the total hysteresis band, ardugpper and lower threshold.

VHup
(Vref+(—2=))(R1+R2)
Vyen = ( 22) (38)

(Vref—(VHTB))(R1+R2)
R2

Vien = (39)
Once the values d®1 andR2 were determined, the new upper threshold voltage w
calculated to be 3.06V and the new lower threskalde was calculated to be 2.848V

(refer to Appendix A). The new hysteresis bandhentcalculated according to

Vup (new) = VUth(new) — Vitn (new) (40)

Therefore, by the addition of these two resistdh® new hysteresis voltage was
calculated to be 213mV (refer to Appendix A), allog for longer operation of the
WSN in the event of no energy being supplied byGhe

This voltage analysis is simulated in order provateindication of how the circuit
functions with all of the calculated resistanceuesl Figure 4-31 illustrates four
complete charge / discharge cycles. The time takemarge the capacitor is irrelevant
as the simulation is purely theoretical and donerdter to indicate the functionality of
the design. Two waveforms are present, the firsiwshthe capacitor charging from
2.2V then discharging when the load is connected, tae second shows the voltage
across the load. This voltage starts at OV, ansoas as the capacitor voltage reaches

U the load connects to the circuit via the threshgtkctor (shown in Figure 4-30).
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The voltage across the load then increases frono(¥e capacitor voltage. However,
when the capacitor discharges tg the load voltage drops once again to 0V, meaning

that the load is disconnected from the capaciioimg the capacitor time to recharge.
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Figure 4-31Simulation graph illustrating output texje control across the load

Figure 4-32 is a close-up view of the first tenm®ts of the charging cycle. This
enables the upper and lower voltage bands andysterksis voltage to be more clearly
seen. The simulation indicates that the voltagerobwrircuit has an upper threshold
voltage of 3.094V which closely relates to the aldted value of 3.06V. When the load
discharges the capacitor, the lower threshold geltaf 2.9V is reached, which also
relates closely to the calculated value of 2.848Vith these voltages known, the
hysteresis band was calculated to be 194mV, wisid®mV lower than the calculated

value.
336V V{capacitor_voltage) V(load_voltage)

B2V g -

3.04V-1 ] i ; = N

Voltage (V)

i

|

J{"‘
=
|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

18 2 3s ds 58 6s 7s 8s 9s 10s 11s
lime (s)

Figure 4-32Simulation graph illustrating upper alwmver threshold voltages

With this voltage control the load will be suppliadth a voltage that will ensure the
WSN operates in its optimum range when active, eltwerproviding reliable and
accurate information. This leads to the next pdrttlte design process which

incorporates the load as well as the measurememp@aoent.
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4.3.5 The load

The loading section of the design is crucial inmgrof the output of the transformer
current monitoring system, which comprises two negntions. The first is the WSN,

responsible for the control of the electronic ciiguand the gathering, conversion and
transmission of information. The second is the tebeic circuitry responsible for the

current measurement. These two sections cannottidanéndividually and will

therefore be explained as a unit.

Figure 4-33 shows the circuit diagram used to d® d¢brrent measurements on the
transformer. As this electronic circuit is conteall by the WSN, it is regarded as the
brain of the circuit. The current flow in the ciitis one of the key parameters affecting
the operation of the system. When the primary gnemurce (PMT) is operating at
typical current potential (12049 the CT provides a secondary current of 120mA
which flows into the system &Tl;,. The current aCTli,is then subjected to either
energy harvesting mode or current measurement nmdotdaef discussion on how these

different modes function is therefore given in tbkowing section.

CcT1,
11\' | 12\ IC\'
R(Shuntg} Pot 1
WSN NMOS ng
GP(I0) PEUN
I I:\— —L—  super
:} Iy voltage -1 capacitor
Q < regulato
ADC
Cl——
GND
L

Figure 4-33Current measurement circuit
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4.3.5.1Energy harvesting mode

When in energy harvesting mode, the general purpgaé output [GP(IO)] pin of the
WSN is programmed to OV. The current @1, is a rectified current (full bridge
rectification) meaning that the CT current has sitpee and negative cycle. When
current passes through the rectifier, the outputeot (after rectification) has two
positive halves. In energy harvesting mode, all dgheent bypasses the measurement

section [; andl,) and flows into the supercapacitor, indicatedhmydashed ling.

4.3.5.2Current measurement mode

When in current measurement mode, the total curfeows into the current
measurement sectiorl;(and I,). In this mode the GP(IO) pin of the WSN s
programmed to 3.094V. When the GP(IO) pin is set pmsitive voltage, the N-channel
MOSFET switches from an open to a closed state.rWthe N-channel MOSFET is
closed, the current flows through the parallel covation of R(shunt)and Pot 1. This
causes a voltage to appear across the parallstaese and ground, which charges the

capacitorC1 to that voltage.

The resistor and capacitor combination in the dinsua crucial part of the design. The
time taken forC1 to charge to the maximum voltage (determined leyrtfeasurement

current) and stabilise when the primary transforireeperating at its minimum current
(5Amy9) is also important. This determines the maximuttlisg time the WSN needs to
wait before starting to take current samples. Oiheevoltage ofC1l has charged to

maximum and settled, the ADC of the WSN measurevditage ofC1.

Full Bridge Averaging ADC Sampling
Rectifier Circuit
1 2 3
m /\ NN N /NN /N
\ [T N Y VI
rec Vavg

Figure 4-34Waveform illustration for current measorent
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Figure 4-34 shows the expected waveforms duringctimeent measurements. The
measurements consist of an average rectified waaged by the averaging resistor and
capacitor combination (indicated by 2 in Figure4):3As the signal is rectified, the
polarity of the negative cycle is changed to pwusitithereby creating the rectified
signal. As soon as the signal enters the averagjiogit, a steady DC voltage is formed,
proportional to the average current and shunt teesie. Therefore, whe@1 has
charged to the average voltage and settled, the ADgctivated and samples the DC
voltage (indicated by 3 in Figure 4-34). The follogy section explains how the

electronic circuitry is controlled by the WSN.

4.3.5.3WSN program
The program that operates the MSP430 processdreiVSN links the measurement

circuit with the WSN. This section explains how theogram functions are able to
obtain certain output information. A full extendeersion of the program can be seen in
Appendix D. A flow diagram indicating the individuéunctionalities of the WSN

current monitoring program is shown in Figure 4-35.

WSN » Period > High ,| SetGP(I0)|__,|  Transmit
program timer | Hightimenr=> ) o, measurement
Set GP(I0) ADC
High measure C1

Figure 4-35Flow diagram of WSN program layout

The foundation of the program is based on timdrs,ttvo most important being the
periodical interval, or period timer, and the higterval, or high timer. The function of

the period timer is to create a period in which gmegram will run; in this case a

periodic interval of 60s is chosen, meaning that phogram will run in a continuous

loop which repeats itself every 60s. Consequeatigurrent measurement will be taken
every 60s, leading to 1440 measurements every a#shdrhis sample rate is

considered adequate in order to obtain the infdomateeded for condition monitoring.

To begin the process, the period timer is firedr{st) which immediately sets GP(10)
pin 23 of the MSP430 to its high state.
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When this pin is enabled, the energy harvestinguiis disconnected (indicated hy

in Figure 4-33), the current measurement circugnabled and the high timer is fired.
The period of the high timer is based on the tialeeh forC1to charge to the average
voltage (determined by the CT current). The maxinalmarge time ofC1 depends on
the lowest specified current rating required tariasured by the WSN. Because of the
size of C1, the maximum charge time is 519ms (rteféxppendix A).

It is therefore decided to make the high time wakds, givingCl 1s to charge to its
maximum value and stabilise. When the high timaches the end of its period a@d

is charged to the correct voltage, the current oreasent function is activated. This
enables ADCO (pin 59) on the MSP430 which takeltage measurement. Once this is
done, GP(IO) pin 23 is reset to OV. The electrazircuit is then switched back to
energy harvesting mode. As soon as the pin is giedinthe WSN constructs the data
packet and transmits the information to the baa#@ost The period of the high and
periodic timers will now be complete and the prograill repeat itself. Figure 4-36
illustrates the timer intervals and how they amegpammed to operate.

Periodic Timer

P
|

»
Lgl

:A High Timer _ i
GP(lO) e T '
Trigger 2 J 1c L] 59¢ R
Settling i Harvesting
ADCO Time ! Time

Current Sampl|

Data
Transmission

]

Figure 4-36Timing structure of the WSN program
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4.3.6 Testing the condition monitoring system

The condition monitoring system, comprising the @l electronic circuitry and the
WSN, was assembled and connected to the currentation rig shown in Figure 4-37
for testing. By supplying the rig, having forty tig; with a constant AC of 34, an
alternating magnetic flux is generated that istiedato the flux generated by a single
conductor carrying an AC of 12Q4.

Figure 4-37Condition monitoring system connectetbh rig

An illustration of how the test was conducted iswh in Figure 4-38. The condition
monitoring system harvested its energy from thererxur simulation rig, thereby
charging the supercapacitors and powering the WSMNchw began to measure
thecurrent from the primary source (current simafatig). These measurements were
then wirelessly transmitted as data packages tob#se station, which is directly
connected to the local laboratory computer wheeectirrent readings are displayed.
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Figure 4-38Transformer condition monitoring systiatmoratory measurement

When the first measurements were received it wasddhat the current readings were
fluctuating and unstable and therefore no trueingadould be established in order to
calibrate the device. By further investigation iasvfound that a small voltage ripple

(45.5mV) was occurring 081, the measurement of which is shown in Figure 4-39.

- : Agilent I | Agilent
| I ili::-l-.-l:-.‘-:lf'-r' '-?-'-"-I'-"" fm III""-"-":":II":.-'"":"' i e [ I T | I I I [
> VWV VWV WY
= vV V) Wy
L)
|.': A
|
"y :.,. uhuu-l—n - . q .:l'“.-' o ...
Capacitor charge curve Capacitor ripple

Figure 4-39Capacitor charge cycle indicating voléagpple

When the WSN reads the voltage G, it must fall between 0 — 2.5V, which is the
internal reference of the WSN and is directly lidke a twelve bit value (4096). This
twelve bit value is also directly linked to a cunteeading falling between 0 — 200A.

The following equation was therefore developedaicuate the output current.

VCa
Iprim = Vr:;_ 200 (A) (41)

This gives a current swing (ripple) of approximat8I6A associated with the 45.5mV

voltage ripple (refer to Appendix A).
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In order to eliminate the current ripple withoutvimey to change the hardware, an
averaging circuit is introduced into the WSN pragraThe program will now be
changed to take nine consecutive measurementsngta&pproximately 20ms to
complete. The program then automatically sums tbdage measurements and
determines the mean value. By doing this, the eippiperienced ogf1 is averaged,
thus providing a stabilised current reading. A flovagram of the newly developed
code is illustrated in Figure 4-40.

WSN program

v

Start periodic N Set (GPIO) Set ADC
timer pin high count to 10

v

Start High timer

<
A

Y
If:i <ADCcount —» True ™

Read cap voltage
(current read)

—»| Storereadings |—» Incrementi

v v
False Store=V_,,+ Store
v v
Calculate average Toggle (GPIO) pin
v

Transmit data to
base station

Figure 4-40Flow diagram of WSN with ripple averagin

The same experiment illustrated in Figure 4-38eigented in order to see how the
averaging method will commence. The results argveho Figure 4-41.

TR g K
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Capacitor charge curve Capacitor ripple

Figure 4-41Capacitor charge curve indicating vokkasamples taken on ripple
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Here it can be seen that the voltage samples td&enone ripple cycle are
approximately 20ms in length. A GP(1O) pin was pesgmed to switch its state from
zero to maximum each time a voltage measuremeaaken. Therefore, the five pulses
indicate that a total of nine measurements werenat the end of the capacitor charge

cycle.

The flow diagram in Figure 4-40 illustrates thealiWWSN average RMS calibrated

code that will be used to program the electronitshe printed circuit board (PCB). In

order to filter out the ripple an ‘if’ statementimplemented in the original code, which
will repeat itself until its conditions have beemtmnWhen the loop is complete, all the
data will be fed into an averaging formula, whehe tesult is constructed into a
package and transmitted to the WSN base statiow. tNat the measurement section is
complete, the following chapter will focus on hdvetdevice is calibrated and tested for

accuracy.
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Chapter 5

CT calibration

In order to ensure measurement accuracy from tirerdqumonitoring system, the CT is
calibrated with a reference ampere meter. The gugienulation rig shown in Figure 4-
37 is connected in series to a calibrated Fluke d&8 logger to obtain precise true
RMS current readings and to verify that the rigriseducing a stable sinusoidal AC. As
explained in Section 4.3.6 the rig of forty turssadjusted to produce a current output
of 3Ams Which generates a flux matching that produced hg phase of a 100kVA
transformer carrying 1204s The current monitoring system is then connectethé

rig and the output monitored.

As expected, the output (current reading) of theicdewas not initially accurate;
however, the current was stable. Pot 1 in the ntmeeasurement circuit of Figure 4-33
is used to adjust the current reading to matchl®®Ans of the rig, after which the
device was monitored to observe whether the meamms are accurate and

repeatable.

After this calibration, a standard accuracy tegpesformed to determine the device’s
accuracy over its full measurement range. The aubpuhe device is compared to
readings obtained by a Fluke 43 power quality as®alyvith a 500A CT current clamp

connected to the same current simulation rig.

The two devices were tested over the range 10 -A2Q0beginning at 5A, and in
measurement increments of 10A. The current monigosystem is programmed as in
Section 4.3.5.3 therefore taking measurements e@6sy Five measurements were
taken at each current interval and the averagésese were used to determine a total
average error (maximum of 3% as shown in Figure) Sdsociated with each
measurement device, which are then compared. Thiesgs is repeated five times in

order to ensure accurate results (refer to Appe@glix
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5.1 Results

The results of the calibration are shown in Figeh® This graph compares the current
of the current simulation rig with measurementseiaky the average RMS calibrated
meter. The measurements are taken at 10A increnbegisining at 5A for the first
current sample. The CTs are labelled from averag& Ralibrated (ARC) CT1, being
the first test, to ARC CT5, being the fifth testheThigh and low limits shown on the
graph are determined by the allowable percentage gpecified in the beginning of the
design stage. The two dashed lines on the grapicaitedthe allowable calculated
current error according to design specificationsing the current values which the
readings may not exceed. This graph shows thaA®@ CT exhibits a linear response
to the current increments over the full measurememge and indicates good

repeatability and consistent accuracy over thettges.
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Reference current (A)

—ARCCT1 —— ARCCT2 —— ARCCT3 —— ARCCT4
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Figure 5-1Accuracy of current monitoring systemrdudt measurement range

Figure 5-2 shows the measured error values of R€ &T over the operational current
range. All the test results show that the devicepisrating well below the five percent
error allowed in the design specification. It cdsoabe seen that the error increases as
the current is decreased to the minimum value ofnSAwhich is attributed to
magnetising losses associated with the magnetmimngent in the core of the CT, as

previously explained.
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Figure 5-2Error measurement on current monitoriggtem

Figure 5-3 shows the error percentage results tf thee ARC CT and the OTS CT.
Both devices are shown to be operating well belwavfive percent error allowed in the
design specification. In addition, it can be sdeat the ARC CT performs better when

subjected to a perfectly sinusoidal signal.
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Figure 5-3Error measurement comparison between 8R@nd OTS CT
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By looking at Figure 5-3, a constant rise in em@aidings can be seen associated with
the OTS CT at 60A. This is considered to be dueatphenomenon called the
quantisation error. This is known to occur withitigmeters when the meter fails to
provide the correct digital representation of aalague value as it is limited to discrete
incremental values. The actual value may fall argn@hbetween the two discrete
values, thereby introducing an error in the rea@agr, 2002). This current change
could also be due to the fact that the OTS FlukeréBer has an auto scale function

which changed from the 50 A scale to the 100 Aesdaking calibration.

As previously mentioned, all the tests were corelilicinder laboratory conditions with
purely sinusoidal waveforms. Two additional testsrevperformed to observe what
happens when a waveform becomes distorted. Initeetést, a square wave was
supplied to the current simulation rig at 1gAand a total error of 7.91% was
measured with the ARC CT when compared to the RMS reading of the OTS CT.
However, in reality, this type of waveform is highinlikely to occur. In the second
test, a sawtooth wave was supplied to the curiemilation rig at 1004, and a total
error of 3.2% was measured with the ARC CT when gamed to the OTS CT. In
reality, this type of waveform is more likely toc in the system than the square wave
due to harmonics being introduced on the consuider $he results of these tests are
shown in Table 5-1.

Table 5-1ARC CT results compared with OTS CT resglimeasured at 10QA
Waveforms Description OTS CT Error ARC CT Error

/\\//\\//\\/ Sine wave 0.32% 0.105% (0%)

’_I I_I I_I Square wave 0.4% 7.91% (10%)
.

/\\//\\//\\/ Sawtooth Wave 0.1% 3.2% (3.3%)
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Chapter 6
Field testing

Field tests are conducted in order to show thaettergy harvesting current monitoring

device has the ability to produce accurate sudté@naurrent readings when facing

actual currents affected by different residentadds. These tests were performed in
Paarl at a mini substation supplying power to adeggial area. This mini substation

comprises five connection points each having theesaurrent rating of the current

monitoring device. Two of the five points were ntoned over a period of one hour.

The current measurements were done by connectidr&CT (with a Fluke 43 power
quality analyser) to one incoming phase. The Fii8ds used as it has the ability to
take true RMS current measurements and determinB. THhe energy harvesting
current monitoring system was then connected ts#mee incoming phase as the OTS
CT and programmed to take current samples every 60s

Figure 6-1Internal layout of mini substation in Rha
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The internal layout of the mini substation is shawrigure 6-1. The several outgoing
LV phase cables shown supply power to various regiof the residential area. A
number of tests will be conducted on these phadesfirst test will take measurements
on the red phase which supplies the local OK Mimkegkiosk, as indicated by the
right circle in Figure 6-1. This is done in orderdbserve what influence a commercial
building has on the current monitoring system,résults of which are shown in Figure
6-2.
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Figure 6-20K Minimarket phase current tests

As shown on the graph, the results of the ARC GTcampared with the results of the
OTS CT (with the Fluke 43 power quality analys@ife brown line represents the
THD on the phase, measured by the Fluke 43, andothege line represents the
average difference between the two measurementitsesihe minimarket load
comprises lighting, PCs, cashier tills, refrigeratand a bakery. The biggest current
consumer is therefore the ovens in the bakery. Wherovens are switched on, this
causes a current inrush of 90A, during which tirhe tharmonics of the system
decreases from 5% THD to around 2.5% THD.
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When this load is switched off, the current redutedetween 35 — 40A, and the
harmonic distortion returns to around 5% THD. Hoemvthis does not have a
significant influence on the measurements when esmg the OTS CT to the ARC
CT.

The second test will take measurements on thegilase which supplies Mash Street,
as indicated by the left circle in Figure 6-1. Thepresents a typical residential load
associated with the PMT phase current that thestoamer monitoring device is

designed to measure. Figure 6-3 is a close-up e@ftwo measurement instruments

connected to the blue phase supplying Mash Street.

Figure 6-3Close-up of current monitoring devicesbture phase feeding Mash Street

Figure 6-4 shows the measurements of transformeseplturrent supplying Mash
Street. It can be seen that the THD on this phasgreater than that of the phase
supplying the OK minimarket. This is consideredb® due to these measurements
being done in the off-peak period when few housghesistive loads were switched on.
However, the current measurements of the averag& RMibrated system are still
relatively accurate compared to the results offla&e power quality analyser. As seen
in Figure 6-4, the total average error between @ES CT and the ARC CT

measurement results is well below the five peradatvable limit.
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Figure 6-4Measurement of transformer phase cursaipiplying Mash Street

By looking at Figures 6-2 and 6-4 it can be seet the major difference between the
two measurement results is the harmonics presethteirsystem of Figure 6-4. It was
expected that the transformer phase with the mashdnic content will have the least

accurate readings; however, this was not the case.

The magnitude of error between the OTS CT and tRE€ ACT is considered due to
differences in the calibration of these devices.pfaviously explained, the ARC CT
was calibrated in the laboratory. It was not pdssib use the same OTS CT meters for
the field tests, resulting in these meters beinthefsame quality but not calibrated to
the ARC CT.
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Chapter 7

Conclusions

The proposed transformer condition monitoring systeas divided up into sections.
The first section focused on the requirement of dbeice being self powered, using
energy available from its environment. An energyvhating system was therefore
designed and developed which used the magnetic dtoxind the current carrying
conductors of the transformer being monitored. AVZAS designed with two purposes
in mind — namely, to harvest energy from the flaxppwer the current measurement
device, and to step down the transformer phaseemurio a practical value for
measurement. This ensured a cost-effective enexgaesting and current measurement

technique to perfectly fit the requirements of ttisdy.

In order to prolong the lifespan of the current manmg device, a study was conducted
on the various types of energy reservoirs thaaseslable. Supercapacitors were found
to have the ability to supply sufficient energyth@ current monitoring system while

having a longer operational lifespan than thahefrhore traditionally used batteries.

An optimised smart electronic energy controllingteyn was designed and developed
in order to control the energy harvesting as weltlee current measurement process.
This system ensured that the energy harvested by Gl was stored in the
supercapacitors to enable current measurementshabdhe minimum and maximum
demand required by the load was regulated. Thegudedithe entire system enables it to
operate at 4% of the rated transformer currents Eimiables the device to operate for

extended periods of time without charging the scgyeacitors.

For safety reasons, a wireless communication systamdesigned, using an off-the-
shelf WSN powered by the energy harvesting syst#m. WSN was programmed to
accumulate data which is wirelessly transmittedriother WSN serving as the receiver

unit or base station.
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Referring back to Problem Approach in section it.%as established that the normal
operational conditions of a PMT is between OA aB8A. However as indicated in
section 2.1.1, transformers can be driven past tt@0% operational current. It was
also possible to develop an accurate current measant device (CT) for the specified
PMT transformer. Furthermore it was found that fredosB WSN wassuitable for
thisprojectaccompanied by low power consumptionmestioned in section 2.4. In
order to provide the energy needed for this projeetas decided to harvest energy by
means of magnetic induction at the transformer @lwdbles. This process proved to
besufficient and it was able to charge the suped#ps under full operational
condition of the WSN in the laboratory as well ash& mini substation when the field
measurements were done.Finally with the field tdstse, it proved that the ARC CT
was able to do current measurements accurateheifig¢ld when compared with OTS

CT commercial products.

7.1 Problems encountered

Energy harvesting forms the backbone of the transfo condition monitoring
system’s functionality. The manner in which eneigyharvested via magnetic flux is
directly linked to the system performance of the TPNDuring off-peak periods, the
secondary phase current of the transformer canulie tpw. The energy harvesting
system is not able to harvest more energy tharvtheh is consumed by the condition
monitoring system. Therefore, depending on the Idaaracteristics, there is a chance
that the supercapacitors may run out of energyufiply to the condition monitoring
system due to these periods of low secondary PMiEebkurrent.

With reference to the calibration results in Sett®2, distorted waveforms were
shown to introduce errors in the measurement syskéese waveforms do occur out in
the field; however, according to the study doné&aettion 2.2.1, it was found that the
regions supplied by PMTs are less rich in harmaoatent when the PMTs are
subjected to an increase in load (peak period)s ©hdue to the fact that during such
periods the largest portion of the residential l@g@urely resistive resulting in a near

sinusoidal waveform.
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7.2 Proposed future work

A study can be conducted on simultaneous threeepbasrent monitoring and in

addition continuous monitoring could be done indte& using sample intervals. The
condition monitoring system would be able to taKdSRmeasurements if a stronger
microcontroller were to be implemented in the desigif a RMS IC were to be used.

For the wireless transmission of data, an alteraatystem could be designed using less
operational power and having a broader transmissinge than the WSN used in this
study. Improvements can also be made to the prograich controls the operation of
this system. An alert protocol could be developductv sends out a warning signal if
the transformer is subjected to currents fallingsmie its specified operational range.
The system could also be linked to a GSM modemblampa utility to connect to the

transformer being monitored and review its operati@urrent at any given time.

Finally, a smart end program could be developecbtovert all the data obtained from
the system into graphs. These would show the apeedthealth of the transformer
over time and whether it has been subjected tohazgrdous loading conditions that

may result in damage or even failure of the device.
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Appendices

Appendix A—CT Design

Permeability calculations
The following equations from (Gupta, 1999, pp. 2)-%vere used to calculate the
permeability of 3C81 ferrite U-core material.

Calculating magneto motive force
F = N; x I; = 200At

F Magneto motive force
N Number of secondary windings 1i800
I Current in secondary winding 02004

Ampere turns provided for ferrite path
Fr = 035 X F = 70At( Assume that the ferrite path takes 35%)

Fr Magneto motive force of ferrite material
F Magneto motive force B00At

Ampere turns of air gap between U cores
F, = F - Fr=130At

v Magneto motive force of air gap
F Magneto motive force B00At
Fr Magneto motive force of ferrite material 70:At

Calculating flux density in air gap

Fg X o
B, = QT = 1.361T = B;
By Flux dencity in the air gap
v Magneto motive force of air gap 1B0At
Uy Permeability of free space 4isx 1077H/m
ty Length of the air gap between two U core i€0.12 x 1073m
By Flux density in ferrite material

Area of core calculation
A, = £.x W, = 207.35 x 10~°m?

A, Core cross sectional area

£, Core length i9.0143m

W, Core width i9.0154 m
Magnetic flux in the CT core can be calculated hg following formula:
@ =By XA, = 0.282mWb

@ Total flux

B, Flux dencity in the air gap is1.361T

A, Core cross sectional area 208.35 x 107%m?
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Calculating core relative permeability
u, = By X bur _ 5676679
Uy X :Ff
Uy Relative permeability
By Flux density in ferrite material i861T
Lyp Magnetic path length of U core 0i473m
U Permeability of free space 4isx 107"H/m
Fr Magneto motive force of ferrite material 70At
Uy Theoretical valuefrom datasheet is2700
Uy Calculated value is2677

Magnetising current
The following equation from (Mclyman, 2004, p. 34jas used to determine the
magnetising current needed to magnetise the st@B1 ferrite material.

Hx?
I, = —2ME_ — 20644
0.4XTXNp
Iy, Magnetising current
H Magnetic field intensity is15 A/m
Lyp Magnetic path length of U core 0i473m
N, Number of primary windings is

Maximum current or saturation current that will ene rgise the coreB,,.x

In order to calculate the saturation current oftthasformer core, there is a sequence of
calculations that have to be done to determinectneent. Therefore first, known
factors have to be manipulated to provide the tbsxl value. The following equation
from (Gupta, 1999, pp. 22-24) was used to deterriaeore saturation current.

® = By X A, =9.330 x 1075 Wh

@ Total flux
Bax Maximum flux density i450T
A, Core cross sectional area 208.35 x 107%m?

Now that the flux value is known, the reluctancetioé two ferrite cores and the
reluctance of the air gap between them have talelated:

Reluctance of two identical ferrite cores are:
R, = —MP/2 _ 123223 x 103At/Wh

HoX Wy XA
R, Core reluctance
Lup Magnetic path length of U core 0i473m
Uy Permeability of free space 4isx 1077H/m
Uy Relative permeability 00

A, Core cross sectional area 208.35 X 107%m?
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Reluctance of the air gap between ferrite cores:
2¢

R, = 9= 923.105 x 1034t/Wbh

HoXAc
Ry Reluctance of air gap
Yy Length of the air gap between two U core i90.12 X 10™3m
Uy Permeability of free space 4isx 1077H/m
A, Core cross sectional area 208.35 x 107°m?
Total reluctance of the magnetic circuit:
Ry = 2R, + R, = 1.169551 X 10%At/Wb
R, Total Reluctance
R, Core reluctance 123.2 x 1034t/Wh
R,y Reluctance of air gap 933.1 x 103At/Wh

Now that the total magnetic circuit reluctance mown, the MMF (magneto motive
force) of the circuit can be determined with thikolwing equation
F=Rxd=109.12 At

F Magneto motive force
R, Total Reluctance 15169 x 10°At/Wb
o) Total flux i9.330 x 107> Wb

Now that the MMF is known, the saturation curresm be calculated:
Lt =~ =109.12 4
14

Lot Saturation current
F Magneto motive force 199.12 At
N, Number of primary windings is

With the above calculations, it has been determthatla current of 109.12A that flows
in a single winding will produce enough currensaturation a 3C81 Ferrtite core.

CT core area calculation

In order to design a current transformer that pitlvide a certain operational voltage,
the frequency as well as the Flux density of the r@dterial has to be chosen first.
When these parameters are known, the following temudrom (Di Tian, 2002, p.
22)was used to determine the core area

Calculating the ferrite core area needed to prodmceutput voltage of 30V

Yo _ 2
e = (grrers) / No = 02122 m

A, Core cross sectional area

v, Peak voltage is30V

F Frequency is50Hz
Boax Maximum flux density i450T
N Number of secondary windings lis



Wireless Transformer Condition Monitoring System

Appendix A - CT Design 110

This core will be to large, therefore more winditgse to be added to reduce this area
A, = (V—”)/Ns = 212.206 x 10~%m? or 212mm?

27T X F X Binax

A, Core cross sectional area

v, Peak voltage is30V

F Frequency is50Hz
Bax Maximum flux density i3450T
N Number of secondary windings 1600

From Ferroxcube a practical core was chosen witloss sectional area of:
Ac = 204 mm?(U67/27/14)

New voltage calculation

Vp = 2 X F X By X Ag X Ng = 28.84V

v, Peak voltage

F Frequency is50Hz

Bax Maximum flux density i3450T

A, Core cross sectional area 204 x 107%m?
N Number of secondary windings 1i800

Vims = 0.707 X V= 20.39V

Vs Maximum RMS voltage

V, Peak voltage 38.84V

According to the above formula, when using a Fer8i€81 core with a cross sectional
area 0f204 mm? will produce an output voltage of 28.84,Mx)

Power output of CT wounded with AWG 25

The power output of this CT was determined by piimg the CT with a constant
primary source current of 124Q,,.. With variation in the load magnitude, different
power outcomes have been noticed.

V,
Riax = —= = 169.920

Lrms
Roax Maximum load resistance
Vs Maximum RMS voltage .39V
Ls(rms) Typical secondary RMS current (ad24

The following section focuses on two of those oates, the first being the power
output at a load of 1ZD. This load was chosen because it indicates thep&@iwer
output before the core saturates.

2
P17OQ = (Is(rms)) X R170Q = 2.448W

According to the equation above, the maximum thezalepower at 128,.,,,, that the
transformer should deliverRg, oo = 2.448W.
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Consequently the measurgd,; before saturation is 19.26Y;ms) is 114.11mA and

Power is 2.195W, notice that the two powers ardlaimand the voltages and currents
are almost sinusoidal, however does show signsitofaion due to a reduction in the

load current from 120mA.
4.8y, 20 100Rf 3 4 0.0s h.000z! Stop

P P /
VAR /1N /
A AN y
WAVAR\NVAIVAR\NNVIVA
- N LS N L/
/ N N
o it ey S’ /|

After saturation

After saturation the power output of this CT stdrte reduce due to the distortion of the

output current as shown below
3e.0v/ 2 100k 5 4 0.0z 5.000g/ Stop

N M N O P 1 N
AN AN
1 N ™\
L/ N N

I

Actual measured Load voltage, current and power

0.14 2.5
0.12

2 o1 IZEANN 2 g
5 0.08 e AN 15 8
3 0.06 // \E\\ 1 g
8 0.04 — X S
~ 0.02 0.5
0 T T T T T 0
0 5 10 15 20 25 30
Load voltage (V)

——Isrms(A) LHA ——Po(W) RHA
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Acceptable core losses
The following section from (Mclyman, 2004) is ardication of the theoretical power
that will be lost when the CT is in its operatiostdte.

5
Pre = Py X 755 = 122.4mW

Py, Acceptable core losses
P, Power output i2.448W

According to the top equation, the allowable poless in the core at maximum power
was calculated to b&22.4mW. Now that the estimated amount of power loss was
calculated at 5%, the theoretical power loss caoabaulated to know whether the core
is efficient enough for this energy harvesting psx

The following equation will be used to determineemable power loss according to
the weight of the CT core material.

LoSSmy g = Pre _ 0.72mW /g

Wtfe
LoSSmw /g Power loss according to the weight
Pfeg, Acceptable core losses before saturation 1228kmw
Wtfe Core mass 150 g

Flux density calculated

VpnewiS the peak voltage when the CT has78Q load on it, therefore the voltage is
reduced from the open source voltage which meatsitith a lower voltage,,, ., will
also decrease. The equation from(Di Tian, 20022p.was used to determine the new
Bax Value.

According to CT tests with 120,,, primary current and d70Q load, the tests
indicated al},,, 0f19.26V. To apply this voltage to the flux degs#tquation, it must
first be converted t&,.

Vpge = Vipms X V2 = 27.238V

Vpgs Peak voltage before saturation
Vs RMS voltage i59.26V
Vsz
Bps = (2m x F x Ny x A.) = 425mT
Bgs Flux density before saturation
Vpgs Peak voltage before saturation 216238 V
F Frequency is 50Hz
N Number of secondary windings 1i800
A, Core cross sectional area 204 x 107%m?

Using these equations and the measures data thee cambe done for the rest of the
measurements, resulting in the graph that follows
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0.6 25
__ 05 Fa N L, -
g o / \ - 15 %
= 02 / \\ 1 ﬂ‘é
=, e 05 3
0 . . : : : 0
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Load voltage (V)
—B(T) LHA ——Po(W) RHA

Now that the flux densities at specific operatiaritages are known, the theoretical
power that will be lost during operation can becakdted using the equation from
(Mclyman, 2004, pp. 444-445).

LosSyy g = 0.000179 x F148 x B 1%

LoSSmy /g Core power loss according to the weight
F Frequency i$70 g
Bax Maximum flux density
= 0.
E 0.014 //\\// 2 2
Z 0.012 =
° i N\ - 15 ©
o 0.01 =
2 d / \ g
- 0.008 o, g
) / \ S
S 0.006 % 2
@ 0.004 e S
2 ' / B 0.5
o 0.002
S 0 : : 0
0 10 20 30

Load voltage (\9
——Loss(mW/g) LHA ——Po(W) RHA
Total core losseds in Watts
This calculation will indicate the total theorelipmwer loss in watts caused by the core
in operational state.
Pre = Wtfe X Losspmy g = 1.440mW
Py, Core losses

Wtfe Core mass k70 g
LoSSmw /g Core power loss according to the weight
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Induced core error
Before saturation:

Core losses induced error = (?) X 100 = 0.07198%
Bs

Pfeg, Core losses before saturation 1.88mW
Pogg Power output before saturation 2i895W

In the beginning of this calculation it was estigththat a total power loss of 5% would
be tolerable, however with the calculations abaveyas determined that the 3C81
ferrite material would cause 0.072 % of the totalvpr to be lost before the core is
saturated. The core losses are exceptionally lowis Ts likely related to the low

frequency at which they are excited at. Therefbie 3C81ferrite material will be an
effective material to use for this energy harvest@T design.

Wire calculations

Calculating the wire thickness of the CT and th@am of current that it will be able to
handle. According to (Mclyman, 2004, p. 504),1am? will be able to handle
continues current flow of 400 A. The following calations were based on the above
statement.

I
J =5 = 4x10°4/m”

J Current density
| Electric current i4004
A Area i9.0001m?

The following equation will determine the wire diater that will be able to withstand a
current flow of 0.2A.

I
A, :j = 50 x 10~°m? or 0.05mm?

A, Area of conductor
I Rated electric current 0524
J Current density Bx 10°4/m?
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Looking at the standard AWG, the gauge factor thahe closest to the calculated
value is the AWG 30, which hasdaof 0.03203 mm?.

Hence with a wire with @, of 0.0509 mm?will be able to handle a current of R A.

To ensure that the wire will not add additional tiieathe transformer, thé,. has to be
increased. In order to save cost on the projeeag decided to use the copper wire with
AWG values of 29, 27, and 25 to wind three curteartsformers for testing purposes.

CT winding resistance
The CT that was winded with AWG 25 was used toudate the winding resistance as
well as the copper losses that the transformerresdu

Q
RS = ‘gMTL X N X _:6ZZZQ

km
R, CT resistance
Lyt Mean length in, turn per m (Ferroxcube dataghieet8.6 x 10~3m
N Number of secondary windings 1i800
% Resistance per kilometre 1i86.173 Q/km

The theoretical impedance of the CT was calcultddae6.221 ) and measured value
was 9.2)

Copper Losses

The copper losses will be calculated accordincheorheasured impedance of the CT.
and the measures currents

Py = (15)2 X R

P, Total power lost in transformer windings
I RMS secondary current
R, Resistance per kilometre 92 O
140 25
fa) \A
= 120 L —
£ 100 // Y\ 2 =
S g0 e AN\ 15 3
[%2]
2 60 - A\ . g
2 ~ \ A 3
a 40 S
S e \ - 05
\
0 T T T T T O
0 5 10 15 20 25 30

Load voltage (V)
—Pcu(AWG25) LHA™ ——Po(W) RHA

The maximum copper losses in the CT1B2 mW, which can be reduced by using
thicker wire.The previous equations were repeatedAWG 27 with a resistance of
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12.2) and AWG 29 with a resistance of 2216 determine the power and efficiency
characteristics for CT's using the same core ltdrdnt wire diameters.
Pinzpcu+Pfe+Po

_fo x 100
= (Pin)

P; Input Power
P, Total power lost in transformer windings
P, Core losses
P, Power output
n Efficiency
120
100 ——
S 80
> /=
c 60
o //
(&S]
£ 40
(5]
20 /
0 T T T T T 1
0 5 10 15 20 25 30

Load voltage (V)
—AWG25 —AWG27 AWG29

Voltage regulator
The output voltage of the TL431CLP high currentrghiegulator was determined by
the following equation obtained from its datasheet.

v,
R1=< - 1>><R2=50kQ

ref
R1 Unknown Resistor value
v, Output voltage is3.6V
Vyer Reference voltage 2.4V
R2 Chosen Resistor value 500k

The closest E12 resistance value &0 kQis 47 kQ. Therefore by using @7 kQ
resistor in the equation, the theoretical outputage of the precision regulator should
be:

Q
V, = (1+100kﬂ)x 2.4V = 3.528V

With the above calculation done, it was determitied the theoretical output voltage of
the precision regulator should B&28 V.
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Storage capacitance calculation
The following calculation illustrates the capacdanmagnitude when capacitors are
placed in series with one another.

1
Ctotan = T— = 35F
C1 G
Crotal Total capacitance

Ci, C, Capacitance iS7TOF

With the use of the above equation it was deterchihat the capacitance magnitude
changes to 35 F when two capacitors with an initiagnitude of 70 F are placed in
series.

Charge time calculation

The following section is a theoretical capacitoarge estimation, when a capacitor is
charged with a charge current of 042, from the CT. The following equation form
(Floyd, 2005, p. 666) was used to determine thegehtame of the capacitor.

Q=1I.x%t, Q= CXxV, I Xt=CXV,
g CXVe
Ic
Q Capacitor charge
I, Charging current (A)
t Time (s)
c Capacitor capacitance (F)
|74 Capacitor voltage (V)

The maximum charge time was calculated when thegrg transformer would be
operating at a theoretical current per phase whict?04,.,,s. Hence the CT would
produce 0.12,,, to charge the capacitor with:

35 X 36

012 = 1050s or 17min and 30sec

The minimum current that will be measured by the §TWwhen the primary transformer
is delivering 54,.,,; on its primary winding. Consequently the CT willoguce a
charging current of 0.0058,.,,; to charge the capacitor with.

35 x 36

0005 = 25200 s or 420min

According to the above equations it will take 17ramd 30 sec to charge the capacitor
at a constant current of 0.120,,,, however when charging the capacitor with the
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absolute minimum current of 0.005 V it will taken@urs not considering any losses to
charge the capacitor from OV to the 3.6 operationéhge.

Hysteresis band calculation
The following equations from (Maxim, 2012, p. 10)emw used to calculate the
hysteresis band of the electronic circuit.

14
R3 = “HE_

2 Xlref
R3 Resistor value
Vug Voltage of the Hysteresis band
Les Reference current

For equation 4Y,; can be any value between 0 am@b mV, therefore a value of
85mV was choset,..rcan have any value betweér uA and4 pA. Therefore it was

decided to us6.5 pAasl,,.

85 mV

k3= 05

= 85k

Because35k() is not in the E12 range, it was decided to chdbsecloses resistance to
it. HenceR3 = 82 KQ

14
(Vref_ %)

R4 =

Iref
R4 Resistor value
Vug Voltage of the Hysteresis band
Lees Reference current

According to the datasheet of MAX931 (Maxim, 20p2,9) the reference voltage of
the IC is at a fixed value of 1.182 V.

85 mV

2 —
05 1A = 2.279MQ

1.182 -
R4 =

The calculated value @4 is not a E12 value therefore the closest valuz2M () was
chosen folR4

Upper and lower threshold voltage calculation

It was decided that an upper threshold voltage .aV3will be adequate for the
electronic design. With this chosen value, a vatadigyider betweerR1 and R2 was
done to determine a value close to the originakupireshold value.

Vug 85mV
Vuen (original) = Vref + (T) = 1.182 + ( > ) =1.224V



Wireless Transformer Condition Monitoring System

Appendix A - CT Design 119

Now that this value is known, the resistive valoas be determined.

v __ Vutn (originaty X(R1+R2)
Uth (new) — R2

With the top equation, all of the variables arewnaccept for the 2 resistance values.
It was therefore decided to chod?2to be1MQ , to solve the equation to determine
R1

R1 = ((VUth (new) X RZ) - VUth (original) X RZ)
VUth (original)

(31 x1MQ) — (1.224 x1MQ)

< 1.224V

) = 1.53MQ

With the top equation, it was determined tRatwill have to have a value df53 MQ
to provide &y, (new) Of 3.1 V. The closest E12 value to the calculat@de is1.5MQ,
therefore the newR1 will be 1.5MQ. With this change ilR1, the newVy,p, (new) Was
calculated to be 3.06 V.

Now that the values d®1 andR2 are known, the lower threshold can be calculaked.
same procedure has to be followedigy, (ew)-

85mV
>—) = 1139V

VHB
Vitn (original) = Vref — (T) = 1.182 — (

Vuen (original) X (R1+ R2) _ 1.139V x (1.5 MQ+1MQ)

VLth (new) == RZ 1 M_Q = 2848 V

With the calculation abové’; ;, (new) has been determined to have a valug.848 V.

Now that both the upper and the lower thresholdieslare known, the new Hysteresis
band can be calculated.

Vip (new) = Viytn (new) — Vitn (new) = (3.06 —2.848) = 0.213 V

From this calculation notice that by adding in thksistor divider, the Hysteresis band
increased from 85mV to 213mV which leaves a biggparational band for the WSN.

Capacitor C1 charge time calculation

The following calculation was done to determine tb&l charge time it will take for
capacitorC1l to charge to its maximum potential with the minfmand maximum
currents the current monitoring system was desidgmed

The maximum current that will flow into the curremeasurement section when the
transformer is operating at a typical potentiall20 A,.,,;. Therefore the first charge
time will be calculated by using 0.120,,; (CT out at a primary current of 12Q,,).
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The maximum voltage the capacitor should chargectoobe determined with Ohms
law.

V=IXR
Ver = Rsnunt// POtl) x 11

To calculate the highest voltage the capacitor @llbe charged to, it will be assumed
thatPot1 = 0Q. ThereforeRy,,,n: = 15 Q.

Ver = (Rgpune) X 11 =15 % 0.12 = 1.8V

To calculate the minimum voltage thEt, will be charged toPot1 will be at its
maximum of 1KQ2.

Ver = (Rspune// Pot1) x I1 = (15// 1K) X 0.1 = 1.7734V

Note that there is a difference of 26.6 mV betw#ase two calculated values. This
voltage difference will be used to calibrate therent measurement device.

In order to calculate the time the capacitor walké to charge to its potential, the
following equation was used from (de Villiers, 2099 19).

Charge time to 1.8 V when R =Q@5

V)=V - e“é)

V(c) 1.79
t=—RC XLn(1- T)= — 100KQ X 1pF X Ln (1 — ﬁ) = 519s
V(c) Instantaneous voltage across capacitor
%4 Applied voltage
R Charging resistance
C Capacitance

Ripple calculation

The following calculations were done to indicate #ffect the capacitor voltage ripples
has on the current output reading. The WSN hastmmnial reference voltage that is
programmed into the device. This reference voliagdirectly proportional to a 12 bit
value as well as the output current from 0 to 200A.

WSMyyep = 2.5V
12 bit value = 2'? = 4096

Therefore measuring between 0 and 2.5 V is dirgutbportional to the ration O to
4096.
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Vcap

ref

X 4096

Bit value =

The voltage or bit value measured is directly prapoal to 0 to 200A. The following
equation therefore illustrates how the current messent is achieved.

_ Yeap
lprim = 7% X 200 A

Alternatively:

Bit value measured
Lyim = X 200 A

12 Bit value

Therefore with a ripple value of 45.5mV the curreatput will have a maximum swing
of:
_ Vcap 45.5mvV

Lswing = Ve X 2004 = oo % 2004 = 3.64 A
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Appendix B— Electronic circuit schematic layout
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Appendix C: Calibration procedure

Appendix C— Calibration procedure

1)

2)

3)

4)

5)
6)
7
8)

9)

Select the standard off-the-shelf ammeter agaimsthwthe new ammeter is to be
calibrated
a) Fluke 189 True RMS multimeter has been selectasgitee as a reference meter.
e Standard meter description
e 15% +20
e ISO 9001 P/N 1589971 Rev. 1 6/2005
b) Fluke 80i 500s Ac Current Probe used with the ezfee meter (off-the-shelf)
e 1A —-500A Ac Rms
e 5Hz - 10KHz
e Working Voltage 600V Cat Il
Select supply source according to the range ofmete
a) Supply source is an Agilant 33120A Waveform Gerwerttat feeds into a
b) Crest Audio Amplifier. The Crest Amplifier feedsegctly into a
c) Current simulation rig, consisting of 40 insulatapper wire loops.
Laboratory ambient temperature
a) Lab conditions at 21° Celsius
Connect the reference meter in series with théilon circuit
a) Remember that the test rig has 40 current loop®five the current measured
by the reference meter has to be multiplied bychofaof 40 to determine the
actual current that would be detected by the CT’s.
Connect the off-the-shelf CT onto the calibratimcuat
Connect new CT also to the calibration circuit.
Output of New CT is converted to a 12 bit value
Insert primary current of 3A (rms) into the curremhulation rig. Calibrate the new
CT to read 12(,,,. After calibration of the CT run accuracy test&wothe entire
current range of the new CT.
Increase the Current in suitable steps of 10 Amp®s 6 to 120 Amps and back to 5
again. Note comparative readings between referuke meter, off-the-shelf CT
and new CT.

10)Calculate % Error & determine calibration Statusdmynparing % Error with %

accuracy/error claimed.

11)Repeat the above steps 9 and 10 for at least fimest and estimate the

measurement uncertainty.

12)Prepare the calibration report showing the expanohegrtainty in measurement at

a 95 % of confidence level for a coverage factokof 2
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Appendix D — WSN program

The program used to operate the WSN is a re-writted edited version of the original
Oscilloscope available with TinyOs. The program weged to be able to activate General 1/0
pins, as well as take voltage readings using AD@O ADC1. The source code used is
constructed out of section®scilloscopeC.nc, OscilloscopeAppC.nc, Oscilloscope
MyadcC.nc, MyadcP.nc, MyadcCs2.nc, MyadcPs2.nc.

OscilloscopeC.nc

/*

* Copyright (c) 2006 Intel CorporationAll righteserved.

* This file is distributed under the terms in thtaahed INTEL-LICENSEfile. If you do not

* find these files, copies can be found by writtotntel Research Berkeley, 2150

* Shattuck Avenue, Suite 1300, Berkeley, CA, 947@4tention: Intel License Inquiry.

* Oscilloscope demo application. See README.tx fih this directory. @author David Gay

*/

#include "Timer.h"

#include "Oscilloscope.h"

module OscilloscopeC @safe()

{

uses {

interface Boot;

interface SplitControl as RadioControl;

interface AMSend,

interface Timer<TMilli> as PeriodTimer;

interface Timer<TMilli> as HighTimer;

interface Timer<TMilli> as ReadingTimer;

interface Read<uintl6_t> as CurrentRead;

interface Read<uint16_t> as BatteryRead;

interface GenerallO  as GPIO;

interface GenerallO  as GPIO2;

interface Leds;

}
}

implementation

task void sendData();

message_t sendBuf;

bool sendBusy;

uint8_t adcCount;

uintl6_t readings| ADCCOUNT+1];

[* Current local state - interval, version and analated readings */

oscilloscope_t local;

uint8_t reading; /* 0 to NREADINGS */

/*

* When we head an Oscilloscope message, we chiedample count. Ifit's ahead of ours,
*we "jump“forwards (set our count to the receivediat). However, we must then suppress
* our next count increment. Thisis a very simge of “time" synchronization (for an

* abstractnotion of time).

*/

bool suppressCountChange;

void startTimer();

/* Use LEDs to report various status issues */

void report_problem(void) { /*call Leds.led0Togg)e( }

void report_sent() { /*call Leds.led1Toggle();*/ }
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void report_received() { /*call Leds.led2Toggle()}
/* Boot.booted() indicates start of the program */
event void Boot.booted() {
/I Make pin23 an output and make it low
call GPIO.makeOutput();
call GPIO.clr();
/I make pin 26 an output, for testing ripple saraple
call GPIO2.makeOutput();
call GPIO2.clr();
/ When data packet transmission is not active
sendBusy = FALSE;
adcCount = 0;
/* Set the local interval (period) to PERIODINTERY Alefined in Oscilloscope.h*/
local.interval = PERIODINTERVAL;
/I Local mote ID set at compile time
local.id = TOS_NODE_ID;
local.count = O;
startTimer();
} /* End of Boot.booted() */
[* Starting Periodic timer, and set readings iradadckage to 0 */
void startTimer() {
call PeriodTimer.startPeriodic(local.interval);
reading = 0;
}
[*Fire indicates the end of Periodtimer. When tingglired, GPIOpin 23 will be set high.*/
event void PeriodTimer.fired() {
//Set pin23 high
call GPIO.set();
/*
* Set a single-short timer to some time units ia filture. Replacesany current timer settings.
* Equivalent to startOneShotAt(getNow(),dt). Theode>fired</code> will be signalled when
* the timerexpires. @param dt Time until the tinfiees.When PeriodTimer is fired,
* immediately the HighTimer (startOneshot) will s&arted, thus GPIO will remain in high
* state.
*/
call HighTimer.startOneShot(HIGHINTERVAL);
}
/*
* Hightimer.fired() indicates that the timer hasished and the following actions will take
* place.
*/
event void HighTimer.fired() {
/*
* This function calls the ADC to read the voltahat a capacitor has been charged to known as
*CurrentRead.read()if current read is not a sucoessrt the problem
*/
if (call CurrentRead.read() '= SUCCESS)
report_problem();

[* If data reading is ffff, report problem */

event void CurrentRead.readDone(error_t result18int data) {

/*

* Allocating storage for 3 different variable iger values, sample,storage, and the average
* value calculated
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*/
uint8_ti;
uintl6_t store;
uintl6_t average;
if (result '= SUCCESS)

data = Oxffff;
report_problem();

readings[adcCount] = data;
/*
* call GPIO as a toggle function. This means tkath time that the code gets to toggle, the
* pin will change from state and remain in thatetantil the program has executed the toggle
* command again.
*/
call GPIO2.toggle();
/*
* Increment adcCount until it reaches the valuADBCCOUNT, once it has reached that
* value, get out of the loop and go to the nextisac
*/
adcCount++;
if(adcCount < ADCCOUNT)
{

call CurrentRead.read();
}
/*
* Store current reading measured at the capdaitstore. Each time i < ADCCOUNT, i will
* be incremented, and the next measuring will lze@dl in store and added to the old one, thus
* adding the amount of measurements that ADCCOUs\SEet to.
*/
else

adcCount = 0;
store = 0;
for(i=0; i < ADCCOUNT; i++)
{
store = store + readingsJi];
}

/*

* Set store to the first reading slot or first kage slot. After that, calculate the average of the
* ripple on the measurecapacitor and set that ¢évame, insert it into the second package slot
* when calculating the average, the miner will lsptiyed in slot 3 of the package

*/
/I local.readings[0] = store;
average = store / ADCCOUNT;
local.readings[0] = average;
average = store % ADCCOUNT;
local.readings[1] = average,;

/*

* This function calls the ADC2 to read the vokaghich the Super capacitor has been charged
* to known as BatteryRead.read()if current reaidsa success report the problem

*/
if (call BatteryRead.read() |= SUCCESS)

report_problem();
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}
}

event void ReadingTimer.fired() {
I/ repeat loop until adcCount = ADCCOUNT
call CurrentRead.read();
}
/* If the reading was not successful report probfém
event void BatteryRead.readDone(error_t resultléint data) {
if (result '= SUCCESS)
{
data = Oxffff;
report_problem();

/I If reading wassuccessful, increment counter
local.readings[3] = data;
local.count++;
/I Set pin23 low
call GPIO.clr();
if (call RadioControl.start() I= SUCCESS)
report_problem();
}

event void RadioControl.startDone(error_t error) {
post sendData();
}

event void RadioControl.stopDone(error_t error) {
}
/*
* When the massageis sent, status will be suadesisthat is not true indicate the problem
*/
event void AMSend.sendDone(message_t* msg, erstaituis) {
if (status == SUCCESS)
report_sent();
else
report_problem();
sendBusy = FALSE;
if (call RadioControl.stop() '= SUCCESS)
report_problem();

task void sendData()

{
// Build and send packet
if(sendBusy == FALSE)
{
/I memory copy (destination address, source addaessunt to copy)
memcpy(call AMSend.getPayload(&sendBuf, sizeof(lpc&local,
sizeof local);
if (call AMSend.send(AM_BROADCAST_ADDR, &sendBuizeof local) ==
SUCCESS)
sendBusy = TRUE;
if (sendBusy == FALSE)
report_problem();

}

else

{
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report_problem();

}
}
}

OscilloscopeAppC.nc
/*
* Copyright (c) 2006 Intel CorporationAll righteserved.
* This file is distributed under the terms in thtaahed INTEL-LICENSEfile. If you do not
* find these files, copies can be found by writtogntel Research Berkeley, 2150 Shattuck
* Avenue, Suite 1300, Berkeley, CA, 94704. Attenti Intel License Inquiry.
* Oscilloscope demo application. Uses the demoaenshange thenew DemoSensorC()
* instantiation if you want something else.See REAB(xt file in this directory for usage
* instructions.@author David Gay
*/
configuration OscilloscopeAppC { }
implementation
{
components OscilloscopeC,;
components MainC;
OscilloscopeC.Boot -> MainC;
components ActiveMessageC,;
OscilloscopeC.RadioControl -> ActiveMessageC,;
components new AMSenderC(AM_OSCILLOSCOPE);
OscilloscopeC.AMSend -> AMSenderC;
components new TimerMilliC() as PeriodTimerC;
OscilloscopeC.PeriodTimer -> PeriodTimerC;
components new TimerMilliC() as HighTimerC;
OscilloscopeC.HighTimer -> HighTimerC;
components new TimerMilliC() as ReadingTimerC;
OscilloscopeC.ReadingTimer -> ReadingTimerC;
components new MyAdcC() as CurrentSensorC;
OscilloscopeC.CurrentRead -> CurrentSensorC;
components new MyAdcCs2() as BatterySensorC;
OscilloscopeC.BatteryRead -> BatterySensorC;
components HpIMsp430GenerallOC as GenerallOC,;
components new Msp430GpioC() as GPIO;
GPIO -> GenerallOC.Port23;
OscilloscopeC.GPIO -> GPIO;
components new Msp430GpioC() as GPIO2;
GPIO2 -> GenerallOC.Port26;
OscilloscopeC.GPIO2 -> GPIO2;
components LedsC;
OscilloscopeC.Leds -> LedsC;

}

Oscilloscope.h

/*

* Copyright (c) 2006 Intel CorporationAll righteserved.

* This file is distributed under the terms in tgached INTEL-LICENSE file. If you do not
* find these files, copies can be found by writtogntel Research Berkeley, 2150 Shattuck
* Avenue, Suite 1300, Berkeley, CA, 94704. Attenti Intel License Inquiry.

*/

/Il @author David Gay
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#ifndef OSCILLOSCOPE_H
#define OSCILLOSCOPE_H
enum {
/*
*Number of readings per message. If you increaise ybu may have toincrease the
* message _t size.
*/
NREADINGS = 10,
PERIODINTERVAL = 8192,
HIGHINTERVAL =1024,
READINTERVAL =1,
ADCCOUNT = 10,
AM_OSCILLOSCOPE = 0x93
%
typedef nx_struct oscilloscope {
nx_uintl6_t version/* Version of the interval. */
nx_uintl6_tinterval{* Sampling period. */
nx_uintl6_tidy* Mote id of sending mote. */
nx_uintl6_t count/* The readings are samples count*NREADINGS onwaérds
nx_uint1l6_t readings[NREADINGS];
} oscilloscope t;
#endif

MyAdcC.nc
/*
* Generic ADC component - module. Refer to thedfiin tos/chips/msp430/adc12
* In particular: Msp430Adc12.h and README.txtAlsbeck the pin outs (and other data)
* in the TMote Sky datasheetand the MSP430x1xx Badser's Guide (chapter 17).
*/
generic configuration MyAdcC() {
provides interface Read<uint16_t>;
}
implementation {
/*
* The ADC Read Client provides the means for regdiDC values.It automatically does
* resource reservation, reference voltage configomaADC configuration and returns the
* sampled value to thecalling application.Therealternative Clients available.
*/
components new AdcReadClientC();
Read = AdcReadClientC;
components MyAdcP;
/*
* This is where we tell the ADC Read Client thiatan get the ADC configuration structure
* from MyAdcP
*/
AdcReadClientC.AdcConfigure -> MyAdcP;
}

MyAdcP.nc

#include "Msp430Adc12.h"

/*

* Generic ADC component — module. Refer to thesfiin tos/chips/msp430/adc12

* In particular: Msp430Adcl12.h and README.txtAlsbeck the pin outs (and other data)
* in the TMote Sky datasheet and the MSP430x1xxilyddser's Guide (chapter 17).
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*/
module MyAdcP {
provides interface AdcConfigure<const msp430adci@noel config_t*>;
}
implementation {
/*
* This structure defines the operation of the AEl@nnelGenerally, you won't need to touch
* most of the fields
*/
msp430adcl2_channel_config_t config = {
/*
* inch: This selects the ADC channel to be usedi@lage 8 external ADC channels as part of
* the MSP430 (see Msp430Adcl12.h)The standard TéldgdBte Sky mote only provides 6
* channels (see datasheet)
*/
inch: INPUT_CHANNEL_AO,
/*
* sref: This selects the voltage reference sourc@bsitive and negative(or ground) reference
* yoltage.Do not change (unless you have custordvinane)
*/
sref: REFERENCE_VREFplus_AVss,
/*
* ref2_bv: There are 2 internal reference voltaggams of 1.5V and 2.5V.
* Select the most appropriate voltage reference he
*/
ref2_5v: REFVOLT_LEVEL_2_ 5,
/*
* adcl2ssel: Select the clock source for the AD@.default here uses Timer A. You typically
* won't need to change this.If you do change tleeklsource, then you will need to comment
* out #define ADC12_TIMERA ENABLED'in Msp430Adc1?
* Changing this value is only required for higleed sampling
*/
adcl2ssel: SHT_SOURCE_ACLK,
/* adc12div: ADC clock division for adjusting clodpeed */
adcl12div: SHT_CLOCK_DIV_1,
/*
* sht: For setting the sample and hold time imbar of clock cycles ofADC clock source.
* See page 17-9 of MSP430x1xx Family Users Gindealculating the appropriate
* sample and hold time.
*/
sht: SAMPLE_HOLD_4 CYCLES,
/*
* sampcon_ssel: The sample and hold clock soureed&ffault setting here is the 32 kHz
* clock for Timer A
*/
sampcon_ssel: SAMPCON_SOURCE_SMCLK,
/* sampcon_id: For adjusting clock speed again.Bedito change this.*/
sampcon_id: SAMPCON_CLOCK_DIV_1
%
/*
* This command is called by the ADC Read Clientonfigure the ADC channel
* for use. It returns a pointer to the structupe\se.
*/
async command const msp430adc12_channel_configdld€anfigure.getConfiguration() {
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return&config;

}
}

MyAdcCs2.nc
/*

* Generic ADC component —moduleRefer to the fifesos/chips/msp430/adc12

* In particular: Msp430Adc12.h and README.txtAlsbeck the pin outs (and other data) in
* the TMote Sky datasheet and the MSP430x1xx Fabdgr's Guide (chapter 17).

*/
generic configuration MyAdcCs2() {
provides interface Read<uint16_t>;

}
implementation {

/*

* The ADC Read Client provides the means for neagdiDC values.It automatically does
* resource reservation, reference voltage configumaADC configuration and returns the
* sampled value to the calling application.There alternative Clients available.

*/
components new AdcReadClientC();

Read = AdcReadClientC;
components MyAdcPs2;
/*

* This is where we tell the ADC Read Client thatan get the ADC
* configuration structure from MyAdcP
*/

AdcReadClientC.AdcConfigure -> MyAdcPs2;

}

MyAdcPs2.nc

#include "Msp430Adc12.h"

/*

* Generic ADC component — moduleRefer to the fifesos/chips/msp430/adcl2

* In particular: Msp430Adc12.h and README.txtAlsbeck the pin outs (and other data) in
* the TMote Sky datasheetand the MSP430x1xx Faldgr's Guide (chapter 17).

*/

module MyAdcPs2 {

provides interface AdcConfigure<const msp430adcti@noel_config_t*>;

}

implementation {

/*

* This structure defines the operation of the AEl@nnel

* Generally, you won't need to touch most of tieddf

*/

msp430adc12_channel_config_t config = {

/*

* inch: This selects the ADC channel to be used.@laee 8 external ADC channels as part of
* the MSP430 (see Msp430Adcl12.h)The standard TéldgdBte Sky mote only provides 6

* channels (see datasheet)

*/

inch: INPUT_CHANNEL_A1,

/*

* gref: This selects the voltage reference sourc@bsitive and negative(or ground) reference
* yoltage.Do not change (unless you have custordviae)
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*/
sref: REFERENCE_VREFplus_AVss,
/*
* ref2_bv: There are 2 internal reference voltaggams of 1.5V and 2.5V.
* Select the most appropriate voltage reference he
*/
ref2_5v: REFVOLT_LEVEL_2 5,
/*
* adcl2ssel: Select the clock source for the AD@.default here uses Timer A. You typically
* won't need to change this.If you do change tleeklsource, then you will need to comment
* out '#define ADC12_TIMERA_ENABLED' in Msp430Adc12
* Changing this value is only required for high sgesampling
*/
adcl2ssel: SHT_SOURCE_ACLK,
/* adcl12div: ADC clock division for adjusting clodpeed*/
adcl2div: SHT_CLOCK_DIV_1,

/*
* sht: For setting the sample and hold time in nanddf clock cycles of ADC clock source.
* See page 17-9 of MSP430x1xx Family Users Guideébculating theappropriate sample
* and hold time.
*/
sht: SAMPLE_HOLD_4 CYCLES,
/*
* sampcon_ssel: The sample and hold clock source.
* The default setting here is the 32 kHz clock Taner A
*/
sampcon_ssel: SAMPCON_SOURCE_SMCLK,
[* sampcon_id: For adjusting clock speed again.Bedto change this.*/
sampcon_id: SAMPCON_CLOCK_DIV_1
2
/*
* This command is called by the ADC Read Clienteafigure the ADC channel
* for use. It returns a pointer to the structubbe\ze.
*/
async command const msp430adc12_channel_configid€anfigure.getConfiguration() {
return&config;

}
}



