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ABSTRACT

Large Power transformers, an aging and vulnerable part of our energy infrastructure,
are at choke points in the grid and are key to reliability and security. Damage or destruction
due to vandalism, misoperation, or other unexpected events is of great concern, given
replacement costs upward of $2M and lead time of 12 months. Transient overvoltages can
cause great damage and there is much interest in improving computer simulation models to

correctly predict and avoid the consequences.

EMTP (the Electromagnetic Transients Program) has been developed for computer
simulation of power system transients. Component models for most equipment have been
developed and benchmarked. Power transformers would appear to be simple. However, due
to their nonlinear and frequency-dependent behaviors, they can be one of the most complex
system components to model. It is imperative that the applied models be appropriate for the
range of frequencies and excitation levels that the system experiences. Thus, transformer

modeling is not a mature field and newer improved models must be made available.

In this work, improved topologically-correct duality-based models are developed for
three-phase autotransformers having five-legged, three-legged, and shell-form cores. The
main problem in the implementation of detailed models is the lack of complete and reliable
data, as no international standard suggests how to measure and calculate parameters.

Therefore, parameter estimation methods are developed here to determine the parameters of a



given model in cases where available information is incomplete. The transformer nameplate
data is required and relative physical dimensions of the core are estimated. The models
include a separate representation of each segment of the core, including hysteresis of the
core, A-i saturation characteristic, capacitive effects, and frequency dependency of winding

resistance and core |0ss.

Steady-state excitation, and de-energization and re-energization transients are
simulated and compared with an earlier-developed BCTRAN-based model. Black start
energization cases are also simulated as a means of model evaluation and compared with
actual event records. The simulated results using the model developed here are reasonable
and more correct than those of the BCTRAN-based model. Simulation accuracy is dependent
on the accuracy of the equipment model and its parameters. Thiswork is significant in that it
advances existing parameter estimation methods in cases where the available data and
measurements are incomplete. The accuracy of EMTP simulation for power systems

including three-phase autotransformers is thus enhanced.

Theoretical results obtained from this work provide a sound foundation for
development of transformer parameter estimation methods using engineering optimization. In
addition, it should be possible to refine which information and measurement data are
necessary for complete duality-based transformer models. To further refine and develop the
models and transformer parameter estimation methods developed here, iterative full-scale

laboratory tests using high-voltage and high-power three-phase transformer would be helpful.
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CHAPTER 1

INTRODUCTION

ATP (Alternative Transient Program, the royalty-free version of the EMTP — the
Electromagnetic Transients Program) was developed for computer simulation of power
system transients. Component models for power system equipment have also been
developed and benchmarked. Power transformers would appear to be simple. However,
due to their nonlinear and frequency-dependent behaviors, they can be one of the most
complex system components to model. It is imperative that the applied models be
appropriate for the range of frequencies and excitation levels that the system experiences.
Transformer modeling is not a mature field and newer improved models must be made
available in ATP packages. Further, there is a lack of published guidance on
recommended modeling approaches. And there is typically not enough detailed design or

test information available to determine the parameters for a given model.

The purpose of this dissertation project is to develop improved transformer models
and parameter estimation methods that can efficiently utilize the limited available

information such as factory test reports, core type and core dimension.

Chapter 2 gives the results of a literature search, provides an overview of
transformers, and presents some of the more commonly-used models presently being

used in transient simulation.



Chapter 3 describes and gives insights on the parameters and advanced equivalent
circuit models that can be applied to three-phase transformers. The pros and cons of some
existing models are briefly discussed and some examples presented. The main problem
with these representations is the lack of reliable implementation data, as no international

standard suggests how to measure and cal cul ate the needed parameters.

Chapter 4 refines the existing approaches for parameters and characteristics used by
the equivalent circuits presented in Chapter 3. To improve our understanding of the
details of transformer modeling, the nonlinear and frequency-dependent characteristics
are studied. Parameter estimation methods are developed to determine the parameters of a
given model in cases where incomplete information is available. This parameter
estimation problem inherently transforms to a constrained optimization problem in
engineering, because the model parameters must be selected so that the model fits all the

available data and measurements as closely as possible.

Duality-based transformer models are topologically correct and can be used to
accurately represent each segment of the magnetic core. Chapter 5 devel ops the duality-
based equivalent circuit models for three-phase five-legged, three-phase three-legged,
and three-phase shell-form autotransformers for ATP implementation. However,
available information is typically not enough to determine the parameters for these

duality-based transformer models.

Chapter 6 develops the parameter estimation methods for the duality-based models
of Chapter 5. Physica dimension and the nonlinear and frequency-dependent

characteristics are implemented in the parameter estimation. Mathematical description of



parameters and their interrelationships are refined. The models include a separate
representation of each segment of the core, including hysteresis of the core, A-i saturation
characteristic, capacitive effects, and frequency-dependency of winding resistance and

coreloss.

Chapter 7 presents the results of ATP ssmulations used in benchmarking. Models
developed in Chapter 6 are used to compare simulation results to actual event records.
Steady-state excitation and de-energization and re-energization transients are simulated
and compared with the results of an earlier BCTRAN-based model. The performance of

the equivalent circuit and observations on parameters are summarized.

Chapter 8 contains the conclusions and summary of this work. Based on the results,
some recommendations and suggestions for future research work are provided. These
suggestions are intended to further improve the performance of the models and clearly set

astarting point for researchers who wish to continue the work in this area.



CHAPTER 2

INTRODUCTION TO TRANSFORMER MODELS

2.1 Basic Transformer Structure

A transformer consists of core, coil, tank, insulation and other accessories. The iron
core is made of laminations to reduce eddy current losses and the material is silicon alloy
to reduce hysteresis losses and to improve magnetization characteristics. Reducing the
thickness of laminations reduces the eddy current losses in the core. There are two classes
of coils - concentric (cylindrical) windings and interleaved (pancake) windings. For
concentric windings, the high-voltage cail is typically wound over the low-voltage coil to
obtain good coupling between windings. For interleaved windings, the high-voltage and
the low-voltage windings are stacked in alternating pancake-shaped coils. In actual
design, many modifications are used by the various manufactures. Paper, pressboard,

mineral oil, and epoxy resin are used for insulation [22].

Examples of windings and core structures for single-phase and three-phase
transformers are shown in Figures 2.1 and 2.2. The quantitative expressions for a coil-

wound magnetic circuit are given in Equations (2.1) through (2.7) [7].
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(21)
_ @ _
(2.2) B= A M H (2.5)
(2.3) A=NOp=L0O (2.6)
L= N (2.7)
(2.4) O '

Where, [ : Reluctance, i: current, 1z permeability, A: area of core, @ flux,
MMF: magnetomoative force, N: number of turns, H: magnetic field intensity,
B: flux density, I: length of core, L: inductance, A: flux linkage



2.2 STC (Saturable Transformer Component) M odel

ATPisadigital simulation program for transient phenomena of an electromagnetic
system. It has been continuously developed through international contributions.
Interfacing capability to the program modules TACS (Transient Analysis of Control
Systems) and MODELS (a simulation language) enables modelling of control systems

and components with nonlinear characteristics.

ATP offers two different transformer models. These two components are referred
to as STC and BCTRAN models. STC is a built-in model that can be implemented with
and without saturable core representation. It is limited to single-phase or three-phase
banks made up of single-phase units. No mutual coupling between the phases can be
taken into account. In addition, it is not possible to represent the differences between the
positive and the zero sequence paths. Therefore, unequal phase reluctances and the

nonlinear interactions between limbs of the core cannot be taken into account [6,17].
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Figure2.3 STC Modd for Single-phase Two-winding Transformer [18]

Figure 2.3 gives STC model for single-phase transformer of Figure 2.1. This model
has a built-in core representation (Rc and L¢), which is connected at the ideal coupling
transformer. A piecewise linear A-i (flux linked vs. current) curve is defined point-by-

point, with a linear resistance connected in paralel. As an approximation, the



manufacturer’s RMS saturation curve of voltage vs. current may be input and converted

to peak flux linkages and peak current using the supporting routine SATURATION [18].

Required input parameters are: leakage impedance, winding resistance and turns
ratio. This model is simple to use, but is limited to single—phase or three-phase banks of
single-phase units and may be numerically unstable because of negative inductance in the

equivalent circuit of the three-winding transformer [8,39].

2.3 BCTRAN Mod€

BCTRAN is the supporting routine of the EMTP program which creates an
impedance or admittance matrix representation of the transformer, without taking into
account the saturable core effects, from transformer ratings and factory test data. From
Brandwajn and Dommel [4], single-phase and three-phase N-winding transformers can
be represented in the form of a branch impedance or admittance matrix, derived from

short-circuit and open-circuit nameplate data.

Wdg-1,Ph-1 I¢>% AN A
Wdg-1,Ph-2 I&W AN
----------------- I3——V§>JM SAVAVAVE | EEEEEEE
Wdg-1,Ph-P I%JRMF Coupled Wv(---:-- e
P | Inductances ' ' '
Wdg-2,Ph-1 —>NANANA SAVAVAVE L e Wdg-M,Ph-1
Wdg-2,Ph-2 —>NANANA AN\ Ae— Wdg-M,Ph-2
----------------- — = BAAN AN A
wdg-2,Ph-P  —— A\ AN JRMA 'y wWdg-M,Ph-P
N
L Reference For P-phase M-winding Transformer,

the number of total buses is N=MxP.

Figure2.4 Terminal Representation for BCTRAN Model



The BCTRAN routine can create an AR model of the leakage impedances of the
transformer to avoid the problem of inverting a singular [L], where [A] is the inverse of
[L], as in the Equation (2.9). Where [L] is the inductance matrix, [R] is the resistance
matrix, [v] isavector of terminal voltages, and [i] is the current vector. Asin other three-
phase network components, the positive and zero sequence values from test data
(excitation and short-circuit data) are used. Therefore, the representation of unbalance

between phasesis possible [17].

The elements of the [L] matrix are self inductances and mutual inductances. The
copper-loss resistances form a N x N diagona matrix [R], each element of which

corresponds to its respective winding [8,17].

1 I:zll 0 O Il Lll I—12 1N Il

P IR N [ Y e Al e B PP
: : . : : : : " Do|dt|

_VN_ L O 0 RNN__IN_ L I—Nl I—N2 I—NN _IN_
(LI dvl=[d " bR B} + S-oli] 29)

The iron-loss resistances are placed in parallel with each winding. Exciting current
effects can be linearized and left in the matrix description, which can lead to the
simulation errors when the core saturates. Alternately, excitation may be omitted from the
matrix description and attached externally at the model’s terminas in the form of
nonlinear core elements. Such an externally attached core equivalent must have the same
topology as the duality transformation for the complete transformer, however, so

attaching this core equivalent to the external terminalsis not topologically correct.



In this model, it is possible to represent the differences between the positive and the
zero seguence paths. However, unequal phase reluctances and nonlinear interactions
between limbs of the core cannot be taken into account. As input data, manufacturer data
including zero and positive sequence impedances from the binary short-circuit tests is
necessary [17].

2.4 Duality Transformation

Based on work by Slemon [46], topologically-correct equivalent circuit models can
be derived from magnetic circuit models using the principle of duality, with the duality
transformation being directly performed as a topological exercise. This type of model
includes the effects of saturation in each individua leg of the core as well as leakage

effects.

Table 2.1 lists the duality pairs for the transformation. A duality transformation
example for the single-phase shell-form transformer with concentric windings of Figure

2.1isgiveninFigures2.5and 2.6 [7,13,46].

Table2.1 Duality Transformation

Magnetic Circuit Electric Circuit Remark
Meshes Nodes
Nodes Meshes
MMF i (current) MMF=N* i
dA/dt v (voltage) v = dA/dt
[7 (reluctance) L (inductance) L=N¥0
Series Parallel
Parallel Series




NL :NL

R

Figure2.6 Equivalent Electrica Circuit Derived from Duality Transformation

Core sections are labeled as C for center leg, O for outer legs, and Y for yokes. ®y
is the leakage flux that is assumed to flow between the high and the low voltage cails,
and @ ¢ isthe leakage flux between the low voltage coil and the core. The next step isto

convert the distributed magnetic circuit into a lumped parameter equivalent, as shown
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with solid lines in Figure 2.5. The electrical dual, shown with dashed lines, is then
developed. An electrical node is placed in the center of each magnetic circuit mesh, as
well as outside the circuit. Then, as shown in Table 2.1, each MMF source and reluctance
is replaced by its electrical dual and connected between the neighboring nodes. To
maintain mathematical duality, the polarity of the current source must be consistent with
the MMF sources. The last step is to replace the current sources with ideal coupling
transformers. In Figure 2.6, the core and leakage behaviors are electrically isolated from
the external winding connections, which is an advantage for grounded or interconnected
windings. Winding resistances are added to the high- and low-voltage windings. The five
core sections in Figure 2.6 can be ssimplified in this case by combing them into one

equivalent magnetizing inductance.

The equivalent circuits resulting from duality transformations are topologically
correct lumped-parameter representations. Duality-derived models can be implemented
with standard EMTP elements such as an ideal transformer, lumped RLC, or saturable

inductor.

However, practical application of this model for a three-phase transformer has been
hampered by a difficulty in obtaining the required model parameters. Factory test data
provided by transformer manufacturers is not enough for this model. One particularly
troublesome problem is that exciting currents are stated in RMS amperes and calculated
as an average of the three phase currents. This is not enough to allow core parameters to
be properly calculated, since the currents are not sinusoidal and not the same in every

phase.
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2.5 Coil/Winding Capacitance with Damping Resistance

For transient studies that involve frequencies up to afew kHz, stray capacitance of
transformer coils must be added to the transformer model as shown Figure 2.7.
Capacitances are actually distributed, but lumped parameters at the winding terminals for
the total capacitance can be used with reasonable accuracy in this case. The capacitances
represent the electric coupling between two windings of the same phase or between each

winding and the earthed fittings of the transformer, i.e. the tank and the core [1,26,50].

The effective terminal capacitance can be determined based on the frequency of

oscillation of each winding by using Equations (2.10) through (2.13) [50].

Effective capacitance Ct = 1/[ (277f)*/L] (2.10)

wheref: TRV frequency of each winding in Hz,
L: transformer leakage inductancein H, C: effective capacitancein F

Effective capacitance for the high-voltagewinding  Ce=Cut+Ch (2.11)
Effective capacitance for the low-voltagewinding  Cg=C+Cp (2.12)
High-frequency capacitive coupling ratio Ch/(C+C) (2.13)

Representative frequencies for power transformers are reported by Harner and
Rodriguez and the high-frequency capacitive coupling ratio is generally lower than 0.4

[50].

Due to high-frequency winding resistance and eddy current losses, the oscillations
are damped. This damping is represented by the resistance to ground in the equivalent

circuit shown in Figure 2.8. For most transformers, the damping is usually such that the
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damping factor, DF, (i.e., the ratio of successive peaks of opposite polarity in the
oscillation) is on the order of 0.6 to 0.8. Thus, the high-frequency damping resistance,

RD, can be calculated using the equation given in Figure 2.7 [50].

High Ly Ly Low

\F
—JT. | —
RD—ic

~In(DF)

Figure2.7  Equivalent Circuit for Capacitance with Damping Resistance

2.6 Parameter Estimation using Engineering Optimization

When developing a duality model for the equivalent circuit of a three-phase
transformer in the EMTP, the main problem is the lack of reliable data from which to
obtain the parameters of the equivalent circuit, i.e. leakage inductance, nonlinear
magnetizing inductance for core saturation and nonlinear resistance for core loss. Thus,
some parameter estimation methods might be used to build a topological model based on
normally available test data. This parameter estimation problem is a nonlinear multi-
variable problem with equality and inequality constraints. Therefore, a nonlinear

optimization strategy must be implemented for this case.
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2.6.1 Engineering Optimization

The application of optimization techniques in engineering can be found in many
anaysis problems arising in engineering model development. This parameter estimation
problem inherently transforms to an optimization problem to determine the parameters of
some semi-theoretical model given a set of test data, because the model parameters must
be selected so that the model fits the data as closely as possible. A general formulation of

nonlinear constrained optimization problem is given by [40]:

Minimize F(x) for x = (X1, X2,..., X\) (2.14)
subject to gj(x) = 0 for j=1,2,...,.0 and hy(x) =0 for k=1,2,.. K
where, x variables (a set of design parameters)
F(x): objective functionsto be minimized
gi(x): inequality constraints
hi(X): equality constraints
The determination of the parameters might be carried out applying the strategy of

minimizing the sum of quadratic errors of the approximate values with respect to the

exact values.

N 2
FOO=Y [y - f(x 6,)] (2.15)
i=1

Where, y; : test data at the test condition 8;
f(x, 8 ): predicted value at the test condition ;

The difference y; - f(x,8 ) between the test data y; and the predicted value f(x, 4)
measures how close the prediction isto the test dataand is called the residual. The sum of

the squares of the residuals at all the test points gives an indication of goodness of the fit.
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This data-fitting problem can thus be viewed as optimization problem in which F(x) is

minimized by appropriate choice of x.

The challenges in the unconstrained optimization approach of the Equation (2.15)
are spurious solutions like “local optima’ that merely satisfy the requirements on the
derivatives of the functions without constraints. Therefore, a constrained optimization

approach may be appropriate for parameter estimation of transformer model.

As the necessary conditions of optimality for equality-constrained problems are
Lagrange multipliers, the necessary conditions of optimization problems with equality

and inequality constraints are Kuhn-Tucker conditions:

DF(X)—iungj(x)—ikam(x) =0 (2.16)
j=1 k=1

gi(x) =0for j=1,2,...,0 and hy(x)=0 for k=1,2,...K
ug(x)=0 and y =0 forj=1.2,...,J
Where, /F(x) : N-component column vector of first derivatives of F(x)
£ (x): J-component column vector of first derivatives of g;(x)
[hy (X): K-component column vector of first derivatives of hy(x)
u: Lagrange multiplier corresponding to contraint g;(x)

Vi . Lagrange multiplier corresponding to contraint hy(x)

The solutions of Kuhn-Tucker conditions form the basis of many nonlinear

programming agorithms, which attempt to directly compute the Lagrange multiplier.

There are many strategies for engineering optimization. For unconstrained

optimization, methods can be broadly categorized in terms of the derivative information.
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Search methods that do not require gradients or other derivative information and use only
function evaluations are most suitable for the problems that are nonlinear or have a
number of discontinuities. One typica numerical search method is simplex search

method.

Gradient methods are generally efficient when the function to be minimized is
continuous in itsfirst derivative. Gradient methods use information about the slope of the
function JF(X) to dictate a direction of search where the minimum is thought to lie. Of
the methods that use gradient information, there are the quasi-Newton methods or the
Conjugate Gradient methods. Quasi-Newton methods only require differences of
gradients of the Lagrangian function. The gradient information is either supplied through

analytically calculated gradients, or derived by anumerical differentiation method.

Higher order methods, such as Newton’s methods, are only really suitable when the
second order information is readily and easily calculated since calculation of the second

order information, using numerical differentiation, is computationally expensive.

There are strategies for exploiting linear approximations to nonlinear problems like
feasible direction methods, successive linear approximation methods, quadratic

approximation methods or constrained variable metric methods.

There are a number of different optimization strategies. An efficient and accurate
solution to a given optimization problem is not only dependent on the size of the problem
in terms of the number of constraints and design variables but also on characteristics of

the objective function and constraints.
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2.6.2 Applicable Methodsin MATLAB"

MATLAB" Optimization tool box a collection of functions for many types of
optimization such as nonlinear minimization, quadratic and linear programming,
nonlinear least squares and curve-fitting, and nonlinear system of equation solving, and

etc..

For the paramter estimation in this work, the constrained nonlinear minimization,

nonlinear least squares, and curve-fitting techiques are necessary.

One of constrained nonlinear minimization functions in the MATLAB"
Optimization tool box is “fmincon”. This function solves a constrained nonlinear
multivariable problem.

x = fmincon(fun,Xo, A,b,Acq,Deg,lb,Un,nONICON) (2.17)

“fmincon” finds the constrained minimum of a scalar function of several variables
starting at an initial estimate Xo. Thisis referred to as constrained nonlinear optimization
or nonlinear programming. It finds x to minimizes “fun” subject to the linear equalities
Ae* X = bey as well as the linear inequalities A*X <= b. It subjects the minimization to
the nonlinear inequalities ¢(X) <= 0 or nonlinear equalities cy(X) = 0. fmincon uses a
Sequential Quadratic Programming (SQP) method. In Sequential Quadratic Programming
(SQP) method, a Quadratic Programming (QP) subproblem is solved at each iteration.
An estimate of the Hessian of the Lagrangian is updated at each iteration. A line search

is performed using a merit function [53].
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One of the nonlinear least squares functionsin MATLAB" Optimization tool box is

“Isgnonlin”.
x = Isgnonlin(fun,xg) (2.18)

x = Isgnonlin(fun,Xy) starts at the point Xo and finds a minimum to the sum of
squares of the functions described in fun. fun should return a vector of values and not the
sum-of-squares of the values. By default, Isgnonlin chooses the large-scale algorithm.
This agorithm is a subspace trust region method and is based on the interior-reflective
Newton method. Isgnonlin with options. LargeScale set to 'off' uses the Levenberg-
Marquardt method with line-search. Alternatively, a Gauss-Newton method with line-
search may be selected. Isgnonlin does not handle equality constraints. The function to be
minimized must be continuous. Isgnonlin only handles real variables. When x has

complex variables, the variables must be split into real and imaginary parts [53].

One of the nonlinear curvefitting (datafitting) functions in MATLAB"
Optimization tool box is “Isgcurvefit”. This function solves nonlinear curve-fitting (data-

fitting) problemsin the least squares sense.
X = Isgeurvefit(fun,xo,xdata,ydata) (2.19)

With given input data xdata and observed output ydata, x = Isgnonlin(fun,xp) starts
at the point xo and finds coefficients x that "best-fit" the equation F(x, xdata) where xdata
and ydata are vectors and F(x, xdata) is a vector valued function. The function Isgcurvefit
uses the same algorithm as Isgnonlin. Its purpose is to provide an interface designed

specifically for data-fitting problems. The function to be fit, fun is a function that takes a
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vector x and returns a vector F, the objective functions evaluated at x. The sum of squares

should not be formed explicitly. Instead, the function returns a vector of function values.

The default line search algorithm is a mixed quadratic and cubic polynomial
interpolation and extrapolation method. The function to be minimized must be
continuous. Isgcurvefit may only give local solutions. When x has complex variables, the

variables must be split into real and imaginary parts [53].
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CHAPTER 3

THREE-PHASE TRANSFORMER MODEL

This Chapter describes important parameters and the implementation of existing
models, in order to gain insights on parameters. The pros and cons of the existing models

are briefly discussed, along with some examples.

Detailed representation of a power transformer can be very complex due to the
many variations in core and coil design and their complex behaviors during transient
phenomena. The most suitable representation depends on severa factors: the behavior
being smulated, available data, and core design. One of severa models valid for a
specific frequency range may be used. According to CIGRE WG 33-02 [52], frequency

ranges can be classified as four groups with some overlapping between them (Table 3.1).

In this work, transformer modeling for low-frequency and slow-front transients is
considered. This is suitable for simulation of power system transients such as excitation
inrush currents, ferroresonance, short circuits, abnormalities including transformer faults,

and switching overvoltages.

An autotransformer is a transformer configuration that has part of its winding
common to both the input and output, i.e. there is no electrical isolation. If the voltage
ratio is favorable (in practice, typically < 3:1), an autotransformer is advantageous from

the point of view of the equivalent volt-amp rating. The effective increase in equivalent
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rating reduces the weight, the size, no-load loss, load losses and the short circuit
impedance. The use of an autotransformer makes it possible for a high power rating to be
constructed as a single unit three-phase transformer. In this work, the model for a three-

winding autotransformer is considered.

To develop a model for a three-phase transformer, transformer physical design
information and characteristic data are needed. However, it is most unusua to have a case
where complete physical design information and dimensions are available. Utilities
typically can't afford to take transformers out of service, don't have the equipment for
taking field measurements, or can't afford the field crew to perform them. Often, al the
information we will have is what is on the nameplate, or maybe the basic factory tests.
Utilities have typically not had the foresight to request detailed tests, and the state of the
art has not been advanced enough to know what tests or parameters to request as part of
their purchase specification. Typically, factories have done only the minimum required

compliance testing.

Typica transformer factory test reports available from manufacturers consist of
datalike Table 3.2, which summarizes the report given in Appendix C. The available data
are no-load kW losses and true RM S exciting current at 100% and 110% of rated voltage.
However, there is no information on transformer core type, core material, etc. It should
be noted that the “RMS exciting current” taken from factory tests is actually the average
of the three measured true RM S phase currents. Usually, zero sequence short-circuit tests

are not performed, so that information is not available either.
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Table3.1 CIGRE Modeling Recommendation for Power Transformer [52]
Parameter Low Frequency Slow Front Fast Front Very Fest
: . . Front
/Effect Transients Transients Transients .
Transients
Short-circuit , , .
impedance Very important Very important Important Negligible
Saturation | Veryimportant | Veryimportant” | Negligible | Negligible
Iron losses Important® Important Negligible | Negligible
Eddy currents | Very important Important Negligible Negligible
Capacitive - Very Very
coupling Negligible mportant important important

1) Only for transformer energization phenomena, otherwise important
2) Only for resonance phenomena

Table3.2

Transformer Factory Test Data

345000 Grd.Y /118000 Grd.Y/13800 Delta,
3-phase auto-transformer @OA/FOA/FOA

H- 296/394/490MV A, X-296/394/490MVA, Y-77/103/128MVA

Open-Circuit Test Exciting Current No Load Loss
0.76%@100%V oltage 297.6kW@100%YV oltage
1.71%@110%V oltage 402.24kW @110%V oltage

Short-Circuit Test Impedance Load Loss

H-X 6.21% @296MV A 378.94kW @296MV A
H-Y 55.9% @296MV A 258.76kW @77MVA
X-Y 42.1% @296MV A 237.68kW @77MVA

3.1STC Model

A more correct model of a three-phase autotransformer can be obtained by

representing high (H) and low (X) voltage terminals with the actua series winding (S)

and common winding (C) as shown in Figure 3.1. This requires a re-definition of the

short-circuit data in terms of windings S and C. Since most autotransformers have a

tertiary winding, thiswinding T is included in the re-definition. The autotransformer can
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therefore be represented as a transformer with the 3 windings S, C, and T. The voltage
ratings are Vs=Vu-Vx, Vc=Vx, V1=Vy. This modification can be explained in terms of
the equivalent star-circuit of Figure 3.1, with the impedances Zs, Z¢, Zr based on Vs, Ve,

V.

To learn the details of the Saturable Transformer model, one was implemented and
benchmarked against factory test reports using the data of Table 3.2. The comparison is
shown in Table 3.3. Equivalent Impedances modified for this modd are N=2.924,
Zs5c=14.344%, Zc1=42.1%, Z1s=67.98%, Zs=20.112% (11.67 Q), Zc=-5.768% (-0.9044

Q), Z1=47.868% (0.9239 Q) at 296-MV A using each winding’ s voltage base.

Figure3.1 STC Model for Three-phase Three-winding Autotransformer [6]
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This model is limited to three-winding three-phase banks of single-phase units and
may be numerically unstable because of negative short-circuit inductance in the

equivalent circuit [6,40]. Also the attachment point of core equivalent is not topologically

correct.
Table3.3 Comparisons of STC Model with Test Report
Model: 345000 Grd.Y/ 118000 Grd.Y/ 13800 Delta— 296MVA @OA
Test Report | STC Model
Exciting Current @345kV Side
3.76Amp.RM S@100%V oltage 3.77Amp.RMS, 5.33Amp.peak,
gffﬂit 8.47Amp.RMS@110%V oltage 6'92Amp@?'l”0§}£tﬁgg‘é“p'peak
Test No Load Loss per Phase
99.20kW@100%V oltage 99.82kW@100%V oltage
134.08kW@110%V oltage 120.78kW@110%\Voltage
Short-Circuit Current
700.53Amp.peak 700.55Amp.peak
182.23Amp.peak 182.53Amp.peak
Short- 532.80Amp.peak 532.91Amp.peak
Circuit
Test Load Loss per Phase
P-S 126.31kW @296MVA 126.61kW
P-T 86.25kW @77MVA 86.29kW
ST 79.227TkW @77MVA 79.21kW

3.2BCTRAN Modd

BCTRAN models were next investigated. This model is a more stable model for
multi-winding transformers than the STC model, but permits only linear magnetizing
branches to be incorporated in the matrix. Note that this model is of particular interest
since it was implemented in a transient investigation study [14], where deficiencies in

transformer representation were one of the motivations for this work. The overall model
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implanted in that case used BCTRAN for short-circuit representation, with an externally-

attached simplistic core model, as shown in Figure 3.2.

BCTRAN
Model

o— ——o0

TERTIARY

HV Lv

it

Figure3.2 BCTRAN Model with External Core Elements
for Three-phase Three-winding Autotransformer

Core and load losses from the test data in Table 3.2 are employed to calculate the
model parameters. To verify the transformer model developed using BCTRAN, results
from ssmulated open and short circuit tests were compared to the transformer test report.
The comparison is shown in Table 3.4. To model the magnetic core saturation and |osses
of the transformer, core effects are omitted in the BCTRAN model and replaced by
external nonlinear elements. Core magnetization and losses are attached on the tertiary
terminals as a nonlinear inductance in paralel with alinear resistor, as shown in Figure
3.2. Using the 100% and 110% excitation data from the factory test report, the RMS
magnetizing current is obtained by removing the core loss component from the exciting

current as Equation (3.1).

_ 2 2
I rms — \/I exc I core (3.1)
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Table3.4

Comparisons of BCTRAN Model with Test Report

Model: 345000 Grd.Y/ 118000 Grd.Y/ 13800 Delta— 296MVA @OA
Test Report | BCTRAN Model
Exciting Current @345kV Side
3.76Amp.RM S@100%YV oltage 3.75Amp.RMS, 5.30Amp.pesk,
gffﬂit 8.47Amp.RMS@110%V oltage 7'37Amp@?'l"0%ﬁj/i‘|?ggg"p'peak
Test No Load Loss per Phase
99.20kW @100%V oltage 98.44kW@100%V oltage
134.08kW@110%V oltage 119.11KW@110%Voltage
Short-Circuit Current
700.53Amp.peak 700.65Amp.peak
182.23Amp.peak 182.23Amp.peak
Short- 532.80Amp.peak 532.81Amp.peak
Circuit
Test Load Loss per Phase
P-S 126.31kW @296MV A 126.51kW
P-T 86.25kW @77MVA 86.25kW
ST 79.227kW @77MVA 79.230kW

The resulting model represents all phase-to-phase coupling. However, it is valid
only for the frequency at which the nameplate data was obtained. It models the terminal
characteristics and does not consider differences in core or winding topology. Three-
legged cores, five-legged cores, wye windings, delta windings, or autotransformer

connections all get the same mathematical treatment.
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3.3 Duality-Based Modedl

Detailed models incorporating core nonlinearities can be derived by applying the
principle of duality on topology-based magnetic models. This approach is very useful for
creating models accurate enough for low-frequency transients. If capacitive effects are

added, slow front transients can be adequately modeled.

The mesh and node equations of the magnetic circuit are the duals of the electrical
equivalent’s node and mesh equations respectively. The duality transformation can be
directly performed as a topological exercise. The duality transformation for the three-
phase three-winding transformer in Table 3.4 is given in Figures 3.3 through 3.5. Details

follow.

A three-winding three-leg core-type transformer is considered. Core sections are
labeled as L for each leg, Y for each yoke. ®«: isthe leakage flux that is assumed to flow
between the series and common windings, and ®cr is the leakage flux between the
common winding and the tertiary winding, ®r_ is the leakage flux between the tertiary
winding and the core. The next step is to convert the distributed magnetic circuit into a
lumped parameter equivalent, shown in solid lines in the center of Figure 3.4. The
electrical dual, shown in dashed lines, is then developed. As shown in Figure 3.5, each
MMF source and reluctance is replaced by its electrical dual and connected between the

neighboring nodes.
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Table 3.4 Comparisons of Electrical and Magnetic Quantities

Magnetic Circuit Electric Circuit Remark
mmf (7, A-t) v (voltage, V) mmf =N*i =H */
Flux (@ Wb) i (current, A) @=B*A
7 (reluctance, H™) R (Resistance, Q) L=N40
Magnetic field intensity Electric field intensity
(H, A-t/m) (E, VIm)
Flux density (B,T) Current density (J,A/nT)
Permeability (1, H/m) Conductivity (g, Sm) u=B/H
O=@ V =iR
B=/H J= oE
Flux linkage .
(1, Wo-t) =N Ni (Aturn)
O=1HEA) =1/P=1L R=1/(oA)=1/G L (inductance)
O Yoke (Y) P Yoke (Y)
0. 7 | ! /
Leg Leg Led
P ) L T (L) L
T-A T-B
C-A
Rc -
S-A

Figure 3.3 Three-phase Three-leg Core-type Transformer Structure
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Figure 3.4 Duality Transformation

Np:Ng
é—/\/v\/*@ H-C
Rs
Lgc
Np:N¢
12 4% %—/\/V\/*U X-C
R¢
Ler
Np:Np
% %—M/»—c T-C

Ly 10,11 Ry

Figure 3.5 Equivaent Electric Circuit Derived from Duality Transformation



CHAPTER 4
PARAMETERS FOR TRANSFORMER MODEL

4.1 Frequency-Dependency of Coil Resistance

Coail resistances vary widely depending on the frequency of the current flowing. The
variation is due to skin effect and proximity effect. Skin effect is caused by the nonuniform
distribution of current in the conductor. As the frequency of the current is increased, more
current flows near the surface of the conductor. Thus, the effective resistance increases. The

effective resistance typically varies as the square root of frequency [7,22].
f k
Re(f) =Ry EE&} where, k: about 0.5, Rso: 60 Hz resistance 4.0

However, a higher number of layersin the coil lead to a great resistance variation

due to proximity effect. From reference [44], the frequency dependency of coil resistanceis:

Rie(f)= rea||:RDC [ EQCOth(U)_gtﬂanh(U)"'%Dh| 2 Eﬂanh(%))}

5= |1 and u=(1+j)f
Tf Lo Qu, o

where a= coil diameter(m), &=skin depth(m), 4= permeability of Cu (477407),

(4.2)

o=conductance of Cu (0.5x10%), nl = the number of layers

The effective resistance or the ratio of R(f)/Rpc for the case of a=3 mm is given in

Figure 4.1. In the case of one layer, the ratio of R(f)/Rpc is amost the same as the square
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root of f/60Hz by the skin effect. In case of a multi-layer coil, the slope of R(f)/Rdc is almost

the same as that of the skin effect in the range of 3 kHz to 10 kHz. However, due to the

proximity effect, the variation of R(f)/Rpc is significantly greater in the range of 100 Hz to 3

kHz. Figure 4.1 shows that the effective resistance of awinding with ten layersis amost the

same as those of typical transformersin [17].

R R e R R R
ITMITCE T " " ITT O T oA~ Tl
T T T T TImTre T J'o\ T ,boﬁ Tl AT e T T T
mTrE s T oSN -l e T e - A
,tFrTrL\\EtFrTerﬁv
R W :f:,,f

R R e e e e el el e i [ A Al e i il (IR SR Rl el

IRIE NI

T N R N

o8

I
[
I

k=
k=
-
g

|

| |
== = I+t

| |

| |

| |

|

typical
- ten-layers |-

- five-layers
=== one-layer

K3

R e IR R S
i T U1 B ol i B
R R e R e e e e | IRAR A RS
== — A+ b ==
O T Y B
IR
N
Wi
O
Wi

-
-

r
|
|
-+ -
|
|
|
|
.

10°

—l— A+ e = = o
IR e e |

e (A S i |
AR

SOV Y DU T S Oy

B

e ) [ ——
IFIt ==+ —1— =
ﬂ,xj#ﬂ_\ﬂ\,\\\

10°

i+ -+ —- - o
[N R T

B

[y

F- -

opy/oey

3mm

Figure4.1 Effective Resistanceat a

In case detailed data for the number of layers or winding size is not available, the L/R

ratio of the short-circuit impedance of typical transformers can be used to estimate the

frequency-dependency of coil resistance. From Chapter 2 of the EMTP Theory Book [17],

L/R ratios of the short-circuit impedance of typical transformers are given for ratings of 20

MVA ~ 500 MVA and frequency range of 50 Hz ~ 6000 Hz. Thisis presented in Figures 4.2

and 4.3. Figure 4.3 shows that K in Equation (4.1) is about 1.5 for the given frequency range.
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Table 4.1 Typical Effective Resistances for Large Power Transformer [17]

f (Hz) O | 50| 60 | 100 | 500 | 1000 | 2000 | 4000 | 6000
f/50 0 | 1] 12 2 10 | 20 | 40 | 8 | 120
L / Rt 106 | .1 | .091 |.0667 | .01 | 0.004 | .0015 | .0005 | .00026
L (H) 1|1 1 1 1 1 1 1 1
Re (Q) 94 | 10| 11 15 | 100 | 250 | 670 | 2000 | 3900
(ou 565”0 H2) 9 | 1| 11| 15 | 10 25 67 | 200 | 390
(ou @?gfo Hz) | 083 | 88| 10 | 1364|0091 | 2273 | 6091 | 1818 | 3545

It is possible to represent the frequency-dependency of R using a Foster circuit as

shown in Figure 4.4. If L (leakage inductance) is given as 1 H, Rp is about 158 kQ (from

L/Res ratio=0.004 at 1,000 Hz) and Rs is about 9.4 Q (from L/Rgs ratio=0.1 at 50 Hz) by:

Ro = (L/ Ry (@)) " [L

Rs = Ry ()~ Re* (w* L)? [(Re” +(w* L))

If Rs (DC resistance) is given as 9.4 Q, Rp is about 164 kQ from L/Rs ratio=0.004

and Rg=250 Q at 1,000 Hz by below equation. However, this method produces correct

value only at 50 Hz and at 1,000 Hz as shown in Figure 4.5.

(ab)?

(al)’

_(Ret —Rs)

P

(Ret ~Rs)®

2

(4.3)
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Figure4.5 Effective R and L by Equation (4.3) with Foster Circuit with One Cell

From least square curvefitting, Rp and L (part of the leakage inductance) can be

0.2731 H. In Figure 4.6, the Foster circuit with one cell

obtained as Rp = 15,031 Q and L

gives more correct R(f) in the given frequency range. However, The effective L is not

constant in the given frequency range. Therefore, this method is not as robust of a

frequency-dependent representation as desired.
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A series Foster circuit with two cells, asin Figure 4.7, is necessary for more accurate
and L, can be obtained as 153.7637 Q, 0.0424 H, 104580 Q, and 0.5682 H respectively.
constant through the given frequency range. The equivalent L in Figure 4.8 should be part of

representation. From the least square curve fitting using Equations (4.4) and (4.5), Ry, L1, R>
Figure 4.8 shows that the effective resistance is well-matched and the equivalent L is more

the leakage inductance.

+
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Series Foster Circuit with Two Cdlls

Figure4.7
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Effective Resistance for Three-Phase Transfor mer

From the test report of the example transformer, Rspc= 0.6766 Q , Rcpc=0.1635 Q,

turns ratio=(345-118)/118=1.9237, and rated current is 495.35 amps at 345-kV base.
Thus, Rpc(DC, H-L at 3phase, 75°C) = 0.6766+1.92372 x 0.1635 = 1.282 Q
Reo (60 Hz, H-L at 3phase) = P/ 1= 378.940 kW / 495.352=1.54435 Q
Therefore, Ratio of Rep / Rpc IS 1.54435 / 1.282=1.205.

Rux, Rux, and Rxy at 60 Hz for an autotransformer can be calculated from copper
losses. Rc, Rs, and Ry at 60 Hz are calculated using Equation (4.6). However, the resistances
of the common winding and the series winding did not match well with the DC resistance
value stated on the factory test report, so the validation of the recorded data was questioned.
If the current density is assumed to be the same for the two windings, the DC resistance
should be correct. Thus Rc, Rs, Rrat 60 Hz were estimated by 1.25 times DC resistances in
order to match coil losses in Table 4.2. The recalculated losses differ from test data, but %

differences are less than 10%.

N V2
Rse = Rix [ﬁ—j , Rer = Ry

N-1
_ N ) 1 N
Rrs = Ruy [ﬁmj vatﬁN_lj"'RHx EE(N—l)ZJ
R R tReRe g RatReoR
_RstRe ~Rer '
Rs = 5 ! N_Vx (4.6)



Table4.2 Rpc and Rgo for Example Transformer

Winding-T | Winding-C |Winding-S Loss (W)
Turns(Voltage Ratio) 13.8 68.127 131.059
Current and Loss
@ H-X, 296MVA - 953.1 49535 | 378,940
Current and Loss
@H-Y, 77MVA 1860 128.8 128.8 258,760
Current and Loss
@ H-X, 7TMVA 1860 376.7 - 237,680
By Rpc (Q) 0.0175 0.0545 0.2098 | Loss (W) %
Loss (296MV A H-X) - 148,523 | 154,437 | 302,960 80
Loss (77TMVA, H-Y) 181,629 2,712 10,441 | 194,783 75
Loss (77TMVA, X-Y) 181,629 23,201 - 204,830 86
Reo (Q) From Loss 0.0226 0.0082 0.4847 | Loss (W) %
Loss (296MV A H-X) - 22,347 356,795 | 379,142 | 100
Loss (77MVA, H-Y) 234,561 408 24,123 | 259,092 | 100
Loss (77TMVA, X-Y) 234,561 3,491 - 238,052 | 100
Adjusted Rgo (Q) 0.0219 0.0681 0.2623 | Loss (W) %
Loss (296MV A H-X) - 185,654 | 193,046 | 378,700 | 100
Loss (77TMVA, H-Y) 227,036 3,390 13,052 | 243,478 94
Loss (77TMVA, X-Y) 227,036 29,001 - 256,038 | 108

There is no test data for frequency higher than 60 Hz. Using Table 4.1, the effective
resistance for the given frequencies can be assumed as in Table 4.3. From least square curve
fitting [54], parameters in Figure 4.7 can be obtained as Table 4.4. From Figure 4.9, the
effective resistance is well-matched and the effective inductance is constant in the given
frequency range. The frequency-dependency of coil resistance for the example transformer

isgivenin Table4.3. R'sand L’ sfor the Foster equivalent circuit are givenin Table 4.4.



Table4.3 Effective Resistance for Example Transformer
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Figure4.9 Effective Ry and Ly for Example Transformer
by Foster Circuit with Two Cells

4.2 Winding Capacitance

Capacitance considerations were introduced in Section 2.5. Some test reports give the

capacitance values shown in Figure 4.10. However, most test reports do not give these

capacitance values.

High Ly L Low

Figure4.10  Equivaent Circuit for Capacitance

If design information is given, the calculation of various capacitances is possible. In a
transformer, the inner and outer sides of the windings are like parallel plates of a capacitor

with oil and paper as the dielectric. The equation for paralel plate capacitance is generaly

valid for calculating the various capacitances.

A F

C L (Farads) (4.7)

where,

A = Area of one of the plates forming the capacitance in m?
d = Distance between the two parallel platesinm

& = permittivity of free space
& = relative permittivity of the dielectric. For oil impregnated paper, typically 4.2



Substituting the values of winding surface areas and gaps between windings in
Equation (4.7), the winding capacitance can be calculated. For core-type transformers, the
winding capacitances can in this way be approximated by parallel plate capacitance formulas
in which the capacitance is proportional to the area of the plates and inversely proportional
to the separation between the plates. The size of the plates can be approximated as being
proportional to the square root of the MV A, while their separation can be approximated as
being proportional to the BIL level for the higher of the two windings involved. For a two-
winding transformer, the capacitance of the HV winding to ground is generally less than the
capacitance of the LV winding to ground because of the increased clearance needed for the

HV winding.

For a shell-type transformer, the parallel plate model for the transformer winding to
ground capacitance calculations is not as accurate or as applicable. For the HV to LV
capacitance, the parallel plate representation is quite reasonable and accurate. The HV to LV
capacitance is proportiona to the number of HV to LV gaps. The presence of a tertiary

winding can affect the capacitances considerably [24].

However, the calculation of winding capacitance is not possible in cases where the
detailed design information is not available. Instead the effective terminal capacitance can be
determined based on the frequency of oscillation of each winding by using Equations (2.10)

through (2.13).

If TRV frequency values are known, effective capacitance values can be calculated by

Equation (4.8) using the apparent TRV frequency values and transformer |leakage reactance.

From reference [26],



_ 1k k
(27frry P IL X, CFp . kV2
MVA

Cur (4.8)

(X DfTRVZ

where, k= constant related to system frequency (k=9.55 at 60Hz)
frrv= apparent TRV frequency (kH2)
L =transformer leakage inductance (henries)
X = transformer leakage reactance (ohms)
Ce= effective capacitance (),
KV= Lineto Line Voltage (kV)
MVA= Transformer rating (MVA),
X= reactance based on MVA (pu)

TRV frequency is inversely proportional to the square root of the nomina voltage and
proportional to the square root of the fault current. It also tends to decrease as MVA size
increases, since capacitance apparently is a function of transformer construction including

physical size related to the MV A size. Figure B.2 of ANSI/IEEE C37.011-1994 [1] shows

well that TRV frequency decreases as MV A sizeincreases. Thus, TRV frequency is:

4/ fault current
+/voltage [ff (MVA size)

The capacitive coupling ratio was defined as Cy /(Cy +Cy) in Section 2.5.

From the effective capacitance at the high-voltage side, the effective capacitance at the

low-voltage side and the capacitive coupling ratio, the capacitance for each winding and

coupling are:
ChL= Capacitive coupling ratio x Cg at the low-voltage winding (4.9
C.= Cg at thelow-voltage winding - Cy. (4.10)
Cu= Cgt at the high-voltage winding - Cy. (4.11)



Capacitive Coupling for Three-Phase Transfor mer

Capacitive effects may be significant and need to be included in the model. The major
coupling capacitances between transformer core and between windings are shown in Figures
4.11 and 4.12. Three such capacitances (Csy, Ccg, Crg) for each phase need to be added. The
windings are separated by insulating material (oil and paper) forming parale plate
capacitances. There are two such capacitances in the transformer (Ccr and Csr). These
capacitances are connected from the outside of the tertiary or common windings to the insides
of the common or series windings. Also, two adjacent high-voltage windings are separated by
insulation forming a capacitance (Css). These couple the outer side of one winding to the outer
side of the other. The capacitance between H; and Hj; is negligible due to the large distance
between the two and the presence of winding H,. After addition of these capacitances in

Figures4.11 and 4.12, the result is shown in Figure 4.13.

The effective capacitances for the example transformer are shown in Table 4.5.

Table 4.5 Effective Capacitances for the Example Transformer

TRV Effective
. Fault Frequency | Capacitance
Sgiudrge gasg F'\? \I/rE) Z (%) Current (kH_z) (pF) From
(kA) from Figure Equation
B.2 of [1] (4.8)

345kv | 118kV 296 6.21 8.0 8.5 5,293
118KV | 345KkV 296 6.21 23.3 18.0 10,090
345kv | 13.8kV 296 55.9 0.9 3.8 2,942
13.8kv | 345kv 296 55.9 22.2 68.0 5,743
118kV | 13.8kV 296 42.1 34 12.0 3,349
13.8kv | 118kV 296 42.1 29.4 72.0 6,801
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High voltage (345 kV) to Low Voltage (118 kV)

The capacitive coupling ratio is generally lower than 0.4 [50]. If the capacitive coupling
ratio for low voltage (118 kV) winding is assumed as 0.3, Cy = 3,027 pF, C = 7,063 pF,

Cu= 2,266 pF are obtained from Equations (4.9) through (4.11)

High voltage (345-kV) to Tertiary voltage (13.8 kV)

Lower voltage windings have larger capacitances [24]. Here, the capacitive coupling ratios
for lower voltage windings are assumed smaller than those of higher voltage windings. If the
capacitive coupling ratio for the tertiary voltage (13.8 kV) winding is assumed as 0.1, Cyr=
574 pF, Cy= 10,336 pF, Cy= 2,368 pF are obtained from Equations (4.9) through (4.11).
The tertiary-voltage windings are delta-connected. Therefore, for the tertiary-voltage
windings, two times the value from Equation (4.10), 5,168 pF, was assumed. This is

explained in Section 13.2.2 of [24].

Low voltage (118-kV) to Tertiary voltage (13.8 kV)

If the capacitive coupling ratio for the tertiary voltage (13.8 kV) winding is assumed as 0.1,
CLt= 680 pF, Cr= 12,242 pF, C = 2,669 pF are obtained from Equations (4.9) through
(4.11). The tertiary-voltage windings are delta-connected. Therefore, for the tertiary-voltage
windings, two times the value from Equation (4.10), 6,121 pF, again, based on Section

13.2.2 of [24].

Two capacitance values were caculated for the Cy, C. and Cy. In this work, the
capacitance values calculated from the higher source voltage were chosen. The selected

winding capacitances for the example transformer are shown in Table 4.6.



Table4.6 Selected Winding Capacitances for the Example Transformer

CH|_ C|_ CH CHT CT CLT
3027pF | 7,063pF | 2266pF | 574pF | 10,336pF | 681pF

The effective capacitances are in the range of Table B.9 of [1] (see Table 4.7) and the
capacitance for each winding is also in the range of Figure 13.8 of [24].

Table 4.7 Typical Effective Capacitance Range from Table B.9 of [1]

Transformer Size (MVA) Voltage (kV) Effective Capacitance (pF)
1~10 15kV ~121 kV 900~10,000
10~100 15kV ~121 kV 2000~12,000
121 kV ~550 kV 2000~6500
100~1000 121 kV ~550 kV 3500~16,000

Couplings between windings in the same phase are considered. There are possible
couplings between HV of phase-A and HV of phase-B and between HV of phase-B and HV
of phase-C. These capacitances are assumed smaller than Cy, since the insulation thickness
should be bigger. In this work, it is assumed as one third of Cy.. When the example
transformer is energized with rated voltage, the capacitance currents can be calculated as

givenin Table 4.8.

When the example transformer is energized at rated voltage from the tertiary (13.8 kV)
with no load, the resulting open-circuit test currents are presented in Table 4.9. The
magnetizing current is about 60.63 A from Table 4.9. However, the apparent magnetizing
current is about 53.86 A, if the winding capacitance is neglected. The difference is about
11%. Therefore, the magnetizing circuit parameter may have a large percentage error if the
winding capacitance is neglected, especialy at and below the knee of the magnetization

curve.



Table 4.8 Capacitance Current for Example Transformer

C () V(olxlaf’e cA) | @ e @ Sk

Winding Line

Tertiary-g 10.3 7.967 0.031 0.031 0.054
Common-g 7.0 68.127 0.180 0.888 1.537
Series-g 2.3 199.186 0.173 2.493 4,318
C-T 0.7 60.160 0.015 0.076 0.132
H-L 3.0 131.059 0.148 1.408 2.438
H-H 1.0 345.000 0.130 1.877 3.252
Total 6.773 11.730

Table 4.9 Breakdown of Open Circuit Current for Example Transformer

2~ Iy
IEX
2
Description 100%Voltage | 110%V oltage
IC
lex (%0) No load current (%) 0.76 1.71
lex (Arms) No load current (Arms) 54.338 122.261
Voc (Vrms) Open Circuit Test Voltage 13800 15180
Poc (W) Coreloss 297600 402240
lc (Arms) Coreloss current 7.188 8.833
|_reactive (Arms) Reactive component
- of no-load current 53.861 121.941
. Capacitive current
|_capacitive (Armes) by winding capacitance 6.773 7.450
Magnetizing Current
hu (Arm) at Winding 60.633 129.391
Im (Arms) at Line | Magnetizing Current at Line 105.020 224.112




4.3 Magnetic Core Saturation

One of the traditionally used representations for the core saturation curve isthe Frolich
equation, Equation (4.12). This equation gives a smooth single-valued anhysteretic curve
relating the flux density B to the magnetizing force H. Only two data points on the curve are
needed to fit this equation [51].

H

B =_a+bq]H| (4.12)

Other equations can be applied, but those involve too many variables and it is not

possible to fit using typica transformer test reports where only two points on the

magnetization curve are given.

Returning our attention to the Frolich equation (4.12),

-_aB 4 ﬂ:E:—(l'quD (4.13)
1-|B|b H a
1
1_
VH

where a=1/u=1/ (14 /th,) and b=

M initial relative perneability(lgf)i(t)& 50000)
L. free space permeability (477x10°)

Saturation data for Armco M4 Steel is given in Table 4.10. For example, if two points,
H=[14.4, 55] and B=[1.2, 1.6], are chosen, then a fit of “a’ = 4.0640 and “b”"= 0.5511 for
Equations (4.12) and (4.13) can be obtained. Comparatively, if al data points are used, then
“a’'=4.2776 and “b"=0.5435, using the optimization technique of least square curve fitting.
Figure 4.14 shows the B-H curves obtained from above methods and it matches well with

the given saturation data.



Table4.10 Magnetic Saturation Datafor Armco M4 Steel

B(T) |0|[02|04|06|08|10| 12| 14| 16| 17|18

HAM) [ 0| 2 | 4 | 6 | 84|111|144| 23 | 55 | 130 | 416

JIEEIEEE by two-point method
—— by optimization method

B(T)

0 300 400 500

Figure4.14 Examples of Saturation Curve Fitting using Frolich Equation

If the dimension data is not available and the B-H saturation curve of core is given, it
is necessary to define scale factors “x” and “y” to match the two given points of A-i data

with the known B-H saturation curve. Inthiscase, “x” isfor thei-scaleand “y” isfor the A-

scale.
_ LAly=— X (4.14)
a+bH a+bl/ x
Thus,
p=1 ! = S (4.15)
alx+bd ax/y+bl/y oL , .

AN AN
where A= Cross-Sectional Area of core, L= Length of core, N= Turns of Cail



If two points (A1,i1) and (A2 ,ip) aregiven, “x” and “y” are:

— /12 [ﬂlml[ﬂ)_jll:ﬂz mzl])

(4.16)
/12 |]1 D'11 DJZ
x="Y"AhD (4.17)
all

For example, if the B-H data in Figure 4.14 and the two points, i (peak-Amp) =[76.17
278.90] and A (Wb-t) =[51.76 56.94], are given, the two scale factors, x=1.3842 and
y=32.1614, can be obtained from Equations (4.15) through (4.17). The obtained A-i curveis
giveninFigure4.15. “x” and“y” mean L and AN from Equation (4.17), since A=B/A&M and

i=HL

If both the B-H curve and the dimension data are unknown, a=0.1842, b=0.0169 for A-
I curve are directly obtained from two data points using Equation (4.12). The obtained curve

in Figure 4.16 isthe same asin Figure 4.15.

Lamda - peak current Curve
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(a=4.2776, b=0.5435 and x=1.3842 and y=32.1614)

Figure4.15 Derived Saturation Curve



Lamda - peak current Curve

O Given Lamda - i data
—— by Fitting data to Eq.(4.12)

Lamda(Wb-t)

1 1 1 1 1
0 50 100 150 200 250 300 350 400
peak-i(A)

(a=0.1842, b=0.0169)
Figure4.16 Derived Saturation Curve

4.4 Nonlinear Core L oss

For describing total average core loss of each section, some characteristic function can
be fit to match. Core loss is nonlinear and frequency dependent, and is best considered in that
context. However, average power for steady-state excitation at a given sinusoidal frequency
can be useful information. The Frolich equation may also be used to fit the average power

characteristic:

P = (4.18)

The core loss data at 60-Hz for Armco M4 Stedl [3] isgiven asPc (W/lb) =[0.1.2.3 .4
5.6.71] a B (T)=[0.7 .99 1.22 1.4 1.54 1.64 1.71 1.86]. If two points, Pc=[0.2 1.0] and

B=[.99 1.86] are chosen, then “a’ = 0.1181 and “b” = 0.4195 from Equation (4.18). Figure



4.17 shows that the curve obtained using the equation matches well with the known nonlinear
characteristic of the core. Thus, if core dimensions and flux are known for each section, the
average core loss for each section can be calculated by Equation (4.19). For a core loss
model represented by a separate resistance in paralel with the nonlinear inductance, |-peak

and V-peak can be calculated from Irms-Vrms using the SATURATION subroutine of

EMTP.
alB
Pe(n) = 5 = PAM) ()
P.(n) where“n” iscore section number.  (4.19)
laus(N) = ———
Verus(N)

Average DC hysteresis loss data for Armco M4 Stedl [3] is given as Py (Jm®) =[17.54
30.03 44.70 73.21]] a B(T)=[1 1.3 1.5 1.7]. From Equation (4.18), “a’ = 9.2071, “b" =
0.4623 can be obtained using al points with least square curve fitting technique. Figure 4.18
shows that the fitted curve using this equation matches well with the known nonlinear

characteristic of core.



B-P Curve
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0.5

P (W/Ib)

Figure4.17 Examplesof 60-Hz Core Loss Curve using Frolich Equation

by optimization method

O Given data

100
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Figure4.18 Examplesof DC Hysteresis Loss Curve using Frolich Equation
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4.5 Separation of Eddy Current and Hysteresis L osses

Core losses can be modeled in a simplistic manner as a separate linear resistance in
paralel with the nonlinear magnetizing inductance. These losses are proportional to the core
volume. From the dimension of the legs and yokes, the volumes can be calculated. If the
volumes of legs and yokes are known and the magnitudes of the peak sinusoidal flux in core
legs and yokes are known, average core |losses that take placein legs and yokes for the applied
voltage can be calculated using the relation P=V?/R, where V is the RMS applied voltage.
However, this is only valid for steady-state sinusoidal applied voltage of a given RMS

magnitude.

Actualy the core loss is nonlinear and frequency-dependent and the use of a linear
resistance can result in errors for some type of simulations. Therefore, the core loss needs to be
modeled using a more sophisticated description. Unfortunately, there is a lack of a suitable
nonlinear resistance element in ATP to mode the constricted (non-sigmoid, non-monotonic)

flux-current loop.

A detailed transformer core model is more complicated, since the model should take
into account the nonlinear and the frequency-dependent effects of core loss. The core loss
description must be a function of frequency and voltage, and must ultimately be

implemented in thetime domain in ATP.

The modeling of eddy currents and hysteresis has been approximate and difficult,
because of the lack of information. In the approach developed here, parameters for the
transformer model are estimated using basic transformer test data and optimization

techniques.



To define the frequency-dependent effects of core loss, the core loss (Pc) at a given

frequency is generally given as below [17].
Pc= Py + Pe = af/i+ ﬂ[ﬁz where Py is hysteresisloss and Pg is eddy current loss

If the core losses (P, and P,) at two frequencies (f1 and f,) are given, the coefficients

(o and B) for hysteresis loss and eddy current loss are defined as:

a= P szz - R Dflz and pfB= P, Dflz -h szz
fif, W, — 1) fifo W, — 1)

Generally Pg is proportional to A? and > in the low-frequency range. In the high-

1° because of the skin effect in the laminations. The

frequency range, it changes to about
ratio of Py/Pg is about 3 for silicon steel, about 2/3 for grain-oriented steel and about 1/3 for
a modern transformer [17]. If the core loss and the ratio of Pe/Pc at 100%V are given, the
nonlinear and frequency-dependent core loss at the voltage V and the frequency f are

defined as:;

Pe=(ratio of Pe/Pc) [P(100%V) (A (V)/A (100%V))>[{f/60)
Pn= (l— ratio of PElpc) [P(lOO%V) ﬂ/] (V)//] (100%\/))Km/60)
Pc (Coreloss @ V and f)= Pe+Py

Thus, “k” for hysteresis loss can be calculated from the above equations. “K” is

generally larger than 2 and close to 3 for grain-oriented steel. [17]

Core losses (Pc) at 100%V and 110%V are usually given from factory test reports as

shown in Table 4.11. Core loss a 120 Hz and 200%V (frequency and voltage are both
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changed in order to keep the flux magnitude constant) is assumed as 292.7 kW (99.2 kW x

1.48/0.51) from Table 4.12.
Table4.11 Core Loss from Transformer Factory Test Report
100% V, 60Hz 110% V, 60Hz

Voc(V) 13,800 15,180

A (WD-t) 51.77 56.95
Pc(W) 99,200 134,080

Ratio of Pc @ 100%V 1.0 1.35
Ic(rmsA) 7.188406 8.832675

Table4.12 Corelossfor M4 (B= 1.5T) from Manufacture’ s Catalog [ 3]

Fre(qﬁze)”cy 60 Hz 120Hz | 180Hz | 300Hz | 1000 Hz
Coreloss (W/Ib) 0.51 1.48 2.85 6.7 56
Coreloss
(W/kg) 1.12 3.25 6.26 14.7 123
Ratio @ 60-Hz 1.0 2.95 57 13.4 112
Table4.13 Calculated Core Loss Datafrom Table 4.11 and Table 4.12
100% V, 60Hz | 110% V, 60Hz 200% V, 120Hz
Voltage (rmsV) 13,800 15,180 27,600
Pc (W) (pu) | 99,200 (1.0) | 134,080 (1.35) | 292,700 (2.95)
Rc (Ohm) 1919.8 1718.6 2602.5
Ic (rmsA) 7.1884 8.8327 10.6051
Ic (peakA) 10.165 14.632 -
Ih+|m
6 ; & Im
\Volt L 'é
oltage % E%] % Lm
|

Figure4.19 Equivalent Circuit for Separated Core Loss Model



For the model in Figure 4.19, separation of the core losses is necessary as below.
Pc (coreloss) = Py (hysteresisloss) +Pg (eddy current 10ss)

The ratio between Pz and Py is about 1 to 3, but is usualy not given in afactory test

report, since these two parts cannot be separated in the factory’ s excitation tests.
Let Py = X, 8?0 and P = X3R%H, then Pc = X, M + XA2H. (4.20)

There are four unknowns (X1, Xz, X3, X4). From Table 4.13, three known conditions

are:
10 = Xg+ X3 at A= 1 puandf= 1pu (60 Hz) (4.21)
1.35= X (1.1 + (1.21) X5 at A= 1.1puandf= 1pu (4.22)
2.95=(2) X, + X3{2)™* at A= Lpuandf= 2pu (4.23)

To find the solutions for Equations (4.21) through (4.23), the optimization techniques
can be used. One method is the successive LP method. Linearizing the objective function
and the nonlinear equality constraint function at X = a,

F(X)=F(a)+ [F(a){X-a) and h(X)=h(a)+ [h(a){X-a)

Then the functions are linear and LP gives the solution at each iteration.

Case 1: By Successive LP method and Finite Difference Approximation

FOX)= (X0 (L.1)"° +1.21 K3 - 1.35)°+ (2%, + X3/2)**-2.95)° as objective function.

1= X+ X3 aslinear constraint.

Case 2: By Successive LP method and Finite Difference Approximation



as objective function.

F(X)=(2[X; + Xal(R)**-2.95)

1= Xt X3

as linear constraint.

as nonlinear constraint.

X1(1.1)% +1.21/%,

1.35=

However, using Successive LP method did not give convergence in either case as

shown in Figure 4.20. There are many loca optima for Equations (4.22) and (4.23) can be

seen in Figure 4.21.

Successive LP

Successive LP

iteration

right : Case 2

iteration

left : Casel

Function Values at Each Iteration by Successive LP method

Figure4.20
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Next, applying “Fmincon” of MATLAB" Optimization tool box (Section 2.6.2) to

find the solutions of a constrained nonlinear multivariable function,

Case 1.
F(X)= (X1 - X3-1)%+( X1 [1.1) *® + 1.21/X5 —1.35)*+ (2%, + X3Z* —2.95)? as objective
function.
Theresult is X = [0.4957 2.0000 0.4939 1.9881]. From Equations (4.21)

~(4.23), Pc =[0.9896 1.1974 2.9506] and %error=[1.0432 15.4235 -0.0001]

Case 2.
F(X)= ( X [1.1) *® + 1.21/X5 —1.35)%+ (2%, + X32Z“* —2.95)? as objective function
1= X+ Xz aslinear constraint
TheresultisX = [0.5116 2.0000 0.4884  1.9806]. From Equations (4.21)

~(4.23), Pc =[1.0000 1.2100 2.506] and %error=[0.0000 14.1613 0.0000]

Case 3.
F(X)= (2%, + X3Z“ —2.95)% as objective function to minimize
1= Xi+ Xz aslinear constraint
1.35= X;[1.1) ** + 1.21/X3 as nonlinear constraint.

Theresult is X = [0.5245 4.1132 04755 1.9998 ]. From Equations (4.21)

~(4.23), Pc =[1.0000 1.3516 2.9506] and %error=[0.0000 0.0000 0.0000]

The Case 3 gives the best result. Using the above result, separated loss functions for the

example transformer can be obtained:



Pu = 0.5245/A*%2 [§ and Pz =0.4755/A%[F-%*%®  (pu) (4.24)
Re = V?/ Pz = A*%1 (0.4755/A°F%%®) =2.103 (pu) = 4037.30hms  (4.25)

Ry=V?/ Py = 247/ (0.5245/A*32 /%) = 1.9066/A %325  (pu) (4.26)
ly= Pn/V = (0.5245/A**32 §)/ (A[) = 0.5245/ %% (pu) (4.27)
le= V/Re =V/2.103 (pu) (4.28)

Table4.13 Calculated Core Loss using functions

100% V, 60Hz | 110%V, 60Hz | 200% V, 120Hz

Voltage (V,rms) 13,800 15,180 27,600
Pc(Wandpu) | 99,200 (1.0) | 134,080 (1.35) | 292,710 (2.95)
Py (W and pu) | 52,030 (.5245) | 77,000 (.7763) | 104,060 (1.0490)
Pc (W and pu) | 47,170 (.4755) | 57,080 (5754) | 188,650 (1.9017)

lc (A,rms) 7.1884 8.8326 10.6055
Ih(A,rms) 3.7703 5.0727 3.7703
I(A,rms) 3.4181 3.7599 6.8352

In the case of X4 = 2, the eddy current loss (Pg) can be modeled by aresistance Re. In
the case of X4 # 2, frequency dependency needs to be considered. Hysteresis |oss P4 can be
represented by a resistance (Ry) in Equation (4.26). In this case, Ry for hysteresis loss is
nonlinear and frequency dependent. Therefore, the resistance should be replaced by a

frequency-dependent resistance Ry(f).

However, Iy is nonlinear and frequency independent. If the hysteresis loss can be
modeled by Iy current injection, the frequency-dependency can be implemented as a time-
varying current injection. The enclosed area of a A-iy plot shown in Figure 4.22 is the
hysteresis loss per one cycle. Hysteresis loss at rated frequency might be represented by a
two-slope v-i curve, defined by Figure 4.22. If the RMS currents of the example transformer

are converted to the peak currents by the SATURATION routine, 1y is 5.332 peak-A at



100%V and 9.179 peak-A at 110%V. Figure 4.23 shows the waveforms for the v-iy and A-iy
at 110%V and 60 Hz. However, as seen in Figure 4.24, actual hysteresis |oss is dependent on
maximum flux, not voltage. Thisillustrates the difficulties and errors encountered if average

power descriptions are used to devel op time-domain representations [34].

2 T T T
| | —— Voltage (pu)
15— il [T Flux (pu) B
S 1 B
e |
x 1
i 0.5 :
° |
< |
c 0
= 1
R |
() -05 |
[@)] |
g8 |
g 1
-1.5
-2
-10

Current(amps)

Figure 4.22 V-iy and A-iy Plot at 110%V and 60Hz
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Figure4.23

H (A)

Typical Hysteresis Loop

Figure4.24
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4.6 Hysteresis L oop Model

The A-i hysteresis loop gives the instantaneous relationship between current and flux
linked for near-DC periodic excitation. Recall that A-i can be obtained by scaling the B-H
characteristic. The spine of the A-i hysteresis loop gives the normal magnetic saturation
curve shown in Figure 4.25. (In various references, the normal saturation curve is aso
referred to as the “initia,” “DC,” or “virgin” saturation curve). Hysteresis loss can be
thought of as a nonlinear frequency-dependent resistance. Hysteresis loss is not directly a
function of voltage, but of flux linked. Therefore, the matching of average losses for 60 Hz
excitation does not mean that correct flux-current trajectory is being followed in the time
domain. Residual flux of a transformer is another important aspect, critical for inrush
simulations. Therefore, a correct hysteresis loop trajectory is a necessary part of a correct
time domain core model. Note that (Hcop, Betop) 1S defined here as the coercive force and flux

density corresponding to the maximum known excitation level.

E 0 + .
_Flux Density 8 2! Flux Density
I B
8 top
g Binax Normal
Fpr-anancn ConreaityH Magnet_lc
ric Saturation
Curve
Magrwlifryg
Froecw
H- « - M+ /
”’E::':“‘i % Magnetizing
L Force
Roramenon
B Heuop
Hc

{
Flux Density 8

Figure4.25  Example of Hysteresis Loop [22]



One method of hysteretic loop representation is Equation (4.29), which uses two
hyperbolic functions. The resulting loop is shown in Figure 4.26. However, these functions
require By, By, and H¢ defined for each loop [51].

and B.= Bg X
H o+ Hel + He 5% -1) H = He[+ He 5% -1)

r r

(4.29)

B:= BearX

where Bg: Induction at saturation (T), B;: Remanence (T), Hc: Coercive force (A/m)

B, +B_

From B. and B., the anhysteretic curve is defined as B(anhysteretic) =

B-H Curve

15

0.5 -~

B(T)
o

oOF-- e A [

o
o
=

Figure4.26  Examples of Hysteresis Loop Using Two Hyperbolic Functions

In this work, the A-i hysteretic loop is based on the saturation curve given from open
circuit test in Section 4.3. The loop is modeled by the left and right displacement. The
enclosed area for each cycle is the energy loss from hysteresis. Multiplying this area by the

frequency results in the power loss. As a check, the area of the A-i loop for a given Amax

should equal the average power loss at the given Amax.



From Section 4.3, the approximation for the saturation curve is given by Equation
(4.30). From the saturation data for Armco M4 Stedl, “a’ and “b” were obtained as 4.2776
and 0.5435.

alB
1-BD

(4.30)

As mentioned in Section 4.4, the equation for DC hysteresis loss can be given as
Equation (4.31). From the core loss data for Armco M4 Stedl, “c” and “d” were obtained as
9.2071 and 0.4326.

_ c[B
1-Bld

] (4.31)

The right displacement (i.e. the right curve of hysteresis loop minus the core saturation
curve at B > 0) islinear and is assumed as Equation (4.33). The left displacement (i.e. the left
curve of hysteresis loop minus the core saturation curve at B > 0) is nonlinear and increases
dowly for low flux, more speedy for bigger flux, and decays to zero for maximum flux Bmax
[54]. Thus, the left displacement is assumed as Equation (4.34). At zero flux, both
displacements must be the same. This is a coercive force (Hc) and is assumed as Equation
(4.32) because of its nonlinearity (see Figure 4.27). The coercive force for each loop should be
determined to meet the power loss at the Bna given for the each loop in Equation (4.35). In
case of Figure 4.27 from ARMCO M4 [3], approximation using an exponential fit, “K” for

Equation (4.32) is about 0.5.

Coercive force He= (Brax/Biop)™ X Hetop (4.32)
Right displacement RHD=(1-f)*Hc (4.33)
Left displacement LHD= -Hc/{a+1/a) / [(1-f)/a+ a/ (1-f)]) (4.34)



Power Loss at each loop = jOB”“"‘X 2[RHD - LHD )dB (4.35)

where
Brax = Maximum Flux density at each minor loop
Biop = Maximum Flux density for major loop
a= (Btop-Bmax) / Brop and f = B/ B
Hciop = Maximum Coer cive force for major loop
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Figure 4.27 Hc and Bax (dotted line=linear, bold line=square root)

Using Equations (4.33) and (4.34), the displacements for each Bnax are shown in Figure
4.28 and the obtained hysteresis loop for B > 0 is shown in Figure 4.29. The entire DC
hysteresis loop is shown in Figure 4.30 and the hysteresis loop generated by decaying B with

timeis shown in Figure 4.31.
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ATP Implementation of the Model

Finaly, the complete core model implemented in ATP is shown in Figure 4.32. The
block diagram related to TACS code is shown in Figure 4.33. “L_sat” represents the
anhysteretic saturation curve and is modeled using a Type-93 or a Type-98 element. “1_eddy”

and “1_hyster” are modeled using a Type-60 current source controlled by TACS.

“1_hyster” represents the resistive hysteresis current for DC hysteresis loss. The left (or
right) displacements of resistive hysteresis current are changed with the right (or left)
displacements at the reversing point of flux linkages. The sign of the displacement current is

determined by the sign of the flux.

“1_eddy” represents the resistive current for the eddy current loss of core. This current is
approximated by dividing a given voltage by a linear resistance using TACS. This
implementation is more flexible for future enhancements and avoids unwanted interactions

between components, which may occurs when alinear resistor is used.

[+] M TOPT
]

Figure4.32 Core Modd for ATP Implementation



Fixed data Btop, Hctop, K, T
B(t) from Network

v

B=B(t), Bold=B(t-T), Bold2=B(t-2T)
DB=B-Bold, DBold=Bold-Bold2
Bmaxold=Bmax(t-T)
AbsB=|B|, BoldM=|Bold|
X1=sign(dBold*DB)

v

AbsB > Bmaxold

Bmax1=Bmaxold Y
Bmax1=absB
S R——
Y
Bmax=BoldM

Bmax=Bmax1

>y

a=(Btop-Bmax)/Btop
Hc=(Bmax/Btop)" (Hctop
F=absB/(Bmax+.0001)
X2=sign(B*DB)
RHD=sign(B)*(1-F)*Hc
LHD=sign(B)*-Hc* (a+1/a)/((1-F)/at+al(1-F))

T

HYS=RHD

HYS=LHD

>
End

Figure 4.33 Block Diagram for DC Hysteresis Loop using TACS
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Figure 4.34 shows a DC hysteresis loop made by the core modd implemented in ATP.
Figure 4.35 shows hysteresis |oops generated by decaying B with time.
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Figure4.34  DC Hysteresis Loop Generated by the Model
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CHAPTER 5

DUALITY- DERIVED MODEL
FOR THREE-PHASE TRANSFORMER

This chapter presents the duality-based equivalent circuit models of three-phase five-
legged, three-phase three-legged, and three-phase shell-form autotransformers for ATP
implementation. The equivalent circuits resulting from duality transformations are a

topol ogically-correct lumped-parameter representation.

5.1 Five-Legged Core Transformer

Five-legged core transformers are manufactured in cases where a lower transformer
height is required, or where it is important to provide a flux return path for related third
harmonics. Since the top and bottom yokes are not large enough in cross section to carry all
the flux from one leg, the actual flux paths are uncertain and calculation of the core loss is

complicated. The yokes saturate and force excess flux to spill over into the outer legs.

The first step is to convert the actual core and coil structure in Figure 5.1 to an
approximate lumped-parameter circuit, as shown in Figure 5.2. The windings are represented
by MMF sources. The reluctances due to the flux through the iron core are saturable and are
represented by solid rectangles, whereas the reluctances due to leakage fluxes through the
gaps between windings are linear and are represented by outlined rectangles. The method of
duality transformation breaks the core down into separate leg and yoke segments. Elements

named [, are the reluctances due to core legs and elements named [ are the reluctances
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due to outer legs. Between the three core legs, there are yokes shown as [ly. Leakages

between the windings are represented by linear reluctances O, Ocr, Osc.

The next step is to convert the magnetic circuit into the equivalent lumped-parameter
electrical circuit as shown in Figure 5.3. Each MMF source and reluctance is replaced by its
electrical dual and connected between the neighboring nodes. Note that the MMFs resulting
from the duality transformation are replaced with ideal coupling transformers and winding

resistances have been added. More details on thiswill be provided in Section 6.1.5.

O Yoke (Y) P Yoke (Y) ¢
CDTL /‘ Outer,
o mﬂ
CT
T-A
¥ C-A
R -
S-A
Outer
Leg

Figure 5.1 Five-legged Core Transformer Structure
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Figure5.2 Magnetic Circuit for Five-legged Core Transformer
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Figure 5.3 Equivaent Electric Circuit for Five-Legged Core Transformer
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5.2 Three-Legged Core Transformer

In three-phase three-legged core-form transformers, as shown in Figure 5.4, the
positive-sequence flux has a zero sum at every instant and cancels out via the yoke. The zero-
sequence flux must find a return path outside the yoke. The tank’s walls offer return paths to
the leakage flux for zero sequence current. In Figure 5.5, “[1," is called the zero sequence or
homopolar path because this is the path through which the flux would flow if zero sequence
voltage are applied to all three phases of the transformer. This path is basically through the
insulating oil and tank surrounding the core and windings. Since most of this path has ,=1.0,
the impedance of the zero sequence path is much smaller than the impedance of the core leg

and core yoke. This lowers the magnitude of the zero-sequence impedance.

During the zero-sequence test, the delta on the tertiary voltage side should be opened
up. If itisclosed it would allow zero sequence currents to circulate in the delta, and in effect

short out the zero sequence impedance.

To represent the zero-sequence flux path, a zero-sequence element may be placed in
the middle leg’'s zero-sequence path of the electrical equivalent. In [47], simulations are

performed with and without this element with no significant difference in results.

Figure 5.6 shows the resulting equivalent electric circuit for the three-legged core

transformer.
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Figure 5.4 Three-legged Core Transformer Structure

Ro

Figure 5.5 Magnetic Circuit for Three-legged Core Transformer
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5.3 Shell-form Transfor mer

The structure of a three-phase shell-form transformer is shown in Figure 5.7. The

fluxesinthecoreare @,= @p/ 2, @= @5/ 2, D3= D/ 2, Py= Pp- P, Ds5= P - @,

The lumped magnetic circuit representing the three-phase shell-form transformer is
shown in Figure 5.8. The windings are represented by MMF sources. The reluctances due to
the flux through the iron core are represented by solid rectangles, whereas the reluctances
due to leakage fluxes through the gaps between windings are represented by outlined

rectangles.

Reluctances [y, o, Oy represent the portions of the core with a cross section that is
about 50% that of the core inside the windings. Reluctances [y, 0o, On, represent the
parallel combinations of two reluctances for upper and lower core sections (the core structure
in Figure 5.7 was horizontally folded due to symmetry, ssmplifying the resulting lumped
magnetic circuit). These portions of the core thus have the same conditions of saturation as

the core inside the windings.

A shell-form transformer is designed so that the middle limbs (“[J,") can carry two
fluxes, permitting economy in the core construction and lower losses. The mean turn length

isusually longer than for a comparable core-form design, while the iron path is shorter.

Figure 5.9 shows the equivalent electric circuit for the shell-form transformer.
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CHAPTER 6

PARAMETER ESTIMATION
FOR TRANSFORMER MODELS

This chapter presents the parameter estimation (leakage inductances, core saturation
components, core loss components) for the duality-based equivalent circuit models of
three-phase  five-legged, three-phase three-legged and three-phase shell-form

autotransformers that were developed in Chapter 5.

6.1 The Five-Legged Core Transfor mer

6.1.1 L eakage I nductance Derivation

Leakage inductance is due to flux linking one winding but not another. The flux
that “leaks’ typically passes through air or other nonmagnetic materials and may also
find low-reluctance paths through the transformer tank and other metallic fittings.
Estimation of the reluctance of the leakage path is done by estimating the distribution of
leakage flux and the resulting flux linkage across the involved winding(s). This
distribution depends on the geometric configuration of the coils. A detailed derivation of

|eakage reactance between two windings of equal axia lengthsis givenin[42].

Figure 6.1 shows the MMF functions related to the “binary” short-circuit leakage
inductances, for each pair of windings. A cylindrically-wound three-winding transformer

is assumed. Dimensions denoted by “a’ are duct or insulation thickness and “b” is coil
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thickness. Coils labeled as T, C, and S stand for Tertiary, Common, and Series,

respectively. L denotes the surface of the core leg.

Leakage reactances for the three-winding transformer in Figure 6.1 are represented
as Equations (6.1) through (6.4) [42]. This derivation assumes linear flux distribution
across the coil thickness. For each binary pair of coils, the MMF increases linearly across
the inner winding, remains constant across the duct, then decreases linearly with radius

through the outer winding.

One leakage flux, important for detailed models but not considered (or measurable)
in factory tests, isthe flux linked by the tertiary coil but not flowing in the core. This can be
conceptually dealt with by assuming afictitious infinitely-thin coil at the surface of the coil

leg, L. Therelated MMF function islabeled as T-L.

T C S
A
Core |
Leg as by a, | be a, | by : h
\/
C-T S-C
MMF T e p—
¢ » X
1L ST
MMF —
N » X

Figure 6.1 Transformer Cross Section with Three Windings and MMF
Distributions
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yganmmm%;%+q)

X = - (6.1)

yganmmm%;Q+%)

Xer = 6.2
cr - 62)

12 f LM 3y 4, 4b)

Xg = - (6.3)

U, 2 f N2LmtEﬂb§+a3)
h

Xq = (6.4)

Lo: Magnetic permeability of free space ay, ap, as: Radial width of duct

br, be, bs: Radial thickness of winding N: Number of winding turns
h: Axial height of winding and duct Lmt: Mean turn length or
circumference

The electrica equivaent circuit for the resulting duality model is given in Figure 6.2
(adapted from [5]). The leakage inductances in Figure 6.2 are broken down into the
components shown in Figure 6.3 to obtain implementable parameters. Transforming the 3

binary short-circuit reactances, in a star-equivalent representation is done by Equation

(6.5) through (6.7).

X = X + X = Xer (6.5)

2
Xer + X = X

X, =2ct s~ A1s (6.6)

2
Xer + Xqg = X
Xg = Xqg + Xy = 5% (6.7)



Ha é
a

Xa o

Ta

oI

Figure 6.2 Electrical Equivalent Circuits for Leakage Reactance

The reactance labeled "X;" in Figure 6.3 is the leakage reactance associated with the
thickness of the series winding and the duct between the series winding and the common
winding. Reactances "X," and “X¢" are associated with common winding. Reactance “ X"
is 1.5%Xcom and inductance "X¢" is -0.5%Xcom, Where Xcowm is the portion of the leakage
reactance due to the thickness of the common winding. In a similar manner, inductances
"Xq" and "X+12" represent the leakage reactance contribution of the tertiary winding.
Reactance "X," is 1.5xXgr and inductance "Xt-2" is-0.5x Xter, Where X1gr is the portion
of the leakage reactance due to the thickness of the tertiary winding. Finally, "X3" equals
the leakage value calculated for the duct between the common winding and the tertiary
winding, and "Xs5" equas the leakage value calculated for the duct between the tertiary

winding and the core.

-85-



Reactances “X¢” and “X1,” are negative. Physically, the negative reactance terms
are a result of coil thickness as demonstrated by both the short-circuit test equations.
Negative reactances are inserted in series with the winding resistances of the transformer
model to compensate for coil thickness, with one just inside the inner winding and one just
outside the outer winding. Leakage reactance values obtained from the energized winding
thickness are one-third the reactance value contributed by the thickness of the same

windings when they are un-energized.

p, 271 f Nmet[qb;)

-X
X = . X.= oM 6.8
CoM h c 2 (6.8)

X, = 1.5% X o (6.9)

2 f N2t E@ZT)

-X
Xter = h » X2 = % (6.10)
X, = 15X Xqen (6.11)
2 f N2Lmt by /3+a
Xl - /'lo m S 1 ) (612)
h
2 f N2Lmt[Qa,)
x, = Lo - 2 (6.13)

2 f N2@MmtQa
X, = Ho 1) (6.14)
> h

- 86 -



OO
SR )
Xz
Xc
%xz
§X3 X711
Xa
Xt2
X4
Xs XL
. >
o
1

Figure 6.3 Electrical Equivalent Circuits with Breakdown of Leakage Effects

Reconciling the leakage inductances of Figure 6.3 with the MMF distributions of
Fi gure 6.1, it is seen that: Xge=Xi+Xo+Xc, X=X+ Xot+ X+ X+ X9, Xgr=Xq+Xot+ X5

+ Xzt Xg+ Xr.2 and Xy = Xro+ Xa+ Xs.
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6.1.2 Practical Implementation of L eakage inductance

In the test reports, Xpx, Xuy, Xxy are given as binary short-circuit impedances in
per unit on the base of the terminal ratings. The autotransformer can be represented as a
transformer with 3 windings S, C, and T . The voltage ratings are Vs = Vy-Vyx, Ve = Vx,

V1= Vy. Therefore, X¢, Xs, Xt are calculated in the winding base [17] as:

2
V N
N=-H  Xg=X v Xt = Xyy s
v, < HX(N_lj cT XY
N 1 N
Xis = Xpy| —— |~ Xy — |+ X x| 6.15
TS HY(N_lj XY[N_lj HX((N—l)ZJ (6.15)
Xer + X = X Xer + X =X Xig ¥ Xge = X
X, = 2CT 2TS £ x, =20t 230 TS xg =18 ;c T (6.16)

In case of the example transformer,
Xgc=.27686, Xc1=0.81259, Xgr=1.3121 (ohms) at the 13.8-kV base

Xs=0.38819, Xc= -.11133, X7=0.92391 (ohms) at the 13.8-kV base

This is consistent with the development for leakage inductance presented in the
previous section. The simplified short-circuit equivalent circuit is shown in Figure 6.4. Xc
for the common winding is typically a negative inductance. However, at this level of
detail, the corresponding equivalent circuit would inadequately describe all the leakages

related to short-circuit behaviors of the transformer (see Section 3.1).

Xc Xs . - ,
Figure 6.4 Three-winding Equivaent

Circuit from Test Report
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Table 6.1 gives an example for normalized winding thickness calculated from DC
resistance of coils. “br” and “&” are smaller than “bs” and “&”. Therefore, Xcr from
Equation (6.2) should be smaller than Xsc from Equation (6.1). However, Xcr is larger
than Xsc for most test data. In this case, the common winding and series winding need to

be separated as shown in Figure 6.5.

Table6.1 Normalized Winding Thickness Based on Coil DC Resistances

Winding-T | Winding-C | Winding-S
Voltage Ratio 13.8 68.1 131.1
TurnsRatio (1) 1 4.93 9.5
Normalized Air Gap Thickness * 1 (&) 4.93 (a) 14.43 (&)
Rpc (ohm) 0.0175 0.0545 0.2098
Roc (ratio) (2) 1 311 11.99
Conductor Size (pu) =(1) / (2) 1 1.59 1.20
Winding Area (pu) = (1)°/ (2) 1 7.82 7.53
Normalized Winding Thickness 1 (by) 7.82 (bc) 7.53 (bs)

*:. Air gap thicknessis generally proportional to winding voltage.
Thus, normalized air gap thicknessisassumed the same astheturnsratio.
Equations (6.17) through (6.19) demonstrate leakage inductances based on the
physical dimensions of Figure 6.5. These equations have five unknowns. For the model of
Figure 6.2, parameter estimations and some assumptions are necessary. The summation of

the model parameters should be identical to the given short-circuit test data.

po2mt NemmE gt g
2 6 (6.17)
h

2rr f Nz[llmtmm+a +ﬁ+$)
Ho 3 2 2 8
Xer = - (6.18)
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y@anmmm%;m+%+%}+ﬂm)

Xgr = - 8 (6.19)

From Table 6.1, the ratios for winding width or winding area can be assumed from
Roc and the ratios between bs, bc and br can be assumed as bs=7.53[br, and bc=7.82[br.
From voltage ratio, ratios for air gaps a;, & and az can be assumed as &=14.430a,
a=4.93[ks. Now, there are two unknowns for Equations (6.17) through (6.19). The least
square fitting technique gives two values which minimize the differences in the
thicknesses of coils and air gaps, giving approximately bc=1.5653, bt=0.2002, bs=1.5073
and &,=0.0417, a=0.0149, a3=0.003. From these and Equation (6.8) through (6.14), the
necessary reactance in Figures 6.2 and 6.3 can be obtained. Table 6.2 represents the
breakdown of coil and duct components of each binary short-circuit reactance,

corresponding to Figures 6.1 through 6.3.
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Core

Figure6.5  Cross-Section with Main Leakage Paths for Concentric Windings
Table 6.2 Calculated L eakage Reactance in Ohms.
SC C-T ST T-Core
Series ()
0.3882 0.3882
Duct (&
(@) (Xs) (Xs)
Common(C) | 01113 | -0.1113
(Xc) (Xc)
0.9573 0.9573
Duct
uct (@) (Xt4) (Xt4)
-0.0334 -0.0334 -0.0334
Tertiary (T) (Xt1-2) (Xt1-2) (X1-2)
0.1001
(X4) | 0.103
0.003 | (Xy)
Duct
(3) (Xs)
Total 0.2769 0.8126 1.3121 0.0696
(Xsc) (Xcr) (Xs1) (XtL)
Test Report 0.27686 0.81259 1.3121 N/A
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6.1.3 Core Saturation M odel

Core dimensions, if available, can be used to calculate the saturation model for
each core section. However, the dimensions of limbs and yokes are typically unknown.
Instead of the exact dimensions of the core, the normalized ratios of core dimensions can
be used. If the core dimension ratios are unknown, they must be assumed. In these cases,
typical ratios can be used without great error, since the core dimension ratios vary within

asmall range[9, 19].

As explained earlier, five-legged core transformers are used in applications where
lower transformer height is required. Therefore, the area of the yoke may be smaller than
the area of leg. In this work, the core dimensions for a five-legged transformer are
assumed as in Figure 6.6. Areas Ag and A7 were assumed to be the same as the center

legs area. In practice they can beassmall as0.5~ 0.7 [4].

L2 — L2
0 A4 ) A5

LG Ll I‘2 L3 L?

AG Al A2 A3 A7
»e < <

Arearatio (Aj=A=As=1) Lengthratio (L1=L,=L3=1)
Y oke Ay=As Outer Ag=A7 YokeLs=Ls Outer Lg=L7
1.0 1.0 1.725 221

Notation: A: Area, L: Length, 1: Leg-A, 2:Leg-B, 3: Leg-C, 4: Yoke-AB,
5: Yoke-BC, 6: Outer-A,7: Outer-C

Figure6.6  Dimension of Five-Leg Core Type Transformer
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The lumped parameter equivalent of Figure 6.6 is given by Figure 6.7. Note that all

of the reluctances here are saturable. Only one set of MMFs (windings) is included,

typical of no-load excitation. Fluxes are defined such that @4, ®,, and ®; are the fluxesin

the 3 center legs. Equations (6.20) through (6.23) follow, based on Ampere's circuital

law and a normalized number of turns.

Re6

Figure6.7

R4 R5 \
~<
R1 R2 R3 R7
G J i J i3
] & ¢3 7

1= @R+ Rs (A+ @+ @+ @)
2= @R+ Ry (2+ @+ @)+ Rs (@+ @+ @3+ @)

i3= @Rs+Rs (@+ @)+ Ry (@+ @+ @)+ R (@+ g+ 2+ )

i4=0= @R+ Rs (@t @)+ Ri(@+ @+ @)+ Re (@+ @+ @+ @)

Where,

Magnetic Equivalent Circuit for Five-Legged Transformer

(6.20)
(6.21)
(6.22)
(6.23)

Ry =Lz /(taA1)
Re =L2/(16A2)
Rs =Lz /(16As)
Ry =L /(tuAs)
Rs =L 5/(15As)
Re =L 6 /(1i6As)
R7 =L - I(16A7)

= @l(AdH)=f(@/Aq)

1= @l (AcH2)=T(@/A2)

= @l (AsHz)=f(g/A)

o= (@ @+ @) (AdH.)=1((2+ @+ @)/ As)

5= (@+ @)l (AsHs)=f((+ @)/ As)

He= (At gt ga+ @) (AcHe)=T((aa+ @+ @+ @)/ Ag)
L= @l (AH7)=1(qa/ A7)
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In order to estimate the core dimensions, variables are classified as known and
unknown.
Known values: g=v1/(wN), @=V2/(wN), @=Vv3/(wN)
v=peak-voltage for each phase, w=27f, N = number of turn

Magnetizing Current: | ave,rRvs =(| 1,Ruvst |2,RMS+ |3,RMS) /3

Note: Real component of Iex has been removed, as explained in Section 4.2
Core dimensions or normalized ratios

Unknown values: ¢ , a, b for _ B _(1-biB)
a

If the exact core dimensions, B-H curve, and winding turns are known, it is
possible to calculate ¢, from Equations (6.20) through (6.23) by an iterative method.
From the B-H curve and core dimensions, the saturation curve (A-i) for each core section
can be derived. In most cases, the nonlinear curve for B-H is not known. Therefore, if
only the core dimension ratios and average of the three RMS magnetizing currents at
100% and 110% voltages are given, an optimization techinique should make it possible to
estimate the “a” and “b” coeffienents for the B-H Frolich equation and ¢, from Equation

(6.20) through (6.23).

At this point, a MATLAB" program (Appendix B.1) was written to simulate the
magnetizing current waveforms for a given set of paramters and to calculate the average
RMS magnetizing current. Note that magnetic saturation is implemented in terms of a

normalized B-H characteristic.

An iteratve method for ¢ was added into the MATLAB" program (Appendix B.2).

If the calculated average current does not match the known value, the iteration continues
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to adjust the B-H curve. Optimization techniques give more accurate and faster solutions.
For al cases, forty points per half cycle are used for the RMS current calculation, since

the waveforms are not sinusoidal.

The optimization performed is explained as follows. Details for waveform i, are
given. Waveforms for i, and i3 are obtained in a similar fashion based on Equations

(6.21) and (6.22).

Minimize f(a,b)= [Measured | g pys @100%6V —Calculated | g ys @100%6V]
+[Measured 1 q s @110%V - Calculated | 6 mus @110%V] 2 (6.24)

Subject to inequality constraints 0< aand0< b< 1

Where, @(K)=v1/(wN)xsin(77k/40) and ¢ (k) from each iteration
After each iteration,

@R+ Rso (@t @)+ Ry (2+ @3+ @i+ Re (@ + @2+ @3+ o) should be zero
according to Equation (6.23)

Bi(K)= aa(kyAr  and Be(K)= q@(k)/As
:ul(k) :@ and /'/6([():%

Ri(K) =L /(ta(K[A1)  and  Re(K)=Ls/(ts(K) LAs)
i1(K)= @(K) Ry (K)+ Re(K) Lga(K)

40
> (iy(k))?
k=1
40
Irvs ave =(l1rRvst I2Rust I3RMs) / 3

I rvs =

If core dimension ratios are assumed, but only the average magnetizing current at
100% voltage is known, it is necessary to know or assume the type of magnetic core
material and then to use optimization tools to get the scaling factors described in Section

4.3and @
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Results of MATLAB Simulations

Using the optimization technigue Fmincon, the results are a= 8.9379 and b=
0.5714 for the B-H equation. Figure 6.8 shows the B-H curve. The calculated RMS
currents for three phases are [109.2177 102.3031 102.3032]A at 100% voltage. The
calculated average rms current is 104.61 and the difference from test report is 0.412 A.
The calculated RMS phases currents are [229.3830 221.6717 221.6718]A at 110%

voltage. The calculated average RMS current is 224.24 A and the difference between test

report is0.13 A.

B(M

H (A/m)

Figure 6.8 B-H Curve for Each Section

The magnetizing curves have the magnetic induction (B in Tesla) on the vertical
axis and magnetizing force (H in A/m) on the horizonal axis. However, in the electrical
equivalent circuit model, the magnetization inductance is represented by a piecewise

linear A-i curve. As explained in Section 4.3, it is possible to convert magnetic induction
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to flux linked (A in Wb-turn) and magnetizing force to current (i in A). The scaling
factors are given as.
A=B xA xN (6.25)
Where, B = the magnetic induction in Tesla, A = the core cross section in nv

N = the number of winding turns of the winding the induction is referred
to.

The relation between magnetizing force and current is given as:
i=HxL (6.26)

where, H = Magnetizing forcein A/m, i = current in ameperes
L = the length of the flux path through the core in meters.

Figure 6.9 shows the A-i curve for each core section of the example transformer.
Figure 6.10 shows the current waveforms of core sections at 100% voltage simulated

usng MATLAB. Figure 6.11 shows the current waveforms of lines at 100% voltage

simulated using MATLAB.
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Figure6.9  A-i Curvefor Each Section
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Figure6.11 Current Waveforms for Each Line at 100% V oltage
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6.1.4 Core Loss M odel

From the dimensions of the legs and yokes, core volumes can be calculated. If the
normalized volumes of legs and yokes are known and the normalized magnitudes of flux
in core legs and yokes are known, the characteristic of the average core loss represented
by the Frolich equation can be obtained. The equations for core loss curve are:

pc=_ 2B (6.27)
1-Bb

From the example transformer test data, core losses at 100% voltage and 110%
voltage are given as [297600, 402240] (W) at A =[51.77, 56.95] (Wb-t).

Therefore the calculated core Ioss should be:

ZP(B Y@, L, 21 bEB A, [0, n: core section number (6.28)
Minimize f(a,b) (6.29)
2 7 aEB 2
P@100%V — (L P@110%V — (L
@100% z—bEBDoh }{@ ’ Z—bEBEA‘”}

Subject to inequality constraints0< a and0< b<1

The normalized flux density B and normalized dimensions are given in the

previous section, but are repeated here for convenience.

Leg-1 | Leg-2 | Leg-3 | Yoke-12 | Yoke-23 | Outer-1 | Outer-2
Core No 1 2 3 4 5 6 I
Area 1 1 1 1 1 1 1
Length 1 1 1 1.725 1.725 221 221
B @100%V | 1523 | 1523 | 1.523 0.951 0.951 0.608 0.608
B @110%V | 1.675 | 1.675 | 1.675 1.031 1.031 0.673 0.673

-99-




Thus, values of a=11567 and b =0.4694 are calculated for core loss P vs. flux
density B curve using the optimization technique (Appendix B.3) from Equation (6.29).
In this case, there is only a minor difference [0.0684 0.0422] W between the given loss
and the calculated loss, verfying the correctness of this method for this case. Figure 6.12

shows the core loss curve for the five-legged core transformer.

P (Watt/cubit unit) 4

Figure6.12  Core Loss Curve for Five-legged Core Transformer

To define the frequency-dependent effects of core loss, the core loss Pc a any
given frequency is generally given as below. If the ratios of hysteresis loss to total core
loss (a) and eddy current loss to total core loss () are given, the nonlinear and
frequency-dependent core loss at voltage V and frequency f were defined in Section 4.5

and repeated here for convenience:
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Pc=Py+ Pe=ad+ BA?

Pr= a/P(100%V) A (V)/A (100%V))" [{f/60)

Pe= BP(100%V) A (V)/A (100%V))? {f/60)

where Py ishysteresisloss and Pg is eddy current loss

If the core losses (P, and P») at two frequencies (f; and f,) are given instead, the
ratios “a” for hysteresis loss and “[3” for eddy current loss are defined as a= 0.5245, =

0.4755 for the example transformer:

azplljfzz_Pszlz dﬁ:pz[}le_pl[}fzz

an (6.30)
flIZIfZ Eﬂ fz - fl) flIZIfZ Eﬂ fz - fl)

Using the above result, the terms for separated core |oss are represented as:

Re = V?/ (PeAL) = (V @ B=1523)°/ [B{Pc @ B=1.523)/{ALL])]

= (13800)%/ (0.4755/61790) / (AL)
= (6482) / (AL) (ohms)

The equation for DC hysteresis loss from Section 4.5, is repeated here as Equation
(6.31). From the core loss separation and Equation (6.31), “aa” and “bb” are obtained as
aa=6045 and bb=0.4964 for the example transformer. The right displacement in the
hysteresis loop is linear and assumed as in Equation (6.32). The left displacement is
nonlinear and assumed as in Equation (6.33). At zero flux, both displacements must be the
same. This is a coercive force (Hc) and is assumed as in Equation (6.35). The coercive
force at each loop should be determined to meet the power loss Py at the By for the each

loop. In case of Figure 6.13, “k” for Equation (6.35) is about 0.5 and Hcop is @bout 2.7 A.
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The displacements a each Bmax are shown in Figure 6.14. The entire DC hysteresis loop

isshown in Figure 6.15.

aalB
Ry (Buax ) = Fe(Buax ) = Fe(Buax ) = ﬁ (6.31)
Right displacement RHD=(1-f)/Hc (6.32
Left displacement LHD= -Hc/{a+1/a) / [(1-f) /a+ a/ (1-)]) (6.33)
Power Loss at each loop (J) = ALL [N EJ'OB"EX 2 RHD - LHD ) [dB (6.34)
Power Loss at each loop (W) =60/AL [N [jOB"“‘Xz [{RHD - LHD ) (@B
Coercive force He= (Birax/Biop) * Hetop (6.35)

where
Brax = Maximum Flux density at each minor loop
Biop = Maximum Flux density for major loop (Given)
a= (Btop-Bmax) / Brop and f = B/ B
Hctop = Maximum Coer cive force for major loop

2 f f f f f
I I I I I
: : : : ~/ O
| | | | RO o
I I I I o
| | | | R |
1.5p - FTTTTTT I T O m
| | | '.'Y‘ (@) |
| | E—— o |
— I I R I I
£ : : o o | :
5 1 e TR 0 e -
IS I I O I I
@ | . o/ |
! R (@) I I
I R | I I
I K I I I
0.5p------- bt I T T T N
e : 5 i ‘ O Required Hc for Loss
““““ : O | | |
: (o} : : :
0 — I I I I I
0 0.5 1 1.5 2 2.5 3
Hc (A/m)

Figure6.13 Hc and Bpax (dotted line=linear, bold line=square root)

-102 -



Right Disp.

-10

-15

H (A/m)

Figure6.14 Left and Right Displacements of Resistive Hysteresis Current

Hysteresis Loop

600

H (A/m)

DC Hysteresis Loop Generated by the Model

Figure6.15
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6.1.5 ATP Implementation of Overall Transformer Model

The overdl transformer model for ATP implementation is shown in Figure 6.17. The
core model, frequency-dependent coil resistance and winding capacitances developed in

Chapter 4 areincluded in ATP format.
Ideal Transformer Coupling

The coupling between windings is provided by using “Type-18" ideal transformer
elements or saturable transformer elements. There are nine of these elements in the three-
winding three-phase transformer model in Figure 6.17. Since the parameters of the core
equivaent are referred to the tertiary, the tertiary coupling transformers have aturn ratio of
unity. The ideal transformers coupling the primary and medium-voltage coils to the core

have aturnsratio equal to their actual turns ratio with respect to the tertiary.

CoreMode

The core model is of most interest in this work and includes the saturable
magnetizing inductances, hysteresis losses, and eddy current losses of core legs and

yokes. The core modd implemented in ATP was shown in Figure 4.32.

There are three nonlinear inductances available in ATP. The “Type-93” was chosen
for thiswork as it isatrue nonliear inductance [30]. Operation is always on the proper A-i
segment of the charateristic and hence may allow much better results [17]. The Type-96
hysteretic inductance and the Type-98 pseudo-nonlinear inductances are not as robust,

due to different implementation methods.
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The hysteresis losses and eddy current losses of core legs and yokes are modeled
using a Type-60 current source controlled by TACS. The block diagram related for TACS

code was shown in Figure 4.33.

Coil Resistance Modd, R(f)

A Foster equivalent, as developed in Section 4.1, is used to represent frequency-
dependency resistance. Figure 6.16 shows the actual frequency-dependency resistance
model implemented inside R(f). In this model, three resisters and three inductors are used
for the Foster equivaent circuit with two cells. The third inductance, L3 is a negative
inductance for removing effective inductance given by L; and L,. The negative inductance
may in some cases give a numerica stability problem in ATP simulations. Therefore,
incorporating circuit components based on Foster equivalents into the leakage inductance

matrix should be further studied to improve numerical stability.

RrFa

Figure6.16 Frequency-Dependency Resistance Model R(f) Implementationin ATP

Dummy Resistance and Inductance

A large resistance “Rd” was added to avoid floating subnetwork problems, as
shown in Figure 6.17. Two nonlinear inductances connected in series at a node may cause
ATP to report an error. Hence, small linear inductances “Xd” are added to separate two

nonlinear inductances.
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Cotef-e
Outer-C
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Rd

Figure 6.17 Equivalent Circuit for Five-Legged Core Transformer, implemented in ATP
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Figure 6.18 shows the DC hysteresis loop modeled using a Type-60 current source
controlled by TACS. Figure 6.19 shows the current of the eddy current loss and the
resistive hysteresis current. Figure 6.20 shows the magnetizing current modeled with a
Type-93 nonlinear inductance. Figures 6.21 and 6.22 show the line-current and winding-

current waveforms.

After all models were implemented and run with ATP, the results of open-circuit

and short-circuit ssimulations shown in Table 6.3 are close to the test report.

Table6.3 Comparisons with Test Report

| Simulated Results
Excitation Current @ 13.8kV Line

Test Report

94.12 Arvs @100%V oltage 100.53 Arms@100%V oltage
211.76 Arus @110%V oltage 208.1 Arvs@110%V oltage
No Load Loss
297.6 kW @100%)V oltage 306.7 kW @100%)V oltage
402.24 KW @110%V oltage 383.5 kW @110%V oltage
Short-Circuit Current
495.3 Arus @ P-S 495.3 Arns @ P-S
128.9 Arus @ P-T 128.9 Arus @ P-T
367.7 ARus@ ST 367.7 ARus@ ST
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Figure6.20 Mangnetizing Current Waveforms of Leg- 1, Yoke-AB and Outer Limb
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Figure6.21 Line Current Waveforms for Tertiary at 100% Voltage
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Figure 6.22 Phase Current Waveforms for Tertiary at 100% V oltage
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6.2 Three-Legged Core Transfor mer

6.2.1 L eakage I nductance

L eakage paths and inductances for three-phase three-legged core-form transformers
are the same as those of three-phase five-legged core-form transformers except for the
zero sequence flux. The zero sequence impedance comes from the zero sequence test. It
is difficult to calculate the zero sequence parameters without finite element anaysis
because the zero sequence flux path is through the transformer tank. Hence, values

obtained from measurements should be used if available.

An autotransformer usually has a closed-delta tertiary and this tertiary gives a path
for zero sequence current. Therefore, the model for zero sequence flux path through the

tank is not required for an autotransformer with a closed deltatertiary.

6.2.2 Core Saturation M odel

For the three-legged transformer, core area is assumed to be the same as those of
the legs in a five-legged transformer and the core length is assumed as in Figure 6.23.
The magnetic equivalent circuit is given in Figure 6.24. All reluctances here are
saturable. Only one set of MMFs (windings) is included, typical of no-load excitation.
Fluxes are defined such that ®4, ®,, and ®; are the fluxesin the 3 legs. The procedure for

core saturation model derivation is the same as the procedure in Section 6.1.3.
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I de """" A5 A
Ll L2 L3
A1 AZ A3
\ 7 N SR R/
Arearatio Length ratio
A]_: A2: A3: 1 L]_: L2: |_3: 1
Yoke Ay;=As=1 Yoke L4=L5=1.725

Notation: A: Area, L: Length, 1. Leg-A, 2:Leg-B, 3: Leg-C, 4:Yoke-AB, 5: Yoke-BC

Figure6.23 Dimension of Three-Legged Core Type Transformer

R4 Rs

R1 R2 R3

Figure6.24 Magnetic Equivaent Circuit for Three-Legged Transformer
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i1= @ (Ri+Ry) (6.36)

= @R (6.37)
i3= @& (Rs+Rs) (6.38)
Where,

Ri=L;/(taA)  ta=a@l(AdH)=f(@/A1)
Ro=Lz/(tePo) 1= @l(AcH2)=T(@/A)
Re=Lz/(tAs) 5= @l (AsH3)=T(@/Ag)
Re=La/(tAs)  ta=(@) (AdH4)=F(@a/As)
Rs=Ls/(tsAs)  15=(@)/(AsHs)=T(g/As)
Known values:
a=vi/(wN), @=vo/(wN), @=Vs/(wN), V=peak-voltage for each phase, ar 27,
N = number of turn (In thiswork, 34 was assumed. This means the units of B,H

are per unit.)
MagnetIZIng Current. IrmS’AVG = (l l’rrn‘s+ |2’|'|'ms+ |3’rrn‘5) / 3

Note: Real component of Igx has been removed, as explained in Section 4.2

Core dimensions or normalized ratios

Unknown values: a, bfor p = — = (1-biB)
a

If the core dimension ratios and average RM S magnetizing currents at 100% and
110% voltages are given, optimization techiniques can be used to estimate the a and b

coefficients for the B-H Frolich equation from Equations (6.36) through (6.38).

The optimization performed is as follows. Details for waveform i, are given.
Waveforms for i, and i3 are obtained in a similar fashion based on Equations (6.37) and

(6.38).

Minimize f(a,b)= [Measured | g mus @100%6V — Calculated | g mys @100%V] 2

+[Measured 1 e s @110%V - Calculated | 6 mus @110%V] 2 (6.39)
Subject to inequality constraints0< aand0< b< 1
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Where, @(K)=v1/(wN)x sin(77k/40)
B1(K= a(K)/A. and Bu(K)= @a(k)/A4
Iul(k) :% and ’u4(k) :M

Ru(K) =Lz /(ta(Q)[A)  and Ra(K)=L4/(1a(K) [Av)
i1(k)= @(K) Ru(K)+Ra(k) Laa (k)

40
> (i (k))?
k=1

40
lrvs ave = (l1rust l2rvst I3 rus) /3

I rus =

From the optimization technique (Appendix B.1) using Fmincon, the resultsare a =
5.9265, b =0.5879. Figure 6.25 shows the resulting B-H curve. The calculated RMS
currents for the three phases are [129.0866 92.9868 92.9868]A at 100% voltage. The
calculated average RMS current is 105.02 A and the difference between test report is
only 3.1336x10°A. The calculated RMS currents for phases are [272.7272 199.8044
199.8043]A at 110% voltage. The calculated average RMS current is 224.11 and the

difference between test report is only 1.8260x10° A.

B(M

H (A/m)

Figure6.25 B-H Curve for Each Section
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Figure 6.26 shows the A-i curve for each core section of the example transformer.

Figure 6.27 shows the current waveforms of core sections at 100% voltage simulated

using MATLAB. Figure 6.28 shows the current waveforms of lines at 100% voltage

simulated using MATLAB.

T
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i (Ampere)
Figure6.26  A-i Curves for Each Section
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Figure6.27 Current Waveforms for Each Section at 100% V oltage
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Figure6.28 Line Current Waveformsfor Tertiary at 100% V oltage

6.2.3 Core Loss M odel

From test data, core losses at 100% voltage and 110% voltage are known to be
[297600 402240] (W) at A = [51.77, 56.95] (Wb-t).

Therefore, the calculated average core Ioss should be:

ZP(B YA, L, = 21 bEB A, [, (6.40)

The optimization (Appendix B.10) performed is asfollows:

Minimize f(a,b)
2

5 2
=| P@00%Y -3, ?EBEB Dﬂhﬂ_} [P@llO%V Z ™, L, | (641)

bD3

Subject to inequality constraints0 < a< 50000 and0< b< 1
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The flux density B and normalized dimensions are also given from the previous

section.

Leg-1 Leg-2 Leg-3 Yoke-12 | Yoke-23
Core No 1 2 3 4 5
Area 1 1 1 1 1
Length 1 1 1 1.725 1.725
Bmax @100%V 1.5226 1.5226 1.5226 1.5226 1.5226
Bmax @110%V 1.6749 1.6749 1.6749 1.6749 1.6749

Thus, a=10592 and b=0.4272 for the core loss curve equation are calculated using
optimization technique Fimincon from Equation (6.41). In this case, there is no
difference between the given Pc and the calculated Pc. Figure 6.29 shows the core loss

curve for the three-legged core transformer.

B-P Curne
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Figure6.29  Core Loss Curve for Three-Legged Core Transformer
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The ratios of core loss “a” and “” were given in Section 6.1.3 and are repeated

here for convinience: a= 0.5245, 3= 0.4755

Using the above results, the terms for separated core loss are represented:

Re = V?/ (PeBl) = (V @ B=1.523)/ [BAPc @ B=1.523)/{AL)]
= (13800)°/ (0.4755/46138) / (AL)
= (8681)/ (AL)  (ohm) (6.42)

In Section 6.1.4, Equation (6.31) gives the DC hysteresis loss. From this core loss

data, “ad” and “bb” are obtained asaa = 5165.7, bb = 0.4596.

The coercive force at each loop should be determined to meet the power loss Py a
the Buax given at the each loop. In case of Figure 6.30, “K” for Equation (6.35) is about
0.5 and Hcrop is about 2.2 A. The displacements at each Byax are shown in Figure 6.31.

The entire DC hysteresisloop is shown in Figure 6.32.
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Figure6.30  Hcand B (dotted line=linear, bold line=square root)
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6.2.4 ATP Implementation of Overall Transformer Model

The overdl transformer model for ATP implementation is shown in Figure 6.33. The
core model, frequency-dependent coil resistance, and winding capacitances developed in

Chapter 4 areincluded in ATP format.

Figure 6.34 shows the DC hysteresis loop modeled using a Type-60 current source
controlled by TACS. Figure 6.35 shows the current of the eddy current loss and the
resistive hysteresis current. Figure 6.36 shows the magnetizing current modeled with a
Type-93 nonlinear inductance. Figures 6.37 and 6.38 show the line-current and winding-

current waveforms.

After all models were implemented and run with ATP, the results of open-circuit

and short-circuit ssmulations shown in Table 6.4 are very close to the test report.

Table6.4 Comparisons with Test Report
Test Report \ Simulated Results
Excitation Current @ 13.8kV Line
94.12 Arvs @100%V oltage 96.7 Arms@100%V oltage
211.76 Arms @110%VOItage 208.9 Arm S@llO%VoI tage
No Load Loss
297.6 kW @100%YV oltage 309.7 kW @100%V oltage
402.24 kW @110%V oltage 359.6 kW @110%V oltage
Short-Circuit Current
495.3 Arus @ P-S 495.3 Arms @ P-S
128.9 Arus @ P-T 128.9 Arus @ P-T
367.7Agus@ ST 367.7 Arus@ ST
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Figure 6.33 Equivaent Circuit for Three-legged Core Transformer, Implemented in
ATP
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6.3 Shell-form Transformer

6.3.1 L eakage Inductance

Shell-type transformers generdly use pancake type windings. Upon closer
examination of the magnetic model in Figure 6.39, leakage reluctance paths are dmost the
same as those of concentric winding transformer. Thus, the duality-based electrica
equivaent circuit is the same as in Figure 6.2. The original leakage inductances need to be

broken down into parts as was done in Figure 6.3.

P Lmt o
< W > a,
\4
| Tertiary (T) | br
a2
| Common (C) | b
a'l
| Series (S) | b2
a'l
| Common (C) | be
a2
| Tertiary (T) | b,
A
i a,
Core

Figure6.39  Cross-Section with Main Leakage Paths for Pancake type Winding

Equations (6.43) through (6.45) give leakage reactances based on physica
dimensions [43]. Table 6.1 gives an example for winding width calculated based on DC
resistance of coil. From Table 6.1, “by” and “&” in Equation (6.44) are generaly smaller

than “bs” and “&” in Equation (6.43). Therefore, Xcr from Equation (6.44) is expected to
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be smaller than X s from Equation (6.43). However, Xcr islarger than Xsc on the test data.

In this case, the common winding or series winding need to be separated as shown in

Figure 6.40.
+
U, 2m f N2[I1mtEﬂbC 3bs +a,)
Xg = T (6.43)
+
U, 2 f Nz[llmtEqu 3bT +a,)
Xer = T (6.44)
+
U, 2 f NZDlmtEﬂngbT+a1 +a, +he)
Xgr = T (6.45)
< Lmt >
o W A -
< » a,
| Tertiary (T) | b;
a,
| Common (C) | b./2
a1
| Series (S) | bs
a
Common (C) be
a'l
| Series (S) | by
a'l
| Common (C) | b2
aZ
| Tertiary (T) | b,
A
L%
Core

Figure6.40  Cross-Section with Main Leakage Paths for Pancake type Winding
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Equations (6.46) through (6.48) give leakage reactances based on the physical
dimensions in Figure 6.40. These equations have five unknowns. For the duality-based
model shown in Figure 6.2, parameter estimations or some assumptions are necessary.
The summation of the model parameters should be identical to the given short-circuit test

data.

From Table 6.1, the ratios for winding width or winding area can be assumed from
Roc and the ratios between bs, bc and by can be obtained as bs=7.530br, bc=7.82br.
From voltage ratio, ratios for air gaps &, & and & can be assumed as a;=14.43[ag,
a=4.93;. Now, there are two unknowns for Equations (6.46) through (6.48). The least
square fitting technique gives two values minimizing the differences and the thickness of
coil and air gap. The values are approximately bc=1.332, by=0.171, bs=1.286, &=0.117,
8=0.042, and a;=0.008 from Equations (6.46) through (6.48). From these and Equation
(6.49) through (6.54), the necessary reactance in Figures 6.2 and 6.3 can be obtained.

Table 6.5 gives each reactance val ue.

11, 27T f szmta%[qbcgbhal)
X = 6.46
< S (6.46)
/«1027Tf N2mmmw+az+ﬁ+bj)
Xer = 3 2 4 (6.47)
2W
U, 2 f N2[IlmtEﬂbS;bT+al+a2+b20)
Xer = 6.48
ST SV (6.48)

-b
2 f NImtQ—<
g = Xt Xer ~Xgy _HoZTT N, ) (6.49)
¢ 2 2 W
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s > (6.50)
X, = Xy + Xy, = 2er* x2TS ~Xs (6.51)
277 f N2LmtQ—b, /6)
Xq_p= Ho °r (6.52)
2[W
o f NZImt[{a, )
X, = Lo S (6.54)
21W
Table 6.5 Calculated Leakage Reactancein Q.
SC CT ST T-Core
Series (S)
0.3882 0.3882
Duct (&
(@) (X9 (X9
Common(C) | 01113 | -0.1113
(Xc) (Xc)
0.9519 0.9519
Duct () (Xt-1) (Xt-1)
-0.0285 -0.0285 -0.0285
Tertiary (T) (Xt1-2) (Xt1-2) (X1-2)
0.08%4
(X2 | 0.0862
0.0008 | (X.)
Duct (ag) (Xs)
Total 0.2769 0.8126 1.3121 0.0577
(Xsc) (Xc1) (Xs1) (X1)
Test Report 0.27686 0.81259 1.3121 N/A
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6.3.2 Core Saturation

For a shell-form transformer, cross-sectional area ratios in Figure 6.41 were
assumed on the basis that the flux density is the same for al paths. The portions of the
core thus have the same conditions of saturation as the core inside the windings. Lengths
were chosen on the basis that since most coil types are pancake type and then legs and
yokes are longer than the limbs. Reluctances 04 ~ oo in Figure 6.42 represent the

paralel combinations of two reluctances for upper and lower core sections.

A L, A e Ly A e Ly Agm
L9 L7 L8 Lio
A9 A7 As Ao
Y- L, A — »e-- L, A, We- | s A, Y
Arearatio Length ratio
A]_: A2: A3: 1 L]_ ~ L6: 1
Y oke Ay=As=Ag=0.5 Middle Limb Outer Limb Limb
A7: A8: 0.87 Agz AlO: 0.5 L7 -~ LlO: 0.67

Notation: A: Area, L: Length,
1: Leg-A, 2:.Leg-B, 3: Leg-C, 4:Outer Yoke, 5: Middle, 6: Outer-Y oke,
7: Middle Limb, 8: Middle Limb, 9:Outer Limb, 10:Outer Limb

Figure6.41 Dimension of Shell-form Transformer
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R4 Rs Re

Ro R7 Rs R10

) ) ANAN— —

RL i Rz, R3 i3

Figure 6.42 Magnetic Equivaent Circuit for Shell-form Transformer

1= @(Ri+Ret+Ro)+R7 (- %) (6.55)
i2= @R+ Re)+Rr (2-a1)+ Re (- @3) (6.56)
i5= @(Rst+Ret+Rio)+Rs (¢2-2) (6.57)

where, Ri=L;/(taA),ta=T(@/A1),Ro=L 2 (1LA2),1o=T( @/ Ay),

Rs =Lz /(t6As), 15=T(@/A3), Ri=L 4 /(21uAv), t=T(@/2/A) Rs=L5/(216As),
H=1H(@/21Rs), Re =L 6 1(21isPe), L=T(@/2/Pe), R =L 71(21677),
H=1((ad-@)2IA7), Re =L g (21Ae), 15=T((2 - ) 2/Ae), Ro =L o /(2146A0),
Ho=H(@/2/As), Rio=L 10 /(2£h0A10), tho=T(¢8/2/Ago)

In order to estimate the core dimensions, variables are classified as known and
unknown.
Known values: g=v1/(wN), @=V2/(wN), @=Vv3/(wN)
v=peak-voltage for each phase, w=27f, N = number of turn

Magnetlz ng Current. | rmS’AVG = (l ]_’rrng"' |2,rrms+ |3’rrn5) / 3
Note: Real component of 1gx has been removed, as explained in Section 4.2

Core dimenstions or ratios

Unknown values: a, bfor x = E _(1-biB)
a
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If the core dimension ratios and average RMS magnetizing currents at 100% and
110% voltages are given, some optimization techinique can be used to estimate the a and

b coefficients for the B-H Frolich equation from Equations (6.55) through (6.57).

The optimization performed is as follows. Details for waveform i, are given.
Waveforms for i, and i3 are obtained in a similar fashion based on Equations (6.56) and

(6.57).

Minimize f(a,b)= [Measured | g mus @100%V — Calculated | g mys @100%V] 2
+[Measured 1 e s @110%V - Calculated | 6 mus @110%V] 2 (6.58)

ubject to inequality constraints0< aand0< b< 1

Where, @(K)=v1/(wN)x sin(77kl40) and @(K)=V2/(wN) xsin( 77kl40-2713)
Bi(k)=Ba(K)=Bs(K)= @a(K/Ar  and Br(K)= (a(K)-g(K)/2/A7)

() =222 g gy (1) = 12220

Ru(K) =L:/(a(K A1) and  Ry(K)=L 7/(1#(K) [A7)
11(K)= @(K) ARy (K)+ Ra(K)+ Ro(K))+ R:(K) L{@a (K)- (K))

40
> (iy(k))?
k=1

40
lrvs ave = (l1rust l2rvst I3 rus) /3

I rus =

From optimization technique (Appendix B.17) using Fmincon, the results are
a=3.7651, b=0.5651. Figure 6.43 shows the obtained B-H curve. The calculated RMS
currents for the three phases are [99.9829 107.5387 107.5386] A at 100% voltage. The
calculated average RMS current is 105.02 A and the difference from the test report is
only 7.9357x10°A. The calculated RMS currents for the three phases are [215.8171
228.2594 228.2594] A at 110% voltage. The calculated average RMS current is  224.11

A and the difference from the test report is 3.7518x10°A.
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[
[
Mid Limb

Leg

Figure 6.44 shows the A-i curve for each core section of the example transformer.

Figure 6.45 shows the current waveforms of lines at 100% voltage simulated using

MATLAB.

[
[

0.4
0.2

H (A/m)

B-H for Each Section

Figure 6.43

- Outer Yoke

(-am) epquen

i (Ampere)
Figure6.44 A-i Magnetization Curves for Each Section
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Figure6.45 Current Waveformsfor Each Line at 100% V oltage

6.3.3 Core Loss Model

From test data, average core losses at 100% voltage and 110% voltage are given as
[297600, 402240] (W) at A = [51.77, 56.95] (Wb-t).

The calcul ated average core loss should be:

ZP(B )@, L, = f alB,

b, A, L, (6.59)

The optimization (Appendix B.19) performed is as follows:

Minimize f(a,b)
2

L alB, ? 0 alB,
=| P@100%V — Z b B A, L, | +| P@110%V - ZHD% [, | (6.60)

Subj ect to inequality constraints0< aand0< b< 1
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The flux density B and normalized dimensions are also given as below from the

previous section, but are repeated here for convinience.

Leg- | Leg- | Leg- | Yoke | Yoke | Yoke | Mid | Mid | Outer | Outer

1 2 3 -1 -2 -3 Limb | Limb -1 -2
Core No 1 2 3 4 5 6 7 8 9 10
Area 1 1 1 1 1 1 1.732 | 1.732 1 1
Length 1 1 1 1 1 1 .67 .67 .67 .67
B
@100%V 1523|1523 | 1523|1523 | 1523|1523 | 1523 | 1.523 | 1.523 | 1.523
B
@110%V 1675|1675 |1675|1.675| 1675| 1.675| 1.675| 1.675 | 1.675 | 1.675

Thus, a= 7071.8 and b =0.4272 are calculated for the core saturation curve by using
optimization technique Fmincon and Equation (6.60). In this case, there is only a minor
difference [0.0152 0.0112] W between the given core loss and the calculated closs.

Figure 6.46 shows the core loss curve for the shell-form transformer.

The core loss ratios “a” and “[3” were given in Section 6.1.3 and are repeated here

for convinience: a= 0.5245, 3= 0.4755

Using the above result, the terms for separated core loss are represented:

Re = V?/ (PeAM) = (V @ B=1523)*/ [b{Pc @ B=1.523)JAL)]
= (13800)°/ (0.4755/30828) / (AL)
= (12992) / (AL) () (6.61)

In Section 6.1.4, the equation for DC hysteresis loss was given as Equation (6.31).
From the core loss separation and Equation (6.31), “aa’ and “bb” are obtained as aa =

3448.9, bb =0.4596.
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Figure 6.46 Core Loss Curve using Frolich Equation for Shell-form Transformer

The coercive force at each loop should be determined to meet the power loss Py at
the Biax given for each loop. In case of Figure 6.47, “K” for Equation (6.35) is about 0.5
and Hgop is about 1.4 A. The displacements at each Bnax are shown in Figure 6.48. The

entire DC hysteresisloop is shown in Figure 6.49.
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Figure6.49  DC Hysteresis Loop Generated by the Model

6.3.4 ATP Implementation of Overall Transformer Model

The overal transformer model for ATP implementation is shown in Figure 6.50. The
core model, frequency-dependent coil resistance and winding capacitances developed in

Chapter 4 areincluded in ATP format.

Figure 6.51 shows the DC hysteresis loop modeled using a Type-60 current source
controlled by TACS. Figure 6.52 shows the current of the eddy current loss and the
resistive hysteresis current. Figure 6.53 shows the magnetizing current modeled with a
Type-93 nonlinear inductance. Figures 6.54 and 6.55 show the line-current and winding-

current waveforms.
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Figure 6.50 Equivalent Circuit for Sell-form Transformer, Implemented in ATP
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Figure 6.54 Line Current Waveforms for Tertiary at 100% Voltage

200

100

K

1

L L DX < P

Ve Wi I N 2\

-200 *10-3
0 10 20 30 40 50
(file TESTTRS.pl4; x-var t) c:A138T -XX0103° ¢:B138T -B-TH ¢:C138T -C-TA

%

0: Phase-A [I: Phase-B A: Phase-C

Figure6.55  Winding Current Waveformsfor Tertiary at 100% V oltage

After all models were implemented and run with ATP, the results of open-circuit

and short-circuit smulations shown in Table 6.6 are very close to the test report.

Table6.6 Comparisons with Test Report

Test Report \ Simulated Results
Excitation Current @ 13.8kV Line
94.12 Arms @100%V oltage 101.9 Arm 5@100%VO| tage
211.76 Arus @110%V oltage 223.4 Arns@110%V oltage
No Load Loss
297.6 kW @100%YV oltage 283.4 kW @100%)V oltage
402.24 KW @110%V oltage 373.1 kW @110%V oltage
Short-Circuit Current
495.3 Arms @ P-S 495.3 Arus @ P-S
128.9 Arms @ P-T 128.9 Agrms @ P-T
367.7 ARus@ ST 367.7 ArRus@ ST
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CHAPTER 7

SIMULATIONS FOR MODEL EVALUATION

This chapter presents the results of the ATP simulations for benchmarking the
developed models. Steady-state excitation, de-energization, and re-energization transients
are smulated and compared to a BCTRAN-based model used in an earlier investigation
[14]. The performance of the equivalent circuit and parameters are summarized. In
addition, ssimulation results using models developed in Chapters 5 and 6 are compared to

actual transients event records [14].

In this chapter, the core type of the example transformer is assumed as shell-form,
since the manufacturer of the example transformer typically made shell-from
transformers. The required data for transformer modeling are the basic factory test data

and the estimated rel ative physical dimensions of the core.

7.1 Comparison with BCTRAN M odel

Comparisons with the earlier BCTRAN Model are steady-state excitation, de-
energization, and re-energization transients. The transformer of Table 3.2 is used for the

comparison.
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In the case of the earlier BCTRAN model, core magnetization and losses were
attached externally on the tertiary. The core was modeled as three sets of type-98
inductances in paralel with linear resistors connected in delta. Using the 100% and
110% excitation data from the factory test report, the RMS magnetizing current was
obtained by removing the core loss component from the exciting current. This model
ignores core structure and represents the transformer as essentially three single-phase

transformers.

In the case of the duality model, core magnetization and losses are attached at the
legs and yokes respectively. Each core section is modeled as a type-93 inductance in
paralle with a type-60 TACS current source for hysteresis loss and eddy current loss.
Here the shell-form autotransformer model first introduced in Section 6.3 is used.
Although the factory test report gives only 100% and 110% excitation data, more A-i
points can be obtained for the type-93 inductances from the core saturation function. All

parameters were obtained by the procedures described in Chapters 4 and Section 6.3.

First, no-load steady-state excitation at 110% of the nominal voltage of 118-kV is

simulated. The core flux and current waveforms are presented in Figures 7.1 through 7.6.

In the case of the earlier BCTRAN-based model, only the 100% and 110% factory
excitation data were used. Therefore, the shape of the A-i curve is a smpler 2-segment
piecewise linear curve, as can be seen in Figure 7.2. The core-loss current waveforms in
Figure 7.3 are sinusoidal and the shape of A vs. core-loss current curve in Figure 7.4 is a

circle, since it is modeled as a linear resistance. As seen in Figure 7.5, the hysteresis loss
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is actually dependent on flux linked, so this simplistic representation may give incorrect

simulation results.

In the case of the new duality model, more A-i points can be obtained from the core
saturation function and the shape of the A-i curve is smooth (Figure 7.2). Thus, the results

can be more accurate. The hysteresis loss is also dependent on flux as seen in Figure 7.5.

For steady-state excitation, excitation currents are identical in each phase in the
case of the BCTRAN model (Figure 7.6). However, line currents differ from phase to
phase with the new duality model. The phase current waveforms for the outer legs are
quite similar but differ from that of the center leg. This is due to consideration of the

actual core structure.

At 30 ms, the switches de-energize the transformer, with each phase being
electrically interrupted when the current passes through zero. In this way, the residual
fluxes are determined. No arc phenomena in the switch are considered. Results are
shown in Figure 7.6. Phase “b” clears first after the mechanical disconnection. The two
remaining phases are next interrupted. Residua flux remains in the core of the new
duality model, as shown in Figures 7.7 and 7.8. The BCTRAN model has no residual

flux, since the energy stored in its core is dissipated in its core |0ss resistance.

When the transformer with the residual flux is reconnected to the network (inrush),
the residual flux at the instant acts as a DC offset to the sinusoidal flux linkage
waveformsin Figure 7.9. This DC component may drive the core deep into the saturation

region depending on the conditions. Hence the inrush currents are considerably increased
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in Figure 7.10. The inrush currents of the duality model are larger than those of

BCTRAN model, since, the slope of saturation curve islow in the saturation region.

Although there was no benchmarking data available for these, they exhibit much

more reasonable behaviors than those provided by the earlier BCTRAN-based model.
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Figure7.1 Transformer Magnetizing Current for Three Legs
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7.2 Black Start Energization Casesat |VH Substation

In this section, black start energization cases from a previous study [14] are
simulated by ATP for model evaluation. The main event in a black start is the step-by-
step energization of high voltage transmission lines through the low-voltage side of large
transformers. As such, transformers simultaneously experience low-side inrush and a
through-current due to line energization on the high side. Since high inrush currents are
possible, transformer core saturation can be a key aspect of the observed transient
behaviors. Inrush currents are of relatively low frequency, but line energization currents
can have high-frequency components. Transient overvoltages can also result, posing a

threat to the equipment involved in the black start.

Black start test energization of a 345-kV line and transformers from the gas turbine
generators on the low-voltage side of the transformer was done during a black start test.
This event, plus a general desire to be able to predict the transient voltage and current
waveforms, resulted in the development of an ATP model. Three event records were
available for benchmarking. They were taken at the substation that the transformer is
located in. Comparisons of fault recorder waveforms with ATP simulation for two cases

are provided here. The cases are:

1) 115-kV CB 5P147 energization at IVH (Event Record: IVH55):

As initial conditions, gas turbine units 1 and 3 are running. 1VH transformers
Nos. 1 and 2 are energized in steady state. The IVH 115-kV bus s energized and
in steady state. The first event is triggered by closing the CB 5P147, which
energizes the IVH transformer No.9 and the 345-kV lineto BLL.

2) Energization of 345-kV Transformer No.9 at BLL (Event Record: IVH57):

Asinitial conditions, the 345-kV linesup to BLL and PKL are energized.
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The second event is triggered by closing the CB, which energizes the BLL
transformer No. 9.

7.2.1 System Description

The single-line diagram of Figure 7.11 provides a depiction of the power system
and black start switching sequences. The model developed includes transformers Nos. 2,
3and 9 at IVH, transformer No. 9 at BLL, the 345-kV linefrom IVH to BLL, the 345-kV

line from BLL to PKL, and gas turbine generators Nos. 3 and 6.
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Figure7.11 A Single Line Diagram for Black Start Study [14]
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7.2.2 Transformer M odel

For the first simulation, IVH transformers 1, 2, and 9 and BLL transformer 9 are
modeled using the BCTRAN-based model. The test data for the transformers are given in
Tables 7.2 through 7.4. Core magnetization and losses are attached external to BCTRAN
model, on the tertiary. Recall that the core is modeled with a type-98 inductance in
paralel with alinear resistor. Using the 100% and 110% excitation data from the factory
test report, the RMS magnetizing current is obtained by removing the core loss
component from the exciting current. Three of these parallel R-L combinations are

connected in delta and attached to the 13.8-kV delta windings.

For the new simulation, all is the same as for the first simulation except 1VH
transformer 9 and BLL transformer 9 are modeled using the duality model for a shell-
form transformer. Core magnetization and losses are attached at the legs and yokes
respectively. The core is modeled with a type-93 inductance in parallel with a type-60
TACS current source for hysteresis loss and eddy current loss. Although the factory test
report gives 100% and 110% excitation data, more A-i points are obtained from the core

saturation function for the type-93 inductances.

Residua magnetism was not considered in this study. Since IVH transformer 9isin
place during line de-energization, it is expected that the line charging capacitance will
“ring-down” together with the transformer, resulting in a near-zero residua magnetism.
However, complete ringdown is usually not achieved, and a residual flux of as much as
30% of the peak steady-state flux might be expected. In the case of the BLL transformer

No0.9, anon-zero residual magnetism is expected, sinceit is separately de-energized.
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Table 7.2 Factory Test Data for Transformer No.9 at BLL

345000 Grd.Y/118000 Grd.Y /13800 Delta,
3-phase auto-transformer @OA/FOA/FOA

H- 180MVA, X-180MVA, Y-47.4AMVA@OA

Open-Circuit Test Exciting Current No Load Loss
0.87%@100%V oltage 191.48kW @100%YV oltage
2.36% @110%V oltage 268.844kW @110%V oltage
Short-Circuit Test Impedance Load Loss
H-X 6.77%@180MV A 275.871kKW@180MVA
H-Y 51.7%, @180MVA 75.997TkW@47.4AMV A
X-Y 37.3% @180MV A 78.856kW@47.4AMV A

Table 7.3 Factory Test Datafor Transformers1 at IVH

125/62.5/62.5MV A 124/14.4/14.4kV Y-D-D

Open-Circuit Test Exciting Current No Load Loss
0.21% @100%V oltage 92-kW @100%V oltage
0.52% @110%V oltage 131.84-kW @110%V oltage

Short-Circuit Test Impedance Load Loss

H-X 9.9% @125-MVA 227.2-kW @ 62.5-MVA
H-Y 9.99% @125-MVA 231.4-kW @ 62.5-MVA
X-Y 18.61% @125-MVA 419.8-kW @ 62.5-MVA

Table 7.4 Factory Test Datafor Transformers2 at IVH

125/62.5/62.5MV A 124/14.4/14.4kV Y-D-D

Open-Circuit Test Exciting Current No Load Loss
0.29% @100%V oltage 97.9-kW @100%V oltage
0.65% @110%V oltage 134.4-kW @110%V oltage
Short-Circuit Test Impedance Load Loss
H-X 9.87% @125-MVA 219.7-kW @ 62.5-MV A
H-Y 10.0% @125-MVA 222.6-kW @ 62.5-MVA
X-Y 18.28% @125-MVA 395.0-kW @ 62.5-MV A

7.2.3 Transmission L

ine Models

The line sections for the IVH to BLL line and the BLL to PKL line are modeled

with IMARTI in ATP. The IVH to BLL line is mutually coupled with a paralel line for
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18.23 miles of its 22.59 miles. The BLL to PKL line is mutually coupled with a paralel
line for all of its 14.86 miles. Verification for input data involves positive and zero

sequence impedances, zero sequence coupling, and line charging MVAR.

7.2.4 Synchronous Generator Model

These generators are represented as a detailed synchronous generator. The IEEE
Type 3 excitation system shown in Figure 7.12 was used to represent the exciter/voltage
regulator dynamics [14]. Note that the excitation system has a very large time constant.
Regulator time constant T is 0.15 s and the exciter time constant Tg is 0.5 s. Governor
models were not added. Maximum generator reactive capability is about 27 MVar at

100% leading power factor. Maximum generator reactive capability limits were not

added to the mode!.
Vref Vrmax
+
1 + Ka 1
Vt— 77 ™ 1+Tas f KetTeS > Efd
- Vrmin
KfS
Vi~ \/Vaz +VDb2 + V2 1+TfS
13800
|EEE Type 3 excitation system

Regulator time constant Ta 0.15s, Gain Ka 120, Regulator Input Filter Time constant Tr 0s,
Exciter time constant Te 0.5s, Constant related to self-excited field Ke 1.0, Regulator Stabilizing
Circuit time constant Tf 0.461s, Gain Kf 0.2, Vrmax 1.2, Vrmin-1.2
Two Gas Turbine Generators:

55 MVA, 13.8 kV X”dv=0.138pu, X" di=0.138pu, R;=0.003pu, X=0.059, X,=0.097pu

Figure 7.12 Block Diagram for Generator Excitation System
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7.2.5 Case Study Results

The voltages and currents at IVH are shown in the attached plots. To simulate
initial conditions similar to the fault recorder, the following switching sequences were
assumed:

Fault Recorder Case: IVH55

Time (sec) Case Description

0 At IVH, with both generators running, both 13.8/115-kV generator
step-up transformers are energized.
0.096 115-kV CB 5P147 energization at IVH

Fault Recorder Case: IVH57

Time (sec) Case Description
At IVH, with both generators running, both 13.8/115-kV generator
0 step-up transformers and 115-kV CB 5P147 are energized. 345-kV

CB 8M27 at BLL are energized.
0.099 Energization of 345-kVTransformer No.9 at BLL

Figures 7.13 through 7.18 compare the fault recorder waveforms to ATP
simulations for case IVH55 and IVH57. The behaviors of ssmulation using duality model
match better with the event record than those of simulation using the previous BCTRAN

model.

The low-frequency oscillations in black start are strongly related to transformer
core saturation effects. Note that The 100% and 110% factory excitation data were used
for the model parameters. However, the 110% excitation level was being exceeded in

many Cases.
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In the case of the BCTRAN model, the 100% and 110% excitation data from the
factory test report were used for the nonlinear inductances. However, in case of the
duality model, fourteen A-i points from the core saturation function were used as

piecewise linear (See Appendices A.2 ~ A.11) and the results obtained are more accurate.

In the case of 115-kV CB 5P147 energization at IVH, the voltages of the duality-
based model simulation better match those of the fault recorder. Before and after the line
energization, the line-charging currents of the ATP simulations are larger than those of

the fault recorder. This might be caused by inaccurate line configuration data.

In the case of energization of 345-kV transformer No.9 at BLL, the voltages of the
duality model simulations better match those of the fault recorder. The currents (the
inrush currents) of the ATP simulations have less 5th harmonic component than those of

fault recorder.

The discrepancies of the current waveforms are caused by different initial
conditions given at the beginning of the simulations. Initial conditions could not be

accurately estimated because of the lack of line configuration data.
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Figure 7.16 115-kV CB 5P147 C-phase Voltage (Top) and Current (Bottom)
Just after Energization of 345-kV Transformer No.9 at BLL
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Figure 7.17 115-kV CB 5P147 C-phase Voltage (Top) and Current (Bottom)
1.5 seconds after Energization of 345-kV Transformer No.9 at BLL
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Figure 7.18 115-kV CB 5P147 C-phase Voltage (Top) and Current (Bottom)
3 seconds after Energization of 345-kV Transformer No.9 at BLL
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CHAPTER 8

CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE WORK

The goal of this work was the development of duality-based transformer models
and parameter estimation that can efficiently utilize available data and measurements that
may be incomplete. Therefore, necessary parameters for duality based models, their
interrelationships, and parameter estimation methods using optimization theory were

studied to obtain proper model parameters.

This work extends the state of the art of topologically-correct three-phase
autotransformer models and parameter estimation methods. Modeling results obtained
from this work refine the nonlinear and frequency-dependent elements in the three-phase
autotransformer equivalent circuit. Theoretical results obtained from this work provide a
sound foundation for development of transformer parameter estimation methods using
engineering optimization. In addition, it should be possible to refine which information
and measurement data are necessary for complete duality-based transformer models.
Simulation accuracy is dependent on the accuracy of the equipment model and its
parameters. This work is significant in that it advances existing parameter estimation
methods in cases where available data and measurements are incomplete. The accuracy
of EMTP simulations for power systems including three-phase autotransformers is thus

enhanced.
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Conclusions

In Chapter 4, parameters and characteristics of mgjor components in equivalent

circuits were refined. In order to improve the detailed representations used in transformer

modeling, nonlinear and frequency-dependent characteristics were studied. Parameter

estimation methods were developed to determine the parameters of a given model in

cases where incomplete information is available.

1)

2)

3)

4)

5)

Series Foster equivalent circuits with one cell give generally correct frequency-
dependent R in the given frequency range. However, a series Foster circuit with
two cells was necessary for sufficiently accurate representation. Least square
curve fitting methods gave proper parameters for the equivalent circuit.

Effective terminal capacitances determined by the frequency of TRV
oscillations of each winding were within the reasonable ranges.

The Frolich equation used to model the core saturation curve gave a smooth
single-valued anhysteretic curve and the obtained curves matched well with the
nonlinear characteristic of the core.

Parameters for the transformer core loss model could be estimated using basic
factory test data and optimization techniques. The eddy current loss could be
modeled by a constant resistance. However, the current injection method should
be used for modeling hysteresis |oss because of its frequency-dependency.

The assumptions that the right displacement for each hysteresis loop is linear
and the left displacement is nonlinear and increases slowly for low flux and
more quickly for bigger flux, then decays to zero for maximum flux, were very
effective and the obtained curves matched well with actual hysteresis|oops.

In Chapter 5, duality-based equivalent circuit models for three-phase five-legged,

three-legged, and shell-form autotransformers were developed for the EMTP

implementation.

In Chapter 6, necessary parameters such as coil resistance, leakage inductance, core

saturation component and core loss components were developed for the duality-based
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models in Chapter 5. Mathematical description of parameters and their interrel ationships

were refined.

1)

2)

3)

In

When leakage inductances were derived from the basic physical structure and
magnetic make-up of a three-winding transformer having cylindrical coils or
pancake coils, there were many unknowns. Therefore, the ratios for winding
width or winding area estimated from Rpc and the ratios for air-gap width
estimated from voltage ratio were very useful.

The optimization technique was very effective in finding core saturation
parameters. Forty points during each half cycle were necessary for the accuracy
of RMS current calculation, since the current waveforms are not sinusoidal.
More than forty points gave essentially the same results.

The DC hysteresis loop and eddy current loss of the core could be modeled using
a Type-60 current source controlled by TACS in ATP. TACS was effective to
incorporate the hysteresisloop model.

Chapter 7, Steady-state excitation, de-energization, and re-energization

transients were simulated and compared with the existing BCTRAN model. Black start

energization cases were also simulated as a means of model evaluation and compared

with actual event records. The simulated results using the model developed here were

reasonable and more correct than those of the BCTRAN modd!.

Suggestionsfor Further Study

Thiswork should be extended in the following ways:

To further refine and develop the models and transformer parameter estimation
methods developed here, iterative full-scale laboratory tests using high-voltage

and high-power three-phase transformers would be helpful.

The hysteresis loop model should be further studied for transients in case where

the sign of the flux is changed before the reversing point of flux linkages.
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The reactances for inner windings are negative. Physically, the negative reactance
terms are a result of coil thickness and sometimes caused numerical instability.
Therefore, newer short-circuit models without the negative reactance should be

studied to enhance in the stability of simulation.

The Frolich equation for core saturation modeling has limitations in flux
density. Thus, newer equations for core saturation modeling might be
developed.

The parameter estimation techniques for frequency-dependent coil resistance
and winding capacitances should be further refined, improving on the approach

of using typical values.

The third inductance, L3 in the frequency-dependent coil resistance modd is a
negative inductance. This negative inductance may give a numerica stability
problem in ATP simulation. Therefore, incorporating al circuit components for
Foster equivaent circuit into the leakage inductance matrix may yield a net
positive inductance. This should be further studied to improve numerical
stability.

Core saturation modeling should be further studied for cases where the B-H
curve of the core material is known or more excitation data than two points are

available from the factory test report.
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APPENDIX A: SAMPLE ATP DATA FILE

Appendix A.1: CSLBSATP
The steady-state simulation for duality model of shell-form transformer

BEG N NEW DATA CASE

C FFHFHF

C

Cc

$DUMWY,  XYZ000

C dT >< Tmax >< Xopt >< Copt >

1.E-5 .2 60.
3465 25 1 1 0 -1 0 1 0
0 0 0 0 0 0 0 0
TACS HYBRI D
/ TACS
90S118TA 1.
981 RVB = 0.3333 * XX0151
88XX0155 =S118B
98BRM5 66 +XX0155 60.

88XX0163 =S118C

98XX0166 = BRM5 + CRM5

98CRM5 66 +XX0163 60.
88XX0173 =S118A

98XX0151 = ARMS + XX0166

98ARMS 66 +XX0173 60.
91S118C 1.
91S118A 1.
91S118B 1.
90S118FA 1.
90S118FC 1.
90S118FB 1.
33ARMS
33CRM5
331 RVS
33BRVS
33XX0192
C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
/ BRANCH
C<n1><n 2><refl><ref2>< R >< L ><C >
C < n 1> n 2><refl><ref2>< R >< A >< B ><Leng><><>0
XX0043XX0066 . 5656 0
XX0051XX0236 . 3115 1
XX0055XX0047 1.E-6 0
XX0236XX0055 1.E-6 0
XX0059XX0230 . 3115 1
XX0232 .1 1
XX0065XX0066 1.E-6 0
XX0067XX0230 1.E-6 0
XX0043XX0278 -0.093 0
XX0051XX0244 -0.063 0
XX0059XX0302 -0.063 0
TRANSFORMER TX0001 0
9999
1XX0089 1. E-668127.
2XX0340XX0232 1. E-613800.
TRANSFORMER TX0002 0
9999
1XX0097XX0101 1. E-61. 31E5
2XX0398XX0232 1. E-613800.
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TRANSFORMER TX0003
9999
1XX0101 1. E-668127.
2XX0372XX0232 1. E- 613800.
TRANSFORMER TX0004
9999
1XX0109XX0113 1. E-61. 31E5
2XX0396XX0232 1. E- 613800.
TRANSFORMER TX0005
9999
1XX0113 1. E-668127.
2XX0374XX0232 1. E- 613800.
TRANSFORMER TX0006
9999
1XX0096XX0089 1. E-61. 31E5
2XX0394XX0232 1. E- 613800.
XX0340XX0126 -0.111
XX0372XX0128 -0.111
XX0374XX0130 -0.111
XX0126XX0394 . 38819
XX0128XX0398 . 38819
XX0130XX0396 . 38819
XX0043XX0126 1.0174
XX0051XX0128 1.0174
XX0059XX0130 1.0174
X0001A 1.E5
X0001B 1.E5
X0001C 1.E5
$I NCLUDE, H: \work\ | VHO\ at p\ TCS4B. pch, XX0066, XX0232
$I NCLUDE, H: \work\ | VHO\ at p\ RTA. pch, XX0025, X0001A
$I NCLUDE, H:\work\ | VHO\ at p\ RTB. pch, XX0039, X0001B
$I NCLUDE, H: \work\ | VHO\ at p\ RTC. pch, XX0033, X0001C
$I NCLUDE, H: \work\ | VHO\ at p\ TCS2B. pch, XX0047, XX0232
$I NCLUDE, H: \work\ | VHO\ at p\ TCS10B. pch, XX0230, XX0232
$I NCLUDE, H:\work\ | VHO\ at p\ TCS6B. pch, XX0230, XX0232
$I NCLUDE, H: \wor k\ | VHO\ at p\ TCS3B. pch, XX0230, XX0232
$I NCLUDE, H: \work\ | VHO\ at p\ TCS7B. pch, XX0236, XX0065
$I NCLUDE, H: \work\ | VHO\ at p\ TCS9B. pch, XX0066, XX0232
$I NCLUDE, H: \work\ | VHO\ at p\ TCS8B. pch, XX0067, XX0055
$I NCLUDE, H: \work\ | VHO\ at p\ TCS5B. pch, XX0047, XX0232
$I NCLUDE, H: \wor k\ | VHO\ at p\ TCS1B. pch, XX0066, XX0232
$I NCLUDE, H:\work\ | VHO\ at p\ RCA. pch, S118TA, XX0089
$I NCLUDE, H:\work\ | VHO\ at p\ RSA. pch, S345TA, XX0096
$I NCLUDE, H: \work\ | VHO\ at p\ RSB. pch, S345TB, XX0097
$I NCLUDE, H: \work\ | VHO\ at p\ RCB. pch, S118TB, XX0101
$I NCLUDE, H:\work\ | VHO\ at p\ RSC. pch, S345TC, XX0109
$I NCLUDE, H: \work\ | VHO\ at p\ RCC. pch, S118TC, XX0113
/ SW TCH
C < n 1>< n 2>< Tcl ose ><Top/ Tde >< le ><Vf / CLOP ><
S118FAS118TA -1. 03
S118FBS118TB -1. .03
S118FCS118TC -1. .03
S118FAS118TA .05 1.
S118FBS118TB .05 1.
S118FCS118TC .05 1.
S345FAS345TA 1. 1.
S345FBS345TB 1. 1.
S345FCS345TC 1. 1.
S118A S118FA -1. 1.
S118B S118FB -1. 1.
S118C S118FC -1. 1.
/ SOURCE
C < n 1><>< Anmpl. >< Freq. ><Phase/TO>< Al ><
14S118A 0  105981. 60.
14S5118B 0  105981. 60. -120.
145118C 0  105981. 60. 120.
14XX0278 1E-10 60.
18XX0232 1. XX0025X0001B
14XX0302 1E-10 60.
18XX0232 1. XX0033X0001A
14XX0244 1E-10 60.

-175-

type >

[eNeololoNoNoNoloNoloNoNe]

RPRRPROOORRRREERER

>< TSTART >< TSTCP >

-1

-1.
-1.
-1.

-1.

-1.
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18XX0232 1. XX0039X0001C
14S345FA O 281691. 60. -1.
14S345FB 0 281691. 60. -120. -1.
14S345FC 0O 281691. 60. 120. -1.
/I NITIAL
/ QUTPUT
S345TAS118TAS118TBS118TC
BLANK TACS
BLANK BRANCH
BLANK SW TCH
BLANK SOURCE
BLANK | NI TI AL
BLANK OUTPUT
BLANK PLOT
BEG N NEW DATA CASE
BLANK

i

Appendix A.2: TCS1B.PCH
TACS model for core section No.1 of shell-form transformer

| TACS
C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
90NCDLAT 99.
90NCDLAF 99.
98DV1 =NODLAF- NODLAT

1LAMDL  +DV1 1.

1.
1.

98B1 =LAMDL/ 34 /1
77LAMDL 0.
98BOLDX153 +BOLDL
98BOLDL 53 +B1
98DBOLDL =BOLDL - BOLDX1
98DB1 =B1 -BOLDL
98BMVAXAL53 +BMAXL
98XX1961 =DBOLD1/ ABS(DBOLD1) *DB1 /ABS(DB1)
98ABSBl  =ABS(Bl)
98BMAXB163+ABSBL  +BMAXAL +1
98ZEROX1L = 0
98BOLDML =ABS( BOLDL)
98BMAX1 60+BOLDML +BMAXBL +BMAXBL XX1961
98A1 =(1.9-BMAX1 )/1.9
98HC1 =1. 4* SQRT( BMAX1/ 1. 9)
98F1 =abs(Bl )/ (BMAXL +0.0001)
98XX1081 = Bl * DB1/ ABS(B1)/ABS( DB1)
98RHDI  =(1-F1 )*HCl *Bl /ABS(Bl
98LHDL = (HCL*( Al+1/A1))/((1-F1)/Al+Al/ (1-F1))*B1l/ ABS(B1)
98HL  60+LHDL  +ZEROX1 +RHD1 XX1081
98HYSCl  =Hl1*1.
98EDDY1  =DV1/12992.
98LEGL  =HYSCL+EDDY1
33B1
33DV1
33EDDY1
33HYSCL
33LAMDL
33LEGL
33H1
77BMVAX1 1.64
/ BRANCH
$VI NTAGE, 1,
C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
C Bus- - >BUS- - >BUS- - >BUS=- = ><- = === === ===~ R<- = mmmmmmmmems (IO C o)
C NODLALNODLAT 1E- 6 0
C NCDLVINODLAF 1E- 6
C LEGL NODLAT 12992.

[l
mm
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C LEGL LAMDL 100000.

=0

>

C LAMDL NCDLAT 10.
$VI NTAGE, O,
C BUS- - >BUS- - >BUS- - >BUS- - >l s- - ->PHl s->
93LEGL NCDLAT 50. 51.8
C<mmmmeeeeees S e mmmm e e e >
0. 000000 0. 000000
10. 000000 35. 803418
20. 000000 44.910279
30. 000000 49. 070782
40. 000000 51. 454147
50. 000000 52. 998631
100. 000000 56. 383527
200. 000000 58. 243463
300. 000000 58. 891013
400. 000000 59. 220218
500. 000000 59. 419513
600. 000000 59. 553124
1200. 000000 59. 889794
2400. 000000 60. 059561
4800. 000000 60. 144805
9999
/ SOURCE
C < n 1><>< Anmpl.  >< Freq. ><Phase/TO>< Al > T1 >< TSTART >< TSTOP
60LEGL -1 99.
/ SW TCH
C < n 1>< n 2>< Tcl ose ><Top/ Tde >< le ><Vf/CLOP >< type >
NODLAFLEGL MEASURI NG
$ECF User - suppl i ed header cards foll ow. 21-Cct-02 19.28.31
ARG, NODLAF, NCDLAT
Appendix A.3: TCS2B.PCH
TACS model for core section No.2 of shell-form transformer
| TACS
90NCDLAF 99.
98DV2 =NCDLAF- NOCDLAT
1LAMD2  +DV2 1.
1.
1.
98B2 =LAMD2/ 34 /1
T7TLAMD2 -49.3
98BOLDX253 +BOLD2 1.E5
98BOLD2 53 +B2 1.E-5
98DBOLD2 =BOLD2 -BOLDX2
98DB2 =B2 - BOLD2
98BMAXA253 +BMAX2

98XX1962 =DBOLD2/ ABS(DBOLD2) *DB2 / ABS( DB2)

98ABSB2  =ABS(B2)

98BMAXB263+ABSB2  +BMAXA2 +1
98ZEROX2 = 0

98BOLDM2  =ABS( BOLD2)

98BVAX2 60+BOLDVR +BVAXB2 +BMAXB2

98A2 =(1.9-BMAX2 )/1.9
98HC2 =1. 4* SQRT( BMAX2/ 1. 9)
98F2 =abs(B2 )/ (BMAX2 +0.0001)
98XX1082 B2 * DB2/ ABS(B2)/ ABS(DB2)

98RHD2  =(1-F2 )*HC2 *B2 /ABS(B2
98LHD2  =- (HC2*(A2+1/ A2))/ ((1- F2)/ A2+A2/ (1- F2)) * B2/ ABS( B2)
98H2  60+LHD2  +ZEROX2 +RHD2

98HYSC2  =H2*1.

98EDDY2  =DV2/ 12992.

98LE®  =HYSC2+EDDY2

33B2

33DV2

33EDDY2

33HYSC2

33LAMD2

33LE®
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33H2

/ BRANCH
$VI NTAGE, 1,
$VI NTAGE, O,
93LEG2 NODLAT
0. 000000 0.
10. 000000 35.
20. 000000 44.
30. 000000 49.
40. 000000 51.
50. 000000 52.
100. 000000 56.
200. 000000 58.
300. 000000 58.
400. 000000 59.
500. 000000 59.
600. 000000 59.
1200. 000000 59.
2400. 000000 60.
4800. 000000 60.
9999
/ SOURCE
60LE&R -1
/ SW TCH
NODLAFLEG2

$ECF  User-supplied header cards follow.

ARG, NODLAF, NCDLAT

Appendix A.4: TCS3B.PCH

50
000000
803418
910279
070782
454147
998631
383527
243463
891013
220218
419513
553124
889794
059561
144805

TACS model for core section No.3 of shell-form transformer

/ TACS
90NCDLAF
98DV3
1LAMDS
1.

98B3
77LANVD3
98BOLDX353
98BOLD3 53
98DBOLD3
98DB3
98BMVAXA353
98XX1963
98ABSB3
98BVAXB363
98ZEROX3
98BOLDMVB

98BMAX3 60+BOLDMVB +BMVAXB3 +BMAXB3
)/1.9

98A3
98HC3
98F3
98XX1083
98RHD3
98LHD3
98H3 60
98HYSC3
98EDDY3
98LEG3
33B3
33DV3
33EDDY3
33HYSC3
33LAMD3
33LEG3
33H3

/ BRANCH
$VI NTAGE,

=NCDLAF- NCDLAT

+DV3

1.
=LAMD3/ 34 /1
49.3

+BOLD3

=BOLD3 -BOLDX3

=B3 - BOLD3
+BVAX3

=DBOLD3/ ABS( DBOLD3)

=ABS( B3)

+ABSB3 +BMAXA3

=0
=ABS( BOLD3)

=(1. 9- BMAX3

=1. 4* SQRT( BMAX3/ 1. 9)

=abs(B3 )/ (BMAX3 +0.0001)
= B3 * DB3/ ABS(B3)/ ABS( DB3)

=(1-F3 )*HC3

=- (HC3* (A3+1/ A3) )/ ((1- F3)/ A3+A3/ (1- F3)) * B3/ ABS( B3)
+LHD3 +ZEROX3 +RHD3

=H3* 1.
=DV3/12992.
=HYSC3+EDDY3

*B3

=
mm
(626 ]

*DB3 / ABS( DB3)

21-Cct-02 14.05.51

XX1963

XX1083



$VI NTAGE, O

93LEG3 NCDLAT 50. 51.8 1
0. 000000 0. 000000
10. 000000 35. 803418
20. 000000 44.910279
30. 000000 49. 070782
40. 000000 51. 454147
50. 000000 52. 998631
100. 000000 56. 383527
200. 000000 58. 243463
300. 000000 58. 891013
400. 000000 59. 220218
500. 000000 59. 419513
600. 000000 59. 553124
1200. 000000 59. 889794
2400. 000000 60. 059561
4800. 000000 60. 144805
9999
/ SOURCE
60LE&G3 -1 99.
/ SW TCH
NCDLAFLEG3 MEASURI NG 1
$EOF User - suppl i ed header cards foll ow. 21-Cct-02 14.05.52

ARG, NODLAF, NODLAT

Appendix A.5: TCSAB.PCH
TACS model for core section No.4 of shell-form transformer

/ TACS

c 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
98DV4 =NCDLAF- NCDLAT

1LAMDA +DV4 1
1
1
98B4 =LAMD4/ 34 /1
77LAVDA 0.
98BOLDX453 +BOLD4 1.E-5
98BOLD4 53 +B4 1.E-5
98DBOLD4 =BOLD4 -BOLDx4
98DB4 =B4 - BOLD4
98BMAXA453 +BMAX4

98XX1964 =DBOLD4/ ABS(DBOLD4) *DB4 / ABS( DB4)

98ABSB4  =ABS( B4)

98BVAXB463+ABSB4  +BVAXAL +1
98ZEROX4 = 0

98BOLDMA =ABS( BOLD4)

98BVAX4 60+BOLDVH +BVAXB4 +BMAXBA XX1964
98A4 =(1.9-BMAX4 )/1.9

98HCA =1. 4* SQRT( BMAX4/ 1. 9)

98F4 =abs(B4 )/ (BMAX4 +0.0001)

98XX1084 = B4 * DB4/ ABS(B4)/ ABS( DB4)

98RHD4  =(1-F4 )*HCA *B4 /ABS(B4 )

98LHDA = (HCA*(Ad+1/ Ad))/ ((1- F4)/ Ad+A4] (1- F4)) * B4/ ABS( B4)

98H4  60+LHD4  +ZEROX4 +RHD4 XX1084

98HYSC4 =H4*1
98EDDY4 =Dv4/ 12992
98LECA =HYSCA+EDDY4
33B4

33DVv4

33EDDY4

33HYSC4

33LAMDA

33LEA

33H4

77BVAX4 1. 64

/ BRANCH

$VI NTAGE, 1

C 1 2 3 4 5 6 7 8
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C 345678901234567890123456789012345678901234567890123456789012345678901234567890

10.

=0

>

99.

C Bus-->Bus-->Bus-->Bus--><-------------- R<-----mmmeem - L<----mmmmmmam- -
C NCDLA4ANODLAT 1E-6
C NCDLV4ANODLAF 1E-6
C LEGA NODLAT 27987.
C LEA LAV 100000.
C LAVD4 NODLAT
$VI NTAGE, O,
C BUS- - >BUS- - >BUS- - >BUS- - >| s- - - >PHl s->
93LEGA NODLAT 50. 51.8
C<rmmmmmeeea - b T >
0. 000000 0. 000000
10. 000000 35. 803418
20. 000000 44.910279
30. 000000 49. 070782
40. 000000 51. 454147
50. 000000 52.998631
100. 000000 56. 383527
200. 000000 58. 243463
300. 000000 58.891013
400. 000000 59. 220218
500. 000000 59. 419513
600. 000000 59. 553124
1200. 000000 59. 889794
2400. 000000 60. 059561
4800. 000000 60. 144805
9999
/ SOURCE
C < n 1><>< Anmpl. >< Freq. ><Phase/TO>< Al > T1 >< TSTART >< TSTOP
60LEA -1
/ SW TCH
C < n 1>< n 2>< Tclose ><Top/ Tde >< le ><VI/CLCP >< type >
NODLAFLEGA MEASURI NG

$EOF User - suppl i ed header cards follow. 21-Cct-02 19.30.24

ARG, NODLAF, NCDLAT

Appendix A.6: TCS5B.PCH
TACS model for core section No.5 of shell-form transformer

| TACS
98DV5 =NODLAF- NODLAT
1LAMD5 ~ +DV5 1.

1.

1.

98B5 =LAMD5/ 34 /1
77LAMD5 -49.3
98BOLDX553 +BOLD5 1.E-5
98BOLD5 53 +B5 1.E-5
98DBOLD5 =BOLD5 - BOLDX5
98DB5 =B5 -BOLD5
98BMAXA553 +BMAXS
98XX1965 =DBOLD5/ ABS(DBOLD5) *DB5 / ABS( DB5)
98ABSB5  =ABS( B5)
98BMAXB563+ABSB5  +BMAXAS +1
98ZEROX5 = 0
98BOLDMVG  =ABS( BOLD5)
98BMVAX5 60+BOLDVG +BMAXB5 +BMAXBS XX1965
98A5 =(1.9-BMAX5 )/1.9
98HC5 =1. 4* SQRT( BMAX5/ 1. 9)
98F5 =abs(B5 )/ (BMAX5 +0.0001)
98XX1085 = B5 * DB5/ ABS(B5)/ ABS( DB5)
98RHD5 ~ =(1-F5 )*HC5 *B5 /ABS(B5
98LHD5 = (HC5*(A5+1/ A5))/ ((1-F5)/ A5+A5/ ( 1- F5)) * B5/ ABS( B5)
98H5  B0+LHD5  +ZEROX5 +RHD5 XX1085

98HYSC5 =H5*1.
98EDDY5 =DV5/ 12992.
98LEGS =HYSC5+EDDY5
33B5

33DV5
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33EDDY5

33HYSC5
33LAMDS
33LEGS
33H5
/ BRANCH
$VI NTAGE, 1,
$VI NTAGE, 0,
93LEGS NODLAT 50. 51.8
0. 000000 0. 000000
10. 000000 35. 803418
20. 000000 44.910279
30. 000000 49. 070782
40. 000000 51. 454147
50. 000000 52. 998631
100. 000000 56. 383527
200. 000000 58. 243463
300. 000000 58. 891013
400. 000000 59. 220218
500. 000000 59. 419513
600. 000000 59. 553124
1200. 000000 59. 889794
2400. 000000 60. 059561
4800. 000000 60. 144805
9999
/ SOURCE
60LEGG -1
/ SW TCH
NODLAFLEGS MEASURI NG
$EOF User - suppl i ed header cards follow. 21-Cct-02 14.05.55

ARG, NODLAF, NCDLAT

Appendix A.7: TCS6B.PCH
TACS model for core section No.6 of shell-form transformer

| TACS
98DV6 =NCDLAF- NOCDLAT
1LAMDG +DV6 1.
1.
1.
98B6 =LAMDG6/ 34 /1
77LANVDG 49. 3
98BOLDX653 +BOLD6 1.E-5
98BOLD6 53 +B6 1.E-5
98DBOLD6 =BOLD6 - BOLDX6
98DB6 =B6 - BOLD6
98BMVAXAG53 +BMAX6

98XX1966 =DBOLD6/ ABS(DBOLD6) *DB6 / ABS( DB6)

98ABSB6  =ABS( B6)

98BVAXB663+ABSB6  +BVAXAG +1
98ZEROX6 = 0

98BOLDVB  =ABS( BOLDS)

98BVAX6 60+BOLDVG +BMVAXB6 +BMAXB6

9846 =(1.9-BMAX6 )/1.9

98HC6 =1. 4* SQRT( BMAX6/ 1. 9)

98F6 =abs(B6 )/ (BMAX6 +0.0001)

98XX1086 = B6 * DB6/ ABS(B6)/ ABS( DB6)

98RHD6  =(1-F6 )*HC6 *B6 /ABS(B6 )

98LHD6 = (HO6* (A6+1/ AB))/ ((1- F6)/ AG+A6/ ( 1- F6)) * B6/ ABS( B6)

98H6 60+LHD6 +ZEROX6 +RHD6
98HYSC6 =H6* 1.

98EDDY6 =DV6/ 12992.

98LEGS =HYSC6+EDDY6

33B6

33DV6

33EDDY6

33HYSC6

33LAMDG

33LEGG
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33H6

/ BRANCH
$VI NTAGE, 1,
$VI NTAGE, O,
93LEGS NODLAT
0. 000000 0.
10. 000000 35.
20. 000000 44.
30. 000000 49.
40. 000000 51.
50. 000000 52.
100. 000000 56.
200. 000000 58.
300. 000000 58.
400. 000000 59.
500. 000000 59.
600. 000000 59.
1200. 000000 59.
2400. 000000 60.
4800. 000000 60.
9999
/ SOURCE
60LEG -1
/ SW TCH
NODLAFLEGS

$ECF  User-supplied header cards follow.

ARG, NODLAF, NCDLAT

Appendix A.8: TCS7B.PCH

50
000000
803418
910279
070782
454147
998631
383527
243463
891013
220218
419513
553124
889794
059561
144805

TACS model for core section No.7 of shell-form transformer

/| TACS
90NCDLAT
90NCDLAF
98DV7
1LAMDY
1.

98B7
T7TLANMDY
98BOLDX753
98BOLD7 53
98DBOLD7
98DB7
98BMAXA753
98XX1967
98ABSB7
98BMAXB763
98ZEROX7
98BOLDWY

98BMAX7 60+BOLDMI +BVAXB7 +BVAXBT
)/1.9

98A7
98HC7
98F7
98XX1087
98RHD7
98LHD7
98H7 60
98HYSC7
98EDDY7
98LEGr
33B7
33DV7
33EDDY7
33HYSC7
33LAMDY
33LEGY

=NCDLAF- NCDLAT

+DV1

1

=LAMD?7/ 34. /1.732

-49.3

+BOLD7

=BCOLD7 - BOLDX7

=B7 - BOLD7
+BMAX7

=DBOLD7/ ABS( DBOLD?)

=ABS( B7)

+ABSB7  +BMAXA7

=0
=ABS( BOLDY?)

=(1. 9- BMAXY

=1. 4* SQRT( BMAX7/ 1. 9)

=abs(B7 )/ (BMAX7 +0.0001)
= B7 * DB7/ABS(B7)/ABS( DB7)

=(1-F7 )*HC7

= (HCT* (AT+1/ A7) )/ ((1- F7) | A7T+A7/ ( 1- F7)) * B7/ ABS( B7)
+LHD7  +ZEROX7 +RHD7

=H7*. 67
=DV7/ 11196.
=HYSC7+EDDY7

*B7

*DB7 / ABS( DB7)

-182-
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33H7

/ BRANCH
$VI NTAGE, 1,
$VI NTAGE, O,
93LEG7  NODLAT
0. 000000 0.
10. 000000 71.
20. 000000 84.
30. 000000 90.
40. 000000 93.
50. 000000 95.
100. 000000 99.
200. 000000 101.
300. 000000 102.
400. 000000 103.
500. 000000 103.
600. 000000 103.
1200. 000000 103.
2400. 000000 104.
4800. 000000 104.
9999
/ SOURCE
60LEGr -1
/ SW TCH
NODLAFLEGY

$ECF  User-supplied header cards follow.

ARG, NODLAF, NCDLAT

Appendix A.9: TCS8B.PCH

30
000000
593123
911932
525566
620241
580735
758817
987895
753224
140213
373808
530127
923000
120557
219617

TACS model for core section No.8 of shell-form transformer

/| TACS
90NCDLAT
90NCDLAF
98DV8
1LAMDS
1.

98B8
77LAMDL
98BOLDX853
98BOLD8 53
98DBOLD8
98DB8
98BMAXA853
98XX1968
98ABSB8
98BMAXB863
98ZEROX8
98BOLDMVB

98BMAX8 60+BOLDMVB +BVAXBS +BMAXBS
)/ 1.9

98A8
98HC8
98F8
98XX1088
98RHD8
98LHD8
98H8 60
98HYSC38
98EDDY8
98LEG8
33B8
33Dv8
33EDDY8
33HYSC8
33LAMDS
33LEGS
33H8

=NCDLAF- NCDLAT

+DVv8

1

—LAVDS/ 34 /1. 732

97.5

+BOLD8

=BOLD8 - BOLDX8

=B8 - BOLD8
+BMAX8

=DBOLDS/ ABS( DBOLDS)

=ABS( B8)

+ABSB8 +BMAXA8

=0
=ABS( BOLDS)

=(1. 9- BMAX8

=1. 4* SQRT( BMAX8/ 1. 9)

=abs(B8 )/ (BMAX8 +0.0001)
= B3 * DBS/ ABS(B8)/ ABS( DBS)

=(1-F8 )*HC8

=- (HC8* (A8+1/ A8)) / (( 1- F8) / AB+A8/ ( 1- F8) ) * B8/ ABS( BS)
+LHD8  +ZEROX8 +RHDS

=H8*. 67
=DV8/ 11196.
=HYSC8+EDDY8

*B8

*DBS / ABS( DB8)

-183-

21-Cct-02 14.05.57

XX1968

XX1088



/ BRANCH

$VI NTAGE, 1,
$VI NTAGE, O,
93LEG8 NODLAT 30. 90.0 1

0. 000000 0. 000000

10. 000000 71.593123

20. 000000 84.911932

30. 000000 90. 525566

40. 000000 93. 620241

50. 000000 95. 580735

100. 000000 99. 758817

200. 000000 101. 987895
300. 000000 102. 753224
400. 000000 103. 140213
500. 000000 103. 373808
600. 000000 103. 530127
1200. 000000 103. 923000
2400. 000000 104. 120557
4800. 000000 104. 219617

9999
/ SOURCE
60LEE -1 99.
/ SW TCH
NCDLAFLEG8 MEASURI NG 1
$EOF User - suppl i ed header cards foll ow. 21-Cct-02 14.05.58

ARG, NODLAF, NCDLAT

Appendix A.10: TCS9B.PCH
TACS model for core section No.9 of shell-form transformer

| TACS
C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
98DV =NODLAF- NODLAT
1LAMD9  +DV9 1.

1.

1.

98B9 =LAMDY/ 34 /1
77LAND9 0.
98BOLDX953 +BOLDY 1.E5
98BOLDY 53 +B9 1.E-5
98DBOLD9 =BOLDY - BOLDX9
98DB9 =B9 -BOLD9
98BMAXAQ53 +BMAX9
98XX1969 =DBOLD9/ ABS(DBOLD9) *DB9 / ABS( DB9)
98ABSB9  =ABS( B9)
98BMAXBI63+ABSBY  +BMAXAQ +1
98ZEROX9 = 0
98BOLDMD  =ABS( BOLD9)
98BVAX9 60+BOLDVD +BVAXBY +BMAXBY XX1969
98A9 =(1.9-BMAX9 )/1.9
98HC9 =1. 4* SQRT( BMAX9/ 1. 9)
98F9 =abs(B9 )/ (BMAX9 +0.0001)
98XX1089 = B9 * DB9/ ABS(B9)/ ABS( DB9)
98RHD9  =(1-F9 )*HCO *B9 /ABS(B9 )
98LHDO  =- (HC9* (A9+1/ A9))/ ((1- F9)/ A9+A9/ ( 1- F9)) * B9/ ABS( B9)
98H9  60+LHD9  +ZEROX9 +RHD9 XX1089

98HYSC9 =H9*. 67
98EDDY9 =DV9/ 19391.
98LE® =HYSC9+EDDY9
33B9

33DV9

33EDDY9

33HYSC9

33LAMDO

33LE®X®

33H9

77BVAX9 1.64

/ BRANCH
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$VI NTAGE, 1,

Cc 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
C Bus-->Bus-->Bus-->Bus--><-------------- O LR R LR Cc (0]
C NODLA9NCDLAT 1E-6
C NODLVINCDLAF 1E-6
C LEG NODLAT 41772. 1
C LE® LAMVD9 100000.
C LAVD9 NCDLAT 10. 2
$VI NTAGE, O,
C BUS- - >BUS- - >BUS- - >BUS- - >| s- - - >PHl s- > )
93LEG NODLAT 50. 51.8 1
C < P LT >
0. 000000 0. 000000
10. 000000 41. 335522
20. 000000 49. 025365
30. 000000 52. 266493
40. 000000 54. 053257
50. 000000 55. 185182
100. 000000 57.597470
200. 000000 58. 884466
300. 000000 59. 326342
400. 000000 59. 549776
500. 000000 59. 684646
600. 000000 59. 774900
1200. 000000 60. 001732
2400. 000000 60. 115795
4800. 000000 60. 172989
9999
/ SOURCE
C < n 1><>< Anmpl. >< Freq. ><Phase/TO>< Al >< T1 >< TSTART >< TSTOP >
60LE® -1 99.
/ SW TCH
C < n 1>< n 2>< Tcl ose ><Top/ Tde >< le ><Vf/CLOP >< type >
NCDLAFLEGO MEASURI NG 1
$EOF User - suppl i ed header cards foll ow. 21-Cct-02 19.30.22

ARG, NODLAF, NODLAT

Appendix A.11: TCSVB.PCH
TACS model for core section No.10 of shell-form transformer

| TACS
98DV =NCDLAF- NOCDLAT
1LAMDV  +DW 1.
1.
1.
98BV =LAMDV/ 34 /1
77LAVDV 49. 3
98BOLDXV53 +BOLDV 1.E-5
98BOLDV 53 +BV 1.E-5
98DBOLDV =BOLDV -BOLDXV
98DBV =BV - BOLDV
98BMAXAV53 +BMAXV

98XX196V =DBOLDV/ ABS(DBOLDV) *DBV / ABS( DBV)

98ABSBV  =ABS( BV)

98BVAXBV63+ABSBY  +BVAXAV +1
98ZEROXV = 0

98BOLDW =ABS( BOLDV)

98BMVAXV 60+BOLDMY +BVAXBV +BMAXBV XX196V
98AV =(1.9-BMAXV )/1.9

98HCV =1. 4* SQRT( BMAXV/ 1. 9)

98FV =abs(BV )/ (BMAXV +0.0001)

98XX108V = BV * DBV/ ABS(BV)/ ABS( DBV)

98RHDV  =(1-FV )*HCV *BV /ABS(BV )

98LHDV = (HOV* (AV+1/ AV))/ ((1- FV) / AV+AV/ ( 1- FV) ) * BV/ ABS( BV)

98HV  60+LHDV  +ZEROXV +RHDV XX108V

98HYSCV  =HV*. 67
98EDDYV ~ =DVV/ 19391.
98LEGV =HYSCV+EDDYV
33BV
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33DW

33EDDYV
33HYSCV
33LAMDV
33LEGV
33HV
/ BRANCH
$VI NTAGE, 1
$VI NTAGE, O
93LEGV NODLAT 50. 51.8 1
0. 000000 0. 000000
10. 000000 41. 335522
20. 000000 49. 025365
30. 000000 52. 266493
40. 000000 54. 053257
50. 000000 55. 185182
100. 000000 57.597470
200. 000000 58. 884466
300. 000000 59. 326342
400. 000000 59. 549776
500. 000000 59. 684646
600. 000000 59. 774900
1200. 000000 60. 001732
2400. 000000 60. 115795
4800. 000000 60. 172989
9999
/ SOURCE
60LEGY -1 99.
/ SW TCH
NODLAFLEGV MEASURI NG 1
$EOF User - suppl i ed header cards follow. 21-Cct-02 14.06.01

ARG, NODLAF, NODLAT

Appendix A.12: RSA.PCH
Fregquency-dependent resistance model for phase-A series winding

/ BRANCH

$VI NTAGE, 1

C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C Bus-->Bus-->Bus-->Bus--><-------------- R<-----mmmeo - L<------mmmmmo-- C O
NODLFFRERSA1 0. 2098 0
RERSA1RERSA2 3.8782 0
RERSA1RERSA2 0. 3841 0
RERSA2RERSA3 11202. 0
RERSA2RERSA3 10. 7159 0
RERSA3NODLTT -11.090 0

$VINTAGE, O

$EOF  User-supplied header cards follow. 13-Cct-02 17.48.49

ARG, NODLFF, NODLTT

Appendix A.13: RSB.PCH

Frequency-dependent resistance model for phase-B series winding

/ BRANCH

$VI NTAGE, 1

C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C Bus-->Bus-->Bus-->Bus--><-------------- O LR R LR C (0]
NODLFFRERSB1 0. 2098 0
RERSB1RERSB2 3.8782 0
RERSB1RERSB2 0. 3841 0
RERSB2RERSB3 11202. 0
RERSB2RERSB3 10. 7159 0
RERSB3NODLTT -11.090 0

$VINTAGE, O
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$EOF  User-supplied header cards follow. 13-Cct-02 17.48.59
ARG, NODLFF, NCDLTT

Appendix A.14: RSC.PCH
Fregquency-dependent resistance model for phase-C series winding

/ BRANCH

$VI NTAGE, 1,

C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C Bus-->Bus-->Bus-->Bus--><-------------- R<---mmmmee oo [ C (0]
NODL FFRERSC1 0. 2098 0
RERSC1RERSC2 3.8782 0
RERSC1RERSC2 0. 3841 0
RERSC2RERSC3 11202. 0
RERSC2RERSC3 10. 7159 0
RERSC3NODLTT -11. 090 0

$VI NTAGE, 0,

$ECF User - suppl i ed header cards follow. 13-Cct-02 17.49.14

ARG NODLFF, NODLTT

Appendix A.15: RCA.PCH

Frequency-dependent resistance model for phase-A common winding

/ BRANCH

$VI NTAGE, 1,

C 1 2 3 4 5 6 7

C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C Bus-->Bus-->Bus-->Bus--><-------------- O LR R LR C (0]
NODL FFRERCAL 0. 0545 0
RERCA1RERCA2 0.9874 0
RERCA1RERCA2 0. 0993 0
RERCA2RERCA3 11439. 0
RERCA2RERCA3 5.5231 0
RERCA3NODLTT -5.620 0

$VI NTAGE, O,

$EOF  User-supplied header cards fol | ow. 13-Cct-02 17.56.24

ARG, NODLFF, NODLTT

Appendix A.16: RCB.PCH

Fregquency-dependent resistance model for phase-B common winding

/ BRANCH

$VI NTAGE, 1,

C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C Bus-->Bus-->Bus-->Bus--><-------------- R<--ccemieeeee R R T C (0]
NODLFFRERCB1 0. 0545 0
RERCB1RERCB2 0.9874 0
RERCB1RERCB2 0. 0993 0
RERCB2RERCB3 11439. 0
RERCB2RERCB3 5.5231 0
RERCB3NODLTT -5.620 0

$VI NTAGE, O,

$ECF User - suppl i ed header cards foll ow. 13-Cct-02 17.56.34

ARG NODLFF, NODLTT

Appendix A.17: RCC.PCH

Fregquency-dependent resistance model for phase-C common winding

/ BRANCH

$VI NTAGE, 1,

C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C Bus-->Bus-->Bus-->Bus--><-------------- O LR R LR C (0]
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NCDLFFRERCCL 0. 0545

RERCCLRERCC2 0.9874

RERCC1LRERCC2 0. 0993

RERCC2RERTA3 11439.

RERCC2RERTA3 5.5231

RERCC3NCDLTT -5.620
$VI NTAGE, O,
$ECF User - suppl i ed header cards foll ow. 13-Cct-02 17.48. 36
ARG, NODLFF, NCDLTT

Appendix A.18. RTA.PCH
Frequency-dependent resistance model for phase-A tertiary winding

[cNeoNoNoNoNe)

/ BRANCH
$VI NTAGE, 1,
C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
C Bus- - >Bus-->Bus-->BuS--><-------------- R<- - L<--mmmmmimam c
NODL FFRERTAL 0.0175
RERTA1RERTA2 0. 3158
RERTA1RERTA2 0. 0319
RERTA2RERTA3 11581.
RERTA2RERTA3 3.1521
RERTA3NCDLTT -3.183
$VI NTAGE, O
$EOCF  User-supplied header cards follow. 13-Cct-02 17.49.25
ARG, NODLFF, NCDLTT

Appendix A.19: RTB.PCH
Frequency-dependent resistance model for phase-B tertiary winding

cooocooQ

/ BRANCH
$VI NTAGE, 1,
C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
C Bus- - >Bus-- >Bus-->BuS--><-------------- R<- - L<--mmmmmimam c
NODL FFRERTB1 0.0175
RERTB1RERTB2 0. 3158
RERTB1RERTB2 0. 0319
RERTB2RERTB3 11581.
RERTB2RERTB3 3.1521
RERTB3NCDLTT -3.183
$VI NTAGE, O
$EOF  User-supplied header cards follow. 13-Cct-02 17.49.37
ARG, NODLFF, NCDLTT

Appendix A.20: RTC.PCH
Frequency-dependent resistance model for phase-C tertiary winding

cooocooQ

/ BRANCH
$VI NTAGE, 1,
C 1 2 3 4 5 6 7 8
C 345678901234567890123456789012345678901234567890123456789012345678901234567890
C Bus-->Bus-->Bus-->Bus--><-------------- O LR R LR C
NODLFFRERTCL 0. 0175
RERTC1RERTC2 0. 3158
RERTCLRERTC2 0. 0319
RERTC2RERTC3 11581.
RERTC2RERTC3 3.1521
RERTC3NODLTT -3.183
$VI NTAGE, O,
$ECF User - suppl i ed header cards foll ow. 13-Cct-02 17.49.50
ARG NODLFF, NCDLTT

coocoocoQ
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APPENDIX B: MATLAB CODE LISTING

Appendix B.1: TRA5C5D1.m
Parameter Estimation of B-H curve for Five-Legged Core Transformer

war ni ng of f

cl ear

clc

format conpact; format short

A(1)=1.;A(2)=1.; A(3)=1.; A(4)=1; A(5)=1; A(6)=1; A(7) =1;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725;L(5)=1.725;L(6)=2.21;L(7)=2.21;
% peaki =76. 17 and 278. 90

i rms=[ 105. 020 224.112]

x0=[4.2 .42]; uStarting Guess

%opt i ons=optinset (' LargeScale'," of f'," Maxlter', 1000)

options. LargeScal e=' of f*

options=optinmset (' Display','iter'); % Option to display output
AA=[]; bb=[]; Aeq=[]; beqg=[];

I'b=[.5 .01]; ub=[20 .6];

[x,fval ,exitflag, output]= fm ncon(' TRASC5D1f un', x0, AA, bb, Aeq, beq, | b, ub)
a=x(1)

b=x(2)

N=34

V=1. 0; RVBI =0; RVBI an¥0; i ni t =0;

for ang=0: pi/40: pi *1-pi/ 40

x0=[init ang a b V]; USt arti ng Guessoptions. LargeScal e=' of f';
options=optinmset('Display','iter'); % Option to display output
AA=[]; bb=[]; Aeq=[]; beq=[1;

I b=[-55 ang a b V];ub=[55 ang a b V];

% x, fval ,exitflag, output]=

fm ncon(' TRASCS5Ff un' , x0, AA, bb, Aeq, beq, | b, ub, ' TRA5C5Ft est con')
[y,fval]= fm ncon(' TRASC5F1fun', x0, AA, bb, Aeq, beq, | b, ub)

init=y(1);
| andax=y(1);

| anda( 1) =si n(ang) *51. 77*V,

| anda( 2) =si n(ang-pi *2/ 3) *51. 77*V,

| anda( 3) =si n(ang+pi *2/ 3) *51. 77*V;

| anda(4) =- (1 anda( 1)/ 3-1anda(2)/ 3-1 andax) ;
| anda(5) =- (1 anda(2)/ 3-1 anda(3)/ 3-1 andax) ;
| anda(6) =- (1 anda(3)/ 3-1anda( 1)/ 3-1 andax);
| anda( 7) =l anda( 6) ;

B(1) =l anda( 1)/ N A(1);

B(2) =l anda(2)/ N A(2);

B(3) =l anda(3)/ N A(3);

B(4) =l anda(4)/ N A(4);

B(5) =l anda(5)/ N A(5) ;

B( 6) =l anda(6)/ N A(6);

B(7)=B(6);

i=L*a.*B./(1-abs(B).*b);

ABSi (1) =i (1) +i (6)+i (7)-i(3);
ABSI (2)=i (2)+i (4)-i(1);

ABSi (3)=i (3)+i (5)-i(2);

RVBi =RMSi +ABSi . *2;

RVS| am=RMS| amtl anda( 1) 22;
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end

RVSi =sqrt (RVSI . / 40)
RVS| amesqrt ( RVBI ant 20)

AVG =(RVSi (1) +RVBI (2) +RVBI (3))/ 3
di fi 1=abs(irms(1)-AVG )

V=1. 1; RVSi =0; RVB| anm=0; i ni t =0;
for ang=0: pi/40: pi *1-pi/ 40

x0=[init ang a b V]; USt arti ng Guessoptions. LargeScal e=' of f';
options=optinmset('Display','iter'); % Option to display output
AA=[]; bb=[]; Aeq=[]; beq=[1;

Ib=[-60 ang a b V];ub=[60 ang a b V];

% x, fval ,exitflag, output]=

fm ncon(' TRASCS5Ff un' , x0, AA, bb, Aeq, beq, | b, ub, ' TRA5C5Ft est con')
[y,fval]= fm ncon(' TRASCS5F1fun', x0, AA, bb, Aeq, beq, | b, ub)
init=y(1);

| andax=y(1);

I anda( 1) =si n(ang) *51. 77*V,

| anda( 2) =si n(ang- pi *2/ 3) *51. 77*V,

| anda( 3) =si n(ang+pi *2/ 3) *51. 77*V,

| anda(4) =- (1 anda( 1)/ 3-1anda(2)/ 3-1 andax);
| anda(5) =- (1 anda(2)/ 3-1 anda(3)/ 3-1 andax) ;
| anda( 6) =- (1 anda(3)/3-1anda(1)/3-1andax);
| anda( 7) =l anda(6) ;

B(1) =l anda( 1)/ N A(1);

B(2) =l anda(2)/ N A(2);

B(3) =l anda(3)/ N A(3);

B(4) =l anda(4)/ N A(4);

B(5) =l anda(5)/ N A(5) ;

B( 6) =l anda(6)/ N A(6);

B(7)=B(6);

i=L*a.*B./(1-abs(B).*b);

ABSI (1)=i (1)+i (6)+i (7)-i(3);
ABSI (2)=i (2)+i (4)-i(1);

ABSi (3)=i (3)+i (5)-i(2);

RVBI =RVBi +ABSi . 2 2;

RVS|I am=RMS| amt+l anda( 1) 22;
end

RVSi =sqrt (RVSi . / 40)
RVSI amesqrt ( RVBI ant 40)

AVG 2=(RMSi (1) +RMSi (2) +RMSI (3))/3
di fi 2=abs(irns(2)-AVG 2)
war ni ng on

a
b

Appendix B.2: TRA5S1fun.m
Parameter estimation of B-H curve for Five-Legged Core Transformer

function F = TRASC5D1f un(x);
A(1)=1.;A(2)=1.;A(3)=1.;A(4)=1; A(5)=1; A(6) =1; A(7) =1;
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L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725;L(5)=1.725;L(6)=2.21;L(7)=2.21,;
% peaki =76. 17 and 278.90 a=5.5 b=0.54

i rme=[ 105. 020 224.112];

a=x(1);

b=x(2);

N=34;

V=1. 0; RVSi =0; RVB| anm=0; i ni t =0;

for ang=0: pi/40: pi *1-pi/ 40

x0=[init ang a b V]; USt arting Guessoptions. LargeScal e=' of f';
options=optinmset('Display','iter'); % Option to display output
AA=[]; bb=[]; Aeq=[]; beq=[];

Ib=[-55 ang a b V];ub=[55 ang a b V];

% x, fval ,exitflag, output]=

fm ncon(' TRASCS5Ff un' , x0, AA, bb, Aeq, beq, | b, ub, ' TRA5C5Ft est con')
[y,fval]= fm ncon(' TRASC5F1fun', x0, AA, bb, Aeq, beq, | b, ub)

init=y(1);
| andax=y(1);

| anda( 1) =si n(ang) *51. 77*V,

| anda( 2) =si n(ang-pi *2/ 3) *51. 77*V,

| anda( 3) =si n(ang+pi *2/ 3) *51. 77*V;

| anda(4) =- (1 anda( 1)/ 3-1anda(2)/ 3-1 andax) ;
| anda(5) =- (1 anda(2)/ 3-1 anda(3)/ 3-1 andax) ;
| anda(6) =- (1 anda(3)/3-1anda(1)/3-1 andax);
| anda( 7) =l anda( 6) ;

B(1) =l anda(1)/ N A(1);

B(2) =l anda(2)/ N A(2);

B(3) =l anda(3) /N A(3);

B(4) =l anda(4)/ N A(4);

B(5) =l anda(5)/ N/ A(5) ;

B( 6) =l anda(6)/ N A(6) ;

B(7) =B(6)

i=L*a.*B./(1-abs(B).*h);
ff=(i (4)+i (5)+i(6)+i(7));

ABSI (1)=i (1)+i (6)+i (7)-i(3);
ABSI (2)=i (2)+i (4)-i(1);

ABSi (3)=i (3)+i (5)-i(2);

RVBI =RVBi +ABSi . 2 2;

RVS|I am=RMS| amt+l anda( 1) 22;
end

RVSi =sqrt (RVSI . / 40) ;
AVG =(RMSI (1) +RMSI (2) +RMSI (3))/ 3;

V=1. 1; RVSi =0; RVB| anme0; i ni t =0;

for ang=0: pi/40: pi *1-pi/ 40

x0=[init ang a b V]; USt arti ng Guessoptions. LargeScal e=' of f';
options=optimset('Display','iter'); % Option to display output
AA=[]; bb=[]; Aeq=[]; beq=[1];

I b=[-55 ang a b V];ub=[55 ang a b V];

% x, fval ,exitflag, output]=

fm ncon(' TRASCS5Ff un' , x0, AA, bb, Aeq, beq, | b, ub, ' TRA5C5Ft est con')
[y,fval]l= fm ncon(' TRASC5F1fun', x0, AA, bb, Aeq, beq, | b, ub)

init=y(1);
| andax=y(1);

I anda( 1) =si n(ang) *51. 77*V,
| anda( 2) =si n(ang- pi *2/ 3) *51. 77*V,;
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| anda( 3) =si n(ang+pi *2/ 3) *51. 77*V,

| anda(4) =- (1 anda( 1)/ 3-1anda(2)/ 3-1 andax) ;
| anda(5) =- (1 anda(2)/ 3-1 anda(3)/ 3-1 andax) ;
| anda( 6) =- (1 anda(3)/3-1anda(1)/3-1andax);
| anda( 7) =l anda( 6) ;

B(1) =l anda(1)/ N A(1);

B(2) =l anda(2)/ N A(2);

B(3) =l anda(3)/ N A(3);

B(4) =l anda(4)/ N A(4);

B(5) =l anda(5)/ N A(5);

B(6) =l anda(6)/ N A(6);

B(7)=B(6);

i=L*a.*B./(1-abs(B).*h);
ff=(i (4)+i (5)+i (6)+i (7));

ABSi (1) =i (1) +i (6)+i (7)-i(3);
ABSI (2)=i (2)+i (4)-i(1);

ABSi (3)=i (3)+i (5)-i(2);

RVBi =RMSi +ABSi . *2;

RVS|I am=RMS| am+l anda( 1) 22;
end

RVSi =sqrt (RVSI . / 40) ;
AVG 2=(RMBi (1) +RVSI (2) +RVBI (3))/3;
F=(irnms(1)-AVG )"2+(irnms(2)-AVG 2)*2;

function F = TRASC5Ff un(y);

A(1)=1.;A(2)=1.;A(3)=1.;A(4)=1.; A(5)=1.;A(6)=1.; A(7)=1.;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725;L(5)=1.725;L(6)=2.21;L(7)=2.21;
ang=y(2);

a = y(3);

b =y(4);

N=34;

V=y(5);

l'anda(4) =y(1);

| anda( 1) =si n(ang) *51. 77*V,

| anda( 2) =si n(ang- pi *2/ 3) *51. 77*V,
| anda( 3) =si n(ang+pi *2/ 3) *51. 77*V,
B(1)=(landa(1))/ N A(1);
B(2)=(landa(2))/ N A(2);

B(3) =(landa(3))/ N A(3);

B(4) =(-Ianda( 1)+l anda(4))/ N A(4);
B(5) =(l amda(3) +l anda(4))/ N A(5);
B(6) =(l anda(4))/ N A(6);
B(7)=B(6);

P=(1-abs(B)*b)./a;
R=L./P./ AN,

new d4=(- | amda(2) *R(4) - anda(3) * (R(4) +R(5))) / (R(4) +R(5) +R(6) +R(7))
F=(1 anda( 4) - newl d4) ~2;

Appendix B.3: LTRC5.m
Parameter estimation of Core loss curve for Five-Legged Core Transformer

cl ear
clc
format conpact;format short
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A(1)=1.; A(2)=1.; A(3)=1.; A(4)=1.; A(5)=1.; A(6)=1.; A(7)=1.;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725;L(5)=1.725;L(6)=2.21;L(7)=2.21,;
P=[ 297600 402240]

N=34;

x0=[ 10000 . 5]; Ustarting Guess

%opti ons=opti mset (' LargeScal e',' of f'," Maxlter', 1000)

options. LargeScal e=" of f'

options=optinset (' Display','iter'); % Option to display output
AA=[]; bb=[]; Aeq=[]; beq=[];

| b=[ 1000 . 1]; ub=[ 30000 3];

[x,fval,exitflag, output]= fmncon(' LTRC5fun', x0, AA bb, Aeq, beq, | b, ub)
c=x(1)

d=x(2)

V=1. 0;

B =[1.523 1.523 1.523 0.951 0.951 0.608 0.608];
PL1=c*B(1)/(1-d*B(1))*A(1)*L(1)+c*B(2)/(1-d*B(2))*A(2)*L(2)+c*B(3)/(1-
d*B(3))*A(3)*L(3)+c*B(4)/ (1-d*B(4))*A(4)*L(4);

PL2=c*B(5)/ (1-d*B(5))*A(5)*L(5)+c*B(6)/(1-d*B(6))*A(6)*L(6)+c*B(7)/(1-
d*B(7))*A(7)*L(7);

P1=PL1+PL2

V=1. 1;

B =[1.675 1.675 1.675 1.031 1.031 0.673 0.673];
PL1=c*B(1)/(1-d*B(1))*A(1)*L(1)+c*B(2)/(1-d*B(2))*A(2)*L(2)+c*B(3)/(1-
d*B(3))*A(3)*L(3)+c*B(4)/(1-d*B(4))*A(4)*L(4);
PL2=c*B(5)/(1-d*B(5))*A(5)*L(5)+c*B(6)/(1-d*B(6))*A(6)*L(6)+c*B(7)/(1-
d*B(7))*A(7)*L(7);

P2=PL1+PL2

df 1=abs(P1- P(1))
df 2=abs( P2- P(2))

By=0:.05: 1. 8;
px=(By*x(1))./(1-By*x(2));
pl ot (px,By,"'-','LineWdth', 2)

xl abel (" P (Watt/cubit unit)"')
ylabel ("B (T)")

%itle('B-P Curve')

% axi s([0 1.e6 0 1.6 ])

grid

Appendix B.4: LTRC5fun.m
Parameter estimation of core loss curve for Five-Legged Core Transformer

function F = LTRC5fun(x);

A(1)=1.;A(2)=1.;A(3)=1.;A(4)=1.; A(5)=1.; A(6)=1.; A(7)=1.;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725; L(5)=1.725; L(6)=2.21; L(7)=2.21;

P=[ 297600 402240];

c=x(1);

d=x(2);

V=1. 0;

B =[1.523 1.523 1.523 0.950 0.950 0.611 0.611];
PL1=c*B(1)/(1-d*B(1))*A(1)*L(1)+c*B(2)/(1-d*B(2))*A(2)*L(2)+c*B(3)/(1-
d*B(3))*A(3)*L(3)+c*B(4)/ (1-d*B(4))*A(4)*L(4);

PL2=c*B(5)/ (1-d*B(5))*A(5)*L(5)+c*B(6)/(1-d*B(6))*A(6)*L(6)+c*B(7)/(1-
d*B(7)) *A(7) *L(7);
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P1=PL1+PL2;

v=1. 1;

B =[1.675 1.675 1.675 1.027 1.027 0.681 0.681] ;
PL1=c*B( 1)/ (1-d*B(1))*A(1)*L(1)+c*B(2)/ (1-d*B(2))*A(2)*L(2) +c*B(3)/ (1-
d*B(3)) *A(3) *L(3) +c*B(4) / (1-d*B(4)) *A(4) *L(4);
PL2=c*B(5) / (1- d*B(5)) * A(5) *L(5) +c*B(6) / ( 1- d*B( 6) ) * A(6) *L(6) +c*B(7) / ( 1-
d*B(7))*A(7)*L(7);

P2=PL1+PL2;

F=(P1- P(1)) A 2+( P2- P(2)) A 2:

Appendix B.5: AHC5.m
Parameter estimation of Hysteresis Loss curve for Five-Legged Core Transformer

cl ear

clc

c = 11567

d = 0. 4694

fact=c/ (1-d)
Bmax=.0:0.05: 1.8
Pc=c*Bnax. / ( 1- d* Brrax) ;
Pe=f act *0. 4755* Bmax. "2;
Ph=Pc- Pe;

x0=[ 10000 . 5]; Ustarting Guess
opti ons=optinset (' Tol Fun', 1. e-50);
[ X, resnormresidual, exitflag, out put]=Isqcurvefit('Acurvfit2',6 x0, Bmax, Ph

)
%ix=(B1*x(1))./(1-B1*x(2))
a=x(1)

b=x(2)

Phl=a*Bmax. / ( 1- b* Bnax) ;

pl ot (Pc, Bmax, '."', Pe, Bmax,':', Phl, Bmax,'LineWdth', 2)
x|l abel (" P (Watt/cubit unit)")

ylabel ("B (T)")

%itle('B-P Curve')

%xi s([0 300000 0 1.7 ])

grid

h = legend('Pc','Pe',"'Ph')

Appendix B.6: Acurvfit2.m
Parameter estimation of hysteresis loss curve for Five-Legged Core Transformer

function F = curvfit2(x, B);
F=(B*x(1))./(1-B*x(2));

Appendix B.7: AhC5A.m
Estimation of maximum coercive force for Five-Legged Core Transformer

cl ear
clc
Bt op=1. 9
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a2 = 6045

b2 = 0.4694

Pgi ven=a2* 1. 52/ (1- b2* 1. 52) / 60/ 34
al =  7.8048

bl =  0.5778

for Bmax=.1:0.1:1.8

Bmax1=Bmax+0. 0001;

a=( Bt op- Bmax) / Bt op/ 1;

Pgi ven=a2* Bmax/ ( 1- b2* Brax) / 60/ 34;
PL=0;

B=0: 0. 05: Bnax;

H=al*B./(1-bl*B);

for Hc=.01:.01:10;

b=Hc*(a+1/a);

f =B. / Bmax1;

% =B. / Bt op;
LHD=-b./((1-f)./a+a./(1-f));
RHD=(1-f) . *Hc;

%  LHD( Bnax/ 0. 05+1) =0; RHD( Bmax/ 0. 05+1) =0;

LH=H+LHD;
RH=H+RHD;
DH=RH- LH,;
P=0. 05* DH;
PL=sun{ P) * 2;

Ahys=LH+RH;

if PL > Pgiven
break; end

PL=0;

end

%Bnex, a, b, Hc, Pgi ven, PL

Ahys=(LH+RH) / 2;

Di f =H Ahys;

%lot(H B LHD B,':",RHD,B,"'-."',"' LineWdth', 2)
%lot(H B LHB,'":'" , RHB,'"-.","'LineWdth', 2)
%l ot (H, B, Ahys,B,Dif,B,"':"','LineWdth', 2)

pl ot (Hc, Brax, ' o', ' Li neWdth', 2)

hol d on

% = legend(' Saturation Curve','Left Disp.',"Right Disp.');
% = |l egend(' Saturation Curve','Left Loop','Ri ght Loop');
end

xl abel ("Hc (A/m")

yl abel (" Bmax (T)')

%itle('Hysteresis Loop')

%axi s([-20 50 0 2.0])

h = l egend(' Required Hc for Loss');

grid

bb=0:.1: 1. 8;

hh=(bb/ Bt op) . ~(.5)*2.7

hhl i n=(bb/ Bt op) *2. 7;

pl ot (hh, bb, hhlin, bb,":","LineWdth', 2)

hol d of f
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Appendix B.8: TRASC3A1.m
Parameter estimation of B-H curve for Three-Legged Core Transformer

cl ear

clc

format conpact; format short

A(1)=1.; A(2)=1.;A(3)=1.; A(4)=1.; A(5)=1.;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725;L(5)=1.725;

% peaki =76. 17 and 278. 90

i rms=[ 105. 02 224.112]

x0=[5. .5] USt arting Guess

%opti ons=optinset (' LargeScale',"' of f'," Maxlter', 1000)

opti ons. Lar geScal e=' of f*

options=optinmset('Display','iter'); % Option to display output
AA=[]; bb=[]; Aeq=[]; beq=[];

Ib=[1. .4];ub=[8 .8];

[x,fval ,exitflag, output]= fm ncon(' TRASC3ALfun', x0, AA, bb, Aeq, beq, | b, ub)

a=x(1)

b=x(2)

N=34

V=1. 0; RVBi =0; RVBI am~0;

for ang=0: pi/40: pi *1-pi/ 40

I anda( 1) =si n(ang) *51. 77;

| anda( 2) =si n(ang- pi *2/ 3) *51. 77;

| anda( 3) =si n(ang+pi *2/ 3) *51. 77;

B(1) =abs(l anda(1))/ N A(1); B(2)=abs(landa(2))/ N A(2); B(3)=abs(l anda(3))/ N A(3);
B(4) =abs(l anda(1))/ N A(4);

B(5) =abs(l anda(3))/ N A(5);
P(1)=(1-B(1)*b)/a; P(2)=(1-B(2)*b)/a; P(3)=(1-B(3)*b)/a;
P(4)=(1-B(4)*b)/a; P(5)=(1-B(5)*b)/a;
H=B. / P;

R=L./P./AI'N

i(1)=(R(1)+R(4))*l anda(1);

i (2)=R(2)*landa(2);

i (3)=(R(3)+R(5))*l amda(3);

ABSi (1) =abs(i(1)-i(3));

ABSi (2)=abs(i(2)-i(1));

ABSi (3)=abs(i(3)-i(2));

RVSi =RMVBi +ABSi . 2 2;

RVS|I am=RMS| amt+l anda( 1) 22;

end

RMVSi =sqrt (RVSi . / 40)
RVSI amesqrt ( RVBI ant 40)

AVG =(RMSI (1) +RMSI (2) +RMSI (3))/ 3
di fi 1=abs(irms(1)-AVG)

| anda( 1) =51. 77;

| anda(2) =51. 77*(-.5-sqrt (3)/2*j);
I anda(3) =51. 77*(-.5+sqrt (3)/2*j);
B(1: 3) =abs(l anda(1:3))./N A(1: 3);
B(4) =abs(l anda(1))/ N A(4);

B(5) =abs(l anda(3))/ N A(5);

B

V=1. 1; RVSi =0; RVS| anm=0;

for ang=0: pi/40: pi *1-pi/ 40

| anda( 1) =si n(ang) *51. 77*1. 1;

| anda( 2) =si n(ang- pi *2/3)*51. 77*1. 1;

| anda( 3) =si n(ang+pi *2/ 3)*51. 77*1. 1,

B( 1) =abs(l anda(1))/ N A(1); B(2)=abs(landa(2))/N A(2); B(3)=abs(landa(3))/N A(3);
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B(4) =abs(l anda(1))/ N A(4);

B(5) =abs(l anda(3))/ N A(5);
P(1)=(1-B(1)*b)/a; P(2)=(1-B(2)*b)/a; P(3)=(1-B(3)*b)/a;
P(4)=(1-B(4)*b)/a; P(5)=(1-B(5)*b)/a;
H=B. / P;

R=L./P./AI'N

i (1)=(R(1)+R(4))*landa(1);

i (2)=R(2)*l anda(2);

i (3)=(R(3)+R(5))*I anda(3);

ABSi (1) =abs(i (1)-i(3));

ABSi (2)=abs(i(2)-i(1));

ABSi (3)=abs(i(3)-i(2));

RVBI =RMSi +ABSI . £ 2;

RVSI am=RMS| amt+l anda( 1) 22;

end

RVSi =sqrt (RVSi . / 40)
RVSI amesqr t ( RVBI ant 40)

AVG 2=( RMSi (1) +RMSi (2) +RMSI (3))/3

di fi 2=abs(irns(2)-AVG 2)

| anda( 1) =51. 77*1. 1,

| anda(2)=51. 77*(-.5-sqrt(3)/2*j)*1. 1;
| anda(3)=51. 77*(-.5+sqrt (3)/2*j)*1. 1;
B(1: 3) =abs(landa(1:3))./N A(1: 3);
B(4) =abs(l anda(1))/ N A(4);

B(5) =abs(l anda(3))/ N A(5);

B

Appendix B.9: TRASC3Alfun.m
Parameter estimation of B-H curve for Three-Legged Core Transformer

function F = TRASC3ALfun(x);
A(1)=1.;A(2)=1.;A(3)=1.;A(4)=1.; A(5)=1.;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725;L(5)=1.725;
% peaki =76. 17 and 278.90 a=5.5 b=0.54

i rme=[ 105. 02 224.112];

a=x(1);
b=x(2);
N=34;

V=1. 0; RM5i =0; RSBl an¥O0;

for ang=0: pi/40: pi *1-pi/ 40

I anda( 1) =si n(ang) *51. 77;

| anda( 2) =si n(ang-pi *2/ 3) *51. 77;

| anda( 3) =si n(ang+pi *2/ 3) *51. 77;

B(1) =abs(l anda(1))/ N A(1); B(2)=abs(landa(2))/N A(2); B(3)=abs(landa(3))/ N A(3);
B(4) =abs(l anda(1))/ N A(4);

B(5) =abs(l anda(3))/ N A(5);

P(1)=(1-B(1)*b)/a; P(2)=(1-B(2)*b)/a; P(3)=(1-B(3)*b)/a;
P(4)=(1-B(4)*b)/a; P(5)=(1-B(5)*b)/a;

R=L./P./AI'N

i(1)=(R(1)+R(4))*l anda(1);

i (2)=R(2)*l anda(2);

i (3)=(R(3)+R(5))*l anda(3);

ABSi (1) =abs(i (1)-i(3));

ABSi (2)=abs(i(2)-i(1));

ABSi (3)=abs(i(3)-i(2));

RVBI =RMSi +ABSI . £ 2;

end
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RVSi =sqrt (RVSI . / 40) ;
AVG =(RMSIi (1) +RMBI (2) +RMBI (3))/ 3;

RVBI =0;

for ang=0: pi/40: pi *1-pi/ 40

| anda( 1) =si n(ang) *51. 77*1. 1;

I anda(2) =si n(ang-pi *2/3)*51. 77*1. 1;

I anda( 3) =si n(ang+pi *2/ 3) *51. 77*1. 1,

B(1) =abs(l anda(1))/ N A(1); B(2)=abs(landa(2))/N A(2); B(3)=abs(lanmda(3))/ N A(3);
B(4) =abs(l anda(1))/ N A(4);

B(5) =abs(l anda(3))/ N A(5);

P(1)=(1-B(1)*b)/a; P(2)=(1-B(2)*b)/a; P(3)=(1-B(3)*b)/a;
P(4)=(1-B(4)*b)/a; P(5)=(1-B(5)*b)/a;

R=L./P./AI'N

i(1)=(R(1)+R(4))*l amda(1);

i (2)=R(2)*landa(2);

i (3)=(R(3)+R(5))*l anmda(3);

ABSi (1) =abs(i (1)-i(3));

ABSi (2)=abs(i(2)-i(1));

ABSi (3)=abs(i(3)-i(2));

RVSi =RMBi +ABSi . 2 2;

end

RVSi =sqrt (RVSI . / 40) ;
AVG 2=(RMBi (1) +RVSI (2) +RVBI (3))/3;

F=(irms(1)-AVG ) 2+(irns(2)-AVG 2)"2;

Appendix B.10: LTC3.m
Parameter estimation of core loss curve for Three-Legged Core Transformer

cl ear

clc

format conpact; format short

A(1)=1.; A(2)=1.; A(3)=1.; A(4)=1.; A(5)=1.;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725;L(5)=1.725;

P=[ 297600 402240]

N=34;

x0=[ 10000 . 5]; St arting Guess

%opti ons=opti mset (' LargeScale',' off'," Maxlter', 1000)

options. LargeScal e=' of f'

options=optinset('Display','iter'); % Option to display output
AA=[]; bb=[]; Aeq=[]; beq=[];

[ b=[ 1000 . 1]; ub=[ 30000 3];

% x, fval ,exitflag, output]= fmncon(' LTRC3fun', x0, AA bb, Aeq, beq, | b, ub)
[x,fval,exitflag, output]= fmncon(' LTRC3fun', x0, AA bb, Aeq, beq, | b, ub)
c=x(1)

d=x(2)

V=1. 0;
B =[1.5226  1.5226  1.5226  1.5226  1.5226]:

PL1=c*B(1)/ (1-d*B(1))*A(1)*L(1)+c*B(2)/ (1-d*B(2))*A(2)*L(2) +c*B(3)/ ( 1-
d*B(3) ) *A(3) *L(3) +c*B(4) / (1-d*B(4)) *A(4) *L(4);

PL2=c*B(5)/ (1-d*B(5))*A(5) *L(5):

P1=PL1+PL2

V=1, 1;

B =[1.6749 1.6749  1.6749  1.6749  1.6749];
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PL1=c*B(1)/ (1-d*B(1))*A(1)*L(1)+c*B(2)/ (1-d*B(2))*A(2)*L(2) +c*B(3)/(1-
d*B(3)) *A(3) *L(3) +c*B(4) / (1-d*B(4)) *A(4) *L(4) ;

PL2=c*B(5)/ (1-d*B(5))*A(5) *L(5):

P2=PL1+PL2

df 1=abs(P1- P(1))
df 2=abs( P2- P(2))

By=0:.05: 1. 8;
px=(By*x(1))./(1-By*x(2));
pl ot (px,By,"'-',"'LineWdth', 2)

xl abel (' Pc (watt/cubit unit)")
yl abel ("B (W-t)")

title('B-P Curve')

%axis([0 2 0 2.0])

grid

Appendix B.11: LTC3fun.m
Parameter estimation of core loss curve for Three-Legged Core Transformer

function F = LTRC3fun(x);

A(1)=1.; A(2)=1.; A(3)=1.; A(4)=1.; A(5)=1.
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.725;L(5)=1.725;

P=[ 297600 402240];

c=x(1);

d=x(2);

V=1. 0;

B =[ 1.5226 1.5226 1.5226 1.5226 1.5226];
PL1=c*B(1)/(1-d*B(1))*A(1)*L(1)+c*B(2)/(1-d*B(2))*A(2)*L(2)+c*B(3)/(1-
d*B(3))*A(3)*L(3)+c*B(4)/ (1-d*B(4))*A(4)*L(4);

PL2=c*B(5)/ (1-d*B(5))*A(5)*L(5);

P1=PL1+PL2;

v=1.1;

B =[1.6749 1.6749 1.6749 1.6749 1.6749];
PL1=c*B(1)/(1-d*B(1))*A(1)*L(1)+c*B(2)/(1-d*B(2))*A(2)*L(2)+c*B(3)/(1-
d*B(3))*A(3)*L(3)+c*B(4)/ (1-d*B(4))*A(4)*L(4);

PL2=c*B(5)/ (1-d*B(5))*A(5)*L(5);

P2=PL1+PL2;

F=(P1-P(1))"2+(P2-P(2))"2;

Appendix B.12: AHC3.m
Parameter estimation of Hysteresis Loss curve for Three-Legged Core Transformer

cl ear

clc

c = 1.0592e+004
d = 0.4272

fact=c/ (1-d)
Bmax=.0:0.05:1.8
Pc=c*Bnax. / ( 1- d* Brrax) ;
Pe=f act *0. 4755* Bnax. "2;
Ph=Pc- Pe;

x0=[ 10000 . 5]; St arting Guess
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options=optinset (' Tol Fun', 1. e-50);
[x, resnormresidual, exitflag, output]=Isqcurvefit('Acurvfit2',6 x0,Bnmax, Ph

)
%ix=(B1*x(1))./(1-B1*x(2))
a=x(1)

b=x(2)

Phl=a*Bmax. / ( 1- b* Bnax) ;

pl ot (Pc, Bmax, '."', Pe, Bmax,':', Phl, Bmax, ' LineWdth', 2)
xl abel (" P (watt/cubit unit)")

ylabel ("B (T)")

title('B-P Curve')

%axi s([0 300000 0 1.7 ])

grid

h = legend('Pc','Pe',"'Ph');

Appendix B.13: Acurvfit2.m
Parameter estimation of Hysteresis loss curve for Three-Legged Core Transformer

function F = curvfit2(x, B);
F=(B*x(1))./(1-B*x(2));

Appendix B.14: AhC3A.m
Estimation of Maximum coercive force for Three-Legged Core Transformer

cl ear

clc

Bt op=1. 9

a2 = 5.1657e+003

b2 =0. 4596

Pgi ven=a2*1. 52/ (1-b2*1. 52)/ 60/ 34

for Bmax=.1:0.1:1.8

Brmax1=Bmax+0. 0001;

a=( Bt op- Bmax) / Bt op/ 1;

Pgi ven=a2* Bmax/ ( 1- b2* Brrax) / 60/ 34;

PL=0;

al = 3.5880;bl = 0.5854;

B=0: 0. 05: Bnax;

H=al*B./ (1-bl*B);

for Hc=.01:.01:10;

b=Hc*(a+1/a);

f =B. / Bmax1;

% =B. / Bt op;
LHD=-b./((1-f)./a+a./(1-f));
RHD=(1-f) . *Hc;

%  LHD( Bnax/ 0. 05+1) =0; RHD( Bmax/ 0. 05+1) =0;

LH=H+LHD;
RH=H+RHD;
DH=RH- LH,;
P=0. 05* DH;
PL=sun{ P) * 2;

Ahys=LH+RH;
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if PL > Pgiven
break; end
PL=0;
end
%Bnex, a, b, Hc, Pgi ven, PL
Ahys=(LH+RH) / 2;

Di f =H Ahys;

%l ot (H,B,LHD,B,":' ,RHD,B,"' -."',"' LineWdth', 2)
%l ot (H, B, LH B,"':",RH,B,'-.","LineWdth', 2)
%l ot (H, B, Ahys,B,Dif,B,":"','LineWdth', 2)

pl ot (Hc, Bmax, ' o', ' Li neWdth', 2)

hol d on

% = legend(' Saturation Curve','Left Disp.',"Right Disp.");
% = | egend(' Saturation Curve','Left Loop','Ri ght Loop');
end

xl abel (*Hc (AM")

yl abel (" Bmax (T)')

%itle('Hysteresis Loop')

%axis([-20 50 0 2.0])

h = l egend(' Required Hc for Loss');

grid

bb=0:.1:1.8;

hh=(bb/ Bt op)."(.5)*2.2

hhl i n=(bb/ Bt op) *2. 2;

pl ot (hh, bb, hhlin, bb,":"," LineWdth', 2)

hol d of f
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Appendix B.15: TRA5S1.m
Parameter estimation of B-H curve for Shell-form transformer

cl ear

clc

format conpact; format short

A(1)=1.; A(2)=1.; A(3)=1.; A(4)=1; A(5)=1; A(6) =1; A(7)=1.732; A(8) =1. 732; A(9) =1; A(10)
=1;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.;L(5)=1.;L(6)=1.;L(7)=.67;L(8)=.67;L(9)=.67;L(10
)=.67;

% peaki =76. 17 and 278. 90

i rms=[ 106. 885 226. 164]

x0=[5. .5] USt arting Guess

%opti ons=optinset (' LargeScale',"' of f'," Maxlter', 1000)

opti ons. LargeScal e=' of f*

options=optinmset('Display','iter'); % Option to display output

AA=[]; bb=[]; Aeq=[]; beq=[];

Ib=[.5 .1];ub=[20 .8];

[x,fval ,exitflag, output]= fm ncon(' TRASS1fun', x0, AA, bb, Aeq, beq, | b, ub)

a=x(1)

b=x(2)

N=34

V=1. 0; RVSi =0; RVS| am=0;

for ang=0: pi/40: pi *1-pi/ 40

I anda( 1) =si n(ang) *51. 77;

| anda( 2) =si n(ang- pi *2/ 3) *51. 77;
| anda( 3) =si n(ang+pi *2/ 3) *51. 77;
| anda( 4) =l anda(1);

| anda(5) =l anda( 2) ;

| anda( 6) =l anda( 3) ;

I anda(7) =l anda(4) -1 anda(5);

| anda( 8) =l anda(5) - | anda(6) ;

| anda(9) =l anda(1);

| anda( 10) =l anda( 3) ;

B(1: 10) =abs(!l anda(1: 10))./ N A(1: 10);
P(1:10)=(1-B(1:10)*b)./a;
R=L./P./ AN,

i(1)=(R(1)+R(9) +R(4) +R(7))*l amda(1)-R(7)*l anmda( 2) ;
i (2)=(R(2)+R(7)+R(5)+R(8))*l anda(2)-R(7)*l anda(1)/2-R(8)*I amda(3);
i (3)=(R(3)+R(8)+R(6)+R(10)) *I anda(3) - R(8) *| anda( 2) ;

ABSi (1) =abs(i(1)-i(3));
ABSi (2) =abs(i(2)-i(1));
ABSi (3) =abs(i(3)-i(2));

B=l anda./ N. / A;

i =a*B./(1-b*abs(B)).*L;

BSi (1)=(i (1)+i (4)+i (9)+i(7));
BSi (2) =(i (2)+i (5)+i (8)-i(7));
BSi (3)=(i (3)+i (6)+i(10)-i(8));
ABSi (1) =abs(BSi (1)-BSi (3));
ABSi (2) =abs(BSi (2)-BSi (1));
ABSi (3) =abs(BSi (3)-BSi (2));
RVBi =RMSi +ABSi . *2;

RVS| am=RMS| amtl anda( 1) 22;

end

RMVSi =sqrt (RVSi . / 40)
RVSI amesqrt ( RVBI ant 40)
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AVG 1=(RVSI (1) +RVBi (2) +RMSI (3)) /3
di fi 1=abs(irms(1)-AVG 1)

V=1. 1; RM5i =0; RvBI an¥O0;

for ang=0: pi/40: pi *1-pi/ 40

I anda( 1) =si n(ang) *51. 77*V,

| anda( 2) =si n(ang-pi *2/ 3) *51. 77*V,

| anda( 3) =si n(ang+pi *2/ 3) *51. 77*V;

| anda( 4) =l anda(1);

| anda(5) =l anda( 2) ;

| anda( 6) =l anda( 3) ;

| anda(7) =l anda(4) -1 anda(5);

| anda( 8) =l anda(5) - | anda(6) ;

| anda(9) =l anda(1);

| anda( 10) =l anda( 3) ;

O = = = = — = e m e m e e e e e e e e e o=

B(1: 10) =abs(!l anda(1: 10))./ N A(1: 10);
P(1:10)=(1-B(1:10)*b)./a;

R=L./P./ AN,

i (1)=(R(1)+R(9)+R(4)+R(7))*l amda(1l)-R(7)*I| amda(2);
i(2)=(R(2)+R(7)+R(5)+R(8))*l anda(2)-R(7)*l anda(1)/2-R(8)*I anda(3);
i (3)=(R(3)+R(8)+R(6)+R(10))*I anda(3)-R(8)*I anda(2);
ABSi (1) =abs(i(1)-i(3));

ABSi (2) =abs(i(2)-i(1));

ABSi (3)=abs(i(3)-i(2));

L0

B=l anda. /N./ A
i=a*B./(1-b*abs(B)). *L;

BSi (1) =(i (1) +i (4) +i (9)+i (7));
BSi (2)=(i (2)+i (5)+i (8)-i(7));
BSi (3) =(i (3)+i (6)+i (10)-i(8));
ABSi (1) =abs(BSi (1)-BSi (3));
ABSi (2) =abs(BSi (2)-BSi (1));
ABSi (3) =abs(BSi (3)-BSi (2));

RVSi =RMBi +ABSi . 2 2;
RVS|I am=RMS| am+l anda( 1) 22;
end

RVSi =sqrt (RVSI . / 40)
AVG 2=(RMNBi (1) +RVSi (2) +RVBI (3))/3

RMVS| amesqgrt ( RVSI ant 40)

di fi 2=abs(i rms(2)-AVG 2)

Appendix B.16: TRA5S1fun.m
Parameter estimation of B-H curve for Shell-form transformer

function F = TRA5CS1fun(x);

A(1)=1.;A(2)=1.;A(3)=1.; A(4)=1; A(5)=1; A(6) =1; A(7)=1.732; A(8)=1.732; A(9)=1; A(10)
=1;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.;L(5)=1.;L(6)=1.;L(7)=.67;L(8)=.67;L(9)=.67;L(10
)=.67;

% peaki =76. 17 and 278.90 a=5.5 b=0.54

i rme=[ 106. 885 226. 164];
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a=x(1);
b=x(2);
N=34;

V=1. 0; RVBi =0; RVBI am~0;

for ang=0: pi/40: pi *1-pi/ 40

I anda( 1) =si n(ang) *51. 77;

| anda( 2) =si n(ang- pi *2/ 3) *51. 77;
| anda( 3) =si n(ang+pi *2/ 3) *51. 77;
| anda( 4) =l anda(1);

| anda(5) =l anda( 2) ;

| anda( 6) =l anda( 3) ;

I anda(7) =l anda(4) -1 anda(5);

| anda( 8) =l anda(5) - | anda(6);

| anda(9) =l anda(1);

| anda( 10) =l anda( 3) ;

B(1: 10) =abs(l anda(1: 10))./N A(1: 10);
P(1:10)=(1-B(1:10)*b)./a;
R=L./P./ AN,

i (1)=(R(1)+R(9)+R(4)+R(7))*l amda(1l)-R(7)*I| amda(2);
i(2)=(R(2)+R(7)+R(5)+R(8))*l anda(2)-R(7)*l anda(1)-R(8)*l anda(3);
i (3)=(R(3)+R(8)+R(6)+R(10))*I anda(3)-R(8)*I anda(2);

ABSi (1) =abs(i (1)-i(3));
ABSi (2) =abs(i (2)-i(1));
ABSi (3) =abs(i (3)-i(2));

B=l anda. /N./ A
i=a*B./(1-b*abs(B)). *L;

BSi (1) =(i (1) +i (4) +i (9)+i (7));
BSi (2)=(i (2)+i (5)+i (8)-i(7));
BSi (3) =(i (3)+i (6)+i (10)-i(8));
ABSi (1) =abs(BSi (1)-BSi (3));
ABSi (2) =abs(BSi (2)-BSi (1));
ABSi (3) =abs(BSi (3)-BSi (2));

RVSi =RMBi +ABSi . 2 2;
RVS|I am=RMS| am+l anda( 1) 22;
end

RVSi =sqrt (RVSI . / 40) ;
AVG 1=(RMBi (1) +RVSI (2) +RVBI (3))/3;

V=1. 1; RM5i =0; RvBI an¥0;

for ang=0: pi/40: pi *1-pi/ 40

| anda( 1) =si n(ang) *51. 77*V,

| anda( 2) =si n(ang-pi *2/ 3) *51. 77*V,
| anda( 3) =si n(ang+pi *2/ 3) *51. 77*V;
| anda( 4) =l anda(1);

| anda(5) =l anda( 2) ;

| anda( 6) =l anda( 3) ;

| anda( 7) =l anda(4) -1 anda(5);

| anda( 8) =l anda(5) - | anda(6);

| anda(9) =l anda(1);

I anda( 10) =l anda( 3) ;

B(1: 10) =abs(l anda(1: 10))./N A(1: 10);
P(1:10)=(1-B(1:10)*b)./a;
R=L./P./AI'N

i (1) =(R(1)+R(9) +R(4) +R( 7)) *I amda( 1) - R(7) *| anda(2) :
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i (2)=(R(2)+R(7)+R(5)+R(8))*I anda(2)-R(7)*Il anda(1)-R(8)*I amda(3);
i (3)=(R(3)+R(8)+R(6)+R(10)) *I anda(3) - R(8) *I anda( 2) ;

ABSi (1) =abs(i(1)-i(3));
ABSi (2)=abs(i(2)-i(1));
ABSi (3) =abs(i(3)-i(2));

B=l anda./ N. / A;
i=a*B./(1-b*abs(B)). *L;

BSi (1) =(i (1)+i (4)+i (9)+i(7));
BSi (2)=(i (2)+i (5)+i (8)-i(7));
BSi (3)=(i (3)+i(6)+i (10)-i(8));
ABSi (1) =abs(BSi (1)-BSi (3));
ABSi (2) =abs(BSi (2)-BSi (1));
ABSi (3) =abs(BSi (3)-BSi (2));

RVBI =RVBi +ABSi . 2 2;
RVS|I am=RMS| amt+l anda( 1) 22;
end

RVSi =sqrt (RVSI . / 40) ;
AVG 2=(RMSi (1) +RVSi (2) +RVSIi (3))/ 3;

F=(i rms(1)- AVG 1) A2+(i rms(2) - AVG 2) 72;

Appendix B.17: LTS.m
Parameter estimation of core loss curve for shell-form transformer

cl ear

clc

format conpact; format short

A(1)=1.; A(2)=1.; A(3)=1.; A(4)=1; A(5)=1; A(6)=1; A(7)=1.732; A(8)=1.732; A(9)
=1; A(10) =1;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.;L(5)=1.;L(6)=1.;L(7)=.67;L(8)=.67;L(9)=
.67;L(10)=.67;

P=[ 297600 402240]

N=34;

x0=[ 10000 . 5]; Ustarting Guess

%opti ons=opti mset (' LargeScal e',' of f',' Maxlter', 1000)

options. LargeScal e=" of f'

options=optinset (' Display','iter'); % Option to display output

AA=[]; bb=[]; Aeq=[]; beqg=[1];

| b=[ 1000 . 001]; ub=[ 30000 3];

[x,fval,exitflag, output]= fmincon('LTRSfun', x0, AA, bb, Aeq, beq, | b, ub)
c=x(1)

d=x(2)

V=1. 0;

B =[1.5226 1.5226 1.5226 1.5226 1.5226 1.5226 1.5226
1.5226 1.5226 1.5226 ];
PL1=c*B(1)/(1-d*B(1))*A(1)*L(1)+c*B(2)/(1-d*B(2))*A(2)*L(2)+c*B(3)/(1-
d*B(3))*A(3)*L(3)+c*B(4)/ (1-d*B(4))*A(4)*L(4);
PL2=c*B(5)/(1-d*B(5))*A(5)*L(5)+c*B(6)/(1-d*B(6))*A(6)*L(6)+c*B(7)/(1-
d*B(7))*A(7)*L(7)+c*B(8)/(1-d*B(8))*A(8)*L(8);
PL3=c*B(9)/(1-d*B(9))*A(9)*L(9)+c*B(10)/(1-d*B(10))*A(10)*L(10);
P1=PL1+PL2+PL3

Vv=1. 1;

B =[1.6749 1.6749 1.6749 1.6749 1.6749 1.6749 1.6749
1.6749 1.6749 1.6749];
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PL1=c*B( 1)/ (1-d*B(1))*A(1)*L(1)+c*B(2)/ (1-d*B(2))*A(2)*L(2) +c*B(3)/ (1-
d*B(3)) *A(3) *L(3) +c*B(4) / (1-d*B(4)) *A(4) *L(4) ;

PL2=c*B(5)/ (1- d*B(5)) *A(5) *L(5) +c*B(6) / ( 1- d* B(6) ) * A(6) *L(6) +c*B(7) / ( 1-
d*B(7))*A(7) *L(7) +c*B(8)/ (1-d*B(8))*A(8) *L(8):

PL3=c*B(9) / (1- d*B(9)) * A(9) *L( 9) +c* B( 10) / ( 1- d* B( 10) ) * A( 10) * L( 10) ;
P2=PL1+PL2+PL3

df 1=abs(P1- P(1))
df 2=abs(P2- P(2))

By=0:.05:1.7;
px=(By*x(1))./(1-By*x(2));
pl ot (px,By,"'-','LineWdth', 2)

xl abel (' Pc (Watt/cubit unit)")
yl abel ("B (W-t)")
%itle('B-P Curve')

%axi s([0 2 0 2.0])

grid

Appendix B.18: L TSfun.m
Parameter estimation of core loss curve for shell-form transformer

function F = LTRSfun(x);

A(1)=1.; A(2)=1.; A(3)=1.; A(4) =1; A(5) =1; A(6) =1; A(7) =1. 732; A(8) =1. 732; A(9)
=1; A(10) =1;
L(1)=1.;L(2)=1.;L(3)=1.;L(4)=1.;L(5)=1.;L(6)=1.;L(7)=.67;L(8)=.67;L(9)=

.67;L(10)=. 67;

P=[ 297600 402240] ;
c=x(1);

d=x(2);

V=1.0;

B =[1.5226  1.5226  1.5226  1.5226  1.5226 1.5226  1.5226
1.5226  1.5226  1.5226 ];

PL1=c*B( 1)/ (1-d*B(1))*A(1)*L(1)+c*B(2)/ (1-d*B(2))*A(2)*L(2) +c*B(3)/ (1-
d*B(3)) *A(3) *L(3) +c*B(4) / (1-d*B(4)) *A(4) *L(4);

PL2=c*B(5) / (1- d*B(5)) * A(5) *L(5) +c*B(6) / ( 1- d* B(6) ) * A(6) *L(6) +c*B(7) / ( 1-
d*B(7))*A(7) *L(7) +c*B(8)/ (1-d*B(8)) * A(8) *L(8):

PL3=c*B(9) / (1- d*B(9)) * A(9) *L( 9) +c* B( 10) / ( 1- d* B( 10) ) * A( 10) *L( 10) ;
P1=PL1+PL2+PL3;

v=1. 1;

B =[1.6749  1.6749  1.6749  1.6749  1.6749 1.6749  1.6749
1.6749  1.6749  1.6749];

PL1=c*B( 1)/ (1-d*B(1))*A(1)*L(1)+c*B(2)/ (1-d*B(2))*A(2)*L(2) +c*B(3)/ (1-
d*B(3)) *A(3) *L(3) +c*B(4) / (1-d*B(4)) *A(4) *L(4):

PL2=c*B(5) / (1- d*B(5)) * A(5) *L( 5) +c*B(6) / ( 1- d* B( 6) ) * A(6) *L(6) +c*B(7) / ( 1-
d*B(7))*A(7) *L(7) +c*B(8)/ (1-d*B(8)) * A(8) *L(8) :

PL3=c*B(9) / (1- d*B(9)) * A(9) * L( 9) +c* B( 10) / ( 1- d* B( 10) ) * A( 10) *L( 10) ;
P2=PL1+PL2+PL3;

F=(PL1- P(1)) ~2+( P2- P(2)) ~2:
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Appendix B.19: AHS.m
Parameter estimation of Hysteresis Loss curve for Shell-form transformer

cl ear

clc

c = 7.0718e+003
d = 0. 4272

fact=c/ (1-d)
Bmax=.0:0.05: 1.8
Pc=c*Bnax. / ( 1- d* Brrax) ;
Pe=f act *0. 4755* Bmax. "2;
Ph=Pc- Pe;

x0=[ 10000 . 5]; Ustarting Guess
options=optinset (' Tol Fun', 1. e-50);
[x, resnormresidual, exitflag, out put]=Isqcurvefit('Acurvfit2',6 x0, Bmax, Ph

)
%x=(B1*x(1))./(1-B1*x(2))
a=x(1)

b=x(2)

Phl=a*Bmax. / ( 1- b* Bmax) ;

pl ot (Pc, Bmax, '."', Pe, Bmax,':', Phl, Bmax, ' LineWdth', 2)
x|l abel (" P (Watt/cubit unit)")

ylabel ("B (T)")

%itle('B-P Curve')

%axi s([0 300000 0 1.7 ])

grid

h = legend('Pc','Pe',"'Ph');

Appendix B.20: Acurvfit2.m
Parameter estimation of hysteresis loss curve for shell-form transformer

function F = curvfit2(x, B);
F=(B*x(1))./(1-B*x(2));

Appendix B.21: AhsA.m
Estimation of maximum coercive force for shell-form transformer

cl ear

clc

Bt op=1. 9

a2 = 3.4489e+003
b2 = 0. 4596

Pgi ven=a2* 1. 52/ (1- b2* 1. 52) / 60/ 34

for Bmax=.1:0.1:1.7
Brmax1=Bmax+0. 0001;

a=( Bt op-Bnax)/Btop/ 1

Pgi ven=a2* Bmax/ ( 1- b2* Brrax) / 60/ 34;
PL=0;

al = 3.8513; b1 = 0. 5645;

B=0: 0. 05: Bmax;
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H=al*B./(1-bl*B);

for Hc=.01:.01:10;

b=Hc*(a+1/ a);

f =B. / Bmax1;

% =B. / Bt op;
LHD=-b./((1-f)./a+a./(1-f));
RHD=(1-f) . *Hc;

%  LHD( Brmax/ 0. 05+1) =0; RHD( Brrax/ 0. 05+1) =0;

LH=H+LHD;
RH=H+RHD;
DH=RH LH,;
P=0. 05* DH;
PL=sun( P) * 2;

Ahys=LH+RH;

if PL > Pgiven
break; end

PL=0;

end

Brmex, Hc, Pgi ven

Ahys=(LH+RH) / 2;

Di f =H Ahys;

%lot(H B LHD B,':",RHD,B,"'-."'," LineWdth', 2)
%lot(H B LHB,':'" , RHB,'-.","'LineWdth', 2)
%l ot (H, B, Ahys,B,Dif,B,":"','LineWdth', 2)

pl ot (Hc, Bmax, ' o', ' Li neWdth', 2)

hol d on

% = legend(' Saturation Curve','Left Disp.',"Right Disp.');
% = |l egend(' Saturation Curve','Left Loop','Ri ght Loop');
end

x|l abel ("Hc (AAM")

yl abel (' Bmax (T)')

%itle('Hysteresis Loop')

%axi s([-20 50 0 2.0])

h = l egend(' Required Hc for Loss');

grid

bb=0:.1:1.7;

hh=(bb/ Bt op) . ~(.5) *1. 4;

hhl i n=(bb/ Bt op) * 1. 4;

pl ot (hh, bb, hhlin, bb,":"',"LineWdth', 2)

hol d of f
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APPENDIX C: TRANSFORMER FACTORY TEST REPORT
TRANSFORMER TEST REPORT

Date of Test 6/3/71 Customer’s Order___C=67899 Our Order___C~04070~5

TypeQA/FOA/FOA phase_ 3 Cycles_60 _ Rise35°/65°Craps See NoP, Dug. #307256  Spec. 13018

H. V. Voits 345209 Grd,1/2199200 L. V. Volts 218000 Grd.¥/43200  T.v. Volts __13800A

KVA_296000/351:900/L90000 * KVA 294000/294000/L,90000 * KVA _77000/102657/128333 3

Serial Number C-O)")"io-ﬂ-l Guaranteas
Polarity Sas- NP, Dwz, #3072%6 Transf. Comn,: 3L5000-118000 [Tolts @ 206 MYyA

W.M. Copper Loss & Full Load 75°C 3705940

Core Loss @ 100% Voltaga v 297500 ’,CT')O
Total Loss @ Full Load 100% Voltage 676510

Core Loss @ 110% Voltage =t LQ')QI 0
% Exciting Current @ 100% Voltage :
% Exciting Current @ 110% Vojtage ) 3 x
% Impedance @ 75°C e 6,2]_'

% Resistance @ 75°C . ! T 0,128

9% Reactance @ 75°C 6.20

% Regulation @ 100% P.F. Full Load ' 0.32 0.33

% Regulation @ &0% P.F. Full Load 3,80 . 4.0

" eiciency @ Full Load 100% P.F. : 59,77 59,75
Tiency @ % Load 100% P.F. 92,717 52,75

%% ciency @ % Load 100% P.F. 99.73 °99.71

% Efficiency @ % Load 100% P.F. ' . 99.56 99,55

Total H3¥. Resistance in Ohms @ 75°C {Sairiag Wdg. |- Tav npn) 0.675%

Total E=L Resistance in Ohms @ 75°C  {Cel=mon Wda, ) 0.1535

Total T,V, Besistanca in Obmz @ 75°C — 0,01748

¢ Impedance 3 : ; MVA 25t 55.9 55.0

¢ Impedance @ 75°C (11 MTA Zst h2,1 10,0
INSULATION TESTS :

and to T.V. .
H.V. 8 L.V/and Core Voits for 1 Min, 50000
T,E V. to Core Volts for 1 Min. 31000

Tnduced voltazs in E.V. Winding Line to|Ground LA0000

Induced—GHEEleaa Voltage in H,V, Winding Iins to Line 575000
TEVPERATURE RISE MVA 296 39 | Lg0

Connected:  342000-118000 Volts Series Wdg. h2.h h3.5 L47.9

Copper Rise Corrected to Shutdown °C Common Wdz, 13,3 13.3 7.5 o9

0il Rise °C 51.h 33.7 33.2

Unless otherwise specified the above Tests are in accordance with the latest A. S. A. and N. £. M. A. Standards.

Remarks: @ 77000 ¥KVA @ 102467 ¥IA @ 128333 KVA

T,V, Gradient °C: 10,9 5.5 15,0

¥ KVA @ 65°C Risa: HaV. and L.V, 330000/LL0000/550000: ToV, - 862:0/11L987/1L3733,

#¢ The Core Loss valne Mcenc’r\v (juarantee was submitted to a“d accepted by tha customer,

sab torilv wizhsitood Imrulse Tesis.  Seg Imnulse Test Faport,
forme setorily withstaod Switching Serge Tests, Ses Switching Surze P23t Renor
Sé. _lapge #2 for additional tesit performance data.

gl ’ P
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