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INTRODUCTION

The paper contains contributions in numerical modeling of electric and magnetic
fields, established in electrical equipments or their accessories in normal operating and
unexpected or controlled transient regimes.

The basic tool used in all numerical simulations is the finite element method (FEM)
for which the author has done thorough research both theoretically, concerning the variety of
formulations developed over time and obtaining competences in the use of specialized
programs, commercial or noncommercial, in which the method is implemented:
QUICKFIELD, FEMM, ANSYS, FLUX.

The thesis aims to validate analytical formulas deduced in approximate hypotheses
and numerical computation of electric or magnetic, local or global quantities, experimentally
obtained. In some cases, combined analytical-numerically solutions were proposed.

The variety of formulations of the FEM applied to concrete problems and the
extraction techniques of local or global quantities from numerical field solution led to
obtaining parallel results allowing a comparison between formulations and techniques in term
of numerical resources and required time to solve the problems, pointing out the effectiveness
of some of them.

The thesis is structured into seven chapters, beginning with fundamental description
of the projective and variational formulations (Chapter 1). Since the method has targeted
magneto static applications, starting from customizing the electromagnetic field equations for
this regime, were presented its various formulations, sustained by an extensive review of
recent literature.

The following chapters are two applications of 2-D and 3-D FEM: to calculate the
inductance of plunger-type electromagnets (Chapter 2) and the magnetic force developed by
such equipment (Chapter 3). The description of techniques for determining the global forces
from field solution enjoys special attention, focusing important conclusions from published
works in recent years.

The leakage flux in magnetic circuits has been studied for a power multi-winding,
under load adjustable, autotransformer, for which 2-D and 3-D numerical models were
created, that allowed, with a good precision, the short-circuit reactance computation
(Chapter 4). Optimization of solutions in 3-D numerical simulations were searched to reduce
the solving time and to increase the accuracy. The study concludes by analyzing the behavior
of autotransformer at the application of lightning surges, using FEMM and ATP-EMTP
programs, aiming the over voltages level on the no load tappings of regulating winding.

Chapters 5 and 6 concern the transient phenomena taking place in a system of parallel
solid rectangular bars supplied with step and ramp signals of current and voltage. The results
of numerical simulation of electric and magnetic fields penetration were compared with some
analytical and combined with them to improve the effects of simplifying assumptions
(Chapter 5). The transient parameters of the bar system were numerically determined and
some of them were derived from some others, based on analytical relationships established by
the theory of linear electric circuits transient parameters, making comments on certain
irregularities found (Chapter 6).

In the last chapter (Chapter 7) the author's original contributions and conclusions are
pointed out, structured in the chapters in which they appear, indicating the perspectives of
their application.
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Chapter I

FINITE ELEMENT METHOD FORMULATIONS

1.2 Projective formulation

FEM is one of the methods of continuous problems solutions representation by
approximations on discretized domains [77]. The general method for approximating the
sought function u(x) is its representation by the projection on a finite size subspace, whose
base is defined by N+1 basic functions (projection functions, shape functions) Φi(x):

∑
=

≈
N

i
iq

0
)()( xxu iΦ (1.3)

1.3 Variational formulation

Many physical problems allow solutions approximation methods based on minimizing
of functional corresponding usually to a type of energy. These are called variational
formulations [21], [52], [168].

1.4 Unknown functions approximation

The approximate solution is sought as a linear combination of known basic functions
[145], usually polynomial, linear or quadratic, set to take nonzero values only around certain
particular points (interpolation points).

1.5 Finite element method formulations in Magneto statics

The solutions of the field problems are generally obtained using potential functions
[3]. The magnetic scalar potential (MSP) or the magnetic vector potential (MVP) are often
used for magnetic field.

1.5.1 FEM in magnetic scalar potential formulation (MSP)

MSP is of great importance in solving the 3-D magneto static problems because of its
low cost of numerical calculation comparing to MVP consisting of three components and also
without uniqueness problems [52], [82], [114]. There are different formulations (strategies)
for obtaining the solution: reduced magnetic scalar potential formulation (MSPr), total
magnetic scalar potential formulation (MSPt), difference magnetic scalar potential
formulation (MSPd), generalized magnetic scalar potential formulation (MSPg), edge
magnetic scalar potential formulation (MSPe).

1.5.2 FEM in magnetic vector potential formulation (MVP)

MVP is used in almost all magnetic field problems in witch occur current densities. It is
very popular for 2-D or axi-symmetric applications because in these cases has only one
component, orthogonal to the plane of analysis. In 3-D, the calculation is tripled and
uniqueness problems occur, making it less attractive than MSP.
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1.5.3 FEM in edge element formulation (EE)

The classical formulations of FEM associate degrees of freedom to the nodes of the
mesh, using nodal elements (NE). In another approach, the degrees of freedom associated to
the elements edges, aiming determining the field line integral along them, based on edge
elements (EE) [17]. Depending on the used potential and on the way of degrees of freedom
association, there are different particular formulations: MSP-NE, MSP-EE, MVP-NE, MVP-
EE.

Chapter II

INDUCTANCE OF PLUNGER-TYPE
ELECTROMAGNET

2.1 Introduction

In the papers [32], [33], [35] is developing a new numerical method for power
approximation of the boundary conditions (PABCM).

2.2 Power approximation of boundary conditions method
(PABCM)

Fig. 2.1 - Illustration of power approximation of boundary conditions method

Analyzing the field in the vicinity of peak A with conformal mapping method, in the
papers [32] and [33] is proposed to approximate tangential component of the magnetic field
along the border AB, by the relationship (2.1), respecting the potential difference U (electric
or magnetic) between A and B:
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2.3 Utilization of PABCM to the inductance of plunger-type
electromagnet computation

In the paper [36] is derived a formula to calculate the internal inductance of a plunger-
type magnet, using the power approximation of boundary conditions method in two-
dimensional space. The proposed formula is difficult to apply because of function:

∫ ∈
−

=
1

0

)1;0(;d)]1(cos[),( t
t

tzzF (2.8)

containing an improper integral. In this chapter is proposed a method ([40], [140]) for
evaluating the function using MATHCAD software [178] and a numerical verification by
finite element method (QUICKFIELD [179], [177] and FEMM [175]) of the inductance
formula from the papers [36].

2.3.2 Computation of internal inductance of plunger-type electromagnet 1

The geometry of plunger-type electromagnet 1, for witch the inductance is computed,
is presented in figure 2.5. The internal inductance per unit length (thickness) analytically
computed int_AN, corresponding to the magnetic flux in electromagnet window (fig. 2.5)
according to [36], can be written as:

Fig.  2.6 - Internal inductance per length unit, analytically
computed by relationship (2.31) (line) and numerically by

QUICKFIELD, FEMM (points)

Fig. 2.5 - Geometry of plunger-type
electromagnet 1

Fig. 2.7 - Numerical results (points), analytic-numerically (line)
and experimentally (triangles) for total inductance
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In formula (2.31) the cross section of the coil is considered having the window size:
ac a, bc b.

2.3.3 Numerical solution and experimental verification

In order to numerically verify the analytical expression of the internal inductance
int_AN (2.31) of plunger-type electromagnet 1 (Fig. 2.5), deduced by PABCM, was used 2-D

FEM implemented in QUICKFIELD [179], [177] and FEMM [175] programs.
The internal inductance has been evaluated using the magnetic field energy

corresponding to the interior domain (domain I, Fig. 2.5). The 2-D FEM analysis in MVP
formulation was performed in magneto static regimes (1.42-1.45). In order to estimate the
total inductance of the plunger-type electromagnet 1, the 2-D FEM analysis was extended to
the outer magnetic core domain (domain II, fig. 2.5) corresponding to frontal parts of the coil.
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Using internal and external values of inductances per unit length, analytically or
numerically computed, the total inductance of the plunger-type electromagnet 1 is determined
considering for internal inductance, the thickness g of the core and for external inductance,
the difference between half-length of average turn (lm/2) and thickness g (Fig. 2.5).
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Fig.  2.8 - Distribution of magnetic field
density in interior domain for δ = 20 mm

(QUICKFIELD, 103,954 nodes)

Fig.  2.9 - Distribution of magnetic field density in
exterior domain δ = 20 mm

(QUICKFIELD, 56,217 nodes)
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Chapter III

STATIC CHARACTERISTIC OF A PLUNGER-TYPE
ELECTROMAGNET

3.2 Numerical computation of electromagnetic forces

3.2.1 Maxwell stress tensor method (MTM)

The electromagnetic field theory [119] establishes that the force F acting on a body
placed in the magnetic field, results by integration on body volume, of magnetic force density
f, assumed known. An equivalent problem is considering a system of surface forces Tn, called
magnetic (Maxwell) stress, which, acting on a closed surface S around the body, produces the
same resulting (Fig. 3.1):

∫∫∫ ===
SS VSV

vvfF ]ddiv[dd TsTn , nBHHBnTn )(
2
1)( −= (3.1)

Tn is a vector quantity associated to external normal to surface S, with outward unit n,
by a tensor [T ], with symmetric second-order components matrix, called Maxwell's tensor
(Maxwell stress tensor).

Fig. 3.1 - Magnetic stress Tn Fig. 3.2 - Magnetic force Fs in s direction of virtual
displacement

3.2.2 Virtual work method (VWM)

Virtual work method (VWM) derived from the theorems of generalized forces in
magnetic field, based on energy balance of an electromagnetic system. The electromagnetic
field theory [119] establishes the expressions of generalized force Fs (force itself or torque)
depending on the variation of magnetic energy (Wm) or complementary magnetic energy (co-
energy) (Wm

*) of system with respect to generalized coordinate s (linear or angular
displacement) in certain imposed mathematical conditions:

• constant magnetic flux Φ in derivative process:
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=Φ∂
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• constant current i in derivative process:
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3.3 Numerical determination of static characteristic of plunger-
type electromagnet 2 and experimental verification

To numerically determine the static magnetic field, the finite element method (FEM)
implemented in 3-D ANSYS program was used, in magnetic scalar potential formulation
(MSP) and magnetic vector potential with edge elements (MVP-EE). In the case of MSP
formulation, the electromagnetic force was computed by Maxwell's stress tensor method
(MTM) and by virtual work method (VWM) and in the case of MVP-EE, by VWM [61].

For automation of numerical computation, the classic work with menus was dropped,
adopting the alternative of creation of command files using the parameter language APDL
(ANSYS Parameter Design Language) used by program ANSYS.

The electromagnetic force was measured using a tens sensor [61], [64] (Fig. 3.7) and
simple procedures [51] (Fig. 3.8) for magneto-motive force in the range θ = 345.0-575.0 A.

This study points out the superiority of virtual work technique versus Maxwell stress
tensor integration for electromagnetic force calculation from field solution obtained by finite
element method.

Fig. 3.7 - Measurement scheme for magnetic
force using a tens sensor

1 - micrometer;
2 - support;
3 - tens sensor;
4 - electromagnet;
5 - additional weight.

Fig. 3.6 - Geometry of the plunger-type
electromagnet 2

Fig. 3.8 - Measurement scheme for magnetic
force, balanced by the gravity force
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Fig. 3.11 - Numerical and experimental static characteristics force - air-gap for θ = 345.0 A

3.4 Theoretical determination of static characteristic of plunger-
type electromagnet 2

Additional to numerical investigations on the evaluation of mechanical stress,
analytical studies have been developed, providing sufficiently accurate solutions. Thus, the
paper [51] recovered earlier theoretical research on the permeances computation using
conformal mapping method [38], [37], [47], [50], providing 2-D simple and accurate
analytical formulas for magnetic field computation and for force in various forms of
electromagnetic devices. These formulas were applied to plunger- type electromagnet 2 (Fig.
3.6), in 2-D system [51].

The ratio k between λ1 permeance corresponding main air-gap δ and λ2 permeance of
higher air-gap δ3 = δ + δ2, can be expressed [51]:

76.1
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The equivalent permeance was computed considering a series reluctances connection:
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The electromagnetic force of plunger-type electromagnet 2 was derived:
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The results are shown in Figure 3.11, compared with 3-D numerical solutions, which
joined a 2-D solution by a FEM in MVP-EE formulation with MTM, observing the best
matches on the whole range of analyzed air-gaps in comparison with the other methods.
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Fig. 3.15 - Front perspective of the model with
associated mesh - MVP-EE formulation [61]

Fig. 3.16 - Symmetry plane perspective of the model
with associated mesh - MVP-EE formulation [61]

Fig. 3.17 - Magnetic flux density on the symmetry
plane and lateral faces

(0.5 mm, 575.0 A, MVP-EE formulation) [61]

Fig. 3.18 - Static electromagnetic force distribution
(0.5 mm, 575.0 A, MVP-EE formulation) [61]
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Chapter IV

LEAKAGE MAGNETIC FIELD AND MODELING
LIGHTNING SURGES IN POWER MULTI-WINDING
AUTOTRANSFORMER

4.3 Impedance voltage of the power multi-winding
 autotransformer

The power multi-winding three-phase autotransformer under investigation has rated
powers of 400/400/80 MVA for voltage levels of 400/231/22 kV.

Let w1, w2, w3 be the numbers of turns of the three principal windings of power
autotransformer: primary, secondary and tertiary winding. The secondary winding is
connected to the median (principal) tapping of the regulating winding, so that the phase
secondary voltage for principal and marginal tappings is:

21
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where U1r is the primary rating line voltage and α is a coefficient depending on the tapping
position of regulating winding, -1 α  1, being zero for principal tapping.

4.3.1 Primary-secondary windings pair

To determine the short-circuit parameters of each pair of windings, the magnetic
energy evaluation method was adopted. For primary-secondary windings pair, the magnetic
field energy can be calculated for any arbitrary value of the primary line current I1e (usually
close to the primary rated current I1r).

For star connection, the phase current will be the
same (fig. 4.4) and the corresponding secondary tapping
currents (I2c) result from the equality of the primary and
secondary magneto motive forces:
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If W12 denotes the magnetic field mean energy per
phase, produced by the currents I1e and I2c, the referred to
primary winding short-circuit reactance Xk12 can be
expressed in absolute values or in percentage of equivalent
primary impedance Z1N, as:
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Fig. 4.4 - Simplified
autotransformer scheme
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4.4 Numerical evaluation of the magnetic field energy and of the
 short-circuit reactance with FEMM program

4.4.1 2-D model and the boundary conditions

In the autotransformer window (Fig. 4.5), three ferromagnetic borders with zero
tangential component of the magnetic field were considered. For the frontal part of the coils,
the vertical border can be considered as zero potential magnetic line (A = 0). To study the
approximation (A = 0) for symmetry axis (a - b), a harmonic analysis at commercial
frequency was performed.

Phase R S

J1 [A/mm2] 0.799 - 0.400 - j0.692

J2 [A/mm2] - 1.198 0.599 + j1.038

JR [A/mm2] 1,392 - 0,696 - j1.206

Fig. 4.5 - Magnetic field pattern in autotransformer window
with two phases, at minus tapping for iR = max

Tab. 4.1 - Current densities corresponding
to R and S phases, at minus tapping for

iR = max

The analysis shows that the approximation (A = 0) can be enough well applied to the
symmetry axis (a - b) of the autotransformer window (Fig. 4.5). If the current in T phase
reaches its peak, the currents in R and S phases have equal values and the field distribution is
completely symmetrical.

Fig. 4.6 - Distribution of MVP along the symmetry
axis (a - b) of autotransformer window, at minus

tapping for iR = max

Fig. 4.7 - Distribution of MVP along the bottom
border (c - d) of autotransformer window, at minus

tapping for iR = max

As it can be seen in Figures 4.6 and 4.7, the lowest value of potential module is
obtained along the axis (a - b). The introduction of this border has the advantage of the
possibility to apply a cylindrical model and of two times reduction of the nodes number.
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4.4.2 2-D numerical results of short-circuit tests

Principal tapping (0) Plus tapping (+) Minus tapping (-)
Fig. 4.11 - Magnetic field pattern in inferior half autotransformer window for primary-secondary windings pair

short-circuit test

4.4 Numerical evaluation of the magnetic field energy and of the
 short-circuit reactance with ANSYS program

The analysis of the magnetic field in autotransformer has continued in the papers [65],
[67] using 3-D FEM implemented in ANSYS program. Three formulations were used in the
magneto static regime, MVP-EE [65], MVP-NE) [67] and MSP [67].

Fig. 4.14 - 3-D model perspective with associated
mesh

Fig. 4.15 - 3-D magnetic field pattern in MVP-EE
formulation,  for primary-secondary windings pair

short-circuit test, at plus tapping

Xk [Ω] Xk [%]

2D 3D 2D 3DPair Tapp.
Exp

MVP-NE MSP-NE MVP-EE MVP-NE MVP-NE MSP-NE MVP-EE MVP-NE

0 40.41 41.03 37.79 40.76 38.48 10.26 9.45 10.19 9.62

 + 29.56 28.87 27.64 29.11 27.35 7.22 6.91 7.28 6.841-2

 - 82.68 82.84 75.25 80.70 75.19 20.71 18.81 20.17 18.80

Tab. 4.7 - Short-circuit reactance corresponding to short-circuit test for primary-secondary windings
pair
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4.5.3 Optimization of 3-D simulations by memory management

The memory management has direct implications on solving time (ts). When the
complexity of the model requires, the operating system supplements the internal memory
(physical, RAM) of PC with additional memory, allocated from virtual memory, located on
the hard disk. This strongly affects the speed performance of the solving algorithm. So, just a
minimum necessary amount of additional memory must be allocated [3].

No additional memory Maximum PC capabilityPhysical memory 1.5 GB
Processor frequency 1.83 GHz MSP-NE MVP-EE MVP-NE MSP-NE MVP-EE MVP-NE

Nodes 20,089 152,316 20,089 124,424 573,349 170,913

Elements 109,294 109,294 109,294 723,016 421,501 999,954

Equations 18,813 109,383 56,046 121,060 412,800 501,398

Additional memory 0 GB 0 GB 0 GB 1.5-2 GB 1.5-2 GB 2-3 GB

ts_real [sec] 183 238 164 29,487 11,586 55,583

ts_estimate [sec] - for no RAM limit 1,333 1,231 2,345

ts_real increasing rate 22 x 10 x 24 x

Tab. 4.9 - Solving time (ts) for “1-2 plus” short-circuit test

A limitation of solving time and a good precision were obtained by a different
allocation of additional memory over the phases of pre-processing, processing, post-
processing via a configuration file specific to ANSYS. The results presented in Table 4.9
show that utilization of additional memory in the range (1.5-3.0) GB, increases the solving
time (10-24) times compared to the case of an unlimited internal memory.

4.6 Modeling lightning surges in the power multi-winding
autotransformer

Both to the application of impulse voltages as well as of high frequency oscillating
voltages, on the tapping of regulating winding and on the terminals, important over-voltages
can appear, whose maximum values can exceed the maximum amount of applied voltages.
The LC model study for the processes taking place in autotransformer windings during
impulse voltage testing offers the opportunity to identify the constructive parameters
influence on the level of the voltage impulse generated stress.

4.6.2 Self and mutual inductances for short-circuited tertiary winding

The self and mutual inductances were determined using the magnetic field in the
autotransformer window for short-circuited and grounded tertiary winding. The field
calculation was performed using the FEMM program [175]. The inductances are given by the
expressions:
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where A represents magnetic vector potential, I1 and j1, the current and density current in the
coil 1 (HV) with the cross-section S1 and 2 and S2, the turns density and the cross-section of
the coil 2 (LV).
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Fig. 4.18 - Magnetic field pattern for current
injected in upper half of regulating winding

Current [A] 290

Magneto motive force [kA] 43.8

Current density [A/mm2] 1.47;  -1.37

∫∫∫
2/R

dVJA [J] 10208

∫∫∫
2/IT

dVA [mWb⋅m2] 9.34

∫∫∫
2/JT

dVA [mWb⋅m2] 2.53

LReg/2 [mH] 122

MReg/2-HV/2 [mH] 137

MReg/2-LV/2 [mH] 19
Tab. 4.12 - Computed parameters and their values for

current injected in upper half of regulating winding

Fig.4.21 - Wires capacitances for n = 14

Fig. 4.22 - Simplified scheme of autotransformer windings

Fig. 4.23 - Lightning surges in free end of regulating winding and in the common terminal A2

(u2 point and respectively u3 point from simplified scheme)
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Chapter V

NUMERICAL SIMULATION OF TRANSIENT
ELECTRIC AND MAGNETIC FIELDS IN
RECTANGULAR SOLID BUS BARS

5.2 Analytical evaluation of magnetic field distribution

Fig. 5.2 - System of two parallel current carrying bars

5.2.2 Distribution of electric and magnetic fields at step current injection

In the case of current step injection i(t) = I0·1(t) in a two bars system, short-circuited at
the opposite end - equivalent to a sudden short-circuit apparition or to a direct current
interruption - the magnetic and electric fields expressions in central part of bars (y = 0) are:
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is the electric field in conductor in stationary regime [41].

If a step voltage u(t)  = U0·1(t) is applied, the magnetic and electric fields expressions
in central part of bars (y = 0) can be written [41]:
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where k are solutions of the equation [41]: νν=ν+η sin)cos(m (5.26)
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5.3 Numerical simulation of transient electric and magnetic fields
in the system of rectangular bus bars

For numerical simulation of the process of penetration of electric and magnetic fields
in the system of parallel rectangular solid bars forming a circuit loop, was used 2-D finite
element method implemented in FLUX [172] and FEMM [175] programs. The transient
process itself and the stationary regime were investigated by FLUX 2D and the initial
moment was analyzed using FEMM. The expulsion of the field lines from the conductor
domain at analyzed moment was obtained by a trick involving the approximate cancellation
of its relative permeability.

Fig. 5.3 - Studied domain with associated mesh
in FLUX 2D (stationary regime)

Fig. 5.5 - Studied domain with associated mesh
in FEMM (initial moment)

5.3.4 Numerical evaluation of exterior magnetic field

FEMM investigation for very thin bars (b/a = 0.01) validates enough well the results
of paper [48] in which the η ratio at initial moment (η0) is computed by conformal mapping
method (CMM), for configuration b/a = 0.

Fig. 5.6 - η0 ratio computed by different methods
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The transient magnetic field depends essentially on the initial field on the surface of
conductors. In the paper [49] continue the analysis of this field started in [48] at current step
injection in the bar system in Fig. 5.2. For the exact formulas obtained in [48] for infinitely
small thickness bars, simple approximations are proposed, containing the factor used by
Dwight to determine the electrodynamic forces between the bars (5.27), thus extending the
applicability domain to small thickness bars:
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The problem is also solved by numerical conformal mapping, using Schwartz-
Christoffel module (SC) of the MATLAB program.

Similarly to the ratio η of the tangential components of magnetic field on the lateral
sides, is defined the ratio ηb of tangential components of the points C and A (Fig. 5.2) for
whose average is proposed the formula:
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Fig. 5.11 - Influence of bars system geometry (h/a, b/a) on η0 ratio
- numerical (SC, FEMM) and analytical (5.27) results -

Fig. 5.14 - Influence of bars system geometry (h/a, b/a) on ηb ratio
- numerical (SC, FEMM) and analytical (5.29) results -
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5.3.5 Numerical evaluation of electric and magnetic fields distribution at step
current injection

Fig. 5.15 - Evolution of ratio η along the transient process at current step injection

In the paper [41] the tangential component of the magnetic field and longitudinal
electric field component were computed based on analytical equations (5.22), (5.23) using the
same value of st ratio for all analyzed moments. In this paper is proposed a mixed analytic-
numerical solution (Fig. 5.17 and 5.19), based on the same equations, but using a variable
η ratio, resulting from FLUX 2D numerical simulation (Fig. 5.15).

Fig. 5.16 - Numerical and analytical results for transient magnetic field in conductor 1 at current step injection,
for h/b = 30 and a/b = 2

Fig. 5.17 - Numerical and analytic-numerical results for transient magnetic field in conductor 1 at current step
injection, for h/b = 30 and a/b = 2
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Fig. 5.29 - Distribution of magnetic field (left) and of current density (right)
for θ = 10-2, θ = 10-1, θ = 10, at step current (FLUX 2D)
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Chapter VI

NUMERICAL DETERMINATION OF TRANSIENT
PARAMETERS OF A SYSTEM OF RECTANGULAR
SOLID BUS BARS

6.1 Transient parameters of the linear electrical circuits

6.1.4 Transient parameters of a non-filiforme and with additional losses
circuit element

6.1.4.4 Integral relationships between instantaneous values of currents and
voltages

The integral equations of current and voltage (ε > 0, arbitrary little) for the non-
filiforme circuit elements and with additional losses are respectively:
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6.1.4.5 Experimental determination of transient parameters

At current step injection i(t) = 1(t), respectively, at voltage step application u(t) = 1(t),
the relationships (6.70), (6.71) become :
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At current ramp injection i(t)  = t·1(t), respectively, at voltage ramp application
u(t) = t·1(t), the relationships (6.70), (6.71) become :
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The determination of transient resistance and conductance can be convenient in
experimental conditions of step signals application, when, for a capacitive element (l(0+) = 0)
or inductive element (c(0+) = 0), these parameters are identified with the applied signals:
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6.2 Utilization of FLUX program in determination of transient
parameters of the system of rectangular solid bus bars

6.2.2 Determination of transient resistance and inductance at step current
injection

At current step injection i(t) = I0·1(t), for t  0, the relationship (6.80) [140] links the
transient resistance and the transient inductance:
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Using directly the numerical value of voltage at step current ustep_crt_NUM(t), from the
first equality and for t > 0, results the transient resistance at step current, from voltage
rstep_crt_U(t).
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The second equality in (6.99) suggests another way to obtain transient resistance using
the numerical value of the transient inductance at step current lstep_crt_NUM(t) given by FLUX
(total inductance). The result was suggestively called transient resistance at step current from
inductance rstep_crt_L(t).
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Mutually, from the second equality can be approximately deduced the transient
inductance from transient resistance, using the numerical value of inductance in stationary
regime for its limit at infinity L∞ and the value rstep_crt_U(t) for transient resistance r(t):
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The result was generically called transient inductivity at step current from resistance
lstep_crt_R(t).

Fig. 6.8 - Transient resistance at step current: solid line (6.100), dot line (6.101)

Fig. 6.9 - Transient inductance at step current: solid line (FLUX), dot line (6.103),
initial inductance: point (6.109)
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Chapter VII

ORIGINAL CONTRIBUTIONS AND CONCLUSIONS

Author's original contributions to modeling the fields and transient regimes in
electrical equipments are structured on the chapters.

In Chapter II is proposed an experimental and numerical verification of power
approximation of boundary conditions method (PABCM) developed in [32], [33], [35] in the
evaluation of total inductance of a plunger-type electromagnet (Fig. 2.5). The author's
contributions in this verification follow:

• Based on PABCM, in the paper [36], in the assumption of fitting coil
dimensions with electromagnet window, was derived an analytical expression of the internal
inductance per unit length int_AN (2.31) (domain I, corresponding to the magnetic core with
thickness g, Fig. 2.5) for 2-D case, which is difficult to apply because it contains an improper
integral F(α, z) (2.21). The author proposes its computation using MATHCAD program
[178];

• To evaluate the total inductance of the electromagnet Ltot were taken into
account two components: internal inductance Lint (domain I, Fig. 2.5) obtained by multiplying
the internal inductance per unit length int by the thickness g of magnetic core and external
inductance Lext (domain II, outer magnetic core domain, corresponding to frontal parts of the
coil, Fig. 2.5) obtained by multiplying the external inductance per unit length ext by
difference between half-length of average turn (lm / 2) and the thickness g (Fig. 2.5 ).

• The two components were numerically evaluated based on magnetic energy
stored in corresponding domains, determined by FEM in magneto static regime implemented
in QUICKFIELD [179] [177] and FEMM [175] programs. The average relative error of
numerical solution versus analytical solution for the internal inductance per unit length int is
2.47%, validating the analytical formula (2.31) to calculate the internal inductance.

• The analytical and numerical evaluation of internal inductance and numerical
evaluation of the external inductance by two programs for 2-D FEM analysis led to two
solutions for the total inductance, one purely numerical witch presents very small average
deviations versus experimental data (0.78%) and an other solution, analytical-numerical, with
errors of 1.67%. The accuracy of the results containing the analytical formula (2.31) once
again confirms its accuracy.

• It were justified some results errors being made useful recommendations. The
large differences between experimental data and those calculated for small air-gaps can be
explained by distorted form of the plunger, whose sides are not flat as in Figure 2.5. Another
possible errors source can be the simplified geometry of "I" form of plunger versus "T" real
form (Fig. 2.5). The analytical and numerical solutions accuracy can be improved by
removing the simplified geometric assumptions and, concerning only numerical solution, by
3-D approach for exact geometric configuration description.

Chapter III presents the results of theoretical and experimental investigations on a
plunger-type electromagnet to test the effectiveness of analytical and numerical methods for
calculating the developed force.

Earlier theoretical research [38], [37], [47], [50] using conformal mapping method
(CMM) provided simple and precise analytical formulas for 2-D permeances calculation,
useful for obtaining of an analytical expression for the electromagnetic force (3.19). The
author has created 3-D numerical models of a plunger-type electromagnet (Fig. 3.6) and
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experimental determinations were performed to validate the own results and the analytical
ones. The contributions in these investigations are presented below:

• The numerical method used for analysis is the finite element method (FEM),
which is most suitable for the techniques of determining the force. Two formulations of 3-D
FEM in magneto static regime were adopted: the magnetic scalar potential formulation with
nodal elements (MSP-NE) and the magnetic vector potential formulation with edge elements
(MVP-EE). Two classical techniques to obtain the global force from the field solution were
chosen: the Maxwell stress tensor method (MTM) and the virtual work method (VWM). The
adopted formulations in conjunction with one or both techniques, implemented in the
ANSYS program [171] led to obtain three numerical solutions for static characteristic of
plunger-type electromagnet: MSP-NE MTM, MSP-NE VWM and MVP-EE VWM.

• To automate the calculation, the classic work with menus was dropped,
adopting the alternative of creation of command files using the parameter language APDL of
ANSYS program and to reduce the execution time of these files the batch mode was adopted
minimizing the required hardware resources.

• The electromagnetic force was experimentally determined for a particular
range of air-gap, using a tens sensor for smaller air-gaps and simple procedures of gravity
plunger determination, applied to higher air-gaps, when the saturation effect is negligible.

• The obtaining of parallel results (Fig. 3.9) allowed the comparison of the
methods based on measurements. Average relative error of analysis versus experimental data
shows that the most accurate solution is given by MSP VWM, with 0.08%, followed by
MVP-EE VWM formulation with 6.17%, the least precise formulation being obtained by
MSP MTM, with 20.27% (Fig. 3.10). This study pointed out the superiority of virtual work
technique compared to Maxwell stress tensor integration for electromagnetic force
calculation from 3-D FEM field solution. The magnetic vector potential formulation with
nodal elements (MVP-NE) was also used in conjunction with both techniques MTM and
VWM, but the results have proved wrong. However, its 2-D implementation in FEMM
program [175] in conjunction with MTM is in good agreement with experimental data (Fig.
3.9) (average relative error of 4.00%). Also, the average relative error of the force obtained
with the analytical formula (3.24) compared to measurements is of 3.89%, witch is its
validation (Fig. 3.9).

• Another criterion of comparison between methods was the solution
convergence versus the number of used finite elements and the size of elements in air-gap
that have great influence on force accuracy. The results show a faster convergence of VWM
compared to MTM requiring a finer mesh.

In Chapter IV has been studied the leakage magnetic flux in a three phase power
autotransformer 400/400/80 MVA, 400/231/22 kV, with primary, secondary, tertiary and
regulating windings, with multiple tappings, resulting 2-D and 3-D numerical models.

The autotransformer behavior at the application of lightning surges was also analyzed,
aiming the over voltages level on the tappings of regulating winding. The considerable size of
3-D numerical simulations led to investigations for their optimization, concerning the solving
time reduction and accuracy increasing, up to hardware resources. The author's contributions
in these studies are pointed out below:

• Since the impedance voltage for secondary tapping of regulating winding can
not be evaluated using simple formulas, derived under the assumption of straight lines of
magnetic flux, the author has considered the real pattern of magnetic field obtained by FEM.
Thus, two numerical models were obtained, a 2-D model using FEMM program [175] and a
3-D one using ANSYS program [171], assuming a static magnetic regime which
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approximates enough well the regime of commercial frequency, taking into account the small
sections of the conductors.

• To obtain the 2-D model, a preliminary study for necessary boundary
conditions was performed. For the frontal part of the coils, on the vertical border, a small skin
depth should be considered, due to aluminum or copper screen of the autotransformer tank.
However, at commercial frequency, the magnetic field determined in these conditions is
practically identical to the static field corresponding to zero frequency and the vertical frontal
border can be considered as a zero magnetic potential line (A = 0).

• For the other borders, a FEMM analysis was performed in harmonic regime at
commercial frequency, at two moments delayed by a quarter of period, aiming the magnetic
vector potential (MVP) values along the symmetry line of the autotransformer window,
compared to its values on the bottom border of the window (Fig. 4.5, 4.10). The results had
showed extremely low values (Fig. 4.6-4.9), suggesting consideration of symmetry lines of
the windows as zero potential magnetic flux lines.

• The last approximation is also sustained by the equality of magnetic field
energies per unit length, calculated at the two moments.

• Another confirmation is given by the recalculation of the energy, applying the
approximation to the symmetry axis, which proved to be only 0.50% lower.

• Considering the symmetry lines of the autotransformer windows as zero
magnetic potential flux lines, like the flux lines from the frontal parts of windings, in the
vicinity of the screened tank, has allowed the use of a cylindrical model, very economical in
terms of numerical computation. The FEMM axi-symmetric solution in magneto static
regime for the short-circuit reactance corresponding to principal and marginal tappings of
regulating winding, agree with the experimental data with errors less than 3.00% (Table 4.8).

• The field problem was solved in 3-D using three formulations of FEM: MVP-
EE, MVP-NE and MSP-NE, implemented in ANSYS for magneto static regime that led to
results that deviate on average 1.00%, 5.83% and 8.34% from experimental values. Despite
of simplifying assumptions, the 2-D axisymmetric solution in MVP-NE formulation, with an
average relative error of 0.11%, ranks first in terms of accuracy (Table 4.8).

• Again, to automate the calculation, the work with commands files was
adopted, using the parameter language APDL.

• Using ATP-EMTP software package [173], [174] and FEMM, the power
multi-winding autotransformer behavior was studied at lightning surges application,
considering a L-C simplified model of the windings, with short-circuited tertiary winding,
aiming the level of over voltages that appear on the free end of regulating winding.

• The self and mutual inductances were determined with FEMM program in
axisymmetric approach for short-circuited and grounded tertiary winding. Have been
neglected the mutual inductances between the regulating and low voltage windings, because
of its relatively low value, facilitated by the screen effect of the high voltage winding, located
between them. Have been also neglected the mutual inductance between the high and low
voltage windings. The distributed nature of the windings was taken into account by dividing
them into four sections (two sections per window).  The characteristic length of grouped
elements required for analysis is about 20 to 50 cm.

• The capacities were analytically evaluated, taking into account the adjacent
conductors dispositions and neglecting the capacitances of conductors located in different
disks.

• The modeling results show some differences versus the measured values in the
laboratory test (Table 4.16), which can be attributed to the simplifying assumptions and to the
axisymmetric modeling.
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• The simplified scheme ATP-EMTP can be used to identify the influence of
autotransformer constructive parameters at a certain level and form of applied lightning
surges.

• Optimization of solutions in 3-D numerical simulations were searched to
reduce the solving time and to increase the accuracy. It's known that, if necessary, the
computer's operating system supplements the random access memory (RAM, physical
memory) by additional memory located on hard disk, which drastically slows down the
program running. Consequently, the author has taken over the PC memory management
through a configuration file, specific to ANSYS. Thus, the amount of additional memory
could be minimized by its differentiated allocation along the phases of pre-processing,
processing and post-processing.

• Also, based on nodes number used by each formulation, the solving time could
be evaluated under assumptions of an unlimited physical memory. The results presented in
Table 4.9 show that using additional memory in the range (1.5-3.0) GB, increases the solving
time of (10-24) times compared to the ideal case.

• The large multiple numerical simulations have confirmed that the solutions are
faster obtained, as the computer physical memory is more important, which minimizes the
amount of additional memory required from the hard disk.

Chapter V concerns transient phenomena taking place in a system of two solid
rectangular parallel bus bars, to the step signals application of current and voltage. The
transient magnetic field problem for infinitely high bars is completely analytically solved
[161], considering a zero magnetic field on the outer surfaces of both bars. New analytical
results [41] were obtained for finite height but large enough bars, maintaining the assumption
of one-dimensional magnetic field inside the bars, constantly distributed on the height, but
considering a nonzero magnetic field on the outer sides. The ratio η, of the fields in the
middle of the two sides of the high bar, was also held constant.

The author has numerically simulated the penetration process of electric and magnetic
fields into the system bar (Fig. 5.2) using 2-D FEM. The simulation results were compared
with analytical ones and combined with them to improve the effects of simplified
assumptions. The contributions to the study of this transient phenomenon are given below:

•  The transient regimes established in the system of two solid rectangular
parallel very high bars (h/b = 30) (Fig. 5.2), to the step signal application of current and
voltage, was simulated using 2-D FLUX [172] and FEMM [175] programs. Being an open
boundary problem, the FLUX facilities were used for this purpose, by bordering the bars
system with so-called infinite box, respectively, by asymptotic boundary conditions available
in FEMM.

• To increase the accuracy, the spatial and temporal mesh have been refined in
areas with large quantities variations, i.e. along the edges of the bars and especially around
the peaks and to towards the beginning of the transient process. A major influence has a rate
of change of elements size in the mesh. Thus, the step time was increased in steps, keeping it
constant on small time intervals, aiming to have jumps no more than 2-2.5 times to junctions
of uniform intervals.

• The evolution of the ratio η along the transient process was numerically
determined using FLUX to the step signal application of current and voltage. In both cases
there was observed a negative slope of the numerical curves on the first two decades (Fig.
5.15, 5.22), explained by inevitably rough temporal mesh on these sections.

• To investigate the value of η ratio at absolute initial moment (t = 0) (η0), static
simulations were performed in FEMM program. The expulsion effect of the field lines from
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conductor domain in this moment was obtained by a trick involving the approximate
cancellation of its relative permeability.

• The FEMM numerical simulations at the moment t = 0 led to values very close
to the minimum of numerical curves obtained by FLUX, indicating the moments from when
the transient simulation in the FLUX can be taken into account.

• The FEMM investigation for extremely thin bars (b/a = 0.01) (Fig. 5.2)
validates enough well the results for η0 obtained by conformal mapping method (CMM)  [48]
for b/a = 0 configuration.

• Large differences were found compared to analytical values of η0 [41] (Fig.
5.6, 5.15, 5.22) indicating that the assumptions under which the ratio was analytically derived
at time t = 0, are very approximate.

• However, in the stationary regime, the numerical simulations lead to the same
results as the analytical calculations, based on testing of a large variety of geometric
configurations (Fig. 5.7, 5.8).

• The analytical determination of the tangential and longitudinal components of
magnetic field [41] was based on the use of a constant ratio , equal to its value in stationary
regime st. Even under this assumption, the comparison between numerical and analytical
curves for different moments of the transient process shows good agreement, excepting the
external sides of the bars (Fig. 5.16, 5.18, 5.23, 5.25).

• The time variation of electric and magnetic fields on the periphery of the bar,
numerically determined (points A and B, Fig. 5.1) confirms the agreements with analytical
results, excepting the first decades, where the errors of numerical method are visible (Fig.
5.20, 5.21, 5.27, 5.28).

• The author has proposed a mixed analytical-numerical solution (Fig. 5.17,
5.19, 5.24, 5.26) based on analytical equations [41] with the use of a variable ratio η, given
by the numerical simulation in FLUX (Fig. 5.15, 5.22).

• The numerical simulations in FEMM had continued at t = 0 moment, for
different geometric configurations, validating results of numerical conformal mapping
method [49] using the Schwartz-Christoffel (SC) module of MATLAB software and also
validating new very simple analytical formulas for η0 ratio (5.27) and for its average (5.28)
[49], for small thickness bars, using the coefficient (h+b)/a used by Dwight for determining
the electrodynamics forces between the bars.

• The average of ratio ηb of tangential components of magnetic fields at points C
and  A  (ηbmed) (Fig. 5.2) was subject of the same type of numerical investigations. It was
validated the SC evaluation and analytical expression (5.29) [49], observing a low
dependence of the ratio h/a.

• Automation of calculation in FEMM program was obtained by running the
command files (scripting files), created using parametric language LUA [176] for pre-
processing, processing and post-processing, which does not exclude the interactive work.

• In Chapter VI were numerically determined by 2-D FEM the transient
parameters of the system of solid rectangular parallel very high bars (h/b = 30) (Fig. 5.2) and
based on analytical relationships between them, established by the theory of transient
parameters of linear electric circuits (TPTLEC) [140], the ones of them were derived from
the others, making comments on certain founded irregularities. The author's contributions in
transient parameters evaluation are listed below:

• The 2D simulations using the FLUX program described in chapter V on the
transient process of the bars system at the application of step or ramp signals of current and
voltage, had allowed the determination of three transient parameters: transient resistance,
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directly deduced from the numerical value of the applied voltage (6.100), (6.105), transient
conductance, directly deducted from the numerical value of the injected current (6.100),
(6105) and transient inductance, directly offered by FLUX, based on the classical definition
of total magnetic flux (6.96) (6.97) (6.98).

• The analytical relationships between the parameters established by TPTLEC
[140] had allowed the calculation of transient inductance from transient resistance (6.103),
(6.107) containing in its expression the inductance in stationary regime Lst and the calculation
of transient capacitance from transient conductance, containing in its expression the
capacitance in stationary regime Cst (6.115) or initial capacitance Cin (6.120).

• The determination of initial capacitance Cin was made in the particular feeding
regime of ramp voltage application, for which the TPTLEC [140] provides a relationship
witch contains the current and its derivative with respect the time (6.118), (6.117). Given that
Cin is a constant quantity, its value should result the same, no matter of the moment of its
evaluation. The author has proposed a formula for Cin (6.119) that makes the average of 234
values, corresponding to the moments describing the analyzed transient process, covering ten
decades.

• The stationary capacitance Cst was considered equal to the transient
capacitance at ramp voltage application, calculated at the last moment, corresponding of ten
time constants.

• The stationary inductance Lst was evaluated in magneto static regime, verifying
very well the numerical value of transient inductance, directly given by FLUX and calculated
at the last moment.

• Mutually, based on analytical formulas of TPTLEC [140], from numerical
value of the transient inductance, directly offered by FLUX (total inductance), was calculated
transient resistance (6.101), (6.105).

• Following the same methodology as for Cin, the initial inductance Lin was also
determined in particular feeding regime of ramp current injection, for which the TPTLEC
[140] provides a relationship witch contains the voltage and its derivative with respect the
time (6.108), (6.105). Given that Lin is a constant quantity, its value should result the same, no
matter of the moment of its evaluation. The author has proposed a formula for Lin (6.109) that
makes the average of 234 values, corresponding to the moments describing the analyzed
transient process. The Lin value was very precisely validated by FEMM static simulation
(Chapter V).

• The comparisons between the numerical and analytical-numerical results of
the transient parameters point out some differences that may have several causes. Thus, the
numerical simulation of the beginning of transient regime is strongly affected by the temporal
mesh inevitably rough in the first decades. The errors in the middle decades can be attributed
to the different ways of definition of transient inductance. The FLUX program [172] evaluate
this parameter by the classical definition using the total magnetic flux (6.96), (6.97), while
TPTLEC [140] uses an equivalent flux, linked to inductance by a convolution product (6.78).
Other sources of error may also be application of derivative operators on interpolated
numerical signal. A more fine mesh could improve the accuracy of the results.

• The features of the solid conductor versus the ideal filiform conductor were
pointed out by comparing the evolutions of terminals quantities in feeding regime of ramp
signals of current and voltage.

• The author has built a graphic animation that simulates the penetration of
electric and magnetic fields into the rectangular bars system at current step injection.
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