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Sammanfattning

Examensarbetet utférdes hos PAX Diagnostics AB i Taby.

Uppgiften var att utvardera “Sweep Frequency Response Analysis” (SFRAsom
applikation for analys av krafttransformatorer.

SFRA &r en matmetod som anvands vid periodisk tillsyn och underhall av
transformatorer, efter incidenter och som leveranstest hos transforrvatdedite och
serviceforetag.

SFRA gor det mojligt att analysera det interna tillstandet i en tnanafor utan att den
behdver monteras isar. Med SFRA jamfors skillnaden mellan en sinussignal, sem lagg
pa ett av transformatorns uttag, och det svar som fas via ett annat uttaiy (spplat

till samma lindning). Skillnaden mats vid ungefar 1000 frekvenser inom ett intervall
mellan 20 Hz och 2 MHz. Utifran dessa matningar kan kurvor éver skillnad i amplitud
och fas ritas upp (Bode kurvor).

SFRA matningar &r nastan alltid jAmférande méatningar, dar den senastegertni
jamférs med en referenskurva.

Huvudmalet med examensarbetet var att kunna gora SFRA metoden lattbegriplig for
saljorganisation och kunder. For det andamalet utvecklades en liten transfpattat
anvandas vid demonstration av SFRA.

Ett antal matexperiment gjordes pa en liten laborationstransformatdt kdinaa
avgora hur demotransformatorn skulle utformas. | dessa matexperimentdgegpkt
simulera ett antal feltillstdnd som kan uppsta i en krafttransformatorktamsiar att
avgora vilka som var lampliga att demonstrera med en liten demotransformator.

For att demotransformatorn skulle vara anvandbar kravdes att det fanns titiiegerli
mellan méatningar pa demotransformatorn och krafttransformatorer. Rikfinjer

tolkning av SFRA kurvor anvandes som stod for att kunna avgéra vilka matningar som
var intressanta att ga vidare med.

Fran resultatet av matexperimenten utformades krav pa en fardig produkt som sedan
utvecklades i samband med examensarbetet och ddptes till "PAX Transformer Dem
Box”. Dokumentation i form av en SFRA beskrivning och en manual for
demotransformatorn togs ocksa fram under examensarbetet.

Demotransformatorn med tillhérande dokumentation anvéandes vid en saljkonferens och
fick dar ett positivt mottagande fran deltagarna.

En teoretisk fordjupning har gjorts i form av SFRA teori och en teoretisk bpsigiav
"Sine correlation”. Det senare ar en digital teknik for att undertryckaiatgar och som
anvands bl.a. vid SFRA matning.

Slutligen s& sammanstallde jag ett antal slutsatser angaende kundv&cdielaat
SFRA och analys av resultat fran SFRA matningar. Dessa slutsatseasopd
publicerade uppsatser, matexperiment och kunderfarenhet.

Claes Bergman Rev 4 i
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Abstract

This thesis work was performed at PAX Diagnostics AB in Taby, Sweden.

The task was to evaluate “Sweep Frequency Response Analysis” (SEBA) a
application for analysis of power transformers.

SFRA is used as one of several measurement methods within transformeneassess
procedures and is also used in connection with factory acceptance tests by temsform
manufacturers.

With SFRA it is possible to analyze the internal integrity of a transfomithout prior
dismantling. This is achieved by the injection of a sinusoidal signal at one traasfor
bushing, and analysis of the difference between input and the response measured at
another bushing (connected to the same winding). The difference is measured at
approximately a thousand frequencies within a range of 20 Hz to 2 MHz. From the
stored measurement data, response curves for magnitude and phase can be drawn
(Bode plot).

SFRA is almost only based on comparative measurements, where the mosesadent
Is compared to existing reference data.

The main objective of the thesis work was to find a way to make the SFRA applicati
easy to comprehend by the sales organization and by customers.

A transformer demonstration box was developed, to be used for demonstration of
SFRA. To determine the design and applicability of the demonstration box, a number of
experimental measurements were performed on a small laboratory tnagsfburing

these measurements | tried to simulate a number of fault conditions, to decide whic
were suitable for demonstration.

To be really useful there should be apparent similarities between the SFRAseS
from the laboratory transformer and the response from a power transformer.

Guidelines for SFRA interpretation was used as a reference when the expalim
measurements were evaluated.

The result from the experiments formed requirements on a final product, which was
developed in connection with the thesis work, and named “PAX Transformer Demo
Box”. Documentation in the form of an SFRA description and a manual for the demo
box was also developed during the thesis work.

The demo box, together with the documentation, was used at a sales seminar and
received positive response from the attendants.

Theoretical work has been done in form of a description of SFRA in theory and a
description of “Sine Correlation”. The latter is a digital method for supmresdi
disturbances that occurs in the SFRA response.

Finally some conclusions regarding customer value, “to explain SFRA” ahgianat
SFRA response were made, based on technical papers, experimental measaraments
customer experiences.

Claes Bergman Rev 4 ii
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Revisions

Revision handling will be included in preliminary versions of the thesis only.

Revision

Date
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2006-07-08
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2
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“Electro Engineering” changed to “Electrical Engnieg”
on the title page.

“Sammanfattning” and abstract added.

Comment regarding revision handling added in
“Revisions” chapter.

Date of first revision in revisions list changed to
2006-07-08

Index over figures added
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Chapter 1.1, changes in introductory text.

Chapter 1.2, voltage denotations changed for colegre
reasons. Voltage reference indicators changed. Mino
textual changes.

Chapter 1.4, minor textual changes. Added paragoaph
experience databases.

Chapter 1.6 Acknowledgements added

Chapter 6.1, voltage reference indicators changGad-ent
reference added.

Chapter 6.3, voltage reference indicators chan@edent
reference added.

Chapter 6.4, voltage reference indicators chanigelgx
for resonance frequency changed.

Chapter 8 added.
Chapter 9 some broken cross references fixed.

2006-08-27

Abbreviations chapter removed

Chapter 1.2 Changed text and figure to includesftamer
impedance to ground.

Chapter 1.4 Comments on user value added. Added
comment on Chinese standard.

Chapter 1.5 Comments on customer value added.

Chapter 1.6 Titles and spelling corrected. Someugdx
changes.

Chapter 4, Minor changes in order of list items.

Chapter 5, added discussion regarding usefulness of
SFRA.

Chapter 6.5.3 Changed analysis of phase error.

Chapter 6.6.6 Improved GNU Octave simulation by
changing to dB scale. Minor textual changes.

Chapter 7renamed and revised. Only measurements of
basic components kept. Added method and discussion

Chapter 8 changed title

Chapter 9 Numbers added to response curves
Chapter 10 Figure added

Chapter 11 reworked and extended.
Reference list and references completed.
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Revision | Date Changes

4

2006-10-30

Changed font for counter of total number of pages i
footer.

“Sammanfattning”, minor textual changes

Chapter 1.2, changed incorrect impedance suffixes,
changed box in Figure 1.

Chapter 6.3.2, figure 10, changed text pointer tvldiicl
not refer to the intended frequency.

Chapter 9.4, changed incorrect description of talwe in
list item for “Core damage”, clarified explanationlist
item for “Saturated Core”, removed conclusion relgay
shunt resistances since it was a “left over” frarlier
versions and the reference was incorrect.

Chapter 10, minor textual change.
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1.1

1.2.

Introduction

Background

The transformer is a crucial component in power distribution and transmission netaisoks
when it comes to continuity and quality requirements on delivery of electricagyeawer
outages cause loss of revenue for power consumers and the power industry itetlifasis w
loss of consumer confidence in the power provider.

Deregulation of the power distribution industry in recent years has leadtegsts for
optimizations of the power networks. As a consequence, the operating strissm lthe
networks are closer to the transformers withstand levels and the amounts obpparty in
the networks are decreasing. This has lead to increased quality demands onftrengans
manufacturers, and an incentive for established transformer assessuieesrin the power
industry.

For the Swedish market it is mostly a large amount of older equipment that icensasing
interest in efficient assessment methods. Another factor is that nevotraess are more
optimized and thus more sensitive, which also gives reason for systematssanasnt
routines [1].

One increasingly important method within transformer assessment is Sveggiency
Response Analysis (SFRA). SFRA can be used to detect internal damagessficarher,

for example winding displacements. In operational transformers such damadestte
result of external short-circuits. Other possible causes of damage denisailuring
transportation of new or serviced units and aging processes, the latter whaghrfgsle

affect winding insulation. Common to the internal damages that is detectaBkR#yis their
influence on electrical parameters of the transformer windings. Forpea displacement of
a winding will affect stray capacitances, between wounds and to surroundingrssytank,
core etc.). Such changes are detectable by SFRA and thus possible to debett wit
dismantling of the transformer.

Many years of experience has shown the precise capabilities of SFRA&¢brdethanical
changes within transformers. Many electrical changes are adp @etectable by SFRA, but
are also possible to detect with other methods.

FRA Basics

There are basically two techniques used for FRA measurements on postriners; Low
Voltage Impulse (LVI) based FRA and Sweep Frequency Response AnaRlRi&)(&lso
called Swept Frequency Method (SFM) [2]. The two techniques are also termed FRA
(impulse method) and FRA-S (swept-frequency method) [3].

In this thesis the terms LVI and SFRA are used. The term FRA will be usedidsrdamm
comprising both LVI and SFRA.

Common for both methods is that the transformer impedance is measured at siéererat di
frequencies. The impedance will vary from one frequency to another due to the internal
constitution of the transformer.

LVI1 is based on that a low voltage impulse is injected into a transformer téritinga
impulse comprises the wide range of frequencies that are required ansulliege/oltage-

Claes Bergman Rev 4 8(74)
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or, if more suitable, current pulse is measured at other terminals. The reispsasgled,
stored in time domain and transformed to frequency domain using Fast Fourieoimansf
(FFT).

With SFRA a frequency sweep of sinusoidal signals are injected to a traesterminal.

For each frequency the injected signal is measured for reference aadgbese is measured
at another terminal of the same winding. The difference between referehoesponse is
stored in modulus, argument form as magnitude and phase.

Zr
ZTlZ
+ +
VG_ <~) Zri W Zr2 V’i Zg
i 1 L

Figure 1 SFRA basic measurement circuit

Figure 1 shows the SFRA measurement safyps the injected signal/; the measured
reference an¥, the response signals is the impedance of the SFRA instrument ands
the transformer impedance.

The difference betweewh, (output) andv; (input) is caused b¥r. Zt is composed of
impeditive, capacitive (and resistive) characteristics and is conseqfreqtigncy dependant.
The difference betweevh andV, will be in form of changed (attenuated) amplitude and a
phase shift. The magnitude and phase is stored for each sampled frequency, geencjre
domain.

The magnitude (in decibel) is calculated &ag; = 20409, 1//—2

1

The phase can be described Aas: D Ve

1

The full frequency sweep is plotted as one curverfagnitude and one curve for phase. The
typical frequency range for SFRA is 20 Hz to 2 Miith 200 samples per decade
(logarithmic).

The transformer impedance iicludes impedances to ground (earth) as shown in

Figure 1. This can be described as a two port ntwbere the impedance between the two
ground references withinr4s ideally zero. #, represents the impedance of the winding.
(Z12 does also include other electrical parts in thé patween input and output connections.
The winding impedance will however be dominant.);and %, represent impedance to
ground through the insulation of the winding ane iushings. If Z;0r Z2, is in any way
changed, it will affect the SFRA response. For thason it is important that the grounding of
the transformer, the SFRA instrument and the csitileld ground at the base of the bushings,

Claes Bergman Rev 4 9(74)
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is as good and as consistently applied as posSibkeFigure 43 and Figure 44 for
illustrations of how the SFRA instrument, usedhis thesis work, is connected.

In the following theoretical descriptions of SFR#etimpedances to groundr{fand Z-»)
are ignored, and the specimen will be represengdgiLlh) RLC or LC circuits of a much
simpler nature than a full equivalent transformeded.

The practical parts will be focused on measuritparatory transformer for which the
importance of good grounding applies. The smalletisions of the specimen do however
reduce the impact of poor grounding.

It should be mentioned that a lot of work has béeme to model a power transformer with
for example lumped networks [4] and fine elementais [5]. This is a big topic in itself,
which is not discussed in this thesis.

Claes Bergman Rev 4 10(74)
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1.3. A Brief History

This chapter is not intended to be a complete suiwat an outline of developments within
power transformer assessment using FRA techniques:

1960

1966

1976

1978

1978

1988

1992

1998

2002

2003

Low Voltage Impulse Method (LVI).
First proposed bW. Lech & L. Tyminskin Poland for detecting transformer winding
deformation.

Results Published: W. Lech and L. Tyminski, “Detegttransformer winding
damage—the low voltage impulse method,” Electrieview, no. 18, ERA, UK.
The method was used by Dr. Alexandr DorbishevsKgimer USSR and within
Bonneville Power Administration, United States (@idRogers).

“Frequency Domain Analysis of Responses From L.Vekting of Power
Transformers” Presented by A.G. Richenbacher a4 8né Doble Int'| Client
Conference

E. P. Dick and C. C. Erven, “Transformer diagnostgting by frequency response
analysis”, IEEE Trans. Power App. Syst., vol. PAS490. 6, pp. 2144-2153

E. P. Dick and C. C. Erven , FRA test developeOraario Hydro. Evaluated LVI and
SFRA and contributed to further knowledge of these for transformer diagnostics..

Malewski, R., Poulin, B., "Impulse Testing of Poweansformers Using the Transfer
Function Method", IEEE Transactions, Vol. PWRD-98&, No. 2, pp. 476-489. New
ideas on digital recording of High Voltage imputssts and analysis by comparison
of transfer functions.

Leibfried, T.; Feser, K.; Hengge, 6.; Kemm, P."Diage des Isoaltionszustandes von
Transformatoren mit Hilfe der Transferfunktion”. GIFachberichtNr. 40, VDE-
Verlag, 1992. Brought the use of transfer funcaoalysis of HV pulses to three-
phase transformers. (Later publications at IEEE).

Moreau, O., Guillot, Y., “SUMER: A Software For Qveltage Surges Computation
Inside Transformers”, Int. Conf. On Electrical Maws, 1998, pp. 965-970.
Simulation software to aid interpretation of difaces between transfer functions.

S. Ryder, “Methods for comparing frequency resparsdysis measurements,” in
Proc. 2002 IEEE Int. Symp. Electrical InsulatiomsBn, MA, 2002, pp. 187-190.
Comparison between two statistical methods to coenpRA response curves.

Coffeen, L.; Britton, J.; Rickmann, J; “A new tedture to detect winding
displacements in power transformers using frequeesyonse analysis”, Power Tech
Conference Proceedings, 2003 IEEE Bologna, Volum23226 June 2003 Page(s):7
pp. Vol.2. Utilizes statistical techniques (on Lvieasured data) when comparing
FRA response curves. The objective is to calciqasmntitative indicators to indicate
fault situations.

1980’s Further research carried out by CentraltEte@ty Generating Board in UK
1988-1990’s Proving trials by European utilitifee technology cascades internationally via

EuroDoble and CIGRE.

1991 to Present: Results & Case Studies publiahddgresented, validating the FRA

method.

During 1990’s and 2000’s up to now, a lot of effoais been made to develop guidelines,
tools and models to interpret FRA response.

Claes Bergman
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1.4. SFRA Today

SFRA is today an established technology for tramséo assessment in the power industry
and transformer manufacturers are using SFRA meamnts. One example of the latter is
ABB Transformers in Ludvika who uses SFRA for refeze and modeling purposes, and
SFRA reference measurements are performed in cboneudth factory acceptance tests.

Before the 1990’s no designated SFRA equipmentrémsformer analysis existed. Since then
several specialized products have been introduced.

The value that SFRA provides to its users is qeéigly established, by research of published
material and customer experience.

In recent years a lot of work has been done toldpwenalysis methods where automatic, or
at least guided, analysis of FRA response curvpsriormed. So far there is no method that
is widely accepted in the academic community dh&industry.

| have found that mainly three approaches have tad@m in the search for automated
detection of fault situations.

One approach is to develop transformer models soriee transformer characteristics that
affect FRA response. The aim is to be able to ptede FRA response for different fault
situations [4]. There are a number of papers phbtisegarding transformer models and
much work is done both in the commercial industrgl an the academic community.

A second approach is to use statistical technicgues) as cross-correlation, when comparing
FRA response curves. The objective is to calcudtistical quantifiable indicators of fault
situations [6].

A third approach is to use time domain data from méasurements and use time-frequency
analysis techniques, in form of wavelet transfortagnhance analysis capabilities [7] [8].
(The purpose of the wavelet approach is a bit diffefrom SFRA. One objective is to place
transients that occur within a transformer (wheguukse is applied) in both frequency and time
domain, to narrow down locations where the trarisiencur.)

A number of studies on these subjects have bedrspat, and at least one implementation
of the statistical approach exists in a commemmiatiuct [6]. The implemented method has
however not been fully presented and its practisalis still to be evaluated.

Ideas to use neural networks for experience basagss, once a statistical indicator is
available, has been presented [9].

The approach that is most commonly used in praitewrite guidelines for SFRA
interpretation, based on experience and field exesrjsee 9.2.4).

In addition to the work on modeling and quantif@abiterpretation, and as an extension of the
guideline approach, there are ideas to organizbdaes containing collected measurement
results. Since the SFRA interpretation is basedxperience, such databases are thought to
be of great importance when interpreting SFRA raspo

In China an FRA standard, referred to as DL/T 90Q4 has recently published.

Claes Bergman Rev 4 12(74)
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1.5. The Thesis

This thesis work has mainly been focused on homa&e SFRA easy to comprehend by
presumptive users. The work was performed at PAagbostics AB in Taby, Sweden.

When studying published material of SFRA, it wagejaasy to establish that its application
on power transformer analysis has provided a custeadue for many years. The challenge
was to explain the method in a comprehensible wayexperienced users, potential
customers and sales organizations.

The approach has been to investigate if it isfisuib use a small laboratory transformer to
simulate faults, which are detectable by SFRA iwg@otransformers. The work has
comprised theoretical studies to understand arableeto explain SFRA, as well as practical
experiments to evaluate the laboratory transforap@roach.

Finally a transformer demo box and documentatios @eveloped and documented. The
demo box was used at a seminar with sales repegsestfor PAX Diagnostics AB, and was
appreciated as a pedagogical tool to be able todstrate SFRA to customers.

This thesis presents the theoretical backgrounshéterstand SFRA and the experiments on a
laboratory transformer, which lead to the produtod the transformer demo box. General
conclusions about SFRA as a method for transfodiagnostics and its customer value are
also discussed.

1.6. Acknowledgements
The thesis is the final task for me to achieve mghelor’'s degree in science.
| would like to express my gratitude to the persah® has helped me to complete this thesis:
Ph.D. Peter Wereliysmy supervisor at PAX Diagnostics AB who has geuasly helped me

with his extensive knowledge of SFRA. Peter die @agpport me with his vast experience of
research and thesis work.

Peter Fagerstrompresident of PAX Diagnostics AB who saw to the tPAX Transformer
Demo Box” quickly became a full product, and wheghis encouraging support of my
work.

Eddie Brynjebotransformer expert at Elektro Sandberg AB, whipée me with his vast
experience of transformer damages and SFRA apipligeld measurements.

Nedeljko Mati¢ engineer at PAX Diagnostics AB who improved tlesign of the “flexible
coil” to perform more apparent SFRA response.

Ph.D. Ryszard Malewskinember of the Electro technical Institute’s scenouncil in
Warsaw and distinguished expert of FRA, who helpedwith valuable information to
complete the “Brief history” chapter.

Hans Mogensemy examiner and supervisor at Mid Sweden Univgrsiho gave his
encouraging support of my choice of thesis subject.
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2. Requirements

The purpose of this thesis is to evaluate the egiptin Sweep Frequency Analysis (SFRA),
used in power transformer tests, from a customer/fosrspective. The thesis work includes
learning of the SFRA application, producing a doeatation of SFRA aimed for the average
customer and to develop a transformer demonstrabarthat provides demonstration cases
for analysis using the SFRA application. An evatwabf the pros and cons with SFRA will
be included in the thesis together with a discusstgarding customer value.

3. Transformer Assessment

Transformer condition assessment is a procedureavdieavailable information accounted
for a transformer are considered, such as servgter, operational problems, results of
condition monitoring, chemical tests and electrteats.

One of the off-line electrical tests is SFRA.

If some indication of fault is discovered duringhd@dion monitoring of the transformer, an
assessment will be performed, using the most daitabhnique. Condition assessment is a
vital procedure to avoid breakdown of transformkafs,in service for too long.

SFRA is typically used to detect winding displaceitseThe classical method is to use
leakage reactance (i.e. short-circuit impedancegsmement to identify displaced windings,
but it has been found to only identify radial mowts. To identify axial movements SFRA
is required [10], but it is also versatile in ifgpdication and can be used to identify several
fault conditions that can occur in a power transfer. SFRA in condition assessment has
proven to be efficient, sensitive and very reprailec
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4.1.

4.2.

4.3.

4.4.

Some Causes of Internal Transformer Faults

External Short-circuit

An external short-circuit of a transformer oftesukts in severe damages on transformer
windings. The generating capacity in power distiitounetworks has increased over the
years, due to demands on more electrical powes. fds lead to high short circuit capacity in
modern transmission networks, which implies inceelastress on a transformer in event of an
external short circuit. Failure rate in case oharscircuit is 40% for transformers above 100
MVA rating [11].

A short-circuit causes unidirectional pulsatingcks that are proportional to the square of the
short-circuit current. This leads to severe stogsthe windings and might cause damages.
Repeated inrush currents, especially due to freiqgweitching on the inner winding, are also
known to cause stresses that can lead to failure.

Examples of fault conditions:
Deformed, loosened, displaced or collapsed windtngcture.
Buckled hoops.
Loosened clamping structure.

Turn-to-turn fault caused by shifted windings (eviading passing over another due
to compressing forces).

Overvoltage Surges

Lightning strikes and switching operations mighig@avery fast transient overvoltages,
especially when the input surge is equal to sontbefransformers internal resonance
frequencies. This phenomenon is known to causbdias from turn to core and between
turns. Especially turn to turn insulation is semsit[12]

Insulation damages can lead to:

Turn-to-turn fault. In severe cases several turightibe welded in various
combinations, resulting in lost turns.

Transportation

Incidents during transport of new or serviced tfamers can cause damages to it's internal
structure. Even if a minor damage occurs, suchshglat looseness in part of a winding, it
can lead to breakdown of the transformer e.g.fatume short-circuit current.

Seismic Events

Seismic events such as earthquakes can cause nuetisamess on transformers and cause
internal damages.
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5. Fault Detection by SFRA

SFRA is able to detect a number of fault conditjdat¢h mechanical and electrical. The main
application of SFRA is to detect mechanical fautis which some are detectable by SFRA
only and some are useful to analyze both with SEBR& other methods for correlation.
Electrical faults are often easy to detect usinB&Fout are also easily detectable by other
methods.

Examples of fault conditions that can be detecie8BRA:
Mechanical faults:

Winding deformations (including hoop buckling).

Winding movement.

Partial collapse of winding

Core displacements

Broken or loosened winding or clamping structure
Electrical faults:

Shorted turns or open circuit winding

Bad ground connection of the transformer tank.

SFRA is often the only method that can detect an@vements of a winding [10]. SFRA
does also detect radial movements, which can lexet by leakage reactance tests (short-
circuit impedance test) as well. It is useful toretate the two methods to increase the
precision of the result. This is also true for offespecially mechanical, faults.
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6. SFRAn Theory

6.1. Background

<

(V=
= [
—/~\—|: IDG
~ el oD e

Figure 2 Schematic setup for SFRA on a wye-wye transformer

The SFRA application is used for analyzing thegntg of power transformers. It can reveal
internal damages which are otherwise impossibfantbwithout extensive dismantling of the
transformer.

SFRA is based on analysis of a windings transfection. A signal generator is connected
together with a voltage reference to a phase ootiehe transformer and the response is
measured on the neutral outlet of the same winiag Figure 2). The signal generator
produces a sweep of signals (sine waves) with &song frequency. The reference and
response voltages are logged and processed sarixsgponse curve can be plotted. The
response curve shows the relationship betweemthedltages (attenuation) as a function of
the frequency. The phase shift between referendeemponse are also measured and can be
plotted as o function of frequency.
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6.2. Input and Response

Xx=Asin t y=Bsin(t+ )
—— H(s) ———

Figure 3 Linear transfer function with sine wave input

With the SFRA method input and output signals aeasared at one frequency a time, within
a frequency range. How the input signdli¢ affected by the specimen’s characteristic wil

depend upon, what is mathematically describechastransfer functioki (s) = X((s)) (Where
sis a frequency dependant parameter, which forwootis sinusoids equalsjto). The
transfer function is physically the combinationmmductance, capacitance and resistance
within the specimen (i.e. the admittance or, ifarted, the impedance). When the sinusoidal
input signal is applied there will be a dynamiqu@sse, dependant on the transfer function.
After a while (duration depending on the transtaerction) the signal will stabilize into a
steady state. Now the response will (ideally) lsena wavey), but the amplitude and phase
might be different from the input sine wave. Agtie transfer function will affect how the
response will differ from the input.

INPUT x(t) /\ /\ -I

RESPONSE y - \/ \

Figure 4 Sinusoidal input and steady-state response as displayed on an ltizstope [13]

The difference in amplitude and phase can be medsuth an oscilloscope as shown in
Figure 4. The normal case when measuring a tramgfowill be that the response is
attenuated (B < A), since there are no active comapts in the specimen (no gain).
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(L]
INPUT A \

o

RESPONSE

B

Figure 5 Input - Response in vector form (modulus - argument) [13]

The signals can also be represented by vectoreindmplex plane as in Figure 5.

-io.oo b
Slooo b
-a0.00 b
o.oo |
-A0.00 [
-G0.00

100.00

s0.00

o.oo

-S0.oo L

-100.00
Omomo 0.00 0.00.000000 0.00 0.00.00000001 0.002 0004008061 0.02 00406080 0.20 O0.40AD300 2.00
Frequency (hiHz)

Figure 6 Bode plot of serial RLC circuit (PSIM [14])

When a range of frequencies have been measuréat, @ pttenuation and phase can be
made. A so called Bode plot consists of two sepata@tgrams, attenuation/frequency and
phase/frequency. So, from exact measurements lafregpiency, over a range of
frequencies, characteristic response curves catolted. The response curves can be used
for analysis of the transfer function for a specg#pecimen.
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6.3.

A Basic Example

— Zr
o [om

Figure 7 SFRA set-up to measure an RLC-circuit

To illustrate the SFRA technique we will look aéttesponse from the RLC circuit in Figure
7. (50 resistances are here used as response shunt as ¥eglgenerator and reference
resistance.)

Simulation in simulation software, PSIM [14], wased for two measurement cases:

1. to illustrate the RLC-circuits reference and reggosignals, in time domain, at three
different frequencies,

2. toillustrate the same RLC-circuits attenuation phdse in frequency domain.

These two cases are closely connected in thairgiedse shows reference and response
signals for three of the approximately 1000 frequesithat are analyzed in case 2.

We can use case 1 to calculate attenuation ane pbathree frequencies.

In case 2 the same calculations are done by thdaiion software for approximately 1000
frequencies (between 7 Hz and 2 MHz). In case Zdlmulated attenuation and phase are
plotted in separate response curves (Bode plot).
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6.3.1. Case 1l

Case 1 is really 3 measurements. At the first @ siave of 20 Hz, is generated and measured
at both sides of the RLC circuit, reference 8/5 V RMS) and response £V This
measurement is repeated for 150 Hz and 3170 Hz.

The response is changed, compared to the referéegending on how the RLC circuit

affects the amplitude and phase of the responsalsighis is shown in oscilloscope type
plots, with timescale on the x-axis (time domain):

R W2
s Ye 10.00 .

10.00

00 b--- 5.00

0.0 000 f-

-5.00 S5.00 f--

-10.00 - - - - -10.00
0.0 1000 2000 3I000 4000 50000 0.00 1000 2000 32000 4000 5000
Time (ms) Time (ms)

Figure 8 Reference (YY) and response (Y) at 20Hz (right) and 150 Hz (left)

W w2

10,00

5.00

000 F

500

-10.00
000 1.00 2.00 =2.00 4.00 .00
Time rmsl

Figure 9 Reference (Y) and response (Y) at 3170 Hz

At 20 Hz the amplitude of reference and responséhes same (approx. 7 Volts), which

means that the attenuatifre % :; =1.

1
Attenuation in decibel igh,; = 20¥0g(A) = 204og(1)dB = 0dB.
There is a little phase shift betweepand \4, which was measured to 1 ms.

f 20Hz 50ms

At 150 Hz the attenuation has reachi&g:= 20><Iog(§) =-3dB and the phase shift has

increased t& = 0,79msx2L_ =42°,

At 3170 Hz the attenuation has reaclAgd= 20%09(%) =-26.4dB.
Here the reference and response signals are i fjRas 0°).

Claes Bergman Rev 4 21(74)



SFRA — An application that creates customer value? 2006-10-30

Figure 9 does also show the dynamic response &R ticircuit. At time = 0 the response
signal is the combination of a sinusoidal resparsta DC transient that decays with time.
The dynamic response adds up to a sinusoidalrsjabove zero level, which quickly
stabilizes in its static state (mean value equakto) as the transient decays. It is always the
static state response that is measured with SFRA.

In the measurement equipment used (FRAX-101)gbssible to specify skip cycle (humber
of response sine cycles that should pass beforaéasuring starts) and skip time (elapsed
time between start of generated input and stamedsuring). These parameters are used to
avoid disturbances from dynamic response of thesored equipment. Only the static
response is of interest for SFRA measurements.
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6.3.2. Case 2

In case 2 the simulation software will generaterapipately 1000 frequencies, one at a time,
and calculate attenuation and phase for each fregu@he attenuation and phase will be
plotted in separate curves, with frequency on tagig (frequency domain).

dB ampmzj/ 20 HZ
500 /1 Att: 0dB

0.00
500 |
-10.00
500 150 Hz | 0
000 Att: -3dB -t

2500 T ORI : :I i

'|Tl"'T'T'|'|'|'Ir|T"'|"|'Ir
000 [0
degrees phasaluh2)
100,00 e T
20 Hz o0 0 0 f 00000
Ph:-7° [

sm=mrTrAn---r

| Att: -26.4dE

&0.00 .ILL--:

e SR /! | 317 kHz |11
0 | 150 Hz [PoeaztitiiooAotiddi o D00 |
Ph:-42° e

10 Hz 100 Hz 1kHz 10kHz 100kHz 1MHz

-100.00

Figure 10 Response curves for attenuation and phase

The attenuation and phase will vary depending eguency (since the impedance of the
RLC-circuit varies depending on frequency). Thegiirequencies measured in Case 1 is
pointed out in Figure 10.

The response curves will be characteristic in thlepe depending on the impedance of the
measured object.

SFRA is exactly the same as Case 2. The referemteeaponse is typically measured at 1000
different frequencies within a range of 20 Hz tMBz. For each frequency the attenuation
and phase are logged, and used to plot the respanses.

The response curves, especially the attenuatierysad in power transformer assessment.
The response is a result of the impedance chaistatsiwithin the transformer, such as
winding inductance, stray capacitances (betweemuasuwvinding to core and winding to
tank), core reluctance etc.

The RLC parallel circuit above (see Figure 7) i€adirse a crude model of a transformer, but
serves here as a simple example to illustrate gtbaou.

The influence of the transformers impedance charstics can also mathematically be
described as a transfer function.

v, (f
v, (f
The transfer function is a function of frequencyieh correspond to the response curve, e.g.
20x0g(H (317(Hz)) = - 26.4dB.

~—

The transfer function would in this case be desctiasH ()=

N—
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6.4. Transfer Function Analysis

R,

Zr
+ I C . I
v <~> .............................. Vz | |Rs

Figure 11 RLC circuit and shunt resistor

Voltage division givesV, (jw) =V, (jw)x Rll
R+t
—+———+jucC
R, jut
The transfer function is:
1 1 .
. R+ —~—+juC
H(jW):VZ(JW): R, = R, Ik v L
: 1 :
Vl(JW) R + 1 1 R i+_i+jl/|,C +1 -
—+ 4+ juc R,
R, jut
. L
R jw— +1- w’LC
R,

R jWFIQ_+1- WLC + juk

2

If R, would be removed from the circuit, the terjrwé disappears from the expression

above. It is now easy to see where the resonamuidrey must occur:

1- LC=0 w = 1 (infinite attenuation if only L and C in parall@kcuit.)

JLC
At resonant frequency the transfer function is:
. L R
R j——+1-1 A5
Sy R,vLC R, _ R
H(jw )= = =
R Lol 4
R,W/LC Jic R

What is really measured over the shunt resiR{as the current. So, the transfer function

describes the admittanc¥:= VI_ . The impedance is thug = % .
1
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R+R

The impedance at resonance (including the shuistoeksis Z (1, ) = R

When inserting component values according to Figuf®1 =50 ,R2=1k ,

L = 50 mH, C =50 nF) the attenuation (admittarax@) impedance at resonance, and the
resonance frequency yields:

_ . 50 _
Ay =|H(jn; ) = 20409 041000 dB = - 26.4dB

+
Z(M/r): R +R, _50+1000
R
Note that these values are true for the circuititiag the shunt resistor. The impedance for
Z7 only is of course 1000 at resonance (infinite impedance in LC).

W=21W

The attenuation for the specimen onlyis = 20xog Wloo dB=-60dB.

SFRA response accounted for as attenuation doesvao\per definition include the shunt

resistor.
=1 - ! = 20000ad /s
JLC  /50x02%x60%0°
f, = 20000Hz =318Hz
2%p

The values for attenuation and frequency concutis @arlier simulations (see 6.3.1).

The bode plot from the simulation (see Figure H)) for example also be generated in a
mathematical simulation software, via the tranffectionH(s) (which is the Laplace
transform of the input and response sinusoidalaggyn

The analysis is the same as befare { ), with the difference thaf = -1 is not used.
(In the last step the component values has beentaak)

R i+i+sC
H (S) _ Vv, (5) — R _ , SL _
vi(s) R+ ::LL 1+R 1itise
—+—+sC , sk
R, sL
RiLC>GZ+L&>G+ﬂ 52+Sxi+i ,
— R, _ R,C LC _s°+2000Gs+400000000

T2
RlLC>€2+L§:>G+R_L+jVM_ sz+sxi+ 1 +i s° +42000G+ 400000000

RC RC LC
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The result from the insertion of component valuethe transfer function can be entered in
mathematical simulation software. Here GNU Octa\ s used:

octave:4> sys = tf([1, 20000, 400000000],[1, 420000 , 400000000]);
octave:5> sysout(sys);
Input(s)

l:u 1l

Output(s):
l:y 1

transfer function form:
1*s"2 + 20000*s”*1 + 400000000

1*s"2 + 420000*s"1 + 400000000
octave:6> wrange=Ilogspace(log10(125),log10(62831853 ),1000);
octave:7> bode(sys,wrange)

Figure 12 GNU Octave command sequence to generate Bode plot

1o/
[ A Gwdl, u=u_1, y=y_1
1]
A F
=
= -0
§= 18
fud
© 20
25
1000 10000 100000 1e+00G 1e+107
Freguency in radfsec
phase([¥/U]{w)), u=u_1, y=y_1
f=2)
il
s
=
=1}
oy
(1]
o -
o
1000 10000 100000 1e+006 1e+007
1004.07, 414.910 Freguency in rad/sec

Figure 13 Bode plot generated in GNU Octave

The resulting Bode plot is the same as in FiguteTh@ frequency is here scaled in
radians/second (angular frequency).
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6.5. Sine correlation
6.5.1. Background

The explanation of sine correlation is based orepapublished by Solatron Analytical [13]

When measuring frequency response it is necessaydress problems regarding corrupted
and distorted output signals.

Figure 14 Sine input signal and distorted response signal

Distortions are caused by non-linear charactesstithin the measured object (e.g. a
transformer) and/or in the measurement circuitishodted response signal is not a pure
sinusoidal. Since all waveforms can be describesifaadamental sine and sinusoidal
harmonics (Fourier analysis), it is desired to sapp the harmonics to identify the
fundamental response.

Figure 15 Sine input signal, and response signal corrupted by noise and dinig

The response signal is often corrupted by extrameoise. SFRA is sensitive to noise
because of the low voltage level used.

The sine correlation technique is used to overcprablems with disturbances and thereby to
provide repeatable SFRA measurements.
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6.5.2. Theoretical description of sine correlation

X =Asin t y=A|H( )[ssin( t+ HOH( ))
—— H ) FH———

Figure 16 Relation between transfer function and steady state response

It can be shown [13] that a measured object wahdfer functiorH(j ), which is excited by
a signalx = A sin t, will generate the steady state response
y=A:H(@ )|-sin( t+ OH( )).

The steady state response can be distorted arafopted e.g. by noise and drifting.

H( )

(Measured object) R(T)
R " sin t X J
Asin t 4 J

Signal I(T)
generator | cos t X >—>

Multipliers Integrators

Figure 17 Sine correlation circuit

The sine correlation analyzer uses one sine chanmalculate the real part of the response
R(T), and one cosine channel to calculate the imagiparty(T).

The sine channel output is given by:

-
R(T):$|H(jM| sinut>sin(ut +F )dtwhere = AH(j ).

0

Integrating gives:R(T):$‘>‘1|_|(J-W)|>< COSF TE+ Sln42WT - sinE coszT 41
w w w

WhenT =2 N=1 2 3... the sine channel outputiis 2 :§|H(jw)|cosF :
w w

.
Integrating the cosine channg(T) = ?A|H (jw) cosmt>sin(ut +F )dt will for

0

7=NP N=1 2 3 hbe evaluated to N—Vf :§|H(jw)|sinF

w
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2p

The integrating time T is chosenTo= N x—, N =1, 2, 3 which means integration over
w

complete cycles, this to avoid measurements edwego offset in the response [13].

6.5.3. Simulated implementation of sine correlation

Gwi L3 10mH (v )ve

B A

C= 10nF

0
VB W
o
@Asin sin C"-{Qcos
L

Figure 18 Simulation of a simple Sine Correlation implementation

A simulation of a sine correlated measurement petsas performed in PSIM [14]. The
measured circuit (parallel LC-circuit) was exciteith a sinusoidal signal:

v, (t) = Asin(ut) = 1>sin(2p X.000%) .
Theoretical numerical calculation of attenuatiod ghase:
()= RAL- w’LC) _ 50:{1- (2000)’ 4040 40:40°)
R{L- w’LC)+ jul 5041~ (20000)7 040" ©0X0°° |+ | x200Q0 4040
0.385850+ j x0.486795= 0.621168<« /0900%%
Numerical calculation oR(T)andI(T) using the sine correlation formulas:

R N—Vf = —|H (jw)cosF = %>O.621168>c05(0.90056l) =0.192925

| N—V/V’ = §|H (jw)sinF :%>O.621168<5in(0.900564) =-0.243398

Numerical calculation back to attenuation and phafer sine correlation:

|H(jW)|:%><\/R(T) +1(T) = 40192925 +0.243398 =0.621168

H(jw)=F =arctan 1) arctan 2243398 _ 4900564
R(T) 0.192925
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The multiplication stages for the sine- and cosim@nnels are shown below.

Reference (Y) and
correlating sine (Y)
Ascode | aligns since A =1,

1.00

0.50

000 Response (Y

V5:V2'V3

-0.50

-1.00
1.00 1.20 1.40 1.60 1.20 2.00
Time (ms)

Figure 19 Sine channel multiplication

For the sine channel the response signgl i&/multiplied by a sine signal with amplitude Iof
and which is in phase with the generated inpuyj.(V

V, = sinut xAxsin(ut + F ) = sinut xAXsinut >cosF + cosut >sinF ) =

1- cos2ut sin2ut

= A><(sin2 wt xcosF + sinut xcosut >sinF): Ax TxcosF + ssinF - =

 COSF - (cos2ut xcosF - sin2ut>sinF ) _ AxcosF - Axcod2ut +F )

2 2
The representation ofs\bove shows that the average gféquals half the real part of the
response. The averaging over full periods is hahbdiethe integrator at a later stage. The
representation of /does also prove that;Was twice the frequency and half the amplitude
compared to the generated input signal.

= A

Reference (V)

1.00 -

0.50 Correlating cosine

(Va)
0.00
Response
-0.50 p (M
-1.00 Ve=Vz-Vy
1.00 1.20 1.40 1.60 1.80 2.00
Time (ms)

Figure 20 Cosine channel multiplication

V, = cosut xAsxsin(ut + F ) = AssinF + A;sin(Zwt+F)

The same operation can be performed foa¥for \4 above. The average ogYields the
imaginary part of the response, divided by two.
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The integrating stage calculates the average diiphoation results over one or more full
periods T) of the response.
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Figure 21 Simulation result forR(T) and I(T), N = 10 cycles of integration

The simulation result when integrating over 10 fpdliods T) of the response was

R(T) _182198_ 0.182198and | (T) __ 251264 0.251264. (T = 1 _ 1ms).
! 10 100CHz

Calculating attenuation and phase, based on siilonlegsults:

IH(jw) :% RT)Y +1(T) = % x/0.182198 +0.251264 = 0.620741

PH(jw)=F =arctan 1) arctan 2221254 _ 4943406
R(T) 0.182198

Difference between theoretical and simulated result
DIH (jw) = [H(iw) . oo~ [H(W),oeies = 0620741 0.621168= - 0.000427» 0

DPH (jw)=DH(jw) - BH(jw) = - 0.943406+ 0.900564ad = - 0.042842ad

theoretica —
There is a difference in phase of 0.042842 radiab°). One explanation to this error could
be that the numerical integration (performed ingimeulation software) involves summation
of very small numbers. A round-off error could haugnificant impact on the result. The
mathematical calculation, and the simulation, néstorrelation both yield the attenuation
and phase in complex rectangular form. What ig@sténg is that harmonics from non-linear
response, as well as noise, are rejected in theepso

simulation
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6.5.4. Non linear response

(v ) 0.6sin (3wtl.74) vz

o
o

@Asin sin é\,-)cos
L

Figure 22 Measurement set-up with simulated nonlinear response

To simulate a non-linear response a signal souasdlen added to the response signal. In
this way a harmonic is added to the response,dausing \ to be non-linear.

W W2 wa
1.00 : T . :
: : : . Reference (YY) and
5 5 5 : correlating sine (Y)
R A S U N |5=A>02c£ aligns since A = 1.
e Y A . S NG Response (Y
050 oo booonenes TR TR e Vs=V,-V;
_1-|:":| 1 1 1 1
1.00 1.20 1.40 1.60 1.80 2.00
Time (ms)

Figure 23 Sine channel multiplication for non-linear response

Just by looking at ¥in Figure 23 it is possible to see that the hanaithin the response is
suppressed by the multiplication with.V

One way to show this mathematically is by the fwiltg operation (the simulation does not
use the third harmonic exactly as represented Helow

V, » sinut {Assin(ut + F ) +4sin(3ut + F )) = 3AcodF )- ZA’COS(ZVQ +F)- Arcoddut +F)
A>cosk

The average level of Ms — just as for the linear case (see Figure 19)thad

harmonics distortions are attenuated (the amplitsidievided by 6 for the 4t component).
The integrator will yield the average o, \thus suppressing all harmonic distortions.
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Figure 24 Cosine channel multiplication for non-linear response

Just as for the sine channel, the cosine chanpelesses harmonics.
(The simulation does not use the third harmonictixas represented below.)

V, » cosut {Assin(ut + F )+ Asin(3ut + F ) =
= cosut xAssin(ut +F ) +§>ein(2wt + F)+§>sin(4wt +F)=

= A>62inF +§>sin(2wt +F)+§>€.in(2'/'/t +F)+§’Sin(4”’t+':)=

_ AxsinF + 2%xA
2

ssin(2ut +F )+ g ssin(4ut + F)

The cosine channel average—'ai‘s)szlijust as for the linear case (see Figure 20). The

harmonics distortions are attenuated (the amplitsidiévided by 6 for the 4t component).
The integrator will yield the average og,\thus suppressing all harmonic distortions.
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Figure 25 Non-linear simulation result for R(T) and I(T), N = 10 cycles of intgration

After integration (10 cycles in this simulationgtialues foR(T) (V7) andI(T) (Vs) are
approximately the same as for the linear resposese Figure 21). The harmonics has thus
been efficiently rejected.

This rejection was also shown earlier (see 6.5/mintegration of the sine and cosine
channels lead to the formulas:

r NP :§|H(jw)|cosF and| NP :§|H(jw)|sinF , where N represents the
w w
number of full cycles of the response over whidiegmation is performed (which meand 2

cycles ofVs andVg respectively).

The correlation process will reject the harmonied measure the fundamental component of
the response. If the correlating sine and cosigreads are tuned to the same frequency as an
existing harmonic in the response, this harmonlthei obtained for measurement while the
fundamental signal and possible other harmonicsegeeted. The sine correlation process
can thus also be used to identify and measure lracsim the response.
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6.5.5. Noise suppression
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Figure 26 Simulation of sine channel with noise disturbances in the qgsnse

Disturbances like noise and drifting will have mimmpact on the average value after
multiplication of the response by the correlatirgnal. The noise rejection increases by the
number of integration cycles.

The effect of the number of integration cyclesasttshown by calculation of the transfer
function for the sine correlation function itsélhe sine correlation performs a digital band-
pass filtering of the response. The filter dynanscaslated to the number of integration
cycles that are performed in the averaging (intemmastage in the sine correlation process.

By analysis of the response signal and the nostentiance as a convolution of two signals, it
can be shown [13] that the transfer function ofgime correlation average filter is:

i p
Wl(l € ),whereT:Z’O—N and ; is the analyzed frequency.

0= ) w,

If the analyzed angular frequency is normalized 1&= 1 and N is varied, the impact of N can
be illustrated by plotting the frequency responsees.

(I needed to scale the equation above by 2, t0 g& at normalized angular frequency = 1.)
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GNU Octave [15] was used to generate the respanses

octave:1> axis([0.1,10,-100,0])
octave:2>x =0.1: 0.001: 10
octave:3> semilogx (X, 20.*log10(2.*(abs((1-exp(-i. *X.*2.%pi))./(2.*pi.*(x.~2.-1))))),"-;N=1;")

Figure 27 GNU Octave command sequence to generate averaging filter respen

1o/
0
A/dB / A N=1 —
20|
Harmonics to the
fundamental
40 | frequency are ﬂ 1
completely rejected. | | ﬂp
\\\
20 The analyzed |
fundamental
frequency
-a0 passes through
the averaging |~ \
filter. \
BRI
=100
0.0602452, 3.27889 1 2 g 1o

Figure 28 Frequency response from averaging filter at N = 1

Figure 28 show that the analyzed frequency pabsefiter, while the harmonics of the
analyzed frequency are completely rejected. Angenat frequencies between the harmonics
is quite efficiently attenuated. An increased vadti®l will however improve the filter
significantly.
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octave:1> axis([0.1,10,-100,0])

octave:2>x =0.1: 0.001: 10

octave:3> semilogx (x, 20.*log10(2.*(abs((1-exp(-i. *X.*2.*%pi))./(2.*pi.*(x."2.-1))))),"-;N=1;")
octave:4> hold on

octave:5> semilogx (x, 20.*log10(2.*(abs((1-exp(-i. *x.*20.*pi))./(20.*pi.*(x."2.-1))))),"-;N=10;")
octave:6> semilogx (x, 20.*log10(2.*(abs((1-exp(-i. *x.*200.*pi))./(2.*pi.*(x.~200.-1))))),"-;N=100;")

Figure 29 GNU Octave command sequence to generate averaging filter respen

I gnuplot graph

L N |

A0l

=il

-80

-100
1.809%8, 4.02010 0.5 1

2 3 5 10

Figure 30 Frequency response from averaging filter at N =1, N =10 and N = 100

When N is increased to 10, integration is perforreer 10 cycles of the response. The first
rejected “harmonic” is then one tenth of when N, thus rejecting the frequency which is 0.1
of the correlated frequency. The analyzed frequénogpt affected, since the frequency of
correlating sine and cosine signals used in theiphohtion stage distinguishes which
frequency not to suppress.

Figure 30 does clearly show that all frequencigsept the desired response, are rejected with
increased efficiency along with increased numbentafgration cycles (N).

Noise reduction increases with increased numbettefration cycles, but the analysis will of
course also become slower.
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7. Theoretical SFRA of Basic components
7.1. Method

Simulations were performed in Electronic Workbefiosy for basic components. Data was
exported from Electronic Workbench to Microsoft ®del, where a diagram was generated.

Theoretical calculations were performed to esthlkesy parameters. Some comparisons were
made with chapter 8.

7.2. Results

7.2.1. Resistance

e LN DLITT

L)

l o

V1 Vo

Figure 31 Simple resistance circuit

Figure 31 shows a circuit simulation in Electroorkbench [16]. A bode plotter is used to
perform the frequency sweep and calculate the respourve.

The circuit consists of two resistances in parallele 100 resistor is the specimen to be
measured and the 50resistor represents the resistance from the mea@gsimects output

connection to earth. Attenuation in dB can be dated with voltage division as:
U, 50
=—==2040g9,, ———— =-9542B.
Ao U, S 100+50
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Resistance

1,00E 1,00E 1,00E 1,00E 1,00E 1,00E 1,00E ¢,
+01 +02 +03 +04 +05 +06 +07

0,00
-2,00 A
-4,00 -

HZ

-6,00 -

A/dB

—— Resistance

-8,00 -
-10,00 A

-12,00

Figure 32 Bode plot for resistance

Bode plot (response curve) for the simulated cinsushowed in Figure 32.

2006-10-30

The signal is attenuated due to the resistances lmdlependent of frequency. This will
however only be true in theory. A real resistod Wwéhave as an impedance at certain
frequencies due to the physical construction ofcthraponent.

7.2.2. Inductance

Ely | ST

| —=

Vl V2

Figure 33 Simple inductance circuit

H = U, _ 50 _ 1 _ 1
U, 50+ jwHx03 1+ [jwx0x0° 1+ jx2pxf x00°
From the transfer functiod(f) we get:
the cutoff frequencyf, = ;6 = 796kHz
2p>20°10

1

2p

the attenuation functionA(f) =|H (f)| =

1+(f x1 -

79640°
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Inductance

1,00E 1,00E 1,00E 1,00E 1,00E 1,00E 1,00E 1,00E £/ Hz
+00 +01 +02 +03 +04 +05 +06 +07

0,00
-10,00 -
-20,00 -
-30,00 A — Inductance
-40,00 -
-50,00 -
-60,00

A/dB

Figure 34 Bode plot for inductance

The response curve is now a function of frequeApproximately there is no attenuation

until fc whereA;(f.) =204og;, % = - 3dB. Fromf the attenuation increases

asymptotically with 20 dB/decade (inductive rolBofCompare this simulation (ideal iductor)
with chapter 8.2.1.

7.2.3. Capacitance

A LN ouT
|I

Figure 35 Simple capacitance circuit

Y = U, _ 50 _ jws0x0°
=1 = = —
U, 50+ 1 . 1+ jw>50%0
JwAXO
From the transfer functiod(f) we get:
the cutoff frequencyf, = ;6 = 318kHz
2p>50310
f
the attenuation functiond(f) =|H (f)| = 228 __

1+ (3.1;103 )2
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7.3.

Capacitance

1,00E 1,00E 1,00E 1,00E 1,00E 1,00E 1,00E f/Hz
+01 +02 +03 +04 +05 +06 +07

0,00

-5,00 -
-10,00 -
-15,00 -
-20,00 -
-25,00 A — Capacitance
-30,00 -
-35,00 -
-40,00 -
-45,00 -
-50,00

A/dB

Figure 36 Bode plot for capacitance

For the capacitance the attenuation starts at ajppately -45dB and decreases

with 20 dB/decade (capacitive climb) towafgshereA,; (f.) = 204og,, % - 3dB.

Fromf. the attenuation quickly reaches 0dB.
Compare the simulated response (ideal capaciton)ahiapter 8.2.2.

Discussion

The simulations show the characteristic ideal bednaf R, L and C components. For these
simple cases it is quite easy to establish the¢ioakhip between impedance and cutoff
frequency. (This does not apply to an ideal resawhich shows a constant level of
attenuation over the frequency band.)
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Practical SFRA of Basic Components

8.1. Method

8.

The practical SFRA measurement method is discussethpter 9.2.

Measurements for basic components were made alithg@me comparisons with chapter 7.

8.2. Results

8.2.1. SFRA response from an inductance (coil)

Magnitude

Twpe: 0

[™ Leg

-10

20
0

(BR) apnyube py

-50

-G0

10k
Frequency (Hz)

IV Log

Figure 37 SFRA response from 1mH coil

According to the simulation and theoretical caltiolain chapter 7.2.2 the SFRA response
from a 1 mH coil should show no attenuation u@ tutoff frequency is reached. At cutoff

frequency the attenuation should be -3 dB, and sfien roll-off to a linear decrease of -20

dB / decade.
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Figure 38 SFRA response from 1mH coil, with the cursor placed at -3 dB

In order to interpret the SFRA response in the FRs&Kware, the cursor was placed at — 3
dB. The cutoff frequency was in this way estimated.6 kHz. The theoretically calculated
value was 7.96 kHz which can be seen as fairlyecldbe inductance of the specimen may be
a little over 1 mH.

The following roll-off was measured to — 16 dB tdde. This indicates that the decrease is
non-linear, which means that the inductance otthikis frequency dependant.

Another difference from the theoretical simulatisrthe resonance that occurs at
1.45 MHz. This is caused by the capacitance betwheturns of copper wire in the coil.
Over 1.45 MHz the influence of the capacitance eawasgradual decrease of the attenuation.
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8.2.2. SFRA response from a capacitance (capacitor)
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Figure 39 SFRA response from a capacitor of 1F

According to the theoretical simulation and caltiolain chapter 7.2.3, the response from the

capacitor should show a gradually decreasing adtemof 20 dB / decade. The cutoff
frequency should be at 3.18 kHz. This correspormdg well with the practical SFRA

response.
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8.2.3. SFRA response from 600 turn coil with and wi  thout core
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Figure 40 SFRA response from Eurofysica 600 turn coill

The 600 turn Eurofysica coil (see 9.2.2) was measwhen placed on the core and
separately.

The cutoff frequency for the coil only, was measui@approx. 1150 Hz.

The inductance of the 600 turn coil can be caledas
R 50

20xf_  2px150
The response from the 600 turn coil show similarahbteristics as for the 1 mH coil (see
8.2.1). One important difference is that the indiectoll-off actually decreases by 20 dB
/decade in this case, thus indicating a frequendgpendent inductance up to 100 kHz.

Another difference is the second resonant dip& MHz (Te first resonance frequency is at
166 kHz).

H = 69mH (compare with chapter 7.2.2).

When the coil is placed on the Eurofysica corelleictance increases significantly and
does also become frequency dependant. The fishaese frequency does now occur at 53
kHz and the second at 1.42 MHz

Claes Bergman
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8.3. Discussion

The capacitor shows more similarities betweenaadlideal components, which should be of
importance when performing calibration.

The impedance of the 1mH inductance showed frequéegendence despite that no core
was present, which is surprising.

The impedance of the Eurofysica 600 turn coil shibnwe frequency dependence alone. When
placed on a core, apparent frequency dependencshoas.

Correlation between cutoff frequencies in chaptand 8, confirms that the presentation of
SFRA response as attenuation and phase is debriedlide the shunt resistance.
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9. Practical Simulation of Transformer Damages
9.1. General

The practical simulation is the main part of thesils work and had the following objectives:

To find out if a small laboratory transformer canused to simulate power
transformer damages, in a way that can be usefdemonstration and training
purposes.

To distinguish which fault conditions that is pddsiand useful to simulate with
laboratory equipment.

To specify requirements on a possible transforneenahstration box that can be used
for demonstration and training of SFRA.

9.2. Method
9.2.1. Approach

The approach was to define a number of fault caordit suitable to simulate using a
laboratory transformer. The measurements shoufgefermed with an SFRA equipment
intended for power transformers. The results weigetcompared with existing guidelines to
distinguish the value of each simulation.

As for almost all SFRA measurements the responsesuesulting from a fault, was
compared to a reference response curve. A refemge was measured on the same
transformer configuration when it was not affedbgch fault condition.

The evaluation of the SFRA response against gmegland other experience was to be
performed as part of the work in progress, whileatesions regarding usefulness of each
simulation should be drawn in a following analysise.

For this reason there is analyzing text withinrgults section of the thesis.

Claes Bergman Rev 4 47(74)



SFRA — An application that creates customer value? 2006-10-30

9.2.2.

Specimen

Figure

41 Eurofysica laboratory transformer

The laboratory transformer set used consisted of:

1. U-core 70 x 80 x 20 mm, 20 x 20 mm limb. Equippethwnounting rod for the I-
core.

2. l-core 70 x 20 x 20 mm

3. Plastic fundament

4. 600 turn colil (Eurofysica)

5. 200 turn coil (Eurofysica)

6. 70 turn coil, wounded on 20x20mm bobbin using 1M lacquered wire. Prepared for
simulation of shorted turn and loss of turns. (Tlaase turns that could be connected
in series and short circuit between two turns ctnddimulated by connection of two
wires.)

7. 400 turn flexible coil. 0.2 mm lacquered wire woeddn PVC tubing and covered by
a transparent heat shrinkable wrap-around.

8. Metal casing with one side open.

Figure 42 Laboratory transformer connected to a FRAX-101 SFRA instrument
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9.2.3. SFRA measurement equipment

Cable shields to
ﬂ( ground/earth
T Measure

= |
/ (Response)
Bluetooth
Ground/Earth (or USB'
[ V. /4
P
/4 Generator
Reference

Figure 43 Schematic view of a FRAX SFRA connection set-up

For SFRA measurements a FRAX-101 from PAX DiagressiB was used.
Coaxial cables were used between FRAX-101 anddmsformer model to ensure repeatable
response results also at higher frequencies.

The first cable connected (and last removed) wadXgound/earth to the transformers
ground/earth connection. The supplied cable setcwasected to the three coaxial connectors
on the FRAX front panel.

When measuring on power transformers, the trangform

bushings are connected via flexible chords, usiegihg
. pliers or clamps suitable for the dimension oflhashing
' connector. The coaxial cable shield is connected to
[\r/" ground/earth at the base of the bushing. The deogth is

adopted according to the bushing height, usingng thord
on which a shorter chord can be clamped at suitahlgh
(see Figure 44).

The use of shielded (coaxial) cables is aimed suen
repeatable results also in high frequency ranges.

The shield chord should be kept as short as pessibl
minimize disturbances and to ensure coherent memsumt
set-up.

Figure 44 Connection to transformer
bushing

The FRAX-101 communicates with a PC, running FRAXware (FRAX for Windows), via
a Bluetooth connection. This to enable flexiblewgetn field, where the FRAX unit can be
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placed near the transformer totally separated fiwPC. (A galvanic separated USB
connection is also available.) The Bluetooth cotinaavas used for all measurements in the
thesis work.

Figure 45 FRAX for Windows screen showing legend and SFRA responsewi

The “FRAX for Windows” program supports the operatath pre-defined templates for
different standard test objects. Figure 45 sholeg@and containing the standard “sweeps”
that is measured when analyzing a wye-wye typestoamer-

Beside the pre-defined templates it is possibldib specialized templates or individual
sweeps as needed.

Each defined sweep is allotted a color that cooedp to a response curve in the plot view.
The measured curves are easily switched on arfayaifmouse click for easy comparison.
The sweeps are grouped in files, and severalddesbe opened at the same time for free
comparison between recorded response curves.

The mostly used view of SFRA response is the “Miagld” view, showing the attenuation.
There is also a phase view and a combined attemfpltiase view, as well as a possibility to
view the recorded response as an impedance curve.

In addition it is possible to add user defined athms to calculate custom response views
from recorded data.

! Swedish labeling of transformer outlets: A-B ed-H3, N eq. HO, a-b eq. X1-X3, n eq. X0
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9.2.4. Guidelines for evaluation of SFRA response

The interpretation of SFRA response takes somerexme, but there are guidelines available
and some general conclusions can be made from knesults.

It is useful to divide the frequency ranges to ioyar the analysis. The following definitions
are taken from a paper published at Cigré Ses€164 PL0]:

Frequency <10 kHz: in this range phenomena linkigd the transformer core and
magnetic circuits are found. The analysis in thisge must take into consideration the
residual magnetization which can slightly modife thbtained response from one test
to the other. Detectable problems in this rangeaifaults, winding interruptions
and magnetic circuit problems.

Frequency in the range 5 kHz to 500 kHz: in thiggeaphenomena linked with radial
relative geometrical movements between windingsiatected.

Frequency > 200 kHz: in this range axial deformaiof each single winding are
detectable.

For comparison a section from a document titlectilkees Instructions, Standards, And
Techniques” from United States Department of lorefBureau of Reclamation [17].

“By comparing future traces with baseline trachs,following can be noted. In general, the
traces will change shape and be distorted in teflequency range (under 5,000 Hz) if there
is a core problem. The traces will be distorted emahge shape in higher frequencies (above
10,000 Hz) if there is a winding problem. Changeess than 3 decibels (dB) compared to
baseline traces are normal and within tolerancesnf Hz to 2 kilohertz (kHz), changes of
+ or — 3 dB (or more) can indicate shorted turpgnocircuit, residual magnetism, or core
movement. From 50 Hz to 20 kHz +/- 3 dB (or mooljange from baseline can indicate bulk
movement of windings relative to each other. Frd@@ Bz to 2 MHz, changes of +/- 3 dB (or
more) can indicate deformation within a windingofr25 Hz to 10 MHz, changes of +/- 3
dB (or more) can indicate problems with windingdeand/or test leads placement. The
above diagnostics come from the EuroDoble Clienh@idtee after much testing experience
and analysis. Note that there is a great deal eflap in frequencies, which can mean more
than one diagnosis.”

The conclusion from comparing the definitions frima Cigré session 2004 and the Bureau of
Reclamation instruction is that the frequency Igvate guiding values. The reason for the
variation is probably differences in statisticalter&l, such as transformer ratings,
transformer types and the amount of tested undaclDsions regarding test leads depend
upon the test equipment used.

The method to define low, middle and high frequerasnges is however commonly accepted.
A commonly accepted conclusion (from experiencéhas frequency shifts (also small ones)
between compared SFRA response curves is an indigiserious fault conditions. Another

conclusion is that difference in attenuation be®dB is often the result of irrelevant causes,
and not an indication of serious damages.

The definitions published at Cigré Session 2004uaesl as a basis for further analysis and
discussions in this document.
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9.3. Results
9.3.1. Short-Circuited turns or lost turns

Figure 46 Laboratory transformer equipped with 600 turn and 70+2 turn coils

A 70 turn coil was prepared to illustrate SFRA amsge for short-circuit of turns (turn-to-turn
fault) and lost turns (changes in turns ration loarcaused by short-circuits, but is of course

also affected by tap changer position).

Jo

ol
o

Figure 47 600 turn coil measured with 70 + 2 turn coil on core

Figure 47 shows response from 600 turn coil whes 2Gurn coil is:
1. Open (black trace). Both 70 turn winding and twantwinding open.
2. Shorted (blue trace). Short circuit between twagun 70 turn winding.
3. Shorted (green trace). Two turn winding shortesh@lwith present short circuit.
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Figure 48 Response from 70 + 2 turn coill

Figure 48 shows response from 70 + 2 turn coil W@l turn coil open, when 70 + 2 turn coil
is:

1. Open (black trace). (Resonance peak from 600 witrappears at 60 kHz.)
2. Shorted (red trace). Short circuit between twogum?70 turn winding and 70 turns
connected to measurement circuit.

3. Shorted (blue trace). 70 turn winding in serieqwitturn winding. Short circuit
between two turns in 70 turn winding and shortgirof 2 turn winding.

The response from 600 and 70 + 2 turn winding lsbthw changes in frequencies up to the
resonant attenuation dip where inductive roll-dfhisges over to a capacitive climb.

Compared to the guidelines (see 7.1) the changep ¢g@ much higher frequency. While the
guideline states > 10 kHz the changes here readht2g

One important difference is that the first resomafnequency (attenuation dip) for a power
transformer, rated for about 100 MVA, will oftenpagar before 10 kHz. So in relation to the
attenuation dip the effect of short-circuits apgeahere expected, also for the laboratory
transformer.

The response does also show that the inductanceades significantly with increasing
number of shorted turns.

The resonance frequency (the attenuation at apfrbdXvViHz) is affected by the short circuit.
Frequency shift is an indicator of serious fault.
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Figure 49 Response from 70 +2 turn coil connected by 70 and 72 turns respedtive

Figure 49 shows response from 70 + 2 turn coil W@l turn coil open, when 70 + 2 turn coil
Is:

1. Connected by 70 turns (black trace).

2. Connected by 70 turns in series with 2 additionais (blue trace).

The change of turn’s ratio by 2.9 % does affectrésponse, in approximately the same
frequency range as the short circuits. The cure@slis not affected in the same way as was
the case with short-circuit. The curve is just mibs&le-ways down in frequency range, with
a little increase in attenuation. As expected tigeictance does increase with additional turns.

The resonance frequency (attenuation dip at 1.1 )NdHzot affected as much as for the short-
circuit.
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9.3.2. Relative Axial Winding Movement

Figure 50 Oversized winding shifted upwards and slanted

An oversized coil was used to enable shifting dlf position on the core. No significant
results from radial shifting were recognized. Whaifting the coil axially on the core (and
slanting) it did result in a noticeable alteratinrihe SFRA response. The measurement was
performed on the shifted coil, with an opposite 60® coil on the core.

¥

@~

Figure 51 600 turn coil response when altering position of opposite coil

The shifted coil was measured when it was:
1. Ininitial position (black trace).
2. Shifted upwards and slanted (green trace).
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When comparing to the guidelines the relative sifit winding should appear in mid-
frequency range (5 — 500 kHz). This correspondbéaesult in Figure 51.

Later experiment on the laboratory transformer, miely axial shift (no slanting) was tried,
gave the same result as the one described.

One conclusion is that axial shift only is detet#ab

The experiment with the laboratory coil did onldicate a small frequency shift, but a clear
difference in attenuation around 30 kHz and 61 KHz.
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9.3.3. Radial Winding Deformations

Figure 52 300 turn flexible winding, deformed using a clamp.

A 300 turn flexible coil (0,2mm wire wounded on PWbing) was fitted on the core together
with a 600 turn coil. The flexible coil was meadlire its unaffected state and when

compressed by a clamp.

Figure 53 Traces of 300 turn flexible colil (linear scale)

The 300 turn flexible coil was measured when:
1. It was unaffected (black trace).

2. It was compressed by a clamp (red trace).
(The clamp was in position also when the coil waafiected, to ensure repeatable results).
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The deformation of the flexible coil affects thespense in the highest frequency range (2
MHz to 10 MHz), by a shift to lower frequencies.igdoes not quite correspond to the
guideline (see 9.2.4), which states that SFRA nespover 200 kHz is mainly affected by
axial deformations. The compression of the flexitné is clearly radial.

Figure 54 Hoop Buckling [18]
Hoop —buckling is a radial deformation of windirtgat can be detected by SFRA.

Figure 55 SFRA Response from Hoop Buckling [18]

Regarding frequency range, the guideline does spored with published SFRA response
from hoop-buckling (see Figure 55) [18].

Regarding the shift towards lower frequencies tieesecorrespondence between the hoop-
buckling results and the results from the flexilaleoratory coil.

The Cigré guideline is more accurate for powerdfamers. There the SFRA fault
indications tend to manifest themselves within Iofvequency ranges than what is the case
for the small laboratory transformer. The frequeskijt as an indicator of serious damage is
valid in this example.
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9.3.4. Core Damage

Core damage was simulated by reduction of the @@a. The I-core was turned a bit out of
position in reference to the U-core, thus redutiregarea and increasing the reluctance of the
core. (The reluctance would also increase witmareased air gap due to loosened clamping

structure.)

RO,

Figure 56 SFRA response from changes in core reluctance

A 600 turn coil was measured (with a 70 + 2 turih @so present on the core) when the I-
core was:

1. In position (black trace)

2. Turned a bit out of position (red trace).

The response shows a decrease in impedance cieitecteased reluctance in the core. The
guideline (see 9.2.4) states that a change to #gmatic circuit is found, in the SFRA
response, at a frequency range below 10 kHz. Tdrresponds well to the results from the
laboratory transformer, which though tends to gateeresponse at higher frequencies than a
power transformer (here up to 40 kHz).

A slight frequency shift can be distinguished abreance frequency (60 KHz).

Claes Bergman Rev 4 59(74)



SFRA — An application that creates customer value? 2006-10-30

9.3.5. Bad Connection in Measurement Circuit

To simulate bad connection in the measurementitiwd k resistor was connected | series
with the laboratory transformer (at generator sifithe FRAX). (The transformer was
equipped with a 600 turn coil and a 70+2 turn goil.

Figure 57 Response for bad connection in measurement circuit

The 600 turn coil was measured with:
1. Standard measurement set-up (black trace).
2. Aresistor of 1 k connected in series with the transformer (blueeya

The level of lowest attenuation has increased sogmtly (approx. 15dB). The highest
attenuation (resonant dip) is unaffected (but walddrease if a resistance of adequate size
was connected in parallel to the transformer). fEsailt is expected, but the value of 1 is
quite high. A bad contact could be expected to €dlus characteristics shown, but with a
smaller increase of minimum attenuation level.

Note that no frequency shifts appear. Is this egsifault condition? The cause is probably
within the measurement circuit, not a serious fianser fault.

A bad contact within the transformer would be sesidf the difference remains after
checking measurement set-up, the winding resistsimaeld be measured for further analysis.
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9.3.6. Saturated core

Figure 58 Saturated core

The 600 turn coil was measured:
1. Before saturation of the core (black trace)
2. After saturation of the core (green trace)

A direct current was applied to a 600 turn coilcelé on the laboratory core, to simulate a DC
winding resistance measurement. A 200 turn coil plased on the opposite core limb. The
core was saturated by the applied DC and SFRA nsspivom before and after saturation
was compared.

The difference was characteristic but only 0.5 tBia most. The impedance of the core was
reduced a bit, which lead to a 0.5 dB decreasé@maation at 20 Hz. The difference decayed
with increased frequency and no noticeable diffeeamas present at 10 kHz. A small
difference could be distinguished at 2.2 — 3.2 MHz.

On a power transformer the impact from a saturated would be more apparent, but with
similar characteristics.

Saturated core can be mixed up with for examplélpros with bad contact. At an SFRA
measurement it is important to know if and whenirdimg resistance measurement has been
performed.

Claes Bergman Rev 4 61(74)



SFRA — An application that creates customer value? 2006-10-30

9.3.7. Bad Core to Ground/Earth Connection

Measurements were normally carried out with the gyounded/earthed via FRAX to “real”
ground/earth. Here such a set-up was comparedgtounded/unearthed core and to a set-up
with 1 k between core and ground/earth.

?
& O

Figure 59 Result from no core ground/earth (around 1.4 MHz, linear scale)

A 600 turn coil was measured (with a 70 + 2 turih &lso present on the core) when the core
ground/earth was:

1. Connected (black trace).
2. Disconnected (blue trace).
3. Connected via a 1 kresistor (red trace).

At around 1.4 MHz the attenuation for disconnegemlind/earth is 0.25 dB lower than for
the two other cases. This is a very small diffeeeaued it would normally not be considered as
a significant result for a power transformer.
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®

Figure 60 Result from no core ground/earth (around 5 MHz, linear scale)

A 600 turn coil was measured (with a 70 + 2 turih @so present on the core) when the core
ground/earth was:

1. Connected (black trace).
2. Disconnected (blue trace).
3. Connected via a 1 kresistor (red trace).

At around 5 MHz the difference is still below 1 dBere there are small frequency shifts,
between traces. The ground/earth via the Tésistor is more attenuated than the other two
in this frequency range.

Loss of core ground/earth seems to be detectali¢hé differences between traces were
very small and occurred at very high frequencies.

Published results from a study where measuremenp®wer transformers were conducted,
concludes that “no core ground/earth” is one typiawalt that is not detected by SFRA, while
poor tank ground/earth is. [19].
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9.4. Discussion
The following conclusions was made regarding theusated fault conditions

Short-Circuited turns or lost turns — Easy to accomplish and clear impact on the
SFRA response. Result is significant comparedgoveer transformer if the relation
to the resonant frequency is taken into accounteMioan 2.8% loss of turns (2/70)

should be used to accomplish a more significantltrésr lost turns.

Relative Axial Winding Movement — No impact from radial shifting on the core.
Axial shift gave a small but clearly distinguishalaind repeatable response. Hard to
compare directly with similar faults on a powemgtrmer, where axial shift often
implies a stretching deformation of a winding, ajdahe core limb. On a power
transformer the relative shift implies a shift @éation to a concentric inner winding,
which is not the case for the laboratory transfarme

On a power transformer a relative axial deformatiaunses frequency shifts in the
SFRA response, thus indicating serious damageSHRA response from the
laboratory transformer did only indicate a very Briraquency shift (but a clear
deviation in amplitude).

The result is still interesting to use for demoaistm, since it illustrates the power of
SFRA, to be able to detect such a small movemengahe core limb of a small
laboratory transformer. This is an especially int@iot fault condition since axial
winding movement is hard to detect using other messent methods [10].

Radial Winding Deformations — Compression of the flexible coil did result in
interesting frequency shifts, but at very high treqcies. The frequency shifts is
significant for radial deformation (such as hoom#iing), but will start at much lower
frequencies for a power transformer.

The result from the flexible coil was among the trnoteresting of the simulated
results, since it was expected to be hard to sitmdidalts like hoop-buckling. The
flexible coil does however need improvements t@egnore apparent frequency shifts.
Improvements were made by Nedeljko Matic at a Iste@ge, which made the
simulation of radial deformation even more worthewsee Figure 64).

Core Damage— By a simple turn of the I-core, the core area vealuced, thus
causing a increase in core reluctance. The impath@response is significant for
damages to the magnetic circuit according to theegjine. An easily simulated type
of fault that should be implemented in a transfardemonstration box.

Bad Connection in Measurement Circuit— Simulated by a resistance in series with
the measurement circuit. The impact on the respaasesignificant and expected.
The behavior is easily explained even without alglime. Useful to demonstrate,
since it is important to recognize when performfietd measurements. The impact
was exaggerated in the simulation (1 k series).

Saturated core— It was possible to generate a small but sigmifiSFRA indication
of core saturation. This should be included in doentation but is not worth while to
implement for demonstration. Some separate vokagece is required to perform
saturation, and it is a rather lengthy procedunestore the core from saturation
afterwards.

It is however important to know about this phenoorewhen performing SFRA
measurements, since a possible preceding windsistaece measurement will affect
the SFRA response.
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Bad Core to Ground/Earth Connection— Showed very small deviations in the
response. Bad core ground is normally hard to tetitie SFRA [19] in power
transformers (while bad tank ground is detectal3e)ce it is questionable if this is a
type of fault condition that is detectable by SFRAyill not be implemented in a
transformer demo box.

General conclusions:
The metal casing had no distinguishable impacherrésult.

The frequency limits in the guidelines does notyfapply to the laboratory
transformer e.g. due to its lower impedance contptore power transformer. If the
response is related to where resonant frequences o the laboratory transformer,
compared to a power transformer, the guidelinesb&iimore sufficient also for the
laboratory case. It would however be of advantagadrease the impedance of the
laboratory transformer to achieve response thamare close to what can be expected
from a power transformer. This can be accomplidhedsing coils with higher

number of turns.

The SFRA response results were found to have ahrghydegree of repeatability all
the way up to 10 Mhz, in the laboratory environm@ihis makes it easier to simulate
faults using a small transformer, for which faualdications occur at higher
frequencies compared to a power transformer.
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10. PAX Transformer Demo Box

Figure 61 PAX Transformer Demo Box

The results from the practical measurements otath@atory transformer, lead to a
specification of a product named “PAX Transformemnid Box”. This product will be
available to sales representatives as a tool fmodstration of SFRA to customers.

The PAX Transformer Demo Box was presented at anserfor sales representatives and
was much appreciated as a tool to understand gidiexSFRA as an application for power
transformer diagnostics.
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Figure 62 PAX Transformer Demo Box layout

The following measurements are defined for the dbmo

Reference measurements:
Measure HV winding, LV winding open
Measure HV winding, LV winding shorted
Measure LV winding (HV winding open)

Electrical fault measurements:
Measure HV, shorted turn in LV winding
Measure LV, shorted turn in LV winding
Measure HV, lost turns in LV winding
Measure LV, lost turns in LV winding
Measure LV, bad contact in LV winding

Mechanical fault measurements
Measure HV, damaged core
Measure LV, damaged core
Measure HV, radial deformation of HV winding
Measure LV, axial shift of LV winding
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Figure 63 Example of connection of FRAX-101 to PAX Transformer Demo Box

Figure 63 shows how the FRAX-101 is connected feasarement of the HV winding on the
PAX transformer Demo Box.

The Transformer Demo Box is designed as a speciaré®F-RA measurement only. The
demo box is not designed or dimensioned for thegae of being used in a traditional
transformer application. The windings are labelddand LV to make users associate to a
power transformer.
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The Flexible coil was enhanced for better perforceany Nedeljko Matic after the first series
of demo boxes. He added a sheet of thin foam plastween two winding layers to increase
the capacitance in unaffected state. The differ&eteeen capacitances in unaffected and
compressed state became more significant aftentbdification.

1

Figure 64 SFRA response from the improved flexible coil (linear scgle

The 300 turn flexible coil was measured when:
1. It was unaffected (black trace).
2. It was compressed by a clamp (red trace).

Compared to SFRA response from the first flexildi (see Figure 53), the frequency shifts
are much more apparent here. This is of courseeaft galue when demonstrating the impact
of radial deformation on SFRA response.
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11. Conclusions

11.1. Customer Value

My research has comprised reading of many techpegaérs on SFRA, a visit to ABB’s
transformer factory in Ludvika and service planttorviken, and correspondence with a
transformer expert and SFRA user at ElektrosandBBr¢ES). All these sources have
directly or indirectly confirmed the customer valfeSFRA. The method is often not used
alone, but in combination with other methods.

Before transport of a transformer it is ideal toal a SFRA reference sweep for later
comparison. Before the unit is taken into use, lagrasweep is recorded, both to be compared
with the first trace and to be used for comparissitls future data.

This methodology is of great value to transformanuofacturers and their customers, since
the internal integrity of the transformer, in tinay can be verified at crucial stages.

For operational transformers it is in assessmatrttmres where SFRA is useful. When internal
damages are suspected, combinations of measuremeémids are applied. SFRA is a very
precise method that is especially powerful (comg@neother methods) when it comes to
detection of mechanical changes (movements) wittertransformer [1] [10].

My experiments with the laboratory transformer halg® demonstrated these capabilities of
SFRA, to produce apparent and repeatable indicatbmarious changes in the electrical and
magnetic circuits of a transformer.

11.2.To explain SFRA

To explain SFRA was the main objective of the thegrk. SFRA does often appear as
complicated and the result does often seem hardderstand and interpret.

The idea was to provide users and sales staff, aviitactical experience of the relation
between fault conditions in a transformer and SKF&#ponse.

The approach was to use a small scale transfolwnelemonstration of SFRA. The
experiments accounted for in this thesis showetthimapproach was feasible.

Based on the results of the experiments, a tram&flodemonstration box was designed. The
demo box was used at a sales conference and rdqsgéive feedback from the attendees.

My conclusion from this is that the approach shoteelde successful.

It was possible to design a small scale demonstratansformer that gave interesting
SFRA response.

The possibility to gain a practical feeling for S&Rising the demonstration
transformer, does have a positive pedagogical teffec
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11.3. Analysis of SFRA response

My conclusion is that improving the methods forlgsis of SFRA response is an important
issue among SFRA users and manufacturers. Guidedixist but are not precise enough and
not universally applicable. Different transformgpés will produce very varying response.
Comparisons between response curves from the sanmsfdrmer or possibly between
transformers of the same type, is still the moslbéee method.

Different approaches to offer solutions to thiskjpeon are taken, as | have accounted for in
this thesis (see chapter 1.4). In my opinion it b a competitive advantage for the SFRA
manufacturer, that can offer support or techniobltgons to aid the analysis of SFRA
response.
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