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Abstract

A new method in determination of electrical parameters for failure diagnostic applicable to
power transformers

Key words:  electrical transformer parameter — Frequency Response Analysis (FRA) — failure
diagnostic — measurement methods — power transformers — transformer active
part — electrical and mechanical failure — transformer model

The dissertation introduces a new measurement-based method that combines two adapted and
three new approaches in determining electrical parameters of power transformers for purposes of
a parameter-based FRA interpretation as well as a comprehensive diagnostic of electrical and
mechanical failures in the transformer active part, i.e. mainly the core and windings. The method
is proposed due to the fact that the electrical parameters of power transformers cannot be fully
determined so far through conventional methods for both FRA and diagnostic purpose, espe-
cially one of key parameters associated with the mechanical failures, the winding series capaci-
tance.

In the first step of the proposed method, an appropriate lumped “physical” transformer model
valid in low and mid frequency range is required. The term “physical” means the required model
must be developed based on dual electric-magnetic phenomena appearing inside the transformers
under specific excitation and terminal conditions. Of the equivalent transformer circuits which
have been developed so far for different purposes, the duality principle based equivalent circuit
for the purpose of transient analysis is selected and then adapted. The adaptation of the circuit is
then for another goal: analysis of frequency responses based on electrical parameters to support
the current FRA interpretation which is not fully efficient in detection of mechanical failures in
transformer windings at the moment.

Once the transformer circuit is derived, the measurement-based approaches in next steps are de-
veloped to determine the circuit’s components, i.e. the transformer’s electrical parameters. To
enable the FRA interpretation as well as the diagnostic of the electrical and mechanical failures
in the transformer active part, following electrical parameters should be determined according to
the approaches:

— Impedance of sections of the core (legs and yokes)

— Winding resistances and capacitances

— Leakage and zero-sequence inductances

The above electrical parameters are only required to be available in low frequency range for the
diagnostic purpose and therefore are determined directly through analysis of non-destructive
measurements of different input impedances measured by means of a scattering-parameter vector
network analyzer (VNA). On the other hand, the parameters should be frequency dependent in
broad frequency range for the simulation-based FRA interpretation; thus, the frequency depen-
dency of electrical parameters is developed by combination of measurement-based values at low
frequencies and formula-based values at high frequencies.

The new method is then applied to determine electrical parameters for FRA purpose on three test
transformers having different rated powers, voltages and vector groups and verified by compari-
son with other conventional diagnostic methods carried out by means of the commercial testing
device “CPC 100” of Omicron. In addition, since one transformer was opened, several electrical
and mechanical failures were performed in its active part so that the new method could be ap-



plied to find the change of electrical parameters for diagnostic purpose. Results confirm a clear
contribution of the proposed method in detection of the failures, indicating the fact that the
method should be combined with other conventional methods for a better diagnostic.



Kurzfassung

Ein neues Verfahren zur Bestimmung der elektrischen Parameter von Leistungstransfor-
matoren zwecks Fehlerdiagnose

Schlagworte: elektrische Transformator-Parameter — Frequenz Response Analyse (FRA) — Feh-
lerdiagnose — Messmethoden — Leistungstransformatoren — Transformatoraktiv-
teil — elektrische und mechanische Fehler — Transformatorenmodell

Diese Dissertation beschreibt eine neue Diagnosemethode, die zwei bereits erprobte und drei
neue Ansdtze zur Bestimmung elektrischer Parameter von Leistungstransformatoren mit dem
Zweck der Diagnose von elektrischen und mechanischen Defekten im Aktivteil, d.h. im Wesent-
lichen den Kern und den Wicklungen, verbindet. Die Vorstellung dieser Methode erfolgt auf-
grund der Tatsache, dass mit konventionellen Verfahren die elektrischen Parameter der Lei-
stungstransformatoren, wie z.B. die Wicklungsreihenkapazitit, nicht vollstindig fiir die FRA-
Interpretation und Diagnosen ermittelt werden kdnnen.

Fiir die Diagnosemethode ist zunéchst ein entsprechendes physikalisches Transformatorersatz-
modell notwendig, um die elektrischen Parameter aus Messungen richtig interpretieren zu kon-
nen. Das verwendete Ersatzmodell muss auf den gleichen elektro-magnetischen Phidnomenen
basieren wie bei realen Transformatoren und bei spezifischen Eingangsimpulsen sowie Betriebs-
zustinden moglichst dhnlich reagieren. Als gewdhlte dquivalente Transformatornachbildung
wurde der auf dem Dualitats-prinzip basierende Wandlerkreis zum Zwecke der Analyse transien-
ter Vorgénge ausgewéhlt und adaptiert, welche urspriinglich bereits fiir andere Zwecke entwik-
kelt und eingesetzt wurde. Die Anpassung dieses Modells an die realen physikalischen und elek-
trischen Parameter wurde durchgefiihrt, um die Interpretation / Beurteilung der standardisierten
FRA-Technik zu unterstiitzen, welche eine der am meisten verwendeten diagnostischen Metho-
den darstellt, die jedoch nicht immer zufriedenstellende Ergebnisse liefert.

Zunéchst wird die Transformatorschaltung nachgebildet. Danach werden neue Messansitze ent-
wickelt, um die elektrischen Transformatorparameter zu bestimmen. Um die FRA zu interpretie-
ren und eine komplette Diagnose der elektrischen und mechanischen Stérungen im Aktivteil
eines Transformators zu bestimmen, miissen folgende elektrische Parameter bestimmt werden:

— Die Impedanz der Kernabschnitte (Schenkel und Joch)

— Der Wicklungswiderstand und die Wicklungskapazititen

- Die Streu- und Null-Induktivitét
Die oben genannten elektrischen Parameter werden fiir diese diagnostischen Zwecke nur im
niedrigen Frequenzbereich bendtigt und konnen daher mit Hilfe der Streuparameter eines Netz-
werkanalysators (VNA) ermittelt werden. Durch diesen neuen Messansatz wird eine zerstorungs-
freie, bequemere und einfachere Messung der Grof3en als die derzeit als Stand der Technik ver-
wendeten Methoden moglich. Auf der anderen Seite sollte eine Frequenzabhingigkeit der
elektrischen Parameter fiir die FRA-Interpretation auch iiber einen breiten Frequenzbereich ge-
geben sein, weshalb die Parameter fiir niedrige Frequenzen mit Werten von frequenzabhéngigen
Funktionen fiir hohe Frequenzbereiche kombiniert werden.

Auf der anderen Seite werden die Parameter auch in breitem Frequenzbereich, mit Hilfe fre-
quenzabhéngiger Funktionen berechnet, damit die ermittelten Kurvenziige mit bekannten Me-
thoden der FRA interpretiert werden kdnnen.



Die neu entwickelte Methode wird anschlieBend auf drei Transformatoren in einwandfreiem Zu-
stand mit verschiedenen Nennleistungen, Spannungen und Schaltgruppen angewendet und iiber-
priift sowie mit anderen konventionellen diagnostischen Verfahren fiir praktische Anwendungen
vergleichen. Dariiber hinaus wird das Verfahren auch an einem Priiftransformator zur Diagnose
mehrerer nachgebildeter elektrischer und mechanischer Fehler im Aktivteil gestestet. Die Ergeb-
nisse zeigen einen eindeutigen Beitrag der vorgeschlagenen Methode zur Fehlerdiagnose, wes-
halb das neu entwickelte Verfahren, in Kombination mit anderen konventionellen Messmetho-
den, fiir eine bessere Fehlerdiagnose angewendet werden sollte.
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2D Two dimensional
CAP Capacitive inter-winding
CBC Phase-based comparison
CON Conventional measurement method
Dord Delta connection
DSO Digital storage oscilloscope
EEOC End-to-end open-circuit
EESC End-to-end short-circuit
FEM Finite Element Method
FRA Frequency Response Analysis
GST Grounded specimen test mode
GSTg Grounded specimen test mode with guard
HV High-voltage
Im{} Imaginary part of a complex quantity
IMP Proposed impedance method
IND Inductive inter-winding
LV Low-voltage
PBC Construction-based comparison
Re{} Real part of a complex quantity
Ty, Ty, T3 Test transformers
TBC Time-based comparison
UST Ungrounded specimen test
VNA Vector Network Analyzer
Yory Star connection

Variables and Symbols

A Magnetic vector potential
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Overview 1

Overview

The work is promoted to deal with two state-of-the-art problems in diagnostic of electrical and
mechanical failures in the active part of power transformers: a new way to support the standard-
ized Frequency Response Analysis (FRA) assessment which is currently based on kind of non-
physical analysis, e.g. via correlation coefficients and waveform identification, and the determi-
nation of several important electrical parameters of transformers, e.g. core section impedances
and winding series capacitances, for the failure diagnostic purpose. Result derived from the work
is a new practical method consisting of two adapted and three new approaches that can be ap-
plied on power transformers to improve the diagnostic quality:
= Two adapted approach to calculate leakage/zero-sequence inductances from measure-
ments and develop their frequency dependency in broad frequency range for simulation
feasibility
= A new approach to calculate core section impedances from measurements and develop
the frequency dependency of the parameters for simulation in wide frequency range
= A new approach to determine ground and inter-winding capacitances from measurements
= A feasible approach to identify winding series capacitance in transformer bulk

In appearance, after introduction the state-of-the-art of diagnostics of electrical and mechanical
failure on the active part of power transformers with regard to relevant standards and measure-
ment methods is summarized in chapter 1. To present the background of adapted and new ap-
proaches, chapter 2 introduces physical transformer models from which an adapted transformer
model is proposed. Based on the model, the complete method combining the approaches in de-
termination of transformer’s (physical) electrical parameters for purposes of diagnostic and FRA
interpretation are explained in chapter 3.

Chapters 4, 5 and 6 present three case studies in which the method is applied for each of three
following test objects:

— Case study I: A 200 kVA 10.4/0.462 kV YNyn6 opened transformer (T,)

— Case study II: A 2.5 MVA 22/0.4 kV DynS5 sealed transformer (T>)

— Case study III: A 6.5 MVA 47/27.2 kV YNA5 sealed transformer (T5)

In each case study, electrical parameters of the transformers are determined in two different
forms:
= Discrete values at low frequencies calculated directly from measurements for diagnostic
purpose
* Frequency dependent functions in broad frequency range developed from measurement-
based values and experimental formulae for a physical FRA interpretation

In addition, due to the fact that the transformer T is open, several electrical and mechanical fai-
lures are performed in the transformer active part, from which the contribution of new ap-
proaches to the current diagnostic methods (conventional and FRA) is introduced.

Finally, in the last chapter, the capability and limitations of the new method in practical applica-
tion will be concluded.



2 Introduction

Introduction

Power transformers, static devices that transfer electrical power between isolated circuits, are
important devices that interconnect components of the power system such as generators, trans-
mission/distribution lines and loads for purpose of efficient power supply to users from remote
sources. The main part of a power transformer consists of two or more electrical isolated win-
dings wound around a magnetic core (core-type) that transfer electric power from one winding to
another via magnetic-electric induction. Other part of the transformer includes components for
operation (tap changer, regulator), insulation (pressboard, paper and liquid), cooling (radiator,
fan, pump) and accessories (relay, temperature indication, oil level indicator, pressure relief de-
vice, over voltage protection device etc.). Figure 1 depicts main components of a typical power
transformer, which can be easily observed from outside.

1. Core

2. Winding

3. On-load Tap Changer
4. Leads

5. Tank

6. Bushings

Figure 1: Main components of a power transformer [Omicron-12]

In order to maintain the reliability in operation and control of the power system, maintenance
and failure diagnostics of transformers are of importance since a small change of transformer
condition will lead to serious failures if it could not be detected timely. To have an overview of
component’s failures taking place in power transformers in reality, Figure 2 shows statistical
data of transformer failures from two international surveys: a CIGRE report summarizes more
than 1000 failures of large power transformers up to 20 years of age in the period of 1968 to
1978 in 13 countries from 3 continents [Bossi-83, Lapworth-06, Jagers-09a] and a survey on 112
major failures in a population of 2690 large power transformers from 20 utilities in Germany,
Swiss, Austria and the Netherlands within the period of 2000 to 2011 [Tenbohlen-11, Tenboh-
len-12]. According to the surveys, most major failures have roughly the same rates and take
place in the tap changer (33.9 % - 40 %), winding (30 % - 32.1 %), bushings (11.6 % - 14 %)
and the core (5 % - 7.1 %) as shown in Figure 2; lower failure rates associate with other compo-
nents such as leads, tank, cooling unit etc. that are not identical between the two surveys. A con-
clusion drawn from the surveys is, the above mentioned transformer components whose failure
rates are high should be in general paid attention for maintenance and diagnostics in order to
reduce the failure rate of transformers for a reliable and safe operation versus time.
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Accessories, Electrical
5% Cooli it screen, 0.9 %
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a) Survey in 1968-1978 [Bossi-83] b) Survey in 2000-2011 [Tenbohlen-11]

Figure 2: Percentage of failure locations in power transformers from international surveys

In classification of failure causes, there are several main failure modes associated with a certain
component analyzed in the survey [Tenbohlen-11] shown in Figure 3a, from which majority of
failure modes are electrical and dielectric (27.7 %), mechanical (17 %), thermal (15.2 %) and
then physical chemistry (8.9 %). In Figure 3b, most of actions taken after the failures are repair
in workshop (39.3 %), scrapping (35.7 %) and onsite repair (total 24.2 %) [Tenbohlen-11]. It is
therefore concluded that premature detection of transformer failures plays a key role in preven-
tion of the disconnection of the transformers from the power system for repairing or scrapping
later on.

Unknown,

Unk , Onsite repair
nknown p 09 %

3.6 % > 1 month,

Physical cr(:emistry, Electrical, Onsite repair 4.5%
8.9 % 27.7% > 1 week,
. (] P
16.1 % Repairin
. . workshop,
Onsite repair 393 %

. . <1 week,
Dielectric, 369
27.7 % e
Thermal, Mec;h7a(r;|cal, Scrapping,
152 % ° 35.7 %
a) Failure mode analysis b) Actions taken after failures

Figure 3: Failure modes and actions taken after 112 transformer failures [Tenbohlen-11]

In the viewpoint of measurement and diagnostics, a change of transformer condition, first indica-
tion of a failure mode, can be reflected via a change of relevant physical electrical parameters of
the transformers; for example, if there is a mechanical failure appearing in the winding, the lea-
kage inductance and/or winding capacitances would change. Therefore, determination of the
parameters from measurements is of great importance in maintenance and diagnostics.
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For a physical representation for diagnostic purpose, the electrical parameters of power trans-
formers must consist of impedances of the core (legs and yokes), resistance and capacitances of
and between windings as well as inductance of leakage and zero-sequence paths. Nevertheless,
depending on application purpose, there are two different forms of the physical electrical pa-
rameters defined in the dissertation as follows:

1.

Distributed/sectional form: the lumped electrical parameters of a small section of trans-
former components, e.g. self inductance of a small winding section or mutual inductance
between two sections of one winding or two windings with/without appearance of the
core. Normally the distributed form is suitable for theoretical investigation at high fre-
quencies and the distributed parameters can only be calculated analytically based on de-
sign data [Bjerkan-05, Jayasinghe-06, Sofian-07, Abeywickara-07, Zhu-08, Hosseini-08,
Shintemirov-09, Davari-09, Shintemirov-10a]. Actually there are several measurement-
based approaches proposed to calculate the distributed electrical parameters, e.g. analysis
based on the traveling wave theory [Akbari-02, Shintemirov-06], neutral network
[Eldery-03], genetic algorithm [Rashtchi-05], ABC algorithm [Mukherjee-12] or particle
swarm optimization algorithm [Rashtchi-08]; but the validation of these parameters at
high frequencies is still in general unsolved and there is so far no evidence showing that
the approach is applicable for windings in transformer bulk.

Lumped/equivalent form: the lumped electrical parameters of whole transformer compo-
nents, e.g. leakage inductance between two windings or (total) inductance of a whole
core section. The electrical parameters can be in general determinable through measure-
ments at low and mid frequencies and therefore applicable for diagnostic purpose and
advanced analysis, e.g. FRA or transients [Schellmanns-98, Schellmanns-00, Noda-02,
Ang-08, Martinez-05a, Martinez-05b, Mork-07a, Mork-07b].

Figure 4 depicts two kinds of physical electrical parameters of one phase of a two-winding core-
type transformer in corresponding circuits. Explanation of the inductive and capacitive parame-
ters in Figure 4 is mentioned in Table 1. Details on how to establish the circuits and other resis-
tive parameters will be mentioned in next chapters.
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| Lilj #«i g ! ? i»# Ll'j I Ciw/2
R e L‘i
T il e
I [l I I B oy )
I | I 1 I | A/ T i—’vvvf W,
= = = [ SIEE Nkl S
Y | | | ] CgH/z T N % NN T Cou2
[l ! [l [l | . I
5 I [ : cw2
(N) (a) HV Lv
H7V I;V winding winding
winding winding
a) Sectional parameters in distributed circuit b) Equivalent parameters in lumped circuit

Figure 4: Physical equivalent circuits of a HV and LV phase winding of a transformer
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Table 1: Parameter explanation

Parameter

Distributed circuit

Lumped (equivalent) circuit

Core inductance

L;, Lj, M (at low frequencies)

Core leg and yoke : Lyand L,

Leakage inductance

Li, Lj, Mj; (at high frequencies)

Ls

Zero-sequence inductance

absent

L4

Winding capacitances

Series Cqo, Csro
Ground CgHO: CgLO

Inter-winding Ciy

Series Cgy, Cqr.
Ground Cgy, Cy1.

Inter-winding C,,

One of the limitations of current diagnostics of transformer failures is that several electrical pa-
rameters can not be in general determined from measurements, e.g. the core section inductance
and the winding series capacitance. In fact, the core section inductance can only be calculated
from measurements carried out on transformers at the star connected winding side; if the win-
ding is in delta connection, it must be opened [Mork-07b, Martinez-05b]. Regarding the series
capacitance of the windings, there is so far a measurement-based approach to determine the ca-
pacitance in transformer bulk [Aponte-12]; however the calculation accuracy depends strongly
on the valid separation of leakage inductance into HV and LV side, which is not guaranteed from
measurements at the moment. In addition, effect of inter-winding capacitances between phases is
very important but not investigated, e.g. in the approach [Aponte-12] as the tested object is a
small single-phase transformer and in another one [Ragavan-08] in which the single-phase
equivalent circuit is based on. In winding bulk there is another approach based on initial distribu-
tion of voltage along the winding, but the approach is destructive and only applicable for wind-
ings that are isolated and brought out of the transformer [Pramanik-11]. Determination of core
inductances and winding series capacitances, as well as other electrical parameters, based on
non-destructive measurements on three-phase transformers regardless of how the winding is con-
nected is of great importance since the parameters are used directly in detecting relevant failures.

Recently there has emerged a new technique that is considered efficient for detecting mechanical
failures in transformer windings — the Frequency Response Analysis (FRA). The FRA is ex-
pected to provide special indicators relating to the failure, e.g. deviation of measured FRA traces
in different transformer conditions at frequencies from several tens kHz to several hundreds kHz,
which can not be revealed from other measurement methods. Nevertheless, more investigations
on the ways to interpret the FRA traces and 0
to analyze quantitatively the deviation are T

still requested since there is so far no formal
international standard' which can help users
to make reliable assessments for all cases in
reality. For illustration, Figure 5 compares
two measured end-to-end open-circuit FRA
traces of two outer phase HV windings (bet- 162 163 164 165 166
ween the HV neutral “N” and terminal “A”
or “C” for phase A or C) of a 6.5 MVA
47/27.2 kV YNdS large distribution trans- Figure 5: Comparison of FRA traces measured
former from which the current FRA assess- on phases A and C at HV side

Magnitude in dB

Frequency in Hz —>»

! There are so far only the Chinese standard [DL/T911-04] and several draft guides/standards from CIGRE, IEC,
IEEE: [CIGRE-08], [IEC 60076 18-09], [IEEE PC57.14D9.1-12]
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ment from the Chinese standard [DL/T911-04] reveals no failure. In such case, one would like to
know what happens in the transformer or in other words, which parameters are changed asso-
ciated with the deviations in Figure 5?7 Obviously, the current FRA assessment which is based on
non-physical analyses is not fully efficient and should be accompanied with a physical interpre-
tation via analysis of electrical parameters for a better diagnostic.

Objective of the work

In order to provide a better diagnostic of mainly electrical and mechanical failures on the active
part of power transformers by solving above mentioned problems concerning the state-of-the-art
diagnostics and FRA assessments, the dissertation proposes a new practical method consisting of
new and adapted approaches for determination of all electrical parameters of power transformers,
which are required suitably for both FRA and diagnostic purpose.

Since the transformer’s electrical parameters in the dissertation are investigated ultimately for
the diagnostic purpose, the equivalent form of the parameters in a lumped equivalent circuit will
be researched in the approaches in detail. The advantage of using the equivalent form is that the
electrical parameters could be identified through measurements but in other words, the corres-
ponding equivalent circuit is only appropriate for analysis at low and mid frequencies since the
distributed electrical parameters are the preferred ones for investigations at mid and high fre-
quencies. Due to the fact that transformer design data are requested for characterization of the
distributed parameters, which is normally not guaranteed in reality, especially for old transfor-
mers, it is expected that the equivalent electrical parameters obtained from the new method can
be used instead, since the both parameter forms are relative. If it is the case, then the analysis of
transformer frequency responses at mid and high frequencies becomes possible without the need
of transformer design data. (It is true for winding capacitances but there are more challenges for
inductances, i.e. converting leakage inductance between the whole HV and LV windings into
self and mutual inductances of sections of and between the windings).
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1 State-of-the-art of electrical measurement methods in diagnostics of electri-
cal and mechanical failures in the active part of power transformers’

In this chapter, state-of-the-art of electrical measurement methods in context of diagnostics of
mechanical and electrical failures in the active part of power transformers will be presented. To-
gether with advantages, limitations and challenges of key measurement methods are also intro-
duced as motivations for development of a new measurement-based method.

Mechanical and electrical failures in the active part of power transformers mentioned in the dis-
sertation include failures that change electrical parameters of transformers such as failures in the
core (lost of core ground, short of core laminations etc.) and failures in windings (open-circuited,
shorted turns/discs, short-to-ground, axial and radial displacement, buckling, tilting etc.). It is
important to mention that although the failures may change the condition of the insulation sys-
tem, the dissertation does not focus on the topic of the transformer insulation, but on a change of
relevant electrical parameters such as winding capacitances; therefore electrical measurement
methods such as partial discharge detection, dissipation factor measurement, Frequency Domain
Spectroscopy (FDS), Polarisation and Depolarisation Current (PDC) etc. will be not investigated.

1.1 Traditional measurement methods

Traditional measurement methods are defined as conventional methods that measure transfor-
mers at DC and power frequency (50 Hz or 60 Hz) such as: DC winding resistance, turn ratio,
no-load (exciting) current/impedance, magnetic balance, short-circuit impedance, zero-sequence
impedance, capacitances [BR-05, IEC 60076/1-00, IEEE C57.125-91, IEEE 62-95, Velasquez-
10d, Velasquez-11, Kriiger-08, Kriiger-11, Omicron-12]. The purpose of these tests is to deter-
mine the electrical parameter or “condition” of components in the transformer active part at DC
and power frequency for a comparison with those from reference data for relevant diagnostics.

1.1.1  Measurement methods to detect core problems

Currently there is no traditional method to determine impedances of core sections (legs, yokes)
of power transformers, except an advanced method in [Mork-07b] which can be only applicable
for transformers with star-connected windings. The method will be presented in the next chapter
since it is based on equivalent transformer circuits that are the main content of the chapter.
Therefore, instead of determination of core section impedances, which is not easy and feasible
for diagnostic purpose, several following traditional measurement methods are referred to detect
an abnormal condition of transformer core (and also of windings) [Velasquez-10d, Kriiger-08,
Kriiger-11]:

— No-load exciting current/impedance

— Magnetic balance

It is required that the core insulation resistance and inadvertent core grounds should be checked
in addition to assure that there is no influence from core insulation issue on the assessed condi-
tion. More information on the core insulation resistance and inadvertent ground tests can be
found in [IEEE 62-95].

* Power transformers mentioned in the dissertation are two-winding three-legged core-type transformers, unless
stated otherwise.
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The above mentioned tests are normally performed on the HV winding of power transformers
since application of test voltage at LV side may generate high open-circuit voltages at HV side,
which is not recommended for safety reasons. To illustrate these tests, a YNyn6® transformer
whose active part sketched in Figure 1.1 is exploited; in this case, the quantities (current, voltage,
impedance) after measurement are referred into the HV side. Because of the vector group, the
polarity of the HV phase windings (W;, W, and W3) is opposite with that of the LV phase wind-
ings (W4, W5 and Wq). For easy observation, the HV and LV phase windings are separate al-
though in reality they are coaxial windings, covering the whole core legs.

The principle of the tests is applying single-
phase voltage on a HV phase winding while

A B C

other phase windings are left floating, then ]
measuring the associated current and induced W, W, W,
voltages on other HV phase windings. By this O -
way, the core condition can be examined by e n
comparisons of exciting currents and induced W, Ws W
voltages, which are derived from measure- ~ ]
ments on each of three phase windings. Table {
1.1 summarizes procedures of the tests and ;') ¢

a C

assessments from relevant standards.

Figure 1.1: Main components of the active

Table 1.1: Traditional diagnostic tests of partofa YNyn6 transformer

core condition of power trans-

formers
Test Applied voltage | Measurement Assessment
A% I
VAN IAN Compare the results with that of the previous
No-load exciting current VBN IBN tests or comparison of results between phases
CN, N Tolerance: 5 % to 30 %, see (i) and (iii)
see (1)
. VAN VBN; VCN .
Magnetic balance - _— Compare the applied voltage and the sum of
see (iv) BN AN TN induced voltages, see (V)
Ven Van, Ven

ii.

iil.

iv.

The test should be performed at highest possible voltage that does not exceed the voltage rating of the ex-
cited winding [IEEE 62-95].

The pattern for most of cases is, two similar high current readings on outer phases and one lower reading
on the middle phase. [IEEE 62-95] suggested a tolerance of 10% between currents of outer phases; how-
ever, smaller tolerance may be indicative of core problem. [CIGRE-10] recommended tolerances of 5 %
between outer phase currents and 30% between an outer and a middle phase current.

A change of current reading due to core remanence can be significant. In such case, reliable demagnetiza-
tion methods should be applied to exclude residual magnetism in the core [IEEE 62-95].

The test is not mentioned in relevant standards. A low applied voltage is recommended.

The equality between the applied voltage and the sum of induced voltages reveals the magnetic balance

between phases. In normal condition, when an outer phase winding is excited, the induced voltage on the

? Transformers with other vector groups, i.e. Yd, Dy, Dd, can be tested in the same manner.
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middle phase winding is about 85-90 % of the applied voltage while the middle phase winding is excited,
voltages induced on outer phase windings are about 40-60 % [Velasquez-11].

The tests are then applied to detect whether there is a problem in the core such as lost of core
clamping, core movement during transportation or shorted core laminations. However, since core
failures are rarely a problem in reality, it may be concluded that the tests are sufficient for diag-
nostic of the transformer core condition. Anyway, it would be appreciate if electrical parameters
of core sections, i.e. legs and yokes, could be determined for a better assessment since in general,
a significant difference of core section impedances at different conditions can reveal where the
problem is, i.e. in legs or yokes. In addition, the exciting current and magnetic balance test re-
sults can be recovered from the core circuit with pre-determined core section impedances
whereas the inverse direction is impossible. Obviously, determination of electrical parameters of
transformer core and windings, together with the above mentioned tests, is the best solution for
the diagnostics.

1.1.2  Measurement methods to identify winding electrical parameters

Unlike the core, electrical parameters associated with windings for detection of electrical and
mechanical failures can be determined directly through measurements. The electrical parameters
consist of those from windings itself, e.g. resistances and capacitances, and dual magnetic-
electric parameters outside or between windings such as zero-sequence and leakage inductances.
In context of traditional diagnostic tests, the following parameters associated with transformer
windings can be measured:

— DC resistance (Rw pc)

— Per-phase equivalent resistance from total stray losses (Rac stray losses)

— Per-phase leakage inductance (Licakage)

— Zero-sequence inductance (L)

— Ground and inter-winding HV-LV capacitances (Cgp, Cor and Cyy respectively)

Table 1.2 summarizes relevant traditional tests with assessments for the diagnostic purpose. It is
also noted that other condition-reflected tests such as ratio, exciting current or dissipation factor
can be carried out in addition to specify the failure [BR-05, Omicron-12, Velasquez-10d,
Velasquez-11].

Table 1.2: Traditional diagnostic tests for measurements of winding-associated parameters of
power transformers (at DC or power frequency) [BR-05]

Parameter Measurement procedure Tolerance Diagnostic application
DC test — apply DC voltage on each phase loose connections on bushings or tap-
Rwpc winding and measure the corresponding 5% changers, broken strands and high-
current (other phase winding left opened) contact resistance in tap-changers
Racssiraytosses | Per-phase short-circuit test — apply sinu- - shorted parallel strand

soidal voltage on a HV phase winding

while the corresponding LV phase winding

Licakage is shorted 3% mechanical failures
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Parameter Measurement procedure Tolerance Application
Zero-sequence test — apply sinusoidal problems associated with phase
voltage between three connected (HV) windings and zero-sequence path

Lo terminals and the neutral, the winding at B (between windings and the core)

other side is left open

Con, Co Capacitance tests — multi-tests to measure mechanical winding failures, insula-
capacitances between HV and LV winding, tion deterioration, structural prob-
between HV and the tank (ground), be- B lems (displaced wedging, winding

Chr tween LV winding and the tank. support)

It is realized in Table 1.2 that the parameters which can be used to detect electrical and mechani-
cal failures in windings are the ones derived from DC winding resistance, short-circuit and ca-
pacitance tests, i.e. DC winding resistance, leakage inductance and winding capacitances. Since
the DC resistance and short-circuit test are quite straightforward and already introduced, the ca-
pacitance multi-tests are now explained in detail.

According to [IEEE 62-95], a capacitance model of
two-winding transformers, which consists of three
phase capacitances: Crc CuL Cic
—  Cpg: ground capacitance of three connected - av | v
HYV phase windings
—  Crg: ground capacitance of three connected
LV phase windings =
—  Cyp: inter-winding HV-LV capacitance bet-
ween HV and LV phase windings Figure 1.2: Equivalent capacitances
is required and thus introduced in Figure 1.2. of a two-winding trans-
former

Due to the fact that there are two different kinds of capacitances to be measured, i.e. capacitance
to ground and capacitance between two ungrounded points, three different test modes are neces-
sary:
— Ungrounded specimen test (UST): appli- HIGH-VOLTAGE

. . TRANSFORMER  HiGH-VOLTAGE TEST CABLE
cable for measuring capacitance between
two terminals that are ungrounded or can

Y
e

be removed from ground. As shown in (UsT) e Cs T Ca
Figure 1.3, Cy is the ground capacitance METER T =
from terminal © and Cg is the capaci- P G LOWOLTACE LEAD | ) w
tance between the terminals @ and @  crounoed 1

which needs to be measured. Thanks to CUARD

the connection in the UST mode only Figure 1.3: UST mode — Measure Cp only
current flowing through the Cp is meas- [IEEE 62-95]

ured and thus the Cg is determined. If

one replaces terminals @ and @ in Figure 1.3 by HV, LV terminals in Figure 1.2 respec-
tively, the Cy will be measured.
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— Grounded specimen test (GST): applica- O LIGH-VOLTAGE TEST CABLE
ble for measurement of total ground ca- » D
pacitance from an ungrounded to AL_']_AL
grounded terminal(s). Figure 1.4 depicts (GST) g LOW-VOLTAGE LEAD TS Cs T Ca
the measurement mode in which both e @ T
capacitances C, and Cp are measured > H—rt

(terminal @ is grounded). If the termi-  guarp

gals ®, @ are HV, LV tgrmmals respece Figure 1.4: GST mode — Measure C, and Cp
tively, the Cyp + Cyg will be measured [IEEE 62-95]
if the LV terminals are grounded.

. . HIGH-VOLTAGE
— Grounded specimen test with guard TRANSFORMER  HIGH-VOLTAGE TEST CABLE

(GSTg): applicable for measurement of » O
ground capacitance from an ungrounded 1
terminal. As illustrated in Figure 1.5,  (¢ST9) g LOW-VOLTAGELEAD > Cs T Ca
ground capacitance from terminal @ Cyu @ T

is measured whereas capacitance bet- o @, T

ween two ungrounded terminals Cp is ~ GUARD o

not measured. This mode is appropriate
for measuring the Cyg or Crg in Figure
1.2.

Figure 1.5: GSTg mode — Measure Ca only
[IEEE 62-95]

Table 1.3 summarizes multi-tests for measuring capacitances of two-winding transformers. For
three-winding transformers, the procedure is nearly the same and described in [IEEE 62-95].

Table 1.3: Capacitance tests for two-winding power transformers (Viest max = 1.2 Viated)

Test Test mode Energize Ground Guard UST Measure
1 GSTg HV - LV — Chuc
2 GSTg LV - HV - Cig
3 UST HV - - LV CuL
4 UST LV — - HV Cu (1)
5 GST HV LV - - Cug + Cyy (ii)
i Test number 4 is an alternative of the test number 3 in measuring Cy.

. Test number 5 is to check the first and third tests

Thanks to the guard technique different capacitances and corresponding dissipation factors of
power transformers can be measured. The only point which is not very appropriate for very aged
insulation systems is that the applied voltage should be high enough (maximum 1.2 times of
rated voltage) due to high capacitive reactance at power frequency and it may damage the insula-
tion*. In addition, the winding series capacitance, which is very important for diagnostic of dif-
ferent mechanical failures in transformer windings [Velasquez-11] and for other investigations

* It ist true for testing one of the test transformers in the dissertation: the opened transformer T, has very aged insu-
lation system and no oil, which is a good object to perform electrical and mechanical failures on the active part.
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such as analysis of transients or surge phenomena, can not be measured through the capacitance
tests. That is the motivation for a new method which will be introduced in next chapters.

1.2 Advanced measurement methods

Advanced measurement methods as defined in the dissertation, and also in [Velasquez-10d,
Velasquez-11] are methods that measure electrical parameters or condition of power transfor-
mers at other frequencies than power frequency. The aim of these methods is to explore the fre-
quency dependent performance of the transformer parameters/condition. Currently there are two
different advanced measurement methods classified with regard to frequency range:
— Measurements in low frequency range: open- and short-circuit, zero-sequence, capaci-
tance and dissipation factor etc.
— Measurements in broad frequency range, e.g. tens of Hz to several MHz: frequency
responses of voltage ratios and input impedance/admittance.

Since the main content of the work is to explore the possibility of extraction of electrical parame-
ters of power transformers for relevant diagnostics, the topic of insulation is not investigated.
Therefore, only measurement methods involving electrical parameters or condition of power
transformers such as:

— Open-circuit tests, including exciting current and magnetic balance (core condition)

— Short-circuit test (stray losses and leakage inductance)

— Zero-sequence test (zero-sequence inductance)

— Capacitance test (winding capacitances)

— FRA tests (core impedance, leakage, zero-sequence inductance, winding capacitances)

are considered. Since the advanced open- and short-circuit, zero-sequence and capacitance test
are nearly the same with the corresponding traditional ones (the difference is only frequency),
they will not be mentioned. Thus, this section is devoted for FRA tests.

1.2.1  What is FRA and applications of the FRA method

FRA is the abbreviation of Frequency Response Analysis. The term FRA applicable for power
transformers means analysis of frequency responses measured at transformer terminals for the
purpose of diagnostic. The FRA method is considered as one of new techniques efficient for di-
agnostic of mechanical failures in power transformers.

According to the newest draft standard [IEEE PC57.149/D9.1-12], the FRA test can be used to
detect mechanical failure or damage in transformers in several typical scenarios as follows:

— Factory short-circuit testing

— Installation or relocation

— After a significant through-fault event

— As part of routine diagnostic measurement protocol

— After a transformer alarm, e.g. gas detector, Buchholz etc.

— After a major change in on-line diagnostic condition

— After a change in electrical test conditions

— Modeling purposes
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The main interest of FRA method is to detect mechanical deformations of transformer windings
that may be consequence due to very large electromagnetic forces resulting from over-current
faults and to check electrical integrity of transformers that may be changed after transportation or
installation, which can not be detected through other diagnostic methods [CIGRE-08, IEEE
PC57.149/D9.1-12]. Major mechanical failure modes in windings include:

— Buckling

— Tilting

— Bending

— Telescoping

— Spiral tightening under twisting forces

— Movement of winding leads, tap leads

In addition, the FRA method is useful in detection of other electrical failures that can be also
diagnosed through other electrical measurement methods (magnetic balance, ratio, exciting cur-
rent, short-circuit, capacitance test) such as [Velasquez-10d]:

— Short-circuited winding turns/strands

—  Short-circuit to ground

— Short-circuited core laminations

— Lost of core ground

— Open-circuit failure

1.2.2 How the FRA measurement is conducted

The measurement was first formally introduced in [Lech-66, Dick-78] with aim to analyze fre-
quency responses measured at transformer terminals, which were used to detect mechanical
winding deformation. According to the publications, there are two kinds of frequency responses
that can be used for the diagnostic:
— Voltage ratio (mentioned currently in draft standards — named as standard frequency
response)
— Input impedance (not yet standardized — called as non-standard’ frequency response)

The principle of the standard measurement method is the application of either impulse or
sinusoidal voltage signal whose frequency is changeable from a low value, e.g. 20 Hz, to a high
value, e.g. several MHz, to a terminal of a test transformer, being measured and named as refe-
rence voltage to ground V,, and the measurement of response voltage at another terminal, named
as Vi, so that the frequency response of voltage ratio in such frequency range can be obtained.
For the non-standard measurement, the current associated with the applied voltage is measured
for determination of input impedance or admittance of the transformer at the injected phase
winding. Figure 1.6 illustrates the standard and non-standard frequency response measurement
on a two-winding transformer by means of a scattering-parameter Vector Network Analyzer
(VNA) whose measurement mechanism is based on traveling wave calculation, i.e. determina-
tion of incident and reflected signal from transmitted signal at the reference plane. Of course one
can measure frequency responses by means of other devices such as the network analyzer (with
current probe for measuring currents), or any z- or y-parameter devices, but the s-parameter

> There are also other frequency responses such as current ratio, input admittance, transfer impedance/admittance
but they are not appropriate for parameter determination and thus will not be investigated in the dissertation
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network analyzer is recommended since the responses should be measured over a broad fre-
quency range [Martinez-09].

—— Vv,
TTTTTTTTTTTTTTT TTTTTTTTTTTTTTT
I AARRERRRR
LTt rirnd LEL P rirnd
= =
 Osa
. i
VNA Instrument VNA Instrument
a) A standard FRA measurement b) A non-standard FRA measurement

Figure 1.6: FRA measurement method by means of a s-parameter VNA

Then the frequency responses can be determined based on measured quantities:

= For standard frequency responses

FRA magnitude: Mag = 20.10g10[y—m] (1.1)
Yr
FRA phase angle: Pha = Oy~ Ov, (1.2)
= For non-standard frequency responses:
Input impedance magnitude: |Zin| === (1.3)
ir
Input impedance phase angle: Oz, =Pv .~ @1 (1.4)

Depending on measurement configuration, there are different types of voltage ratios as well as
input impedances to be measured. Concerning standard frequency responses, guides and draft
standards [DT/L911-04, CIGRE-08, IEC 60076/18-09, IEEE PC57.14D9.1-12] define four fol-
lowing main FRA test types shown in Figure 1.7:

— End-to-end open-circuit (EEOC): source can be injected at phase or neutral terminal
— End-to-end short-circuit (EESC): short-circuit can be made on single or three phases
— Capacitive inter-winding (CAP)

— Inductive inter-winding (IND)

Note that there are more measurement configurations with respect to terminal connection pro-
posed for the purpose of identification of frequency responses which are sensitive to fault detec-
tion, i.e. having as many natural frequencies as possible [Satish-05, Satish-08]; however, the
measurement configurations in Figure 1.7 are only referred since assessments of only standard
frequency responses are necessary to be compared with results derived from analysis of input
impedances in the next chapters.
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» @

b) EESC

¢) CAP d) IND

Figure 1.7: Four main standard FRA tests on a YNd transformer
1.2.3  Assessment of FRA results according to current standards

According to current draft guides and standards, the FRA method is a comparative method. That
means the measured frequency responses corresponding to each kind of measurement types, i.e.
EEOC, EESC, CAP or IND, will be compared to detect deviations which are considered as indi-
cators of failures. To achieve reliable diagnostics with the FRA method, first of all the repro-
ducibility of the measurement needs to be guaranteed; afterwards, depending on reference data,
quantitative comparative modes and/or qualitative experience-based judgment are performed.

Reproducibility security: All FRA tests should be conducted in the same and recommended pro-
cedure in terms of instrument (applied voltage, dynamic range, frequency range), measurement
setting (frequency points, noise suppression level, receive bandwidth, sweep mode), measure-
ment accessories (cables, grounding braids), calibration, environment (grounding, isolation), test
object preparation (test lead connection, bushings, tap-changers) etc. More information on how
to conduct good FRA measurements can be found in [CIGRE-08, IEEE PC57.14 D9.1-12].

Quantitative comparative modes: there are three possible modes for diagnostic:
— Time-based comparison (TBC): comparison of measured responses at different points of
time (test type and measurement connection are the same)
— Construction-based comparison (CBC): comparison of measured responses on identi-
cal/twin transformers (test type and measurement connection are the same)
— Phase-based comparison (PBC): comparison of measured responses on (outer) phases of
the test transformer.
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It is noted that for comparisons, only the
magnitude of frequency responses is referred;
the phase angle may be used for modeling
purposes, not for the diagnostic assessment.
Figure 1.8 shows an example in which a
comparison of standard frequency responses
of a HV phase winding of a distribution
transformer in TBC mode from 10 kHz to 1
MHz after an axial displacement is per-
formed. It is observed from the figure that the
failure causes certain deviations in four main
FRA test types. However, the way to assess
quantitatively these deviations, in particular,
and the deviations in other cases, in general,
is still not widely approved in any formal
international standard.

The standard [DL/T911-04] is currently the
only national one® that can provide quantita-
tive assessments shown in Table 1.4 from the

—reference
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Figure 1.8: Illustration of FRA results for a
case of mechanical winding failure

deviations between measured frequency responses. Interpretation of assessments for the FRA
test types in Figure 1.8 according to the standard is introduced in Table 1.5.

Table 1.4: Quantitative assessment of FRA deviation according to the [DL/T911-04]

Assessment rule

Assessment result

Application scope

Rirp 22 AND Ryp > 1 AND Ry > 0.6

Normal winding

2>Rip210OR0.6<Ryp=<1

Slight deformation

suitable for 6 kV and above voltage

1>Rr20.6 OR Ryr <0.6

Obvious deformation

power transformers and other trans-

Rir<0.6

Severe deformation

formers for special uses’

where: R, Ryr and Ryr are correlation coefficients® calculated from the deviations of frequency
responses within range of 1 to 100 kHz, 100 to 600 kHz and 600 kHz to 1 MHz respectively

Table 1.5: FRA assessment on the com-

parisons in Figure 1.8

FRA test type Assessment result
EEOC Normal winding
EESC Normal winding

CAP Slight deformation
IND Obvious deformation

From Table 1.5 there emerge several questions
which should be clarified for the final conclu-
sion:
— What is the real failure in the winding
concluded from the assessments?
— How serious is the failure?

Since the questions can not be answered based
on the assessments, it is suggested that the

® There is another one called NCEPRI, named after North China Electric Power Research Institute, available at

WWw.ncepri.com

"It is also recommended for application on transformers with power higher than 1 MVA [FRAnalyzer-09]
¥ Calculation of the correlation coefficient is presented in detail in the [DL/T911-04]
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standard-based assessments shall be considered as additional information rather than the final
decision since it is only clear that there is a (mechanical) problem in the winding.

Qualitative experience-based judgment: the deviations between measured FRA waveforms can
be assessed in a qualitative manner to detect specific failures [CIGRE-08, PC57.14 D9.1-12, IEC
60076/18-09]. Therefore success of the method depends greatly on experience of experts. For
illustration, Table 1.6 and Figure 1.9 shows rules of experience for detection of the radial win-
ding deformation from FRA measurements according to the [PC57.14 D9.1-12] (there is no rule
for detection of the axial displacement failure in current standards).

Table 1.6: Qualitative FRA assessment of the radial winding deformation [PC57.14 D9.1-12]

Frequency range Radial deformation (no other failure mode exist)

EEOC: unaffected by radial winding deformation.

20 Hz — 10 kHz EESC: generally exhibits slight attenuation within the inductive roll-off portion.

EEOC and EESC: shift or produce new resonance peaks and valleys depending of the

5 kHz - 100 kHz severity of the deformation. However, this change is minimal and difficult to identify.

EEOC and EESC: Radial winding deformation is most obvious in this range. It can shift

50kHz—1MHz | o produce new resonance peaks and valleys depending of the severity of the deformation.
EEOC and EESC: generally unaffected. However, severe deformation can extend into
>1MHz thi
is range.
shift of resonance peaks and valleys
O o 1
T Reference v
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B 20 oI ¢
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Figure 1.9: Waveform identification from EEOC-FRA tests on a LV winding for detecting the
radial winding deformation [PC57.14 D9.1-12]

It is concluded that the quantitative and qualitative assessments based on current standards
[DL/T911-04, PC57.14 D9.1-12] can not afford to give the expected answer in the case of axial
displacement failure and perhaps in many other cases. Because although the standard is formed
based on investigations on a large number of power transformers having mechanical failures on
their windings, there is still a certain uncertainty in the assessment since:

— The standard did not cover all of transformer types and design. In fact it is impossible to
investigate the mechanical failure in a variety of transformers with different structures
(normal/auto, core/shell-type, single/multiple-phase), and design (power, voltage, win-
ding number and type (disc, layer, helical, foil), winding connection (star, delta)).

— The failure nature (single/multiple, type, position and level) has great influence on the
measured frequency responses and hence the deviations. In fact under different scenarios
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of a mechanical failure in a transformer winding in terms of position and level, the mea-
sured frequency responses and thus deviations may look differently.

— Reproducibility of the measurement is in general not secured [Velasquez-10a, Velasquez-
10b] even there are instructions for conducting good measurements [Wimmer-06,
CIGRE-08, Velasquez-10c, IEEE PC57.149/D9.1-12]. Influencing factors such as
different users or instruments can affect the FRA results measured on a test transformer.

1.2.4  Assessment of FRA results according to worldwide researches

There is a large amount of worldwide publications concerning FRA assessment for diagnostics
of power transformers and therefore there are various viewpoints in classification of FRA as-
sessment methods, e.g. in [Sofian-07, Velasquez-11]. Figure 1.10 summarizes FRA assessment
methods with regard to non-physical and physical analysis since the motivation of the disserta-
tion is the introduction of a physical way in assessment of terminal frequency responses, which
can be combined with other conventional diagnostic testing methods to improve the diagnostic
quality applicable to power transformers. Note that only off-line FRA measurements are investi-
gated since there exist more problems, and hence more assessment rules, for on-line measure-
ments when the transformer is energized and connected to the network [Setayeshmehr-06, Gon-
zalez-07, Bagheri-11].

FRA assessment

Non-physical analysis Physical analysis
Qualitative method Extraction of equivalent transformer
parameters from equivalent single

— Waveform comparison phase transformer models

— Models in low frequency range

Quantitative method

— Models in mid frequency range

— Statistical indicators — Model in high frequency range

— Waveform mdicators

— Transfer function based mdicators Extraction of transformer

— (Other mdicators

phase transformer models
Model-based method e -

1
: |
o 1
= = parameters from equivalent three |
I
I
' l

— Transfer function based model
— Synthetic RLC networks
— Other models

Figure 1.10: Classification of assessment methods for FRA measurement results

Most of the assessments in Figure 1.10 is devoted for non-physical analysis that considers mea-
sured frequency responses as signals of discrete values. Afterwards, information from each sig-
nal, e.g. resonance frequencies, magnitudes at those frequencies, quality factors etc. and/or quan-
titative indicators calculated from comparison between two signals, e.g. error function,
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expectation function, standard deviation, R-
factor, tolerance bands etc. [Leibfried-99,
Ryder-03, Gui-03, Rahman-06, Wimmer-07,
Firoozi-09, Velasquesz-10e] or failure reflected
coefficients such as transfer function discrimi-
nation, deformation coefficient etc.
[Florkowski-07, Joshi-08] are calculated and
interpreted. Figure 1.11 shows an example in
capturing  resonance peaks/valleys  with
corresponding frequencies and magnitudes for a
quantitative assessment.

-60r

180

-180

Phase in ° —> Magnitude in dB —>

Another kind of non physical analysis is the Frequency in Hz —>
model-based method that convert the measure-

ment results into approximation-based indica-  Figure 1.11: Quantitative indicators calcu-
tors, e.g. pole-zero representation, or kind of lated from waveform of a FRA
synthetic model, e.g. black-box model or RLC trace

network whose components have no connection

with those of transformers [Gustavsen-04a, Gustavsen-04b, Zambrano-06, Sofian-07, Joginad-
ham-08, Heindl-09, Purnomoadi-09, Gustavsen-10, Pordanjani-11]. Figure 1.12 depicts a RLC
network derived from a rational approximation of a measured frequency response, where each
component in the circuit is derived as equivalence of corresponding terms in the approximation
equation [Gustavsen-02]:

y(s)= 3 ‘m_id+s-e (1.5) l
m=1S—ay :
where |
- y(s) rational function in s-domain :
- N number of poles :
~ Cm m"™ residual i
- am m™ pole !
— dande constants ¥
Co ==
Then the synthetic circuit can be derived with its
components as:
- C() =€, R() =1/d
— Each real pole forms a RL branch: Figure 1.12: A non physical synthetic cir-
Ry =-ay/cm, L1 = 1/cm cuit from rational approxima-
— Each complex conjugate pair forms a RLC tion of a measured frequency
branch with R, L, C, G. Their formulas response [Gustavsen-02, Por-

can be found in [Gustavsen-02] and will danjani-11]

not presented here due to complex expansion.

The challenge of all non-physical analysis based methods is to set limits for the indicators so that
abnormal and normal condition of transformers can be distinguishable, but it has been not suc-
cessful in general so far. It may happen that good diagnostics can be achieved with several
methods if the real failures are close to what investigated before in the methods; but this is not
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always obtained in reality. It is due to the non physical meaning of the methods, the uncertainty
of the measurement caused by reproducibility issue and the nature of the failures. A big disad-
vantage of the non-physical analysis based methods is, the calculated indicators from a method
can not be further exploited in combination with those from other methods, especially physical
indicators as electrical parameters measured through diagnostic testing methods, for a better di-
agnosis since they have no physical meaning.

As a result, investigations on how to assess the measured frequency responses in a physical way
are suggested in last recent years [Heindl-10, Heindl-11, Velasquez-11]. The common procedure
is to extract electrical parameters of transformers from the FRA traces and then make the diag-
nostic based on these parameters. The advantage of physical methods is that, the extracted pa-
rameters are good indicators for the diagnostic and can be verified with those obtained from
other measurement methods.

To extract electrical parameters of power transformers from the FRA measurements, several
simple models such as equivalent single phase circuits in different frequency ranges have been
proposed so that the components in such models, i.e. equivalent transformer parameters, can be
calculated from measured frequency responses [Islam-97, Gonzalez-06, Heindl-10, Velasquez-
11]. However, the parameters are not very useful in application since they are not sensitive
enough to the failure detection. It is therefore required that better transformer models, e.g. three-
phase transformer circuits, should be based to analyze the circuit parameters. Topics of physical
transformer circuits and the way to extract the electrical parameters from FRA measurements for
a physical assessment will be solved in detail in next chapters.



2 Physical electrical transformer models 21

2 Physical electrical transformer models

Physical electrical models of power transformers are defined as electrical circuits derived from
convertibility of real magnetic-electric phenomena in the transformers so that the models can be
used to investigate transformer performance under specific conditions of excitation and terminal
connection. In context of the dissertation, physical electrical transformer models appropriate for
analysis of terminal frequency responses at low applied AC field and in broad frequency range
are researched for two main applications: the determination of transformer’s electrical parame-
ters, including several key indeterminable parameters at the moment for diagnostics of electrical
and mechanical failures such as core section impedances and winding series capacitance, and the
way to assess and interpret the FRA measurement results physically based on these parameters.

The chapter introduces first the classification of physical transformer models for different pur-
poses: an equivalent single phase circuit for a general analysis at power frequency, lumped single
phase circuits in different frequency ranges, lumped three-phase circuit for transient analysis in
low and mid frequency range, and distributed three-phase circuit for FRA at high frequencies.
Afterwards, the most appropriate circuit for purposes of diagnostic and FRA interpretation is
then proposed so that measurement strategies can be developed to determine the electrical pa-
rameters.

2.1 Classification of physical electrical models for power transformers

Power transformers are normally designed and used to transfer electric power at rated applied
high voltage and power frequency, (50 Hz or 60 Hz). In reality, transformers have one-phase and
multi-phase design (three-phase in most of cases) but in theoretical analysis, only equivalent
single phase circuits are preferred to analyze transformer’s working condition since in normal
situations, the parameters in each of three phases are nearly the same for three-phase transfor-
mers [Kulkarni-04]. Therefore multiple-phase circuits are not necessary.

However, during operation time, power transformers suffer dangerous agents from inside, e.g.
inrush current, internal faults or from outside, e.g. over-voltage transients (lightning strikes,
switching in the power system), or some extreme faults such as asymmetrical external high-
current short circuits or phase-to-ground faults. As a result, transformers should be tested at
maintenance times and after a suspect fault via routine and diagnostic tests. A complete investi-
gation on transformers requires different equivalent circuits which can be frequency dependent
for the conclusion that transformers are then ready for operation or removed for repair.
Following sub sections will recall different transformer circuits for the aim of selection of the
most appropriate one for the diagnostic and FRA purpose.

2.1.1  Single phase transformer circuit at power frequency

To represent a power transformer under operation condition at power frequency, an equivalent
single phase circuit is enough shown in Figure 2.1. In the circuit, two phase windings, namely
primary and secondary, are isolated by an ideal transformer N,:N; that provides the turn ratio.
The electrical parameters of the transformer include:

— Magnetizing resistance Ry, represents equivalent core loss (no-load loss)
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— Leakage inductances of the phase windings, L, and L respectively, indicate short-
circuit impedance (load loss)

Windings’ resistances R, and Ry and magnetizing inductance Ly, at power frequency are not so
important compared with the Ry, and L, L respectively in the viewpoint of main losses in power
transformers in no-load and load operation. Other parameters such as capacitances can be neg-
lected since their reactances are very high at the frequency.

Rp Lp Np:Ns Ls Rs
Wl ol éw

Figure 2.1: Equivalent single phase transformer circuit at power frequency [Kulkarni-04]

The equivalent circuit in Figure 2.1 can be also used to analyze transformer performance at other
frequencies than power frequency; in such case, the frequency dependence of parameters should
be taken into account, and also capacitances, if the frequency is high or capacitances are large. In
principle, the circuit is only suitable for analysis of each of three phases in balanced operation
condition. In case the balanced condition is not guaranteed, e.g. during a single phase fault, the
three sequence circuits, i.e. positive, negative and zero-sequence, should be based on. However,
the circuit is not very appropriate for mid or high frequency analysis of three-phase power trans-
formers since the interaction between phase windings are not accounted for.

2.1.2  Single phase transformer circuits in different frequency ranges

There are various single phase circuits established based on distinct terminal behaviours at dif-
ferent frequency ranges such as [Islam-97, Schellmanns-98, Islam-00, Gonzalez-06, Siada-07,
Rahimpour-09, Heindl-10]:
— Inductive property from core inductance at low frequencies
— Interaction between (core/leakage) inductances and winding capacitances at mid fre-
quencies
—  Capacitive behaviour at high frequencies

To show simplest examples, Figures 2.2, 2.3 and Requi  Lequi
2.4 present equivalent circuits of two power
transformers (30 MVA and 390 MVA) in low,
mid and high frequency range respectively
[Islam-97]. The circuits consist of specific com-
ponents which can be considered as physical
electrical parameters applied for diagnostic. The Figure 2.2: Low frequency transformer
procedure for parameter extraction is then based circuit [Islam-97]
on the agreement of transfer function of voltages
on the windings (V,/V,) between calculation and measurement. At low frequencies up to 2 kHz,
the circuit in Figure 2.2 whose components are equivalent electrical parameters such as:

—  Core equivalent resistance (R,,) and inductance (L)

— Total windings’ resistance (Requi) and leakage inductance (Lequi)
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— Secondary ground capacitance referred into primary side (Cs)
can be used to analyze terminal transformer performance at such frequencies.

In Figure 2.3, both ground capacitances in pri- - Reau Loqu
mary and secondary side (C, and C;) appear
which provides the clear interaction between VPI — C, R'm L'm Cs—= TMS
leakage inductance and the capacitances whereas
the core impedance is recommended to be re- -
tained, but referred into secondary side (R';, and Figure 2.3: Mid frequency transformer cir-
L'y). The frequency range suggested for analysis cuit [Islam-97]
is from 2 kHz to 80 kHz.
Cos
In Figure 2.4, pure capacitive behaviour is ob- ||
served from 80 kHz up to 1 MHz and therefore,
only capacitances appear. The inter-winding ca- Vo I — G G = I Vs
pacitance between primary and secondary side .

Cps 1s added, replacing the Requi and Lequi. =
Figure 2.4: High frequency transformer
Although the parameters calculated from the circuit [Islam-97]

three transformer circuits can be used to diagnose

mechanical winding faults for several transformers such as a 30 MVA 132/66/11 kV YyNOd1
and a 390 MVA 23/350 kV Ynd]1 transformer, there are still some limitations concerning failure
diagnostic and FRA interpretation as follows:

—  The parameters calculated from the method are not real physical ones. In fact, they are
equivalent parameters observed at the measured terminals. They can be used to distin-
guish the failures between phases, but the frequency responses recovered from the cir-
cuits are not good, compared with the measured ones.

—  The circuits are only appropriate to the tested transformers, but may be not suitable for
other transformers in terms of frequency range and circuit component’s appearance.
For instance, there are several transformers whose inter-winding capacitance Cp; is
much higher than ground capacitances of windings in primary and secondary side.
Therefore, the circuit in Figure 2.3 is in general not fully valid at mid frequencies, it is
suggested that the C,s should be added.

— The winding series capacitance that is very important for mechanical failure diagnostic
and FRA interpretation in certain cases can not be determined through the method.

— The single phase circuits do not take into account the inter-phase interaction (core
connection, winding capacitances, winding connection). It is recommended that three-
phase transformer circuit should be used instead.

2.1.3  Three-phase transformer circuits for purpose of transient analysis

There are several equivalent three-phase transformer circuits exploited for purpose of analysis of
transients in transformers:
—  Geometry based equivalent circuit [Andrieu-99]
— Magnetic analysis based equivalent circuit [Meredith-08, Colla-10]
— Duality principle based equivalent circuit [Cho-02, Chiesa-05, Martinez-05a, Marti-
nez-05b, Mork-07a, Mork-07b, Hoidalen-08, Chiesa-10a, Chiesa-10b]
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The similarity between the above mentioned circuits is, they are valid in low and mid frequency
range and are developed as complete models for use in transient analysis software such as EMTP
(Electromagnetic Transient Program) or ATP (Alternative Transient Program). Of those circuits,
the duality principle based one is popular and most used because it takes into account the dual
magnetic-electric property in transformers at low frequencies. Thus, the procedure of circuit de-
velopment is here recalled since later on the circuit will be adapted and used in the dissertation.

The development procedure starts with the core
topology of a two-winding three-legged core-
type transformer with magnetic fluxes at three-
phase excitation depicted in Figure 2.5. On each
phase of the transformer there are several main
magnetic fluxes as follows:

— @, flux in core legs

— @y flux in core yokes

Figure 2.5: Core topology with fluxes

— @, flux between core legs and inner windings
— @3 flux between inner and outer windings (leakage)
— @4 flux outside outer windings (zero-sequence)

The equivalent magnetic circuit of the trans-
former is then obtained and shown in Figure 2.6
when the fluxes @ are represented by corres-
ponding reluctances R and electrical sources are
replaced by magnetomotive forces F. Note that
reluctances of the core sections (legs and yokes)
are non-linear since they represent magnetic ma-
terials.

The duality principle [Cherry-49, Dixon-94]
shown in Table 2.1 is then necessary to convert
the magnetic circuit into the dual electrical one.
Before applying the duality principle, the mag-
netic circuit should be marked with nodes and
meshes so that the transformations can be con-
ducted. Figure 2.7 shows the magnetic circuit
with nodes and meshes where a node is defined
as a point in a certain space area, e.g. outside or
in a closed circuit, and meshes are defined as
lines connecting nodes and intersecting a circuit
component (a reluctance or a MMF).

Then the dual electrical circuit is derived after
following  transformations: = magnetomotive
forces, linear reluctances of leakage, zero-
sequence paths and non-linear saturable reluc-
tances of core sections in the magnetic circuit are
replaced as voltage sources, linear and non-linear

Figure 2.6: Magnetic circuit

Table 2.1: Duality transformation

Magnetic circuit

Dual electric circuit

MMF F =N1, in A.turn

Voltage, in V

Flux ¢, in Wb Current I, in A
Reluctance R, in H! Inductance L, in H
Meshes Nodes

Nodes Meshes

Figure 2.7: Magnetic circuit with nodes and
meshes
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inductances/impedances respectively. Meshes
and nodes are also interchanged; consequently
series/parallel magnetic circuits are converted
into parallel/series dual electrical ones. Figure
2.8 plots the dual electrical circuit of the mag-
netic circuit in Figure 2.6 where the reluctance
R, and its dual inductance L, are neglected since
the L, is small and not measurable whereas L,
represents both upper and lower yokes.

Ideal transformers are afterwards added since
they provide primary-to-secondary and electric-
magnetic isolations and turn ratio [Martinez-
05a]. Winding resistances appear at both sides
accounting for their real losses. Figure 2.9 shows
the lumped duality based equivalent circuit in
low frequency range, i.e. without capacitances, of
the transformer under balanced excitation. In
Figure 2.9, Z; = Ry//L\, Z, = R//Ly are non-
linear core leg and yoke impedances respec-
tively; L3 are per-phase leakage inductances; Zs
= R4//Ls are per-phase zero-sequence impe-
dances; Ry and Ry are resistances of HV and LV
windings. All of them are frequency dependent.
Note that the circuit can be universally applied to
transformers with star, delta, or auto winding
connection [Mork-07a].

For final representation, winding connection and
vector group should be taken into account. Fur-
thermore, winding capacitances should be added
to extend the valid frequency range of the circuit.
Figure 2.10 shows a complete duality principle
based transformer circuit of a YNyn6 transformer
referred into HV side in which only ground ca-
pacitances of HV and LV phase windings (Cgn,
C,1) and inter-winding HV-LV capacitances (Ciw)
appear; they are divided into two identical parts
connected to ends of the windings. The inter-
winding HV-HV capacitances can be ignored
since their influence is insignificant compared
with that of other capacitances and can not be
determined. The winding series capacitance,

nodes
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Figure 2.9: Duality principle based equi-

valent circuit under three-
phase excitation
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Figure 2.10: Duality principle based

equivalent circuit of a Yy0
transformer

which is very important in some certain cases, is not considered since there is so far no method
to determine this capacitance in transformer bulk’. In such cases, without winding series

? Determination of winding series capacitance is possible if the winding is isolated, i.e. brought out of transformers,
and ready for measurements or when the design data are available [Pramanik-11, Chowdhuri-87, Bigdeli-12]
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capacitance, any investigation on transformers with regard to frequency, e.g. transient or fre-
quency response analysis, is not fully meaningful. Therefore, the determination of the winding
series capacitances in transformer bulk is one of the goals of the dissertation.

2.1.4  Three-phase transformer circuits for purpose of FRA

Until now, simulation-based investigations on FRA for power transformers have been based on
transformer design data. In such cases, electrical parameters can be calculated when the trans-
former is in either healthy or faulty condition, which enables the simulation for analysis of pa-
rameter influence or failure type on terminal frequency responses. Transformer circuits used for
FRA simulation can be categorized into two main groups as follows:

— Lumped equivalent circuit in low and mid frequency range

— Distributed equivalent circuit in mid and high frequency range
The lumped equivalent circuit for FRA purpose CW 2 xe
is also obtained based on the duality principle

[Ang-08] or magnetic and capacitance modeling ootz L3 % i
[Pleite-06, Shintemirov-10b, Andrieu-99, Colla- ® Lo g Fu | o ©
10]. Figure 2.11 depicts a duality based equiva- CgH/z% NiiNy L NN % CoL/2
lent circuit of a YyO transformer derived from the i i
method presented in [Ang-08] in order to com- Cg T | 3 T Cg@;/z
pare with the one in Figure 2.10'°. One can ob- % CsH SHQF 1%( L :\E CsL %
serve that in the Figure 2.11, resistive compo- CgH/z% Ni:Nk L Ni:N % coLi2
nents are not considered since the main goal of - -

the paper is to investigate the tendency and loca- CQHIZ% | % i
tion of resonances mainly caused by the interac- © Son JE e ©
tion between inductances and capacitances; with- CgH/Z% NiNe NN % Call2

out resistances, damping of frequency res-
ponses’ magnitude at resonances does not take Figure 2.11: Duality based equivalent cir-
place. Furthermore, zero-sequence inductances cuit of a YNynO transformer
do not appear in the circuit, which means the

simulation of the circuit may not be valid at a mid frequency where the influence of the zero-
sequence inductances takes place in several cases. In addition, the fact that the circuit is found
fully balanced between three phases, due to appearance of three per-phase leakage inductances,
might not be fully correct since the FRA measurement is performed on single phases, and conse-
quently, the circuit should be developed under single phase excitation; for instance, the leakage
inductance is only found in the phase where the FRA measurement is conducted. Lastly, intro-
duction of winding series capacitances in the circuit validates the simulation in some certain
cases, which is not found in the circuit in Figure 2.10.

In contrast with the lumped equivalent circuit in which each component represents the per-phase
equivalent parameter, e.g. L3 is the per-phase total leakage inductance, the distributed one fo-
cuses on the division of the equivalent parameters into a number of sectional parameters. Figure
2.12 shows a per-phase distributed circuit of a HV and a LV phase winding from which the total
distributed circuit of the whole transformer is derived by combination of three of them [Jayas-
inghe-06, Sofian-07, Abeywickara-07].

' The real circuit in [Ang-08] developed based on the duality principle is for a three-winding autotransformer
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In Figure 2.12, Cgno, Csno and Cgro, Csro are
ground and series capacitances of a section of the
HV and LV phase winding respectively; Ciywo is
the inter-winding capacitance between sections
of HV and LV winding. Since the HV and LV
windings are divided into small sections, the
concept of leakage inductance is no longer ap-
propriate; only self and mutual inductance as-
signed as L; (L;) and M;; respectively. Rectangles
in Figure 2.12 represent resistances of winding

sections and conductances of capacitances. HY LV
winding winding

The advantage of the distributed circuit is that, it ~ Figure 2.12: Per-phase distributed circuit of
allows the direct coupling between sectional pa- a transformer

rameters, e.g. self, mutual inductances and win-

ding capacitances, which should be considered at high frequencies. Consequently, the distributed
circuit provides a better FRA interpretation in mid and high frequency range which is not
achieved with the lumped circuit in Figure 2.11 or Figure 2.10.

2.2 Summary of state-of-the-art transformer circuits for diagnostic and FRA purpose

It is clear that the three-phase equivalent circuits should be used for investigations of transfor-
mers for FRA purpose since influence of non-tested phase windings on the winding-under-test is
confirmed [Ang-08, Wang-09a, Sofian-10]. Of the three-phase equivalent circuits, the duality
based equivalent circuit is found the best for parameter-based diagnostic since its components,
the electrical parameters, can be determined though measurements whereas the distributed one is
the preferred selection when transformer design data are available and analytical investigations
at high frequencies are required such as determination of which FRA test is sensitive to a certain
failure mode [Rahimpour-03, Jayasinghe-06, Abeywickara-07] or how the frequency responses
change with regard to changes of electrical parameters and transformer winding connection
[Wang-09a, Sofian-10]. Since the availableness of transformer design data is not guaranteed in
most of cases, the lumped equivalent circuits are the only choice for investigations of power
transformers in reality. Table 2.2 summarizes characteristics of the three-phase lumped equiva-
lent circuits with aim to identify and develop the most appropriate transformer circuit for diag-
nostic and FRA purpose.

Table 2.2: Overview of lumped circuits for investigations in frequency domain

Characteristic Lumped circuits for Lumped circuits for
transient analysis frequency response analysis

How to determine parameters From measurements From design data
Lack of winding series capacitances Lack of zero-sequence impedances
Core impedances cannot be deter-

Limitations mined if the test winding is connected | Resistive components are missing
in delta
Single phase excitation is not ac- Single phase excitation is not ac-
counted for counted for
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As aresult, a new lumped equivalent circuit which overcomes the limitations shown in Table 2.2
is requested. In addition, all of the parameters in the new circuit could be determinable from
measurements so that they can be applied to diagnose failures as well as to give a parameter-
based FRA interpretation in low and mid frequency range.

2.3 Adapted duality based equivalent circuits for FRA purpose

A combination of the circuits in Figures 2.10 and 2.11 provides the best one for the desired pur-
poses; that means the new circuit should be based on the duality principle and includes zero-
sequence inductances (if the test winding is the star one), winding series capacitances as well as
resistive components. In addition, the circuit should be adapted to be compatible with single
phase excitation FRA measurements so that it can be used to simulate frequency responses for
the comparison with those from measurements. Lastly, all of components in the new circuit, i.e.
electrical parameters of transformers, must be determinable for the feasibility of complete inves-
tigations.

Below are several points dealt with for the development of the new circuit shown in Figure 2.13
for a YNyn6'' transformer [Pham-12b]. Note that the circuit is developed for investigations on
the HV winding; in case analyses at the LV side are necessary, another circuit should be built
since the parameters such as zero-sequence inductance/impedances and core impedances referred
into both sides are in general different:

—  The core will not be saturable at low applied field in FRA measurements. Thus, the satu-
ration of the core does not need to be taken into account. However, the core may have
remanence that can influence the calculation of core parameters. To remove effect of core
remanence, it is suggested that the core should be demagnetized prior to FRA measure-
ments.

—  (Per-phase) leakage inductance (Ls): It appears on the excited phase of transformers with
star winding (since there is no leakage flux in other phases) or all phases of transformers
with delta winding.

—  (Per-phase) zero-sequence inductance: Appearance of all three per-phase zero-sequence
impedances is uncertain under single phase excitation; even in balanced excitation condi-
tion in transient analysis, they can be reduced into two placed at outer phases or concen-
trated into one positioned at the center phase [Martinez-05a]. For a general consideration,
three per-phase zero-sequence impedances will be taken into account, unless otherwise
stated in some special cases, e.g. when the transformer has no tank, the zero-sequence in-
ductance of the star winding is appreciably higher than that of the same transformer
which has a tank [Kulkarni-04] and therefore should be accounted for. For the sealed
transformer with excited delta winding, the zero-sequence impedance can be neglected
since they have insignificant contribution and can not be measured at the delta side.

""" A certain vector group requires certain winding connection and terminal markings [IEC 60076-1-00, IEEE
C57.12.70-00]
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Figure 2.13: Duality based equivalent circuit of a YNyn6 transformer (for tests on phase A)

In Figure 2.13a the terminal markings should be in accordance with the vector group illustration
in Figure 2.13b. It can be explained as follows. Assign the windings at HV and LV side are Wy,
W,, W3 and W4, Ws, W for phases A, B and C respectively. Since the dots in Figure 2.13b indi-
cate the “vector” direction of the windings, the HV terminals (A, B and C) and the LV neutral
should have the same “polarity”. Therefore the LV terminals (a, b and c) are in opposite position
compared with the HV ones as depicted in Figure 2.13a [IEEE C57.12.80-02].

It is important to note that the equivalent circuit in Figure 2.13 is considered only valid for analy-
ses at HV side since appearance of leakage, zero-sequence inductance and ideal transformers are
dependent and referred into the HV side (hence the electrical parameters, excluding resistance of
the LV winding and all capacitances, calculated based on analysis of the equivalent circuit are
also referred into the HV side). In case analysis at LV side is required, the circuit should be
adapted in terms of the dependent components, i.e. leakage, zero-sequence and ideal transfor-
mers.

In case transformers with other vector groups are considered, the connections between phase
windings and the terminal markings should be adapted accordantly whereas the magnetic-electric
circuit part is hold likely unchanged, except zero-sequence impedances'® since they are inde-
pendent on winding connections. Figure 2.14 and 2.15 show adapted equivalent circuits for the
Dyn5 and YNdS5 transformer that will be investigated in next chapters together with the YNyn6
one. The three test objects are necessary for the development and verification of the new method
since their vector groups are different.

"2 The zero-sequence fluxes in Figure 2.5 and corresponding impedances in Figures 2.6 to 2.11 are fully valid for
analyses in which (balanced) excitation is on the HV winding of transformers with star-star vector group
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Figure 2.14: Duality based equivalent circuit of a Dyn5 transformer (for tests at HV side)
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Figure 2.15: Duality based equivalent circuit of a YNdS5 transformer (for tests on phase B)

After the physical electrical transformer models are obtained, different measurement-based ap-
proaches will be carried out to determine components of the models, i.e. electrical parameters of
the transformers, appropriate for FRA interpretation and failure diagnostic purpose. Since the
circuits are then exploited to simulate the frequency responses measured at transformer terminals
for a physical interpretation, the electrical parameters must be available in broad frequency
range, which suggests that the measurements for parameter determination should be compatible
with. Starting from this viewpoint, the next chapter will describe a new method combining these
approaches in determination of the electrical parameters based on the measurements of fre-
quency responses of terminal input impedances of transformers performed by means of a VNA.
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3 A new method for FRA interpretation and failure diagnostics

Due to limitations from state-of-the-art diagnostic methods in measuring transformer’s electrical
parameters mentioned in chapter 1, there is a demand to develop new measurement-based me-
thods which can be used to provide a physical FRA interpretation and also a comprehensive di-
agnostic in terms of key electrical parameters such as core impedances, leakage and zero-
sequence inductance, and a/l winding capacitances.

To fulfill the demand, a new method that combines different adapted and new approaches in de-
termination of electrical parameters in broad frequency range is introduced in this chapter. The
new method is based on measurements of non-standard"® frequency responses, the input imped-
ances, by means of the VNA and relevant analyses with regard to the adapted transformer cir-
cuits presented in chapter 2. Thanks to the calculated electrical parameters obtained from the
new method, a parameter-based FRA interpretation/assessment at low and mid frequencies by
circuit simulation and a comprehensive diagnostic of electrical and mechanical failures of power
transformers are feasible as summarized in Figure 3.1 and Table 3.1.

Current FRA assessment procedure [CIGRE-08,
DL/T911-04, IEEEPC57.149TM/D9.1-12, NCEPRI-99]

Statistical coefficients, waveform identification

T

i Non-physical FRA assessment

VNA device | —» Standard frequency responses
E (voltage ratios)

Non-standard frequency responses
(input impedances) \

Electrical parameters |

(core impedances, leakage/zero-sequence
inductance, winding capacitances)

Comprehensive diagnostic

Figure 3.1: Overview of the new method and its application

5 Analysis of transformer’s electrical parameters based on standard frequency responses, transfer functions of volt-
age ratio, is not straightforward [Pham-12a]
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Table 3.1: Overview of electrical parameters and relevant approaches in the new method

Measurement/Analytical/Simulation-based

Electrical parameter Classification
approach
Total resistance for stray —  Per-phase short-circuit input impedance
o . . Adapted approach from con-
losses and winding resistance tests (analyzed at low frequencies) ) . .
. . . ) ventional diagnostic one
Leakage inductance — Analytical formulae (at high frequencies)

Zero-sequence impedance lyzed at low frequencies)

—  Zero-sequence input impedance test (ana-
Adapted approach from con-

. . ) ventional diagnostic one
—  Analytical formulae (at high frequencies)

Core section impedances

(yoke/leg)

—  Open-circuit input impedance test (ana-
lyzed at low frequencies) First new approach

— Analytical formulae (at high frequencies)

Ground and inter-winding

capacitance

—  Capacitive input impedance tests Second new approach

Winding series capacitance —  Simulation-based approach Third new approach

According to Table 3.1, five following steps are implemented in succession to determine electri-
cal parameters for the desired purposes:

Build an appropriate lumped equivalent circuit of the test transformer

Calculate frequency dependency of winding resistances and leakage inductances from
per-phase short-circuit input impedance tests at low frequencies and relevant analyti-
cal formulae at high frequencies

Calculate frequency dependency of zero-sequence resistance and inductance from the
open-circuit zero-sequence input impedance test performed on star winding with ac-
cessible neutral at low frequencies and relevant analytical formulae at high frequencies
Determine ground and inter-winding HV-LV capacitance from capacitive input im-
pedance tests

Identify the winding series capacitance based on simulation

3.1 Equivalent transformer circuit

Development of an appropriate equivalent circuit is the first and important step since the type of
circuit and its components decide the research goal. For the desired tasks of the dissertation, the
duality based lumped equivalent circuit of power transformers appropriate for low and mid fre-
quency analysis is necessary since it will be exploited to analyze measurements carried out on
the test transformers.

For the three test transformers investigated in the dissertation:

Transformer T;: 200 kVA 10.4/0.462 kV YNyn6 opened transformer
Transformer T,: 2.5 MVA 22/0.4 kV DynS5 sealed transformer
Transformer T3: 6.5 MVA 47/22 kV YNdS5 sealed transformer

the adapted duality based equivalent circuits introduced in chapter 2 are the appropriate ones.
The circuits have two parts: the middle area represents the dual magnetic-electric transformation
which does not depend on winding connections and the outer areas are devoted for HV and LV
windings: resistance, capacitances and connection between phase windings in accordance with
transformer vector group.



3 A new method for FRA interpretation and failure diagnostics 33

Figure 3.2 depicts a basic duality based equivalent circuit for a two-winding three-legged trans-
former where the dual magnetic-electric circuit is nearly unchanged and isolated from winding
areas by ideal transformers; the winding areas are then adapted in accordance with the trans-
former vector group, e.g. YNd5' in this case. If the vector group is changed, only the winding
terminals and their connections need to be adapted. It is important to mention that the circuit is
only appropriate for investigations at one transformer side, i.e. the star winding at HV side; in
cases analysis at delta winding side is required, another circuit should be developed since electri-
cal parameters in the circuit, e.g. zero-sequence/leakage inductances or core section impedances,
calculated based on measurements at star winding side are not fully valid for simulations at the
delta side.
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Figure 3.2: A duality based equivalent circuit of a two-winding YNdS5 transformer

After the equivalent transformer circuit is obtained, measurements shown in Table 3.1 are then
performed and analyzed based on the circuit to determine relevant electrical parameters. The
measurements of input impedances are recommended to be performed by means of the VNA
with settings selected appropriate for the purpose of FRA, i.e. low open-circuit voltage and broad
frequency range. In the dissertation, different input impedances are measured by means of the
“FRAnalyzer” device of Omicron with settings:

— Open-circuit source voltage 1 V (~ 7.05 dBm source power)

— Frequency range 20 Hz to 2 MHz"® with 801 points in logarithm scale

— Receive bandwidth 30 Hz for efficient denoising effect

These settings are similar with those used for measuring standard frequency responses (transfer
functions of voltage ratios) so that the electrical parameters determined from non-standard fre-
quency response measurements can be used to interpret or assess the standard ones. Detail in-

'* The transformer vector group YNAS5 is selected as example since analyses on star and delta winding are possible
' The term “broad frequency range” in the dissertation is defined from 20 Hz to 2 MHz, unless otherwise stated
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formation of the device in term of measurement procedure can be found in [FRAnalyzer-09,
Bode100-10].

3.2 Per-phase short-circuit input impedance tests and relevant electrical parameters

In the second step of the method, the per-phase short-circuit input impedance tests are first con-
ducted and analyzed to determine the so-called total resistance from stray losses (Riray 1osses), AC
winding resistances (R and Ry) and leakage inductances (L3) of each of three phases since these
tests are independent of each others and of other test types. AC winding resistances and leakage
inductances of three phases derived after analysis of measurements have values from a low fre-
quency, e.g. 20 Hz, till a low frequency where the purest inductive behaviour is observed in the
measured impedances. The frequency can be from several kHz to several tens of kHz depending
on transformer capacitances; over this frequency the capacitive behaviour takes place in mea-
sured impedances and therefore, the winding resistances and leakage inductances are only de-
termined from measurements within a certain limited frequency range.

For the purpose of diagnostic the calculated resistances of winding (or stray losses) and leakage
inductances within the limited frequency range can be used. However, for purpose of parameter-
based interpretation of frequency responses via simulation in broad frequency range, frequency
dependency of the parameters should be reached. Thus, this section will also introduce the way
to develop the frequency dependent functions based on the combination between measured va-
lues at low frequencies and analytical values from relevant experimental formulae at high fre-
quencies.

The whole procedure including measurements, parameter analysis from measurements at low
frequencies as well as the development of frequency dependency of the parameters at high fre-
quencies is named as the first adapted approach. The term “adapted” is due to the fact that the
author introduces a new procedure for development of the electrical parameters in broad fre-
quency range based on the existing traditional measurement method and analytical formulae.

3.2.1 Per-phase short-circuit input impedance tests and measurement based parameters
(winding resistance, leakage inductance) at low frequencies

The per-phase short-circuit input impedance test is performed similarly to the conventional
short-circuit diagnostic test, i.e. a single phase winding at the analyzed side (normally at HV) is
excited whereas the corresponding single phase winding at another side is shorted. However,
there are two small differences between the two methods: firstly due to the fact that the VNA
measures input impedances using one cable connected to a winding terminal [Bode100-10], the
other winding terminal should be grounded; secondly the conventional diagnostic short-circuit
test is often performed at HV side at rated current level (LV winding is shorted) by default for
safety reason, especially for transformers with high turn ratios whilst the short-circuit input im-
pedance test can be made at both side due to very low applied voltage — this enables advanced
analysis of parameters referred into LV side, which is considered as an improvement compared
with normal analysis of conventional measurement methods.

Figure 3.3 and 3.4 depicts the whole measuring circuits in context of a short-circuit input impe-
dance test performed on a HV and LV winding of the YNd5 transformer respectively at low fre-
quencies for easy observation (i.e. without capacitances). It is recommended that all connections
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such as short-circuit between terminals or grounding should be made by means of coaxial cables
to reduce interference since the measurements are conducted in broad frequency range.
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Figure 3.3: Short-circuit input impedance test on the star winding of the YNdS5 transformer
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Figure 3.4: Short-circuit input impedance test on the delta winding of the YNd5 transformer

From Figures 3.3b and 3.4b, it is seen that the short-circuit input impedance test can be per-
formed in the same manner regardless of the fact that the winding is connected in star or delta.
The resultant impedance in two cases is mainly from the measured phase winding. To be correct
for the circuit in Figure 3.4b, the zero-sequence impedances should be removed by short circuits
since they could not be measured at the delta winding side; and the ideal transformers should be
changed also because the parameters calculated at the star winding side cannot be applied for
investigations at the delta winding side, which will be explained more detailed in next sub sec-
tions.
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Regarding the measured impedance in
broad frequency range, it is realized from
Figure 3.3 that the circuit’s active part asso-
ciated with the test is on the tested phase
whereas the remaining part from other
phases is not involved. Therefore, the short-
circuit input impedances can be independ- , , , ,
ently calculated from corresponding tests to 10 10° 10 10 10
determine resistances from stray losses and

of windings as well as leakage inductances 90
of three phases at low frequencies. To illus-
trate how the measured impedance in broad

Magnitude in Q —>

/

Purest inductive
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o

frequency range looks like for the analysis, at around 400 Hz

Figure 3.5 introduces a typical measurement

result obtained from the short-circuit input aeli

impedance test in Figure 3.3. 90 . . . . .
10> 100 10t 100 10°

In Figure 3.5, the inductive behaviour con- Frequency inHz ~ ——

stituted from equivalent resistance repre-  Figure 3.5: Frequency response of input impe-

senting stray losses and leakage inductance dance in the short-circuit test in Fi-

is observed within 20 Hz to several kHz. gure 3.3

However, the resistance and inductance can

only be determined clearly from 20 Hz to a higher frequency, e.g. around 400 Hz in this case,
where the phase angle reaches nearest 90° since beyond that frequency influence of capacitance
starts taking place. Now it is possible to determine total resistance from stray losses, winding
resistances and leakage inductances from the measured input impedances.

The measured input impedances obtained from the short-circuit tests on each of three phases
within the frequency range from 20 Hz to 400 Hz consist of two components referred into the
measurement side: a resistance representing total losses (Rsiray 1osses) 10 real part and a leakage
inductance (L) representing corresponding leakage flux between the HV and LV winding in
imaginary part. Now the point is to calculate winding resistances Ry and Ry, from Riiray 10sses SINCE
they are required for analysis.

In general, the total losses consist of several components: winding eddy loss (skin effect), circu-
lating current loss in windings (proximity effect) and other losses from other transformer parts
due to leakage flux such as flitch plate, core edge, frame and tank [Kulkarni-00, Kulkarni-04,
ABB-07, Mork-07a]:

— Winding eddy loss is due to leakage flux generated by the current flowing in the
winding; the leakage flux creates another current called eddy current in winding con-
ductors, resulting in an unevenly distribution of the total current in the cross section
of the conductor, i.e. most current distributes near the conductor surface, which in
turn increases the losses when frequency rises (see Figure 3.6a)

— Proximity effect is mainly caused by interaction between circulating currents in paral-
lel nearby strands/conductors (see Figure 3.6b and 3.6¢)

— Other losses are caused by stray fluxes circulating in metallic structures and the tank
(see Figure 3.7)



3 A new method for FRA interpretation and failure diagnostics 37

skin depth

a) Current distribution due to skin effect in conductor
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b) Proximity effect of two nearby conductors when the currents are in the same direction
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¢) Proximity effect of two nearby conductors when the currents are in opposite direction

Figure 3.6: Skin and proximity effect in circular winding conductors [Agrawal-01]
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Figure 3.7: Stray loss analysis of the tank and its interior for a transformer [JMAG-13]

For a separation of the total losses into individual components in order to determine winding
resistances, there is so far no efficient measurement method since only very accurate Finite-
Element-Method (FEM) based simulations with available transformer design data can calculate
frequency dependent resistances of each winding. In addition, the fact that all resistive compo-
nents in the equivalent circuit in Figure 3.2, including winding resistances, contribute only to the
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damping of frequency responses at resonance frequencies [Ang-08], the winding resistances can
be considered maximum as half of that from the stray losses, i.e. Rgmax = Rimax/ (NH:NL)2 =0.5x
Ryiray 10sses (In this case, other losses are ignored under low applied field). It is realized though
simulation later on that any selection of factors for winding resistances from Rgay 1osses 1S accep-
table because only the winding resistances at analyzed side, e.g. HV side, are taken into account
in analysis of open-circuit input impedances but they do not influence much the frequency res-
ponses from which interactions between inductances and capacitances are of importance and
interest (LV winding resistances have no contribution on open-circuit frequency responses at HV
side in general). For the purpose of FRA interpretation, the accurate separation of windings’ re-
sistances from Rgiray 1osses 1S NOt s0 important than how to develop them at high frequencies since
they cannot be calculated from measurements at those frequencies and the losses are much
higher than those at low frequencies.

3.2.2  Winding resistances and leakage inductance at high frequencies

There exist several experimental formulae and graphs that can be used to represent frequency
dependence of winding resistances. In general, the winding resistances must take into account at
least effect of the eddy current loss, as suggested in [Martinez-05b, Fuchs-00] (other losses and
temperature effect are only considered if possible). Figure 3.8 shows the frequency dependency
of a winding resistance R of a power transformer via a function of X/R where X is leakage reac-
tance in comparison with the corresponding ratio derived from a series R-L model. It is clear
from Figure 3.8 that the series R-L model cannot represent the frequency dependency of the
winding resistance at frequencies higher than 100 Hz, hence other models such as the second-
order series Foster circuit'® should be used
for acceptable representation. Since the dis-

sertation focuses on development of fre- T . / ’

quency dependent functions, instead of com- 2507 7/

bination of circuit elements RLC, for , 200 //

component representation, i.e. the functions x 1sp J / Actual Transformer

are used directly to characterize circuit com- 100 py 4 — - Series R- L Model
ponents in the equivalent circuit, analysis on

how to represent winding resistance from o
such Foster circuit is no longer important and 0
thus will not be investigated in detail.
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For a general analysis, the two-term power Figure 3.8: Frequency dependency of the factor
function which accounts for skin effect and is X/R [Martinez-05b]

equivalent to the second-order Foster circuit

can be used to represent AC winding resistance of power transformers [Martinez-05b, Fuchs-00]:

m
fo
where  Rac : AC frequency dependent winding resistance
Rpc : DC winding resistance
fand fo calculated and power frequency respectively

'8 The second-order series Foster circuit includes three blocks Ry, (R //'Ly), (Ry// L) in series



3 A new method for FRA interpretation and failure diagnostics 39

ARAc : factor represents eddy current loss
m : factor between 1.2 and 2

Unlike winding resistance, leakage inductance can be considered fairly constant through ranges
of frequencies since it represents the non-magnetic path between windings [Mork-07a]. Hence,
any function which expresses the constant tendency against frequency can be used to represent
leakage inductance at high frequencies.

3.2.3  Frequency dependencies of winding resistances and leakage inductances in broad
frequency range (20 Hz to 2 MHz)

For the feasibility of simulation of frequency responses measured at transformer terminals for the
purpose of FRA interpretation, frequency dependencies of circuit components must be available
in broad frequency range. Therefore measurement-based values of winding resistances and lea-
kage inductances at low frequencies should be converted into corresponding frequency depend-
ent functions so that they will be combined with those at high frequencies. For a simple and con-
venient application of those functions for circuit simulation, following requirements should be
taken into account:

— Functions which fit measurement-based values at low frequencies should be as simple as
possible. Thus available fitting functions in [MATLAB-CFT] shown in Table 3.2 should
be referred.

— The number of functions for representing each circuit component, e.g. winding resis-
tance or leakage inductance, should be as minimal as possible. Normally two functions,
one for low-frequency fitted values and another one for high-frequency formula, are the
preferred choice. However, it is realized that only one function representing both low-
and high-frequency values for winding resistance/leakage inductance is feasible. That
reduces the complexity of the simulation later on.

Table 3.2: Available simple fitting functions for use in [MATLAB-CFT], with a, b, ¢, d
... are constants

Fitting function Form Formula
Power one-term af®

two-term afb +c
Exponential one-term a-exp™”

two-term a-exp®™ + c-exp'®”
Polynomial linear af

quadratic af?+bf+c

cubic af’+bfi+cf+d

n™ polynomial af"+bfO ) oD 4
Rational numerator and denominator are polynomials polynomial/polynomial

To the three test transformers, it is seen that the two-term power and linear/linear rational func-
tion are the best choices for representing total resistance from stray losses (winding resistance)
and leakage inductance respectively. The two-term power function that is recommended for con-
sideration of skin effect at high frequencies in (3.1) is found also suitably in fitting low-
frequency measurement-based winding resistance whereas the rational function introducing a
constant tendency at high frequencies is appropriate in fitting measurement-based leakage induc-
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tance at low frequencies. Detailed information concerning fitting as well as combination of fitted
functions and experimental formulae for each test transformer will be presented in next chapters.

3.3 Zero-sequence input impedance test on star winding and zero-sequence impedances

In the third step of the method, the zero-sequence input impedance test is implemented and ana-
lyzed to determine the zero-sequence resistance (R4) and inductance (L4) of the star winding.
Similarly to the approach based on the short-circuit impedance tests, the zero-sequence parame-
ters obtained from this approach are also calculated from the measurement in low frequency
range and from analytical formulae at higher frequencies.

For diagnostic purpose the zero-sequence inductance calculated in the low frequency range can
be referred whereas for simulation, frequency dependency of zero-sequence resistance and in-
ductance are generally required. Thus, the second adapted approach introduced in this section is
devoted for analysis of the parameters in broad range of frequencies.

3.3.1 Overview of the zero-sequence impedance in power transformers

The zero-sequence impedance of power transformers is the inductive impedance associated with
fluxes created by zero-sequence applied voltage; that means the inductance represents the non-
magnetic zero-sequence path like leakage inductance whereas the resistive component represents
relevant active losses. For power transformers, unlike the positive-sequence leakage inductance
which is important in most of cases, the zero-sequence impedance is only considered important
for analyses of transformers in asymmetrical operation condition, e.g. under single phase mea-
surements'’ or faults. In addition, since the zero-sequence impedance, or reactance/inductance,
may differ significantly from the positive-sequence leakage reactance/inductance depending on
magnetic circuit type, tank condition and winding connections, it is worth to introduce briefly
general knowledge about the zero-sequence impedance in terms of winding connections and tank
influence because the three test transformers although have the same magnetic circuit (three-
phase three-legged core-type) but different vector groups (YNyn6, Dyn5, YNdS) and tank ap-
pearances (opened/sealed transformers).

With regard to change of zero-sequence inductance in terms of winding connections and tank
appearance of two-winding three-limb core-type transformers'®, there are several following sce-
narios:

» For transformers without delta connected winding: since fluxes created by per-phase
zero-sequence currents in three limbs have the same magnitude and direction, they must
circulate through paths outside the core. The transformer tank in this case influences the
zero-sequence inductance in the following manner. In one side, it provides a low
reluctance path compared to air or dielectric materials to the zero-sequence flux, which
increases the inductance; on the other hand, it acts as a short-circuited delta winding con-
fining the flux which in turn reduces the inductance. The latter effect is more dominant
and thus in case the transformer has no tank the zero-sequence inductance of a winding is
significantly more than that covered by the tank.

' Most FRA measurements are under single-phase excitation
'8 Scenarios for other transformers such as three-phase five-limb or single-phase three-limb ones can be referred in
[Kulkarni-00]
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For illustration, Figures 3.9 and 3.10 depict respectively FEM simulations of zero-
sequence flux and magnetic energy produced by zero-sequence currents flowing through
the star connected HV winding of the opened YNyn6 transformer (T;) at 1 V and 50 Hz
while the LV winding is left floating.
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Figure 3.9: FEM simulation of zero-sequence flux of the open YNyn6 transformer at
HV side at 50 Hz and 1 V supplied
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Figure 3.10: FEM simulation of stored energy density (W in J/m®) associated with
zero-sequence flux in Figure 3.9
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It can be easily seen that the flux reaches space outside the transformer, increasing the to-
tal magnetic energy and hence the inductance since they are proportional to each other
[Kulkarni-04]:

L= 2VZm (3.2)
I
where L  : inductance calculated through energy-based method, in H
Wn :  total energy of the magnetic field produced by a current I, in J
I :  current flowing in closed path, in Arms

The total energy in (3.2) and Figure 3.10 is calculated from the simulation software “Max-

well”as:
1
W,== [A-J-dv (3.3)
volume
where A :  magnetic vector potential in volume unit (dv), in Wb/m
J : current density vector, in A/m’
dv :  volume unit/element of the geometry, in m’

» For transformers with one delta connected winding: when zero-sequence voltage is sup-
plied to the star winding, there are currents flow in the delta winding and also the tank
which can be considered as another delta winding. Depending on the position of the delta
winding, i.e. inner or outer, there are two different cases for the zero-sequence inductance
of the star winding'”:

— If the delta winding is the outer one: in this case the outer delta winding acts as a
shield which confines the zero-sequence flux within the space between the two win-
dings, that means the zero-sequence inductance is nearly equal the (positive-
sequence) leakage inductance.

— If the delta winding is the inner one: the zero-sequence inductance is calculated ap-
proximately equal the (positive-sequence) leakage inductance multiplying with the ra-
tio of the area between the star winding and tank to the area between the delta wind-
ing and tank due to effects of the currents flowing through the delta winding and the
tank. Since the delta winding is the inner one, the ratio is less than one indicating that
the zero-sequence inductance is always less than the (positive-sequence) leakage in-
ductance.

It is therefore concluded that the zero-sequence inductance of the star winding in transformer
bulk should be considered in case the transformer has no tank and actually it is true for the test
transformer T;. Furthermore, due to the change of zero-sequence inductance depending on the
position of the analyzed winding and the other winding, i.e. inner or outer, it is recommended
that one equivalent circuit is only appropriate for analysis at one side; that means in cases both
HV and LV side of a transformer need to be investigated, two equivalent circuits should be de-
veloped independently in order to calculate transformer parameters referred into each side.

' Detailed calculations can be found in [Kulkarni-00]
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3.3.2 Determination of zero-sequence impedance

The zero-sequence input impedance test is performed in a same way as the conventional zero-
sequence test, i.e. the source is supplied between the three connected phase terminals and the
neutral at the same side, i.e. HV or LV, of transformers; hence the zero-sequence test is only
feasible at star winding side with accessible neutral, e.g. for the YNdS transformer the zero-
sequence test is possible at HV side. Due to use of only one cable for measurements of zero-
sequence input impedance by means of the VNA, the neutral should be grounded so that the
source voltage is applied between the phase terminals and the neutral. The zero-sequence impe-
dance is defined as per-phase quantity and therefore calculated as three times of the total impe-
dance derived directly from the ratio between applied voltage and measured total current.

Basically there are two kinds of zero-sequence impedance for a winding in transformer bulk
[Kulkarni-04]:

— Open-circuit magnetizing impedance: terminals of all other windings are left floating

— Short circuit leakage impedance: terminals of the other winding are short-circuited

For FRA interpretation, the open-circuit zero-sequence impedance is requested since most fre-
quency responses are measured at one side when the winding at other side are left open. Thus the
zero-sequence impedance mentioned hereafter will be referred to the open-circuit one.

In order to determine open-circuit zero-sequence impedance of the star winding from measure-
ments, Figure 3.11 depicts a measuring circuit in context of the zero-sequence input impedance
test carried out on the HV winding of the YNdS5 transformer as an example.
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a) Measuring scheme b) Equivalent measuring circuit at low frequencies

Figure 3.11: Open-circuit zero-sequence input impedance test at HV side of the YNd5 trans-
former

In Figure 3.11, it is observed from the excited active part of the circuit that the zero-sequence
currents flow only through three (per-phase) zero-sequence impedances Zs = R4//L4 and three
winding resistances Ry since the core impedances (Z; = Ri//L; and Z, = R,//L,) are significantly
higher than zero-sequence ones, i.e. no magnetizing currents through core impedances. Therefore
the zero-sequence impedance can be determined in general as:
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Z4 =3 Zmea - RH (34)
where  Zmea :  input impedance measured by means of the VNA
Ry :  HV winding resistance

Equation (3.4) and Figure 3.11b are fully valid in cases the LV winding is the inner winding,
connected in star and left open since then there is no influence from the LV side to the HV zero-
sequence currents or fluxes (i.e. transformer vector group YNyn). In fact, since the inner LV
winding of the YNd5 transformer is connected in delta, there are short circuit zero-sequence cur-
rents flowing in the delta winding (not shown in Figure 3.11b) and the tank. The current in the
delta winding with opposite direction with those in HV winding “induces” another current to
flow back through the leakage inductances L3 in the magnetic-electric circuit, affecting the main
zero-sequence current. Thus the zero-sequence impedance/inductance in this case should involve
the L3 and Z4 according to the circuit in Figure 3.11b.

For more accurate analysis, the duality based equivalent circuit of power transformers is not fully
appropriate for this case since the zero-sequence impedance/inductance derived from the duality
principle is associated with flux outside the windings (see Figure 2.5). This assumption is only
valid for transformers with star-star winding and the outer winding is excited. However, it is ob-
vious that for the YNdS5 transformer, the zero-sequence flux exists both outside and between the
windings, i.e. involving the Z4 and Lj in the
equivalent circuit respectively. So the ge- T 10
neral solution in determination of open-
circuit zero-sequence impedance of the star
winding for power transformers is to ignore
influence of the secondary winding, i.e. the
circuit with active part is the one in Figure
3.11b regardless of which connection the
secondary winding has. Results in chapter 6
later on confirm that the zero-sequence in-
ductance calculated based on this assump-
tion is reasonable.

Magnitude in Q

For analysis of the zero-sequence parame-
ters, Figure 3.12 shows frequency response
of the input impedance measured at HV
side of the YNd5 transformer. It is observed -90

‘ 2 ‘ 3 ‘ 4 I 5 ‘ 6
that, similarly to the measured input impe- 10 10 10 10 10

dance in the short circuit test, an inductive Frequency in Hz >

impedance is recognized at low frequencies Figure 3.12: Frequency response of input im-
whereas at higher frequencies interaction pedance in the zero-sequence input
between the inductance and total impedance test in Figure 3.11
capacitance is obvious. Hence the zero-

sequence impedance can be calculated in the same manner like for winding resistance and leak-
age inductance, i.e. from measurements at low frequencies as well as from experimental formu-
lae at high frequencies.
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In Figure 3.12, the inductive behaviour constituted from a resistance and an inductance repre-
senting active loss in transformer parts and non-magnetic path induction respectively from zero-
sequence flux is observed within 20 Hz to ~ 10 kHz. Nevertheless, the zero-sequence resistance
and inductance could only be determined in a low frequency range, i.e. from 20 Hz to around
400 Hz (where the phase angle reaches nearest 90°) for an accurate analysis. Knowing Ry of
three phases, the Z4 and afterwards, R4 and L4, can be easily determined in this low frequency
range. Note that the low frequency range varies from transformer to transformer but it has no
influence to the diagnostic and FRA interpretation since a few values at low frequencies are suf-
ficient for the diagnostic and development of parameter’s frequency dependency.

To develop frequency dependency of zero-sequence resistance and inductance at high frequen-
cies, the fitted functions in Table 3.2 can be applied thanks to measurement-based values at low
frequencies:

» For zero-sequence resistance: since the relevant loss is out of the windings, and there are
many scenarios for zero-sequence flux to circulate depending on position and connection
of the windings, any function in Table 3.2 can be applied if it shows the same tendency
like that for winding resistance, i.e. increase with increasing frequency. A detailed and ac-
curate fit at high frequencies for zero-sequence resistance is not necessary and also not
feasible.

* For zero-sequence inductance: the function used for representing leakage inductance can
be applied to derive the frequency dependency of the zero-sequence inductance since both
of them represent the non-magnetic path induction between and outside the windings.

It is seen after analyzing the three test transformers that for characterizing zero-sequence resis-
tance and inductance in broad frequency range, only one function in Table 3.2 is sufficient,
which is convenient for application since it reduces the complexity of the circuit simulation pro-
cedure. Detailed calculation and results for the three test transformers will be presented in corres-
ponding next chapters.

3.4 Open-circuit input impedance tests and core section impedances

To determine core section impedances (yokes, legs) in the duality based equivalent circuit, there
is so far an advanced measurement method in [Mork-07a, Mork-07b] which can be only applica-
ble for transformers with star windings. In case there is a delta winding in the transformer, the
winding should be opened up; and that is not realistic in reality! Therefore a new and non-
destructive measurement-based approach in determining core section impedances in general for
power transformers with star/delta winding is required and will be presented in this section. To
be able to do so, the open-circuit input impedances should be measured and analyzed. Of course
the core section impedances can only be calculated from measurements only in a low frequency
range since their inductive effect is dominant in measured terminal impedances at those frequen-
cies.

In addition, the frequency dependency of core impedances at high frequencies is also required
since otherwise, the circuit simulation solution is not possible in broad frequency range. As a
result, the core section impedances at high frequencies then will be determined based on experi-
mental formulae, which requires a few magnetic and transformer design data. Of the tested trans-
formers, the T is opened implying that the analytical calculation of its core electrical parameters
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is feasible since the required data can be approximately achieved. For practical application, the
analysis of core electrical parameters of any transformer at high frequencies is necessary and will
be presented in appropriate sections.

3.4.1 Measurement-based approach to calculate core impedances at low frequencies
34.1.1 Core (section) impedances referred into the star winding side

The idea for introduction of the new approach originates from the advanced measurement-based
method in [Mork-07b] by considering two measurement configurations in determination of core
impedances referred into the HV side of the YNyn6 transformer in Figure 3.13a and 3.13b. In
Figure 3.13, single phase source voltage is supplied to the winding of phase A, whereas centre
and outer phase winding is in succession shorted to measure short-circuit currents through the
shorted windings and open-circuit voltages on the other phase winding. The purpose is to calcu-
late core impedances of the legs (Z; = Ry//L;) and yokes (Z, = R,//Ly) based on measured quanti-
ties without influence from LV winding side (since the star LV winding is left floating).
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a) Measuring circuit with the other outer phase b) Measuring circuit with the center phase
winding short-circuited at low frequencies winding short-circuited at low frequencies

Figure 3.13: a) Core leg (Z;) determination from Vgy and Icn
b) Core yoke (Zy) determination from Ve, Iigny and Z;

In Figure 3.13a, the short circuit current Iscn flowing through the shorted winding C-N implies
the short circuit of the corresponding part (dashed line) in the magnetic-electric core circuit in
the middle; thus the core leg and yoke of phase C are shorted. Hence the short circuit current Licn
flowing through the core leg of phase B resulting in an open-circuit voltage Vgn. From that the
core leg impedance can be determined as:

Z;= Van/Lien (3.5)

In Figure 3.13b, the short circuit current Iign flowing through Z,//Z, of phase C (the winding of
phase B is shorted) causing the open-circuit voltage Vcn on phase C. Hence the core yoke im-
pedance Z, is then determined based on Ve, Lign and Z;:

Zy/IZy = VenN/Lpy = Zyy (3.6)

Zy = Zy-Z1y/(Z1— Ziy) (3.7)
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The advanced measurement method has limited application since it is only applied for trans-
formers with star windings. In addition, several following disadvantages were realized when the
method was applied to characterize core impedances of the test transformer:

— Inconsistence of calculated core impedances when the applied voltage is on other outer
phase, e.g. phase C. It is understandable since measured quantities are not identical bet-
ween the cases in which voltage is applied on phase A and C. It is therefore required that
the core impedances should be calculated based on measurements with voltage application
on three phases, not single phase.

— The measurements are performed at several frequencies to calculate the frequency de-
pendency of core impedances. This introduces more problems when frequency increases
since influence of other accessories such as wire/cable, measuring devices should be taken
into account. In addition, denoising of measured quantities is also an issue when measu-
ring with high-accuracy devices such as digital storage oscilloscope (DSO) at low applied
voltage for compatibility with FRA interpretation purpose.

Figures 3.14 depicts measured voltages Vien(t) on a 15-Q resistance measured by means
of a 12-bit resolution DSO “Accura” to determine short circuit current Icy when the ap-
plied voltage Vay is 1 V?° at 20 Hz and 400 Hz to illustrate difficulties in signal process-
ing when frequency rises.

>
g e
£ £
2 2
20 40 60 80 100 120 140 AT 2 3 4 5 6 7
Time in ms —> Time in ms —
--------- Measured, RMS: 3.484 mV ~Measured, RMS: 0.591 mV
****** DC 0.372 mV ------DC 0.371 mV
— 1st harmonic (20 Hz), RMS: 3.419 mV — 1st harmonic (400 Hz), RMS: 0.248 mV
a) at 20 Hz b) at 400 Hz

Figure 3.14: Voltage Vi cn(t) and its fundamental harmonic on a 15-Q resistance

Figure 3.15 shows comparisons between applied voltage Van(t) and short-circuit voltage
Vien(t) to calculate phase shift between them for determination of complex core impe-
dances at 20 Hz and 400 Hz. It is observed that the analysis procedure is not simple at 400
Hz, which suggests a new way by using the VNA as main instrument to overcome difficul-
ties taking place due to use of traditional instruments for measurements.

% The low voltage (1 V) is best applied in the measurements since the calculated parameters then will be used ap-
propriately to interpret standard frequency responses measured also at the same voltage by means of the VNA.
Note that another higher voltage can also be applied but the highest voltage of commercial broad-frequency range
generators is only a few Volts, e.g. the HAMEG 8150 generator has maximum open circuit voltage of 20 V., for
sinusoidal waves in frequency range of 10 mHz to 12.5 MHz [HMS8150-07].
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Figure 3.15: Comparison of Van(t) and Ven(t) to calculate phase shift

The advantage of the scattering-parameter VNA compared with traditional instruments in the
measurements is that when frequency increases, the noise is no longer a problem. In addition,
other advantages of use of the VNA in the new approach can be listed as follows:

— The number of frequency points measured by the VNA is not limited and can be adjusted.
Therefore, it is convenient and much faster to conduct measurements.

— No other accessories, e.g. connection wire/cable and measured devices, are required.
There is only one measuring cable connected from the VNA to a transformer terminal, but
the influence of this cable is removed by calibration.

— Measured impedances are obtained directly after measurements with acceptable accuracy
if they are within measuring range of the instrument; thus, it is much comfortable.

— Since only open-circuit impedances will be measured at one side, the floated winding at
other side has no influence to the measured impedances regardless it is connected in star
or delta. Thus, the new approach can be applied for any transformer with delta winding.

However, due to the fact that measured terminal impedances consist of different combinations of
core section impedances at low frequencies, the way to analyze measured impedances is much
complicated. That is the only disadvantage but can be solvable. The solution for such problem is
the main content of the new approach, which will be introduced step-by-step below.

a) Determination of the low frequency range for analysis of core impedances from open-circuit
input impedances

It is first required that a low frequency range where the core effect is dominant should be identi-
fied in order to calculate core impedances from measurements. Figures 3.16a and 3.16b show the
whole measurement circuit and corresponding open-circuit input impedance between the termi-
nals A and N carried out by means of the VNA for illustration.

Similarly to measured impedances in short-circuit and zero-sequence tests, a pure inductive im-
pedance is observed in region @ in Figure 3.16b at low frequencies till 1 kHz in this case. How-
ever, for an accurate identification of core impedances from measured impedances, only a nar-
row frequency range in which only effect of the core is realized, i.e. within region @ in Figure
3.16b from 20 Hz to 400 Hz, is considered since at higher frequencies the capacitances start to
influence. The value of 400 Hz in this case is the upper limit of the low frequency range to be
analyzed to calculate core impedances from measurements; in general the upper limit of the low
frequency range varies from transformer to transformer, e.g. from several tens Hz to several
kHz, but it is always identified from measurement results for the analysis.
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a) Measurement circuit at low frequencies b) Measured impedance

Figure 3.16: Measurement circuit and measured input impedance observed at phase A
b) Measurement configurations of input impedances required for the analysis

It can be assumed without loss of generality that other parameters than core impedances (Zi, Zy)
such as winding resistance (Ry, Ry), leakage inductance (L3) and zero-sequence impedance (Z4)
will not have significant influence on measured input impedances at low frequencies and thus
will not taken into account. This assumption is always valid unless the transformer has no tank,
i.e. zero-sequence inductance is higher appreciably than leakage inductance, which may have
small but certain influence on the calculated core impedances. But first of all, the circuit with
only core impedances will be analyzed due to its simplification.

There are in total nine measurement configurations of open-circuit input impedance that can be
measured by means of the VNA. Based on the equivalent circuit in Figure 3.13a, different mea-
surement configurations are then analyzed shown in Table 3.3.

Table 3.3: Measurement configurations and calculated equivalent impedances for star
windings at low frequencies (secondary winding has no influence)

Index Configuration Calculated equivalent impedance
1 A-N excited (in Figure 3.16a) @I Zy+Z) 11 (2] Zy)
2 A-N excited, B-N shorted (2,11 Zy) 11 (2,11 Zy)
3 A-N excited, C-N shorted Z, /1 (Z,/ Zy)
4 B-N excited &I Zy+ 2,11 Zy) 11 Z,
5 B-N excited, C-N shorted (Z,/1Zy) 1 Z,
6 B-N excited, A-N shorted (Z,/1Zy) 1 Z,
7 C-N excited (Z: /1 Zy+Z0) 11 (2,11 Zy)
8 C-N excited, B-N shorted (Z,/1'Zy) 11 (Z:11 Zy)
9 C-N excited, A-N shorted VAVAVAYIW A
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For explanation of a typical configuration, the first one in Table 3.3, the circuit which is active is
shown by solid lines in Figure 3.16a. Since leakage inductance L; and zero-sequence parameters
R4, L4 are not considered, i.e. being short-circuited, it is seen that the equivalent core impedance
of phase C (Zic//Zyc) 1s in series with the core impedance of phase B (Zig) as observed from the
excited winding, i.e. phase A. Finally the impedance combination between phases B and C is
found in parallel with the core impedance of phase A (Zia//Zya). The final calculation is ex-
pressed in Table 3.3 with the fact that impedances of legs (and yokes) are identical, i.e. Zijpo =Zip
=Zic = Zy, and Zya = Zyc = Zy.

¢) Solution identification

Now one has to solve a mathematic problem with two non-linear variables (Z; and Z,) based on
measurement configurations in Table 3.3 at each low frequency. The principle is to identify the
mathematic problem as an optimization one in terms of types of optimization, objective function
and constrain; afterwards appropriate solver and algorithm are then selected to solve the
problem.

There are several tables which are designed to help selecting a best solution for an optimization
problem [MATLAB-OPT, MATLAB-GLOPT]. The first group of tables is designed to help se-
lecting appropriate solver and algorithm for a local solution and therefore is called as “local-
searching” table group in which several following options are introduced:

* Type of optimization
— Single-objective
— Multi-objective
— Equation solving
— Data-fitting

= Type of objective function
— Linear
— Quadratic
— Least squares
— Smooth nonlinear
— Non-smooth

= Type of constraints
— Unconstrained
— Bound
— Linear (including bound)
— General smooth
— Discrete

A suitable solver/algorithm selected from the “local-searching” table group can only provide a
local solution for an optimization problem. That means when a minimization, for example, needs
to be solved, a local minimum may be derived. Consequently, a second table group for selecting
a global optimization solver is necessary. To deal with the problem, there are several optimizers
which can be applied as:

o Global-Search

o Multi-Start

o Pattern-Search
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o Genetic-Algorithm
o Simulated Annealing

However, “global-searching” optimizers can not guarantee a global solution since they are all
stochastic. The advantage of using them is to extend searching range with hope to reach a global
solution.

d) Data fitting procedure

Solution for solving the problem of determination of core impedances based on measurement
configurations in Table 3.3 is then identified as follows. It is type of single-objective (data-
fitting) optimization since only minimization of errors between measured and calculated equiva-
lent terminal impedances is required. The corresponding objective function type is least squares
with bounds as constraints since core impedances are inductive. From that, the non-linear least
squares solver with the “trust-region-reflective” algorithm is selected.

Determination of core impedances from measured terminal impedances is now possible thanks to
different configurations in Table 3.3. Depending on selection of measurements on a single phase
or combination of different phases as inputs for the solver, one will have possibilities of unba-
lanced or balanced analysis respectively. For illustration, the unbalanced analysis on phase A,
1.e. three first configurations in Table 3.3 is now explained with details as follows.

Determination of core impedances in unbalanced analysis (single phase input mode)

In the first stage, i.e. local minimum determination, the objective functions are then established
as:
— Norm of real and imaginary impedance errors:

16 = £ frezrloy)- 206, + im0, ) ) (38)
or
—  Norm of absolute and phase angle impedance errors:
If2[} = émzi‘“(coj]— 25 + [z oy)- ZZiC(mjf] (3.9)

where 7™ (o;), z¢(o;) are measured and calculated equivalent impedances at frequency o

of it configuration; i = 1, ..., n where n = 3 is the total number of measurement
configurations supplied to the solver.

A comparison between (3.8) and (3.9) as objective function shows that optimization in terms of
real and imaginary parts of impedance errors gives better results with lower errors between
measured and calculated terminal impedances. That is understandable since it is realized that the
phase angle components in (3.9) do not play an important role in solving problem. Hence, the
function expressed in (3.8) is chosen as the objective function hereafter for analysis.
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The parameter determination procedure starts with a set of initial values of variables, i.e. com-
plex impedances Z; and Z,, which are selected identically as minimum of the boundary between
1 +jQand 10 +j10 MQ to cover all cases of inductive impedances. Then the algorithm eva-
luates and minimizes the Hlei with regard to variable values in iterations at each frequency based

on approximated Jacobian (gradient) of single components, i.e. real or imaginary impedance er-
rors, inside the objective function (3.8). The procedure terminates whenever one of stopping cri-
teria shown in Table 3.4 is reached. Since the procedure must be repeated from frequency to fre-
quency, different options of stopping criteria with regard to running time and accuracy are
designed. They include fast, normal and detailed modes. Due to the fact that the procedure is off-
line, the detailed mode is selected for slowest execution but best performance.

Table 3.4: Different modes for stopping criteria

Mode
Item
Fast Normal Detailed
Max iterations 10° 10* 10°
Max function evaluations 10° 10° 10°
Impedance error tolerance, in Q 107 10°° 10”°
Objective function tolerance 107 10°° 10”°

In order to evaluate the efficiency of solvers/algorithms, there are two sets of indicators. The first
indicator set based on outputs directly from the solver consists of:

* Norm of accumulate residuals (Hlei) It can be used to compare performances between

good and bad solvers/algorithms. However, between comparable solvers, the so-called
“individual residuals” mentioned below are much helpful.

* Individual residuals: They are lowest values of single components in (3.8) after iterations
stop. For instance, in case three measurement configurations of phase A are supplied as
inputs to the solver, there are consequently six individual residuals from real and imagi-
nary parts of impedance errors in (3.8):

el 25t -1 a0

Re{Az; =

Ilm{AZiH=‘Im{Z?‘(mj)—Z?(mj)],i=1+3 (3.11)

Table 3.5 presents the individual residuals ‘Re{AZiH and |Im{AZi}| (1=1=+3) (in Q) after itera-

tions finish. However, ohmic values do not reveal the solver performance since higher values of
imaginary residuals compared with those of the real ones do not mean an unbalanced achieve-
ment. Thus, Table 3.6 shows a better overview of the solver performance via percentage values
calculated by dividing values in Table 3.5 by real or imaginary part of relevant measured impe-

dances z™ ((Dj)' These values are listed at several frequencies for illustration.
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Table 3.5: Individual residuals at several frequencies (in Q)

Frequency [Re{AZ; || in©Q [Im{AZ;}| inQ
in Hz i=1 i=2 i=3 i=1 i=2 i=3
20.0 5.6 4.1 3.2 353 252 20.8
50.2 4.7 3.4 2.8 51.3 37.7 29.4
100.2 5.1 35 3.1 102.9 76.4 58.4
200.0 0.5 1.2 0.3 1923 143.0 109.1
299.3 10.6 6.5 7.0 274.0 203.3 155.8
399.1 7.8 7.5 3.2 367.8 271.8 209.9

Table 3.6: Individual residuals at several frequencies (in %)

Frequency [Re{AZ; | in% [m{AZ;} in%
in Hz i=1 i=2 i=3 i=1 i=2 i=3
20.0 8.5 8.4 4.6 2.7 2.8 1.7
50.2 9.1 8.0 5.4 1.9 2.0 1.2
100.2 4.6 4.1 3.1 2.0 22 12
200.0 0.2 0.6 0.1 1.9 2.1 1.2
299.3 2.1 1.7 1.6 1.8 2.0 1.1
399.1 1.0 1.3 0.5 1.9 2.0 1.1

It can be observed from Table 3.6 that most percentage individual residuals decrease with in-
creasing frequency. The fact that low errors derived (maximum 2.1 %) when frequency is higher
than 200 Hz shows that the solver and algorithm are reasonable selected. Highest errors (9.1 %)
at frequency lower than 100 Hz appearing only on the real parts do not mean that the solver has
bad performance. Observation in Table 3.5 reveals that the relevant ohmic error is relative small
(4.7 Q). Note that in such frequencies, core inductances are dominant and the lower errors
(maximum 2.8 %) in imaginary parts are much more important.

Table 3.7: Maximum errors between measured and calculated impedances — single phase

input mode
Magnitude error Phase angle error
Configuration
in Q in % in degree
A-N excited (in Figure 3.13a) 422.8 2.1 0.8
A-N excited, B-N shorted 259.2 2.0 0.4
A-N excited, C-N shorted 255.8 1.5 0.4
B-N excited 187.2 10.3 0.9
B-N excited, C-N shorted 8934 4.8 0.6
B-N excited, A-N shorted 885.6 4.8 0.6
C-N excited 141.0 0.7 0.7
C-N excited, B-N shorted 484.8 3.5 0.6
C-N excited, A-N shorted 440.0 2.4 1.0

The second indicator set which could be used to evaluate the efficiency of solvers/algorithms is
based on the maximum error shown in Table 3.7 of the equivalent terminal impedances (see Ta-
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ble 3.3) between measurement and calculation after the solver (after Z; and Z, are derived).
Since the impedance changes with frequency, the maximum equivalent impedance error of each
measurement configuration in Table 3.7 can appear at any frequency from 20 Hz to 400 Hz.
Note that due to the fact that measured impedances increase when frequency increases, a small
ohmic error at a low frequency may corresponds to a high percentage value and vice versa.

From Table 3.7, it is realized that whereas the maximum phase angle errors are insignificant,
maximum magnitude errors of non-analyzed configurations, for example, from phases B are
much higher than those from the analyzed phase (highest 10.3 % at 21.8 Hz). It is concluded that
the balanced analysis with all input mode should be performed for better performance.

The second stage with attempts to search the global optimization after the first stage is then con-
ducted. The purpose is to check whether a better solution can be reached under the same conditi-
ons of inputs, stopping criteria, algorithm settings etc. There are two differences from the second
stage compared with the first one. First, instead of starting with one set of initial variable values,
the optimizer can run with different randomly or specifically sets of initial variable values. Use
of different initial value sets might be efficient in some cases in which a global minimum exists
but the algorithm only converges into a local minimum because this solution is near the initial
values. Second, in case a computer core has multiple processors, the running time can be reduced
significantly since the time-consuming analysis procedure with multiple initial value sets can be
in parallel processed.

According to the selected algorithm for the parameter determination procedure in the first stage,
the “MultiStart” optimizer is identified as the best in the second stage. The number of sets of
initial variable values is selected as 50. Initial variable values should be set uniformly in loga-
rithmic scale so that they cover all values appropriately from lower to upper bounds which are
chosen as 1 +j Q and 10 + j10 MQ respectively. However, results show that there is no better
solution found and therefore, it can be said that the local minimum derived from the first stage is
the optimal solution. It is therefore concluded that the selected solver and algorithm are good
enough and can be exploited hereafter in solving such problem.

Determination of core impedances in balanced analysis (full input mode)

The balanced analysis is then conducted with aim to search better results since there are large
errors in the measurement configurations of non-analyzed phases, especially phase B in Table
3.7. In the full input mode there are maximum nine measurement configurations from three
phases supplied as inputs to the solver. As a result, there are eighteen individual residuals in the
objective function (3.8). Observation on results indicates that most ohmic and percentage
individual residuals are little higher compared with the ones from the single phase input mode
since there are much more objects for the solver to minimize; however, there is a uniform distri-
bution of percentage values. Table 3.8 confirms this fact via a flat distribution of maximum er-
rors between measured and calculated equivalent impedances in the balanced analysis.

It is clear that the balanced input mode provides a better solution with reasonable uniform errors.
It is logical because results of measurements on three phases are taken into account since
although in symmetrical measurement configurations, e.g. “A-N excited” and “C-N excited”,
measured impedances are not exactly the same whereas calculated equivalent impedances are the
same (see Table 3.3). This contributes to the fact that transformer core parameters derived from
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the method in [Mork-07b] is not fully appropriate since they are determined in the single phase
input mode.

Table 3.8: Maximum errors between measured and calculated impedances - full input

mode
Magnitude error Phase angle error
Configuration
in Q in % in degree
A-N excited (in Figure 3.16a) 696.8 3.5 0.7
A-N excited, B-N shorted 99.8 0.8 0.5
A-N excited, C-N shorted 107.3 0.7 0.7
B-N excited 386.4 1.5 0.7
B-N excited, C-N shorted 649.5 3.5 0.4
B-N excited, A-N shorted 641.8 3.5 03
C-N excited 400.5 2.1 0.5
C-N excited, B-N shorted 310.6 2.6 0.4
C-N excited, A-N shorted 196.1 1.1 0.7

e) Influence of zero-sequence impedance

In some special cases in which zero-sequence impedance is significantly higher than the leakage
inductance, for instance when transformers have star windings and no tank, the zero-sequence
impedance should be taken into account when analyzing equivalent impedances in accordance
with measured input impedances. In such cases the calculated equivalent impedances are much
complicated than those in Table 3.3.

For illustration, the first case in Table 3.3 is then explained, i.e. the measurement configuration
“A-N excited” whose equivalent circuit is shown in Figure 3.13 with appearance of all compo-
nents. Since the HV winding of phase C is left open, total impedance of this phase seen from the
excited winding, i.e. on phase A, will be (Z, + Z4) // Zy Then the winding of phase B is still
opened, resulting in the core-leg impedance Z; in series with Zs on this phase. Therefore, total
impedance of the two phases B and C seen from phase A will be Zgc = (Z1 + Z4) /] Zy+ Z1 + Zs.
The Zgc is then parallel with the Z, of the core yoke of phase A forming Zgcy = Zgc // Z,. Next,
the total impedance of the whole core seen from phase A 1S Zcorea = (Z1 + joL3) // (Zpcy + Za).
Finally, the equivalent impedance in this case will be Z¢qui = Ru + Zcorea (Ru and L3 can be neg-
lected due to insignificant influence).

It is seen from the analyses of the three test transformers that winding resistance, leakage induc-
tance and zero-sequence impedance can be neglected when analyzing core impedances in all
cases whereas the zero-sequence impedance may only be considered in special cases when the
transformer is opened. The contribution of the zero-sequence impedance to the core impedance
analysis will be shown in the next chapter which is devoted for investigations on the opened
transformer Tj.
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f) Conclusion

It is important to mention that the above-mentioned analysis is not only valid for the star winding
at HV side of the YNyn6 transformer (T;) but also appropriate for the star winding side of other
test transformers, e.g. the HV winding side of the YNdS5 one (Ts) when the LV delta winding is
left floating. Thus, the rule of thumb for successful analysis of core impedance from the mea-
surements on the star winding can be stated as follows:
* Build an appropriate equivalent circuit accounting for the vector group
* Only core section impedances (Z; and Zy) are considered in the circuit to calculate equiva-
lent impedances with regard to measured open-circuit input impedances (other compo-
nents are neglected)
* Full input mode should be analyzed
= Data fitting procedure is based on (3.8)

34.1.2 Core (section) impedances referred into the delta winding side

Analysis of open-circuit input impedances measured on delta winding in terms of core section
impedances in the duality based equivalent circuit is not an easy task since there are inter-
connections between the core impedances. Therefore the equivalent circuit should be reduced in
such a way that the analysis can be easier executed [Pham-13a].

To illustrate the way to reduce the duality based equivalent circuit for analysis of a delta win-
ding, the equivalent circuit of the Dyn5 transformer (T,) in context of an open-circuit input im-
pedance carried out at the delta winding side at low frequencies is selected as a typical case to be
analyzed as shown in Figure 3.17a. Due to the delta connection of the HV winding, the magne-
tizing currents are on three phases; hence the three ideal transformer Ny:Ny are all active, con-
necting the HV winding circuit to the core circuit. As a result, the Z; // Z, of phase A is the total
impedance between terminals A and B, the Z; // Z, of phase C is between terminals A and C, and
the Z; of center leg is between terminals B and C (other components rather than core impedances
Z; and Z, are removed). The reduced circuit is therefore derived and depicted in Figure 3.17b.
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b) Reduced circuit

a) Original circuit

Figure 3.17: Equivalent and reduced measuring circuit in context of an open-circuit input im-
pedance measured at the delta winding side of the Dyn5 transformer
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After the reduced circuit is obtained, it is easy to calculate equivalent terminal impedances in
accordance with measurement configuration. Similarly to analysis of measurements on the star
winding, there are also nine measurement configurations conducted on the delta winding, but the
calculated equivalent impedances are quite different shown in Table 3.9.

Table 3.9: Measurement configurations and corresponding calculated equivalent impedances
for delta windings at low frequencies (secondary winding has no influence)

Index Configuration Calculated equivalent impedance
1 A-B excited (in Figure 3.17b) Zi 11 Zy) 11 (21 1] Zy + Zy)
2 A-C excited Zi 11 Zy) 11 (21 1] Zy + Zy)
3 A-B excited, B-C shorted (Zi 11 Zy) 11 (2411 Zy)
4 B-C excited (Z\ 1 Zy+ 2,11 Zy) I Z,
5 B-A excited Zi 11 Zy) 11 (2411 Zy + Zy)
6 B-C excited, C-A shorted 2,112,112,
7 C-A excited @ 1Z2) 11 (2,11 Zy + Zy)
8 C-B excited (Z\ /12y + 2,11 Zy) 1 Z4
9 C-A excited, A-B shorted 2111 Zy 11 2y

The solver/algorithm in data fitting procedure for the star winding can be applied for measure-
ment configurations in Table 3.9 since the only difference in analyses of the two winding types is
the change of calculated equivalent impedances. In Table 3.9, there are four different calculated
equivalent impedances, which suggest three following analysis modes to determine core impe-
dances:

Single phase mode - Mode #1 (number of
analyzed configurations n = 3): only mea-
surements excited at one phase terminal,
e.g. three first configurations in Table 3.9,
by the instrument are used as inputs for the
solver.

Distinguishable input mode: Mode #2 (n =
4): it includes four configurations whose
corresponding equivalent impedances in
Table 3.9, e.g. the 1%, 3, 4™ and 9" index,
are different.

Full input mode - Mode #3 (n = 9): this
mode consists of all measurement configu-
rations. It is generally considered as the
best one since it takes into account the dif-
ferences of measured impedances between
configurations whose calculated equivalent
impedances are identical.
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Figure 3.18: Frequency response of
open-circuit input impe-
dance of the first configura-
tion in Table 3.9

Depending on which mode is selected, core im-

pedances (Z; and Zy) at low frequencies from 20 Hz to a frequency where inductive effect is
best found, around 60 Hz in this case, are then calculated. In Figure 3.18 the purest inductive
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impedance is within 100 Hz to 200 Hz, but due to influence of large capacitance, the value of
60 Hz is selected for analysis. Table 3.10 presents the magnitude errors for comparison.

Table 3.10: Percentage impedance magnitude error for three analyzed modes

Magnitude error, in %
Index Configuration
Mode #1 Mode #2 Mode #3
1 A-B excited (in Figure 3.17b) 1.2 1.0 1.4
2 A-C excited 1.4 1.7 1.2
3 A-B excited, B-C shorted 0.2 33 2.5
4 B-C excited 8.3 1.5 2.8
5 B-A excited 0.9 0.6 1.0
6 B-C excited, C-A shorted 4.0 5.8 5.8
7 C-A excited 1.9 2.2 1.8
8 C-B excited 6.3 1.6 1.9
9 C-A excited, A-B shorted 1.3 4.4 3.8

A quick conclusion can be drawn from Table 3.10 is that due to lower impedance errors as
compared with Mode #1, both Mode #2 and #3 can be applied to determine the core impe-
dances (Mode #2 and #3 have highest errors of 5.8 %, compared with 8.3 % in Mode #1).
However, the Mode #3 is selected as the best as mentioned since the corresponding impe-
dance errors have a more uniform distribution.

Conclusion

The rule of thumb for successful analysis of core impedance from the measurements on the delta
winding will be:
* Build the reduced circuit from the original equivalent one with appearance of only core
impedances
* Analyze the full input mode
=  Use (3.8) to fit data

It is noted that the rule of thumb is also appropriate for analysis of core impedances referred into
the delta winding side of other transformers, e.g. the LV side of the YNdS transformer (T3). Fur-
thermore, due to the fact that the rules for analysis at the star and delta winding side are actually
identical whenever the equivalent circuit is achieved, it can be concluded that a general solution
for determination of core impedances referred into star or delta winding side based on non-
destructive measurements is now identified.

3.4.2 Formula-based approach to determine core impedances at high frequencies

To calculate core impedances at high frequencies, only analytical formulae will be based since
the core effect cannot be recognized from any measurement at such frequencies. In addition,
several magnetic and design parameters of transformers should be also available so that the for-
mula-based calculation is possible. Among the test transformers, the T; one is opened, thus the
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required parameters can be approximately derived”'. As a result, the core leg impedances Z; of
the transformer T; at high frequencies could be calculated, which enables the determination
of the core yoke impedances Z, of the transformer as well as core impedances of other test
transformers (T, and T3) via a new solution proposed in chapter 4.

Fundamental background for analysis of core impedances in high frequency range is the under-
standing of phenomena taking place in transformer core laminations under certain applied field.
In the scope of this dissertation, low AC field is applied for the measurements in broad frequency
range and therefore it is only worth to analyze phenomena in transformer core under such condi-
tion.

34.2.1 Phenomena in transformer core under low applied field

Transformer core consists of numerous elements called as laminations or sheets made from steel
and electrically isolated and stacked by means of glue (for small transformers) or steel
straps/epoxy-cured stocking (for large power transformer). Below are several specifications of
materials which are often found in core steel [ABB-07]:

— Core steel has low carbon content (< 0.1 %) which relates to hysteresis losses and ageing
properties.

— Core steel is alloyed with Silicon whose content is normally kept lower than 3 % for re-
ducing the eddy current losses. (Grain-oriented steel is preferred for manufacturing trans-
former core lamination today since the magnetic flux density is increased about 30 % in
the coil rolling direction compared with non-oriented steel)

There are three fundamental phenomena contributing to the losses in transformer core: skin ef-
fect due to eddy current in laminations, hysteresis and anomalous mechanisms. However, the
losses, as well as the magnetic properties, are different depending on the amplitude of applied
field since the core laminations have non-linear and saturation effects; thus the three phenomena
are only explained in the direction of low applied field:

= Eddy current (skin effect): It is a main effect magnetic flux
caused by low alternating magnetic field in l rolling direction
conductors such as windings and core lami- Pl

current density

nations in transformers. For core lamina-
tions, when such magnetic field generated
by alternating source penetrates a ferromag-
netic material, induced circulating current
loops appear and are called as eddy currents ~
whose density has a non-linear distribution ~ Mmagnetic flux
depending on frequency of the magnetic Figure 3.19: Skin effect in a core lamina-
field shown in Figure 3.19. As a result, a tion

non-linear distribution of magnetic flux (to-

wards the surface) is associated. This phenomenon results in the eddy current loss which
brings a rise of effective resistance and a reduction of inductance when frequency in-
creases [Abeywickrama-07, Lammeraner-66]. Eddy current loss is proportional to the
square of lamination thickness, square of frequency and square of effective value of flux
density [Kulkarni-04]:

~
magnetic flux

*! Design data of the transformer T and T were not available at the analysis time
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(3.12)

where P, eddy current loss in the core
k; constant depending on material
to thickness of individual lamination
Brms

Hysteresis phenomenon: It is a charac-
teristic of a magnetic material to retain
magnetization or to oppose a change in
magnetization, which depends on applied
magnetic field magnitude. When a low
field is applied, there is reversible change
in domain magnetic structures which
causes the magnetization returns to its
initial value on removal of the external
magnetic field. As field strength is high
enough for the so-called magnetic do-
main wall motion, both reversible and ir-
reversible processes take place illustrated
in Figure 3.20 so that the magnetization
does not return to its original value on

flux density corresponding to the actual RMS sinusoidal voltage

domain magnetization rotated

B/T 4 -
-—_

— unfavarably oriented

H — domains eliminated

/'¥ boundaries displaced
X 7=~ (domain wall motion)

L

unmagnetized
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Figure 3.20: Changes of domain structure
during magnetization at high
field [Littmann-70]

applied filed removal [Littmann-70]. In case applied field is cyclic and its magnitude is
high enough, there exists a hysteresis (B-H) loop. The relevant loss is proportional to the
area of the B-H loop, i.e. to the magnetic material, frequency and exponential function of
actual peak of flux density [Kulkarni-04]. However, under a low applied field for FRA
measurements (~1 V), the corresponding hysteresis loop is a small elliptical loop whose
area is very small depicted in Figure 3.21; therefore, hysteresis loss is considered insig-
nificant compared with eddy current loss at high frequencies [Abeywickrama-07].

Anomalous losses: There exists another
complicated phenomenon in the core which
is called as diffusion effect in the crystal
grid (domain structures) of the core mate-
rial causing anomalous losses [ABB-07]. In
short, this phenomenon contributes to an
additional loss coming from skin effect
when the reaction of eddy currents on the
distribution of magnetic field (domain wall
motion effects) is taken into account. That
means the real magnetic flux density is not
uniform over the cross-sectional area of
core laminations as it would be assumed in
calculating classical eddy current loss as

B/T

»
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Figure 3.21: Changes of domain structure
during magnetization at high
field [Abeywickrama-07]

plotted in Figure 3.22 [Zhu-93]. The losses are significant when transformers have load at

power frequency [Brailford-64].
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(H is magnetic field) (Mg is domain magnetization)

Figure 3.22: Eddy current in a core lamination in two cases [Zhu-93]

Conclusion: Under low field and no-load conditions, the (classical) skin effect has most influ-
ence whereas other phenomena can be neglected [Abeywickrama-07]. From that, core impe-
dances are determined based on relevant experimental formulae.

3422 Calculation of core impedances based on skin effect rolling direction

a) Magnetic reluctance: Figure 3.23 shows a core leg section of the ﬂ
transformer T, for analysis at high frequencies due to availableness

of relevant magnetic and design data. First of all, the reluctance of
the core section in the magnetic circuit representing a relation bet-
ween the magnetomotive force F and corresponding flux @ should Heff
be determined as [Cherry-49]: 14

gzi_L (3.13)

o M“OAcr

Figure 3.23: Core leg
where / : magnetic flux path length of the core section
Lesr : complex effective relative permeability of core lamination in rolling direction

o : permeability constant of free space (4nx10" H/m)
A, : cross-sectional area of the core section

The complex effective relative permeability L in the rolling direction of the magnetic flux,
1.e. along the core section, is expressed as [Abeywickrama-07, Shintemirov-10b]:
tanh{(1+ j)b, /3}

= U — JUogr =K 3.14
Mefr = Megr — JMefr = Kby (1+ b, /5 (3.14)
where ke :  stacking factor representing fraction of core steel in the total cross section
W : local relative permeability in the rolling direction
b, : half of a lamination thickness
o : skin depth or depth of penetration of eddy currents

The skin depth 8 is frequency dependent and calculated as [Lammeraner-66]:

8=w/2/i(06},l0},lri (3.15)

where ® :  angular frequency
c . electrical conductivity of the core lamination
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b) Dual electrical impedance: The complex reluctance R accounting for skin effect has a dual
electrical impedance Z whose equivalent circuit consists of a resistance (R;) in series with an
inductance (L) [Cherry-49, Roger-06]:

Z:jcoNzésRsﬂ'(oLs (3.16)

where N :  number of turns of the excited winding on the phase of the core section

From that, the resistance R (Q2) and inductance L (H) can be determined as:

R, = —oN? Im{l/ R} (3.17)

L, = N? Re{l/ R} (3.18)

Due to the fact that the equivalent electrical circuit of a core section includes only resistance and
inductance in parallel, for instance Z; consists of R;//L;, the Ry and L should be converted into
R, and L, respectively for use.

3423 Frequency dependency of core impedances in broad frequency range

The combination between measurement- and formula-based core components (resistances, in-
ductances) in low and high frequency range respectively introduces the complete frequency de-
pendency of core electrical parameters. Since the calculated core resistances and inductances are
not available until now, part of the new approach in calculation of core electrical parameters of
the transformer T, and also other transformers (T,, T3) will be presented in the next chapter
where results from measurements are shown in detail.

3.5 Capacitive input impedance tests and winding capacitances

There are in general three fundamental capacitances in power transformers in the view point of
diagnostic and analysis at low and mid frequencies:
— Ground (or shunt) capacitance: the capacitance is defined between the windings and
ground potential such as tank (to outer winding) and core (inner winding).
— Series winding capacitance: the “self” capacitance of the winding between turns and
between discs (or layers). This capacitance depends only on the winding itself.
— Inter-winding capacitance: the capacitance between windings such as between HV and
LV windings or between HV and HV windings (if the HV windings are outer ones).

Of those capacitances, only the fotal ground and inter-winding HV-LV capacitance can be mea-
sured by means of testing devices such as the CPC 100 of Omicron as mentioned in chapter 1.
The concept of “total capacitance” means capacitances of three single phase windings are in-
cluded since single phase winding capacitances can not be measured separately with enough ac-
curacy. However, due to the fact that the universal testing device is not always available onsite
for the measurements and more importantly, the capacitance measurement requires a high ap-
plied voltage (e.g. 10 kV), which is considered as a destructive measurement method for trans-
formers having very aged insulation system since the high applied voltage can damage the insu-
lation, real non-destructive alternative is requested for such case. That is the motivation for
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introduction of a new approach in this section for determination of the total ground and inter-
winding capacitance.

To illustrate the winding capacitances in transformer bulk under per-phase and total quantities
for analysis, the duality based equivalent circuit of the YNyn6 transformer (T)) at balanced exci-
tation and its corresponding capacitance model are again depicted in Figures 3.24a and 3.24b
respectively. One can easy observe that the total capacitances, e.g. Cyg, combine three cor-
responding per-phase quantities, i.e. Cyp, since the HV terminals (A, B, C, N) and LV terminals
(a, b, c, n) are inter-phase connected. Note that the model in Figure 3.24b is always correct and
does not depend on winding connection since all terminals of a three-phase winding are con-
nected together.
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a) Duality based equivalent circuit of the transformer T b) Capacitance model

Figure 3.24: Equivalent and reduced measuring circuit in context of an open-circuit input im-
pedance measured at the delta winding side of the Dyn5 transformer

The idea to calculate capacitances in Figure 3.24b is based on the fact that there are two un-
grounded terminals “HV” and “LV”, and thus there are four different combinations of excitation
in the measurement with the VNA. The four measurement configurations are shown in Table
3.11.

Table 3.11: Measurement configurations of capacitive input impedance

Index Configuration Equivalent capacitance
1 HYV excited, LV shorted Cy = Cyg // (Cyy. series Cig)
2 HV excited, LV shorted and grounded C,=Cyg // CuL
3 HYV shorted, LV excited C3 =Cig // (Cy series Cyg)
4 HV shorted and grounded, LV excited C;=Ci// CuL
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In order to find the capacitances Cyg, Crg
and Cyy, the equivalent capacitances C, C,,
Cs, and C4 in four measurement configura-
tions in Table 3.11 should be identified in
advance. In Figure 3.25a, observation of an
impedance measured according to the sec-
ond configuration in Table 3.11 shows that
there is a short frequency range within
which the pure capacitive character of the
measured impedance is recognized in the
direction of increase of frequency. By using
the calculation illustrated in Figure 3.25b,
the equivalent capacitance C is evaluated
(; and m; are boundaries of the frequency
range).

Figure 3.25b: Extract capacitance from a
measured capacitive impe-
dance in a frequency range

Measurement
bridge

ZDUT

Figure 3.26: Measurement bridge to ex-
tend measuring range
[Bode100-12]

Noise at
< low frequencies

Magnitude in Q —>
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10

10 10

Reduce noise
using the
measuring bridge

10° 10* 10° 10°

Frequency in Hz —>

Figure 3.25a: A measured capacitive input im-
pedance

It is important to mention that there might be more
than one local frequency range where the pure
capacitive character of the measured impedance is
observed (see the phase angle of the measured
impedance in Figure 3.25a); however, only the
analysis in the first lowest range (before the first
resonance takes place) is valid since the equivalent
capacitances calculated in other ranges are lower
than that calculated in the first frequency range.
The differences between them are due to effect of
total inductance as compensations.

Besides, the measurements on small transformers
with low capacitances require the large dynamic
range of the measuring device, e.g. a total capaci-
tance of 1 nF requires approximately a dynamic
range of:

7 ~ 1

~ o 18 (M)

(3.19)

at power frequency from the instrument to measure correctly, otherwise noise appears as shown
in Figure 3.25a. Since the VNA used for investigation can measure impedances from 1 Q till a
few hundreds kQ, a measurement bridge introduced in Figure 3.26 is used to extend the dynamic
range of the instrument to several MQ). Details on noise in measurements and how to improve
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the measurement accuracy in terms of noise, denoising and the measurement bridge are intro-
duced in [Velasquez-09, Pham-11, Bode100-12].

Once the equivalent capacitances in Table 3.11 are calculated, the capacitances Cyg, Crg and
Cyy are easily to be determined based on following equations:

Cpyp = HL ! ;CHL_z _JG(Cy _C3);‘\/C4(C2 -C) (3.20)
Cng=C, - Cur (3.21)
CLG = C4 — CHL (322)

The Cyy calculated as average of the Cyr, 1 and Cyy » is due to the fact that there are four equa-
tions but three variables in Table 3.11. The results are consistent if the Cyr, | and Cy » are near
each other, which is often achieved in general when the selected frequency range is purest ca-
pacitive.

3.6 Circuit simulation for determining winding series capacitance and FRA interpreta-
tion

Now the duality based equivalent circuit with almost available components (i.e. frequency de-
pendences of inductive impedances in broad frequency range and constant capacitances), except
the winding series capacitances, can be used to simulate different standard and non-standard fre-
quency responses by means of a commercial circuit simulation software for two purposes:

— To check whether the winding series capacitances have significant contribution to the to-
tal capacitance at mid frequency range and if it is the case, the series capacitances should
be identified for the diagnostic purpose.

— To interpret frequency responses in terms of individual parameters by simulation until
mid frequency range (FRA interpretation). Recall that the simulation is only valid in
general in low and mid frequency range due to the limitation of the equivalent circuit
explained in chapter 2.

The winding series capacitance is considered very important for different research activities:
transient analysis, FRA, failure diagnostic etc. In state-of-the-art transient analysis, the winding
series capacitance is often to be ignored since it cannot be identified and therefore in some cases
in which the series capacitance should be taken into account, e.g. for transformers with high
winding series capacitance (i.e. the winding type of multi-layer or inter-leaved), the fact that the
series capacitance is missing in the analysis leads to unacceptable results. In addition, it is ex-
pected that the series capacitance is of great importance in diagnosing mechanical failures in
transformer windings since it is a measure of how the windings change mechanically which can
not be easily detected by other parameters. Thus it could be stated that the solution in determina-
tion of the winding series capacitance in transformer bulk, which is the third new approach pre-
sented in the dissertation, contributes to a great improvement to the above-mentioned research
activities.

The new approach that determines the winding series capacitance in transformer bulk is based on
the difference between measured and simulated non-standard open-circuit frequency responses at
mid frequencies where the total capacitance of the transformer windings is dominant. In cases
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there is no difference between the frequency responses at such frequencies, the winding series
capacitance is not significant compared to other capacitances (ground, inter-winding); therefore
it is not necessary (and also not possible) to evaluate this low series capacitance: it is the case for
transformers T; (at HV side) shown in Figure 3.27a and Ts (at LV side). In other cases the dif-
ference is obviously recognized, transformer T, (at HV side) shown in Figure 3.27b and trans-
former T3 (at HV side), an appropriate value of the winding series capacitance which compen-
sates the difference is reached via simulation attempts.

6

10 - 10°F
T n? d!fdfe;rence . T 8 S — measured
at mid frequencies
105> ! d E 10°¢ simulated
c \ c ___sim
= = 4 (without Cs)
g 4 q—)' ]0 L i
L 10¢ =] ~
z 2107t
= RS measured k=
& 10°F simulated 1 102 caused by lack of
= (without Cs) = winding series capacitances .
2
10 : : : : : : : : : :
10° 10° 10* 10° 10° 10° 10° 10° 10° 10°
Frequency in Hz —> Frequency in Hz —>
a) Phase A of the transformer T, b) From terminals A-B of the transformer T,

Figure 3.27: Measured and simulated open-circuit frequency responses in broad frequency
range

Details on the parameterization, circuit simulation and the way to identify the winding series
capacitance will be presented in accordance with test transformers in next chapters since in this
chapter, only the methodology is illustrated. Although the new method is applied on three small,
medium and large distribution transformers, it is expected that the method is still valid for other
larger power transformers since the fundamental background of the method, the duality based
equivalent circuit, is confirmed efficient in FRA investigation of, for instance, large power auto
transformers (1000 MVA 400/275 kV) in low frequency range [Ang-08].
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4 Case study I: A 200 kA 10.4/0.462 kV YNyn6 transformer (T,)

In this chapter, application of the new proposed method mentioned in chapter 3 on the trans-
former T; will be presented in detail. Since the transformer has no tank and is already opened,
following key research activities are conducted:

— Calculation of frequency dependency of core leg impedances thanks to a few magnetic
and transformer design data. More importantly, the frequency dependency of the core leg
of the transformer T, then will be used to develop a solution from which frequency de-
pendency of core section impedances of any transformer can be reached relatively at high
frequencies. Recall that the development of frequency dependency of core impedances
enables the simulation for FRA interpretation purpose in broad frequency range.

— Comparison of the conventional and proposed diagnostic method in diagnostic of several
popular electrical failures in transformer windings, (e.g. shorted turns, short-to-ground,
open-circuited) and the core (ungrounded core).

— Comparison of the conventional and proposed diagnostic method in diagnostic of several
mechanical failures in transformer windings such as axial and radial deformations.

The transformer T; shown in Figure 4.1 was originally a Yz5 three-winding transformer, which
was not an appropriate object to conduct above-mentioned investigations. In order to facilitate
the research activities, the original transformer should be adapted into the YNyn6 one since the
two-winding transformer should be first investigated to check the possibility of overcoming the
limitations of the current diagnostic methods mentioned in chapter 1 in diagnosing electri-
cal/mechanical failures in the transformer active part. Therefore the first part of the chapter is
devoted for introducing the transformer and how to adapt it into a suitable test object for investi-
gations.

Parameter Value Unit
Rated power 200 kVA
Rated voltages 10.4/10/9.6 0.4 kV
Rated currents 11.5 289 A
Vector group Yz5
Frequency 50 Hz

9 Rated short-circuit

voltage 38 %
Year 1955

Figure 4.1: Appearance of the transformer T; and its name-plate data

4.1 Adaptation of the transformer T, for research compatibility

The original transformer T; is a small distribution Yz5 10.4/0.4 kV one fixed at the first tap
changer level, which is found often in the distribution network in Germany. It has three win-
dings: a star winding at HV side (W, W, and W3), zig (W7, Wg and Wo) and zag (W4, W5 and
W) winding at LV side shown in Figure 4.2.
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Figure 4.2: Winding connection of the original transformer T,

There are several possibilities to convert the vector group of the original transformer by
changing the connections between leads of the LV windings itself, i.e. the “zig” and “zag”, and
from the LV winding to the bushings. For the simplest adaptation, the zigzag winding is changed
into a single star or delta three-phase winding, i.e. the new vector groups are YNyn6 and YNd5
respectively. However, only the YNyn6 vector group depicted in Figure 4.3 is necessary for the
research because of the availability of the YNdS transformer Tj as test object. The adapted trans-
former has an increase of rated voltage at LV side, 0.462 kV compared with 0.4 kV since there
the zigzag winding has 15.47 % more turns compared to an ordinary winding at the same rated
voltage; thus the factor for voltage modification is 1.1547 [Kulkarni-04].
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Figure 4.3: Winding connection of the adapted YNyn6 transformer

According to Figure 4.3, the duality based equivalent circuit of the YNyn6 transformer in accor-
dance with its vector group for analysis of electrical parameters referred into the HV star win-
ding with regard to different input impedance measurements is depicted in Figure 4.4.
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Figure 4.4: Duality based equivalent circuit of the transformer T, for balanced analysis at HV
side

4.2 Application of the new method in determination of electrical parameters referred into
the HV star winding

Overview of the electrical parameters of power transformers, together with corresponding mea-
surements proposed in the new method in chapter 3, is here recalled since they are considered as
fundamental background for the calculation in this chapter:

— Per-phase winding or total stray loss resistances and leakage inductances (from short-

circuit input impedance test)

— Zero-sequence impedance (from zero-sequence input impedance test)

— Core section impedances (from open-circuit input impedance tests)

— Ground and inter-winding HV-LV capacitance (from capacitive input impedance tests)

Most of the above-mentioned inductive components (resistance, inductance) are frequency de-
pendent. At low frequencies, they are only determined from the measurements and, together with
ground and inter-winding winding capacitances, they will be applied directly for the diagnostic
purpose; at high frequencies, they could be approximately calculated based on analytical formu-
lae, which is meaningful for the simulation-based FRA interpretation in broad frequency range.
The simulation approach is also useful in determining the contribution of the series winding ca-
pacitance to the total capacitance interacting with core inductance (at low frequencies) and zero-
sequence/leakage inductance (at mid frequencies).

Now the electrical parameters of the transformer T, referred into the HV star winding will be
calculated and presented in next sub sections. Note that only the HV side of the test transformer
is analyzed since several input impedances at LV side cannot be measured correctly because they
are lower than the measuring range of the VNA.
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4.2.1 Per-phase winding resistances and leakage inductances

Figure 4.5 shows the input impedance mea- T 10°F
sured on phase A at HV side of the test trans- .
former as a typical measurement result for 2 107
determining the low frequency range within é 10°
it the electrical parameters can be reliably é 103
calculated. It is concluded from Figure 4.5 é“ 1

that the frequency range from 20 Hz to 10 10 - 3 o - v
kHz is the appropriate one for extracting the
total resistance representing stray losses and
leakage inductance from real and imaginary
part of the measured impedance.

Phasein°® —>

To achieve the frequency dependency of the
stray loss represented resistance (or winding
resistance), it is realized through the fitting

procedure that the two-term power function 10° 10° 10" 10° 10°
is the best one since it not only represents the Frequency in Hz ~ —>

skin effect at high frequencies but also fits
the measured values at low frequencies. The

same achievement with the rational function

Figure 4.5: Frequency response of input im-
pedance measured in the short-

: ) circuit test
for representing leakage inductance can be

found in both low and high frequency range.
The fitting performances of the two-term power and rational function with regard to total resis-
tance and leakage inductance respectively are shown in Figure 4.6.

T 10°F | + measured T 65 measured | |
G b |—fitted T 60 — fitted
g 10 “.
8 3 S 55— |
£ 107} 8
Z g v '
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101.» I2 ‘3 I4 l5 ‘67 E ‘2 I3 ‘4 I5 ‘6
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FrequencyinHz ——> Frequency in Hz —>
a) Total resistance Rgiay 10sses Of phase A b) Leakage inductance of phase A

Figure 4.6: Calculated values from measurement and fitted frequency dependencies

In Figure 4.6a, good agreement between measurement-calculated values and fitting functions at
frequencies lower than 10 kHz shows that the two-term power function is efficient to represent
the Ritray 1osses, from which resistances of HV and LV windings can be calculated using rough
factors. In Figure 4.6b, the fitting function of leakage inductance not only matches with calcu-
lated values at frequency range from 100 Hz to 10 kHz but also provides constant tendencies at
other frequencies (lower than 100 Hz and higher than 10 kHz). The constant tendency at fre-
quencies lower than 100 Hz is useful to adapt corresponding measured values in a correct way.
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Table 4.1 compares leakage inductances of three phases between the conventional method mea-
sured by means of the CPC 100 device (named as CON) and the proposed method based on
analysis of impedances (assigned as IMP) at low frequencies, from 20 Hz to 400 Hz. Low errors
observed on three phases prove that the proposed method is efficient.

Table 4.1: Per-phase leakage inductance referred into HV side

Leakage inductance, in mH
Fre-
quency Phase A Phase B Phase C
inHz | con | e | B | con | e | BTOR | con | e | BPTOR
in % in % in %

20 54.8 54.9 0.2 55.6 55.5 0.2 55.7 55.7
50 54.6 54.6 0 55.5 55.2 05 55.4 554
100 54.5 54.1 0.7 55.4 54.8 1.1 55.2 54.9 0.5
200 54.1 53.4 1.3 55.0 54.0 1.8 54.8 54.1 1.3
300 53.6 52.7 1.7 54.5 533 2.2 543 53.5 1.5
400 53.0 52.1 1.7 53.9 52.8 2.0 53.8 52.9 1.7

4.2.2  Zero-sequence inductance and resistance of the HV star winding

Figure 4.7 depicts the impedance measured from the open-circuit zero-sequence input impedance
test at HV side of the test transformer. From Figure 4.7 the frequency range of 20 Hz to 3 kHz is
selected to calculate the zero-sequence resistance and inductance from the measured impedance.

For zero-sequence resistances Ry, the fitting
function as a two-term power function of
logarithm scale of frequency is chosen
whereas for zero-sequence inductances Li,
since it represents also the linear reluctance
of non-magnetic material paths outside the
windings, the fitting function for leakage
inductances can be applied. Figure 4.8 plots 10 10 10 10 10
fitted frequency dependent functions of
zero-sequence components in wide fre-
quency range, which yield good perfor- 45}

Magnitude in Q —>

90

—>

mances at low and high frequencies. Com-
parison of Figures 4.8b and 4.6b shows that g 0
the zero-sequence inductance is appreciably & 45

higher than the leakage one since the trans-
former has no tank which acts as shield to -90
confine the zero-sequence flux paths.

10> 100 10t 100 10°
Frequency in Hz —

Figure 4.7: Frequency response of input impe-
dance measured in the zero-sequence
test
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Figure 4.8: Calculated values from measurement and fitted frequency dependencies

Table 4.2 compares zero-sequence inductances .
. Table 4.2: Open-circuit zero-sequence
measured from the conventional and proposed . .
hod at low f ios £ 20 H 400 H inductance of the star win-
method at low requencies from z to Z. ding at HV side
The average error is however higher than those cal-

culated in the short-circuit tests, for instance 5.3 % . .
. Fre- Zero-sequence inductance, in mH
(excluding the error of 11.4 % at 100 Hz) compared
: . quency Error,
with 0.9 % calculated from leakage inductance errors in Hz CON IMP e
. . (1)
of phase A, which means the proposed method is not 20 5380 6005 s6
so appropriate for determination of zero-sequence - - -
. . . 50 615.0 581.5 54
inductance/impedance in cases the transformer has
. . 100 632.1 560.1 114
no tank. It can be explained that in such cases the
. 200 5771 537.9 6.8
non-magnetic zero-sequence paths are between the
T . . 300 553.0 526.2 4.8
windings and also in the space outside the trans-
former as depicted in Figures 3.9 and 3.10 in chapter 400 5409 S189 4.1

3, thus if the magnitude of the applied field in the

measurements is too low, e.g. 1 V compared with tens or hundreds V in the conventional test, the
distribution of flux, and therefore associated magnetic energy, in all zero-sequence paths is not
fully proportional to those under high applied field. In case the transformer has a tank, the zero-
sequence paths are limited within the transformer and the measurements under low applied field
are quite reasonable. Concerning the largest error (11.4 %) between the two methods at 100 Hz,
it is realized that the problem is from the conventional method whereas the results from the pro-
posed method presents a good tendency of inductance versus frequency. Actually the measured
inductance from the conventional method is abnormal but still acceptable since the non-magnetic
dual electric-magnetic inductance is considered as constant with frequency. The abnormal value
is recognized from the measurement report where the real current for the measurement (1.75 A)
supplied automatically from the instrument CPC 100 is higher than the assigned one (1 A) at
only this frequency.

4.2.3 Core section inductances and resistances
423.1 From measurements at low frequencies (20 Hz to 400 Hz)

The core electrical parameters (Z,, Zy) referred into the HV side of the transformer are deter-
mined based on analysis of the full input mode according to (3.8), taking into account the ap-
pearance of zero-sequence impedance, in the low frequency range from 20 Hz to 400 Hz.
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Afterwards, the individual parallel compo-
nents, i.e. resistances (R;, Ry) and induc-
tances (L;, L) can be easily calculated from
(4.1) and (4.2) and shown in Figure 4.9:

- RLm)
eigmit) o

where R stands for R; (or Ry) and so on

The determined core electrical parameters
Ri, Li, Ry, Ly at low frequencies are then
fitted to form frequency dependent functions,
re. Ri(f), Li(f), Ry(f), Ly(f), using fitting
functions for circuit simulation application.
Before the simulation is executed, the fitting
functions are then checked analytically to see
whether the functions are good enough to be
exploited for the simulation. Figure 4.10 il-
lustrates a comparison between the meas-
urement result and the recovery from fits of
the electrical parameters for an open-circuit
input impedance calculated based on the ana-
lytical formulae in Table 3.3. Small errors
from both magnitude and phase angle indi-
cate the success of the analytical and fitting
process which are required for the simulation
later on.

4232 From analytical formulae at high
frequencies (400 Hz to 2 MHz)

Core electrical parameters can only be de-
termined at high frequencies based on ana-
lytical formulae if several magnetic and de-
sign data are available. Since the transformer
has no tank, the design data can be approxi-
mately measured whereas magnetic parame-
ters of core lamination, which do not change
much from transformer to transformer, in
[Abeywickrama-07, Sintemirov-10] can be
referred; these necessary parameters are
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Figure 4.10: Measured and recovered frequency
response of open-circuit input im-
pedance observed at phase A at
low frequencies
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shown in Table 4.3. Afterwards, the core electrical parameters are derived from calculations in
(3.14, 3.15) for Rg, Lg and then using (4.1, 4.2) to convert them into Rp, Lp respectively, see
Figures 4.11 and 4.12.

Table 4.3: Necessary magnetic and design data for calculating core electrical parameters

Parameter Description Value
Lo permeability of free space 47 x 107 H/m
e relative permeability 500
c conductivity 5% 10°S/m
to lamination thickness 0.35x10° m
K¢ stacking factor 0.92
L core section length 0.36 m
A cross-sectional area of core section 25.6x 107 m?
N number of turns 736 turns

e

25
207
157
107

56
0

—>

Resistance in Q —>

Inductance in H

10° 10* 10° 10°
Frequency in Hz —> Frequency in Hz —>

a) Core leg and yoke resistances b) Core leg and yoke inductances

Figure 4.12: Frequency dependency of resistances and inductances of the core leg from
200 Hz to 2 MHz

From Figure 4.9b and 4.12b, a comparison between the measurement-based and formula-based
components of the core leg at the transition frequency, i.e. 400 Hz in this case, shows that there
is small error between L; and L,, which indicates that the calculation of a core section based on
skin effect is acceptable and therefore the results can be used at high frequencies. Error between
R; and R, at 400 Hz is much larger than that between the inductances but it has insignificant
contribution to the terminal frequency responses since the resistances are too high (unit in MQ)
and in parallel with the inductances in the circuit.
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4233 Frequency dependency of core electrical parameters in broad frequency range

By combining the frequency dependencies of the Ry, L (at low frequencies) and R;, L, (at high
frequencies) at the transition frequency, frequency dependent functions of core leg resistance and
inductance of the transformer T; are obtained. To be able to do so, the measurement-based va-
lues of the R; and L; at low frequencies should be available as frequency dependent functions
since they are discrete values calculated from the open-circuit input impedance measurements.
The fitting procedure is therefore necessary and has an advantage that the fitting functions will
remove oscillations in the waveforms in Figure 4.9 (especially the curve R)).

Figure 4.13 summaries Figures 4.9 and 4.12 in logarithm scale which yields the frequency de-
pendencies of core parameters R;, L; (from measurements at low frequencies) and R;, L, (from
analytical formulae at high frequencies) respectively in broad frequency range. Figure 4.13 also
gives a valuable hint which helps to establish the calculation of frequency dependency of core
section components of any transformer: “the value of core inductance calculated from the skin-
based analytical formulae at the transition frequency (400 Hz*” in this case) is approximately
equal the one calculated from the measurement at low frequencies”. Thus, for transformers
whose design data are not available, the frequency dependent function of core electrical parame-
ters at high frequencies can be calculated from their measurement-based values at the transition
frequency and the tendency of parameter change at high frequencies. The tendency of parameter
change can be obtained from the frequency dependent functions of the transformer T; by their
normalization since the tendency which does not change much from transformer to transformer
is more decidable, compared with design parameters, when frequency increases.
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a) Reference curve of core resistance b) Reference curve of core inductance

Figure 4.13: Tendencies of core electrical parameters at high frequencies

Figure 4.14 depicts the tendencies of core resistance and inductance of transformers derived after
normalization, called as “reference curves”, which can be applied to calculate frequency depen-
dencies of any transformer core section at high frequencies whenever the measurement values at
the transition frequency are available. In Figure 4.14 the fitted functions of core resistance and
inductance are also depicted since they will be exploited later on for application, not the calcu-
lated values. For application convenience, only one fitting function is required for each parame-
ter and experience shows that the fitting function with regard to the logarithmic scale of fre-
quency is the most appropriate one.

2 The transition frequency varies from transformer to transformer, depending on the interaction between core in-
ductances and winding capacitances. It can be from several tens Hz to several kHz
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Figure 4.14: Analytical tendencies of core electrical parameters in wide range of frequencies

The normalization of the core leg resistance and inductance is necessary since it reduces the im-
portance of the magnetic and design parameters as well as preserves the parameter changes in a
scale of unit. Thus, it can provide reference curves for recovering parameters of core sections of
any transformer at high frequencies. In fact, inductance and resistance of core yokes of the trans-
former can be obtained in such way since there is no winding in yokes, and therefore no number
of turns, to calculate core yoke impedances from the analytical formulae (3.16); furthermore, the
core yoke impedance in the equivalent circuit combines both upper and lower yoke sections as
mentioned in chapter 2.

Then the frequency dependent functions of core resistance and inductance in general can be ob-
tained by multiplying the “reference curves” with corresponding factors (kg or k; ) determined as
ratios of measurement-based values to corresponding formula-based values at the transition fre-
quency (fians) as illustrated in Figure 4.15.

ftrans 2 MHz ﬁrans 2 MHz
J/Hz —» J/Hz —»
a) Core resistance b) Core inductance

Figure 4.15: Example of recovery of core electrical parameters from reference curves and
multiple factors at high frequencies (kg = 1 MQ/0.1 =10 MQ and k. =20 H/1 =20 H at firans)

In Figure 4.15, all values illustrated for the calculation of core resistance and inductance at the f.,, and 2 MHz are

not correct compared with those in Figure 4.14; they are only mentioned as simple examples instead.

As a result, the core yoke resistance and inductance of the transformer T; (and also of other
transformers) are determined thanks to the proposed calculation procedure. Figures 4.15a and
4.15b plot frequency dependencies of the core resistances and inductances of the test transformer
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in the equivalent circuit in broad frequency range, which combine two frequency dependent
functions in low and high frequency range for the simulation later. The transition frequency for
core inductances is adjusted within range of 100 Hz to 400 Hz for a smooth representation since
the measurement-based inductances at such frequencies are nearly constant.

T 10 11— | | | T 30% L(LF)
| R, (HF) N

G R,(LF) | EE S
2 R 1 -
Rz =
) R (LF B | L (HF
&) . }’( ) = y( )

10 ‘ ‘ ' ' ' 0 - ‘ - ‘

100 100 10t 100 10 10> 100 100 100 10
Frequency in Hz —> Frequency in Hz —>
a) Core resistances b) Core inductances

Figure 4.16: Plots of frequency dependency of core electrical parameters in broad frequency
range

It is realized in Figure 4.16 that core resistances and inductances vary significantly at very low
frequencies, e.g. from 20 Hz to 100 Hz. It is not clear whether the changes at such frequencies
come from the transformer core itself or from the measurement system since the fitting process is
guaranteed from the comparison between measured and calculated open-circuit input impe-
dances. From the measurement system, the problem may be caused by the difference of charac-
teristic impedances of the measuring cable (not 50 Q from 20 Hz to several tens kHz>') and the
instrument source (50 Q) since the measurement is performed by means of a scattering-
parameter VNA. However, a good measurement with a known resistance in broad frequency
range after calibration shows that the calibration removes the effect very well.

It is concluded that, for the purpose of simulation-based FRA interpretation, the frequency de-
pendent functions plotted in Figure 4.15 can be used in whole frequency range whereas for the
reliable diagnostic of transformer core, only constant values of core inductances at transition
frequencies are used.

4.2.4  Ground and inter-winding HV-LV capacitance

Table 4.4 presents the ground and inter-winding HV-LV capacitances measured from the con-
ventional and proposed method to compare the performance of the two methods. The conven-
tional test is performed by means of the CPC 100 at power frequency at a voltage lower than the
normal applied voltage (2 kV instead of 10 kV) since the transformer has no oil and the insula-
tions are very aged (measured dissipation factors are higher than 20 %). The high losses in insu-
lations influence much the accuracy of capacitances in the conventional test, especially the Cig.
If the applied voltage is increased, the conventional capacitance test may not be non-destructive
for the very aged transformer since high applied voltage will damage the insulations. On the
other hand, in the proposed method, equivalent capacitances are extracted from measured
impedances at frequencies where very pure capacitive behaviours are found, which can not be

» The characteristic impedance of the cable used for the measurements has value of 54.5 Q at 30 kHz and approxi-
mate 50 Q at frequencies higher than several hundreds kHz
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achieved with the conventional test at power frequency. Therefore, the results derived from the
impedance tests are considered more accurate and will be used for further analysis.

Table 4.4: Capacitances measured through the two methods

Capacitance, CON IMP
in pF (measured at 2 kV, 50 Hz) (measured at 1 V, ~ 1 kHz)

Che 290 316

Cig 4118 3097

CuL 1156 993

4.3 Parameter-based FRA interpretation and failure diagnostic

The above-mentioned electrical parameters of the test transformer are now applied for two pur-
poses:

— Interpretation of FRA in broad frequency range via circuit simulation. By doing so, the
contribution of the series winding capacitance to the bulk capacitance at mid frequencies
will be identified and in case the contribution of the capacitance is significant, the capaci-
tance will be determined based on the simulation solution.

— Comprehensive diagnostic of electrical/mechanical failures in the transformer active part.

4.3.1 Parameter-based FRA interpretation in broad frequency range

Since most electrical parameters of the transformer (core impedances, leakage/zero-sequence
impedances, winding resistances and capacitances) are determined, the parameter-based FRA
interpretation is now possible thanks to the simulation of the equivalent circuit in Figure 4.4 in
accordance with real measurements. In this section, two open-circuit frequency responses are
interpreted based on simulation: open-circuit input impedance (non-standard open-circuit fre-
quency response) and end-to-end open-circuit (EEOC) voltage ratio (standard open-circuit fre-
quency response). Interpretations of other standard frequency responses such as EESC, CAP and
IND will not be presented due to their representations at low frequencies, leakage inductance,
winding capacitance and core inductance respectively, are simple.

43.1.1 Interpretation of frequency responses of open-circuit input impedances

The circuit in Figure 4.4 without winding 1o | ‘ | |
series capacitances is first simulated by T no difference
means of a commercial circuit simulation 10°k atmid frequencies |
software which is able to take into account %

the frequency dependencies of inductive 2 10%

components to see whether the series ca- 2 s |7 “}easured

pacitances of windings has significant influ- é‘b o —?g?;}g&etdcs)

ence. To illustrate a typical case of interpre- 102 ‘ : . . :
tation of open-circuit impedances at HV 10° 10’ 10° 10° 10°
side, Figure 4.17 shows comparisons Frequency in Hz —
between measured and simulated frequency  Figure 4.17: Measured and simulated frequency
responses of the open-circuit input imped- responses of open-circuit input im-

ance observed at phase A, i.e. source is sup- pedance of phase A
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plied between terminals A and N while other windings are left open. It is observed from Figure
4.17 that at mid frequencies where the total capacitance is dominant, there is no difference be-
tween measured and simulated frequency responses. That means the winding series capacitance
has no significant contribution on the total capacitance.

It is then realized from Figure 4.17 that the validation of the simulation approach of the duality
based equivalent circuit is in low and mid frequency range, i.e. from 20 Hz to 30 kHz. This is
understandable since there is no direct coupling between leakage inductance and winding capaci-
tances, or more correctly between self, mutual inductance and capacitances of winding sections,
in the equivalent circuit, which is a “must” for acceptable agreement at high frequencies [Abey-
wickrama-07, Sofian-07]. In fact, they are isolated by the ideal transformers that are required for
investigations at low and mid frequencies.

To check whether the direct coupling bet- 10
ween leakage inductance and winding ca-
pacitances could give better performance,
another equivalent circuit is then developed
by moving the leakage inductance of phase

Magnitude in Q —»
S

A in the core circuit into the winding area 10 7 [ measured @
and the ground capacitances Cg/2 are ter- ——simulated (adjusted)
minated directly at two ends of the leakage 10° 10° 10° 10° 10°

inductance. Simulated results show that the
adjusted equivalent circuit is able to capture
the interaction between leakage inductance
and winding capacitances in region ®
(around 100 kHz) as depicted in Figure
4.18.

Frequency in Hz —>

Figure 4.18: Measured and simulated frequency
responses of open-circuit input im-
pedance of phase A

From Figures 4.17 and 4.18, the interpretation of non-standard open-circuit frequency responses
can be obtained as follows:

— Region @ (20 Hz to 400 Hz): dominant by inductive core influence.

— Region @ (400 Hz to around 6.5 kHz): interaction between core inductances and winding
capacitances (from inductive into capacitive behaviour).

— Region @ (6.5 kHz to around 10 kHz): dominant by winding capacitances. It is noted that
the contribution of the winding series capacitances of HV and LV windings to the total
capacitance is not significant since there is an agreement between measured and simu-
lated frequency responses in this region’*. Therefore the HV winding series capacitance
is small compared with other capacitances whereas the LV winding series capacitance
can only be determined from analysis at LV side, which is not possible due to very low
impedances measured at this side (out of measuring range of the device).

— Region @ (10 kHz to 30 kHz): interaction between winding capacitances and total zero-
sequence inductance.

— Regions ® (30 kHz to 60 kHz): capacitive tendency from winding capacitances after
compensating effect of total zero-sequence inductance.

** This is logical since the HV winding is the disc-type one with very low series capacitance [Kulkarni-04]



80 4 Case study I: A 200 kVA 10.4/0.462 kV YNyn6 transformer

— Region ® (60 kHz to ~100 kHz): interaction between capacitive effect from region ®
and leakage inductance.

— Regions @ (~100 kHz to 2 MHz): interaction between winding capacitances and all in-
ductances, including parasitic inductances from other components outside the transformer
such as grounding braids, grounding network etc.

43.1.2 Interpretation of frequency responses of open-circuit voltage ratios (the standard
EEOC-FRA tests)
o . . N et e measured
The original duality based and adjusted cir- 200 | simulated (original)

cuits are then used to simulate the standard
EEOC FRA test of phase A shown in Figure
4.19. At frequencies lower than 30 kHz, it is
true that core impedances are validated and
series capacitance of HV windings can be
ignored since good agreements between
measurements and simualtions in sub fre-
quency ranges like those in Figures 4.17 or Frequency in Hz - >
4.18 are still observed. At higher frequen-
cies, large deviations however appear,
meaning that the circuits are not very sui-
table for simulation of standard frequency
responses. In comparison with the original
circuit, the adjusted circuit is found better since the simulated result reflects interactions of win-
ding capacitances and leakage inductance at the end of region @ in Figure 4.19 (at around 42
kHz), in case the inductance is moved into the winding area. Nevertheless, a lot of peaks/valleys
and maximum/minimum in region ® in Figure 4.19 reveal that the duality-based transformer
circuit is no longer valid and a distributed circuit should be developed for a better analysis. How-
ever, this may not be necessary for a general interpretation in the viewpoint of diagnostic since it
is clear from Figure 4.17 or 4.18 that only interaction of leakage inductance and winding capaci-
tances is expected within 30 kHz to at least 100 kHz.

*simulateld .(adjusted) @ 7

Magnitude in dB —»

Figure 4.19: Measured and simulated standard
open-circuit frequency responses of
phase A

4.3.2 Parameter-based failure diagnostic

The parameter-based failure diagnostic is a preferred method used in reality since a significant
change of one or more electrical parameters out of the safety tolerance reveals a change of trans-
former components which is often an indication of a failure. Compared with the conventional
measurement methods, the proposed method has advantages in determination of more electrical
parameters, which can be considered as a contribution to an improvement of the diagnostic as
follows:

— Core inductance/impedance: since the conventional measurement method is able to de-
termine the condition via exciting currents and magnetic balance (in chapter 1), the pro-
posed method provides a direct indicator for core diagnostic via core leg/yoke induc-
tance.

— Winding series capacitance: it is considered as a direct indicator for diagnostic of me-
chanical failures in transformer windings and can only be determined through the pro-
posed method.
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To illustrate the application ability of the proposed method, two kinds of feasible failures were
performed on the active part of the test transformer Tj.
— Electrical failures: open-circuit, short-circuit between discs, short-to-ground (in the HV
winding) and loss of core ground [Pham-12c].
— Mechanical failures: axial and radial deformation of the HV winding [Pham-14].
for the parameter-based diagnostic presented in next sub sections as follows.

4.4 Application of the proposed method in diagnosis of electrical failures performed on
the active part of the test transformer T,

4.4.1 Overview of the electrical failures

The failures of open-circuit, short-circuit between discs and short-to-ground shown in Figure
4.20 were performed at or on the position of the 9™ disc of each of three HV windings having in
total 16 discs whereas the loss of core ground was conducted by removing the ground connection
of the core. In reality, the failures of short-to-ground and open-circuit may happen to any
“appropriate” position along winding while the short-circuit between turns for wound windings
appears more frequently than the short-circuit between discs. However, the short-circuit through
a disc is preferred since it is hard to distinguish from the short-to-ground as explained later in
this section.

Bushing Device source

A f 3 -

123 123 123

e — = . —

Tap changer

A A

-t

Neutral

Figure 4.20: Short-circuit of a disc, short-to-ground and open-circuit failure on a HV winding
(from left to right respectively)

4.4.2  Failure detection based on electrical parameters
4421 Open-circuit failure on HV windings

From the short-circuit input impedance test analysis, negative “leakage inductances” are ob-
tained for this failure mode. It is logical since capacitive currents flow in the faulty winding
through the open-circuit position. Therefore, it is not necessary to analyze other test results since
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the negative values are useful to detect an open-circuit failure on a winding. The failure is also
easily to be detected by measuring the (DC) conventional winding resistance.

4422 Short-to-ground and short-circuit-between-discs failures on HV windings

To detect the short-to-ground failure, the measurement of conventional DC winding resistance,
insulation to ground of the windings, exciting current or dissipation factor etc. is sufficient
whereas to detect the short-between-turns/discs failure, measurements of winding resistance, turn
ratio, exciting current, magnetic balance etc. are helpful. However, depending on level of the
failures, it can be easy or difficult to diagnose by using the conventional measurement method.
Thus, the proposed method may be useful in supporting the diagnostic of such failures in real
power transformers.

It is realized from the last chapter that the proposed method is efficient in determining electric-
magnetic inductances and winding capacitances whilst resistive components are not reliable for
diagnostic purpose because of low applied field in the measurements. To detect the short-to-
ground and short-between-discs failures, the leakage inductance is helpful since its value
changes in different conditions of the transformer, i.e. healthy/faulty. It can be explained that the
failures reduce the magnetic energy in the leakage channel in terms of failure mode and hence
the leakage inductances decrease [Kulkarni-04]. Figure 4.21 confirms a decrease of stored mag-
netic energy from 2D-FEM simulations of the short-circuit tests in different conditions.
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Figure 4.21: Magnetic energy distributions in the gap between HV and LV windings of phase
A in healthy, shorted-disc and short-to-ground condition at 50 Hz (from left to
right respectively)

Table 4.5 introduces a comparison of leakage inductances derived from the proposed method and
from FEM simulations at 50 Hz and 1 kHz. A clear tendency of value change between all condi-
tions is observed from FEM-based calculations whereas from the new method, the shorted-disc
and short-to-ground failures can not be recognized exactly at 50 Hz; in fact they are only distin-
guished from the healthy condition and in such case, ground winding capacitance is a good indi-
cator to discriminate them. However, a clear tendency of leakage inductance change obtained
from the new method like that from the FEM calculation appears at higher frequencies, e.g. at
more than 1 kHz since the measurement performance of the VNA at very low applied field is not
reliable for the test transformer at frequencies around the power frequency (see Figure 4.6b).
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Table 4.5: Change of leakage inductances in faulty condition compared with that in
healthy condition, AL3 in %

Proposed method FEM-based calculation

Failure mode (measured at 1 V) (simulated at 1 V)
50 Hz 1 kHz 50 Hz 1 kHz
shorted-disc - 16.5 -16.4 -15.1 - 16.2
short-to-ground - 14.8 —-28.0 -29.8 -29.5

4423 Loss of core ground

An electrical parameter which is reliable for detecting this failure mode is the ground capaci-
tance of the LV windings since the LV windings are inner windings and the core ground is lost.
Table 4.6 shows a comparison of the capacitance change in the failure mode derived from pro-
posed method compared with that in healthy condition. As predicted, ground capacitance of the
LV windings (C.g) changes significantly in comparison with that of the inter-winding capaci-
tance (Cyr) and ground capacitance of the HV windings (Cyg). As a result, it is the best indicator
to detect this failure mode.

Table 4.6: Change of winding capacitances, in %, compared with that in healthy condition

Failure mode ACH1 AChg AC, ¢
Loss of core ground 8.2 -21.8 —-90.7

4.5 Application of the proposed method in diagnosis of mechanical failures performed on
the active part of the test transformer T,

4.5.1 Overview of the mechanical failures

There are several typical types of mechanical failure appearing in transformer windings due to
forces from high current short circuit faults [Sofian-07, Jayasinghe-06, Kulkarni-00]:

— Axial winding displacement due to axial forces

— Buckling of windings due to radial forces

— Bending, tilting of windings due to axial forces

Since the LV windings of the transformer are inner ones, only the HV windings are the main
objects to be investigated. Of those above-mentioned failures, only the axial displacement is fea-
sible; buckling and bending of the HV windings are not possible due to their small size and full
insulation in gaps between HV and LV windings. Figure 4.22 plots the top and front view of a
HV phase winding with an attempt to bend discs of the winding axially at even sequences of
supporting spacers; it is however realized that a clear bending is difficult and not successful
whereas a slight bending is not sufficient for the investigation.
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Figure 4.22: Top and front view of a phase HV winding consisting of 16 discs with 6 support-
ing spacers (A disc has approximately 46 turns with mean total height of 1.7 cm
and mean total wide of 2.2 cm. Average gap distance between two consecutive
discs is about 0.45 cm)

45.1.1 Axial displacement of the HV winding of phase C

Figures 4.23a and 4.23b depict phase C of the test transformer in healthy and faulty condition
respectively. The axial displacement (Ah) is about 5.5 % of the height of the HV winding, which
is considered large for such failure in power transformers.
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a) Phase C in healthy condition b) Axial displacement of the HV winding

Figure 4.23: Phase C of the test transformer in different conditions (dimensions are not fully
proportional with real values and insulation is not shown)
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45.1.2 Radial displacement of the HV winding of phase C

The failure is executed at two levels to investigate the sensitivity of the standard FRA assessment
and the change of electrical parameters: firstly the top 3 of 16 discs and secondly the top 7 of 16
discs are moved close to the HV winding of phase B as shown in Figure 4.24. In Figure 4.24b, n
1s the number of top discs of the HV winding being moved, and the displacement distance Ax is
about 50 % of the gap between HV and LV winding.
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a) Phase C in healthy condition b) Radial displacement of the HV winding

Figure 4.24: Phase C of the test transformer in different conditions (dimensions are not fully
proportional with real values and insulation is not shown)

4.5.2  Failure detection based on FRA assessments and electrical parameters

4521 Axial displacement of the HV winding of phase C

Figure 4.25 plots comparisons of four main
standard FRA test types, the EEOC, EESC,
CAP and IND from top down to bottom
respectively, in the two conditions: healthy
(reference) and faulty (failure) in frequency
range from 10 kHz to 1 MHz. From the
comparisons, the assessments shown in
Table 4.7 conclude a clear failure from the
CAP and IND comparison whereas the
EEOC and EESC comparison reveal no
failure, i.e. the winding is normal. In detail,
the “slight deformation” in the CAP as-
sessment is due to slight changes of the cor-
relation coefficients in low frequency range

—reference

200 400 600 800 1000

200 400 600 800 1000

Mag./dB —» Mag./dB —» Mag./dB —» Mag./dB —»

-20¢ IND
(1 kHz to 100 kHz) and high frequency ran- T e
ge (600 kHz to 1 MHz). The “obvious de- -60

200 400 600 800 1000

Frequency in kHz —>

formation” in the IND assessment is from
the obvious change of the correlation coef-
ficients in low frequency range (1 kHz to  Figure 4.25: Comparisons of four standard FRA
100 kHz). tests from 10 kHz to 1 MHz
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Table 4.7: FRA assessment based on
the DL/T911-2004

FRA test type Assessment result
EEOC Normal winding
EESC Normal winding

CAP Slight deformation
IND Obvious deformation

Table 4.8: Deviations of electrical pa-
rameters between “healthy”
and “faulty” condition

. Deviation,
Electrical parameter .

in %
Leakage inductance of phase C -

+ 6.
(average from 20 Hz to 10 kHz)
Ground capacitance Cyg +0.9
Ground capacitance Cp g —-1.1
Inter-winding capacitance Cyp -20

An obvious deviation from the IND com-
parison is actually only at frequencies from
50 kHz to 100 kHz, which is perhaps caused
by the edge effect as the HV winding is
upward moved. The agreement of the IND
traces at frequencies lower than 50 kHz
confirms that the core inductances are not
changed and not involved in the failure de-
tection.

The contribution of the impedance method
in determining electrical parameters to the
current FRA assessment is quite clear in this
case: the significant change of leakage in-
ductance and slight change of inter-winding
HV-LV capacitances Cyr indicate there is
problem in the gap between the HV and LV
winding rather than in the windings, which
can not be recognized via the standard FRA
assessment. This conclusion is also in
agreement with that in [Jayasinghe-06]
which investigates the axial displacement of
transformer windings based on simulation.

It is necessary to explain the physical cause of the
deviations in Figure 4.25. The EEOC FRA tests
reflect all electrical parameters of the transformer
such as core inductance at very low frequencies,
zero-sequence, leakage inductance and winding
capacitances at mid and high frequencies. The
EEOC assessment result shows that the changes of
those parameters are not sufficient to cause a fai-
lure mode, which agrees with only the EESC as-
sessment. The EESC assessment indicates that the
leakage inductance changes within accepted tole-
rance, which is contrary with the real failure level.
In fact, from the impedance method the per-phase
leakage inductance changes significantly, about
6 %, as shown in Table 4.8 and Figure 4.26.

The CAP assessment reveals only slight changes
of winding capacitances in ranges from 1 kHz to
100 kHz and from 600 kHz to 1 MHz. However,
the helpful information that can be used to support
the diagnostic is the change of inter-winding HV-
LV capacitance, more than 2 %, presented in Ta-
ble 4.8 obtained from the impedance method.
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Figure 4.26: Deviations of leakage inductances
of phases A, B and C after the axial
displacement takes place in phase C
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4522 Radial displacement of the HV winding of phase C

For the two levels of the radial displacement
of the HV winding, the assessments of all
FRA test types conclude that there is no
failure appearing in the winding since the
deviations between the FRA traces, and
consequently the changes of correlation
coefficients (compared with healthy condi-
tion) are not significant. In those cases, the
impedance method is helpful since it reveals
the changes of parameters as sensitivities
with regard to failure type and failure level.
FRA comparisons of the case n =7 and pa-
rameter changes in two cases are presented
in Figure 4.27 and Table 4.9 respectively.
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In Table 4.9, the decrease of ground capaci-
tance of HV windings Cyg from radial dis-
placement of 3 top discs to radial displace-
ment of 7 top discs is expected since the Figure 4.27: Comparisons of standard FRA tests

200 400 600 800 1000

Frequency in kHz —>

distance from part of the HV winding to the between healthy condition and ra-
grounded clamping bolt increases. Small dial displacement of 7 top discs
but clear changes of leakage inductance
(approximately 2 times) and ground capaci- Table 4.9: Deviations in % of changes of
tance Cpg (approximately 3 times) indicate electrical parameters when n top
the clear sensitivity of the impedance discs are displaced radially
method with regard to failure level, which
can not be achieved with the current FRA Deviation, in %
Electrical parameter
assessment. n=3 | n=7
. . Leakage induct f phase C
4.5.3 Disscusion A -05 | -1.0
(average from 20 Hz to 10 kHz)
The section introduces a case study in which Ground capacitance Cyg —06 | —18
asse§sments of current FRA stapdards are Ground capacitance Cyq “o4 | —os
applied to detect the level, i.e. slight or ob-
Inter-winding capacitance Cyp -0.8 -0.9

vious degree, of two mechanical failures in a

HV winding of a small distribution trans-

former. Although the current assessment is recommended to be applied for transformers with
large rated power, e.g. more than 1 MVA [DLT911-04], the investigation shows that the only
FRA method is not efficient to detect any detail of the failures, which is considered important for
transformer failure diagnostics in reality.
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According to the impedance method, it is
stated that winding mechanical failures are
associated with changes of leakage induc-
tance and different capacitances (ground,
series and inter-winding HV-LV). Of those
parameters, per-phase leakage inductances radial
can be determined independently and relia- 457 displacement
bly from measurements to detect failure 5 1 6 3 10
type and failure level, which is illustrated in

Figure 4.28 summarized from Tables 4.8
and 4.9. Figure 4.28: Change of leakage inductance with

regard to failure type and level
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Less important compared with leakage in-

ductance, the capacitances Cyg, Cur, Crg should be also used in addition to identify the failures.
However, due to the fact that the capacitances are from three corresponding parallel phase
capacitances, the sensitivity associate with capacitances is not perfect. In fact, when a failure
appears on a phase winding, the total capacitances are considered less sensitive compared with
the per-phase capacitances that can not be determined separately. In addition, there are certain
small tolerances in the determinations of equivalent capacitances from measured capacitive im-
pedances and of three capacitances from four measurement configurations, which may influence
the sensitivity of the diagnostic of slight failures.

4.6 Summary

The new method proposed in chapter 3 is applied to determine key electrical parameters of the
test transformer T for the purposes of FRA interpretation and failure diagnostic, which can also
be measured through conventional and advanced measurement methods. Compared with existing
methods, the application of the new method on the test transformer reveals several following
advantages:

— The core’s electrical parameters are now available for any relevant purpose, e.g. diag-
nostic of core failures based on calculated electrical parameters. In addition, thanks to
the new method, the frequency dependency of core section parameters of any trans-
former in broad frequency range can be determined, which is considered useful in identi-
fication of the total capacitance from which the contribution of the winding series ca-
pacitance is found easily.

— Thanks to the core inductances, the total capacitance is determined which gives the con-
clusion that the series capacitance of the HV windings is very small to be neglected.

— The FRA interpretation based on transformer’s electrical parameters and the duality
based equivalent circuit is valid from 20 Hz to around 30 kHz. The valid frequency
range extended with the adjusted equivalent circuit confirms that the distributed equiva-
lent circuit should be used for high frequency analysis, which requires the availableness
of detailed transformer design data.

— For diagnostic of several electrical/mechanical failures in the transformer’s active part,
the method shows clearer contribution compared with the FRA assessment rules based
on the Chinese standard [DL/T911-04]. It is thus suggested that the method should be
combined with existing methods for getting a better diagnostic in reality.
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5 Case study II: A 2.5 MVA 22/0.4 kV DynS5 transformer (T,)

In chapter 4, the proposed method has been successful applied to analyze the electrical parame-
ters referred into the star HV winding of the small distribution 0.2 MVA 10.4/0.462 kV trans-
former (T)) for purposes of FRA interpretation and failure diagnostic. It is therefore required that
electrical parameters referred into a delta winding of a larger power transformer should be inves-
tigated through the proposed method so that the method can be applied in reality in general. As a
result, a medium distribution 2.5 MV A 22/0.4 kV sealed transformer (T,) is absolutely an appro-
priate test object to test the proposed method.

Since the transformer T, is completely new and sealed as shown in Figure 5.1, only the electri-
cal parameters referred into the HV delta winding of the test transformer when it is in healthy
condition are searched for mainly the FRA interpretation. The electrical parameters are also
“fingerprints” for a diagnostic in the future when there is any problem occurring in the trans-
former due to failures:

— Leakage inductances and winding resistances

— Core section impedances

— Ground and inter-winding HV-LV capacitance

— Winding series capacitance

Parameter Value Unit
Rated power 2500 kVA
Rated voltages | 22/21.5/21/20.5/20 0.4 kV
Rated currents 72.17 3608.4 A
Vector group Dyn5
Frequency 50 Hz
Rated short-
circuit voltage 564 %
Year 2011

Figure 5.1: Appearance of the transformer T, and its name-plate data

5.1 Application of the new method in determination of electrical parameters referred into
the HV delta winding

In this section, the electrical parameters of the test transformer T, referred into the HV delta
winding will be analyzed through the proposed method presented in chapter 3 to check whether
the new method is still appropriate for delta windings of larger power transformer, compared
with star winding of the small distribution transformer T;.

The first difference in analyzing delta winding in transformer bulk compared with star winding is
when a phase delta-connected winding is excited, other phase windings have also currents so the
influence of other phase windings on the excited phase winding in short- or open-circuit tests is
obvious. In addition, the zero-sequence impedance is neglected since it cannot be determined at
the delta side and its influence on terminal frequency responses is insignificant. Figure 5.2
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depicts the equivalent circuit of the transformer T, for analysis of the electrical parameters re-

ferred into the HV side.
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Figure 5.2: Duality based equivalent circuit for analysis of the transformer T, at the delta

winding side
5.1.1

The per-phase short-circuit input impedance
test on the delta winding is performed simi-
larly like that for the star winding, e.g. for
the test on the phase-A winding, the source
is supplied between terminals A and B
while the terminals a and n are shorted. Ac-
cording to the adapted approach in calculat-
ing winding resistances and leakage induc-
tances, a low frequency range should be
first identified from relevant measured im-
pedances.

Figure 5.3 shows the measured input im-
pedance observed at phase A of the trans-
former to identify the low frequency range
within which the electrical parameters are
extracted. From that the range of frequen-
cies from 20 Hz to around 1 kHz is selected
for extraction of winding resistances (via
total resistance representing for stray losses)
and leakage inductances. Figures 5.4a and

Per-phase winding resistances and leakage inductances

Magnitude in Q@ —>

—>

Phase in °

Decrease at
low frequencies

2 103 104 5 6

Frequency in Hz

10

Figure 5.3: Frequency response of input imped-

ance measured in the short-circuit test
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5.4b plot the measured and fitted frequency dependent functions of the electrical parameters re-
ferred into the HV side in wide frequency range for illustration.

T 1067 * measured T 600 * measured |
c —fitted % —fitted
£ = 400f
[
g g
2 s 200f
= 5
& EREN | | | | |
100 1000 10t 100 10° 100 10° 10 10° 10°
Frequency in Hz —> Frequency in Hz —>
a) Total resistance Rgiray 1osses Of phase A b) Leakage inductance of phase A

Figure 5.4: Calculated values from measurement at low frequencies and fitting frequency de-
pendencies in broad frequency range

In Figure 5.4b one can observe easily that the measurement results and thus the frequency de-
pendency of the leakage inductance is not valid at low frequencies from 20 Hz to more than 200
Hz; it is due to the abnormal tendency of the phase angle at such frequencies. In contrary with
the measured short-circuit impedances of the other transformers T, and Ts, the impedance’s
phase angle in this case decreases with increasing frequency at those frequencies (see Figure
5.3), resulting in a significant decrease of the calculated leakage inductance starting at 20 Hz,
which is probably due to influence of core inductance [Lachman-97]. This can be explained as
follows: at an applied voltage lower than a minimum threshold associated with a limit point on
the B-H curve, the flux density in the transformer core is extremely low; in such cases the trans-
former operates at a point lower than the limit point on the B-H curve, where “the magnetic per-
meability of the steel may be several orders of magnitude lower than in the operating region”,
hence the core inductance decreases (compared with that at high applied field) and affect the
measured impedance in the short-circuit tests. When frequency increases, the influence is less
and thus the calculated per-phase leakage inductances become reasonable.

Then another question arises: why does the inaccuracy of calculated leakage inductances at very
low frequencies appear only on the transformer T, whereas the same low voltage (~1 V) is ap-
plied in measurements for all tested transformers? The answer is simply the differences of the B-
H curve between the transformers’ cores and their limit point since only the transformer T, is
new compared with other transformers (manufactured in 2011 with good material and modern
technology). The inaccuracy of calculated leakage inductance at very low frequencies does not
affect the simulation of open-circuit frequency responses since core impedances are dominant at
those frequencies but for the diagnostic, the constant tendency at higher frequencies, e.g. starting
from 300 Hz, should be used since it is comparable with the measured values obtained from the
relevant conventional test carried out at higher applied field (supplied current 1 A).

For comparison of results between the conventional (CON) and input impedance (IMP) mea-
surement-based approaches, Table 5.1 introduces per-phase leakage inductances derived from
the two approaches and errors between them at several low frequencies.
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Table 5.1:  Per-phase leakage inductance referred into HV side

Leakage inductance, in mH
Fre-
quency Phase A Phase B Phase C
inHz | con | e | 2% | con | e | BT | con | e | BTTOR
in % in % in %
20 123.1 638.5 419 125.6 545.6 334 129.2 726.8 463
50 117.6 215.9 83.6 119.6 199.1 66.5 122.9 2423 97.2
100 116.3 143.7 23.6 118.2 141.2 19.5 121.3 155.1 27.9
200 1153 123.5 7.1 117.2 125.1 6.7 120.7 131.0 8.5
300 114.2 119.1 43 116.1 121.5 4.7 119.2 125.8 5.5
400 113.8 117.3 3.1 115.7 120.1 3.8 118.6 123.7 4.3

5.1.2 Core section inductances and resistances

According to the method proposed in chapter 3, core section inductances and resistances referred
into the delta winding of the transformer T, are determined from open-circuit input impedance
measurements at low frequencies and the “reference curve” approach at high frequencies.

5.1.2.1 Measurement-based core electrical parameters at low frequencies (20 Hz to 60 Hz)

The core electrical parameters (Z;, Zy) referred into the HV side of the transformer are then de-
termined based on analysis the full input mode according to (3.8) applied on the reduced equiva-
lent circuit in low frequency range from 20 Hz to 60 Hz. Afterwards, they have to be converted
into the relevant fundamental components (R, Li, Ry, Ly) whose values in the low frequency
range are depicted in Figure 5.5.

6 50F
t o) f —LI
G ) 45+ ......... Ly B
0 o 40 T
g e
7 g 35
: :
10 30° ‘ ‘ ‘ :
20 30 40 50 60
Frequency in Hz —> Frequency in Hz —>
a) Core leg and yoke resistances b) Core leg and yoke inductances

Figure 5.5: Calculated core electrical components from measurements

Due to the uncertainty of the transformer’s operating point on the B-H curve at low applied field
mentioned in section 5.1.1, it is suggested that the core inductances calculated based on analysis
of open-circuit input impedance measurements shown in Figure 5.5b are only suitable for inter-
pretation of frequency responses measured also at the same applied voltage.
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The calculated core electrical parameters
Ri, Ry, L, Ly are then fitted into frequency
dependent functions for application. To
check the performance of the fitted func-
tions Ri(f), Li(f), Ry(f), Ly(f), Figure 5.6
depicts a comparison between the mea-
surement result and its recovery from the
fits of an open-circuit input impedance. 120 40 60
Very small error of the magnitude and ac-

ceptable error of phase angle in the low fre- 90
quency range in Figure 5.6 confirm the
success of the analytical and fitting process
proposed for analysis of core electrical
parameters referred into the delta winding
side.

=" | measured
—recovered from fits

Magnitude in kQ —>
98]

—>

Phase in °

5122 Formula-based core electrical 804 0 60
parameters at frequencies higher
than 60 Hz

Frequency in Hz —>

Figure 5.6: Measured and recovered frequency
Since the transformer design data for calcu- response of the open-circuit input
lation of core impedances at high frequen- impedance observed between termi-
cies are not available, the “reference curve” nals A-B at low frequencies
approach is then applied instead. According
to the approach, values of core resistance and inductance at the transition frequency (60 Hz) are
required; afterwards the “reference curves” are adapted using multiple factors to obtain the skin
effect based core electrical parameters at high frequencies. The multiple factors are determined
in detail at the transition frequency as shown in Table 5.2.

Table 5.2: Approximate calculation of the multiple factors for the adaptation

Electrical parameter | Measurement-based Normalized value of the Multiple factor
of the core value at 60 Hz reference curve at 60 Hz
A) (B) (A/B)
legs 0.83 14.81
Resistance MQ 0.056 MQ
yokes 0.24 4.32
legs 31.65 31.65
Inductance H 1 H
yokes 35.34 35.34
5.1.2.3 Frequency dependency of core electrical parameters in broad frequency range

Figure 5.7 plot frequency dependencies of core electrical parameters referred into the HV side of
the transformer T, in broad frequency range. It is noted that the core yoke has higher inductance
than the core leg, which is contrary to the tendency of the transformer T,. Explanation for such
property will be given in the section of FRA interpretation since there is another phenomenon
discovered when analyzing the contribution of core resistances to the frequency responses at
resonances caused by the interaction between core inductances and winding capacitances.
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Figure 5.7: Plots of frequency dependencies of core section electrical parameters in broad fre-
quency range

5.1.3  Ground and inter-winding HV-LV capacitance

Since the approach for calculation of ground and inter-winding capacitance from input impe-
dance measurements does not depend on how the winding is connected, the capacitances can be
determined thanks to the developed algorithms which are able to recognize automatically the low
frequencies where pure capacitive characteristic reaches. Table 5.3 compares the capacitances
derived through the two methods: the conventional (CON) and proposed (IMP) ones.

Table 5.3: Capacitances determined through the two methods

Capacitance, CON IMP Error,
in pF (measured at 10 kV, 50 Hz) | (measured at 1V, ~1 kHz) in %
Cua 1732 1733 0.1
CLg 16424 16029 2.4
CuL 9135 9138 0.03

It is realized in Table 5.3 that the errors are small compared with that for the transformer T}, that
means the proposed approach is successful tested. The reason is that the transformer T, and also
its insulation system are new with corresponding measured dissipation factors of insulations bet-
ween HV to ground, LV to ground, and HV to LV are lower than 1 % at frequencies from 50 Hz
to 400 Hz.

5.2 Parameter-based FRA interpretation and failure diagnostic

From now it is possible to simulate frequency responses measured at transformer terminals for
the purposes of determining whether the winding series capacitance has significant influence to
the total capacitance and interpreting the frequency responses in terms of individual electrical
parameters in the equivalent circuit.

Similarly to the transformer T, only open-circuit frequency responses are investigated since the
other ones, i.e. short-circuit, capacitive and inductive, are simple to interpret as they reflect rele-
vant individual electrical parameters.
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5.2.1 Parameter-based FRA interpretation in broad frequency range

5.2.1.1 Interpretation of frequency responses of open-circuit input impedances
The equivalent circuit in Figure 5.1 without 10°F
appearance of the series capacitances of HV T S P measured
and LV windings (Cs) is used to simulate o 07 __ simulated
. . = 4 (without Cs)
the measurement configuration of different -7 107
open-circuit input impedances measured at E 10°]
the HV side of the transformer. To show a & [0?|  caused by lack of
typical result of the simulation, Figure 5.8 = winding series capacitances

compares measured and simulated fre- 1(‘)2 1(‘)3 1(‘)4 1(‘)5 166
quency responses of the open-circuit input

impedance observed between terminals A redteney i 2
and B. Figure 5.8: Measured and simulated frequency
response of the open-circuit input

In Figure 5.8 it is clear that there is a certain impedance between terminals A-B

deviation between the measured and simu-

lated frequency response at mid and even high frequencies, which is caused by lack of the win-
ding series capacitance. In this case the series capacitance has significant contribution to the total
capacitance and thus cannot be neglected like in the first case study for the transformer T;.

Then the new approach in determining the winding series capacitance is applied thanks to simu-
lation: various values of the capacitance are applied in the simulation in order to minimize the
deviation between simulation and measurement at mid frequencies. Whenever the deviation dis-
appears, it is said that the series capacitance is well identified. The approach is successful if core
electrical parameters are appropriately determined in advance, since otherwise the simulated
resonances between total core inductances and winding capacitances are different from the mea-
sured ones.

In fact there are two different series capaci- 10 ;

tances of the HV and LV windings, which 5 U measured
tribute i I to the total it 10°¢ ____ simulated

contribute in general to the total capacitance o Coith CofD) |

in transformer bulk. However, the contribu-
tion of each of them is not identical depen-
ding on several factors, e.g. the ground and
inter-winding capacitance and the winding
connection. In principle, the two capacitan- 162 163 1(')4 1(')5 166
ces can only be determined based on analy-
ses on two sides of transformers. Neverthe-
less, it is realized through simulation that
the series capacitance of the LV winding in
this case does not influence much the open-
circuit frequency responses simulated at HV
side; therefore it is easily to find the series capacitance of the HV windings (Csy is identified
approximately 2.3 nF) by simulation as shown in Figure 5.9.

Magnitude in Q —»

Frequency in Hz —>

Figure 5.9: Measured and simulated frequency
responses of the open-circuit input
impedance between terminals A-B
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When the winding series capacitance is taken into account in the simulation, the deviations bet-
ween simulations and relevant measurements are eliminated, but there is still a disagreement at
the resonances caused by interaction between core inductances and winding capacitances. Ac-
cording to analytical analysis, the disagreement is due to the resistive components in the circuit,
the core resistances, since the capacitances have no accompanied conductances in the equivalent
circuit.

— measured
simulated (without CsH) [
simulated (with CsH)

A simple approach is then tested to confirm
the problem caused by core resistances: part
of the core resistances are then removed in
the simulation to observe the tendency of
new resonances. It is found that in case only
the resistances of the two outer legs, i.e. Rja
and R;c, appear in the circuit (other core

Magnitude in Q —»

resistances are removed), the simulated fre- 10° 10° 10 10’ 10°

—>

quency responses match very well with the

measured ones as illustrated in Figure
5.10. This fact, together with the abnormal
tendency between core yoke and leg induc-

Frequency in Hz

Figure 5.10: Measured and simulated frequency
responses of open-circuit input im-
pedance of phase A (with part of

tance in section 5.1.2.3, give a conclusion
that the core resistances calculated based on
the “reference curve” solution is not so appropriate for new transformers. It can be explained
based on the fact that the transformer T, is relatively new (manufactured in 2011) whereas the
“reference” transformer T, is old (manufactured in 1955). The improvement in production of
transformer core in terms of material and technology, e.g. grain-oriented steel and step-lap joint
technique [ABB-07], is obviously more effective in reducing core losses; that means the core
resistances are not high enough to limit the losses, which causes the disagreement at the parallel
resonances between the core inductances and the winding capacitances.

From Figures 5.10, the interpretation of non-standard open-circuit frequency responses can be
obtained thanks to the simulations where individual components are separately investigated as
follows:

- Region ® (20 Hz to 60 Hz): dominant by inductive core influence.

- Region @ (60 Hz to around 3 kHz): interaction between core inductances and winding
capacitances (from inductive into capacitive behaviour).

- Region ® (3 kHz to around 20 kHz): defined as the mid frequency range where winding
capacitances are dominant. The contribution of the winding series capacitance is signifi-
cant, which is not the case in analysis of winding capacitances for the transformer T;.

- Region @ (20 kHz to 300 kHz): it is thought that in this region there is the interaction
between winding capacitances and leakage inductance in a capacitive tendency (effect of
the leakage inductance can only be realized from the simulation when it is moved into the
winding area to form the adjusted circuit like that of the transformer T)

- Regions ® (300 kHz to 2 MHz): interaction between winding capacitances and all
inductances, including parasitic inductances from other components outside the trans-
former.

core resistances)
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52.1.2 Interpretation of frequency responses of open-circuit voltage ratios (the standard

EEOC-FRA tests)

. Y I I T B T e measured
For the interpretation of t.he stand.ard .fr‘e- 01| — simulated (without CsH)
quency responses, the equivalent circuit in | | | simulated (with CsH)
=207

Figure 5.2 is still exploited for simulation,
but adapted based on measurement configu-
rations for standard frequency responses.
Figure 5.11 shows a typical comparison
between a measured frequency response of
voltage ratio between terminals C and A
and its simulation result when the Cy does
not and does appear in the equivalent cir-
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Magnitude in dB —»

o
S

107 10° 10* 10° 10°

Frequency in Hz —>

cuit. In case the Cgy is not in the circuit,
deviations between measured and simulated
frequency responses at mid (and also high)

Figure 5.11: Measured and simulated typical
standard frequency response
(with/without Cgyy)

frequencies are still observed and larger

than that in Figures 5.8 and 5.10, indicating that the effect of series capacitances is different in
different measurement configurations. In addition, good congruity between measured and simu-
lated (with Cgy) frequency response at low and mid frequencies obtained in Figure 5.11 when
only part of the core resistances (Rja and R;¢) appears in the circuit confirms the validation of
the conclusion in applying the reference curve approach developed from an old transformer to a
new transformer in the last sub section.

--------- measured
S simulated (all R1, Ry)

——simulated (R1A and R]V y o

Figure 5.12 shows again the comparison of
the measured and simulated standard fre-
quency responses in Figure 5.11 but in term
of appearance of core resistances (Cgsy 1s
considered in the simulations). It confirms
that whenever good performances are
achieved from the simulations of non- '
standard frequency responses, the same ten- = 3 " v X

o

A D
S S

o
S

Magnitude indB —»

%
S

. . . 10 10 10 10 10
dency will also be obtained for the simula-
tions of the standard frequency responses.
That means the FRA interpretation can be

Frequency in Hz —>

Figure 5.12: Measured and simulated typical

made from the simulations of either non-
standard or standard frequency responses. It
is also noted that the standard frequency
responses can also be used to determine the winding series capacitance, but for the characteriza-
tion of other electrical parameters, the non-standard frequency responses should be referred only.

standard frequency responses
(fully/partly core resistances)

5.2.2  Parameter-based failure diagnostic

To diagnose mainly the electrical and mechanical failures in transformer active part, the electri-
cal parameters determined through the proposed method at low frequencies, i.e. based on mea-
surements, can be used as “fingerprint” for any comparison in the future; the high-frequency
values calculated reasonably from analytical formulae are only appropriate for simulation-based
interpretation of frequency responses.
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Table 5.4 lists values of electrical parameters calculated from the proposed method for diagnos-
tic purpose. Note that due to the significant change of core parameters at low frequencies, only
constant values at the transition frequency (~60 Hz) are considered as reliable indicators to diag-
nose core failure. Furthermore, the HV windings of the transformer T, have high series capaci-
tance (~2.3 nF) compared with their ground capacitance (Cgy = Cug/3 = 0.58 nF), which is ex-
pected helpful in detecting mechanical failures in the windings later on. However, the resistive
components such as core and winding resistances may not be reliable since their performance at
very low applied voltage is not fully investigated and recommended for any diagnosis so far.

Table 5.4: Electrical parameters (referred into the HV side) of the transformer T, calcu-
lated from the proposed method

. . at frequency, | Applicable for
Electrical parameter Value Unit . . .
in Hz diagnostic
R, 0.83 MQ ~60
Core leg
L, 31.65 H ~60 v
R, 0.24 MQ ~60
Core yoke
L, 35.34 H ~60 v
Lisa 119.1 mH 300 v
Leakage inductance Lig 121.5 mH 300 v
Lic 125.8 mH 300 v
) Cug 1733 pF v
Ground capacitance
CiLg 16029 pF v
Inter-winding capacitance Cur 9138 pF v
. . Csu 2.30 nF v
Series capacitance
CsL - -

5.3 Summary

Application of the proposed method in chapter 3 on the transformer T, in determination of its
electrical parameters for purposes of FRA interpretation and failure diagnostic is basically suc-
cessful implemented. The core, leakage inductances and different winding capacitances (ground,
inter-winding and series) are reasonably calculated, which yields very good matches between
measured and simulated frequency responses in broad frequency range. The fact that the winding
series capacitance is identified via simulation approach confirms that the winding series capaci-
tance in transformer bulk is now determinable, which is considered valuable for investigations
on frequency dependent performances of power transformers such as FRA (in frequency do-
main) or transient analysis (in time domain). It is important to recall that currently the winding
series capacitance is neglected in transient analysis in power transformers [Mork-07a, Mork-07b,
Martinez-05b, Hoidalen-08, Chiesa-10b etc.], which might contribute to large errors in case the
series capacitance is much higher than other capacitances, e.g. when the winding is multi-layer
or interleaved one. The high total capacitance contributed from all capacitances of the trans-
former T, is the reason for the fact that the core’s electrical parameters are only dominant in
open-circuit frequency responses within a very limited low frequency range, from 20 Hz to 60
Hz, compared with the range from 20 Hz to 400 Hz for the T, transformer core.



6 Case study II: A 6.5 MVA 47/27.2 kV YNd5 transformer (T5) 99

6 Case study III: A 6.5 MVA 47/27.2 kV YNdS transformer (T3)

In chapters 4 and 5, the proposed method has been basically successful applied to analyze the
electrical parameters referred into the star HV winding of the small distribution 0.2 MVA
10.4/0.462 kV transformer (T;) and the delta HV winding of the medium distribution 2.5 MVA
22/0.4 kV transformer (T,) for purposes of FRA interpretation and failure diagnostic. The com-
mon point between the investigations in the two chapters is analyses at the LV winding side are
not executed since the input impedances observed at this side are too low to be measured cor-
rectly. Therefore a larger power transformer that enables analyses at both sides is therefore
required to be investigated since large power transformers are the most important ones in the
power system compared with small or medium power transformers.

Thanks to the cooperation between Schering-Institut and Omicron electronics concerning trans-
former parameter determination, the author had a chance to investigate the proposed method on a
large distribution transformer at Klaus, Austria: a 6.5 MVA 47/22 kV YNdS5 transformer (Ts)
whose appearance and name-plate data are shown in Figure 6.1. The transformer T3 not only
meets the above-mentioned requirements but also has a very appropriate vector group (YNd5)
with different winding connections, i.e. star-delta, so that it is considered as a perfect test object
to test. Similarly to the transformer T, the transformer Tj is sealed, that means the electrical pa-
rameters calculated from the proposed method are used for mainly FRA interpretation purpose
and as “fingerprints” for any diagnostic in the future. In this chapter, results obtained from the
new method will be compared with those derived from conventional measurement methods per-
formed by Omicron for an objective conclusion for the application of the new method in reality
[Pham-13b].

Parameter Value Unit
Rated power 6500/ 7800 kVA
Rated voltages | 51.7/47/42.3 27.2 kv
Rated currents 79.8/95.7 138 /166 A
Vector group YNd5
Frequency 50 Hz
Rated short-
circuit voltage 6.26/5.95/5.68/7.51/7.14/6.81 %
Year 1962

Figure 6.1: Appearance of the transformer T3 and its name-plate data

6.1 Application of the new method in determination of electrical parameters referred into
the HV star winding

The equivalent circuit for analysis at HV side at balanced excitation is introduced in Figure 6.2
which should be adapted for single phase measurements as mentioned in chapter 3. The adapta-
tion is mainly on the appearance of zero-sequence impedances and leakage inductances that
might not be very important since it is realized through simulation that there is no significant
difference between simulated frequency responses when one, two or three zero-sequence impe-
dances and/or leakage inductance are considered in the circuit. The most important thing is that
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one circuit is only suitable for analysis at one side; for analysis at other side of the transformer,
another circuit should be developed with regard to the changes of the ideal transformers and the
values of resistive and inductive components. Thus the circuit in Figure 6.2 is only appropriate
for analysis of the transformer electrical parameters referred into its HV side.
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Figure 6.2: Duality based equivalent circuit for analysis of the transformer T; at the star win-
ding side

6.1.1  Per-phase winding resistances and
leakage inductances

The short-circuit input impedance test for
determining per-phase winding resistances
and leakage inductances of the transformer
T3 is shown in chapter 3 and will not be re-
called here. To find the low frequency range
for calculating the winding resistances and 162 163 164 165 166
leakage inductances from measurements,
Figure 6.3 plots the measured input impe-
dance observed at phase A of the transformer
from which the range of frequencies from 20
Hz to 400 Hz is selected to calculate the pa-
rameters thanks to the adapted approach in
chapter 3. The calculated values from mea-
surements at low frequencies and fitted fre- .90

Magnitude in Q@ —>

Phase in ° —>

quency dependencies in broad frequency 10 10° 10 10° 10°
range for diagnostic and simulation purpose Frequency inHz ~ — >
are then introduced in Figures 6.4a and 6.4b. Figure 6.3: Measured frequency response of

input impedance

2
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Figure 6.4: Calculated values from measurement at low frequencies and fitted frequency de-
pendencies in broad frequency range

In Figure 6.4 it is observed that good results are derived from the calculation of the parameters at
low frequencies, e.g. the calculated inductances at different frequencies are nearly constant and
quite reasonable, which is not achieved with the transformers T, and T,. Compared with those
obtained from the conventional method (CON) conducted by Omicron, results obtained from
either measurement extracted values or fitted frequency dependencies (IMP) are quite similar as
observed from Figure 6.4 and Table 6.1. Note that the conventional measurements carried out by
Omicron are only at power frequency, which is still considered sufficient for real diagnostics.

Table 6.1:  Per-phase leakage inductance referred into HV side

. Leakage inductance, in mH
qu:: cy Phase A Phase B Phase C
inHz | con | e | 2" | con | e | "% | con | e | BTO°
in % in % in %

20 - 63.6 - 63.2 - 62.6
50 62.7 63.2 0.8 62.3 62.9 1.0 61.6 62.2 1.0
100 - 62.8 - 62.5 - 61.7

200 - 62.3 - 62.0 - 61.2

300 - 62.0 - 61.8 - 60.9

400 - 61.8 - 61.6 - 60.8

6.1.2  Zero-sequence inductance and resistance of the HV star winding

The zero-sequence test of the star winding for transformers with Yd or Dy vector group is
already introduced in chapter 3. For practical application, only analysis on the measured impe-
dance obtained after this test is sufficient without any further consideration on the influence of
the delta winding on the measured star winding. Therefore, only the measured impedance in
Figure 6.5 is required for the analysis.



102

6 Case study II: A 6.5 MVA 47/27.2 kV YNAS5 transformer (T5)

According to the adapted approach for deter-
mination of zero-sequence parameters, a low
frequency range is first requested from analy-
sis of the phase angle of the measured imped-
ance (from 20 Hz to 400 Hz) so that the resul-
tant zero-sequence inductance and resistance
are then determined plotted in Figure 6.6. Re-
call that the zero-sequence parameters in this
case are in accordance with the short-circuit
condition since the LV winding is the delta
one. However, it leads to no consequence
since the calculated short-circuit zero-
sequence parameters are part of the circuit
used for the analysis of open-circuit frequency
responses.
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Figure 6.5: Measured frequency response of
input impedance
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Figure 6.6: Calculated values from measurement at low frequencies and fitted frequency de-
pendencies of zero-sequence parameters in broad frequency range

Table 6.2 lists the zero-sequence inductances
of the star HV winding of the transformer T;
calculated from the adapted approach at
several frequencies from 20 Hz to 400 Hz and
from the test report of Omicron at 50 Hz for
comparison. Small error  between the values
at 50 Hz (0.8 %) indicates that the adapted
approach is best used for large power trans-
formers.

Table 6.2: Zero-sequence inductance referred

into HV side
Frequency | Zero-sequence inductance, in mH
in Hz CON IMP | Error,in %
20 - 59.8
50 58.4 58.9 0.9
100 - 57.9
200 - 56.9
300 - 56.4
400 - 56.1
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6.1.3 Core section inductances and resistances
6.1.3.1 Measurement-based core electrical parameters at low frequencies

According to the proposed approach for determination of core electrical parameters referred into
the transformer’s star winding in chapter 3, measurements of different open-circuit input impe-
dances at the analyzed winding side are carried out whereas the other winding is left floating.
Figure 6.7a illustrates the measurement circuit of a typical open-circuit input impedance at low
frequencies for easy observation while Figure 6.7b depicts the measured impedance in wide fre-
quency range for determination of the low frequency range for core parameter analysis. As a
result, the range of frequencies from 20 Hz to around 100 Hz is selected for the analysis since
within this range there is merely effect of core parameters in measured impedances.
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Figure 6.7: Measurement circuit and measured input impedance observed at phase A

Then the data fitting process based on (3.8) with full input mode is conducted to solve the
variables Z; and Z, at measured frequencies within 20 Hz to 100 Hz. With acceptable errors
reported after the process (maximum 2.39 % for magnitude and 0.69° for phase angle from the
nine measured configurations), the resultant Z; and Z, are then converted into their fundamental
components (R, L; and Ry, L, respectively) depicted in Figure 6.8.
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Figure 6.8: Calculated core electrical components from measurements
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6.1.3.2 Formula-based core electrical parameters at frequencies higher than 100 Hz

At frequencies higher than 100 Hz (to 2 MHz), the “reference” curves developed from the trans-
former T, are multiplied with factors in Table 6.3 to obtain the analytical values corresponding
to the measurement-based ones.

Table 6.3: Detailed calculation of the multiple factors for the adaptation

Electrical parameter | Measurement-based Value of the normalized Multiple factor
of the core value at ~100 Hz reference curve at ~100 Hz
A) (B) (A/B)
legs 0.45 8.04
Resistance MQ 0.056 MQ
yokes 0.43 7.68
legs 39.72 39.72
Inductance H 1 H
yokes 31.50 31.50

6.1.3.3 Frequency dependency of core electrical parameters in broad frequency range

Figure 6.9 plot frequency dependencies of core electrical parameters referred into the HV side of
the transformer T; in broad frequency range by combining those in Figure 6.8 and the
corresponding ones calculated from the reference curves with factors in Table 6.3. In Figure
6.9a, the core resistances are quite identical at high frequencies since the multiple factors are
nearly equal due to the similarity of measurement based values at 100 Hz. More importantly, it is
realized that the core inductances in Figure 6.9b have similar tendency, i.e. the relation between
core leg and yoke, with that of the transformer T; since both transformers have the same age (the
transformer T3 was manufactured in 1962).
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Figure 6.9: Plots of frequency dependencies of core section electrical parameters in broad
frequency range

6.1.4  Ground and inter-winding HV-LV capacitance

The capacitive input impedances tests were performed with nearly the same procedure compared
with that for the transformers T, and T,. The only difference is that normal wires (without shield)
were used to connect the measurement device to bushings and between bushings. Since the
capacitances are extracted from the measurements at high frequencies, around 1 kHz compared
with 50 Hz measured by the conventional method, large errors in Table 6.4 are obtained and
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might be explained due to interference from metal construction outside the transformer (see
Figure 6.1). Due to limitation of measurement time allowed by Omicron, measurements with
coaxial cables were not performed to check whether the problem comes from the wires. How-
ever, it is possible to state that the proposed approach in determining ground and inter-winding
capacitances of power transformers is quite reasonable.

Table 6.4: Capacitances determined through the two methods

Capacitance, CON IMP Error,
in pF (measured at 10 kV, 50 Hz) | (measured at 1V, ~1 kHz) in %
Cug 1966 1886 4.1
Cig 6620 6514 1.6
CuL 8060 7591 5.8

6.1.5 Contribution of winding series capacitances

The equivalent circuit in Figure 6.2 without winding series capacitances is used to simulate
configurations of different open-circuit input impedance tests measured at the HV side of the
transformer to identify the contribution of the series capacitances of the windings. To show a
typical result of the simulation at HV side, Figure 6.10 compares measured and simulated fre-
quency response of the open-circuit input impedance observed at phase A with measuring circuit
depicted in Figure 6.7.

In Figure 6.10 one can easily realize that
there is a certain deviation between the
measured and simulated frequency response
at mid frequencies from 1 kHz to 4 kHz,
where the winding capacitances dominate
other electrical parameters in the open-
circuit input impedances, which is totally . . ‘ ‘ ‘
caused by lack of the winding series capaci- 10° 10° 10° 10° 10°
tances (Cs). Frequency in Hz —>

--------- measured

____simulated
(without Cs)

Magnitude in Q —»

caused by lack of
102 | winding series capacitances

_ . i . Figure 6.10: Measured and simulated frequency
It is realized through simulation that the responses of open-circuit input im-

series capacitance of both HV and LV pedance of phase A

windings has influence to the open-circuit

frequency responses simulated at HV side. Therefore, the analysis of frequency responses at LV
side is also required to figure out the win-ding series capacitances.

6.2 Application of the proposed method in determination of electrical parameters re-
ferred into the LV delta winding

The equivalent circuit for analysis at HV side at balanced excitation is introduced in Figure 6.2;
however, it cannot be used to simulate measurements conducted at LV side due to arguments
introduced in chapter 3, e.g. the zero-sequence impedances are different if measurements are at
different sides. Therefore, the equivalent for analysis at LV side shown in Figure 6.11 (source is
applied on the right LV side) is necessary. Note that in the analysis, only the short- and open-
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circuit tests are considered since the zero-sequence test does not exist for the delta winding
whilst the capacitance test is already performed in 6.1.4.
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Figure 6.11: Duality based equivalent circuit for analysis of the transformer T at the delta
winding side at low frequencies

6.2.1 Per-phase winding resistances and leakage inductances

Similarly to the analysis at HV side, the same
low frequency range for calculating winding
resistances and leakage inductances from
short-circuit input impedance measurements at
LV side according to Figure 6.12 is obtained,
from 20 Hz to 100 Hz. Afterwards the electri-
cal parameters are determined and depicted in ‘ . ‘ .
Figure 6.13. Small differences between the 10 10 10 10 10
electrical parameters in Figures 6.13 (LV side)
and 6.4 (HV side) are observed and explained
due to the small ratio of the transformer 45!

Magnitude in Q —>

—>

(47/27.2 kV). Since there is no measurement =
result from the conventional method at LV ;ﬁ or
side, the comparison between the two methods & _45;
is not possible.
-90 2 5 v S &
10 10 10 10 10
Frequency in Hz —>

Figure 6.12: Measured frequency response of
input impedance at LV side
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Figure 6.13: Calculated values from measurement at low frequencies and fitted frequency
dependencies in broad frequency range

6.2.2 Core section inductances and resistances
6.2.2.1 Measurement-based core electrical parameters at low frequencies

For the analysis of the core electrical parameters referred into the LV side, Figures 6.14a and
614b present the measurement circuit of a configuration of an open-circuit LV input impedance
and its result respectively. Compared with that in Figure 6.7b, the measured impedance in Figure
6.14b is quite similar with regard to magnitude and phase angle at low frequencies, from 20 Hz
to 100 Hz; as a result, the core inductances referred into the LV side calculated after the fitting
process are comparable with those referred into the HV side whereas there is large deviation
observed with the core leg resistance R;. The large deviation of the resistive components is due
to small difference between measured phase angles taken into account in the fitting process and
has totally no significant influence to the circuit performance.
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Figure 6.14: Measurement circuit and measured input impedance observed at phase A
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Figure 6.15: Calculated core electrical components from measurements
6.2.2.2 Formula-based core electrical parameters at frequencies higher than 100 Hz

Table 6.5 lists measurement based core values at the transition frequency (100 Hz) and the rele-
vant multiple factors for getting the analytical values at frequencies higher than 100 Hz. A simi-
larity between the multiple factors in Tables 6.5 (for LV side) and 6.3 (for HV side), except for
core leg resistance, confirms that the parameters referred into both side are not significant
different, which is due to the small ratio of the transformer.

Table 6.5: Approximate calculation of the multiple factors for the adaptation

Electrical parameter | Measurement-based Value of the normalized Multiple factor
of the core value at ~100 Hz reference curve at ~100 Hz
(GY) B) (A/B)
legs 5.34 95.36
Resistance MQ 0.056 MQ
yokes 0.33 5.89
legs 40.35 40.35
Inductance H 1 H
yokes 32.11 32.11
6.2.2.3 Frequency dependency of core electrical parameters in broad frequency range

The calculated core parameters at low frequencies are then fitted and combined with those at
high frequencies to form the final frequency dependencies of the core parameters. Figure 6.16
plots frequency dependencies of core electrical parameters referred into the LV side of the trans-
former T3 in broad frequency range. It is noted that whereas the core inductances, the most
important electrical parameters, are comparable with those referred into HV side, the core leg
resistance at high frequencies (HF) is much higher than the core yoke resistance, which is not the
case for analysis at HV side. The large difference indicates that the “reference curve” approach is
only efficient when the values calculated from measurements are reasonable at the transition
frequency. It is therefore suggested that the low frequency range should be carefully selected
from the measurements in this case so that there is no significant change of phase angles of
impedances inputted into the fitting process. Nevertheless, even in such cases, the core parame-
ters are reasonable derived, which means the good performance of the approach is still reached
and guarantees for the success in practical applications.
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Figure 6.16: Plots of frequency dependencies of core section electrical parameters in broad
frequency range

6.3 Determination of series capacitance of the HV and LV windings

Contribution of the winding series capacitances to the total capacitance can be recognized from
observation of two typical open-circuit input impedances shown in Figures 6.17a and 6.17b
measured and simulated (without series capacitances Cs) at HV and LV side respectively. It is
realized from the figures that the contribution of the winding series capacitances is only signifi-
cant for open-circuit frequency responses at HV side. It is understandable since the ground
capacitance of the HV winding (~657 pF) is much lower compared with that of the LV winding
(~2.53 nF). Consequently, the series capacitances of the windings which are necessary for investi-
gations at HV side should be within a range of 657 pF to 2.53 nF.
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Figure 6.17: Typical open-circuit input impedances

Since the series capacitances of both HV and LV windings influence the open-circuit frequency
responses, judgments of possibilities of series capacitances of HV and LV windings can be based
on transformer type and rated voltages/currents because of unavailableness of design data. It is
well known that the series capacitance depends on only winding types and can be low (for con-
tinuous disc-type) or high (for interleaved disc-type). Since the transformer has rated parameters:
6.5 MVA, 47/27.2 kV and 79.8/138 A, it can be assumed that the transformer is a large distribu-
tion one with multi-layer windings (associated with medium series capacitance). Under this as-
sumption, the LV winding should have higher series capacitance. Simulation result shown in
Figure 6.18a in next section confirms this fact with approximate values of series capacitances of
1.3 nF for HV windings and 2.3 nF for LV windings. Although the series capacitances may not
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be accurate, the approach provides a possibility to know how high the series capacitances are as
compared with ground capacitances so that further investigations can be based on. It is valuable
not for FRA application but also for transformer transient analysis which neglects the series
capacitances due to their indeterminableness.

6.4 Parameter-based FRA interpretation and failure diagnostic

The proposed method was exploited to determine the electrical parameters that are considered
important for purpose of a physical FRA interpretation and a comprehensive diagnostic of failure
in the active part of power transformers. Each of the purposes then will be introduced in detail
below.

6.4.1 Parameter-based FRA interpretation in broad frequency range
6.4.1.1 Interpretation of frequency responses of open-circuit input impedances

The principle of the physical FRA interpretation is based on the circuit simulation by investiga-
tion of the contribution of individual components in the equivalent circuit to the simulated fre-
quency responses. For the transformer T3, interpretations of open-circuit input impedances at
both sides based on Figures 6.18a and 6.18b are quite similar in most sub frequency ranges,
except there is a difference at very high frequencies.
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G c
g g ]
0]
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Z 107} &
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Frequency in Hz —> Frequency in Hz —>
a) HV side b) LV side

Figure 6.18: Open-circuit input impedances

From Figures 6.18, the interpretation of non-standard open-circuit frequency responses at both
sides can be obtained as follows:

— Region @ (20 Hz to 100 Hz): dominant by inductive core influence.

— Region @ (100 Hz to around 1 kHz): interaction between core inductances and winding
capacitances (from inductive into capacitive behaviour).

— Region @ (1 kHz to around 3 kHz): dominant by winding capacitances. Contribution of
winding series capacitances to open-circuit frequency responses is only significant at HV
side.

— Region @ (3 kHz to 600 kHz): interaction between winding capacitances and leakage
inductance in a capacitive tendency. Only simulation of the distributed equivalent circuit
could give reasonable agreements at such frequencies!
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— Regions ® (600 kHz to 2 MHz): interaction between winding capacitances and all
inductances, including parasitic inductances from other components outside the trans-
former (capacitive tendency at HV side)

6.4.1.2 Interpretation of frequency responses of open-circuit voltage ratios (the standard
EEOC-FRA tests)

It is noted that the interpretation for non standard frequency responses in the sub section 6.4.1.1
can be also applied for standard frequency responses in Figure 6.19 in terms of influence of indi-
vidual electrical parameters in the circuit on the frequency responses in specific frequency
ranges. The interpretation of both non-standard and standard frequency responses concludes that
the duality based equivalent circuit for the transformer Ts is valid in a very limited frequency
range, from 20 Hz to 3 kHz, compared to the other test transformers. However, it is sufficient to
determine the electrical parameters applicable for physical FRA interpretation and failure diag-
nostic.
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Figure 6.19: EEOC-FRA traces (simulation with appearance of winding series capacitances)
6.4.2 Parameter-based failure diagnostic

To diagnose mainly the electrical and mechanical failures in transformer active part, the electri-
cal parameters determined directly from the measurements (core, leakage and zero-sequence
inductances as well as ground and inter-winding capacitances) and from the simulation (winding
series capacitances) through the proposed method can be used as “fingerprint” for the compari-
sons between phases (phase-based comparison mode) or between different time points (time-
base comparison mode). Table 6.6 lists these parameters obtained from the proposed method for
diagnostic purpose.

It is noticed in Table 6.6 that the winding series capacitances derived from simulation are in ac-
cordance with selected values of other electrical parameters determined from the proposed ap-
proaches. Thus these winding series capacitances may not be very accurate since there are cer-
tain errors of the ground and inter-winding capacitances compared with the conventional method
depicted in Table 6.4. It is also important to state that the measured ground and inter-winding
capacitances consist of other capacitive components inside transformers such as stray capacitan-
ces between winding leads and bushing capacitances. Nevertheless the proposed method is still
useful in detection of the parameter change which makes sense for the diagnostic.
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Table 6.6: Electrical parameters (referred into the HV side) of the transformer T3 calcu-
lated from the proposed method

t fi , | Applicable f
Electrical parameter Value Unit a r'equency pI.) 1ea e. or
in Hz diagnostic
R, 0.45 MQ ~100
Core leg
L, 39.72 H ~100 v
R, 0.43 MQ ~100
Core yoke
L, 31.50 H ~100 v
Leakage inductance Lsg 62.9 mH 50 v
Lsc 62.2 mH 50 v
Zero-sequence inductance L, 58.9 mH 50 v
CHG 1886 pF v
Ground capacitance
Crc 7591 pF v
Inter-winding capacitance CuL 6514 pF v
) . CSH 1.3 nF v
Series capacitance
CSL 2.3 nF v

6.5 Summary

The electrical parameters of the transformer T; are determined reasonably from the proposed
method for the purposes of parameter-based FRA interpretation and failure diagnostic. Several
conclusions about the electrical parameters can be drawn as follows:

— The resistive components in the equivalent circuit such as resistances of winding, zero-
sequence path and core sections are only appropriate for the simulation since they are not
consistent due to several factors: low applied voltage in measurements, uncertainty in
analysis (small variation of phase angles leads to large change on core resistance) etc.

— The core inductances and capacitances
determined from the proposed method
can be applied for both FRA interpreta-
tion and relevant diagnostic whereas the
zero-sequence/leakage inductance are
only appropriate for the diagnostic
since their influence on simulated fre-
quency responses i.s not clear. An ex- | 62 : 63 : 64 : (')5 | (')s
ample fqr apphcapon of the proposed Frequency in Hz ———»
method in analysis of the transformer
condition is a difference of 1.7 % be-
tween the leakage inductances of
phases A and C in comparison with no
information from the FRA assessment of the deviation between two standard frequency re-
sponses introduced in Figure 6.20 (or Figure 5 in the introduction part). Furthermore, the
information of the series capacitances derived from the proposed method is considered
valuable for diagnostic of mechanical winding failure, simulation-based interpretation at
mid and high frequencies and transient analysis of the transformer.

Magnitude in dB

Figure 6.20: Comparison of FRA traces mea-
sured on phases A and C at HV
side
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Conclusion

The dissertation is involved with two different issues in the field of diagnostics of electri-
cal/mechanical failures in the active part of power transformers, whose state-of-the-art can be
described as follows:

1. FRA interpretation and assessment to detect failures

Currently the FRA interpretation is mainly based on analysis of distributed transformer
circuits in terms of sectional electrical parameters calculated from design data. It is how-
ever realized that the interpretation of terminal frequency responses at mid and high fre-
quencies where effect of mechanical failures takes place has been not yet successful from
investigations of windings in transformer bulk; in fact the investigations are only reason-
able for analysis of windings when they are out of the transformers. Thus there is a ques-
tion concerning the improvement of investigations of the distributed equivalent circuit for
FRA purpose whereas the efficiency and effort are not proportional; in addition, the issue
of design data is also problematic, at least for old transformers in operation.

On the other hand, assessments of frequency responses measured at transformer’s termi-
nals are mostly based on non-physical analysis, e.g. correlation coefficients between
measured signals in different frequency ranges [DL/T911-04]. Due to the fact that the
non-physical analysis reveals limited information with regard to failure type and level, it
is therefore required that kind of physical analysis should be developed to support the
diagnostic.

2. Determination of necessary electrical parameters of transformers for failure diagnostic

At the moment most electrical parameters of power transformers could be determined via
conventional and advanced electrical testing methods, e.g. winding resistance, leakage and
zero-sequence inductance, ground and inter-winding capacitances. However, the core sec-
tion impedances and winding series capacitances are still in general indeterminable. For a
comprehensive parameter-based diagnostic of failures in the transformer’s active part, it is
requested that the core electrical impedances and winding series capacitances should be
identified.

In order to overcome these limitations for the purpose of getting a better failure diagnostic appli-
cable to power transformers in terms of a physical FRA interpretation and the determination of
key electrical parameters, the dissertation is promoted to find out a solution for solving both
problems.

The solution investigated in the dissertation is a new and non-destructive method in determina-
tion of electrical parameters of power transformers, which is proposed based on following
improvements/contributions from the author:
— Adaptation of the duality based equivalent circuit of power transformers, which is origi-
nally developed for transient analysis of power transformers in low and mid frequency
range
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— Selection of measurement of different input impedances carried out by means of the VNA
at low applied voltage (~1 V) and broad frequency range (20 Hz to 2 MHz) as the main
measurement since the measurement is required non-destructive and the determined
parameters should be later on available in broad frequency range for further analysis

— Adaptation/development of several existing and new approaches in determination of rele-
vant electrical parameters with regard to the measurements and corresponding analyses
based on the adapted equivalent circuit

The proposed method has been applied on three test transformers with different rated powers,
voltages and vector groups in order to check its performance for practical application. In sum-
mary, it can be stated that the proposed method is efficient for any two-winding transformer with
regard to parameter determination since all necessary electrical parameters of the tested trans-
formers could be determined conveniently by using only the VNA for the measurements. How-
ever, the effectiveness of the method for a better diagnostic of mechanical failures in comparison
with the current FRA method was confirmed for only the opened transformer T}, since there was
a chance to perform the failures in its active part; for the sealed transformer T, and Ts, the
method was only applied to determine their electrical parameters in healthy condition, which are
considered as “fingerprints” for any comparison in the future for diagnostic purpose.

Regarding the physical FRA interpretation based on electrical parameters, it is concluded that the
valid interpretation is limited from low to mid frequency range because of the lumped character-
istic of the circuit and its components. Although the physical interpretation seems to be not help-
ful for the diagnostic of mechanical failures in transformer windings, since the interest frequen-
cies associated with the failure is in mid and high frequency range, there are however three clear
contributions which are considered important for further researches in the FRA and transient
analysis field:

— The frequency dependency of electrical parameters of core legs and yokes is useful for
improving the characteristic of the distributed transformer circuit in interpretation in low
frequency range.

— The winding series capacitance in transformer bulk could be determined based on the
assessment of measured open-circuit frequency responses and interpretation of simulated
corresponding frequency responses at mid frequencies, where the total winding capaci-
tance is dominant in open-circuit frequency responses.

— The (lumped) electrical parameters determined through the proposed method are consi-
dered as fundamental information for development of a distributed equivalent circuit for
a better FRA interpretation at mid and high frequencies in cases transformer design data
are not available. The challenge is only to calculate self/mutual inductance of winding
sections from the leakage inductance since the sectional capacitances are easily found
from the equivalent capacitances. Although the precise determination of the sectional
inductances is hardly achieved, it is thought that reasonable calculation of the induc-
tances is feasible since there is a relation between self and mutual inductances along and
between the windings.

Below are separate conclusions obtained after applying approaches of the proposed method on
the three tested transformers.
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1. The duality based equivalent circuits

— The duality based equivalent transformer circuit is applied to analyze three different two-
winding transformers in whole frequency range but is valid in low and mid frequency
range. The mid frequency range is defined as the range where the influence of winding
capacitances become dominant on the open-circuit frequency responses.

— The duality based equivalent circuit is ideally for detailed investigation of the interaction
between core/zero-sequence inductances and winding capacitances. In fact interaction
between winding capacitances and leakage inductance is not obvious since the leakage
inductance belong to the electric-magnetic area in the circuit where the core and zero-
sequence inductances appear.

— Although the duality based equivalent circuit is applied on three two-winding distribution
transformers, it is expected that the circuit and the proposed method are still applicable to
other transformers with different structures, e.g. auto-transformers, three-winding trans-
formers etc. as confirmed through other researches.

2. First adapted approach in determining per-phase winding resistances and leakage in-
ductances

In the first adapted approach, the traditional short-circuit test is performed by means of a VNA
which is able to measure short-circuit input impedances in broad frequency range at both sides of
transformers. The associated electrical parameters derived from the approach can be applied for
both diagnostic purpose via measurement-extracted values at low frequencies and FRA interpre-
tation purpose via frequency dependencies developed based on measured values at low frequen-
cies and analytical formulae at high frequencies.

— Winding resistances determined from the method are not reliable for diagnostic purpose
since they have different tendencies between phases of even new transformers (the T).
That is caused by the low applied field produced by the instrument in the measurements
which associates with the non-predictable distribution of stray losses in transformer struc-
tures. It is recommended that the winding resistances should be measured at DC and AC
excitation mode at high applied field in addition for a consistent interpretation.

— In contrary with winding resistances, leakage inductances are reliably determined and
useful for diagnostic and FRA purpose thanks to the magnetic linearity of non-magnetic
materials, e.g. oil/air and winding insulations, in the leakage channel between windings.
It is suggested that the applied voltage should be higher than 1 V to remove the effect of
core inductance in the measurements (see chapter 5, section 5.1.1)

3. Second adapted approach in determining zero-sequence winding and inductance of the
star winding

In the approach, the traditional zero-sequence test is performed by means of a VNA in broad
frequency range. Similarly to the first adapted approach, the zero-sequence parameters derived
from this approach can be applied for both diagnostic and FRA purpose.

— The zero-sequence resistance does not play an important role in failure diagnostic since it
represents mainly the active losses associated with leakage paths outside the windings.



116 Conclusion

— The zero-sequence inductance can be interpreted together with the (positive-sequence)
leakage inductances to find out whether there is any movement of the windings. In
reality, the zero-sequence inductance depends much on position/connection of the win-
dings and in some cases (explained in chapter 3), it is not useful for diagnostic since its
value is less than the leakage inductances.

— The zero-sequence inductance is appreciably higher than the (positive-sequence) leakage
inductances in case the transformers have no tank. In such cases the interaction between
zero-sequence inductance and winding capacitances is prominent as introduced in chapter
4. In other cases the contribution of the zero-sequence inductance to the open-circuit fre-
quency responses is not observable since its value is less than that of the leakage induc-
tance.

4. First proposed approach in determining core section resistances and inductances

The first proposed approach is effective in calculation of core section electrical parameters from
open-circuit input impedances measured at transformer terminals regardless of how the windings
are connected, i.e. star or delta. Furthermore, application of the “reference” curves based on
analysis of a test transformer (the T;) in development of core electrical parameters of any trans-
former at high frequencies is in first time introduced. The core electrical parameters are then
useful for both diagnostic of core failures (via its parameters) and the FRA interpretation in low
frequency range.

— The proposed approach is considered very useful in calculation of core electrical parame-
ters from measurements at low frequencies at low applied field for analysis of frequency
dependent performance of power transformers. In fact it overcomes the problem of cur-
rent measurement methods for transformer core parameter calculation that if the trans-
former has any delta winding, it should be opened up.

— The “reference” curve solution provides the feasibility for the simulation in broad fre-
quency range by development of frequency dependencies of core electrical parameters at
high frequencies, which cannot be achieved from any other solution. It is concluded from
the investigations that the “reference” curve solution depends much on measurement
based values at low frequencies and is applicable to determine best the core inductances
at high frequencies in general.

5. Second proposed approach in measuring ground and inter-winding capacitance

The second proposed approach can be considered as an alternative of the conventional measure-
ment method using the guard technique mentioned in chapter 1 in determining ground and inter-
winding capacitance of power transformers, at least in research scale. Compared with the con-
ventional method which requires measuring devices with high applied voltage, the measurement
by means of a VNA at low applied field is more simple and safe. It is shown in chapter 5 that
high accuracy of the measured capacitances can be achieved from the proposed approach.

6. Third proposed approach in identifying winding series capacitance in transformer bulk

The topic of winding series capacitance has been investigated for a long time since it is one of
main electrical parameters for different transformer investigations. There is so far the only
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possibility of determination of the capacitance based on destructive measurements of distributed
voltages along the winding when it is brought out of the transformers. The third proposed
approach is therefore considered as the first fundamental one for a lot of investigations later in
the topic of determination of winding series capacitance in transformer bulk since it is shown
that the win-ding series capacitance could be at first time determined completely in transformer
bulk based on the combination of non-destructive measurements and simulation.
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