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Abstract

In this thesis a general purpose transformer model for low and medium frequency transient
studies is developed and verified. The inrush current phenomena during no-load energization
of power transformer is analyzed with special attention. The main challenge is to develop a
general model that is valid for a wide range of studies, while it relies on a limited number of
commonly available input data. The development of such engineering model is the ultimate
research goal.

The power transformer is an essential component in power systems and with exception of
transmission lines, it has the greatest exposure to electrical transients of all devices. The
models used to predict its transient behaviors are however not always adequate due to both
lack of data/measurements and knowledge. Situations of special concern are inrush currents,
switching and lightning impulse stresses, induced overvoltages and harmonics.

To predict the electromagnetic stresses on transformers, a calculation model must be estab-
lished. The single-phase based equivalent representation used in most of the present simu-
lation packages does not sufficiently account for the coupling between phases and the dif-
ferences caused by various iron core structures. The representation of hysteresis, anomalous
losses and remanence also needs improvements.

A valuable way to achieve a deeper understanding of the inrush current phenomena is through
extensive laboratory measurements on distribution transformers and field measurements on
power transformers. Experimental data are highly beneficial in the verification of the devel-
oped model.

Research questions:
e Parameter estimation is complex and not fully standardized. It may be a source of
error both in the way parameters are measured and post processed.

e When saturation is a concern, the importance of a correct representation of the core is
often underestimated. Several factors have to be taken into account as core topology,
behavior in extreme saturation, residual flux initialization.

e Manual initialization of the residual fluxes in a transformer model is not simple. The
understanding of the deenergization transient is important for the appropriate estima-
tion of the residual flux values.

Main contributions:

e The development of a general transformer model for transient studies.
e A proposed method for parameter estimation supported by sensitivity studies.

e Systematic measurements and simulations of ringdown and inrush transients have re-
vealed novel patterns in the inrush current first peak.

e Potential contribution to new mitigation methods.

e Measurements on three large power transformers of several MVA.
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Units of Measurement

MAGNETIC CIRCUITS

NAME SYMBOL [UNIT] EQUATION
Magnetomotive force (mmf) 5 [A-t] §=NI
Magnetic field intensity H [A-t/m] H=NIJ/l
(I = length)
Flux density B [T] [Wb/m?] B=uH
Permeability  [H/m] W= Loty
po = 471077
Flux ® [WDb] ® = BA
(A = cross-sectional area)
Flux linkage A [Wb-t] A=No
Inductance L [H] L=)\/I=N?/R=N?A
Reluctance RH] R=1/A
Permeance A [H] A = poprAJl

OHM’S LOow ANALOGY

ELECTRIC ‘ ‘ MAGNETIC
V =RI F=Ro
Current I[A] d [Wh] Flux
emf V V] S [A-t] mmf
Resistance R [Q] R [H ] Reluctance
Conductivity o [S/m]  [H/m] Permeability
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CHAPTER 1

INTRODUCTION

The market liberalization of the electrical energy sector started in Europe in the
1990s, with the objective of opening up the electricity market by gradually introduc-
ing competition. Businesses and private customers are theoretically able to choose
their suppliers freely in a competitive marketplace. To allow different players to enter
the market, production and distribution activities have to be run independently from
network operation. Under this situation, efficiency improvement, cost management
and investment reduction are the necessary tools to be more competitive. At the same
time, the demand for a reliable supply of energy has increased considerably requiring
nearly a no-fault operation of power systems.

This scenario is very challenging from the network operation and planing point of
view. The failure of equipment due to overloading, overvoltages, ageing, and misop-
erations of protective devices is likely to increase. The advent of smart and micro
grids systems with energy storage capabilities and/or private generation allows to
trade electrical energy in a dynamic way. More switching operations regulated by
the energy spot price are predicted. The number of electrical transient situations is
therefore believed to increase in a distributed power generation regime.

The age distribution of the transformer population is entering in a critical era. Many
transformers subjected to overload conditions and/or accelerating ageing might be
near at their end-of-life. A power transformer is a rather large and expensive unit
therefore, in a competitive and fairly low margin market, utilities tend to postpone
as much as possible the replacement of aged units. This inconveniently reduces the

-1-
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network reliability. A transformer breakdown could have consequences on the rest
of the power system and in addition the repair time of transformers is long. Time to
delivery for new power transformers is in the range of one year. To overcome this
problem the scientific community is asked to answer the question: "When should a
power transformer be replaced?".

The main approach to address this question is the study of materials ageing. This
involves ageing models of paper and press board, acid formation and voltage with-
stand reduction schemes. However, ageing studies and aging control techniques (e.g.
oil refurbishment) are believed to be insufficient to overcome the problem alone.
Unfavorable network situations have to be restrained as much as possible to limit
electromagnetic stresses, especially in case of aged units.

The withstand of electrical apparatus to overvoltages is assumed reduced both due
to aging and optimized design practice. Most of the electrical equipment installed
in the networks approaches a critical age. While condition assessment is arduous,
improved protection of electrical apparatus may extend their functional life and in-
crease the overall system reliability. In addition, the trend to cut the manufacturing
costs by optimization of insulating materials leads to a smaller margin in the design
practice. Increased accuracy in insulation coordination studies is required to identify
the vulnerable spots in a system in order to minimize the damages as a consequence
of steady-state, dynamic and transient overvoltages.

The number of transient situations is believed to increase in a distributed power gen-
eration regime. A wind farm will be extensively exposed both to switching and light-
ning over-stresses. The large number of generators and connecting cables in such
plants will also increase the risk of resonant phenomena. The understanding and pre-
diction of these situations can result in better protection schemes and integration of
power transformers in the network. Hazardous operations manifest as electromagnet-
ic transients and are usually difficult to accurately predict. They are inrush currents,
overvoltages, internal resonances, and lightning impulse stresses. Even though they
cannot be eliminated, it can be possible to limit and reduce them to a harmless state.

High inrush currents can result in voltage dips and tripping of differential current
relays both leading to a power quality reduction. Some providers have installed syn-
chronized breakers to migrate high inrush currents, but this practice generally results
in higher overvoltages and increases the risk of resonances. The trend of increased
short circuit capacity and reduced losses in power systems intensifies the inrush cur-
rent problem and makes the proper setting of relays more difficult.

1.1 Scope of Work

Calculation models must be established to predict electromagnetic stresses on trans-
formers. The single-phase based equivalent model used in most of the present sim-
ulation packages does not accurately represent the coupling between phases caused

2-
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by the configuration of the iron core and its construction. The representation of hys-
teresis, core losses and remanence should also be improved. Lack of input data is the
main problem as the typical test report procedure is often insufficient to establish an
accurate model.

The objective of this work is to perform a detailed study of power transformers and to
develop a transformer model to be used in transient simulation studies. A transformer
is a sophisticated electrical machine and its modeling is a challenge. The focus is on
transformer modeling from power frequencies and upwards below the first resonant
frequency at some kilohertz.

The inrush current occurring at the energization of a transformer may be considered
as one of the most demanding low-frequency transient to be modeled in a transformer.
Inrush currents are caused by saturation effects in the iron core when a transformer
is energized. The work puts a strong emphasis on inrush current modeling as it is
believed that if a transformer model can accurately predict inrush current transients,
it can predict most of the switching transients.

The main challenge in transformer modeling is the proper representation of the non-
linear core. A topologically correct model is required to predict the saturation effect
in each part of the core. Special attention will be paid to saturation, core losses, and
hysteresis loops. Another important characteristic for the model is the ability of flux
initialization. For this reason an advanced nonlinear inductor model is required.

Test report data is the "identification card" of a transformer and is usually the only
information available. The use of standardly available input data imposes a limit on
the detail level of a model. However, a model established mainly from this data will
be a fairly general model in contrast to design-based model (suitable for a specific
transformer only).

Generally, a better low frequency/electromagnetic transformer model will improve
the capability of estimating inrush currents and switching transients. A better knowl-
edge of network transients may produce a power quality improvement and reduce the
risk of failures. The overall benefits from this project will have relevance both for
the end users and for the manufacturers of materials and transformers. From the util-
ities, transformer manufacturers and service providers’ point of view this work has
the following points of interest:

e The availability of accurate and reliable simulation tools.

e The setting of protective relays to avoid tripping at transformer energization
for minimum inrush and maximum power quality.

o A way to better define rules for synchronized switching of transformers.
e The identification of situations that can result in transient overvoltages.
e The investigation of the causes of failures and the ways to avoid their repetition.

e The reduction of transformer stress situations.
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1.2 Research Context

The PhD work is part of a larger KMB! project administrated by SINTEF Energy Re-
search with title “Thermal and electromagnetic performance of transformers”. The
project is composed by three main activities: winding aging and maintenance, elec-
tromagnetic modeling, and copper sulfur. It has been financed by the Norwegian Re-
search Council and several industrial partners: Hafslund Nett, Statnett SF, Statkraft
Energi AS, NVE, EDF, Nynis Petroleum AB and ABB. The PhD work was financed
for 75% by the electromagnetic modeling part of this project.

Concerning my work, the research questions delineated by the project were related
to the improvement of transformer models available for electromagnetic transient
programs. In particular, an enhanced representation of energization transients was
desired. As a restraint, the model parameters should have been estimated primarily
from standardly available test report data.

Synergetic collaboration with Prof. B. A. Mork at Michigan Technological Univer-
sity (MTU) was maintained during the whole duration of the PhD. In particular, I
have been visiting MTU in 2006 for the duration of six months. The interchange
was extended for another six months welcoming at our institution the PhD student A.
Avendaiio from MTU. The collaboration with this PhD student was relevant for the
project. In spite of the common interest in transformer modeling, the research topics
remained clearly distinguished. The research of A. Avendaifio has a main focus on
the leakage model, with splitting of the winding representation in subsections for ex-
tension to higher frequency and modeling of internal faults. I was more involved in
transformer core and inrush current issues as extensively documented in this thesis.

1.3 Thesis Outline

The principal focus of this document is to provide background information and state
of the art knowledge on the main aspects of transformer modeling. The main contri-
butions and results are reported in publications in journals and conference proceed-
ings as outlined in Section 1.4.

This first Chapter 1 outlines the motivations and the context of this work.

Chapter 2 is the principal part of the document and is divided in three main sections:
state of the art of low-frequency transformer modeling, background information on
inrush current, and overview on modeling of a nonlinear hysteretic inductor.

Chapter 3 details the laboratory and test setup. The systematic energization and de-
energization measurements performed on two distribution transformer are shown. In

'Knowledge-building project with user involvement (KMB), http://www.forskningsradet.no/
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addition, few field measurements carried out on large power transformers are pre-
sented.

Chapter 4 discusses several topics that were triggered by this work and may be in-
spiration for future research activities. In particular, it treats 1) the development of
the model, 2) the generalization of the leakage reactance representation for differ-
ent configuration and number of windings, and 3) the possible improvements to the
Jiles-Atherton model when used for transformer modeling.

Chapter 5 contains the main conclusion of this work and suggests topics for further
research.

The code of the Jiles-Atherton model implemented in ATP based on the MODELS
language for the trapezoidal rule of integration is given in Appendix A.

The reprints of the most significant journal publications and conference proceedings
produced during this work are included in Appendix B.
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1.4 Publications
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[Pb3] A. Avendaiio, N. Chiesa, B. A. Mork, H. K. Hgidalen, D. Ishchenko, F. Gonza-
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current calculations: Simulations, measurements and sensitivity analysis,” IEEE
Trans. Power Del., 2010, accepted for publication, TPWRD-00942-2009.

[Pb8] N. Chiesa and H. K. Hgidalen, “Novel approach for reducing transformer in-
rush currents. Laboratory measurements, analytical interpretation and simula-
tion studies,” IEEE Trans. Power Del., 2010, accepted for publication, TPWRD-
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Publications relevant to the topic but not discussed in this document:

[Pb9] N. Chiesa and H. K. Hgidalen, “On the calculation of flux linkage/current-
characteristic for A-coupled transformer windings,” in EEUG Meeting 2005, Eu-
ropean EMTP-ATP Conference, Warsaw, Poland, Sep. 2005.

[Pb10] N. Chiesa and H. K. Hpidalen, “Modeling of nonlinear and hysteretic iron-core in-
ductors in ATP,” in EEUG Meeting 2007, European EMTP-ATP Conference, Leon,
Spania, Sep. 2007.
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My role in [Pb2] is related to the implementation of the core section of the model.
My contribution to [Pb3] is marginal and related to laboratory measurements and
implementation of the model in the simulation program. I am the main contributor
of all the remaining publications. The reprints of [Pb1, Pb4, Pb5, Pb6, Pb7, Pb8] are
included in Appendix B.
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CHAPTER 2

BACKGROUND / STATE OF THE
ART

Transformer modeling is a broad topic and models are widely used for the simulation
of transient behaviors [1-5]. An accurate representation of every transient situation
requires a model valid for a frequency range from dc to several MHz. This is very
difficult and in most of the cases is not feasible. Transformer models can be devel-
oped to be accurate for a specific range of frequencies. A classification of frequency
ranges of transients is proposed in [4] in accordance with what recommended by the
CIGRE WG 33.02:

e slow transients: from 5 Hz to 1 kHz.

e switching transients: from the fundamental power frequency up to 10 kHz.
e fast front transients: from 10 kHz up to 1 MHz.

e very fast front transients: from 100 kHz to 50 MHz

Each range of frequencies corresponds to some particular transient phenomena.
Transformer models with a different level of details can be developed to represent
the transients in the frequency range of interest as briefly outlined below [4].

Examples of slow transients are torsional oscillations, transient torsional torques, tur-
bine blade vibrations, fast bus transfers, controller interactions, harmonic interac-
tions, and resonances. Classical low frequency transformer models similar to the
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Figure 2.1: Low frequency model of a single phase transformer.

one shown in Fig. 2.1 can be used for the simulation of low frequency dynamics.
Three-phase transformer models are developed from this representation with a proper
connection of primary and secondary windings.

Switching transients are caused by energization and de-energization of system com-
ponents. The study of switching phenomena is useful for insulation co-ordination,
determination of arrester characteristics, calculation of transient recovery voltages,
and establishment of transient mitigation solutions. Transformer are usually repre-
sented by lumped parameter coupled-winding models. A sufficient number of R-L-
C elements ensures the appropriate frequency response of a model. The nonlinear
characteristic of the core is usually included, and for transients below 3-5 kHz the
frequency characteristic of the core may be neglected.

One of the primary cause of fast front transients are lightning strokes on overhead
transmission lines and substations. Studies are aimed to the design of transmission
lines and substations, and to the protection of equipments. Here transformer are
represented by their stray capacitances to ground. A model can be enhanced by
adding the inductive transformer model and relevant capacitances between windings.
The influence of the magnetic core is usually neglected in the study of high frequency
transients.

Very fast front transients typically occur in gas insulated substations. For such high
frequency transients, it is common to model a transformer as a capacitor. Inter wind-
ing capacitances are represented when the voltage transfer has to be calculated. At
very high frequency the leakage and magnetizing impedances can be neglected.

The scope of this work is to examine transformer models for the study of low-
frequency switching transients where saturation effects, nonlinearities, and losses
representation are the main concerns. This chapter present the state of the art of the
central topics of this work: low-frequency transformer modeling, estimation of inrush
current, and representation of nonlinear hysteretic inductors.

2.1 Low-frequency Transformer Modeling

The two main components to be considered when creating a low-frequency trans-
former model are the windings and the iron core. The windings representation deter-
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mines the transfer characteristic of the transformer (short-circuit response), while the
iron core representation controls the flux balance (no-load response) and the phase-
to-phase coupling (transformer topology).

A review of transformer modeling for low-frequency transients is given in [6—10].
These references suggest that a transformer model for transient studies should be
based on a topologically correct representation of the magnetic and winding struc-
tures. In most of the cases, a single-phase equivalent black-box model is not ade-
quate for representing unbalanced operations and nonlinear behaviors of three-phase
networks [11].

There are two main approaches for the modeling of transformers in the low frequency
range that retain the topological representation of the magnetic structure. On one
side, an equivalent magnetic circuit can be used to represent a transformer. An in-
terface between the magnetic model and the electrical network is then required. On
the other side, an equivalent electric circuit derived by duality transformation of the
magnetic circuit can be used to model a transformer directly in the electrical domain.
Both methods are appropriate for the representation of the transformer magnetic core
where the flux path are well defined, but rely on approximations for the representation
of the leakage flux paths.

2.1.1 Models based on a magnetic circuit

The electromagnetic structure of a transformer can be directly represented using re-
actances. Relatively complex structures can be examined as a magnetic model is
obtained by inspection as shown in Fig. 2.2. The accuracy of the magnetic circuit
is highly related to the assumptions made to discretize the magnetic structure in a
lumped parameter magnetic circuit. Nonlinear reactances are used to represent iron
limbs and linear reactances to represent air paths, [8,12,13]. In [12] a high order poly-
nomial function is used to model nonlinearity and hysteresis effects. The connection
between the magnetic structure and an electric network is not easily accomplished
and an interface need to be established. The windings have the function to connect
the two interdependent sub-systems through electric and magnetic equations:

u(t) = dA(t) /dt @.1)
i(t) = §(t)/N 2.2)

Core and winding losses cannot be directly included in the magnetic model and are
connected at the winding terminals [14, 15] in a similar way as shown in Fig. 2.2.
In [12] the eddy current losses in the core are accounted for by a voltage-dependent
resistance on the transformer terminals. Several assumptions of the flux distribution
among the three phases are required [16] to concentrate eddy current losses at the
winding terminals instead of at the corresponding core limbs. It is therefore difficult
to obtain a topological distribution of the core losses.
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Figure 2.2: Model based on a magnetic circuit.
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Elleuch and Poloujadoff [8] used a reluctance based model to study the influence of
zero sequence and leakage inductances on inrush current transients. In a following
work [17, 18], they used the same modeling approach to investigate the anisotropy
of magnetic materials and examine the flux distribution in the central T-joint. The
model has been used to simulate inrush current transients and is able to reproduce
spatial inequality of the flux distribution, the distortion of localized flux waveform,
and the circulating fluxes in a T-joint.

2.1.2 Models based on an equivalent electric circuit

The implementation of a reluctance model in an electromagnetic transient program
is complicated as an electric and a magnetic subnetworks have to be established and
mutually interconnected. An equivalent electric circuit of the reluctance model can
be derived by mean of a duality transformation as shown in Fig. 2.3 and as explained
below. The final circuit is a pure electric circuit that can be easily implemented
with standard electrical components. In addition, resistances can be connected in
parallel to the inductors to represent core losses, establishing an inclusive topological
structure.

Maxwell equations can be deciphered to help defining general rules for the discretiza-
tion of magnetic circuits.

V-D=p, (2.3)
V-B=0 (2.4)
B 0B
VxE=—>- 2.5)
L. . 9D
H= = 2.
V x J+ BN (2.6)

Equation (2.4) defines that there are no sources of magnetic flux, thus all the flux lines
have to be closed. This means that the net flux flowing inside and outside the surface
defined by a winding have to be equal. Electric potential and variation of magnetic
flux density are related as defined by (2.5). In the presence of an ideal short circuit
in a winding (E=0), the net flux flowing inside the surface surrounded by a winding
has to be zero. An electric short-circuit is therefore equivalent to a magnetic open-
circuit. It is reasonable to assume the space charges p, and the displacement current
oD /Ot identical to zero for this problem. Equation (2.6) simplifies to V X H=1.
This last equation implies that the magnetic field is deformed by a current flowing in
a winding. A winding with no current is neutral to the magnetic field and does not
modify the flux paths. This is represented by an electric open-circuit and the flux is
free to cross the area surrounded by the winding. The voltage induced in an open-
circuited winding is then defined by the net flux in the inner (or outer) area of the
winding due to (2.5). To satisfy the Maxwell equations, at least one magnetic branch
on the inside and one on the outside of a winding need to be available and be part of
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Figure 2.3: Model based on an equivalent electric circuit.
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the same circuit. In addition, each magnetic node has to be connected to at least two
magnetic branches to form a mesh.

The duality between electric and magnetic circuits and an efficient topological ap-
proach for constructing dual circuits were proposed by Colin Cherry [19] and have
been further formalized in [20]. The topological approach proposed by Colin Cherry
is valid for planar network and is limited to a maximum of three windings. For a
number of winding higher than three, the electrical network can be equivalent in term
of external effects, but is not representative of the internal fields. For example, a n-
winding planar magnetic network can be construct neglecting the multiple-linked air
fluxes. The practical application of the derivation of an equivalent circuit for three-
phase transformer is presented by Slemon in [21].

The conversion of the magnetic circuit to an electric equivalent representation does
not introduce approximations and is obtained by duality transformation. In this sense,
the phenomena of establishing a flux in a magnetic circuit due to the effect of a mag-
netomotive force (& = A-§) is dual of the creation of an electromotive force due to
the effect of a variable current (v = L- %) [22]. The magnetic across variable mag-
netic potential drop (M) is dual of the electric through variable current (z), and the
magnetic through variable flux (®) is dual of the electric across variable voltage (v).
The identification of the equivalent components is illustrated in Fig. 2.4: the electric
equivalent of a permeance (A) is an inductance (L), and the electric equivalent of
a mmf source (§) is a current source (¢). The duality transformation of series and
parallel connections is shown in Fig. 2.5. An example of the application of the topo-
logical method for constructing a dual circuit proposed by C. Cherry [19] is shown
in Fig. 2.6 for a simple structure. In Fig. 2.6 the magnetic structure is first discretized
and represented by a magnetic circuit. Then, a knot is defined and numbered at the
center of each mesh of the magnetic circuit. In addition a knot “0” is placed ex-
ternally. Finally, the topology of the electric circuit can be obtained drawing a line
between different knots according to few simple rules:

1. A line cannot cross the connections of the magnetic circuit (solid lines) but
only its elements (mmf sources and permeances).

2. If two knots need to be connected together, the connection must cross a single
element.

3. Each single element is crossed only once by a single line.
4. All elements have to be crossed by a line.
5. Each knot must have at least two connections.

The dashed line in Fig. 2.6 are sketched according to these rules. These lines rep-
resent the electric connections and the electric circuit can be obtain by substituting
the magnetic components with their electric equivalent. The directions of one current
source is chosen arbitrary to defines the correlation between the direction of mmf and
current sources. The remaining current sources needs to follow the same convention.
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Figure 2.6: Duality transformation: derivation of a dual circuit.

Saldafia and Calzolari [23] present some theoretical aspect on how to obtain electric
circuit of a transformer based on the principle of duality. They observe that the ac-
curacy of the dual electric circuit is largely dependent on the manner in which the
magnetic system is discretized into a magnetic circuit.

A detailed equivalent circuit model is presented by Dick and Watson in [24]. This
model is based on a topologically correct electrical equivalent representation of the
core and the windings. The linear inductances can be related to the physical geometry
of the transformer windings, while nonlinear inductances are a direct representation
of the reluctances of the iron core. The authors observe how in their model the mag-
netizing inductance of a core leg results connected to the respective inner winding,
while the zero sequence inductance and the delta connection used to model the effect
of a three-limb core should be attached at the outer winding terminals.

The limitation of a per-phase equivalent circuit and the need to represent the core
topology for the investigation of overvoltages is discussed in [11,21]. A model of
a five-legged wound-core transformer composed by four single cores bounded to-
gether is proposed in [11]. One of the first complete implementation of a topological
equivalent model of a five-limb transformer is given by Arturi [25]. He highlights
the importance of an air-branch in parallel to each iron-branch to model the heavy
saturated behavior. Ideal transformers are used to interface the core model to the ex-
ternal electric circuit, to take into account the actual number of turns, and to allow
star or delta connection of the windings. This model has been successfully used for
the analysis of out-of-phase synchronization involving heavy saturation.

Mork [26] proposes a five-legged wound-core transformer model for the investigation
of ferroresonance effects. The model’s equivalent circuit is derived using the duality
transformation. The author stresses the importance to use a duality based model
for ferroresonance studies in order to correctly represent phase-to-phase magnetic
coupling. The paper points out the importance to improve core equivalent model
representation, nonlinear core losses modeling and handling of nonzero initial fluxes
in further works.
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2.1.3 Model based on an hybrid approach

Transformers are modeled in electromagnetic transient programs using different ap-
proaches [27]. Branch resistance and inductance matrices [R] and [L] are used in the
XFORMER support routine to represent the self and mutual inductances. Transform-
ers can be represented as coupled [R]-|L]-branches only if the exciting current is not
ignored and are based on the following equation:

[v] = [R][4] + [L][di/di] 2.7)

The elements of the [X] = jw[L]| matrix contain the information of the exciting
current with the short circuit reactances being represented indirectly by the small
difference between each matrix element pair X;; and X;;. The short circuit reactance
may be lost unless very high accuracy is used to input the numerical values (ill-
conditioned matrix).

An equivalent star circuit representation is used in the STC (saturable transformer
component) support routine. It is based on the matrices [R] and [L]~! with the con-
stituting equation:

(L] [v] = [L] T [R][i] + [di/dt] (2.8)

While the [L] matrix does not exist if the exciting current is ignored, the [L] ! can al-

ways be determined, and is not ill-conditioned. When the exciting current is ignored,
the core representation can be externally connected to the star point. This approach
may give unstable responses if one of the leakage inductance in a three-winding trans-
former becomes negative [28]. Since the unsaturated magnetizing reactance is much
larger than the short-circuit reactance, it can be connected to a winding terminal as
well. This is reported also as a mean to avoid instabilities of the model [29]. This
representation is in general not valid for more than three windings.

The branch admittance matrix formulation
[1] = [Y][V] (2.9)

is used in BCTRAN and TRELEG support routines. A transformer is represented
by an equivalent mesh network extracted from short-circuit measurements. For tran-
sient studies, the resistance and inductance parts need to be separated. The winding
resistances form a diagonal matrix [R] and [Y] is purely inductive (jw[Y] = [L]™1).
Blume [1] and later Shipley [30] propose a method for calculating the equivalent
circuit of multi-winding transformers. It is based on an admittance matrix formula-
tion that can be determined by inspection and without inversion process. It is rela-
tively simple to obtain a model that match terminal short-circuit measurements. The
method produces a very accurate short circuit representation and can be extended
to any number of windings, however it does not directly take into account the mag-
netizing current. This approach is implemented in the standard EMTP BCTRAN
transformer model [27,31]. The BCTRAN model is regarded as a generally reliable
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Figure 2.7: Model based on a hybrid approach.

model, been successfully tested under a wide range of phenomena [32]. This ap-
proach does not have stability issues as the cross-admittances always have positive
values. In the [L]~! matrix representation, the internal node of the star circuit is not
available, and the magnetizing inductance must therefore be connected across one of
the external terminals.

The representation of three-phase transformers is obtained by extension of the previ-
ous approaches with the inclusion of zero-sequence reluctances. However, it is dif-
ficult to include the non symmetric transformer construction to accurately represent
the phase-to-phase magnetic coupling and the unbalanced magnetization currents. In
an hybrid approach, it is assumed that the no-load and the short-circuit behaviors
of a transformer are decoupled. The magnetic structure of a transformer is repre-
sented either by a magnetic or an equivalent electric circuit, and the windings are
described by their leakage inductance and turns ratio. Both the star-equivalent and
the mesh-equivalent circuit can be used to model the transformer leakage reactance
as depicted in Fig. 2.7. This is a hybrid approach in the sense that two different mod-
eling methods are combined together. The element identified as “core” in Fig. 2.7 can
be a very detailed representation of the magnetic structure of a transformer (single-
or three-phase). It may be connected to the star point or to a winding terminal for
an equivalent star circuit as shown in Fig. 2.7(a). In case of an equivalent mesh cir-
cuit, the core representation can be added to a winding terminal. Since the number
of winding is not limited to three for the mesh equivalent circuit, an additional ficti-
tious winding can be defined as the connection point for the core model as shown in
Fig. 2.7(b).

The hybrid approach strategy is proposed by de Leon in [7,33] as a way to com-
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bine a duality based model with a model based on leakage inductances. The con-
cept of a fictitious-turn used to interface the core and leakage model is introduced
here. Elleuch [8] uses a hybrid approach combining self and mutual inductances
with a magnetic circuit. Fuchs [13] combines a leakage inductance model together
with a magnetic circuit representation. Nagarg and Brierley [34] describe the hybrid
approach philosophy in the development of their TOPMAG model. Practical appli-
cation and ease of derivation of the parameters from test data are the main leading
motivations for the development of a hybrid model. The model is based on a topo-
logically correct electrical equivalent representation of the core, while it relays on an
inverse inductance matrix for the representation of the short circuit behavior.

The model proposed by Mork in [26] is further developed in a low-frequency trans-
former model based on a hybrid topology where leakage inductances can be derived
from short-circuit measurements at the terminals, and a fictitious winding is used as
connection point between a leakage admittance matrix and a dual equivalent core
representation [35-38]. Under the assumption of the separation of short-circuit and
no-load effects, the correct short circuit representation is provided by a leakage ad-
mittance matrix, and the topologically correct representation of the core is achieved
by a simplified equivalent electric model.

2.1.4 Parameter estimation

The detail level of a model is mainly determined by the data available for the esti-
mation of the parameters. A sophisticated model that requires confidential design
data or atypical measurements can rarely find application in a practical study. A less
complex model based on commonly available data and measurements, and empiri-
cal parameters is adequate for most of the low-frequency and switching transients
studies.

Test reports used for the certification of transformers according to standards [39—41]
are the majour source of information for the parameter estimation of transformer
models. Inductances, winding losses, capacitances, and core are the main elements
in a transformer model. An estimation method based either on test report data, sim-
plified design data, or typical values is given in [36, 38].

The estimation of winding resistances and capacitances is relatively effortless for low
frequency models. Winding resistance measurements at dc is usually available from
the test report and the ac resistance is extracted from short-circuit test data. The
winding shunt capacitances are also standardly measured. The modeling of shunt
capacitances is important for the higher frequencies and for the calculation of residual
fluxes, but may be omitted in other contexts. Leakage inductances are calculated from
short-circuit measurements, and no-load measurements are used for the estimation of
core parameters. An approach for the estimation of leakage inductances based on the
admittance matrix formulation is discussed in [35]. Here the parameters for a three-
phase multi-winding autotransformer are derived from short circuit measurements.
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The main concern in literature is the estimation of the transfer characteristic and core
losses. Dick and Watson [24] discuss in their paper the importance of the proper
representation of the saturation behavior in a transformer model. The paper propose
a measurement procedure to determine saturation and air-core inductance using low-
power dc supply. Hysteresis loop are recorded and minor loops are discussed. The
paper analyzes three different modeling approaches in relation to the proper repre-
sentation of iron-core inductances. First, a common star-equivalent circuit model is
considered inadequate due to large discrepancies between measured and calculated
air-core inductances. A detailed equivalent circuit is then proposed. This model is
based on a dual electric circuit that account for winding thickness, core topology and
flux-leakage paths. This model gives a very accurate representation of the air-core
leakages, however due to the elevated number of elements the circuit is considered
too cumbersome for most studies. A simplified equivalent model is then proposed.
This has the same number of elements as the star-equivalent circuit, but their relo-
cation improves the overall accuracy. Based on the detailed equivalent circuit, it has
been observed that the delta connection required to model the effect of a three limb
core should be made at the outer winding terminals. It is observed that hysteresis is
important only for certain type of simulations (transformer deenergization, current
chopping, low-current ferroresonance with series capacitance) and can be neglected
in other studies (effect of saturation on overvoltages, high current ferroresonance
from excess shunt capacitance).

Ewart [42] proposes that a core model has to represent the separate effects of hystere-
sis, saturation, and free-space (air-core). These three effects are somewhat indepen-
dent and can be analyzed separately. Hysteresis and saturation are further discussed
in Section 2.3.

The free-space or air-core inductance is defined both by the leakage inductances and
by the saturated inductance of the core. The importance of a correct winding leakage
representation in transient simulations where the core reaches saturation is discussed
in [29]. A leakage model based on geometrical data is proposed. This model uses
negative inductances to account for the thickness of the winding. The same approach
is mention by Arturi in [25] as a way to improve the winding leakage representation
in a model based on duality transformation. A technique for measuring air-core and
leakage inductances using a low power dc supply is proposed in [24]. The air-core
inductance can be estimated from inrush current waveforms as proposed in [43]: the
magnetization curves extracted from inrush current measurements are first compen-
sated for the unknown residual flux and then used to extend the manufacturer no-load
test data.

The importance of the air-core reactance is also emphasize in [44]. The authors of
this paper propose a method for the calculation of the air-core reactance from highly
detailed winding design data. It is observed that the total transformer reactance is
different for different winding configurations. Nakachi in [45] strengthen the im-
portance of the air-core inductance for the correct representation of the behavior in
saturation and the accurate determination of inrush current transients. De Leon and
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Martinez propose in [46] a way to match leakage inductance measurements using a
set of mutually coupled inductances that avoid the use of a negative inductance in a
star-equivalent representation.

2.1.5 Extension to higher frequency

At low frequency, from dc to few kHz, transformer modeling is difficult as frequency-
and voltage-dependent nonlinear effects have to be taken into account at the same
time.

De Leon and Semlyen proposed a transformer model with a topologically correct
core valid for the study of high frequency transients. In a first paper [6] the procedure
for the calculation of turn-to-turn leakage inductance and capacitance is proposed.
In a follow-up paper [33] the same authors propose a reduction of the high-order
turn-to-turn model of the windings and interface this with an iron core model using
the principle of duality. The approach described in this paper shows how a trans-
former model valid for low frequency transient can be extended to higher frequency
substituting lumped elements with components that represent frequency dependency.
A complete transformer model is then proposed in a third paper [7] where also the
nonlinear and frequency dependent effects of the core are modeled with a Cauer
equivalent circuit. However, hysteresis is not modeled due to its complex nature.
The complete model is composed of three main parts representing the linear electric
subsystem, the nonlinear and frequency dependent core magnetization, and the fre-
quency dependent winding losses. These subsystems are interdependent. An iterative
approach is used to solve the state equations and achieve the convergence of the com-
plete model. The state equations can be solved with trapezoidal rule of integration
and the solution is considered valid for frequency up to 1-10MHz. Semlyen and de
Leon [47] described the use of an add-on circuit based on a Foster equivalent circuit
for the representation of frequency dependent Ri? eddy current effects. This model
can be added to any existing transformer model.

A similar approach is used in [48] to model high frequency effects for lightning stud-
ies. Each frequency dependent effect is represented by a circuit block and added to
the fundamental circuit of a transformer. The effects taken into account by the model
are:

e winding-to-winding and winding-to-enclosure capacitances using series RLC
network,

e skin effect of winding conductors and iron core using first order foster circuit
(valid below the first resonance),

e multiple resonance due to combination of winding inductance and turn-to-turn
capacitance.

The model does not consider the saturation and hysteresis effects in the core.
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A different approach for the inclusion of frequency dependent effect for harmonic
studies based on rated parameters is proposed in [49]. Here the transformer admit-
tance matrix has been modified to include frequency dependent effects. The model is
verified to be valid for frequencies up to SkHz.

For even higher frequency (10kHZ-10MHz), transformers are modeled using differ-
ent approaches. In general, transformer models valid at high frequencies are linear,
neglect the core, and are less accurate for the representation of low frequency tran-
sients. In [50] a black-box model is created from impedance measurements and from
the knowledge of core and winding geometrical arrangement. In [51] a linear wide-
band transformer model is obtained via frequency-domain measurements and rational
approximation of the terminal admittance matrix Y. The transmission-line theory has
been used in [52, 53] to model internal winding voltage distribution.

2.2 Inrush Current

The saturation of the magnetic core of a transformer is the main cause of an inrush
current transient. The saturation of the core is due to an abrupt change in the system
voltage which may be caused by switching transients, out-of-phase synchronization
of a generator, external faults and faults restoration. The energization of a transformer
yield to the most severe case of inrush current and the flux in the core can reach a
maximum theoretical value of two to three times the rated flux peak [1]. Fig. 2.8
illustrates how flux-linkage and current relates.

There is no direct evidence that the energization of a transformer can cause an im-
mediate failure due to high inrush currents. However, insulation failures in power
transformers which are frequently energized under no load condition support the sus-
picion that inrush currents have a hazardous effect [54]. A more typical problem
caused by the energization of transformers is due to harmonics interaction with other
system components that develops into overvoltages and resonant phenomena. The
study of the energization of a transformer installed in an industrial facility carried out
in [55] highlights problems due to harmonics, overvoltages and resonances. In [56]
the authors show how the harmonic distortions caused by the switching of lightly
loaded or unloaded transformers may be amplified during a power system restoration
process, creating high harmonic overvoltages. In [57] the energization of large size
transformers in EHV substations with long transmission lines is discovered to cause
significant temporary disturbances when harmonic resonances are reached. In par-
ticular, when there are transformers already connected to the bus, the disturbances
caused by the energization of one more transformer have greater duration and in-
tensity. In [58] it is discussed how transformer inrush current can excite resonance
frequencies in inter-connected offshore power systems.

To overcome these and other possible unpredictable situations, the possibility to
model transformer energization transients in detail and with good accuracy is of great
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Figure 2.8: Qualitative representation of the inrush current phenomenon
and the effect of the residual flux.

value. A selected list of references are presented in the next sections to highlight the
main issues related to the modeling of inrush current transients. The investigation is
limited to the inrush current generated upon the energization of a no-load transformer.
The main topics discussed in this section concern simulation, analytical calculation,
and mitigation of energization transients. The residual flux influence on inrush cur-
rent and its estimation is also briefly discussed.

2.2.1 Simulation of inrush current transients

The inrush current transient occurring at the energization of a transformer is a highly
nonlinear phenomena. The simulation of this behavior is rather complex and a trans-
former has to be modeled in great detail to represent the nonlinear behavior of the
magnetization, losses, and saturation effects in the core [59].

The main difficulties in the simulation of transformer nonlinearities in EMTP-like
programs related to the solution method are discussed in [60]. The classical compen-
sation method is found inadequate when multiple dependent nonlinearities have to
be modeled. The Thevenin equivalent cannot always be determined due to possible
floating network formation. A transformer model for inrush current simulation based
on separate magnetic and electric equivalent circuits is proposed in the paper. Non-
linearities are linearized and included in the system matrices. The Newton-Raphson
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iterative methods is used for solving the circuit and it is shown to give improved
efficiency and accuracy compared to the predictor-corrector method. The predictor-
corrector method is found to be not suitable for transformer inrush current modeling
and simulation. In [61, 62] a piecewise linear inductance and resistance is imple-
mented as switched elements. The model is solved with the backward differential
formulas (BDF) numerical method that eliminates numerical oscillation problems
common of the traditional trapezoidal rule.

An alternative approach to the time-domain solution is presented in [63]. A model
based on analytical equations is solved in the frequency domain using operational
matrices and assuming periodic train of impulses. The problem is not discretized in
time-steps but needs to be solved iteratively. The nonlinearities are linearized around
the operating point. This approach gives results comparable to EMTP, however it is
difficult to integrate such solution method into standard transient program based on
time-domain solution methods.

The three standard ATP/EMTP models BCTRAN, TRELEG and STC (saturable
transformer component) are compared in [64] for the calculation of inrush current
transients. It is concluded that the type of model is not important as they all give
a similar result. The correct estimation of parameters is critical, especially the es-
timation of the inductance of the saturated transformer core (air-core inductance),
the parameter for the modeling of nonlinear behavior (magnetization curve), and the
estimation of residual fluxes (model initialization). Substantial differences in the cur-
rent waveforms are observed between simulations and measurements. This may be
explained by the lack of a topologically correct core representation. The use of an
admittance matrix based model (BCTRAN) with hysteretic inductor (type-96) exter-
nally connected to the low-voltage terminals is used in [65] for the study of an inrush
current mitigation strategy.

Reference [66] presents a model based on a mixed electrical and magnetic system
equations solved together. The authors of this paper recognize the importance of
modeling the leakage channel between inner winding and core for highly saturated
condition. Neglecting this may cause errors from 50% for small transformers, to
150-250% for large transformers in the estimation of the inrush current first peak.

A model based on a magnetic network is effectively employed in [67-69] for inrush
current mitigation studies. A Jiles-Atherton based model is used to represent the
ferromagnetic hysteresis behavior and to calculate residual fluxes in the model.

The effect of mechanical forces acting on the windings upon the energization of a
transformer is a recurring question in the literature. The comparison of the maximum
values of short circuit and inrush currents for single phase transformers is performed
in [70]. Analytical equations are derived based on the physical dimensions of a trans-
former. It is concluded that for a typical transformer construction, a short circuit
current is in the range of 2 to 6 times the magnitude of the worst case inrush current.

The estimation of inrush current first peak based on reluctance model, 2D and 3D
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field calculation is compared in [71]. The motivation of the study is the calculation
of the axial forces in hydraulic plants due to frequent switch on-off. The 3D model is
chosen as a reference as it is assumed to be the most accurate. The results obtained
with the permeance network model are far more accurate than the one obtained with
2D field calculations. This proves that lumped parameter models are accurate enough
for the study of inrush current transients.

Mechanical forces within transformer coils under inrush transients are compared to
those occurring at short circuit in [54] using models based on 2D and 3D field cal-
culations. The result shows that inrush peak of 70% the rated short circuit current
cause local forces of magnitude as those at short circuit. Short-circuit currents and
worst-case inrush currents are in the same order of magnitude (with inrush occurring
more frequently as it is considered a normal service operation). Inrush currents are
normally smaller but with longer exposure time (tens of seconds) than short circuit
currents (a fault is cleared within tens of milliseconds). For the transformer consid-
ered in the paper, the ratio ip,_rr/ipk—sc is 0.4, and normal ratio is given in the
range 0.15-0.6.

3D and 2D FEM simulations are used in [72] to calculate radial and axial forces dur-
ing inrush. It results that 2D models are not adequate. Using a 3D model, it is proved
that when assuming the same current amplitude for short-circuit and inrush currents,
the axial forces due to inrush currents are larger than those due to short circuit cur-
rents. Radial forces due to an inrush current on the LV winding are 40% lower than
those due to a short circuit current. On the HV winding the forces during inrush are
three times those during short circuit. It is also pointed out that the differences be-
tween inrush currents and short circuit currents are due to the unbalanced excitation
and unbalanced ampere-turn resulting in the development of axial forces. In addition,
inrush currents have a longer duration than short-circuit currents.

A transformer is design to withstand short-circuit currents. The forces generated
during an inrush current transient with a typical transformer design are normally
lower and differently allocated than those during a short-circuit. It can be concluded
that the damage of a transformer due to a single inrush-current transient is therefore
remote. However, a degradation of the insulation capability can be expected from
severe and repeated inrush-current transients.

The study of inrush current as a statistical phenomena is proposed in [73] using a
Monte-Carlo technique. The inrush current magnitude is calculated as a function of
the random variables switching angle and remanent flux. The study is based on a
single phase transformer and a simple model. The study concludes that the probabil-
ity of inrush current higher than 2.6 p.u. is negligible when combining the statistical
effect of residual flux and switching angle.

Sympathetic interaction between transformers, both for series and parallel connection
is presented in [74]. The analysis is based upon the model of [66]. The phenomenon
is triggered by the voltage drop across the system impedance produced by the inrush
current. It is suggested that this interaction will become more significant with the use
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of transformers with amorphous core or superconducting winding. The interaction is
greatly reduced if the series impedance is small or if the electrical distance between
transformers is large.

Ultra-saturation and excessive ultra-saturation phenomena in transformers appear
when the flux has no zero crossing as explained in [75]. They are likely to occur
during the energization of a loaded transformer. The second harmonic is very low
in these circumstances and the inrush current may cause relay misoperation (normal
relay setting is Io,q > 15%11 ).

2.2.2 Analytical calculation of inrush current

Standard analytical formulas for the calculation of inrush peak and rate of decay
are derived from single-phase transformer theory. The inrush current on a three-
phase transformer can be calculated analytically based on the analytical formulas for
a single-phase transformer and an empirical scaling factor. This factor accounts for
the number of phases, core construction and coupling of the transformer [1, 5, 76].

Bertagnolli [77] proposes a relatively simple equation based on a sustained exponen-
tial decay of the inrush current:

A V2U 2-By + Br — Bgs
i(n) = B
\/R%,V—i—w2~L2 N

air—core

tn

) e T (2.10)

2'Lair7core

= — 2.11
T Ry (2.11)

This equation is useful for rapid hand calculations due to its simplicity.

The analytical formula proposed by Specht [78] is somewhat more accurate as the
decay of the dc component of the flux (Bg) is considered only during saturation
(B > Byg):
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Holcomb [79] proposes an improved analytical equation:
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Figure 2.9: Analytical estimation of inrush current.

where ¢, is the time when the core begins to saturate (B(t) > Bs). It is assumed that
the inrush current is different from zero only between 5 and ¢y, where ¢ is the time
when the inrush current reaches zero at each cycle.

Equation (2.10) and (2.12) calculate only the envelope of the inrush current peaks,
not the actual waveform. Equation (2.14) can be used to calculate analytically an
approximate waveform of the inrush current. These three approaches are compared
in Fig. 2.9 using a common set of parameters.

The air-core inductance Lg;,—core Of the a winding can be calculated as:

Anv
heq_HV

Lair—core = MO'N%IV ' (216)
with h., gy being the equivalent height of the winding including fringing effects.
The equivalent height is obtained by dividing the winding height by the Rogowski
factor K (< 1.0) [5]. This factor is usually determined empirically and is a function
of the height, mean diameter, and radial width of a winding.

These type of formulas are commonly used by manufacturers for the estimation of
the inrush-current first peak and rate of decay. In-house developed experience factors
are used to fine tune these analytical formulas for the design and materials of each
specific transformer. In particular, those factors are used to tune the calculation of
the angle of saturation, the maximum current, and the rate of decay. In addition,
the choice of the empirical formula for the calculation of the transformer reactance
wLgir—core affects the final result. It is reported in [78] that an accuracy of +40%
should be expected from analytical formulas for the calculation of inrush current.

Other more advanced analytical methods are proposed in literature. Analytical for-
mulas are used in [70] to investigate the forces inside a winding during an inrush
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current transient. The analytical calculation of inrush current in three-phase trans-
formers is presented in [80]. The influence of the connection for transformer banks
with independent magnetic circuit for each phase is investigated. The study of voltage
sag and inrush current caused by the clearing of a fault with simultaneous closing of
all three phases is presented in [81]. Analytical expressions are used to model electric
and magnetic circuits.

An analytical formula for inrush current calculation is proposed in [82]. The ap-
proach is based on the solution of a nonlinear inductor modeled by a two segments
piecewise linear saturation curve in series with a resistor. This is used to determine
the impact of a damping resistor on the transformer inrush current. The result is
in agreement with the “standard” analytical formulas for inrush current estimation.
This approach is used to prove that the inrush current peak is not a function of the
unsaturated magnetizing inductance.

Analytical calculation of peak and second harmonic of inrush current for present
design transformer is presented in [83]. The paper analyses the influence of modern
design methods on the inrush current, specifically the influence of core design flux
density, core material, core joint geometry, power rating, winding connection, and
number of phases. The main findings are:

e The 2nd harmonic in today’s power transformers differ substantially from that
in older design, therefore a careful selection of the proper relay protection is
important.

e Core design flux density: peak inrush current increases and I5,,4/ 115 decreases
as the induction level increases (I2,,q/I1st < 5%).

e Power rating: lower MVA gives higher ratio peak inrush versus rated load
current. Reduced insulation and smaller cooling duct give lower leakage in-
ductance, thus result in higher current in p.u. For distribution size transformer
the peak inrush current can reach levels greater than the short-circuit current.
The MVA size has negligible effect on the 2nd harmonic.

e Core material: highly grain oriented and domain-refined (HD) material is com-
pared with regular grain oriented (R) electrical steel type. HD materials have
higher value of saturation flux density, a larger linear portion of the magneti-
zation curve, and a lower remanence flux density. For the same flux density
HD has lower inrush and higher 2nd harmonic. However, since better mate-
rial allows better utilization, a higher core design induction is used in order to
compensate for the extra cost. It results that HD and R have the same inrush
current for Bgp ~ 110%Bp.

e Core joint geometry: core joint gives high reluctance that reduces the residual
flux in the transformer compared to the remanence flux of the material. Mod-
ern step-lap type joints have lower reluctance than mitered joints, thus exhibit
higher inrush and lower second harmonic.
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e Winding connection & number of phases: scaling factors have to be used de-
pending on the winding connection. Winding connection has no effect on the
2nd harmonic.

2.2.3 Inrush current mitigation techniques

Several technologies exist to mitigate energization transients in transformers. The
most common are pre-insertion resistors and point-on-wave (POW) controlled clos-
ing. Pre-insertion resistors require relatively large resistors to be installed in parallel
to the main circuit breaker and an effective reduction of inrush current is achieved
only by an optimal choice of the resistance value and the pre-insertion time. Trans-
former controlled switching is considered an economical and reliable alternative to
pre-insertion resistors.

The first commercial controlled breakers were adopted in the 1990’s, with few instal-
lation existent in 1995. A larger adoption occurred at the end of 1990’s thanks to the
introduction of effective compensation algorithms for the variation of the operation
timing. Controlled switching technology is mainly used for insertion of capacitor
(=66%). Fewer installations are reported for the energization of transformer and re-
actors, and an insignificant quantity for line switching [84]. Controlled switching is
used to energize transformers to mitigate the inrush currents and avoid power quality
degradation, false relay tripping, and reduction of internal mechanical stresses. The
most common controlled switching strategy implies to energize a first phase at its
voltage peak and delay the energization of the remaining two phases by a quarter of a
period of the fundamental frequency (5 ms in a 50 Hz system). No commercial sys-
tem taking into account residual fluxes is reported available before 2002. Controlled
de-energization is proposed as a mean to control residual fluxes.

The main factors affecting the magnetizing inrush current are identified in [85] and
are:

e POW voltage at the instant of energization,

e magnitude and polarity of remanent flux,

e total resistance of the primary winding,

e power source inductance,

e air-core inductance between the energizing winding and the core,
e geometry of the transformer core,

o the maximum flux-carrying capability of the core material.

Based on these considerations, a method for controlling the POW closing instant and
defining a value of residual flux using a dc coil is proposed.
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The influence of the tap changer on an inrush current is investigated in [86]. Higher
number of excited turns gives lower flux density in the core. Changing from the
0.9 p.u. to the 1.1 p.u. tap position results in almost a 50% reduction in the inrush
current first peak. The authors of this paper suggest therefore to energize the trans-
former positioning the tap changer to give the highest number of turns to be excited.

The state of the art of controlled switching with and without the consideration of
residual fluxes is given in [87]. This publication also discusses the practical calcu-
lation of the residual fluxes from integration of voltage waveforms and the possible
influence of network disturbances.

Three different synchronized switching strategies (rapid closing, delayed closing and
simultaneous closing) are extensively examined and discussed in [88, 89]. The work
has been followed up in [90] and experimental results are presented. Synchronized
switching with delayed closing and rapid closing outperform the proposed simulta-
neous closing strategy.

The application of controlled switching with measurement of residual fluxes is re-
ported in several publications in the last 10 years [68,69,91,92]. Closing time scatter
and residual flux measurement uncertainties reduce the field performance of con-
trolled switching as reported in [93].

Alternative methods for inrush current mitigation are continuously been proposed.
Prikler et. al. [65] present a synchronized switching method for three-pole spring-
driven circuit breaker with fixed delay between poles (mechanically staggered). Op-
timum energization is obtained by controlling the residual flux with controlled de-
energization. An inrush mitigation strategy based on a pre-insertion neutral resistor
is presented in [94]. This technique is however restricted to star grounded transform-
ers.

2.2.4 Ringdown transient and residual fluxes

One of the main difficulties encountered in transformer modeling is the accurate es-
timation of the residual flux left in the core after the de-energization.

In a large Cigré survey (carried out in 1984 on more than 500 transformers) [95]
the maximum residual flux is given only for two transformers (0.75 and 0.9 p.u).
Reference [80] dated 1986 suggests different residual flux ranges varying between
0.4 and 0.8 p.u. It also discusses the importance of residual flux and the practical
difficulties concerning its estimation or measurement. The residual flux for a 545-
MVA transformer is measured to be slightly higher than 0.4 p.u. (worst case out of
10 random de-energization) in [92]. One single measurement of the de-energization
of a 170-MVA transformer is reported in [96] and has a residual flux of 0.31 p.u.
Recent measurements on a 400-kVA transformer report a 0.6 p.u. maximum residual
flux [93].
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In general, there is a lack of information published in literature on actual residual flux
measurements performed for different transformer sizes and designs. This makes it
difficult to estimate a correct range of values for residual flux initialization.

The ringdown transient occurring after the de-energization of a transformer is ex-
plained in [97]. The discharge of a capacitor trough a VT creates a nonlinear ring-
down. It is observed that the size of the capacitance strongly influences the develop-
ment of the flux-linked in the VT. This behavior is similar to the case when stray and
shunt capacitances in a transformers are being discharged. As observed in [84], the
residual flux is influenced by the stray capacitances of the transformer and any other
shunt capacitance. A decrease of the residual flux is expected in presence of larger
capacitances. It is therefore important to include capacitances in a simulation if the
transformer model has the capability to calculate residual fluxes.

2.3 Iron Core Modeling

The low-frequency modeling of a transformer is complicated by the nonlinear mag-
netic core characteristics. Saturation, hysteresis and eddy current losses are the main
nonlinear effects to be considered in the modeling of an iron-core inductor as illus-
trated in Fig. 2.10.

The inductance in Fig. 2.10 represents the anhysteretic magnetization curve used to
characterized the nonlinearity of the magnetic material. The rigorous definition of
anhysteretic curve is given in [98] as the thermodynamic equilibrium state of a ferro-
magnetic material. The nonlinear characteristic is extracted from V.., — I, curves
and no-load losses at rated frequency [99-102]. This curve can be described as a
piecewise linear function [27] or approximated by a fitting function [101, 103, 104]
and is considered a reasonable approximation of the anhysteretic curve. Specific test
procedures have been proposed in literature [105-107] for a direct limb-by-limb cal-
culation of the saturation and loss curves of a multi-phase transformer. These are
based on single-phase or dc excitation of the transformer, however they are impracti-
cal outside a controlled laboratory environment.

The use of resistances to model iron losses is based on a semi-empirical description
of the loss components. Hysteresis and eddy current losses are often considered
separately [108]. In the most simple case, hysteresis losses can be neglected as they
represent a small contribution to the total losses and eddy current losses are assumed
proportional to (B,,- f)2. This allows a convenient representation using an ordinary
linear resistance [103]. In [109] instantaneous core losses are investigated and it is
observed that the hysteresis curve tends to widen out more at the knee than at zero
flux level, thus a linear or voltage-dependent resistance can represent the average
loss per period, but fails to accurately reproduce the exact waveforms and hysteresis
loops.

The conventional model of a nonlinear inductance in parallel with a constant re-
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Figure 2.10: Modeling of a nonlinear iron-core inductor.

sistance is reported to be accurate accurate within 5% up to about 3kHz [110]. In
order to retain the accuracy at higher frequency, Foster circuits or discretized models
have to be used. The inclusion of nonlinearities in higher order models is discussed
in [110,111]. Neves and Dommel [111] observe that for inrush current and ferrores-
onance no major improvement is observed in representing the frequency dependent
effect of the core.

To achieve a more accurate representation, the total transformer core losses can be
divided in three components: hysteresis, classic eddy current, and excess eddy cur-
rent.

POZPhyst+Pcls+Pezc (2.17)

Bertotti [112] characterizes the three loss components based on the properties of a
magnetic material:

dM 3/2

d (2.18)
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with M the average magnetization in the laminations, d the lamination thickness, S
the lamination cross-sectional area, o the conductivity of the magnetic material, G a
geometrical factor, ng and V phenomenological parameters.

With the assumption that the flux is uniformly distributed over the cross-sectional
area of a limb, the following statements between magnetic flux and electrical voltage
are adopted:

dM 1 /do d¢
dt  2Ld < dt > dt 2:22)
B(t) x ¢(t) /v(t)dt (2.23)
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with 2L the domain wall spacing. Equations (2.18)-(2.21) can then be translated in
the following proportionality relations:

Pys o< B f? (2.24)

Ppe ox Balﬁf’m 1.5 (2.25)
dB

Hs(t) o< o & v(t) (2.26)
dB

Hepe(t) o s Vou(t) (2.27)

For a sinusoidal flux, (2.24) and (2.25) are proportional to the rms voltage:

A= 7\&‘/
- onf
B o VT (2.29)

(2.28)

According to (2.26) and (2.27), equation (2.18) is simplified in term of average elec-
trical quantities to:

io tot(t) = ihyst(t) + k‘l "U(t) + k’Q'\/ U(t) (230)
Po(t) = Prysi(t) + k1-v(t)? + ko-v(t)*/? (2.31)

where ipy(t) and Ppye(t) can then be evaluated from simple hysteresis models
[48,107] or by a magnetization model as Stone-Wolhfart, Jiles-Atherton, Globus, or
Preisach models [113].

The loss components of the total losses for different grain oriented electrical steel
is shown in Fig. 2.11. The data for the 60 Hz losses are obtained from [114] and
the values at 50 Hz are scaled assuming: P, o< f, Py o f2, and P.,. o< f19.
This figure highlights the importance of a correct splitting of the losses and the need
to model all the three loss components. At 1.7 T, approximately a standard rated
excitation, each loss component is between 30% and 40% of the total core losses.

2.3.1 Dynamic hysteresis models

The representation of hysteresis is important because [115]:

e together with the deenergization condition determines the residual flux values
that can affect a subsequent inrush current transient,

e can exert a significant damping effect on long term dynamic transients and is
crucial if resonance phenomena are present.

De Leon and Semlyen [116] give a very complete review of hysteresis models and
divide the approaches for modeling hysteresis in ferromagnetic material in three main
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Figure 2.11: Loss components contributing to total iron loss in grain ori-
ented material electrical steel. Adapted from [114].

categories according to the target audience. The models used by physicists are based
on a detailed physical description of a material properties and consider all known
energy on a very small scale. Mathematical models that relay on a macroscopic de-
scription of the underlying physics of the material are useful when designing an elec-
tromagnetic machine. These models have the main focus on the prediction of elec-
tromagnetic fields as they relate micro-structural parameters to the macroscopic re-
sponses of the material to outside fields [113]. Simple models that ignore the underly-
ing physics and represent the hysteresis loops using a path tracing approach [117,118]
are preferred in power system engineering. These simplified models are based on the
scaling and expansion of a defined primary hysteresis loop.

Physical models are not investigated here as they result too cumbersome for being
implemented in a transformer model and their high detail level is not required. The
models based on a mathematical representation or on a path tracing approach are both
suitable for time-domain modeling depending on the scope of a study.

Relevant models based on a path tracing approach are proposed in [24, 115, 117].
These models allow an approximated representation of residual flux and require a
fairly limited input data. However, these have been criticized mainly due to their
simplistic representation of sub-loop operations.

In order to achieve a better representation of sub-loop operations and remanent flux,
a mathematical model should be preferred to path tracing approaches, [104]. Sev-
eral macroscopic models are proposed in literature with four of the most common
compared in [113]: Stoner-Wolhfarth, Jiles-Atherton, Globus, and Preisach models.
Among these, the Jiles-Atherton and Preisach models are the only able to reproduce
minor loops and demagnetization. A comparison of these two models is performed
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in [119] with the following conclusions:
e The Preisach model fits better the minor loops than the Jiles-Atherton model.

e The Preisach model requires extensive measurements but hardly no fitting to
identify the model parameters, the contrary is true for the Jiles-Atherton model.

e The correspondence with the measurements is generally better for Preisach
model than for the Jiles-Atherton model, especially if several levels of excita-
tion of higher order loops are considered.

e In their generalized form, the Jiles-Atherton model is ten times computation-
ally more efficient than the Preisach model.

The Jiles-Atherton model is described in [120-122] and with inclusion of eddy cur-
rent losses in [123-125]. The parameters can be estimated from specific measure-
ments on a magnetic material as detailed in [126, 127]. The use of variable pa-
rameters as proposed in [128, 129] seems to enhance the accuracy of simulations
when the maximum magnetic field is not constant. The capability of this model to
represent residual magnetization is confirmed in [130]. The implementation of the
Jiles-Athorton model in transformer for transient simulation is reported in [131] for
a current transformer, and in [124, 125, 132] for a single-phase power transformer.

The classical Preisach model is described in [133] and the generalized version with
inclusion of eddy current losses in [134, 135]. The model has been applied to the
modeling of a single-phase transformer in [136], and of a three-phase transformer
in [137].

2.4 Challenges in Power Transformer Modeling for Inrush
Current Calculation

The main challenges in the calculation of inrush current with a transformer model are
related to:

e Correct representation of the behavior in complete saturation.

e Modeling of nonlinear and hysteretic iron-core.

e Representation of frequency dependent core and winding losses.

e Determination of the initialization condition, in particular residual fluxes.

e Description of the concurrent magnetic and electric coupling in a multi-phase
transformer.

e Estimation of the model parameters.

e Collection of data measurements for the verification of a model.
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CHAPTER 3

INRUSH CURRENT
MEASUREMENTS

3.1 Laboratory setup

3.1.1 Test objects, configuration and measuring equipment

The controlled environment of the laboratory gives the possibility to perform exten-
sive measurements, otherwise not possible on a power transformer installed in a high-
voltage network. The purpose of the testing is to perform systematic measurement
where the breakers operation is accurately controlled.

Two distribution transformers have been used for laboratory investigations. They are
unloaded, connected to a low-impedance 11-kV medium voltage grid, and energized
by two sets of controlled circuit breakers. A schema of the laboratory setup with the
voltage and current measurement points is shown in Fig. 3.1. The components in the
dashed box of Fig. 3.1 are a fixed laboratory installation and cannot be modified.

The test objects are three-phase oil-filled distribution transformers with a three-
legged core. The transformers are rated 300 kVA and 800 kVA and share the same
voltage levels at 11.430/0.235 kV Yyn. They were manufactured by Mgre Trafo AS
between 1975 and 1976 and are pictured in Fig. 3.2. The main core and windings
dimensions of the two transformers are given in Tabs. 3.1, 3.2. In addition, a detail
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Figure 3.1: Laboratory layout.

of the connection of the high voltage dividers and the secondary vacuum breaker is
shown in Fig. 3.3.

Two vacuum breakers are used in the setup. The main breaker installed in the labo-
ratory is an old 6.6 kV ABB-Sace vacuum breaker. It has been tested to give a stable
closing operation time with repeatability of approximately 1 ms. The secondary vac-
uum breaker is composed by three separate poles that are operated independently
by electromagnetic relays. Its operation time has been verified to be stable such that
each pole of the breaker can operate with accuracy and repeatability of approximately
1 ms. This vacuum breaker is delivered by Ross Engineering Corp.' (Type HB51).
The main breaker is used for the energization and the secondary breaker set is used
for the de-energization. The reason for this dual breaker setup is a fixed transformer
installed on the source side that otherwise would interact with the test-object during
ringdown. The secondary breaker decouples the ringdown of the two transformers,
however it cannot be used for energization due to contact bouncing. The fixed source-
side transformer does not influence the inrush current as the source voltage has a low
impedance (200 MVA short circuit power).

A National Instrument PXI transient recorder’ (acquisition modules: PXI-6133 ad
PXI-6122) has been used to record voltages and currents at the high voltage termi-
nals as well as the induced voltages on the low voltage terminals. A total of twelve
analogue input channels with simulataneous sampling are available, eight 14-bit and
four 16-bit channels. The input voltage can be selected among +1.25 V, £2.50 V,
45.0 V, and +-10.0 V. Signals are recorded at a sampling frequency of 100 kS/s. The
digital output channels have been used to operate and synchronize the breakers with
a common triggering reference.

The PXI transient recorder is specifically programmed in LabWindows/CVI to syn-
chronize the operation of the circuit breakers and the recording of the voltage and
current waveforms. The graphical user interface is shown in Fig. 3.4. A structured
text file containing the configuration and the timings for multiple recordings can be

Ihttp://www.rossengineeringcorp.com/
Zhttp://www.ni.com/pxi/
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Figure 3.2: Test objects: 800 kVA transformer on the left, 300 kVA trans-
former on the right.

Figure 3.3: Connection of the high voltage deviders and vacuum breakers.
The voltage deviders are connected directly to the transformer
terminals in the final set-up.
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TABLE 3.1

CORE AND WINDINGS DESIGN DATA, 300 KVA TRANSFORMER.
CORE Legs Yokes
Net cross-sectional area 0.0175 m? 0.0198 m?
Max lamination width 0.150 m 0.170 m
Window height 0.500 m
Legs dist. center-to-center 0.290 m
WINDINGS Low Voltage High Voltage
Number of turns 21 1074
Height 0.452 m 0.452 m
Inner diameter 0.162 m 0.222 m
Thickness 0.017 m 0.0225 m

TABLE 3.2

CORE AND WINDINGS DESIGN DATA, 800 KVA TRANSFORMER.
CORE Legs Yokes
Net cross-sectional area 0.0260 m? 0.0295 m?
Max lamination width 0.180 m 0.200 m
Window height 0.850 m
Legs dist. center-to-center 0.370 m
WINDINGS Low Voltage High Voltage
Number of turns 14 716
Height 0.790 m 0.706 m
Inner diameter 0.206 m 0.278 m
Thickness 0.021 m 0.0265 m
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read by the software. An example of such file is given in Fig. 3.5. The acquired wave-
forms are then automatically saved in a compact binary format for a later conversion
and processing in MATLAB. This setup allows to operate the recording system in a
completely automatic mode and to perform systematic measurement with a minimum
supervision of the operator required.

The currents on the high voltage side are measured with high precision current trans-
ducers (LEM IT-400) based on the closed loop (compensated) fluxgate technology
with claimed accuracy of 0.0033%. Such high accuracy together with a large vertical
resolution of the transient recorder (16-bit) allows to accurately measure steady state
no-load currents (less then one ampere) as well as severe inrush currents with peak
of several hundred amperes. A custom build wiring and a battery power supply were
required to avoid the injection of noise when measuring very low currents.

The voltage at the high-voltage terminals is measured with capacitive voltage dividers
with a high voltage capacitor of 200 pF with 200 (2 resistance in series. The low volt-
age capacitor is rated 400 nF resulting in a voltage scaling of 1/2000. The bandwidth
of such dividers is measured to be around 1 MHz. The voltage on the low-voltage
terminal is measured through a voltage probe with ratio of 1/200.

3.1.2 Data acquisition procedure

The breakers have a stable operation time and can be controlled with accuracy and
repeatability of approximately +1 ms. Two trigger signals synchronous to the zero
crossing of the line voltage Vg on the high voltage side are used to control the time
where de-energization and energization occur. The de-energization and energization
transients are linked together as the ringdown transient determines the value of the
residual fluxes in the transformer that is a fundamental initial condition for the follow-
ing energization. The residual flux is calculated by the time integral of the induced
voltage during the ringdown transient. Once it reaches a stable value, it is assumed
constant until the next energization. In order to limit the uncertainties on the resid-
ual flux estimation, the de-energization and energization transients are performed in
rapid sequence with a delay of approximately 1 s.

The measurement procedure consists of two separate recordings as the frequency of
power systems is not fixed at 50 Hz but shows a slow dynamic. A double triggering
and double acquisition procedure is therefore necessary to accurately synchronize the
operation of the circuit breakers with the point-on-wave (POW) timings. As shown in
Fig. 3.6, the opening time (At,pe;,) is relative to the trigger signal ¢4,41 and is varied
systematically between 0 ms and 20 ms. In the same way, the closing time (At¢jse)
is relative to the trigger signal t,.42 and is also varied systematically between 0 ms
and 20 ms. The systematic variation of the opening and closing times of the breakers
with a time resolution of 1 ms allows to perform a total of 400 (20x20) measurements
to map the whole range of inrush current and residual flux combinations in a period.
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Figure 3.4: GUI for the transient recorder.

300_kVA_No-synch
300kVA_OUTscanINl4ms_
40

20 18 19 54 54 0
131412 000

# Test ID

# Number of runs

# Response time IN

[ms]

# Response time OUT

Acquisition time

1.00 #
00005000 # IN times
400 400 400 0 900 O # OUT times
20.0 5 #

100 100 100 414 0 O # IN times
0 00 1000 0 0 # OUT times
1.0 0 # TIME 2a
0000 5000 # IN 2a
401 401 401 0 900 O # OUT 2a
20.0 5 # TIME 2b
100 100 100 414 0 O # IN 2b

0 00 1000 0 0 # OUT 2b
1.00 # TIME 3a
0000 5000 # IN 3a
402 402 402 0 900 O # OUT 3a
20.0 5 # TIME 3b
100 100 100 414 0 O # IN 3b

0 0 0 1000 0 O # OUT 3b

Acquisition and waiting time
after trigger for each 6 channels, run la
after trigger for each 6 channels, run la
[s], run 1lb
after trigger for each 6 channels, run 1lb
after trigger for each 6 channels, run 1lb

[s], run la

NB! 6 values required

Figure 3.5: Structured text file specifing the timings for automated multiple

measurements.
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Figure 3.6: Trigger signals and systematic variation of the switching times.
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Sec. Op. Sec. Cl.
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Figure 3.7: Double triggering procedure.

The automated sequence of operations for the acquisition of a de-energization/energi-
zation sequence is shown in Fig. 3.7 and can be outlined in six repeating stages:

Steady State: The transformer is energized and in steady state (no-load).

Ringdown: The vacuum breaker opens at ¢4,.41 +At,pe, and the de-energization

transient initiates. The main breaker opens slightly after without any effect on
the test object. The transient is recorded for the duration of 1 s.

Storing Data: Recorded data are stored and a delay of 1 s is introduced be-

tween ringdown and inrush stages.

closes at

Inrush: The vacuum breaker closes without delay. The main circuit breaker

tirg2 + Ateose and the energization transient initiates. The transient

is recorded for the duration of 20 s.

Storing Data & Delay: Recorded data are stored followed by a 10 s delay

where the transformer reaches steady state.

Ready for Next Run: The system is ready and in steady state. A new measure-

ment sequence can start.
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3.2 Systematic measurements on a 300 kVA and 800 kVA
distribution transformers

The ringdown and inrush measurements performed on the 300 kVA and 800 kVA
transformers are presented here. More than 400 de-energization/energization mea-
surement sequences have been performed for each transformer. One single time do-
main measurement of the ringdown and inrush current transients for each transformer
is shown here in Figs 3.8-3.113. The measurements for both transformers refer to the
same opening-closing sequence with Atgpe, = 0 ms and Atgose = 10 ms. This
timing sequence corresponds to one of the most severe inrush current transient reg-
istered during the measurements. The current first-peak is above 200 A and 560 A
for the 300 kVA and 800 kVA transformers, respectively. The flux-linkage is calcu-
lated as the time integral of the phase voltage at the low voltage terminals. The stable
value reached after a de-energization is used as the initial value for the following
energization.

The residual flux reached after each de-energization is shown in Figs. 3.12 and 3.13
for the two transformers. For each disconnection time At a total of 20 residual
flux points are shown and the continuous lines in the figures represent the average
residual flux value. The maximum residual flux is estimated to be approximately
0.55 p.u. and 0.6 p.u. for the 300 kVA and 800 kVA transformers, respectively. The
two transformers have approximately the same rated flux density*. They were built
by the same company in the same years so they presumably share the same core
material. The different maximum residual flux is therefore due to a different core
construction and dimensions. It is also valuable to note that the residual flux as a
function of the disconnection time can be approximated with a sine function and the
residual flux curves as a function of At,p., have a phase shift of 27/3 for the three
phases. This is further discussed in [Pb8].

The inrush current first peaks of all the measurements are represented in
Figs. 3.14-3.16 for the 300 kVA transformer and in Figs. 3.17-3.19 for the 800 kVA
transformer. These representations are proposed in this work as they provide a re-
markable overview of the inrush current first-peak variation as a function of the
opening and closing times. A three-dimensional representation of the measurements
is shown in Figs. 3.14 and 3.17. However, a 3D representation may be difficult to
visualize on a flat surface. A filled 2D contour plot is proposed in Figs. 3.15 and 3.18
as a better visualization alternative. In these last figures the absolute value of the
first-peak inrush current is represented. The dark blue areas represent low magni-
tude inrush currents and a characteristic pattern can be observed. In order to better

3For the rest of this chapter, when no legend is specified in the figures the following color code is
valid: BLUE: phase R, GREEN: phase S, RED: phase T. For line voltages: BLUE: phase R-S, GREEN:
phase S-T, RED: phase T-R.

4 — V2V _ _ V2V _
B300 - m = 1.662T N Bg[)o = m = 1678T N
ggoo =1.01, iresSOO =1.09
300 res300
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visualize this pattern, a grid of 40x40 ms is shown in Figs. 3.16 and 3.19. These fig-
ures are obtained assuming a 27 periodicity of the inrush current first peaks such that
the measured first-peak inrush current pattern (inside the black frame) is extended
by duplication. The implications of this characteristic pattern are further discussed
in [Pb8].
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Figure 3.8: Ringdown transient, 300 kVA transformer.
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Figure 3.9: Inrush current transient, 300 kVA transformer.
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Figure 3.10: Ringdown transient, 800 kVA transformer.
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Figure 3.11: Inrush current transient, 800 kVA transformer.
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Figure 3.13: Residual flux, 800 kVA transformer.
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Figure 3.14: Measurements of the first peak inrush current pattern, Yyn

coupling. 300 kVA transformer, 3D pattern.
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Figure 3.15: Measurements of the first peak inrush current pattern, Yyn
coupling. 300 kVA transformer, absolute value.
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Figure 3.16: Measurements of the first peak inrush current pattern, Yyn
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Figure 3.17: Measurements of the first peak inrush current pattern, Yyn
coupling. 800 kVA transformer, 3D pattern.
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3.3 Field measurements on large transformers

Live measurements have been performed on three power transformers rated 50 MVA
and 300 MVA (two units). Table 3.3 summarizes the results of the tests and compares
the worst case inrush current and maximum residual flux recorded for the different
transformers. The systematic measurements performed in the controlled laboratory
environment (L.M.) ensure a statistical validity of the values for the two distribution
transformers. The results from the field measurements (F.M.) are based on a relatively
limited number of de-energization and energization transients. Therefore, there is a
high level of uncertainty and a high probability that the worst case values have not
been captured. The comparison of the per-unit values in Table 3.3 shows that worst
case inrush current first peak is much higher in distribution transformers (15-20 p.u.)
compared to power transformers (2-4 p.u.).

Large power transformers are very seldom disconnected from the grid. It is very
expensive and inconvenient to take a large power transformer out of service for the
only purpose of performing measurements. The field measurements of the transform-
ers were coordinated with the utility and transformer manufacturer. All three cases
took place when the new transformers were placed in service for the first time. The
first energization of a transformer is quite a chaotic moment as several engineers are
present to calibrate the protection relays and assist in the different required opera-
tions. In this situation inrush current measurements are given relatively low priority
and a rather short time-frame is available for measurements.

Collaboration with utilities and transformer manufacturers was required to identify
the proper study cases. The main restriction are related to the availability and location
of measurement points. It is important to have a VT and a CT on the energization
side, either before or after the primary circuit breaker to monitor the source voltage
and line current. A VT on the unloaded side of the transformer is required to have ac-
cess to the induced voltage measurements needed for the estimation of flux-linkages
and residual fluxes. This VT has to be connected to the transformer terminals and
therefore located before the secondary side circuit breaker. This is a relatively rare

TABLE 3.3
COMPARISON OF MAXIMUM INRUSH CURRENT FIRST PEAK AND MAXIMUM
RESIDUAL FLUX FOR DIFFERENT TRANSFORMERS.

300 kVA 800 kVA 50 MVA 300 MVA 300 MVA

Inrush first 241 605 1436 1545 2060 [A]

peak 20.5 14.4 2.34 3.75 3.57 [p.u.]

Residual 0.33 0.38 13 83 231 [Wb-t]

flux 0.54 0.62 0.45 0.24 0.67 [p.u.]
L.M. L.M. FM. 2 FM. 1 FM.3
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configuration that limited the number of suitable test cases. In addition, in most of
the situations safety regulations did not allow to install additional voltage and current
measurement devices.

The close collaboration with utilities and transformer manufacturers made it possible
to specify additional non-standard factory measurements and obtain design data of
the two transformer of FM 2 and FM. 3. These data and measurements are confi-
dential and are not published in this work.

The main challenges encountered in field measurements compared to the controlled
laboratory environment are:

e Limited time frame, usually few hours. This limit the possibility to perform
extensive and systematic measurements.

e Restrictions on the number of measurements prevent conclusive and statisti-
cally relevant conclusion of the residual flux and inrush current ranges.

e Uncertainties related to the measurements. The accuracy of the installed VTs
and CTs, the noise collected by the long cable of the measurement circuit, and
the poor dc performance of the CTs and VTs highly affect the overall accu-
racy of the measurements (current measurements and flux-linkage estimation
mainly).

e Uncertainties related to the network configuration. Network source impedance,
cables and reactors may complicate the modeling and the verification of a
model with field measurements.

3.3.1 Field measurement 1, 300 MVA

The measurements were performed in October 2007 at a transformer station in Nor-
way. The testes transformer is rated 420/132/32 kV 300/300/100 MVA YNynOd11
and has a five-legged core. The neutral points on 420 kV and 132 kV are ungrounded
but connected through an arrester to ground. The breaker is equipped with a synchro-
nized switching control unit. In total 7 de-energization/energization measurements
were performed (5 random energization and 2 controlled energization).

The available measurement point were:

e VT on 420kV side, only phase voltage of phase S available for measurements.
Before the circuit breaker.

e VT on 132kV side.
e CT on 420kV side. Before the circuit breaker.

The measured de-energization and energization transients for the most severe inrush
current case are shown in Figs. 3.20 and 3.21. The current during the ringdown tran-
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Figure 3.20: Ringdown transient, 300 MVA transformer (FEM. 1).

sient is not shown as it was not possible to record such a low current with the installed
CT. In Fig. 3.21 we observe:

e The voltage on the 420 kV bus is distorted. This may cause power quality
degradation issues.

e The voltage on the 132 kV bus is highly distorted, see the zoom window in
Fig. 3.21(b).

e The dc-offset component of the flux-linkage has unusual fluctuations. It is not
sure if this is the correct behavior or is an effect caused by the accumulated
error in the time integral.

e The current has a sudden decrease in magnitude after the seventh period. At the
same time, an unusual dc-component in the current is recorded. This may be
due to saturation of the CT that is not able to correctly measure low-frequency
and dc components of the current. This also explains why passed the seventh
period the sum of the measured currents is not zero although the transformer is
ungrounded.
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3.3.2 Field measurement 2, 50 MVA

The measurements were performed in September 2008 at a district heating station
in Norway. The tested transformer is rated 47/11 kV 50 MVA YNynO and has a
three-legged core. The transformer is energized through a breaker located in a station
at approximately 2 km distance. A damping reactor and 1.7 km cable connect the
secondary side of the circuit breaker to the high voltage side of the transformer.

Only the measurements of the 11 kV side voltage were available in the heating sta-
tion (VT). Temporary capacitive voltage dividers and Rogowski current probes were
installed on the 47 kV side for the measurements of voltages and currents. Since the
neutral on the 11 kV side is ungrounded, an additional capacitive voltage derider was
installed to measure the neutral-point voltage.

A total of 13 random de-energization/energization measurements were performed.
The waveform measurements of the de-energization transient with the highest resid-
ual flux are shown in Fig. 3.22. The ringdown transient of this transformer is par-
ticularly interesting as the damping reactor and the cable remain connected to the
transformer after the circuit breaker opens. The ringdown transient is influenced by
additional shunt capacitances installed in the system. The effect is evident in Fig. 3.22
after the disconnection at approximately 700 ms. Contrarily to the previous case, here
the ringdown transient develops over several periods. This induces a temporary core
saturation effect: the no-load current with a peak of approximately 3 A increases
up to 22 A after the opening of the circuit breaker. This effect is further discussed
in [Pb4].

The waveform measurements of the most severe inrush transient recorded are shown
in Fig. 3.23. The induce voltage and inrush current waveforms are qualitatively sim-
ilar to the waveforms measured in the laboratory on the smaller distribution trans-
formers (Figs. 3.9, 3.11). The 50 MVA transformer and the distribution transformers
tested in the laboratory share the same ungrounded wye coupling, have no tertiary
delta winding, and have a three-legged core.

3.3.3 Field measurement 3, 300 MVA

The measurements were performed in October 2009 at a transformer station in
Norway. The tested transformer is rated 300(420)/132/47 kV 300/300/100 MVA
YNynOdl11 and has a five-legged core. The neutral points on the 300 kV and
132 kV are ungrounded. The breaker is equipped with a synchronized switching
control unit. A total of 17 energizations have been performed. For most of the
energizations, the controlled switching unit was activated as a differential protec-
tion relay was constantly tripping (after 4 seconds) when the transformer was en-
ergized with no synchronized switching control. Only two attempts of a random
de-energization/energization were successful. The waveforms for the one with the
highest inrush current magnitude are shown in Figs. 3.24 and 3.25. The max inrush
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Figure 3.22: Ringdown transient, 50 MVA transformer (F.M. 2).
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Figure 3.23: Inrush current transient, 50 MVA transformer (F.M. 2).
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Figure 3.24: Ringdown transient, 300 MVA transformer (F.M. 3).
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Figure 3.26: Effect of CTs and current probes on inrush current measure-
ments.

current measured during the testis 2415 A (4.18 p.u.). However, it followed an unsuc-
cessful energization and the residual fluxes may have been outside the range reached
by a normal de-energization. In Figs. 3.24(c) and 3.25(c) is possible to note that the
flux-linkage does not reach a steady value after de-energization but exhibit low am-
plitude oscillations. This may either by caused by a low voltage transferred to the
300 kV terminals of the transformer by the grading capacitors of the circuit breaker,
or by electromagnetic noise collected by the cables of the measurement circuit.

In order to record the measurements of the line currents, a transient recorder has to
be connected to the CT measurement circuit through a current probe. Two different
current probes were used in parallel here. One current probe is more accurate and has
a frequency response of 5 Hz-100 kHz. The other probe is cheaper and less accurate,
with a narrow frequency response at 50 Hz. The same current measurements recorded
with the two different probes are compared in Fig. 3.26. We observe how the probe
with a limited frequency response induce more distortions in the measurements. A
similar effect is assumed to be introduced by the main CT. The atypical dc-offset in
the currents recorded in the field measurement is therefore due to a limited low fre-
quency response of the measurement circuit (low-pass filter effect) and the dc current
component cannot be correctly measured. This effect has not been observed in the
laboratory measurements as the current probes used there have a frequency response
of from DC to 500 kHz.
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CHAPTER 4

DISCUSSION

4.1 Model Development

The modeling approach preferred in this work is based on an equivalent electric cir-
cuit derived by duality transformation introduced in Section 2.1.2. The main reasons
why this is preferred over magnetic and hybrid modeling approaches are:

e A magnetic model requires the implementation of core and electric networks
as separate but interconnected models. This might be difficult to implement in
EMTP-like program using standard components.

e Core losses representation is more difficult in a magnetic model as lossy el-
ement cannot be directly modeled. They have to be relocated far from their
topological location in the electric section of the model as equivalent resis-
tances.

e The discretization of the flux paths is performed for any approach. The duality
transformation from a discretized magnetic circuit to an electric circuit does
not introduce loss of accuracy.

e The assumption of decoupled magnetic and leakage fluxes used in an hybrid
approach is doubtful at high saturation.

The magnetic core of a three-legged three-winding transformer is represented in
Fig. 4.1. The procedure to establish a topological electrical equivalent model of this
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[ =Winding 1
[] =Winding 2
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Figure 4.1: Three-legged three-winding transformer. Magnetic core and
winding structure.

transformer is described here step-by-step. First, the magnetic structure needs to be
discretized.

The discretization of a magnetic structure into a magnetic circuit is the most sensitive
operation. The magnetic paths needs to be identified and represented by reluctances.
The paths in the iron are easily determined as the high permeability of the core pro-
vides a preferred route for the flux. The magnetic field is not confined only in the
iron core but can leaks in the open space between the windings. Different winding
configurations result therefore in different magnetic circuits.

The magnetic knots and the assumed flux paths for the structure of Fig. 4.1 are de-
picted in Fig. 4.2. Six magnetic knots are identified in this structure. They determine
the points of departure of the flux paths and set the discretization level of the struc-
ture. A larger number of knots allows a higher level of discretization but increases the
complexity of the final model. The flux paths are distinguished in three categories:

1. Linkage fluxes: are the magnetic paths in the iron core. The linkage between
different phases are trough the ferromagnetic material. They are character-
ized by being nonlinear, with high permeability in normal condition. When
saturated, the permeability decreases and approaches ry. They describe the
open-circuit behavior of the transformer and the coupling between phases.

2. Leakage fluxes: are the fluxes in the air. The space between two windings
is particularity important because of the high energy density. These paths are
linear and have permeability po. They describe the short-circuit behavior of the
transformer. In addition, a leakage path is identified between each innermost
winding and its relative leg. This path is particularly important in saturated
condition to account for the non ideal concatenation of the innermost winding
with the core. The coupling between different phases due to leakage fluxes is

-68-



DISCUSSION

[—

eeoCmccccccccanan,

| ===

— = Linkage flux

— = = |eakage flux

----- = Zero-sequence flux
® = Magnetic knot

Figure 4.2: Discretization of the flux paths.

negligible [Pb3].

3. Zero-sequence fluxes: are the homopolar flux paths that flows in the trans-
former tank and oil. They describe the zero-sequence behavior of the trans-
former. Due to the relatively large air-gap filled by oil between the core and
the tank, they can be considered linear and with permeability po. In case of a
five-legged transformer, the zero-sequence flux mainly flows in the outer trans-
former legs, that in this case are nonlinear.

The meshes of the magnetic model are directly identified by the flux paths in Fig. 4.2.
In a magnetic model the across variable is the magnetic-potential drop and the
through variable is the flux. Each path is a magnetic branch that is represented either
by a linear or nonlinear reactance. In addition, the windings are modeled as magneto-
motive force (mmf) sources. The windings that act to magnetize the same iron-core
limb are placed in series.

The interconnection of reactances and mmf sources is not straightforward. The three
bottom knots expand as additional knots needs to be introduced to have a topological
location of the mmf sources. A simple rule valid for concentric windings can be used
to correctly position the mmf sources in the magnetic circuit.

The outermost winding surrounds all the leakage flux paths, while the innermost
winding encloses only one leakage flux path. Proceeding from the outermost to the
innermost winding, the mmf source corresponding to outermost winding (§3) is con-
nected to the bottom knot, and all the leakage path are located on top of it. The mmf
source of the next inner winding (§2) is also above of §3. The leakage flux between
winding 2 and 3 is not enclosed by the winding 2, therefore needs to be connected
to the knot between §2 and §3. The difference between the flux of the winding 2
and 3 flows in the reactance fR23. In the same way, Ri2 is connected to the knot
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Figure 4.3: Magnetic circuit.

between §1 and §2. The flux generated by the innermost winding and therefore by
$1 flows solely in the leg (JR1.,) and in the space between the leg and the winding 1
((Rc1). The second terminal of the leakage reactances is then connected to a common
top knot. The direction of the mmf sources is arbitrary. The final result is shown in
Fig. 4.3.

The rules for the conversion of a magnetic circuit into its electric equivalent depicted
in Section 2.1.2 can be applied to the more complex magnetic circuit of Fig. 4.3.
After the substitution of the current sources with ideal transformers, and the addition
of the winding resistances at one terminal of the ideal transformers, the equivalent
electric circuit of Fig. 4.4 is obtained.

The ideal transformers take into account the windings’ turns ratio and allow the con-
nection of the model to other network components. The winding coupling and phase
shift is obtained by appropriately connecting the r — r/, s — s’ and ¢ — t’ terminals of
the ideal transformer together. The connections r, s and ¢ identify the terminals on
the top of a winding, and 7/, s’ and ¢’ the terminals on the bottom of a winding.

All the key components of a transformer model can be identified in Fig. 4.4, namely:

e The core model: it is spread across the model with the representation of the
leg (Lr.eg) and yoke (Lyxe) limbs respectively on the left and right side of the
circuit. The nonlinear and lossy behavior of the core is represented here.

e The leakage model: it is decoupled between the three phases and represented
by the linear inductances L.1, L12 and Los. The short-circuit behavior of the
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Figure 4.4: Equivalent electric circuit obtained by duality transformation.
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transformer is represented here. This part is further discussed below.
e The zero-sequence model: depicted by the linear inductances L.
e The winding resistances: concentrated at the windings’ terminals.
e The voltage ratio: modeled by ideal transformers.

The hysteresis model used to represent the iron-core nonlinear and lossy behavior is
described in Section 4.3. The core losses are properly distributed at their topological
position on legs and yokes. It is interesting to highlight that the voltage across the
inductor L is the voltage of the innermost winding (minus the voltage drop on the
inductance L.1). The voltage across the yoke inductors Ly is the voltage of the
outermost winding of phase R and T (minus the voltage drop on the inductance Lg).
Therefore, the fluxes in the transformer legs are mainly determined by the innermost
winding voltages, while the outermost windings control the fluxes in the transformer
yokes. The difference between leg and yoke fluxes flows in the leakage inductances
(L¢1, L12 and Lo3) and in the zero-sequence inductances L.

This transformer model is intrinsically asymmetric and accurately model the behavior
of a three-phase core transformer. The different equivalent impedance seen from the
center s and outer r and ¢ phases is mainly due to the asymmetrical location of the
yoke sections. A two-winding version of the model of Fig. 4.4 has been successfully
employed for the representation of inrush current transients in [Pb6, Pb7, Pb8].

4.2 Leakage Model

The modeling of the leakage fluxes in a topological model depends on the winding
configuration. Concentric windings (foil, layer and disk windings) is the most com-
mon topology found in power and distribution transformers. Simplified representa-
tions of different winding topologies are shown in Fig. 4.5 for concentric windings,
in Fig. 4.6 for sandwich winding, and in Figs. 4.7-4.8 for two mixed configurations.
A possible derivation of the magnetic and electric equivalent circuits is shown in the
figures. The transformer core has not been fully represented in these figures as the
focus here is on the leakage model.

The derivation of the magnetic and electric equivalent circuits for the concentric
winding topology is relatively simple and previously explained for the three-legged
transformer case. The leakage inductance L.; can be interpreted as a short-circuit
inductance between the innermost winding and a fictitious infinitively-thin winding
placed on the core surface. This inductance represents the physical gap between the
core and the innermost winding that is filled with oil and has permeability po. The
example of Fig. 4.5 can therefore be considered as a four winding transformer.

For a general n-winding transformer the number of independent elements (degree of
freedom) required to represent the relations between its n-terminals are n(n — 1)/2
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Figure 4.6: Sandwich windings.
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Figure 4.7: Mixed windings, configuration 1.
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Figure 4.8: Mixed windings, configuration 2.
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[1]. This would require 6 independent inductances for a four-winding transformer. In
the case of concentric windings the following three constraint can be assumed valid:

Lep = Lei + Lo 4.1
Ly3 = Lis + Log 4.2)
Les = Loy + Lo + Log 4.3)

The degrees of freedom are therefore reduced to three and the system can be repre-
sented by the three inductances L.1, L12 and Los.

In case of a sandwich winding, the core limb and the fictitious winding on the core
surface are divided into three parts. This topology can be regarded as three two-
winding transformer sections magnetically in series. In this case the number of ter-
minal is n = 6 with 15 degrees of freedom. The number of independent inductances
is reduced to five: L.11, L 29, L3, L12 and Log assuming:

Li3 = Lig + Log 4.4)
Lemy, =0,m #n(6eq.) 4.5)
Lemen = 03 eq.) (4.6)

The zero-sequence path is also split in three part to provide a closed path for the
leakage fluxes.

The two mixed configuration with one concentric and two sandwich windings are
given as examples how topological models can be derived for more complicated
winding topologies. It is clear that the degree of complexity increases as the topology
varies from simple concentric and sandwich configurations.

An equivalent mesh network [1] provides a general approach to represent an equiva-
lent leakage model. Its application to a three-winding transformer with inclusion of a
core terminal is shown in Fig. 4.9. This representation is independent from the wind-
ing topology, therefore the network elements have no physical meaning. The number
of independent elements of a mesh network is n(n — 1)/2. This ensures that any
winding configuration can be modeled using this approach, and any measured short-
circuit impedance can be represented without the knowledge of the actual winding
configuration. With the assumptions (4.1)-(4.3), the model based on a mesh network
is equivalent to the case of Fig. 4.5(c).

A geometrical model is proposed in [29] and is applied to the structure of Fig. 4.5(a).
This model is based on the calculation of leakage inductances from the winding ge-
ometry [5]. The leakage inductance between two concentric coils ¢ and j is:

porN? &

0

Lij =" -y ATD; (4.7)
4 k=1

ATD;; =1/3-T;-D; + Ty-Dy + 1/3-T;-D; (4.8)
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Figure 4.9: Equivalent mesh network for leakage representation.

Lieg iLes L1 L'zl Lo

NI4

Z
N

z
w

®

Figure 4.10: Geometrical model for leakage representation of concentric
windngs.
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with N the number of turns, H., the equivalent height of the coil included of the
fringing effects, 7" the radial width of a winding, T}, the thickness of the air-gap be-
tween two windings, and D the mean diameter. The model can be represented by the
geometrical equivalent electric network of Fig. 4.10. The sum of L.; + L}, + Lb,
represents the total leakage inductance between the core and the outermost winding.
For concentric windings it is normally L3 > L13 + L3 due to the linear magnetiza-
tion in the winding thickness!. The negative inductances L; and Lo compensate for
the thickness of the windings. This network is intrinsically passive as the negative
inductances L; and Lo are smaller than L., L}, and Lis:

Lot o % 4.9)
1y o 22 5 D (4.10)
- @ _ % @.11)
Ly x —% (4.12)

Ly x —% (4.13)

The degrees of freedom of this representation is 5 as the constraints (4.1) and (4.2) are
removed. In general this geometrical model provide 2n — 3 independent impedance
links for a n-winding transformer. The geometrical model is equivalent to the case of
Fig. 4.5(c) if it is assumed L1 = 0 and Ly = 0.

The electric equivalent circuit of Figs. 4.6(c), 4.7(c), 4.8(c),4.9 and 4.10 can be re-
placed in Fig. 4.4 according to the appropriate winding configuration. The model
can be extended to a number of winding higher than three using the same approach
described here.

4.3 Implementation of the Jiles-Atherton Model and Pa-
rameter Estimation

The transient occurring after the disconnection of a transformer is called de-energi-
zation or ringdown transient and has been investigated in [Pb4]. Different models
have been proposed to describe the hysteresis phenomenon, but only a few of them
can represent demagnetization [113]. Two of the most relevant models are the Jiles-
Atherton and the Preisach models introduced in Section 2.3.1. The Jiles-Atherton
model is selected over the Preisach model for its simpler implementation and re-
duced computational effort [119]. In addition, the Preisach distribution function has
to be identified using dedicated measurements techniques and only one of the model

1L12 = L,12 + Ly + La, Loz = L,23 + Lo, and L3 = L/12 + L/23 + L1 with Ly and Lo < 0
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parameter is measurable, while all the Jiles-Atherton parameters are measurable and
have a physical meaning [113].

The Jiles-Atherton hysteresis model is based on the magnetic quantities B, H, M,
and p. It is used to describe the nonlinear magnetization of electrical steel with focus
on the behavior of a single lamination sheet. The model parameters can be extracted
from hysteresis loops [126] measured with an Epstein frame or an analogous tech-
nique. The level of details can be greatly reduced when the interest is on the average
response of the entire transformer core formed by a stack of laminations. This re-
quires the reinterpretation of the Jiles-Atherton model in term of average quantities
that are better described by the electric quantities flux-linkage and current:

A= N¢ = BAN (4.14)
i= % (4.15)
B = popr H (4.16)
A= Li (4.17)

5 A
L = poprN"— (4.18)
At) = /v(t)dt (4.19)

Hysteresis loops of the magnetic material used in a transformer are rarely accessible
for the calculation of the model parameters. Open-circuit test report data are nor-
mally the only information available for identifying the Jiles-Atherton parameters
and extensive fitting is required.

The Jiles-Atherton model is converted from B — H to A — ¢ quantities by redefining
the fundamental constructive equation:

B =po (M + H) (4.20)
A =Ling (inr + ip) 4.21)

with ¢); and i respectively defined as a magnetization and an electric currents, and
L;y s as the differential slope of the hysteresis loop in complete saturation. The basic
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Jiles-Atherton equations in term of A — ¢ and in differential form are [Pb5]:

iBeff = 1p +Qipn 4.22)

arigeff + i2Eeff

i - 4.23
Man M sat as + as Z.Eeff_}—i?:?eff ( )
dip
o dt 4.24
sign < i ) wa
di di 1
Z.M — (C ?Man —|—T> —d (425)
dZE dZEeff 1_(16M
digeyys
0 for (iMan*iM)5>()
T = IMan — tM . , (4.26)
d K o a(i]\/[an*i]\,j) for (/LM(ITL - ZM)(S é O
Ling 1—c

These can be implemented in an EMTP program based on the trapezoidal rule of
integration as following:

dt 1
AN = <(v(t —df) + U(t))2) Sy 4.27)
A(t) = A(t — dt) + A 4.28)
A\
AZ'Emaaﬁ = me

Aip = Q-Aigmas

Aipr = Alpmae — Alg
ip(t) =ig(t —dt) + Aig
’LM<t) = iM(t — dt) + Al

4.29)
d = sign(AN)
Aipefr = ipeff(t) — ipess(t —dt)
AZ'Man = Z'Man(t) - Z‘Man(t - dt)
diiM S AZ'Man T 1
diE N AiEeff 1—ac A'L'M(m
AiEeff
1
—+1
dig
Z(t) = (ZE(t) + iclc(t) + iemc(t))'lREL = (431)
= (im0 + k1 v(t) + k2 /o)) -Ler (4.32)

where the set of equations (4.29) uses a guessed initial value of @ (0 < @ < 1) and
has to be iterated in order to satisfy (4.30). The variables are defined as:
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A: flux-linkage;
e ip: electric current;
e ip.sy: effective electric current;
® ipmaz. €lectrical current of a coreless transformer;
e {)s: magnetization current;
® i)4n: anhysteretic magnetization current;
o Argr, lrgL: relative core dimensions.
It is possible to initialize the residual flux in (4.28) defining A\(t = 0) = Ayes.
A total of eight (plus two optional) parameters have to be estimated:
e L;,: inductance in complete saturation;
® )7t saturation level of the anhysteretic curve;

® aj, az, az: parameters of the anhysteretic curve

a: interdomain coupling, controls the slope of the hysteresis loop

e c: ratio of the initial normal to the initial anhysteretic susceptibility, controls
the transition smoothness of the knee area;

K: width of the base of the hysteresis loop, main contribution to the losses;
e k1, ko: rate dependent terms for classical and excessive eddy current (optional).

A comprehensive explanation of the function and the numerical determination of
each parameter can be found in [127]. The implementation of this model in an ATP
routine is reported in Appendix A.

To illustrate the capabilities of the implemented Jiles-Atherton module and the pa-
rameter estimation procedure, a simple example is presented here. A single-phase
transformer is chosen to avoids many of the complication related to the fitting of the
parameters for topology-correct three-phase models. The parameter estimation ap-
proach detailed here is applicable also to three-phase transformer modeled as single-
phase equivalent (disregarding the core topology). The data used for this example
are for a 63 kVA 135.7 V single-phase transformer and are given in Table 4.1. The
parameter fitting process is divided in two parts: anhysteretic curve and loss parame-
ters.

The Jiles-Atherton parameters ,75q¢, @1, a2, and az describe the anhysteretic mag-
netization curve of (4.23). The values of Table 4.1 are converted to flux-linkage
and current peak values using the approach described in [Pbl]. Equation (4.23)
is then fitted to the peak flux-linkage/current values with a numerical optimization

-82-



DISCUSSION

TABLE 4.1
OPEN-CIRCUIT DATA.

Voltage Losses Current
[pu,rms]  [%] [%,rms]

0.80 0.56 0.27
0.95 0.85 0.54
1.00 0.96 0.70
1.03 1.06 0.88
1.07 1.19 1.24
1.11 1.33 1.84
1.15 1.49 2.90
1.20 1.76 5.55
1.28 247 15.28

routine?. The result is shown in Fig. 4.11 where the flux linkage is calculated® by
Xan = Linf (infan + iEeff). Lings is estimated from geometrical design data as de-
tailed in [Pb7].

It is reasonable to assume that the shape of the anhysteretic curve does not change
as a function of frequency and magnetization level. The anhysteretic curve parame-
ters are therefore assumed constant and are not changed during the estimation of the
remaining parameters.

The traditional Jiles-Atherton model only account for rate independent losses, that
are hysteresis losses. Rate dependent losses due to eddy current can be added to the
model as introduced in Section 2.3. The focus of the model proposed in this work
is to represent the mean response of the bulk magnetic material, therefore the flux is
assumed uniformly distributed in the cross-sectional area of of a limb.

The values for “HGO DG 9 mils” at 50 Hz of Fig. 2.11 (36%, 22%, and 41%) are used
here for the splitting of the total no-load losses at rated excitation. The coefficient &k
and ko can then be determined from (2.31) and the eddy current loss contributions
estimated as a function of the excitation.

The remaining Jiles-Atherton model parameters «, ¢, and K are then calculated with
an optimization procedure. A least-squares curve-fitting method is used to fit the
losses calculated with the model to the test-report losses.

The rms values of test-report and calculated no-load currents are compared in
Fig. 4.12 as a function of the excitation level. The rms value of the total no-load
current is accurately predicted by the model. The test report and the calculated losses
are compared in Fig. 4.13. In this case the agreement between test report and calcu-

“In MATLARB, the “Isqcurvefit” function solves nonlinear curve-fitting problems in least-squares
sense.
3This is a valid approximation as oz << 1 such that cvipr << ip resulting inig ~ iges;y.
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Figure 4.11: Anbhisteretic curve fitting.

lated losses is quite poor. The model parameter are selected to fit the losses at rated
excitation, but the model fails to represent the nonlinear loss curve. This has been
observed also for the three-phase transformer modeled in [Pb5].

References [128,129] suggest that the Jiles-Atherton parameters are not constant, but
should be expressed as a function of the excitation level. Wang et al. [128] propose
empirical functions that modifies both the anhysteretic curve parameters and the loss
parameters. Toman et al. [129] propose a Gaussian function to vary the single pa-
rameter K (parameter that strongly relates to the losses). In this work, very simple
empirical functions are proposed to vary three model parameters:

w@®] .
K = Ko——2 with K > K, (4.33)
\/ivn ph
2V, .
c= co-@ with ¢ > ¢ (4.34)
[v(t)]
o= o |)\>ft)| 4.35)

Fig. 4.14 shows that a much improved fitting of the test report values can be acheived
using a Jiles-Atherton model with variable parameters. The current waveforms and
the shape of the hysteresis loops are compared in Figs. 4.15-4.17 for the models with
constant and variable parameters. The physical validity of the hysteresis loops of
Fig. 4.17(b) has to be verified and the functions describing the variation of the model
parameters (4.33)-(4.35) may be improved. It is difficult to collect published material
that discusses the variation of the hysteresis loops and losses as a function of both
excitation and frequency for the same material. An experimental setup needs to be
established to gather data in order to continue the development of a robust method
for estimating the Jiles-Atherton parameters from open-circuit test-report data.
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The fitting procedure is non-trivial for three-phase transformer models with a topo-
logically correct core model. The core is divided in several sections as shown in
Fig. 4.4. Several instances of the Jiles-Atherton module, one for each transformer
limb, have to be solved together. An extensive fitting and optimization procedure
is required to determine the parameters for each transformer limb. The circuit of
Fig. 4.4 is simplified by disregarding the leakage inductances and the winding re-
sistances. The reduced circuit is valid for the representation of an open-circuit test
as long as the no-load current remains relatively low and the voltage drops on the
disregarded inductances and resistances can be neglected. The average rms value
of the three-phase currents and the total active losses calculated with the simplified
model for different voltage levels are fitted to the test-report data. This is a nonlinear
and multidimensional optimization problem. It can be solved numerically with least-
squares or genetic algorithm optimization routines. It is reasonable to assume that
the core material has the same characteristics in all transformer limbs. The nonlinear
characteristic of two blocks of the same material is therefore scaled based on their
relative cross-sectional area and length dimensions:

. LA
Ly(i) = M(Z)Tll]\ﬂ (4.36)
. LA
Ly(i) = pli) 2N (4.37)
Lo(i) = Ll(i)jjg = Ly(i ?:EELL (4.38)

The total number of parameters to be estimated for the Jiles-Atherton model remains
the same as for a single-phase transformer and does not multiply by the number of
limbs.
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CHAPTER J

CONCLUSIONS

5.1 Contribution of the Publications

[Pb1] Analytical Algorithm for the Calculation of Magnetization and Loss
Curves of Delta Connected Transformers

Abstract - This paper proposes an analytical algorithm for the computation of the
magnetization and loss curves for a transformer from standard no-load test report
data. This is the input to standard transformer models for power system simulation. In
the case of delta coupled windings the conversion from test report rms line quantities
to peak phase values requires processing of the triplen harmonics in the current. This
is handled analytically in the paper with utilization of the concept of incremental
inertance and conductance. The analysis shows that only the third harmonic needs
to be treated to reach sufficient accuracy within the measurement errors. The test
case with a 290 MVA GSU transformer shows an increase in the calculated current
of above 10% at rated voltage with proper triplen harmonic handling. This difference
will increase considerably with excitation voltage.

Contribution - Frequently, the saturation curve is not defined as A = f(7), but as root-
mean-square characteristics Vrayrs = f(Irars). The contribution of this paper is the
investigation of the influence of the delta connection in a three-phase transformer. In
particular, the major contribution of this paper is the development of an analytical
algorithm able to handle a delta connection.
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[Pb2] Implementation and Verification of the Hybrid Transformer Model in
ATPDraw

Abstract - The paper documents a new transformer model in ATPDraw called XFMR.
This model handles 3-phase transformers with two or three windings. Autotransform-
ers and all Wye and Delta couplings are supported. The model includes an inverse
inductance matrix for the leakage description, optional frequency dependent wind-
ing resistance, capacitive coupling, and a topologically correct core model (3- and
5-legged) with individual saturation and losses in legs and yokes. Three different
sources of parameters are supported; typical values, standard test reports, and design
information. The hybrid model XFMR is compared to the UMEC model in PSCAD
showing good agreement at rated, stationary operation, but considerable differences
in transient situations. Both models need further benchmarking and development to
reproduce all switching transient behaviors properly.

Contribution - The transformer model described in here can, to some extent, be
considered as the state-of-the-art in low-frequency transformer model and constitute
the starting point for this work. The main contribution of this paper in connection
with this work is to emphasize the main weaknesses of two transformer models: the
accuracy of the response in complete saturation and the representation of remanence.

[Pb3] Transformer Short-Circuit Representation: Investigation of Phase-To-
Phase Coupling

Abstract - Transformer short-circuit behavior is typically represented in electromag-
netic transient simulation programs by the inverse of the leakage inductance matrix,
also known as the A-matrix or [A]. The terms of [A] represent the magnetic cou-
pling (flux linkages) between windings, i.e. between coils on the same core leg. In
addition to the representation of coupling between windings of the same phase, intra-
phase coupling effects can also be included. This paper investigates the sensitivities
of results of EMTP-type simulation to intra-phase entries of [A]. A method for ob-
taining [A] that includes intra-phase coupling is developed and verified by comparing
simulation results with laboratory measurements. The percent error between mea-
sured and simulated short-circuit currents that result from implementing a full and
simplified [A] was quantified. A correlation of the size of the elements representing
intra-phase coupling in [A] with transformer MVA size is investigated and valuable
conclusions and recommendations are made.

Contribution - The main contribution of this work is the verification that intra-phase
entries of [A] are small as the contribution from phase-to-phase leakage fluxes is
insignificant. The phase-to-phase coupling can therefore be assumed concentrated in
the transformer core and the leakage representation decoupled for the three phases.
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[Pb4] On the Ringdown Transient of Transformers

Abstract - This paper details the analysis of transformer ringdown transients that de-
termine the residual fluxes. A novel energy approach is used to analyze the causes
of transformer saturation during de-energization. Coupling configuration, circuit
breaker and shunt capacitor influence on residual flux have been studied. Flux-linked
initialization suggestions are given at the end of the paper.

Contribution - The study of the remanence or residual flux in a transformer is ad-
dressed in this paper. A ringdown transient occurs after the disconnection of a trans-
former and determines the residual fluxes. The main contributions of this paper are:
a novel energy approach for the analysis of a ringdown transient, the observation
that shunt capacitances has a main influence on the residual magnetization and ring-
down transient duration, and that there may exist a phase correlation between rated
flux-linkage and residual magnetization.

[PbS] Hysteretic Iron-Core Inductor for Transformer Inrush Current Modelling
in EMTP

Abstract - A crucial element of transformer models for transient simulation is the
representation of the core. The modelling of non-linear hysteretic inductors required
to properly represent a transformer core is a challenge in an electromagnetic tran-
sient program. The simulation of transients such as inrush and ferroresonance require
a correct handling of nonlinear and frequency dependent losses, accurate hysteresis
loop representation, possibility of flux initialization, and a proper automatic initializa-
tion by disconnection transients. This paper analyses standard available models and
tests an advanced hysteretic model based on the Jiles-Atherton theory. This model
is implemented in a topologically correct core representation and the parameters are
obtained from test report data. Due to the interaction of several nonlinear elements,
the solution of such model is still a challenge in classical EMTP programs based on
compensation method. Good agreement with ringdown and inrush measurements is
achieved.

Contribution - The study carried out in [Pb2, Pb4] highlights the importance of the
representation of residual fluxes in a transformer model. A Jiles-Atherton module
including eddy current effects is proposed here to enable the estimation of residual
fluxes and the self-initialization of the residual fluxes in a transformer model by de-
energization. The Jiles-Atherton magnetic model has been typically used to represent
the magnetic properties of ferromagnetic material. Parameters are normally extracted
from B — H hysteresis loops. Here the Jiles Atherton model is implemented based
on electrical quantities and the parameters are obtained from standard open-circuit
test report data. This paper also reveal that the classical Jiles-Atherton model has
some limitations in the representation of the average core losses as a function of the
excitation level.
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[Pb6] Systematic Switching Study of Transformer Inrush Current: Simulations
and Measurements

Abstract - The verification of a transformer model for the representation of transient
behaviors such as inrush and ringdown is not trivial as several parameters may in-
fluence measurements and simulations. The purpose of this paper is to suggest a
laboratory testing strategy and to present an enhanced transformer model. A special
emphasis is given to parameters estimation. The objective is to be able to obtain most
of the model data directly from standard test report data. Design data are used to
verify the parameters and to have a better estimation of scaling factors. The model is
verified against few measurements and good agreement is observed for residual flux,
inrush current first peak and decay.

Contribution - A three-phase three-legged transformer model for the simulation of
inrush currents is proposed here. The model has been extensively verified for its ca-
pability to accurately predict both residual flux values and energization transients.
The residual fluxes calculated with the proposed model are in agreement with mea-
surements. While it is typical to tune transformer parameters to match a single inrush
current measurement this has not been done here. The main contribution of the paper
is the verification that a lumped parameter transformer model derived from test-report
data can accurately represent inrush currents of different magnitudes.

[Pb7] Transformer Model for Inrush Current Calculations: Simulations, Mea-
surements and Sensitivity Analysis

Abstract - The modeling of inrush currents that occur upon energization of a trans-
former is a challenge for EMTP-type programs due to limitations in available trans-
former models and ability to determine and specify initial flux. The estimation of
transformer model parameters is also an issue. This paper presents a transformer
model for low- and mid- frequency transient studies with focus on the behavior in
saturation and the estimation of residual fluxes. The comparison of the simulation
results with analytical calculations and measurements proves the capability of the
model to accurately represent energization and de-energization transients of a three-
legged-core distribution transformer. A novel property is the ability of auto initial-
ization after disconnection, made possible by the implementation of a hysteretic core
model which properly simulates and remembers residual flux from the previous de-
energization. Special attention is paid to parameter estimation. Detailed core and
winding design data are not used as they are seldom available from the manufacturer.
A sensitivity analysis is performed to verify the influence of each parameter on the
inrush current envelope curve. It is observed that the parameter that most influences
the current amplitude is the slope of the magnetization curve at extreme saturation.

Contribution - The three-phase three-legged transformer model with focus on the
behavior in saturation is further detailed here. The model is verified with analytical
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formula and measurements. A sensitivity analysis is performed to verify the influence
of the model parameters on the inrush current first peak and rate of decay. The main
contribution of the papers is the development of a transformer model whose param-
eters are derived mainly from test-report data, with a limited number of low-detail
design data required to achieve high accuracy. The model has been verified against
inrush current measurements. It is shown that is able to reproduce inrush current
transient over a wide range of current magnitude without a tuning of the parameters.
The paper also suggests to include additional data valuable for transformer modeling
in the test report.

[Pb8] Novel Approach for Reducing Transformer Inrush Currents. Laboratory
Measurements, Analytical Interpretation and Simulation Studies

Abstract - Transformer inrush currents can lead to a reduction of transformer life
time and inadvertent tripping of relays. This paper investigates a novel approach for
minimizing the inrush current with a potential application in circuit breaker control
strategies without independent-pole operation and residual flux estimation. For the
analyzed transformer, the worst case inrush current is halved compared to the rapid-
closing switching strategy. Measurements of inrush current transients are performed
on an unloaded 11 kV distribution transformer varying disconnection and connection
instants systematically. This reveals a characteristic pattern in the extremal value
of the inrush current as a function of switching times. The pattern is reproduced
with simulations and extended to alternative winding configurations. A condition for
minimum inrush currents, consistent for all phases and winding configurations, is
identified and explained physically. The impact of the current chopping capability of
the circuit breaker is important and is discussed in this paper.

Contribution - The capability of auto-initialization of the model after disconnection
is due to a core model based on Jiles-Atherton hysteretic modules. This capability
has been exploited here where a possible application of the model is depicted. The
systematic measurements reveal a characteristic map of the inrush current peaks that
the proposed model is capable to reproduce. A further investigation of this pattern
leads to the definition of a novel inrush current mitigation strategy. The laboratory
setup used to perform systematic open-close switching operations is also presented.
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5.2 Concluding Remarks

The transformer model developed in this work has been verified from inrush cur-
rent measurements on a 300 kVA 11.430/0.235 kV Yyn-coupled unit. In addition,
measurements performed on a larger distribution transformer and on three power
transformers qualitatively confirm the validity of the study for larger units.

The Jiles-Atherton model has been implemented for complex core topology. The
benefit is the possibility to perform de-energization simulations and automatically
initialize the residual fluxes in the transformer limbs. This allowed to reproduce the
systematic switching pattern measured in the laboratory.

The proposed model enables to perform studies and obtain results that would have
been difficult to achieve without such advanced model. For example, the application
of this model to the study of energization transients allowed to propose a novel inrush
current mitigation strategy.

An analytical handling of no-load data for the derivation of the magnetization char-
acteristic for transformer with delta-coupling has also been proposed. The benefit is
a more accurate estimation of some of the transformer parameters.

5.3 Recommendations for Further Work

The proposed transformer model is considered to be a general model. However, it
has been tested to produce accurate results only for inrush current with simultaneous
switching and ungrounded wye connection. Further verification of the model is re-
quired to prove its accuracy under unbalanced energization, synchronized switching
and other type of transients.

Systematic measurements should be performed for grounded wye and delta coupled
transformers. This has not been carried out due to technical limitations of the labora-
tory.

It is suggested that the model is tested for large power transformers. The main diffi-
culty here is related to the availability of a good test case: accessibility to transformer
data and accurate measurements are required.

The residual flux is assumed to be constant after the disconnection of the transformer.
This assumption should be further verified as slow decay of the residual flux may be
possible in minutes or hours from its de-energization. An accurate and repeatable
measurement technique should be developed for the estimation of residual fluxes.
The calculation of the residual flux by time integral of the voltage is not suitable over
such long time intervals.

The Jiles-Atherton model needs to be improved and verified for the accurate repre-
sentation of core losses. Recommendations for further improvements in this field are
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discussed in Section 4.3.

The availability of some of the model parameters is still a concern. These parameter
are often difficult to measure or estimate, and have an high impact on the accuracy of
the simulation results. The scientific community interested in transformer modeling
should work for the awareness of the transformer manufacturers and utilities regard-
ing the transformer modeling issues. This may have an impact on the refinement of
standards for the inclusion in factory test reports of additional data relevant for the
transient modeling of a transformer.
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APPENDIX A

IMPLEMENTATION OF THE
JILES-ATHERTON MODEL IN
ATP

The Jiles-Atherton model has been implemented as a module in ATP using the
MODELS language and a type-94 NORTON component [138, 139]. The routine
receives as input the guessed voltage to ground of the type-94 component at each
time-step. The model computes and returns the total current into the terminal, the
Norton current source and conductance at each time-step. The code may be further
enhanced to achieve a faster computation speed.
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MODEL JA_NRd
comment

Internal circuit: 1-2 : JA ind
1o —— GND
|

| |
| |
| |
| |
| |
| |
| |
| Built for use as a l-phase type-94 NORTON component |
t

endcommen

comment
First, declarations required for any type-94 iterated model

(the values of these data and input are loaded automatically by ATP)
the values of these outputs are used automatically by ATP)
DO NOT MODIFY THE SEQUENCING OF THE DATA, INPUT, AND VAR IN THIS GROUP)
the names may be modified, except ’'n’)

|
|
|
|
|
| when built for n=1, the array notation is not required)

(
(
(
(

|
|
|
|
|
|
endcomment

DATA n —— number of node pairs
ng {dflt: nx(n+l)/2} —-- number of matrix elements
INPUT v -- guessed voltage across terminals 1-2
v0 -- steady-state voltage across terminals 1-2
io0 -- steady-state current into terminal 1
VAR i -- current (t) into terminal 1
is -— Norton source (t+timestep) at terminal 1
g —- conductance (t+timestep) at terminal 1
flag -- set to 1 whenever a conductance value is modified

OUTPUT i, is, g, flag

comment
| Next, declarations of user-defined data for this particular model
| (values which must be defined when using this model as a type-94 component) |

endcomment
DATA Y0 {DFLT: 0} -- Residual Flux initialization
-- relative dimension of the tested material
Arel {DFLT:1}
Lrel {DFLT:1}
-- anhysteretic curve
Linf -- saturated inductance
ImSat -- saturation level
al
a2
a3
—-- loss parameters
alpha —-— mat. const. (inter-domain coupling)
c -- Material constant
K —-— Material constant
k1 —-— classical eddy current coefficient
k2 —— excess losses coefficient
ResOut {DFLT: 0} -- aut. calculation of Res Flux for SS initialization
Ref {DFLT: 0}
comment - - T
| Next, declarations private to the operation of this model
endcomment

CONST epsilon {VAL: 1E-10} -- iteration accuracy
maxloop {VAL: 1E3}

Qmin {VAL: 0}
Qmax {VAL: 1}

VAR st —-- used for converting Laplace s to time domain
L —- and any other variables needed in the procedure
Q, Onew, delta
Y, Ie, Im, IeEff, ImAn
dltY, dltIeMax
dImdIe, Ldiff, dltL, g0
loop, finish
terml, term2, term3

dy

Ymin, Ymax, Yres, dYres, Yout

MLL, NQZ
INIT
st := 2/timestep -- trapezoidal rule conversion from Laplace
Q := 0.5 —— Q reaches 1 when in heavy saturation
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Ymin 1E8

Ymax 1E-8

MLL := 0; NQZ := 0
flag :=1
ENDINIT

HISTORY INTEGRAL(v) {DFLT: YO}
HISTORY Y {DFLT: 0}

HISTORY Ie {DFLT: i0}

HISTORY Im {DFLT: Y/Linf - Ie}
HISTORY ImAn {DFLT: Im}
HISTORY IeEff {DFLT: Ie}

EXEC
Y := INTEGRAL (v)
Y := Y/Arel -- rescale to the sampled material condition of flux density

IF ResOut=1 AND t>0.01 --delay to avoid initial transients

THEN
Ymin := min (Y, Ymin)
Ymax := max (Y, Ymax)
IF t>stoptime-timestep
THEN
dYres —((Ymax-Ymin) /2+Ymin)
Yres := YO+dYres
WRITE (' JA'Ref ’: New residual flux for SS: ’ Yres ’, adjustment: ’ dYres
ENDIF
ENDIF
loop := 0
finish := false

—— ==> Calculation of y and dy (incremental flux) with trapezoidal rule of integration:
dltY := Y-prevval (Y)

—-— ==> estimation of the electric and magnetic current components:
dltIeMax := dltY/Linf

—-- optimization of Q
WHILE loop<maxloop AND finish=false DO
loop := loop+l
Ie := prevval(Ie)+ dltIeMax*Q
prevval (Im) + dltIeMax* (1-Q)

=> calculate dim/die
delta := sign(dltY);
IeEff := IetalphaxIm;

—-— anhysteretic curve
ImAn := ImSat (alxabs(IeEff)+IeEff+%2)/ (a3+a2+abs (IeEff)+IeEff++2)+sign(IeEff

IF (ImAn-Im)xdelta>0 THEN

term2 := (ImAn-Im) / ( (deltaxK/Linf) - (alphax (ImAn-Im)/(l-c)) )
ELSE
term2 := 0
ENDIF
terml := c* (ImAn-prevval (ImAn))/ (IeEff-prevval (IeEff)
term3 := 1 - alphasterml
dImdIe:= (terml + term2) / term3

compare assumed Q and the one coming from the calculations.
Onew := 1/(dImdIe+l)
IF abs (Q-Qnew)<=epsilon THEN
IF Q>=Qmin AND Q<=Qmax AND Qnew>=Qmin AND Qnew<=Qmax THEN
finish := true
ENDIF
ENDIF

—— Set the new Q for the next iteration based on the number of loops
—-- to be improved for better efficiency...
IF loop<20 THEN
Q := Qnew
ELSIF loop<50 THEN
Q := Q+(Qnew-Q)*0.5
ELSIF loop<150 THEN
Q := Q+(Qnew-Q)*0.05
ELSIF loop<400 THEN

Q := Q+(Qnew-Q)x0.005
ELSE

Q := Q+(Qnew-Q)*0.0005
ENDIF
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IF Q<0 THEN
Q := abs(Q)
ENDIF
ENDWHILE

-- final calculation at the end of the iterations

Ldiff := Linf* (dImdIe+1)
—— OUTPUT
dY := v -- DERIV(Y)
g := 1/ (st*(Ldiff+prevval (Ldiff))/2) + k1l + k2/sgrt (abs(dY))
g := g *Lrel/Arel -- conductance
IF t=0
THEN
i =10
is 1= —-i-g*v0
ELSE
i := (Ie + klxdY + k2xsqgrt (abs(dY))=*sign(dY)) +Lrel -- with eddy components
is := -i-gxv
ENDIF
g0 :=g
Yout := YxArel
ENDEXEC
ENDMODEL
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Analytical Algorithm for the Calculation of
Magnetization and Loss Curves of Delta
Connected Transformers

Nicola Chiesa, and Hans Kristian Hgidaléviember, IEEE

Abstract

This paper proposes an analytical algorithm for the comjmrtaof the magne-

tization and loss curves for a transformer from standartbad-test report data.
This is the input to standard transformer models for powstesy simulation.

In the case of delta coupled windings the conversion frorhreggort rms line

quantities to peak phase values requires processing aipifentharmonics in the
current. This is handled analytically in the paper withiméition of the concept
of incremental inertance and conductance. The analysigsstimt only the third

harmonic needs to be treated to reach sufficient accurabynviite measurement
errors. The test case with a 290 MVA GSU transformer showsarease in the
calculated current of above 10% at rated voltage with prapeien harmonic

handling. This difference will increase considerably wétkcitation voltage.

Index Terms

Power transformer, magnetization, nonlinearities, hanimalistortion, Fourier
series, power system transients.

NOTATION

« triplen harmonic:an odd harmonic of order multiple of three (3rd, 9th, 15th,
21st, 27th...);

« inertance:inverse of an inductancé: = 1/L;

« capital letter: rms value(e.g.: I);

« small letter: peak value(e.g.:7);

« variable dependencyinstantaneous valuge.g.:i(t));

« over-tilde charactercontribution from each incremental inertance or conduc-
tance segmente.g.:7 );

« indexh: triplen harmonic ordefe.g.: I);

o indexn: excitation level,1 < n < N, where N is the total number of points
specified in the test-report;

« indicesj and m: summation intervals] < j <n andl <m < j;

« indicesp and/: phase and line quantities respectively.

I. INTRODUCTION

HE power transformer is an essential component in poweresyst The
standard models used to predict its transient behavior aoe gue to lack
of data, measurements, and knowledge. Transformer mgdilian active topic
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in the research community with papers published on diffeiesues. References
[1]-[3] present a comprehensive and up to date review okfommer models for
electromagnetic transients.

One of the critical aspects of transformer modeling is theedption of nonlinear
and frequency dependent parameters. Among others, nanidoee magnetization
and losses (hysteresis and eddy current) play an impomémnirr transient studies
such as inrush and ferroresonance. The typical data awailabén modeling a
power transformer are from the factory test report [4]. letsgircumstances it is
common to model the magnetic core with a nonlinBar L. parallel impedance for
each phase and to neglect the frequency dependent and adyhgstéresis effects
of the magnetization current. Peak values of quantities igrmatization and loss
curves are specified in transformer models, thus a convefgiam rms test report
data is required.

The conversion process has been extensively addressed asldpel over the
years [5]-[12]. A first reference by Talukdet al. [5] addresses the conversion
problem and proposes a numerical iterative technique.dBettie limitation of
an iterative algorithm, this approach neglects the coree®sand does not take
into consideration multiple phase systems. An analytieehhique is proposed by
Prusty and Rao [6], but iron-core losses and handling of plalfphase windings is
not considered. The same analytical approach is also repior{g] by Dommelet
al. and is currently the main tool used in EMTP/ATP to convert a ifji$ to a\/i
characteristic [9], [10]. Neves and Dommel present in [8]extended analytical
algorithm that takes into account the influence of the no-llmedes. The same
authors in a follow up paper [11] discuss the handling of aadebnnection using
a numerical approach that was implemented in ATP as docuchént§l?2]. A
natural further step and the main contribution of our papehé development of
an analytical algorithm able to handle a delta connection.

The next section gives an overview of the algorithm and oeslithe main issues
involved. The following sections detail and discuss eaclp stethe algorithm.
The method of the incremental inertance and conductanceegepted in section
lll. The proper processing of the inductive current in caseaaddielta coupling
is treated analytically and presented in section IV. Thestes current must be
processed before the inductive current, however it isalhtibriefly examined and
then further developed in section V as the emphasis is ondherdting inductive
current. Section VI discusses a case study and verifies th@gedpmethod with
field measurements.

II. LINE, PHASE QUANTITIES AND TRIPLEN HARMONIC ELIMINATION

According to IEEE Standards [4], the variables to be measurea io-load
test of a three-phase transformer are the rms line voltabestms line currents,
and the active losses, irrespectively of the transformemeotion and the core
construction. For delta-connected transformer, the pbasents are not available
from measurements. The three currents are in general difféoe three-phase
transformers due to the asymmetry of the core structurenlylabnly the mean
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value of these currents is given in the test report, theeefoe three currents are
assumed to be equal even if they are slightly different.

For the case of single-phase transformer the distinctidwd®n line and phase
guantities has no significance:

Ip=1; V, =V 1)

Based on the assumption of a sinusoidal voltage, the stdrrétations apply to
wye-connected three-phase transformers:

L=1; V,=V/V3 )

Due to the distorted nature of the current, the same anatogelations based on
the /3 are not suitable for delta-connected three-phase transfor

L, #L/V3; V, =V, 3

This last case is of most interest and will be examined in Hetdie approach
proposed in [11] recommends to deal with triplen harmonimielation. Under

the assumption of equal currents in all the three phasegrighen harmonics (the
odd harmonics of order multiple of three) are confined inskde delta-connected
winding and cannot be seen when measuring line currentselAawif the triplen

harmonics are present in the delta-connected winding thsy @ntribute to the
magnetization and loss currents. A decrease in accuracypevienced if the line
current measured at the terminal is used to calculate thenetizgtion and loss
curves without taking into account the presence of triplanonics.

The conversion from rms open circuit measurements to fluwatiekv.s. peak
current is done in steps as outlined in Fig. 1. First, the tataload line current is
split into the loss and magnetization components. The losgeccan be directly
obtained from the measured no-load losses. Triplen haegnelimination is not
required for the calculation of the loss curve because utiierassumption of
sinusoidal voltage only the fundamental harmonic of theremir contributes to
active losses. However, as the loss curve is nonlinear, dbaltmg phase loss
current will contain harmonics and triplen harmonics nesdé¢ removed before
the conversion to line loss current in case of a delta couplieding.

The magnetization curve can then be obtained by equaliziegnéasured and
calculated rms magnetization line currents for each pdith® characteristic. The
phase current waveform is calculated from a nonlinear mtigimn characteristic
initially unknown and then converted to line current. In ttese of a delta coupled
winding, the triplen harmonics should be eliminated froma talculated phase cur-
rent before the conversion to line current. The algorithns@néed in the following
sections of the paper computes the magnetization chastiterecursively and
analytically, without trial and error iterations, and wighparticular consideration
for the case of delta connected windings.

Il1. THE METHOD OF INCREMENTAL INERTANCE AND CONDUCTANCE

The method of incremental inertance and conductance catéghto a clear
mathematical formulation and an easy processing of the dwio®. With this
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Open-circuit data

I’rms ) V’l‘ms ) P

Incremental
conductance (36)

(N points)
1 l noload
Subtraction of I loss Triplen harm.
loss current elimination (40)
component (12),(13) for Delta coup.
1 Il magn

Rms voltage to
peak flux-linkage
conversion

|

Estimate the
first point,
Ky, i (21) (22)

!

yes

Delta coupling

l no
Calculate K, Calculate K,, using
using (20) (32) (harm. elimin.)

!

Calculate current
peak i, (16)

no

Magnetization
Curve

Fig. 1. Flow chart: test report to loss and magnetization curve conversio
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approach one of the limits of the rms integration intervahais constant and the

formula of the rms value is simplified in a plain sum. The techeids presented

here and its application will be clarified in the following seas.

The magnetization curve is described as a piecewise lineae cefined by pairs

of flux-linkage/current values, shown by a continuous lind-ig. 2. The slope of
each segment is defined &s:

In — in—1

Sp & 4

" )\n - )\n—l ( )

An alternative way to describe the same curve is to defineg$itrdines with the

origin at the same absciss® (= 0) but different ordinatesig, i1, i2) as represented

by dashed lines in Fig. 2. The slope of the lines is defined by ithemental
(5)

inertance” K,,:

Kn é Sn - Sn—l
Equations (4) and (5) define the absolute and the incremeregthirces, respec-
tively, with a dimension of henry to the minus ong:= % =T, [H1].

Consider now the incremental inertance segments of Fig. 2aasthusoidal
flux-linkage with peak value\,. It is possible to assemble a current waveform as
qualitatively shown in Fig. 3. A partial current wavefory{f) is created for every
incremental inertance segment and can be expressed asterfuot)\,, and the
(6)

electric angled = wt as:
ij(0) = K- (An(0) = Aj—1)-H(An(0) — Aj—1)

where,, (0) = \,sin(f) and H(-) is the Heaviside step function. The total current

is the sum of the calculated partial waveforms:
in(0) =Y _1;(6) (7)
j=1

b — S,, = abs. inertanc
——K,, =inc. inertance

current 4 |
1 K3
|
) |
13 II
I
]
/ s
3 ”
’[ /2///
1 Pre
I -
! - -
. ”
19 ///’ K,
//// 52 ”””””””
Z'l 1~ Sl L—=
7;0 T T > )
A1 A2z flux-linkage

Ao
Piecewise linearised magnetization curve, incremental inertafietion.

Fig. 2.
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Assuming a sinusoidal flux-linkage with peak valig, the anglex; is defined
as: ),
o £ arcsin ~L (8)

a; is the electrical angle corresponding to a change in theestfthe piecewise
linearized magnetization curve. Due to the assumption dfigssidal flux-linkage,
a direct relation exists between flux-linkage and electraragles for any defined
value of flux-linkage. Therefore, (6) can now be reformulated a

i5(0) = Kj-(An(0) — \j1)-H(0 — aj_1) 9)

In this form the Heaviside function is a direct function oétklectrical anglé.

The “incremental conductance”G,, is defined in an analogous way to the
incremental inertance. The same approach is used and onlfintleresult is
reported:

ilossn(e) = Z glossj (0) (10)
j=1
Elossj(e) = G](’Un(e) — ’Uj_l)‘H(H — aj_l) (11)

Sections IV-B and V detail how to obtain the incremental iaece and conduc-
tance coefficients, respectively.

IV. M AGNETIZATION CHARACTERISTIC

The measured rms no-load current is the sum of the currentilootions from
magnetization and no-load losses. Due to the orthogonafitthe two current
components, the magnetization current (inductive compnean be separated
from the total no-load current:

_ 2 2
I magn — Il noload ~— Il loss

(12)

current

angle

Fig. 3. Current waveform assembled by sum of incremental cuwemeforms contribution.
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The calculation off; ;¢ is investigated in section V.

Phase guantities are now used to present a general fornmulatie case of delta
connection requires more explanation as it involves thellvag of harmonics and
(12) becomes:

Il magn — \/g(lp magn Z Ih magn) =
h

2
- \/IZQnoload - 3(Ip loss — E I, loss) (13)
h

as triplen harmonics flow in the delta and are neither traresfieio the line current
nor measurable from the terminals. This will be further itigeged in section IV-C.
The subscriptmagn” is implied in the following part of this section.

A. Conversion from rms Voltage to Flux-linkage
This step is straightforward if the open-circuit test volidg assumed sinusoidal:

R, Y,

A =
w 2.7 f

(14)

The exciting current of a transformer contains many harmoaioponents. Any
source of power has some internal impedance that leads twebgon of harmonics
in the voltage. If present, these harmonics cause a reduafithe accuracy of any
method that takes advantage of the sinusoidal voltage gtgum it is difficult
to take into account this phenomena based only on the sthndsir report data.
A power source with low internal impedance should be usedHertesting of a
transformer. Moreover, it is important to verify the voleadistortion, in [13] the
THD factor is suggested to be maintained lower than 15%.

B. Conversion from rms to peak current

The rescaling of current from rms to peak is more elaborata tha previous
step. Commonly, the conversion is performed in ATP by the migakroutines
SATURATION or LOSSY SATURATION [9], [10], [12]. The use of thiancre-
mental inertance methodeveloped and presented in section Ill leads to a refined
analytical formulation.

For an odd function the rms value of the magnetization cariedefined as:

1 [T, 2 2,
In:\/T/O z%(t)dt:\/ﬁ/o 2(0) do (15)

with 4,, defined as in (7):
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The periodicity and symmetry of the current waveform allowcaculate the
integral over just one fourth of the period, sy 7/2|. Substituting (16) in (15)
for i2, this gives:

_ i/o ]z:(%?(e) +2.75(0)- ]i in(0)) o =

m=1
n n j—1
=Y K;Aj+2> > K;j-Kp-Bjm =
7=1 j=1m=1
n—1
=K2 A, +2-K,-Y Ku-Bum
A, > +
A m= 1
B
n—1 j7—1
+ZK2 Aj+2) Y KK Bjm =
j=1m=1
C/
= K2 A+2.K, B+C' (17)
with A; and B;,, having analytical solutions:
2 T (e 73] 1 .
Bj7m = ; |:)\i (Z — J? + 1-8111(2'0@_1))—!-
+'Aj—1'Anv—1'<g:—*aj—l)-F
— )\n'()\j—l + )\m_l)-COS(Oz]‘_l)] (18)

The only unknown quantity i(,,: the incremental inertance of the poitThe
values of all theK; (1 < j < n — 1) are known from the calculations of the
previous points of the magnetization characteristic. then possible to isolate the
term K, and solve (17)4, B andC = C’ — I? are the coefficients of a quadratic
equation that can be solved féf,,:

-B++vB2-A.C
A
It can be proved that only the solution with-" is valid for this problem.

The pointig— )\ Is set to zero; the segment connectigg-\g to i;—X; can be
assumed linear with:

K, = (20)

i1 =1-V2 (21)
Thus follows: )
21

K, = — 22

=5 (22)

Equation (20) is used to find the incremental inertance for edidhe following
point.
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60

40t

current [A]

Line Current
————— Phase Current

0 0.005 0.01 0.015 0.02 0.025 0.03 0. 035 0.04

time [s]

Fig. 4. Measured line and phase current at rated voltage, delta ¢edrteensformer (test object).

C. Three-Phase Delta-Coupling Case

In case of a single-phase or a three-phase wye-connectefdrmer, standard
routines and the hereby presented routine lead to the sameriwuresult. A three-
phase delta-connected transformer requires more attentio

Fig. 4 shows the line and phase currents at rated voltage falta-connected
transformer; the curves refer to the transformer consiiémethe case study in
section VI. The high content of harmonics is noticeable andtlits reason the
rms values of phase and line currents are not related by therfe'3.

Line and phase currents of a delta connected transformereaedomposed in
their harmonic contents:

p—\/ A Dy A+ D+ I+ D+ 12 (23)

L= V3[R 4 I+ Dt Dy o+ + (24)

Phase currents contain all the odd harmonics. Line curremidraics have value
/3 the phase current harmonics, but the triplen harmonics ar@msent due to
their elimination in the delta.
The value of the rms line current is known from the test remwt(23) and (24)
can be rewritten as:
12
5= b s Ly~ L= = Ly =1 = > I, (25)
h
where theII% can be replaced by (17).
The triplen harmonics can be expressed analytically andrfaydal function the
Fourier series is:

0) = i b sin(h-0) (26)
h=1
by = % / "F(0)-sin(h-0) do = % /0 F(0) sin(h-0) db (27)
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The last equation is valid due to the assumptions of sinubeidiéage, and a
symmetric and non-hysteretic magnetization loop. F@f) = i,(6), b, will be
the harmonic component of the current:

bh = 'ih — \/§Iph (28)

The integral of (27) can be simplified if a piecewise linear negmation char-
acteristic is assumed and the incremental inertance meshosked. Equation (16)
is inserted in (27):

L I —-
in= Z = /a i;(0) sin(h-0) df = sz
j=1 j—1 J=1
n—1
j=1
= Kn‘Ah,n + Ch,n (29)

whereiy, ; is the portion of the total current of the harmonidue to the incremental
inertance segment A, ; is obtained solving the integral in (29):

2 sin((h+1)-aj—1) sin((h —1)-aj—1)
Ah’j:?[A”'< h+1 B h—1 >+
cos(h-a;—1)

i)
The values of thed;, ; and K; terms are known. The only unknown termAs;:
the incremental inertance for the point Cj,, is constant for each considered
harmonic.
Equations (17), (25) and (29) can be redeveloped in:

K2 § : h,n K 2 : hn Chn

— 221 (30)

D E
12 Cy
1L h,n _
+CO' =3 > o =0 (31)
h
F
that gives a quadratic equation solvable fdy:
_ JVE2_D.F
K, = E+ g D-F (32)

V. CORE LOSSES CHARACTERISTIC

Losses are responsible for part of the no-load current. Aaedilaccuracy in
the estimation of the magnetization curve is experiencedefnonlinearity of the
no-load losses is not taken into account. For consisteheyfarmulation presented
in [8] is reformulated here using the incremental conduttaspproach.
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No-load losses are available in the test report as a funafotine line volt-
age. It is assumed that the applied voltage is sinusoidaltlaatdfor three-phase
systems the losses are equally distributed within the tiptegses. In case of a
non-sinusoidal voltage, the total losses may be correaetbining the reading of
rms and rectified-average voltmeters [13], [14]. Due to tHeedint length of the
magnetic circuit, the losses distribute in different pndpms in the three phases
[15]. However, the assumption of equally distributed lessghin the three phases
of a transformer is reasonable for the detail level of thigrapch. Resistive losses
of the winding are not taken into account because they arbgi#g in no-load
tests.

Using an energetic approach, the losses per phgse-(F,/3) are:

2 [z 2 [z

Pn = / UTL(H)ZTL(9> df = / ’Un(e)'ilossn(g) do (33)
T Jo T Jo

wherei;,ss(0) is the current component in phase with the voltage (resistom-

ponent). At excitation leveh, using theincremental loss conductan@pproach:

2‘lossn(e) :Z %lossj(‘g) :Z Gj ’ (vn(e) - vj—l) H(H - aj—l) (34)
j=1 j=1

This equation is analogous to (16) for the case of the incrmhemrtanceilossj
is the portion of the current attributed to the incrementaklconductancé’;. The
losses per phase can be expressed as:

n—z / Zlossg )d@:ZPj (35)
j=1

~ G .
P; ::ifi~(vi-0r——2-aj_14—shﬂ2-aj_1)}+

— 4-Un'vj,1'COS(Oéj,1)> (36)

The only unknown value in this equationds,: the incremental conductance for
the pointn. The procedure has to be repeated for each of the points sgenifiee
test report to identify the nonlinear loss characterigii@isimilar way as has been
done for the incremental inertance. The result will be a pedtage/peak-current
nonlinear loss characteristic, similar to the curve showikig. 5(b).

The current flowing trough the nonlinear resistance contaarsbnics and its
rms value has to be analytically computed from the nonlithess characteristic in
order to apply (12) for single-phase and three-phase wyeaxied windings, or
(13) for three-phase delta connected windings. The phasevaine can be found
substituting\ with v and K; with G; in (17), (18) and (19). In this case all the
G are known and the unknown quantity is the rms value of the d¢ogeent:

n j—1

Il%)ssn ZG Alossy +2- Z Z G G Bl055] m (37)

j=1m=1
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2 m (a7 1 .
Bioss jm =_ [0,21 (— -+ *'SIH(Q'Qj_l))‘i‘

4 2 4
+vj—1Um—1- (g - Oéj71>—|—
— Un(Vj—1 + Vm—1)-cos(aj_1) (38)
Alossj :Bloss 357 (39)

The line current can then be found for single-phase and thihese wye-con-
nected windings. An additional step is required for threege delta-connected
windings as the triplen harmonics needs to be eliminatedefigedl in (13). The
value of each triplen harmonic can be found with a slightlydified version of
(29):

Z‘hloss = Z ihloss,j = Z Gj 'Aloss h,j (40)
=1 j=1
_2 sin((h—%l)-aj,l)
Aloss h,j —;' [Un( h+1 - (41)
sin((h —1)-aj—1) - cos(h-aj-1)
S ) e

The rms value of the loss current is not correctly estimatedl laads to an
inaccurate magnetization current if the triplen harmorocrection is not taken
into account. This correction is however of minor significafimethe calculation
of the magnetization characteristic. It can be explaingd the lower magnitude of
the resistive current being approximately an order lowantthe inductive current.
An error quantified below 1% is introduced in the estimatiorihaf magnetization
characteristic when the triplen harmonic elimination isdged in the calculation
of the resistive rms line current.

VI. CASE STUDY

A 290 MVA GSU transformer has been used as a case study. Talelaild
the transformer test report data obtained from factory oweamsents. The open
circuit test has been performed on the low-voltage deltazeoted winding. The
analytical algorithm proposed in the previous sectionslieen implemented in a
Matlab function and is now used to calculate the magnetinaturve.

Two different results are presented in Fig. 5(a). One curgeblean obtained with
no triplen harmonic elimination, the other with harmonidenéation. Fig. 5(b)
shows the nonlinear loss characteristic. The humeric eaudt reported in Table I1.

Fig. 6 shows the accuracy of the result as a function of the mummbharmonics
taken into account. The reference value “Peak current p.u.reféts to the current
peak calculated taking into account a large number of haicedqup to the 6000-
th). The summation converges rapidly and one term (elinonadif only the third
harmonic) seems to give sufficient accuracy (ert0r0.2%). The first point of
Fig. 6(a) is the result obtained with no delta correction. Tigsire shows how
disregarding the triplen harmonic elimination leads taesrhigher than 10% in
the estimation of the current peak of Fig. 4 (rated excitation
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TABLE |
GENERATOR STEP-UP TRANSFORMERTEST-REPORT.

Main data [kV] [MVA] [A] Coupling
HS 432 290 388 YN
LS 16 290 10465 d5
Open-circuit  Eo[kV,(%)] [MVA]  Io[%] Po[kW]
LS 12(75) 290 0.05 83.1
14(87.5) 290 0.11 118.8
15(93.75) 290 0.17 143.6
16(100) 290 0.31 178.6
17(106.25) 290 0.67 226.5
Short-circuit  [kV] [MVA]  ek,er[%]  Pi[kW]
HS/LS 432/16 290 14.6,0.24 704.4
TABLE 1l

NONLINEAR CHARACTERISTICS

Loss Curve
Peak Current [A] Peak \Voltage [kV] Rms Line Current [A]
No Harm. Elim. Harm. Elim.
3.264 16.970 3.998 3.998
4.240 19.798 4.847 4.840
5.038 21.213 5.455 5.444
6.350 22.627 6.454 6.434
8.054 24.041 7.855 7.817

Magnetization Curve
Peak Current [A] Peak Current [A] Flux-linkage [Wh-t]

No Harm. Elim. Harm. Elim.

2.756 2.756 54.018
12.948 14.403 63.022
21.105 24.107 67.523
42.879 50.171 72.025
99.428 118.773 76.526

The ATPDraw circuit shown in Fig. 7 is used to test the model. Thekso
named “RMS meter” and “W meter” are models used to measure cum®nt
and active power as defined by the standards and normally rpextbduring a
factory test [4]. Magnetization and loss curves are inseittean ATPDraw circuit
as type-98 nonlinear inductor and type-99 nonlinear resigtO]. The hysteretic
behavior of the model is shown in Fig. 8 (only half of the loopsilsown due to
symmetry). The value of the nonlinear inductance is assigimstaccording to
the first column (no harmonic elimination) and then to the adomolumn (triplen
harmonic elimination) of Table Il. Based on this circuit theposed algorithm is
benchmarked using two different strategies: comparisah wieasurements and
consistency of the results with the input data.

The simulated waveform of the line current is compared with theasured
waveform. The result at rated excitation level is shown in 8igThe agreement
between measured and simulated waveforms is rather pobe ifligorithm does
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not use the harmonic elimination. The proposed method givesti&r accuracy
in close proximity with the peaks where the current magratusl linked with
the magnetization curve, but does not modify the behavioth@a shoulder area
characterized by the loss curve. The harmonic content o&limtephase currents for
the simulated waveforms is shown in Fig. 10. The importanceiplieh harmonic
elimination increases with the excitation level. Beyond kimee point, the magneti-
zation characteristic is flat and the current difference betwthe two characteristics
for a certain magnetization level becomes even more marked.
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Fig. 8. Hysteretic behavior of the R-L model.

The no-load rms current and active loss are calculated in ithalation and
compared with the test report values specified as input datheofoutine. The
results are reported in Table lll. Input data and calculdieel rms current differ
up to 15% for the highest excitation level if triplen harmomlimination is not
taken into account. The difference is expected to increaskefiuas the excitation
level increases due to the nonlinear nature of the indueta@ao the other hand, a
very good agreement is obtained with the correct processirge input data.

VIl. DISCUSSION

Compared to the previously available algorithms (Taluki@dr Prusty [6] and
Neves [8], [11]), the use of a complete and general analyétgorithm for the
calculation of loss and magnetization curves of transfosme the main contri-
bution of this paper. The new algorithm enables the verificatid the result
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accuracy against the number of harmonics taken into acclyupitl] it is suggested
that harmonics up to the 99th order should be treated, whije 6~shows that
eliminating harmonics higher than the third does not sigaifity improve the
accuracy. Finally, the model has been verified with measureaed validated
against the input data.
The assumption of a sinusoidal voltage may be doubtful slheeiden a rela-

tively low power generator is used to perform open circust t&f large transformer
units. If the sinusoidal voltage assumption is not congderalid, the test report

TABLE Il
RESULTS COMPARISON

Excitacion Test Report Simulation
\oltage Current Loss Currefit Current® Loss

(kv] Al [kw] (A] (Al (kw]

12 5.23 83.1 5.2323 5.2323 83.1

14 11.51 1188 10.759 11.536 118.8
15 17.79 1436 15.362 17.812  143.59
16 3244 1786  28.334 32.445 178.59
17 70.11 226.5 59.376 70.075  226.48

2 no harmonic elimination
® triplen harmonic elimination
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data alone are not adequate to establish the correct maapneni characteristic of
a transformer. Transformer manufacturers and customegiseagif this may decide
to provide/require an additional and more comprehensivefsepen circuit data
than rms values.

The extrapolation of the magnetization curve beyond thenteesstsured point and
into extreme saturation remains uncertain. Possible appesaare linear extrapo-
lation, air core inductance (connected to the last poinhefrhagnetization curve),
and curve fitting. The choice of a correct extrapolation metlsodnportant for
inrush current and ferroresonance studies. A comparistwelea inrush calculation
based on linear extrapolation and curve fitting (Frolich eignatis shown in [16].

While the parallel R-L representation treated in this palaeks an accurate
hysteresis and eddy current losses representation, theochetresented here is a
valid tool for parameter estimation of more accurate hgstemodels. An example
of the use of the magnetization curve for the extraction eflies-Atherton model
parameters is given in [17].

The currents measured in a no-load test are the line curréhtse currents
are in general different for three-phase transformers dutkdé asymmetry of the
core structure. The method presented in this paper does keirteo account the
core topology of a transformer and assume the three phasagrahsformer to
be identical. Topologically correct models exist and theie is suggested in case
of unbalanced operation and where an accurate representidtihe effect of the
magnetic coupling between phases is important for the tyaualy investigated.
When the central focus of the study is not on the transfortseifj a simpler and
computationally more efficient representation of the trarmmekrs may be desired.
In this case the presented approach can be used.

VIll. CONCLUSION

An algorithm for the computation of the magnetization cuf\@m rms V/I
to peak)\/i has been presented. The algorithm is analytical and implesrtae
processing of no-load losses and delta connected windittgerGalgorithms are
analytical but neglect the handling of losses and delta ecteal winding, or are
based on numerical and iterative approaches.

This paper focuses mainly on the handling of delta connectedimg. Disre-
garding the transformer winding coupling type leads to ificemt inaccuracies that
can be easily avoided with the proposed analytical algaorithe test case with
a 290 MVA GSU transformer shows an increase in the calculagedt purrent of
above 10% at rated voltage with proper triplen harmonic hagdThis difference
will increase considerably with excitation voltage.
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HYSTERETIC IRON-CORE INDUCTOR FOR
TRANSFORMER INRUSH CURRENT MODELLING IN

EMTP
Nicola Chiesa Hans K. Hgidalen
NTNU NTNU
Trondheim, Norway Trondheim, Norway
nicola.chiesa@elkraft.ntnu.no hans.hoidalen@elkraft.ntnu.no

Abstract - A crucial element of transformer models for transient simulation is the
representation of the core. The modelling of non-linear hyretic inductors required
to properly represent a transformer core is a challenge in arelectromagnetic transient
program. The simulation of transients such as inrush and feroresonance require a
correct handling of nonlinear and frequency dependent losss, accurate hysteresis loop
representation, possibility of flux initialization, and a proper automatic initialization by
disconnection transients. This paper analyses standard ailable models and tests an
advanced hysteretic model based on the Jiles-Atherton thep This model is imple-
mented in a topologically correct core representation andhie parameters are obtained
from test report data. Due to the interaction of several noninear elements, the solution
of such model is still a challenge in an classical EMTP programbased on compensation
method. Good agreement with ringdown and inrush measuremes is achieved.

Keywords - Electromagnetic transients, inrush current, remanent magnetiza-
tion, Jiles-Atherton, hysteresis, core losses, topologically correct core.

1 INTRODUCTION

HIS paper deals with the modelling of the magnetic core of transformers. A

core model is required for simulations and studies that may involve dynamic
excitation of the magnetic component of a transformer as low-frequerttyglamw-
front transient analysis, [1]. These types of studies involve neithdrfloavs, where
only steady-state quantities are of interest, nor high-frequency and ietpaitsients,
where the network capacitances are dominating the evolution of the trangiezds
of interest are inrush-current and ferroresonance studies, vatttipal application
involving relay setting, inrush current mitigation, sympathetic inrush identificatio
and investigation of resonances.

A transformer iron-core and any other ferromagnetic nonlinear indoetelas-
sically modeled in an electromagnetic transient program (EMTP) suffen foov
accuracy. The main obstacle is the lack of input data: advanced modeaiserdg-
tailed measurements for the estimation of parameters, while standard testisepor
usually the only source of data. An accurate representation of the lpssdsear
and frequency dependent) is also a required feature of an accurdé. mo

Several hysteretic inductor models are presented in literature with the most no
ticeable summarized in [2]. The Jiles-Atherton (JA) and Preisach modejzrere
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EN

Lin. Res. & Nonlin. Res. Path tracing  Mathematical
Nonlin. Ind. & Ind. approach representation

Figure 1: Representations of nonlinear inductor with losses.

ferred for their capability of representing minor loop operations andnéegézation
transients, thus their capability to estimate the remanent magnetization of an iron-
core inductor. Among this two, the JA model has been preferred mainlybedhe
model parameters can be obtained with fitting procedures as reportedtmi8kpe-

cific measurements are not required. The same reference also rel@ats &ffort

and a faster execution of the JA model. The same model has been reparted s
cessfully implemented in an electromagnetic transient program as descridef]in

The Preisach model may give however better correspondence with tisemaeents
especially in case of a large excitation range.

The implementation and the comparison of the various hysteretic iron-core in-
ductor models is out of the scope of this paper. The main purpose is tapthee
significance of using such a model in electromagnetic transient simulation® and
demonstrate the use of several instance of a hysteretic model in a toptjogica
rect three-legged transformer model for representing disconnecttareergization
transients.

2 NONLINEAR CORE MODELLING
2.1 Single-phase representation

Iron-core inductor exhibits nonlinear characteristic of both magnetizatimerat
and iron losses as function of the applied voltage. The no-load currém isum
of the magnetization current and the current due to the core lossesloSses are
an important aspect to take into account; their nonlinear and frequependent
nature makes the implementation in a transient simulation program not straight for
ward. Core losses can be divided in two parts: hysteresis losses aed e to
eddy current in laminations. Hysteresis losses per cycle are freqimeyendent,
but they are affected by the excitation level. Eddy current losses \arlnearly
with frequency. Fig. 1 shows different approaches used to modelethavibur of a
nonlinear inductor. Each of this approach has its advantages and egsalsn

The first distinction can be made between multi-elements (R-L representation)
and true hysteretic models. In multi-elements models the losses are reprdsented
either a linear or a nonlinear resistor, while the saturation curve is modeled with
a nonlinear inductor. Hysteretic models include losses and saturation inrttee sa
model. R-L representation has the advantage of having a simple implementation an
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relaying on standard available components. However, multi-elements moikets fa
reproduce remanent magnetization, [6].

The nonlinear inductor and resistor are usually characterized by [seénear
curves and are solved either by direct matrix change approach or osatjma meth-
od, [7]. When a linear resistor is used, it is common to fix the resistance t@lue
match losses at rated excitation. This gives overestimation of losses far llweé
of excitation and underestimation for higher level of excitation. Better fittinthef
losses can be achieved by a nonlinear resistor, however it has todsellgample-
mented since hysteresis losses depend on maximum flux and not volte@je, 48,
nonlinear resistor characteristic is defined as-a: curve: the differential resistance
becomes lower (higher losses) as the voltage level increases. The fleash their
highest value at voltage peak, which correspond to the zero of thérikege and to
the base of the hysteresis loop.

Fig. 2 and 3 refer to a 290MVA 432/16kV 50Hz three-phase transforiadie 1.
The magnetization characteristic of the delta connected transformer hasbee
tained from positive-sequence data applying a triplen harmonic elimination chetho
[10]. In the first figure the supplied voltage has been varied betwe#nars 106%
of the rated voltage and constant rated frequency, while in the secamd flte ratio
V/ f has been kept constant and the frequency varied as 1/4, 1, 4, 86 dintes the
rated frequency.

The flux-current trajectory that may result from using a nonlinear piesgere-
sistor is unnatural and have a tendency to underestimate the losses in the waicinity
the knee area (this can be seen from the narrow width of the hysteregssitothis
area of the curve as shown in Fig. 2(b)). R-L representation mayatlyrrepresent
losses at power frequency but does not provide a proper fregupendency and
may result in a bobbling effect of the hysteresis loop as reported in Fy. 3(

Concerning true hysteresis models, two approaches can be followtdtrae:
ing, [11, 12], and mathematical representation, [2]. The path tracingoaplp is
based on the scaling and expansion of a defined primary hysteresisAtiile. this
has been criticized mainly due to its simplistic representation of sub-loop operatio
it allows residual flux and it requires a fairly limited input data. A physicalaiigp-
tion of a hysteretic model is unrealistic for a practical use due to the grestdév
uncertainty, and a mathematical representation based on measuremeateandtpr
fitting should be preferred.

Fig. 2(c) and 3(c) represent the hysteresis loops obtained by the impkeioan
of a Jiles-Atherton model that includes eddy-currents effects, [5, TB]s model
preserves the characteristic of the hysteresis loop for a wide rangeitsteon levels
and frequencies. True hysteretic models have also a better relocatianlotgies in
the full area of the hysteresis loop than models that represent losses reiistr
in parallel to a nonlinear inductor. A limitation observed for the JA model is a poo
fitting of the loss characteristic over a wide range of excitation, [14]. Tles-J
Atherton theory is quite mature and widely accepted, but has room for iraprent
in loss fitting.
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Table 1: Generator Step-up Transformer Test-Report.

Main data [kV] [MVA] [A] Coupling
HS 432 290 388 YN
LS 16 290 10465 d5
Open-circuit  Ep[kV,(%)] [MVA] 1o[%] PokW]
LS 12(75) 290 0.05 83.1
14(87.5) 290 0.11 118.8
15(93.75) 290 0.17 143.6
16(100) 290 0.31 178.6
17(106.25) 290 0.67 226.5
Short-circuit  [kV] [MVA] ek,er[%]  Pi[kW]
HS/LS 432/16 290 14.6,0.24 704.4

2.2 Extrapolation and final slope

A core model is usually based on the transformer open-circuit test nesasaot.
Conventionally data at rated excitation is reported. Additional points arerezhjin
order to characterize the nonlinearity of the core and built a piecewise thesac-
teristic. Transformer manufacturers most commonly provide additional da@%o
and 110% excitation levels. Table 1 shows the test report data for a 280skéyd-up
transformer. In this case five results of the open-circuit test are gdyvigpanning
from 75% to 106.25% of the rated voltage. The data provided by the dpairitc
test report is sufficient when the purpose of the transient simulationraxésvolve
heavy saturation of the transformer core. Note that thelfms/ characteristic spec-
ified in a test report has to be converted to a p&aki characteristic by use of the
ATP CONVERT/SATURA routine [7] or a more advanced method that thatales
into account the three-phase coupling [10].

Open-circuit test reports seldom include data above the 110% of excitexieln
testing a power transformer in heavy saturation requires a large andsitiffes with
rated power comparable to the power of the transformer. Indeed, nogtéstitity
has the capability of performing such test on large units. Thus, the extemsioess
is not straight forward.

Fig. 4 shows how a piecewise nonlinear characteristic is extended by &rear
trapolation and curve fitting. The linear extrapolation method assumes a mbnsta
slope of the saturation curve after the last specified segment of the jEeaswwlin-
ear curve. This approach becomes doubtful when the two last points pidbewise
nonlinear curve lie in the 100% to 110% excitation level range: the transfdrase
not reach the complete saturation during the open-circuit test and a lixteas®n
of the curve will result in a severe underestimation of current for anjtaon level
above the last specified point. Curve fitting allows the definition of additiorial a
ficial points of the saturation characteristic, such that new segments @addbd to
the piecewise nonlinear curve. While linear extrapolation is most commonly used
the curve fitting approach should be preferred.

Without specific measurements it is difficult to verify how precisely the curve
fitting method can represent the saturated region and mainly relay on the fittiog f
tion used. Here a modified version of the Frolich equation, [14], has bsed as
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Figure 4: Representations of nonlinear inductor with losses.

AR
PATH

Figure 5: Topologically correct representation of three-legged transfornrer. co

indicative example: .
7
A= 1)
a+b-|i| + c-+/|i
with @ = 0.768-1073,b = 11.6-1073, ande = 16-1073.

Despite the fact that more advanced techniques exist [15], curve fitingjisple
method that requires no more than the standard test report data and abexseth-
sion of the saturation characteristic. It is particularly useful to improve dméimear
characteristic of a piecewise nonlinear inductor.

2.3 Three-phase representation

A three-phase transformer can either be represented as a singéeqaaga-
lent model, or as a true three-phase model, [9,16—19]. Most of the laleaiteodels
in transient simulation packages are of the first type. Such a model is a simplis-
tic representation of a three-phase component and disregards thetimaguogpling
between the phases. This approach may be accurate enough forstgadynd bal-
anced operations; however the approximations introduced are dotdsttuhnsient
analysis involving unbalanced operation. Practical cases that recontroerttiree-
phase models are studies of single pole operations, single-phase fauttyanized
switching operations, energization and de-energization transient stadefighly
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nonlinear and stochastic behaviours as ferroresonance, just to meonenof them.

A true three-phase equivalent electric circuit model of a three-leggelled core
transformer is shown in Fig. 5. A full description of a transformer modélikas this
approach can be found in [1, 20]. These references also greatlitgsithe problem
of parameters estimation based on three different sources of datepest design
data, and typical values.

A transformer model developed as in Fig. 5 may correctly represent thesintr
difference of the central and external phases, the induced voltagedre phases in
case of single- or bi-phase energization, and zero sequence bhaha&iech aspects
are missing from a single phase equivalent representation.

All the transformer magnetic sections or limbs are build with the same material,
thus has a common magnetic properties &nd H hysteresis loop. The use of mag-
netic properties is not of great advantage because physical dimensicgaired to
obtain the electric quantities and to express the hysteresis loop in term of racre p
tical flux-linked and current-peak\(— 7) as shown in (2). Moreover, the magnetic
properties of the ferromagnetic material do not take into account how sfaramer
core is manufactured in term of joint influence and inter-laminations air-gapk
ative core dimensions4drgr, andlrgr respectively for relative cross section area
and relative length) are of great advantage in the estimation of the camers
such as anhysteretic curve or hysteresis loop, since the propertisingie section
of core can be rescaled to any of the other sections of the magnetic 4pr&dre
dimension ratios have the advantage of varying in a limited range regardéesiz¢h
of the transformer and are easier to be estimated if not known.

A
B 2 A

H- % T i AN? @
AN Ay o
At M A2 e 3
i1 A ip Ag ®)

A2 Al Ay M Agpr

(4)

is i1 A1 lo i1 lreL
3 JILES-ATHERTON MODEL

The Jiles-Atherton model presented in [5] has been implemented in the ATP ver
sion of EMTP using the MODEL language. The original JA model is expe:gs
term of magnetic quantities, (5). Here the set of equation has been revisttth
of electric quantities, (6). This allows to obtain unique parameters for a sagttbe
core and rescaling the input and output quantities by the relative crossrsarea
and length for different sections of the core.

B =po (M + H) ()
X =Lins (im +ig) (6)
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The basic Jiles-Atherton equations in term\of ¢ are:

iBeff = iE+aiy -
: 5
; ; a1 tpeff + g
tMan = "Msat e. G'J;f (8)
a3+ azipeff + g sy
dig
0 =si >E .
szgn( o7 ) ©
di di 1
’L.]\/I = (e ?Man + Yy (10)
e diress |- o Zivan
digeff
0 for (inran — iar)0 >0
T = iMan - i]y[ ) . (11)
§K _ aliran—im) for (iaran — in)6 <0
Ling 1—c

These can be implemented in an EMTP program based on the trapezoidaf rule
integration as follows:

A= <(V(t —dt) + V(t))f) - ARlEL (12)

A(t) = A(t — dt) + AN (13)

( Aip = Q Aimag

AZ.mcw: = %
Aipyy = Aippar — Alp (14)
in(t) = ip(t — db) + Aig
’LM(t) = iM(t — dt) + Al
g — .. from (10)
1
©= div 41 (15)
)
Laiff = Ling (ﬁg + 1)
Z(t) = (ZE(t) + iclc(t) + iexc(t))‘lREL = (16)

— (ZE(t) + k1 o(t) + ko \/@> lrEL

where the set of equation (14) uses a guessed initial valae(@® < @ < 1)) and
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has to be iterated in order to satisfy (15nd with:

Al

¥oN
LReff:
e

"Man-

flux-linkage;

electric current;

effective electric current;
magnetization current;
anhysteretic magnetization current.

A total of eight (plus two optional) parameters have to be estimated:

LGf .

iMsat :

ai,az,as .
. interdomain coupling,

«

inductance in complete saturation;

saturation level of the anhysteretic
curve;
parameters of the anhysteretic curve;

controls the

slope of the hysteresis loop;
c: ratio of the initial normal to the initial
anhysteretic susceptibility, controls the
transition smoothness of the knee area;
width of the base of the hysteresis loop,
main contribution to the losses;
rate dependent terms for classical and
excessive eddy current (optional).

K:

kl,k‘gl

A comprehensive explanation of the function and the numerical determirtdtiach
parameter can be found in [21].

No special measurements are required to estimate the parameters. Data from a
standard test report and a fitting procedure may be sufficient. The fittiohgnis in
two steps. First the anhysteretic curve parameters are estimated by ndifitériga
of the magnetization current subtracted by the losses, as explained ims2@&io
and [10]. Then the losses are fitted using the complete model and the remaining
parameters are estimated. An additional optional step is required to fit theatevo r
dependent terms; extensive measurements at different values ofierditaquency
are needed in this case.

For three-phase transformer with a topologically correct core model, tthmey fi
procedure is non-trivial. The core is divided in several section agshio Fig. 5.
The parameters to be estimated remain the same and do not multiply by the number
of sections. However the models of the different sections have to bedstolgether
and converge to the RMS values reported in the test report.

When multiple instances of a hysteretic model are used in EMTP simulation soft-
ware the implementation is not trivial as the different models have to interact an

1This equation is incorrect in the originally published paper.
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to phase R
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Figure 6: Transformer model, central phase, no core.

be solved together with the rest of the circuit. EMTP/ATP offers two diffesgp-
proaches based either on compensation or iteration method (type-94é fionpite-
mentation of user defined models. The compensation method has beerepirdfes
to a faster computation time, and has been verified to give negligible erroratethp
to the iteration method for a relatively small time step.

4 CASE STUDY

A 300kVA, 11430/235V YNyn three-legged transformer has been asest
object to verify the model. Fig. 6 shows the model used in the simulations. Only the
central phasé& without the core representation is shown in the figure. The other two
phases are analogue and the core has been modeled with five JA hystelattor
as in Fig. 5. Ideal transformer has been used to allow the connection torénard
keep the freedom to have both wye and delta configuration by changicguipdng
on the primary side of the ideal transformeRsy ;, and Ry i are the winding resis-
tances and are calculated from short-circuit test data, represent the main leakage
channel and is calculated from the short-circuit test daja; is the leakage channel
between low-voltage winding and a fictitious winding on the core surfage]t[is
assumed.;c = Ly /2. Capacitances to ground’f, andCy), between low and
high voltage coils (') and between high voltage coils of different phas€g{
andCgr) are calculated from design data.

The result from the no-load test (RMS no-load current and actiiead{osses)
are compared in Fig. 7 with the result of simulations performed with correspgpnd
conditions as during the measurements. While an accurate matching of the RMS
current is achieved, the model shows a poor agreement with the coes.loshis
is due to the already mentioned difficulties in fitting the JA parameters overasever
excitation levels. The fitting below rated voltage has been preferred a®tbasc
the principal dissipative element during de-energization transients, winieirvg
resistance has a dominant role during inrush transients, [6].

The steady-state no-load current waveforms are compared in Fig.88agree-
ment between simulation and measurement is quite satisfactory. While there is a
good estimation of the peaks of all the three phases, the current in thielsharea
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Figure 7: Comparison between measured and simulated test-report.
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Figure 8: Noload current at rated excitation.

is underestimated. This can in part be imputed to the underestimation of thecho-loa
losses. To be noticed is the correct representation of the differentiimdgrof the
peaks for the different phases. Not only the current in the centadels lower as
expected, but the model can also represent the minor difference lmepheseR
andT. This phenomenon is unexplained and may be further investigated in future
research.

The model has been verified against inrush-current measurements avithrtls-
former fed from the 11kV grid. Fig. 9 shows one of these measurementpared
with the simulation results. A perfect matching between measurements and simu-
lations is not expected as several parameters of the network feedingriséotmer
are unknown, and the voltage at the HV terminals was not recorded. diticed
a 600kVA transformer was located in parallel to the tested one and the tws tran
formers were controlled by a common circuit breaker. This configurationhaege
influenced the ringdown transient as the two transformers interact toghthiag
the de-energization. The inrush transient may have been influenceellaswnuch
higher inrush current had to be fed by the network causing a higheigeottaop on
the feeding line. The second transformer could not be modeled due to derizulle
of data.

While the transformer model is quite advanced, the models of other netwark co
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Figure 9: 300kVA three-legged transformer: ringdown and inrush.

ponent are very basic. Network components as circuit breaker (adellimy and
delay between poles), cable, lines, stray capacitances and other nsachimected
to the network can highly influence the insertion and disconnection transient
nonlinear device. At this stage the main purpose is to test the accuracy crine
model, not the interaction with the rest of the network. The core model is highly
depended from the linkage-flux. For this reason a suitable value of linedamge
has been used in order to obtain a good match of the first peak of fluxgénaring
inrush. Moreover, in order to obtain a good matching with the remanentsflilnee
disconnection instant has been tuned withizms from the measured disconnection
instant. It is important to remark that no tuning of the JA parameters has loeen d
to obtain good matching with measurements. JA parameters were left asriivetide
from the open-circuit test data. Such a good agreement was obtainseeaa ex-
tended open-circuit test report with excitation covering the range bat@@¥ and
130% was available.

The fluxes measured are obtained from the integration of the voltage omthe lo
voltage terminals. The simulated fluxes are the fluxes of the different seaftion
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the core: legs and yokes. During steady-state condition and ringdomsidrds the
fluxes in the yokes are equal to the fluxes of the correspondent legaeudr as
shown in Fig. 9(b), during inrush transients the fluxes in the yokes diffen the
fluxes in the legs. This is due to the zero-sequence component of the diuffothis
in air (air-path linear inductances in Fig. 5).

The shift in time of the inrush currents may be explained by a non perfaet sy
chronization of the three poles of the circuit breaker. The model assarmigsul-
taneous closing of the poles, while a standard deviation is known to be inrtge ra
+1ms. This aspect will be further investigated in future research when more ad
vanced measurements will become available.

5 CONCLUSION

Different nonlinear inductor modelling techniques have been examinecenWh
used in electromagnetic transient modelling, standard RL-representatioduogr
uncertainties concerned loss distribution and frequency dependeattéristic. Path
tracing approach is a simple approximation of hysteretic behaviour. Thetigagon
reveals the need of an advanced hysteretic model.

Curve fitting has been presented as an approach to reduce unceriatiritigh
saturation level when piecewise nonlinear inductor and linear extrapokatoused.
The authors believe that curve fitting can increase the accuracy ofetinaisgnula-
tions like inrush and ferroresonance, and any other study that denmaadcarate
model of the heavy saturated area of transformers and iron-coreedevic

The Jiles-Atherton model has been successfully implemented in a topologically
correct core model. The Jiles-Atherton model tested has a good potentiabiobe
work has to be done to refine the loss model. The proposed core modsidwas a
good agreement with ringdown and inrush current measurements.

It has been verify that the Jiles-Atherton model parameters can be estiinaied
standard available data as test report with sufficient accuracy needextiel inrush
current transient. However, fitting should be based on extended test 1@s the
knowledge of very few point of the no-load test may strongly reducecdheracy of
the method.

Further work involves the improvement of the hysteretic model to obtain better
fitting of the losses, a better verification of the capability of the model to reach th
correct value of residual flux, a better measurement setup to recom nelevant
inrush-current measurement with lower influence of the feeding netvixdokeover,

a simple, automatic and more accurate fitting procedure will be addressed.
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Abstract

The modeling of inrush currents that occur upon energinatica transformer is

a challenge for EMTP-type programs due to limitations inilatde transformer

models and ability to determine and specify initial flux. Thstimation of

transformer model parameters is also an issue. This papsets a transformer
model for low- and mid- frequency transient studies withu®on the behavior in
saturation and the estimation of residual fluxes. The coispaiof the simulation

results with analytical calculations and measurementsgsrahe capability of

the model to accurately represent energization and dejieadpn transients
of a three-legged-core distribution transformer. A novelperty is the ability

of auto initialization after disconnection, made possibjethe implementation
of a hysteretic core model which properly simulates and rebess residual

flux from the previous de-energization. Special attenti®rpaid to parameter
estimation. Detailed core and winding design data are net wss they are
seldom available from the manufacturer. A sensitivity gsial is performed to
verify the influence of each parameter on the inrush curramélepe curve. It

is observed that the parameter that most influences thentwaneplitude is the

slope of the magnetization curve at extreme saturation.

Index Terms

Transformer modeling, inrush current, residual flux, nosdirities, power system
transients.

|. INTRODUCTION

RANSFORMERS have the greatest exposure to electrical trassigth the

exception of transmission lines [1]. The standard modelsl useelectro-
magnetic transient programs to predict their behavior are aiways adequate
due to lack of data, measurements, and knowledge. The aimisopéper is the
modeling of power transformers where inrush current duengrgization is an
issue related to relay settings, inrush mitigation by syoized switching, voltage
harmonic distortion, control of switching overvoltagesdainternal mechanical
stress reduction.

The shape, magnitude and duration of the inrush current dispen several
factors as network topology, transformer constructiomdiig coupling, residual
fluxes, and circuit breaker’s current-chopping charadierighe highest current-
peak calculated on the basis of the combination of theserfaaend occurring in the
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first period after the energization of a transformer is definedvarst-case inrush
current. This current decays after several periods to relagtsteady-state value
of the magnetization current. Analytical equations exasapproximately calculate
worst-case inrush current and decay of single-phase tansfs [2], [3].

References [4]-[7] present a comprehensive and up-toreaiewv of transformer
models for electromagnetic transients. Topologicallyrectr models based on the
transformer geometry should be preferred for transiendistuas each individ-
ual limb of the magnetic circuit contributes to the magregian characteristic.
This approach can represent any type of core such that urealaperations
are accurately reproduced, but requires a more detailedfsparameters than
the less accurate single-phase equivalent transformeelsio8tandardly available
models that adopt this approach are the unified magnetic&guivcircuit (UMEC)
model in PSCAD/EMTDC [8]-[10], and the hybrid transformer mo{&FMR)
implemented in ATPDraw [11]-[14].

The models UMEC and XFMR have limitations related to the acguraic
extreme saturation and the proper representation of theedejie behavior of the
core. A large variation between the two models in the preaticobf an inrush
transient is reported in [14]. In addition, neither modeh catain a residual flux
value after de-energization and the manual specificationitiili residual fluxes is
complex. The simulations are therefore restricted to the cdxzero residual flux
initial condition. To overcome these weak points, the mguteposed here is based
on a topologically correct hysteretic core, with speciahgideration of behavior
in extreme saturation. The capability of auto initializatiafter disconnection of
the model overcomes the common problem of manually irdgiiadj the residual
fluxes. Manual initialization of the residual fluxes is also gibke.

Section Il presents the development and the topology of thegsed transformer
model. Section Il shows the performance of the model contbreneasurements.
Section IV outlines standard analytical inrush formulas ealdtes these to simula-
tions. A sensitivity study of the most important parametsrgerformed in Section
V in order to establish the crucial factors that may influemeerhodel performance,
and to enhance their estimation procedure.

Il. TRANSFORMERMODEL

This new transformer model is developed in a way somewhavalgumt to that
of the hybrid model presented in [11], [12]. The topology ofhaet-legged two-
winding transformer is shown in Fig. 1. The magnetic paths ia itton (non-
linear reluctances) and in air (linear reluctances) arailget in the figure. The
magnetic circuit of Fig. 2 is then deduced according to thesfuay topology of
the transformer. The nonlinear reluctances (black recéshgkfer to the saturable
transformer limbsfQ .4, Ryore). The linear reluctances (white rectangles) account
for the main leakage channel between the high- and low-geltaindings $iy 1),

a secondary leakage channels between the inner windinghancbte {3;¢), and
the zero sequence leakagg).

The equivalent electric circuit of Fig. 3 is obtained by dyatitansformation of
the magnetic circuit. Ideal transformers account for thedwig turns ratio and
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Fig. 1. Physical structure of three-legged transformer with magnetitspa

Fig. 2. Magnetic circuit of a three-legged transformer.

interface the dual electric circuit with the external etiechetwork. The winding
resistances are connected at the transformer terminalothpting and phase-shift
(e.g-A, Y, auto) are achieved by external connections of the toansdr terminals.
The capacitance network is shown in Fig. 4 and is connecteddo ead of the
winding terminals.

This model is implemented in ATP/EMTP and is intended to be a gknera
purpose model for electromagnetic transient studies. ritlma easily extended to
five-legged core transformers by modeling the external leijs two additional
non-linear reactances. The development of a topologicati+wiriding transformer
model is more challenging and is partially addressed in.[Middel parameters
are obtained from standard test data that are usually achjair the transformer
factory before delivery. If available, a relatively smathaunt of low detail and
easily accessible design data can be used to accuratelystmne parameters and
greatly enhance the performance of the transformer modehwlperating in heavy
saturation. The design data used in this model are limiteti¢arain dimensions
of core (cross-sectional area and limb length) and windifrasmber of turns,
height, internal and external diameter), and are given ioleThin the appendix.
Although additional detailed information is relevant folodels target to higher
frequencies, detailed construction information aboue@ord winding construction
is not usually disclosed by manufacturers.

Existing models are not capable of retaining residual flux eslafter ringdown
as they commonly use combinations of parallel R-L sectiongpresent the core.
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Fig. 3. Equivalent electric circuit of a three-legged transformer witlliti@nsformers and winding
resistances.
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Fig. 4. Transformer model: capacitances.
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A single-valued nonlinear L fails to reach any residual flukugaas no energy can
be stored in the core [16]. A more sophisticated core mod#iasefore required
to predict a de-energization transient. This is a natural L&poase that appears
as the stored magnetic and electrostatic energy dissidateeaver a transformer is
de-energized [16], [17]. At the end of a de-energizationdi@nt, both voltage and
current decrease to zero. However, the flux in the core re@mivelue defined as
residual flux. In the proposed model each section of the camideled separately
to correctly represent the core topology of the transforiaach of the three main
legs and the two outer yokes is modeled with a Jiles-Athehygsteretic model
[18]-[20] capable of predicting the residual fluxes in theecor

In addition to hysteresis, the representation of satunaiod air-core inductance
is included in the Jiles-Atherton hysteretic model whichdepicted in Fig. 3 as
an inductor with superimposed hysteresis loop. Eddy cumadtexcessive losses
in the core can also be taken into account by this model [19 Jites-Atherton
theory was originally developed as a function of the magnetiantitieshM —H
and has been converted here to be directly used with eleagoetic quantities
A — 1 [20]. The implementation of the Jiles-Atherton model has lme¢n detailed
in this study and the focus is only on the estimation of the eh@érameter;,, s
that defines the incremental inductance in complete sabuarati

A detailed leakage model is required if energization inrgsirent transients
need to be represented. When the magnetic core is highlyasady the final slope
of the core inductance is determined by the leakage andegrymaths. The ability
to measure or estimate this parameter limits the detaill lef’eghe model. The
magnetic paths in the core and in air shown in Fig. 1 give thet mdgantageous
discretization level. Higher degree of discretization lé tmodel would require
input data beyond the short-circuit nameplate data and #ie minding and core
dimensions. A lower degree of discretization cannot guaea good accuracy of
the model.

Ill. VALIDATION OF THE MODEL

A 300-kVA 11.43-0.235-kV Yyn three-legged core transfornge used as test
object and is energized from the 11-kV side by a vacuum dirbteaker. The
laboratory setup and test procedure is further detaile@1f. [The approach used
in the hybrid model for the parameter estimation [11], [14jves as a starting
point and the numerical values of the parameters used fovdh&cation of the
model with measurements are reported in Table Il in the agigen

When the model is de-energized from steady-state by opeéhengircuit breaker,
the ringdown transient is initiated and the proper level edidual flux for each
limb is established by the Jiles-Atherton hysteretic coeh. Fig.5 shows the
comparison of the measured and simulated waveforms of aelgieation transient
of line current, induced voltage, and flux-linkage. The higigtrency oscillation
at the disconnection instant cannot be accurately repestlilc the simulation,
however the main purpose here is to predict the steady-sttee of residual
fluxes. Fig. 6 shows simulated and measured residual fluxes asctofu of the
opening instant of the circuit breaker. Considering thedastatistical variation
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(c) Flux-linkage, low voltage side.

Fig. 5. De-energization of a 11.43/0.235 kV, 300 kVA, Yyn transferm

of the measurements, the model well approximates the trénkeoresidual flux
values and their correlation in the three phases.

Fig. 7 compares measurements with ATP/EMTP simulations for the févg
periods of an inrush transient. The applied voltage on the &fvhinals is shown
in Fig. 7(a), the inrush current waveforms measured on thediivinals are shown
in Fig. 7(b), the induced voltage on the LV terminals is showirig. 7(c), and the
flux-linkage obtained by integration of the induced voltageshown in Fig. 7(d).
The residual fluxes of the model are auto-initialized by a dergimation transient
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Fig. 6. Residual flux function of the disconnection time (dots: measureneolid lines: average
of 20 measurements, dashed lines: simulation).

simulation, and the measured residual fluxes are obtained fhe recording of

the transformer’s de-energization preceding the invastid) energization. For the
case shown, the model is able to reach the inrush current &t pith a 7%

difference, and the waveform shape of the highly distorteliiced voltage is very
close.

The verification of a model with a single inrush current meas@m is insuf-
ficient as several parameters interact to determine thehrpaak and attenuation.
Fig. 8 shows the envelope of the inrush current peaks of phdeetRree different
switching instants that lead to different inrush currenpéiudes (switching angles
given in Table Il in the appendix). The comparison betweerasneements and
simulations for the first five seconds and for three differ@mtish current magni-
tudes proves that the model with the calculated parametesble to reproduce a
wide range of inrush current transients with an error belopuul (overestimated
in case 1 and underestimated in cases 2 and 3). Possible sefasoine difference
in the maximum inrush current are:

1) Residual flux estimation, i.e. in Fig. 7(d) the initializati flux is slighty
higher for phase R in the simulation giving the higher cur@nCase 1.

2) The shape of the saturation characteristic in the kneedmfgzed by the Jiles-
Atherton model. This determines when the transformer eiméossaturation
and is only significant for the cases with low inrush current.

3) Non exact switching time and simultaneous closing of tbkeg during the
measurements.

4) Uncertainties in the parameter estimation.
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(d) Flux-linkage, low voltage side. Auto-initialized residual flux-
linkage.

Fig. 7. Energization of a 11.43/0.235 kV, 300 kVA, Yyn transforniRecorded worst case inrush
current transient, waveforms.
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Fig. 8. Inrush envelope decay, phR. Comparison between measotreand simulation for three
different inrush current magnitudes, Yyn.

IV. ANALYTICAL FORMULAS FOR INRUSH CURRENT ESTIMATION

Three standard analytical formulas for the calculation afish current, plus the
calculation provided by the manufacturer are compared Wiéghmodel results to

further verify its performance.
The following analytical expressions are used:

. V2U
i(t) == — (1)
\/RW + WQLair—core

) (SIH(Wt o ¢) _ 6_ La,mfvcore (=) Sin(Wts - d)))

V2U

i) =— Y22
( ) wWLgir—core

Br(new) = Br(old) — By -

(1_Bs—BN—gR
By

) (2)
Ry

wWLair—core

-2(sin@ — O cos 0)

2U 2-B Br — B tn
i(t) = V2 N+B R S)-e_r 3)
\/RI%V + w2 'Lgir—core N

with (1), (2) and (3) proposed by Holcomb [22], Specht [23] &wdtagnolli [24]
respectively. Equation (1) and (2) are quite similar in they what the current
decay is considered during saturatioB (- Bg). On the contrary, (3) is based
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on a sustained exponential decay of inrush that results arged rate of decay.
Equation (1) can analytically calculate the full current dluwk waveforms, while
(2) and (3) only calculate the envelope of the inrush curpsaks.

Parametersiyy and L. core are the same in all three equations, wihy,
being the DC resistance of the energized HV winding @dngd_ ... the air-core
inductance of the same winding calculated as:

Lair—core = ﬂO'N[%V'ﬂ 4)

eq_HV

with Ay the mean cross-sectional area of the high voltage windimghan rv
its equivalent height including fringing effects. The equent height is obtained
by dividing the winding height by the Rogowski factérg (< 1.0) [3]. This factor
is usually determined empirically and is a function of théghg mean diameter,
and radial width of a winding. For this specific transforni€f, is estimated as
0.747.

Analytical formulas approximate inrush peak and rate ofage@hey are based
on single-phase transformer theory, and empirical facémesused to rescale the
calculations to account for the number of phases, core rarii&tn and coupling of
the transformer [2], [3]. The simulation of a transformer wected in grounded-
wye configuration is compared with the results from the afdytformulas in
order to avoid the use of uncertain and questionable enapifactors.

Since the analytical formulas are used to calculate the waase value, the
residual flux has been assumed 0.6 p.u. in agreement with Fidhédmodel has
been manually initialized to a residual flux of 0.6, -0.3, -p.8. for the main limbs
of phase R, S, and T respectively. For a three-legged coreesitual fluxes of the
two yokes are assumed equal to those of the outer legs (phasel R). Setting
the breaker to close at voltage zero crossing of phase R pesdine worst case
condition for phase R and the result is comparable to theytcal formulas.

As shown in Fig. 9, the simulation gives a result very similar(t) and (2).
Equation (3) has too much damping compared to the other esiprssand the
simulation result. The calculation given by the manufactigéased on (3) with in-
house empirically calculated coefficients. This results iuave with only slightly
higher first-peak current, but even larger decay. The authers@nfident that the
model, (1), and (2) are accurate due to the good match of tliehmesults to the
measurements for the ungrounded-wye case shown in theopeesection.

The proposed model is able to provide a result comparable écatfalytical
equations. While the applicability of these formulas isnieted to the worst case
scenario, the model can be used to test different energizatnditions and the
interaction of a transformer with the external network.

V. PARAMETER ESTIMATION AND SENSITIVITY ANALYSIS

The estimation of the parameters of the model is discusseisrséection with
exception of the hysteretic core model. The Jiles-Athertadeh is presented in
[18], [19] and its implementation and parameter estima#ion discussed in [20].
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Fig. 9. Comparison of analytical formula for the calculation of inrush, wdigtail of the first two
points (YNyn).

In parallel to the guidelines for the parameter estimatisaensitivity analysis is
performed to verify the influence of each parameter on thesmawrrent peak and
decay. The most significant parameters are identified and tHeonefor estimating
them are outlined. Fig. 6, 7 and 8 shows that the set of parasnietdable Il well
reproduce the de-energization and energization trarssserd therefore it is used as
the reference point. The sensitivity analysis is perfornadobth YNyn and Yyn
connections and the envelope curves of the first 200 ms of tiushinof phase R
are reported. The transformer is initialized to a residual 8t%.6, -0.3, -0.3 p.u.
for the three phases respectively and the breaker closedtayy® zero crossing of
phase R to simulate the worst case condition.

A. Leakage inductanceby; and L ¢

The leakage inductance between high and low voltage winding ) is obtained
directly from the short-circuit test measurement. The lgekmductance between
low voltage winding and corel(;) cannot be directly measured but is assumed
to be:

Lic~K-Lyy %)

Short-circuit reactances can be calculated from windingedisions with standard
equations reported in [3] chapter 3.1. Assuming a windingesb thickness on the
core surface, the reactance between low voltage windingcarelcan be estimated
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Fig. 10. Parameter Sensitivityizr,.

from the core and winding geometry:

o N? <
Lij =~ Y ATDy (6)

4 p=1
> ATDpy, =1/3-T1-Dr, + Tyur-Dgnr +1/3-Tu-Dy @)
ZATDLC =1/3-T,-Dr, +Tyrc-Dy 1o 8)

with AT'D being the area of the Ampere-Turn Diagrai,the mean diametefl
the radial width of a winding, and, the thickness of the air-gap between two
windings [3]. An initial estimation ofK’ = 0.5 is proposed in [14] assuming that:
1) the insulation clearance between core and low-voltagedwg 7, ;¢ is
approximately equal to half the distance between low- argh-ibltage
windings Ty 1.,
2) the cross-sectional dimensions of low- and high-voltagelings are similar
(TL ~ TH and heqL ~ heqH):
3) the mean winding diameter can be approximatedio~ Dy = D.
The value calculated with actual winding dimensions is usethé model and is:

K=Y ATDpc/> ATDpy =~ 0.33 9)

Fig. 10 shows a mean variation of 12% in the inrush first peak fearéation
of 20% of L. According to (5), a variaton of.;;, implies a change .. as
well.

Fig. 11 shows the influence of the parameférin the estimation ofL;c. A
smaller valuel results in a lower voltage drop on the low-voltage to coretaace,
thus in a higher inrush current peak.

B. Air-core inductancel;,,

Air-core theory is based on the concept that once the maguwetie is fully
saturated it behaves like air with permeability. The analytical formulas (1), (2)

-206-



JOURNAL PUBLICATIONS AND CONFERENCE PROCEEDINGS

400 ;
0 K=0.25
350} —8—K=0.33, Ref. Point |
-6-K=0.5

300
<
= 250t
c
g
5 200
O]

150

100

50 , ‘ : :
0 40 80 120 160 200
Time [ms]

Fig. 11. Parameter Sensitivity:r,c.

350 :
X % =20%
300 0 -10% g
o * Yyn —&— Ref. Point
E -0-+10%
z 2501 o - % =+20%
$ 200
5
O]
150}
100}
50 : ‘ : :
0 40 80 120 160 200
Time [ms]
(a) Ungrounded-wye.
450 :
X x —20%
400f ~ 0 -10% |
~ % YNyn —&— Ref. Point
350} o -0-+10% g
v X
=3 - - +20%
= 300}
c
o
5 250t
O
200}
150
100

40 80 120 160 200
Time [ms]

(b) Grounded-wye.

Fig. 12. Parameter Sensitivity;, s.
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and (3) are based on this concept and deaoteore inductanceas the inductance
of a winding with no magnetic core. Neglecting the effectluf yyokes as the first
approximation, the quantity in the transformer model egjeint to the air-core
inductance defined in (4) is the incremental inductance dt s&juration given by:

Lairfcore ~ LHL + LLC + me (10)

where L;,,; is the slope of the magnetization curve at complete saturatefined
by Liny in the Jiles-Atherton model, which cannot be directly meadubut can
be calculated from design data as:

Ling = o N0 (11)
limb
Reference [25] discusses the importance of the air-corectatdice and proposes
analytical formulas for its calculation, however theseuieg)a detailed knowledge
of the core and winding structure.
Numerically, (4) and (10) agree within 5% for the calculapstameters:

Lur + Lrc + Ling = 107.3 mH (12)
Lair—core = 112.8 mH — from (4) (13)

with numerical values of (12) from Table Il and rescaled te thV-side voltage
reference for comparison with (4).

L,y accounts for one third of the total air-core inductance ,(b0j peak inrush
current is highly sensitive to variations iy, ; as seen from Fig. 12. A variation of
20% of L, s gives a mean variation in the inrush first peak of 45% for ungdea-
wye and 26% for grounded-wye.

C. Zero-sequence inductandg

The flux in the three legs may not sum up to zero during unbalaoperhtions,
generating a zero sequence flux. Referring to Fig. 1, this flux flowthe zero
sequence paths of the transformer, for instance from onethegugh the oil and
the tank wall and back to the core. Three zero sequence paththeeefore be
identified, one around each leg of a three-legged transforAidgrough the zero
sequence path includes the tank (normally made of magneiterial), it can be
safely assumed that zero sequence inductances are lineatodine dominant
effect of the oil gap between the core and the tank. The valdkeotero sequence
inductances is best found from a zero sequence test wherhrine phases of a
transformer are energized in parallel. The total current éasnred and the total
zero sequence inductance is equally split on each of the thinases:

L
Lo= %" (14)
Lzero _ ).\zero _ Vzero (15)
1zero w- Ize’r‘o

The variation of the zero-sequence inductance withto% has no effect on
inrush current transients.
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Fig. 14. Parameter SensitivityRzv and Ry splitting.

D. Winding resistance®yy and Ry

The winding resistances are concentrated at the terminalsach winding.
It is common to estimate the winding resistance based only @hort-circuit
measurement and then equally split the value on a per unig basveen high and
low voltage resistances.

To achieve higher accuracy, here the values are allocatsetilban DC winding
resistance measurements [26]:

TDC HV 16
TACHV = TAC sc* ( )
rDCHV +TDCLV
TDC LV
TACLV = TAC sc* (17)

TDCOHV + TDCLV

wherer is the resistance expressed in per unit. The splitting of t@erdsistance
based on DC resistance measurements usually resuligify < rac vy On a per
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Fig. 15. Parameter Sensitivity: Core Connection.

unit basis. When the transformer is energized from the higtage side (normal
situation for power and distribution transformer) the agk drop caused by the
winding resistance is smaller than for an equal split, tegylin a lower inrush
current damping.

Fig. 13 shows how a variation of winding resistance has a meaftect on
the inrush-current first peak, while the current damping isstantially affected.
The inrush-current half value is reached approximately avéogd earlier and two
periods later if the high-voltage winding resistance igéased and decreased by
20% respectively. Fig. 14 compares the resulting inrushectidamping when the
winding resistances are split based on the per unit and DiStaese methods.

E. Core connection

In order to simplify the model representation, the hybriddelo[11], [14] as-
sumes that the leakage inductances are much smaller thaarthinductances. This
allows concentrating the core and leakage networks in twtindt and separate
modules. This assumption is correct under normal conditioumsbecomes doubtful
at high saturation where the incremental core inductanpeoaghes the air-core
inductance.

The validity of this approximation has been tested on the gged model by
connecting the right section of the core model (yoke and-gerpence representa-
tion) in parallel with the leg representation. As shown in.Rig, the topologically
correct core results in a slightly higher value of inrushreat. The approximation
in the topology of the hybrid model introduces a relativetyadl inaccuracy and
can be considered reasonable.

F. Residual flux

After examining the main model parameters, attention isddrto the initial
conditions which have a considerable influence in the detextion of the inrush
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Fig. 16. Parameter Sensitivity: Residual Flux.

current. The residual flux in the transformer’s limbs prior #reergization defines
the initial magnetization state and affects the energinatiansient.

Fig. 16 shows how the inrush current magnitude is related eoréisidual flux
amplitude. For a variation of 20% of the residual fluxes, a meamation of 9%
for ungrounded-wye and 14% for grounded-wye is experiengetie inrush first
peak.

G. Winding and shunt capacitances

An accurate estimation of the transformer capacitancesnitant both to
extend the validity of the model to higher frequency, and darectly predict the
residual fluxes. The influence of shunt capacitance on the @silx has been
discussed in [16].

Capacitances are estimated from direct capacitance nezasots at the trans-
former terminals. These measurements are highly susceptitdrror and inaccu-
racy, thus it is suggested that redundant data be acquirgdrify the calculated
parameters. The recommended minimum set of measurements is:

e HV+LV to G:

Cimeas = CLa !l Cuca (18)
e LV to G+HV:
Crmeas = Cra !l CuL (19)
e« HV to G+LV:
Crmeas = Cuc 1 Cur (20)
e HVphg 10 GHLV+HV usHHV g
Crmeas = Crucpnr ! Crar Il Cpp, (21)
e HVphs t0 G+LV+HV gt HV it
Creas = Cracpns Il Car Il Cpp I Cpy, (22)
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Fig. 17. Parameter Sensitivity: Capacitances.

o HVpr to GHLV+HV et HV phs:

Cmeas = Craapht 1 Cur 1 Cpy, (23)

with // representing a parallel connection, and as an exathf\+LV to G” refers
to the measurement of the capacitance between all the &isnih the high and
low voltage windings connected together (HV+LV) and thengsfarmer tank (G).

Measurements (18) to (23) together with;c =Cra phr+Cra phs +CHG phT
are sufficient to estimate the capacitance values, while otingpling combinations
can be measured in addition and used to verify the calcaktidhe capacitance
Cur, Cuq andCya estimated from solving these equations are total capaetan
Per-phase capacitances with a value of 1/3 of the total dap&eis have to be used
in the model.

The measurements (21) to (23) are used to estimate the asgynofethe
capacitance to ground of the high voltage winding and canebfopned only if the
three high voltage windings are accessible independeritiig is however seldom
possible on a power transformer;; can be assumed to be equally distributed
among the three phases in case of lack of such measurements #éding
capacitances have been neglected in the model as they dammoeasured from
the bushing terminals and their estimation must be basellistxely on highly
detailed winding design information [3], [27].

Fig. 17 shows the residual flux estimated by the model as a maif the
disconnection instant for different values of transformémding capacitances and
supplementary system shunt capacitances connected toMherrhinals. Shunt
capacitances installed in the system between the circedikders and the transformer
terminals (cables and shunt capacitances on both LV and l¥skishould be
included in the model as they may affect the residual flux exton.
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H. Current chopping characteristic of the breaker

The residual flux estimation is expected to be affected by thmiitibreaker’s
chopping characteristic. The vacuum circuit breaker useshguhe measurements
can be considered a good approximation of an ideal brealetdaiis high current
chopping capability. Fig. 18 shows the simulation resulthe tesidual flux as a
function of the opening time when the circuit breaker is meddo interrupt the
currents at any magnitude or only at its zero crossing. Thesentodeled cases
represent the two extreme situations and prove the impmetaha correct circuit
breaker model. The investigation of a circuit breaker moddbeyond the scope
of this paper.

VI. DISCUSSION

The analysis of the parameters emphasize the importance déakage induc-
tancesLyr, Lrc, and L,y in a transformer model. The main leakage inductance
Ly is a parameter directly measurable with a short-circuit sl is always
represented in a transformer model. It accounts for thedotmn between windings
and describes the short-circuit behavior of a transforifiee. other two inductances
have significance only when the effect of the core must be aadlyMost important
is the contribution from the incremental inductantg ; as it has a major current
limiting effect when the core is saturated. This inductanae be considered in
series with a saturable nonlinear inductance that reptesies core, and it accounts
for the slope of the magnetization curve in complete saturairansformer models
rarely take this parameter into account, however it is irtgrgrnot only to add a
series inductor;, s to the core representation, but also to ensure the sataratio
the core. The saturated core inductangegs is not measurable from the transformer
terminals, but a good estimation can be obtained from ded&ja according to
(11). The leakage between the innermost winding and the E£gge is also not
measurable but determinable from design data accordir®) td e required design
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data for the estimation aof;,, s andL ¢ are those reported in Table I. A transformer
manufacturer not willing to reveal design data of a tranmsfar may provide these
two parameters according to the referenced equations asfpast report data.

Different models have been proposed to represent the legstgvhenomenon, but
only a few of them can represent demagnetization corret8Yy, [The Jiles-Atherton
model is selected over the Preisach model for its simpler emphtation and
reduced computational effort. The novel use of this modeltfioee-phase power
transformer modeling is presented here to prove its agplinaand effectiveness.
The capability of this model to predict residual fluxes withfeliént disconnection
conditions should to be further verified. For instance, tleealnection of a trans-
former connected to a long cable is of particular intere#t m®duces a long-lasting
ringdown transient. In addition, records on a large popaabf transformers are
needed to obtain a more accurate assessment and a bettéedgewf the residual
flux range variation in power transformers.

Other recent studies [7], [28], [29] prove the effectivene$ this approach in
the modeling of transformers. The use of a modified Jiles-Admnemodel with
non-constant parameters is suggested to overcome some@caessues experi-
enced for simulations with a wide variation of field strendgtrther development
is recommended to improve the loss representation and igmtpe parameter
estimation procedure without the need of specific measurenf2a).

VIlI. CONCLUSION

A model has been developed based on transformer topolo@ysyécial concern
for extreme saturation and inrush currents. This results trua topologically-
correct three-phase representation. A novel charagteothe model is the possi-
bility to retain residual fluxes in the limbs and therefore #auto initialized. The
model is suitable for any electromagnetic transient whataration is a concern.

The capability of the model to determine residual flux and atlyenitialize
inrush transients has been validated with measurementspdiagneters obtained
from test report and limited design data have been utilipegiccurately reproduce
the inrush current first-peak and decay of energization igats with different
current magnitudes.

The model has been compared to analytical formulas and gingkisresults.
Formulas are limited to the estimation of the worst-casenage and refer to a
single-phase-equivalent representation. They are therefut beneficial to transient
studies. The use of the proposed model is of great advantagadogization studies
where the interaction of the transformer with other netwooknponent needs to
be investigated.

Parameter estimation together with a sensitivity study fiscévely used to
identify the most critical parameters. The conclusion ist ti@ parameter that
most influences the inrush current amplitude is the slope efntagnetization
curve at extreme saturatiofi,, s.
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APPENDIX

TABLE |
CORE AND WINDINGS DESIGN DATA.

CORE Legs Yokes
Net cross-sectional area 0.017%m 0.0198 n?
Max lamination width 0.150 m 0.170 m
Window height 0.500 m
Legs dist. center-to-center 0.290 m
WINDINGS Low Voltage High Voltage
Number of turns 21 1074
Height 0.452 m 0.452 m
Inner diameter 0.162 m 0.222 m
Thickness 0.017 m 0.0225 m
TABLE 1

MODEL PARAMETERS

Parameter Value Reference
Lur 23.2.107* mH LV side
Lic 0.33-Lur LV side
Liny 14.5-107* mH LV side

Lo 1.52 mH LV side
Rrv 1.2 mQ2 LV side
Rpv 1.78 Q HV side

TABLE Il

SWITCHING ANGLES OFFIG. 8

Opening Angle Closing Angle

Case 1 -12.8 140.4°
Case 2 84.6 145.8°
Case 3 34.2 75.6°

Note: angles are relative to phR zero crossing.
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Transformer Inrush Currents.
Laboratory Measurements, Analytical
Interpretation and Simulation Studies

Nicola Chiesa, and Hans Kristian Hgidalélember, IEEE

Abstract

Transformer inrush currents can lead to a reduction of toamer life time and

inadvertent tripping of relays. This paper investigate®eehapproach for min-
imizing the inrush current with a potential application incait breaker control

strategies without independent-pole operation and rasiffux estimation. For

the analyzed transformer, the worst case inrush currerath®tl compared to the
rapid-closing switching strategy. Measurements of inrogirent transients are
performed on an unloaded 11 kV distribution transformeyivey disconnection

and connection instants systematically. This reveals eactexistic pattern in the
extremal value of the inrush current as a function of switghtimes. The pattern
is reproduced with simulations and extended to alternatireling configura-

tions. A condition for minimum inrush currents, consistént all phases and
winding configurations, is identified and explained phykjcd he impact of the

current chopping capability of the circuit breaker is intpot and is discussed
in this paper.

Index Terms

Inrush current, residual flux, controlled switching, trmmmer modeling.

I. INTRODUCTION

RANSFORMERS energized in no-load condition experience aigahsvith

overvoltages and high currents known as the inrush curramisient. The
first peak of the inrush current can reach a value that is Setienas higher
than the transformer’s rated current. This is not an issuesiioall transformers,
but becomes important for large and medium power transfarmi&ggregation
of several relatively small units energized at the same tisnanother situation
where energization transients are an issue. The inrushntugesymmetric and
unbalanced among the phases, and may place a heavy stréssr@iwork and the
transformer itself. The mechanical forces within the transier windings can have
similar increases in amplitudes as those in short circuitswith longer duration
time [1]. The correct understanding and prediction of erztipn transients are
required to extend the lifespan of the transformer’s papsulation by minimizing
internal stresses and limiting switching overvoltagesadition, the power quality
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of a network can be improved by reducing the voltage diginrtireated by the
energization of large transformers. Finally, the misopenatf protection schemes
can be avoided by using refined relay strategies.

The inrush current behavior in transformers has been génenadlerstood and
analytical equations exist to approximately calculateitiiesh current’s first peak
and the rate of decay of single-phase transformers [2]-H6}vever, it remains
a challenge to accurately predict the inrush current tearisof a three-phase
transformer installed in a network and interacting with esaV other electrical
components. The magnitude of the inrush current varies asdidn of the instant
of energization and the residual flux in the core. The residualifiuthe core is
determined by the ringdown transient [7], [8] and is a fumctiof the opening
time of the circuit breaker. Therefore the initial conditsoof a transformer can be
changed by varying the opening and closing switching times.

Several technologies exist to mitigate energization tearisi in transformers.
The most common are closing resistors and point-on-wave (P€dWyolled clos-
ing. The state of the art is to use synchronized switching,evewthis requires
independent-pole circuit breakers and knowledge of rediduxes to achieve
optimal energization [9]-[13].

The aim of this paper is to investigate a simplified approach iimize the
inrush current. This is achieved via a systematic switchingdysof the energization
of a distribution transformer. Section Il presents the labmny setup and the auto-
mated measurement procedure. In Section Ill a new methoch&wisualization
of the inrush current’s first peak is proposed. A graphicalgpatis identified and
a simplified physical explanation is discussed. The measursnae compared
with EMTP simulations and the analysis is extended to the masineon winding
couplings. Section IV investigates a novel mitigation scedrased on a consistent
condition of minimum inrush current as a function of the shihg in and out
times. Practical implementation issues and benefits of ththadeare discussed in
Section V.

[I. MEASUREMENTSETUP AND PROCEDURE

A distribution transformer is used for laboratory inveatigns. The test ob-
ject is oil filled with a three-legged core. The transformer é&ed 300 kVA
11.430/0.235 kV Yyn, and connected to a low-impedance 1llviédium voltage
grid. It is energized by two sets of controlled circuit breekand the 235-V side is
unloaded as shown in Fig. 1. The components in the dashed bog.df &ie a fixed
laboratory installation and cannot be modified. A vacuum keeés placed before
the test object terminals in order to decouple the ringdovihe two transformers
and record only the test object response. The vacuum breakebe effectively
used to chop the magnetization curreatl(A) at any instant and does not limit
the interruption to the zero crossing of the current. Thelalke vacuum breaker
is not suitable for the energization of the transformer dwmecdntact bouncing,
therefore the main breaker is used to energize the testtolijd@as been verified
that the simultaneous energization of the two transforndeess not influence the
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energization transient as a result of the low impedanceeofizkV network. More
detailed information on the laboratory equipment is giverjli4].

The breakers have a stable operation time and can be codtwille accuracy
and repeatability of approximatetyl ms. Two trigger signals that are synchronous
to the zero crossing of the line voltad&s on the high voltage side are used to
control the time when de-energization and energizatiomodhe de-energization
and energization transients are linked together as theloimg transient deter-
mines the value of the residual fluxes in the transformer tha fundamental
initial condition for the following energization. The resia flux is calculated by
integration of the induced voltage during the ringdown s$ieant and once it reaches
a stable value it is assumed constant until the next eneigizdn order to limit the
uncertainties on the residual flux estimation, the de-ematigih and energization
transients are performed in rapid sequence with a delay pfoapnately 2 s.
The measurement procedure consists of two separate regeradinthe frequency
of power systems is not fixed at 50 Hz but shows slow fluctuatidnslouble
triggering and double acquisition procedure is therefageessary to accurately
synchronize the operation of the circuit breakers with tb@éfpon-wave (POW)
timings. As shown in Fig. 2, the opening tim&{,,.,) is relative to the trigger
signal ;.1 and is varied systematically between 0 ms and 20 ms. In thes sam
way, the closing time 4t.,s.) is relative to the trigger signal,,» and is varied
systematically between 0 ms and 20 ms. The systematic \ariafi the opening
and closing times of the breakers with a time resolution ofslaitows a total of
400 (20x20) measurements to be performed in order to map bwewange of
inrush current and residual flux combinations in a period.

The automated sequence of operations for the acquisitiond#-energization
and energization sequence is shown in Fig. 3 and can be alilingix repeating
stages:

o Steady StateThe transformer is energized and in steady state (no-load).

« Ringdown:The vacuum breaker openstat;; +At,pe, and the de-energization
transient initiates. The main breaker opens slightly latéhaut any effect on
the test object. The transient is recorded for the duratioh sf

» Storing Data: Recorded data are stored and a delay of 1 s is introduced
between the ringdown and inrush stages.

o Inrush: The vacuum breaker closes without delay. The main circuitkerea
closes at;,.4> + Atyosc and the energization transient initiates. The transient
is recorded for a duration of 20 s.

o Storing Data & Delay:Recorded data are stored followed by a 10 s delay
where the transformer reaches steady state.

« Ready for Next RunThe system is ready and in steady state. A new mea-
surement sequence can start.

IIl. I NRUSHCURRENT PATTERNS
A. Measured pattern

The maximum absolute values of the inrush current in the tipleeses are
extracted from each of the 400 measurements. The currens peakr at different

-223-



POWER TRANSFORMER MODELING FOR INRUSH CURRENT CALCULATION

Vacuum
breaker

POW

11 kv Main
50 Hz breaker
300 MVA POW

Test object
11.43(6.6)/0.235 kV
Yyn 300 kVA

HV LV
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Fig. 3. Double triggering procedure.

times and have a positive or negative sign. The absolute yati¢these currents
are then plotted in a contour plot as a function®f,,s. and At,,., as shown
in Fig. 4 for each of the three phases. The times when the peakntsiroccur
are disregarded. The resolution in the contour plot is seDté 2nd the absolute
value of the current is used to avoid a cluttered plot. Dadasarepresent a lower
magnitude of inrush currents, while lighter shades indidagher inrush currents.
The purpose of Fig. 4 is to outline the magnitude of the inrusheaul in the three
phases for different switching times. Thi&ne = 0 in the figure is synchronous to
the triggering events, that is the zero crossing of the liokkage Vzs on the high
voltage side. The opening time and the residual flux are conegtien the figure
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is observed along a vertical line. The variation of the inraalrent as a function
of only the closing time can therefore be examined. Movingaomorizontal line
denotes a fixed energization instant, and the inrush curanation for different
disconnection times of the circuit breaker (i.e. differeatues of residual flux) can
be investigated.

The worst-case inrush current peak measured is slightlywb&®#0 A, almost
16 times the rated current of the transformer. The highestocordines shown in
Fig. 4 are for 220 A meaning that the measurements inside thefsed areas have
inrush current peaks higher than 220 A.

In a 20-by-20 ms grid the inrush current has two main sumntitt have
alternating positive and negative values creating a gcaplgattern. This pattern
repeats itself due to the periodicity of the waveforms. Tl@dition from positive
to negative values is gradual and creates regions wherenthshi current has a
minimum value. The dashed lines in Fig. 4 identify an area thabnsistent in all
the three phases where the current peak is less severe anty memains lower
than 3 times the transformer rated current in all the thresses concurrently.

B. Simplified physical explanation

The saturation of the magnetic core of a transformer is thenroaiise of an
inrush current transient. The energization of a transforyiedd to the most severe
case of inrush current and the flux in the core can reach a maxitheoretical
value of two to three times the rated flux peak [2].

The magnitude of the flux in the core at the energization indtatite residual
flux. The integral of the applied voltage at the instant of elzattgpn can be called
the “prospective” flux in the sense that it will be reached aailysteady state [9],
as shown in Fig. 5. The prospective flux can be described as adonait time:

>\j pros (t) = )‘peak'Sin(wt + 6]') (1)
wherel < j < 3 is the phase index an} = [0, —2F, 27| is the phase shift for a

three-phase system. A flux offset is created if the residualifiinot equal to the
prospective flux at the instant of energization and is defined as

)\j offs(Atopena Atclose) - >\j res(Atopen) - )\j pros (Atclose) (2)

Neglecting the damping of the offset flux as the first approxiomatthe flux in the
core after the energization is:

)\j core (t) = )\j pros (t) + )\j OffS(AtOp€n7 Atclose) (3)

For this specific transformer and vacuum breaker setup, tiggloivn measure-
ments reveal that there is a periodical dependency of thduasflux from the
disconnection time [14], [15]. A similar residual flux patieis also reported in
[13]. The periodical variation of the residual flux can be reprged by a Fourier
series that when simplified to the first term can be describedéyfunction:

Aj res(Atopen) = g')\peak 'Sin<WAtopen + ej + 6) (4)
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Atopen Atclose Core Flux
— A~

Residual Flux  Flux Offset

Flux-linkage

/m/ Prospective Flux

JL = POW time-reference signal

Fig. 5. Definition of fluxes.

with 5 describing the phase shift of the residual flux wave arlde ratio between
rated and residual flux.

The residual flux is assumed to remain constant after de-exadian [11]. There-
fore the time lapse between the disconnection and the folbpwnergization of
the transformer is not relevant. The opening and closingitisthave a relative
POW time delay defined as:

AtPOI/V = Atopen - Atclose (5)
Equation (2) can be described analytically:

Njof fs(Atopen, Atciose) =

= Ajres(Ateiose + Atpow) — Njpros(Atciose) =

= Apeak - [€-sIn(WAt ose + wWAtpow + 05 + 5)+
— sin(wAtgose + 05)] =

= Apeak* [SIN(WAL o5 + 05)-(§-cos(wAtpow + ) — 1)+
+ cos(wAteose + 05)- (§-sin(wAtpow + 8))] =

= )\peak 0(57 AtPOVV: 6) Sin<WAtclose + 9]‘ + '7) (6)

with
C(& Atpow, B) = /€2 + 1 — 2€ cos(wAt pow + B) @)
y = tan—L sin(wAtpow + 5) ®)

cos(wAtpow + 8) — &1

Equation (6) proves thak,; ;s is periodic and its magnitude is a function of
Atpow. The magnitude of the inrush current is related to the flux oftse
this is responsible for the development of the energizatramsient. The flux
offset is reduced by minimizing’ or the sine in (6). The minimum value of
C(&, Atpow, p) is1 —¢ for

Atpow ‘min(P\o.ffS‘): _g ®
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while sin(wAtpse + 6 + ) = 0 for

0; +~v+nm
w

At close |min(Aos )= — (10)

The minimum amplitude oAy, occurs with a constanh¢poy, independently
of the phase shift¥; as shown in (9). This corresponds to the dashed lines in
Fig. 4 and identifies a consistent region for minimum inrustrents in all three
phases. Equation (10) identifies also a region whglg, is zero. However, this is
a nonlinear relationship that is dependent on the phasefshih Fig. 4 this region
can be identified as valleys curved around the summits withffarelint location
for each phase.

The map of the inrush current as a function At,,., and At ., can be
obtained theoretically. However, the function describthg relation current-flux
is nonlinear as the behavior is ruled by the saturation ofrttagnetic core. In
addition, the electric and magnetic couplings of the threasps complicate any
further explanation without the use of a simulation model.

C. Confirmation and extension to other winding configuradidmy simulations

In order to confirm the observed behavior, the pattern medsimwd=ig. 4 is
reproduced with ATP/EMTP simulations. The transformer modelired to rep-
resent the systematic measurements is sophisticated agdsrto replicate both
disconnection and energization transients. Standard magdellable in ATP/EMTP
and PSCAD cannot represent the residual flux in a transformer #fé discon-
nection transient, and the representation of the trangfpmenergization transient
is uncertain, showing considerable differences in trariss@uations [16].

The model proposed in [14], [15], [17] has the required charétic and is
used in this study. The transformer model is based on a tojalbg correct core
model derived by duality transformation of the transforiieragnetic circuit. Each
transformer limb is modeled by a nonlinear hysteretic indudased on Jiles-
Atherton theory. A hysteretic model is required for an aateirrepresentation
of disconnection transients and the determination of wvegdidluxes. The shunt
capacitances in the winding are taken into account in theetasl they influence
the residual flux estimation [8], [15] and are modeled as cotaukto the terminals
of the windings. In addition to the main leakage inductanesvieen low and high
voltage windings, the air-core inductance is also taken mxtcount as it has a
considerable inrush current limiting effect. The model pasters are calculated
from standard test report data and a relatively small amotihdw-detail design
data. Special attention is paid to the parameter estimaticgnhance the perfor-
mance of the transformer model in saturation. It has beeifiegtthat the set of
parameters used in the model predict the worst case inrusantwithin a 10%
error and accuracy is maintained over a large range of incustent magnitude.
The parameter estimation technique and the verification ofmibeel are discussed
in [14], [15]. The capability of the model to determine theidesl fluxes is an
important feature for this study and is proved in Fig. 6 in [15]
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A total of four hundred simulations were performed. For eaghulation the
model is initialized to steady state, the breaker opens anthins open to reach
a stationary residual flux, and then closes as illustratedgn3=iThe opening and
closing instants vary for each simulation in a range of 0-Z)with a resolution
of 1 ms. After the opening of the breaker, each section of thre n the model
corresponding to a different transformer limb is self aliied to its residual flux
value. The absolute value of the first current peak in each pisaseorded and
displayed in Fig. 6 for the three phases. Some differences @recable between
the measured pattern in Fig. 4 and the simulated pattern in6Figowever the
shape of the patterns is very close. The main source of inacgwerives from
the control of the circuit breaker as accurate timing is eadd in the simulation,
while the real circuit breaker has minor stochastic behathat results in more
rough lines in the measured pattern.

The simulations of the inrush peak pattern for different wigdconfigurations
are shown in Figs. 7-9. While measurements are not availablgifding couplings
other than Yyn, the validity of these simulation resultstipgorted by the extensive
verification of the model in [14], [15] and by the validation ig. 6.

Table | summarizes the result of Figs. 6-9 by comparing the enfie of the
winding connection with the worst case inrush current pddle standard factok
reported in the literature [2], [3], [18], [19], is normallysed to scale analytically
calculated inrush current for single-phase transformehtee-phase:

Imaac_Bph =k- Imax_lph (11)

where the single-phase transformer has a rated voltagd amulae rated phase
voltage of the three-phase transformer. Théactor is derived by semi-empirical
considerations based on the core topology, and the curirentation and distribu-
tion in the windings. The main assumption is that the satomaitivolves only one
phase. In Table | the simulated maximum current peak formgted-wye coupling
is used as a reference and set to 100%. The inrush current i; calculated as:

I; h \/g Vi
Iim“ush_pu - w — Iim“ush_ma:cT (12)
n
and the percent value refers to:
I; Vi
Iinrush% _ inrush_max . l 100 (13)

1 inrush_max_Y Nyn W_YNyn

The ratio between inrush maximum peaks for YNyn and Yyn is ireament with
the value reported in the literature. Discrepancies batwiEs6 and 20% appear
in the presence of a delta-connected winding, either on thmeapy or secondary
sides of the transformer. The presence of a delta windingcesdthe line current
amplitude as part of the triple harmonics can circulatediesihe delta without
being transferred to the transformer terminals. Currend z@quence paths in a
transformer affect the amplitude of inrush current as tHeyna limit or block the
development of triple harmonics in the line current.

A further comparison of the inrush current patterns in Fig8. i@veals:
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TABLE |
WINDING COUPLING INFLUENCE ON INRUSH PEAK

Coupling Current Peak Neutral Peak k Factor
YNyn 336A, 22pu,(100%) 318 A (95%) 1
YNd 287A, 19pu, (85%) 74 A (22%) 1
Yyn 248A, 16pu, (74%) I 0.7-0.85

Yd 272A, 18pu, (81%) I 2/3
Dyn 468A, 18pu, (80%) 1 1
Dyn (Ph. curr.)  319A, 21pu, (95%) 1 1

o The minimum inrush current pattern observed in the measuresme present
in all the winding couplings.

« The pattern is nearly equal in all the three phases and isedrtm% =6.6ms
in both the opening and closing time axes.

« In the Yyn case, the peak has a double-summit shape as th&hictrent
return path is through another phase (due to the insulatettale Thus the
inrush current is induced in two phases simultaneously.

o Comparing YNyn and YNd, the neutral current becomes corsigly atten-
uated if a secondary delta winding is present.

o The line current for the Dyn case in p.u. is lower than the phasgeent
(Table I).

« The pattern for the winding coupling Yd is not reported heré ibusimilar
to the pattern for the YNd coupling (with the lack of the naliturrent). In
the same way, the pattern of the phase current in Dyn is natrsi@re but
is similar to the pattern for the YNyn coupling (with the laok the neutral
current).

These considerations are valid only for three-legged oge-transformers. The
five-legged, shell and transformer banks require furtheestigation as the mag-
netic circuit of the model changes according to the coreltapo

IV. MINIMUM OF FIRST PEAK INRUSH CURRENT

The region where the peak inrush current is less severe isifiddrin Fig. 4 and
a simplified physical explanation is given in Section I11-B. Simplify the analysis
of the maximum inrush current, the simulation results arey arther extracted
as shown in Figs. 10-13. The maximum inrush current in the tptexses, both
positive and negative, of each of the 400 simulations in Fég8.are now plotted as
a function of Atpow = Atopen — Ateose. The points having the same closing time
are connected by lines. In addition, due to the periodicityhe waveforms, the
range from -20 ms to 0 ms maps the range from 0 ms to 20 ms andoosltive
values of Atpoys are shown in these figures. For the 300-kVA transformer test
object, it is estimated from Figs. 10-13 that the less sevetesh currents occur in
the range) ms < Atpow < 2 ms. This is independent of the winding configuration
and confirms the simplified estimation &t poyy in (9) with a negative value of
S. This range depends on the ringdown transient of a transforihé mainly
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Fig. 11. Inrush current first peak, YNyn.

influenced by the transformer itself, the circuit breaker #rel stray capacitances
of the system.

The amplitude of the inrush current transient may be minichibg using a
POW triggering control and without the need to measure andpatenresidual
fluxes. This can be performed in two simple steps by the cirawaker control
mechanism:

1) The breaker opens and the point-on-wave tifyig,,,, is recorded.

2) The breaker closes at a point-on-wave instatf,sc = Atopen — Atpow
Steps one and two do not need to be in rapid succession, butamyen of periods
between the two operations can occur. The residual flux is asbtorstay constant
in this interval.

The rapid-closing switching strategy [9], [10] and the nasietultaneous-closing
switching strategy based on (9) are compared in Fig. 14 andLbifor a YNyn

-233-



POWER TRANSFORMER MODELING FOR INRUSH CURRENT CALCULATION

300

2001

100F

-1001

Inrush first peak [A]

"/
IO AL A
X A

~ =

-2001

300 4 8 12 16 20
POW time delay At [ms]

POW

Fig. 12. Inrush current first peak, YNd.

500

4001
3001
2001
100F

Inrush first peak [A]
2

-2001
-3001

-400F

-500
0 4

8 12 16 20
POW time delay AtPow [ms]

Fig. 13. Inrush current first peak, Dyn.

connection. In Fig. 14 the rapid-closing strategy is appsguming that no infor-
mation is available on residual fluxes. The first phase closeslt@ge peak (phase
R) and the other two phases are delayed 5 ms. Assuming thiatitheo control of

the circuit breaker opening, the inrush current mitigai®not always optimal and
the worst case energization with controlled switching giaa inrush current of
61, for the rapid-closing strategy. Fig. 15 shows the proposedisaneous-closing
strategy resulting in onlg.5 I,, for the worst case energization.

V. DISCUSSION

The measurements and the analysis performed on the 300-k&ibdtion
transformer indicate that a simultaneous-closing styategy be applied to mitigate
inrush current transients. This technology does not regairéndependent-pole
circuit breaker and may be employed in a lower voltage systeihis economically
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and technologically feasible. Previous studies reportrgsitiual fluxes in all three
phases have to be known, and there are constraints on tleak#ux magnitude
which limit the applicability of the method [9], [10]. The aent study shows how
a simultaneous-closing strategy can be effectively usdanio the inrush current
to 2.5 1,,, utilizing only the measured disconnection instant andhett constraints
or the need to calculate residual fluxes.

The transformer capacitances have influence on the maximuduagglux as
shown in Fig. 17 in [15]. Larger capacitances result in loweximam residual
fluxes and according to (6) and (9) in a larger value)gf;,. A less effective
mitigation of inrush currents will be achieved with the pospd method for trans-
formers with larger capacitances.

The vacuum circuit breaker used in the test setup has the itigpsdinterrupt
the no-load current at any instant (not zero crossing). Tteeiebdf circuit breakers
with different current chopping capability has to be inigasted as well. The
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validity of (4) is essential for the applicability of the rheds. Equation (4) implies
that there is a relation between the prospective flux and tsidual flux. This is
verified in Fig. 6 in [15] with the use of a vacuum breaker and in. Rign [13]
with the use of a solid state switch (IGBT). In Fig. 8 in [8] lowiage molded-
case circuit breakers are used and the validity of (4) is ndongbtful. This may
be explained by the lower current chopping capability of ¢ireuit breakers and
the lack of a perfect simultaneous interruption of the mégimg current in all
three phases. Fig. 18 in [15] shows the simulation result efrésidual flux as a
function of the opening time when the circuit breaker is meddo interrupt the
currents at any magnitude or only at its zero crossing. The@sechses represent
the two extreme situations and prove that when the breakensopt the current
zero crossing of each phase, a negative phase shift in titeiaéfux waveform is
produced. Equation (4) is still verified for the fundamentahmanic of the residual
flux curve and the novel current mitigation strategy can béiegphowever reduced
inrush current mitigation is achieved.

VI. CONCLUSION

The main result from this paper is the definition of a novel miniminrush
current condition. This condition is first observed in systeomaeasurements when
the first peak inrush current pattern is analyzed. The comdifioverified analyti-
cally and with simulations that confirm its applicability fall phases and winding
configurations. The validity of the minimum inrush currenttpat scheme is only
verified for an unloaded 300-kVA distribution transformer.rifer investigations
are necessary to determine the general applicability sfdpjproach.

The inrush current mitigation method derived from this statgy find applica-
tion in lower voltage grids where three-pole vacuum breslee used and there
is a low margin for extra investments. The applicability tgher voltage grids
requires further investigation.

The inrush current pattern is proposed as an innovative wagfféctively rep-
resent the first inrush current peak obtained with systenméasurements. This
pattern is a suitable tool to verify a transformer model witkasurements as the
overall transformer response is better represented cadpar single time-domain
curve. When inrush current damping is also an interestiogpfan the study, inrush
patterns representing the first and following inrush peakshsashown.

Simulations have been used to calculate the maximum inrugk foe different
winding couplings, and the ratios are compared with the sampirical & factor.
A finding is that the contribution of delta-coupled windings the reduction of
inrush current is higher than what is normally consideredlifference up to 20%
is observed when comparing the standarfdctor with simulations. It is clear from
these results that the validity of thiefactor is somewhat doubtful and further work
supported by measurements and simulations is required dateighe analytical
calculation method of the inrush current for a three-phaaestormer based on
the k factor.
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